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Load distribution in instrumented cohesion piles
A case study of E45 Gullbergstunneln

YLVA STAFSTROM

ELON STAXANG

Department of Architecture and Civil Engineering
Chalmers University of Technology

Abstract

This thesis investigates the load distribution in three instrumented precast concrete
cohesion piles installed in a tunnel project in Gothenburg, Sweden. The piles are
supporting a tunnel and will furthermore support 10-14 story buildings planned on
top of the tunnel. The piles are instrumented with Sister Bar strain gauges, which
were used to estimate the load distribution in the piles. The results show that the
piles have been subject to tension forces after driving, but the load distribution
shows a tendency towards compression over time.

To compare the findings from the data analysis, hand calculations using the a-
and [-methods were used to estimate the theoretical load distribution in the case
study piles. This was done for both a heaving and a settling soil matrix. Addi-
tionally, a numerical analysis was used to investigate the load distribution for a pile
subject to unloading and mass displacement from nearby piling.

The results show that development of significant tension forces is possible due to

nearby piling. Comparison between data analysis, hand calculations and the nu-
merical model show a resemblance in the shape of the load distribution.

Keywords: Instrumented piles, Sister Bars, strain gauges, load distribution, heave,
drag load, negative, positive, skin friction.
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Load distribution in instrumented cohesion piles
A case study of E45 Gullbergstunneln

YLVA STAFSTROM

ELON STAXANG

Department of Architecture and Civil Engineering
Chalmers University of Technology

Sammanfattning

Detta examensarbete undersoker lastfordelningen i tre instrumenterade prefabricer-
ade kohesionspalar i betong installerade i ett tunnelprojekt i Goteborg, Sverige.
Palarna utgor grundlaggningen for tunneln samt framtida 10-14 vaningshus planer-
ade ovanpa tunneln. Palarna ar instrumenterade med Sister Bar-tojningsgivare, som
anvandes for att uppskatta lastfordelningen i palarna. Resultaten visar att palarna
har utsatts for draglaster efter installation, men med tiden visar lastférdelningen en
tendens mot trycklaster.

For att jamfora resultaten fran dataanalysen utfordes handberdkningar med a- och
f-metoderna for att uppskatta den teoretiska lastférdelningen hos palarna. Detta
gjordes bade for en jordprofil i hivning och i sdttning. Dessutom anvindes en nu-
merisk modell for att undersoka lastférdelningen for en pale som utsétts for avlast-
ning och massundantrangning fran narliggande palning.

Resultaten visar att utvecklingen av betydande draglaster ar mojlig till foljd av

narliggande palning. Jamforelse mellan dataanalys, handberdkningar och den nu-
meriska modellen visar en overrensstammelse i formen hos lastférdelningskurvan.

Nyckelord: Instrumenterade palar, Sister Bars, tojningsgivare, lastférdelning, havn-
ing, pahangslast, negativ, positiv, mantelfriktion.
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Important notations

Greek Latin

Q Adhesion factor Cu Undrained shear strength
15} 5 factor Cu0 In situ undrained shear strength
¥ Unit weigh E Young’s modulus
€ Strain F Load
0o  In situ total stress ky Vertical hydraulic conductivity
oy, In situ effective stress kr, Horizontal hydraulic conductivity
oy,  Total stress after unloading My Compression modulus below o,
oy, Effective stress after unloading | M, Compression modulus above o,
o Pre consolidation pressure Qs Toe or base resistance
[0) Friction angle R~ or Qg Dead load

Qm Shaft resistance

Qn Drag load

Qs Heave load

R Resistance

u Pore water pressure

U In situ pore water pressure

Au Excess pore water pressure
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1 Introduction

A common problem when constructing houses, bridges or other types of infrastruc-
ture is ground settlements. Both historically and today, piles have been used to
limit the settlements of structures. In Sweden, around 60 % of the total number
of installed piles are precast driven concrete piles (Palkommissionen, 2022). These
are either carrying load through cohesion with the soil surrounding the pile, or by
carrying the load in the pile toe and transferring it to strong soil layers or bedrock.

Piles are mainly used to transfer loads to more competent soil layers. As a founda-
tion, piles are subject to a dead load, i.e. the load that is applied to the pile head.
This is however not the only load as piles are also subject to forces induced from
surrounding soils. This additional load is caused by the relative movement between
the pile and the soil - effectively an effect of friction between the pile surface and
the soil. These two types of loads determine the load distribution within the pile.
When structural loads are small, the loads due to relative movements between soil
and pile are of greater importance for the load distribution.

To obtain a better understanding of the load distribution within cohesion piles,
and changes in distribution due to excavation and loading, this master’s thesis stud-
ies a set of instrumented piles situated in Gothenburg clay. The project studied is
the lowering of E45 and the construction of Gullbergstunneln.

The lowering of E45 was executed by Peab Anlidggning (turnkey contractor) with
the Swedish Transport Administration (Swedish: Trafikverket) as client. The con-
struction started in 2016 with acceptance and final inspections carried out during
mid-2021. During and after the construction of the tunnel, major changes in earth
pressure distribution occurred. This is mainly since approximately 300 000 meters of
displacement piles have been installed in the area, along with large excavations. The
piles supporting the tunnel are designed for an additional load of 10-14 story houses
on top of the tunnel. The displacement piles reach a depth of approximately 65 me-
ters below the tunnel. Three of the approximately 4 500 piles have been equipped
with instruments to measure strain along the pile lengths. The instruments are Sis-
ter Bar Strain Gauges, and the measured strain can be used to estimate the load in
the pile.

What has not been studied to a large extent is the potential effect from the sur-
rounding piling, excavation, and how induced stresses and movements in the soil
impacts the load distribution in the piles. During construction time, the pore pres-
sure in the vicinity of the project is estimated to have increased by a maximum of
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Chapter 1. Introduction

Au ~ 80 kPa at a depth of 45 m, due to driving of the large number of surround-
ing displacement piles. There have also been extensive excavations for the tunnel,
resulting in unloading of the clay wherein the piles are driven.

This study investigates the evolving load distribution in the instrumented piles,
from the time of installation. A literature study is provided to introduce relevant
concepts of pile design, down drag, drag loads, soil heave and strain gauges. For
calculations, firstly a data evaluation of the strain gauges is used to estimate the
load distribution. A simplified investigation is conducted using the a- & [-methods
as hand calculations. Finally, a numerical model of the soil-pile behaviour during
unloading and nearby mass displacement is analysed.

1.1 Aim

The aim of this master’s thesis is to study the development and distribution of forces
in three instrumented piles installed in a deep clay deposit under a tunnel at E45.
Furthermore, the aim is to explain the results and provide plausible reasons for the
load distributions in the instrumented piles.

1.2 Objectives

e To conduct a literature study on cohesion piles, load transfer, Sister Bar strain
gauges and the concepts of skin friction.

o To conduct a data evaluation of forces in instrumented piles under E45.

o To use analytical hand calculations to determine the load distribution for a
simplified version of the case study piles.

e To build a numerical model in order to analyse of load distribution for a
simplified version of the case study piles.

o To compare the pile-soil interactions between the empiricism, analytical cal-
culations and the numerical model.

1.3 Demarcations & limitations

The analytical and numerical calculations will not take into consideration that the
case studied piles are driven at an angle and a bearing. In fact, this implies that the
skin friction is not parallel to the pile, and thus would induce moments in the piles.
The piles are driven at a 4:1 angle but will be assumed vertical. Additionally, the
analytical and numerical calculations are performed assuming that no nearby piles
are present, and subsequently group effects are not considered.

2 CHALMERS Architecture and Civil Engineering, Master’s Thesis ACEX30



Chapter 1. Introduction

1.4 Thesis outline

This report is structured by a first providing a literature study on load-carrying
mechanisms for cohesion piles, pile design, forces in piles and equipment for load
monitoring. This is followed by a more detailed description of the case study site -
the lowering of E45.

Thereafter the methods used and results for each estimation of load distribution
is presented, i.e. data analysis, hand calculations and numerical modelling. Follow-
ing the results, discussions are provided with plausible explanations of the projects
findings together with potential errors and uncertainties associated with the results.
Lastly, relevant conclusions are summarized, followed by the authors suggestions for
future research.
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2 Displacement piles in clay

In this chapter relevant background theory from a literature study is presented, both
regarding important mechanisms and pile design for cohesion piles in clay, as well
as a description of the instrumentation used in the case study piles.

2.1 Cohesion piles

In the topic of deep foundations, floating pile foundations have proven to be an
effective and competent method to transfer load between a given superstructure
and the soil matrix. The concept of utilizing long, slender piles suspended in the
soil is to transfer loads to typically stiffer and stronger soil layers situated deeper
in the soil strata. While many pile types exists and are in use (e.g. steel piles,
bored piles, timber piles), driven concrete piles is undoubtedly the most common
method in Sweden (Palkommissionen, 2022). For driven concrete piles, the load is
transferred through resistance at the pile toe, resistance along the pile shaft or a
combination of both. Among driven concrete piles, long pre-cast cohesion piles are
commonly used in deep clay deposits.

2.1.1 Development of bearing capacity and load bearing
mechanisms

The term bearing capacity of a pile can be considered as ambiguous. It is impor-
tant to make the distinction between the piles’ geotechnical bearing capacity and
structural strength. The geotechnical bearing capacity is determined by both the
soil properties and the interface between pile and soil. More specifically, the shear
strength of the soil around the pile toe and at the soil surrounding the pile shaft,
together with the circumferential and base area of the pile. The structural capacity
for an axially loaded pile is determined by the pile material, e.g., the compression
or tension strength of the pile (Alén, 2012).

The geotechnical bearing capacity of a pile is mobilised when there is a relative
displacement between a pile and the soil it is situated in. This relative displace-
ment, and the following adhesion or friction between pile and soil, is what governs
the load transfer mechanism between soil and pile, see figure 2.1.1. The friction
between pile and soil, which is generally referred to as skin friction, can act both
in an upward and downward direction, i.e., as positive or negative skin friction.

4 CHALMERS Architecture and Civil Engineering, Master’s Thesis ACEX30



Chapter 2. Displacement piles in clay

Q - Pile head load

1

FLL AN ANV AN AN L AN NN W V7 N/ AN/ AN /AN S/ AN/ ANY

Q. - Skin friciton resistance

m @y, - Toe resistance

Figure 2.1.1: Load transfer of cohesion pile.

2.1.2 Action, action effects and resistance effects

The concepts action, action effect and resistance need to be distinguished when
further discussing pile design. Actions are defined as the applied forces to the pile
head (Alén, 2012). These include the known dead loads e.g., the weight of the
superstructure and live loads e.g., wind- & snow-loads, traffic-loads, among others.
The action effects are the subsequent consequences in the foundation, as a result of
the above-mentioned actions. Among others, these include the structural forces in
the foundation, potentially induced bending moments & displacements. In principle,
all potential actions effects must be less than or equal to the resistance:

E<R (2.1.1)

The resistance R, the geotechnical bearing, of the pile can be quantified as

R=Qm+ Qs (2.1.2)

in which @,, is the resistance from the pile shaft, and @)} is the resistance at the pile
toe (Alén, 2012). In other words, the resistance of a floating pile is a combination
of the shaft and pile toe resistance. The shaft resistance is a product of the positive
skin friction that develops when there is upwards relative movement between soil
and pile. The toe resistance is a product of the pile toe resting on the soil.

The sum of the resistance contributions can be calculated as

Qm +Qy = fm - Am + fo - Ay (2.1.3)

in which

) CHALMERS Architecture and Civil Engineering, Master’s Thesis ACEX30



Chapter 2. Displacement piles in clay

fm is the mean friction strength between the soil and pile shaft

A,, is the surface area of the shaft

f» is the compression strength of the soil at the location of the pile toe
Ay is the cross-sectional area of the pile toe

It should be noted that for cohesion piles in clay the toe resistance contribution is of-
ten disregarded due to being negligible in size (Alén, 2012), and thus @, = f,-A, = 0.

Two of the most established methods to estimate the geotechnical bearing capacity
of a pile is the a-method and the S-method (Wrana, 2015). The main difference
between the two methods is that the a-method is a total stress method while the
B-method is based on effective stresses. The two terms total and effective stresses
was first presented by Terzhagi (1943) who described the relationship between the
following stresses:

o Total normal stress, o - force per unit area transmitted in the normal
direction when the soil is imagined as one solid material

o Pore water pressure, u - the pressure created by water filling the void space
between soil particles

o Effective normal stress, ¢’ - force per unit area transmitted in a plane
through the soil skeleton only

Their internal relationship is:
o=0+u (2.1.4)

While the a-method is exclusively used for cohesion soils (clays), the S-method is
used for both cohesion and friction soils.

2.1.3 Total stress method

The a-method is used for determining the bearing capacity of a cohesion pile in-
stalled in clay. Design of cohesion piles with this method is based on a total stress
approach, and the undrained end-bearing capacity of a cohesion pile can be evalu-
ated as (Alén, 2012):

=N ¢, (2.1.5)

where
N is a bearing capacity factor
¢, is the undrained shear strength at the end of the pile

Regarding the end bearing capacity factor N, this factor is normally chosen as 6-9
(Alén, 2012). A value of 9 indicates that the pile end is penetrating the underlying
soil layer by three pile diameters of more, whereas 6 indicates that the pile end is
just reaching the underlying bearing layer (Flemming et al., 2008). Furthermore,
Flemming et al. (2008) points out that the value of N should be set as 9 "for depths
relevant to piles’.

The shaft resistance can be evaluated as (Alén, 2012):

fm=a-cy (2.1.6)

6 CHALMERS Architecture and Civil Engineering, Master’s Thesis ACEX30



Chapter 2. Displacement piles in clay

where,
« is an emipirical adhesion factor
¢, is the undrained shear strength

The adhesion factor is based on several pile tests. The factor is site dependent and
varies due to a number of factors such as pile material and installation methods
(Flemming et al., 2008). Normally values between 0.7 and 1.0 are recommended
for a (Alén, 2012). Based on empirical studies, a relationship between the adhesion
and the ratio of average shear strength in relation to average overburden effective
stresses, has been established. Figure 2.1.2 below presents a graph originally from
Norsk Peleveiledning (1987).

W Emperical values from API(US)
and Scandinavian conctrete and
timber piles

g w - L=Pile length
S \ d=Pile section, width
Q
& e
5 Tl;" %50
a NG|
E M —
2 CING N
5 =0 7
o === v o S ———
0.2 t * g * ¥ ¥
[} 05 e 15
Average shear strength c_u

Average overburdenpressure g,

Figure 2.1.2: Adhesion factor for driven piles installed in clay, obtained from Alén
(2012).

2.1.4 Effective stress method

A [-factor is often used when determining the bearing capacity for a pile installed in
friction material, or to estimate the long-term bearing capacity for a pile installed in
clay. The use of this factor has given name to the method, which is often called the
[-method. Unlike the a-method, the S-method is based on effective stresses. The
bearing capacity of a pile is divided into an end resistance and a shaft resistance.
The toe resistance is often expressed using a bearing capacity factor N, (Alén, 2012):

fo=N,-o (2.1.7)

where
N, is the bearing capacity factor
o, is the effective vertical stresses in the soil at the pile toe

The bearing capacity factor, N,, can be evaluated from relationships based on the
friction angle ¢, as per suggested in figures 2.1.3a and 2.1.3b.
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Figure 2.1.3: Two different published graphs on how to interpret bearing capacity
factor N, from friction angle ¢'.

To estimate the bearing capacity from shaft resistance in friction material the fol-
lowing equation can be used (Flemming et al., 2008):

fm =0y, -tan(d) = K - o, - tan(d) (2.1.8)

where
oy, is the horizontal effective stress around the pile
0 is the angle of friction between soil and pile
K is the coefficient of lateral earth pressure
o, is the vertical effective stress

Usually, the terms K and tan(d) are put together into the term 5 as K -tan(d) = (.
Like the a-method, literature proposes different ways to interpret or evaluate the
value for 8. Two examples can be seen in figure 2.1.4b and 2.1.4a below.
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Chapter 2. Displacement piles in clay

1.8
th 1.6 4
relative 1.4
density __ | 1.2
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® Burland (1993)
— Equation (9.11))

0,3 E.J" ,1-5 0.1 1 10
Cldoyg

Friction factor & (b) Figure obtained from Knappet &

(a) Figure obtained from Alén (2012).  Craig (2012).

Figure 2.1.4: Two different published graphs on how to interpret the [-factor.

2.1.5 Negative skin friction and downdrag

When a pile is situated in an area with ongoing settlements where the soil along
the top of the pile settles more than the pile itself, negative skin friction is induced,
contributing to the action effect (B. H. Fellenius, 1984). The concept of positive
skin friction contributing to the resistance, and induced negative skin friction con-
tributing to action effect can be seen in figure 2.1.5.

...... —th‘ L
N
N
WO e
------- ‘XL;‘U“ cmmm—— e
W
= v _
v \
Action effect Resistance Action effect =Resistance

— Neufral plane

Figure 2.1.5: Illustration on the development of negative and positive skin friction
from action effect and resistance (Alén, 2012).
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Chapter 2. Displacement piles in clay

The maximum structural load in a pile caused by the dead load and the drag load
(due to negative skin friction) develops where no relative movement occurs between
pile and soil. This position is known as the neutral plane (NP), and is defined as
the point of equilibrium, where the pile and the soil settles at the same rate (B. H.
Fellenius, 2006a). The neutral plane is however not necessarily a specific point, as
there can be an extended zone where the soil and pile settle at the same rate, thus
the pile will experience less drag load (and more down drag) than estimated with
analytical calculation of a neutral plane (Alén, 2012). Subsequently, the estimated
action effect calculated is an upper limit, and the load distribution can be considered
a limiting load profile.

The total magnitude of the soil settlement does not affect the total magnitude of the
drag force (B. H. Fellenius, 2006a). In fact, very small relative movements between
pile and soil will induce the ultimate shaft shear forces (B. H. Fellenius, 2006b) and
the magnitude of the drag force is dependent on the position of the neutral plane
along with the soil and pile properties at their interface.

To estimate the location of the neutral plane, the subsequent maximum force in
the pile and the magnitude of drag load, a common method is to plot action and
resistance curves, assuming a fully mobilised skin friction, along the pile length:

E=Qu+ /O Fnd A (2.1.9)

L
R = Ry + / findA (2.1.10)

in which
(~ is the long term load on the pile, i.e. the dead load
L is the length of the pile
fm is the shaft resistance
z is the depth of interest
Ry is the toe resistance, often assumed to be 0 for soft clays
A is shaft area of the pile

In figure 2.1.6 the location of the neutral plane is illustrated as the point where the
action and resistance effects intersect. The magnitude of the drag load, maximum
force, geotechnical bearing capacity, toe resistance and dead load can also be seen.

10 CHALMERS Architecture and Civil Engineering, Master’s Thesis ACEX30



Chapter 2. Displacement piles in clay
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Figure 2.1.6: Illustrated example on finding the neutral plane via equation 2.1.9
and 2.1.10 (B. H. Fellenius, 2006a).

The sum of the dead load (Q) and drag force (@Q,) must be equal to the sum of
the total resistance, i.e.

Qoo + Qn = Rtoe + Rshaft (2111)

If the dead load is increased, the position of the neutral plane will move upwards,
thus changing negative skin friction into positive friction, and alleviate the drag
force experienced by the pile. In figure 2.1.7 the concept of how the position of the
neutral plane changes with different magnitude of loads is shown.
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Chapter 2. Displacement piles in clay

LOAD & RESISTANCE

Figure 2.1.7: Illustrated example on how the position of the neutral plane changes
with varying dead loads (B. H. Fellenius, 1984).

When designing for geotechnical bearing capacity, it is important to not consider
negative skin friction as the drag load by definition decreases with increased pile
head loads. Thus, no negative friction can exist close to or at geotechnical failure of
the pile. The down drag on the pile and the chosen factor of safety for the design
are interconnected. The less load that is allowed on the pile head, the more negative
skin friction will be induced as the pile will settle less in relation to the adjacent soil
(Flemming et al., 2008, B. H. Fellenius, 2006a).

It is important to emphasize that negative skin friction and its associated drag
load is not necessarily unwanted. B. H. Fellenius, 1999 describes in a discussion
paper that as long as the pile has sufficient structural integrity to accommodate for
the dead load and the drag load, a large drag load indicates a stiff and competent
foundation. A large down drag is on the other hand generally undesirable and means
that the pile is being dragged down by the soil so that the foundation settles along
with the soil surface (B. H. Fellenius, 1997).

2.1.6 Soil heaving and tension forces in piles

Previous descriptions of negative skin friction and resulting drag loads in cohesion
piles emanates from a situation where the piles are installed in a settling soil profile.
If the soil instead is heaving, the friction between pile and soil can cause unloading
of the piles. The mechanisms behind induced tension in piles originates from that
in a heaving soil, the soil surrounding the top part of the pile is moving up relative
to the pile, and the soil around the lower part has a smaller movement than the
pile itself (O’Reilly and Al-Tabbaa, 1990). Positive skin friction is induced in the
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upper part of the pile shaft, and negative skin friction is induced in the lower part
of the pile shaft. Much like the shaft resistance can be used to estimate a maximum
theoretical compressive force in a pile, a maximum theoretical tension force can be
calculated. Like a pile experiencing compression, the point of maximum tension can
also be defined as a neutral plane along the piles’ length, i.e., the plane where no
shear forces are present.

The mechanisms pointed out by O’Reilly and Al-Tabba are also emphasized by
Fellenius in his book on foundation design (2023). He describes that for a pile with-
out a dead load, the load distribution remains identical for settling and heaving
soils, but the signs are reversed. However, no load is transferred at the toe for a pile
in a heaving soil. In other words, the concept of a neutral plane and a maximum
force remains the same, but the graph is mirrored. If a dead load is applied to a
pile in a heaving soil, the location of the neutral plane moves downwards along the
pile and the magnitude of the maximum tension force decreases. In figure 2.1.8 the
concepts are illustrated.

AXIAL FORCE IN PILE AXIAL FORCE IN PILE
d
TENSION COMPRESSION TENSION COMPRESSION|
| Pilein Pilein
T | Swelling Soil Subsiding Soil T
= =
i ' & Q
o O | Pilein =
Sweking{o‘il
l T Pile in
Subsiding Soil

(a) Load distribution without a dead load (b) Load distribution with a dead
for a pile in swelling and settling soils (B. load for a pile in swelling and settling
Fellenius, 2023). soils (B. Fellenius, 2023).

Figure 2.1.8: Illustration on the load distribution in a pile in both swelling and
settling soils.

When multiple displacement piles are driven with close proximity to one another,
there lies a risk of pile heave (Klohn, 1963). In situations where many displacement
piles are used in a dense distribution, the displaced soil favour moving upwards. In
figure 2.1.9 the concept is illustrated, including the displacement distribution in the
soil.
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GROUND HEAVE DUE TO
EDRIV_ING PILET _

t

PILE HEAVE

Figure 2.1.9: Illustration of how heaving due to adjacent piling emerge and its
distribution (Werséll and Massarsch, 2013).

As described by Dugan and Freed (1984), the heave effects are greatest close to
the driven pile, but studies have also shown that the effect can be seen at larger
distances (Edstam, 2011). Additionally, FE modelling has shown that a longer pile
length gives heaving further from the driven pile than a short pile (Werséill and
Massarsch, 2013), however the maximum displacements remain the same.

Pile driving of displacement piles also causes displacements in the horizontal di-
rection. When a displacement pile is installed in soil, the distribution of resulting
soil displacement follows a triangular pattern, with its origin at the pile toe. The
amount of displacement can be analysed using a method called SSPM (Shallow
Strain Path Method), first developed by Sagaseta et al., 1997. Research has found
that this method is very well suited for the type of clay found in the Gothenburg
region (Trafikkontoret, 2021).

Tornborg, 2017 outlines in a report the risks of tension forming in piled founda-
tions, where heaving of the soil occurs due to unloading and/or excavation. The size
of soil heaving and the subsequent pressure on the ground concrete slab is an effect
of multiple factors Tornborg, 2017:

o The depth of excavation
e The time between foundation construction and the excavation
¢ Dead loads and foundation stiffness
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« Effects from pile foundations (e.g. c-t-c¢ distance, geometry etc.)
o Geotechnical and hydrogeological properties of the stratigraphy

When piles are installed in clay prior to excavation, the resulting heaving of the soil
pre-stresses the piles in drag (Tornborg, 2017), which can be particularly problematic
when the ground concrete slab is not designed for high contact pressure and tension
due to heaving of the soil.

2.1.7 Installation effects for driven cohesion piles in clay

As described in the previous section, installation of displacement piles can cause soil
movements in proximity to the driven pile. Pile installation also causes a remoulded
zone to form around the pile, where the soil’s physical and mechanical parameters
are altered (Konkol and Balachowski, 2017). Initially, there is a loss of strength
in the soil for piles installed in clay, but as the built-up pore pressures during pile
driving dissipates, the soil structure is reorganized. When the driving is completed,
the stress state in the soil will be complex and widely different from the initial stress
state in the soil.

Depending on the pile driving conditions, the pile may be affected in different
ways. If the pile driving is easy, the compressive stresses used to drive the pile
can be reflected as a tensile wave and cause tensile stresses in the pile (Flemming
et al., 2008). This can be damaging for pre-cast concrete piles as the tensile stresses
caused through pile driving can result in small transverse cracks through the pile.

The cracks can in turn result in a reduction of concrete modulus (Flemming et al.,
2008).

2.1.8 Pile group effects

A structure on soft soil is supported not by a single pile but of piles formed in
pile groups or pile rows. The degree of interaction between piles in a row or group
depends on the centre-to-centre distance in relation to their diameter. Thus, the
negative skin friction that a pile in a pile group will experience differs from that of a
single pile. For a pile group, research has shown that piles located near the perime-
ter or corners of a pile group experience more negative skin friction than piles at
the centre (Huang et al., 2015). The gradient effect of interior piles experiencing
less drag force than perimeter piles is not evident when a sufficient centre to centre
distance is chosen (=~ 5 pile diameters).

One way to estimate the maximum negative drag load for a pile in a pile group
is to calculate the soil weight within the pile group, which is shared among the piles
within the group (B. H. Fellenius, 1971). The maximum drag load is also influenced
by the pile spacing, if pile spacing is large the interaction effects are lower, and thus
the piles acts more like single piles (Altahrany and Elshehawy, 2022). Differential
settlements within a pile group will also influence the drag loads experienced within
the pile group (B. H. Fellenius, 1971).
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2.2 Sister Bar strain gauges

The case study piles under the lowering of the E45 are instrumented with Sister Bar
strain gauges (Geokon model 4911). These strain gauges are installed to measure
strains in the driven piles. The use of Sister Bar strain gauges to monitor strains,
and subsequently forces, in piles has been utilized in several studies (Chen et al.,
2014; Haque et al., 2017; Brown and Hyde, 2008). Brown et al. (2008) and Chen
et al. (2014) used the installed strain gauges to monitor pile resistance during both
dynamic and static load tests, while Haque et al. (2017) used the strain gauges for
static load tests. The exact same model of strain gauges as in the case study piles
are also used by both Chen et al. (2014) and by Haque et al. (2017). More recently,
Fiber Optic Sensing has also been used (Kania et al., 2020), which can measure
continuous strain as opposed to Sister Bars, that only measure strain in specific
levels along the pile’s length. A high conformity between measurements using fibre
optic sensors and vibrating wire strain gauges has been shown in studies (Kania and
Sorensen, 2018).

2.2.1 Operating principle & installation

The strain gauge model 4911, is installed by tying the strain meter to the rebar cage
during the fabrication of the pile (Geokon, 2011). In figure 2.2.1 a schematic of the
strain gauge can be seen.

Protective Epoxy Themmistor (Encapsulated) Strain Gape Instrument Cable

Heat Shrink Electromagnetic Coil Strain Meter Body

| 914 mm (36 in.} {

Figure 2.2.1: Visualization of the strain gauge model 4911 (Geokon, 2011).

The strain gauge measures a vibration frequency that can be converted into a strain.
The Sister Bars also contain a thermistor, which allows for corrections due to ther-
mally induced strains. It is advised to install Sister Bars on both sides of the pile,
so that bending moments and axial loads can be measured individually (e.g. ax-
ial loads can be measured by simply taking the average strain of both strain gauges).

The instruments at the centre of the Sister Bar are coated in a plastic film which
prevents adhesion to the concrete. The instruments in turn are attached to a ¢12
mm rebar that is tied to the rebar cage in the pile. Each strain gauge has a signal
cable that runs along the outside of the pile and is connected to readout box. In
figure 2.2.2a, the installation of the specific Sister Bars used in the E45 project can
be seen. The signal cables run along the pile in a custom build cable duct, as seen
in figure 2.2.2b.
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(a) Strain gauge installation. (b) Cable management.

Figure 2.2.2: Installation of the Sister Bar strain gauges, and the signal cables.
Photos courtesy of Johnny Wallgren, Peab Anldggning AB

In the piles at E45 the strain gauges are installed at depths of 2, 19.5, 32.5, 45.5 and
63 meters. For every depth, four (4) separate Sister Bars were installed - one in each
corner of the rebar cage. This gives a significant improvement in redundancy (Sin-
nreich, 2020), along with the possibility to isolate only the axial loads experienced
by the pile.

2.2.2 Specification and limitations of Sister Bars

According the supplier of the strain gauges (Geokon, 2011), they inhabit an accuracy
of +0.25%, over their full range, in a lab setting. The resolution is limited to 0.4 ue.
Vibrating wire strain gauges are, according to Lam and Jefferis, not instruments with
high precision (2011). Furthermore, the authors explain that when piles are casted,
the installed strain gauges can become subject to high temperatures as the concrete
generates heat during hydration, and then subsequent cooling. As the concrete and
steel have different expansion reactions to heating, this causes the Sister Bars to
experience some strains during the casting process. This phenomenon can cause
residual loads to be built up in the pile, which can affect readings from installed
vibrating wire strain gauges. Other than this, there is the issue of once installed,
the strain gauges cannot be repaired or repositioned.

2.2.3 Strain evaluation

The measurements from the Sister Bars are reported as 4 separate frequencies for
each depth, one for each installed strain gauge. The base unit for the calculation of
strain is digits, D (Geokon, 2013), which defines as

F2
D —
1000
where F' is the registered frequency in Hz. From the digits an initial apparent

strain can be calculated with equation 2.2.2. Negative strain indicates compression
whereas positive strain indicates tension.

(2.2.1)
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Eapparent = (Rl - RO) x C (222)

in which
Ry is the initial recording in digits
Ry is the contemporary recording in digits
C' is a calibration factor

In order to separate the load related strain, i.e. the strain that is uniquely caused
by the dead load and the drag load, the strain has to be corrected for temperature
induced strain in the pile. This can be done via equation 2.2.3.

Eload—related — ((Rl — Ro) X C) + ((Tl — To) X K) (223)

in which
T} is the initial temperature recording
T} is the contemporary temperature recording
K is a thermal coefficient, based on the different expansion rates of concrete
and steel due to temperature variation

The actual strain of the Sister Bar can be expressed as seen in equation 2.2.4.
Eactual = ((Rl — Ro) X C) + ((T1 — T[)) X Ksteel) (224)

Kieer is the thermal expansion coefficient for steel

The load in the pile can then be calculated with Hooke’s law, see equation 2.2.5.

F=FE-¢-A (2.2.5)

in which
F' is the calculated load
E' is the Young’s modulus for the entire pile
¢ is the strain expressed as microstrain
A is the cross sectional area of the structure member
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3 Case study - Lowering of E45

The road E45 is part of the international E-road network, and stretches from Norway
to Italy, passing through Gothenburg. In order to be provide space to the large-
scale developments of infrastructure in Gothenburg, it was decided that part of E45
had to be lowered in order to accommodate a road-traffic tunnel (Peab AB, 2023).
The tunnel is located between the central station and Lilla Bommen in central
Gothenburg, shown in figure 3.0.1.

Figure 3.0.1: Aecrial view of the site location in Gothenburg (CNES, 2023).

The tunnel will also serve as a foundation for four new city blocks, that are planned
on top of the tunnel. The lowering was performed on some 900 meters of the E45, of
which half has been covered with a concrete deck, in order to serve as foundation for
the prospective city blocks. Peab Anldggning AB, who carried out the construction
works of the tunnel, had a turnkey contract with The Swedish Transport Admin-
istration as client. The construction process started in 2016 and ended with final
inspections in 2021. Due to deep deposits of natural soft clay present, a deep piled
foundation was necessary to carry the loads from the tunnel, traffic and future city
blocks. Some 4 500 piles were driven, most being approximately 65 meters long,
resulting in total length of ca 275 kilometres. Figure 3.0.2 shows a view of the com-
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pleted lowering and the entrance of the tunnel. The 6-meter-high concrete retaining
walls is visible in the right of the figure

Figure 3.0.2: View of the lowering, retaining walls and entrance of the tunnel.

3.1 Geotechnical site description

In this section some important soil properties are described. The site description,
geological and geotechnical properties at the site has been summarized in a report by
Peab Anldggning AB: B01 Berakningsforutsattningar Geoteknik (Peab AB, 2016).

The stratigraphy in the area is described by Peab Anlédggning (2016) and consists of
a layer of fill overlying a deep clay deposit, which sits on top of a friction material
and bedrock. The fill consists of two layers where the uppermost part consists of
coarser material. The lower part of the fill is mainly made up of masses from dredg-
ing, containing clay, silt and mud. The clay layer below the fill is of low to medium
sensitivity with an increasing undrained shear strength with depth. The clay layer
has been divided into four layers based on a report from Trafikverket (2016). The
unit weights in the area can be found in table 3.1.1.

Table 3.1.1: Unit weights of soil layers in the area, reported by Trafikverket (2016).

Soil Level Yunsat [KIN/m3] 740 [KN/m3]
Fill layer 1 | +2 to +1 18 20
Fill layer 2 | +1 to -1 18 18
Clay 1| -1to-7 16.5 16.5
Clay 2 | -7 to-25 16 16
Clay 3 | -25 to -45 16.5 16.5
Clay 4 <-45 16.5 + 0.033/m

The undrained shear strength of soil in the area of the lowering and the tunnel con-
struction was derived for the direct shear zone and then validated through additional
triaxial tests. In table 3.1.2, the determined values of the clay’s undrained shear
strength, ¢,, can be seen. For the calculations of geotechnical bearing capacity of
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the cohesion piles, the undrained shear strength in the direct shear zone was chosen
as input.

Table 3.1.2: Determined undrained shear strength of the clay at the location of
the lowering and the tunnel (Peab AB, 2016).

¢, in direct shear zone (kPa)

Level (m) 14 4 1.382 to -45, thereafter
1.89z (z from -1 m)

1 14

0 14

-1 14

-4 18.1

-20 40.2

-45 74.7

-90 159.8

The values for the friction angle ¢, were derived from the recommendations of The
Swedish Transport Administration (Peab AB, 2016). The chosen values can be seen
in table 3.1.3.

Table 3.1.3: Determined friction angles for different materials present.

Material Friction angle, ¢’ (°)
Filling material | 34
Clay 30

The preconsolidation pressure is described by Peab AB (2016) to have been evalu-
ated through several lab tests. The testing scheme included drained and undrained
triaxial tests, oedometer incremental loading (IL) tests and CRS tests. For a full
view of results from all testing, see Appendix A. The testing has mainly been per-
formed on soil samples from the clay, but tests have also been performed on the
filling layer consisting of masses from dredging. The preconsolidation pressure used
in calculations, reported by Peab AB (2016), can be seen in figure 3.1.1 and table
3.1.4.
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Preconsolidation pressure
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Table 3.1.4: Preconsolidation i;

pressure 5%

-40
Level | o/ [kPa] s

0 41.7 56
-5 67 .55
-35 292 60
-45 384 -65
-90 799 -70
-75
-80
-85
-90
-95

Level [m]

Figure 3.1.1: Evaluated trend of preconsol-
idation pressure with depth, adopted from a
report by Peab Anldggning AB (2016)

In terms of hydrogeology, a fill above the deep clay deposit and a friction layer un-
derneath can be considered as draining layers. The overlying fill was determined
to have large spread in hydraulic conductivity, ranging from k¥ = 107* — 10~7 m/s
(Peab AB, 2016). The clay layer was determined to have less variability in perme-
ability, but still ranged from k¥ = 2- 107! m/s in the deeper part, to 8 - 107 m/s
in the upper part of the clay. The in-situ pore water at the location of tunnel was
determined to have a slight excess pressure, and thus a hydrostatic distribution of
10.3 kPa/m (= 1.05 mH>O/m) was determined from a level of +0.3 m.

During the construction period, a large excess pore pressure has developed. The
available pore pressure measurements are taken slightly north of the tunnel and E45
and mostly show a linear increasing trend from when the instrumented piles were
driven. Compared to in situ pore pressures, a maximum increase of around 80-100
kPa in excess pore pressure has developed. In figure 3.1.3, the change in pore pres-
sure is visualized from the time of driving the instrumented piles, for the depths 12
m, 21 m, 34 m and 50 m. The position for pore pressure measurement is shown in
figure 3.1.2.

22 CHALMERS Architecture and Civil Engineering, Master’s Thesis ACEX30



Chapter 3. Case study - Lowering of E45

N 6401025

B

: Commuting bridge

// ¥

o .| Location of case study piles

=

1 LA
7‘4 Vi

Ne400s30

8 1 240 m
?\H.I....I ?o Ta LANTMATERIET
Skala 1:2 800, SWEREF 99 TM, RH 2000. e ———

Figure 3.1.2: Position of pore pressure measurements and nearby structures.
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Pore pressure at 12 m
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(d) Pore pressure development 50 m depth

Figure 3.1.3: Pore pressure development for different depths. The initial dramatic
increase in pore pressure is coinciding when piling for the tunnel started.

The compression modulus M, for stresses lower than the preconsolidation pressure
has been evaluated from oedometer incremental loading (IL) tests, CRS tests and
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triaxial tests. As has the compression modulus M. Based on these, is has been
shown that the compression modulus My has a good correlation with the undrained
shear strength times 400, My = 400 - ¢, for the in-situ case. The chosen M is based
on one single cycle of unloading-reloading. The adopted profile for the compression
moduli My and M, can be seen in table 3.1.5.

Table 3.1.5: Compression moduli My and M adopted from values reported by
Peab Anldggning AB (2016).

Level | M, [kPa] M [kPa]
-1 5000 200
-8 - 500
-45 31400 1425
-90 | 63908 3225

3.2 Tunnel design & foundation plan

A typical cross section of the tunnel is shown in figure 3.2.1. The tunnel is con-
structed with three main walls that rests on ground concrete beams that in turn are
supported by piles.

] . ]
Figure 3.2.1: Typical cross section of the tunnel.

The piles that were driven under the tunnel are primarily divided into eight (8)
parts, or monoliths. In figure 3.2.2 a cross section of the tunnel is seen in which
the instrumented pile’s location and bearing are more apparent. In figure 3.2.3 the
monolithic division can be seen together with the location of the three instrumented
piles.
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Figure 3.2.2: Location and bearing of the instrumented piles (3-417, 3-419, 3-598)
seen in a cross section.
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Figure 3.2.3: Location of monolith and the instrumented piles (3-417, 3-419, 3-
598) and their respective positions.

As seen in figure 3.2.3 all three instrumented piles are in proximity to each other
and located in monolith 3. In figure 3.2.1 and 3.2.2 cross sections of the tunnel
can be seen. Below both the north and south tunnel wall, two pile rows with 4:1
inclination supports the tunnel, and under the centre wall there are three pile rows.
Both the part of the pile row underneath the centre wall and the south wall where
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the case study piles are located have a centre to centre spacing in between piles of
1.2 metres at the pile head. The spacing between the two pile rows supporting the
centre and south walls is 2 metres at pile head.

3.3 Pile type and material properties

The instrumented piles are square reinforced concrete piles with a width of 275 mm,
shown in figure 3.3.1a. The concrete piles are reinforced with 12 ®16 mm rebars of
type K500C-T and the used concrete grade is C60/75, vet = 0.5. The piles were
installed in late August and beginning of September 2017. The cables for the Sister
Bars runs along the pile inside a protective steel tube with a diameter of 140 mm on
one side of each pile. The piles are driven at an angle of 4:1, and reach a depth of
about 65 metres. This in turn means that the total pile length is about 67 metres.
The piles consist of 5 elements which are about 13 metres each, as shown in 3.3.1b.

65

Cables from sisler bars

Steel profection tube, thickness 4 mm ),
fastened to pile with screws after casting -~

Sister bars, tied fo rebars i

Rebars, $16 mm o~

(a) Cross section (b) Section

Figure 3.3.1: Sections of instrumented case study piles.

3.4 Additional construction projects in the area

Apart from the lowering of the E45, several other large construction projects have
taken place at the case study site that might influence the studied piles. These are
important to delineate as they can be a part in explaining the developed load distri-
butions in the instrumented piles. The most relevant nearby construction projects
can be seen in figure 3.4.1 below. The yellow group is the case study Gullbergstun-
neln, the red group are nearby bridge projects by Skanska, the green is the pile
driving for Platinan and blue is when the instrumented piles were installed. The

27 CHALMERS Architecture and Civil Engineering, Master’s Thesis ACEX30



Chapter 3. Case study - Lowering of E45

pink section represents the concrete casting for Monolith 3. The location of these
projects can be seen in figure 3.1.2.

Pile driving instrumented piles
Pile driving concrete piles Platinan
Pile driving steel piles Platinan
Pile driving commuting bridge
Pile driving Stadstjanarebron E3
Pile driving Stadstjinarebron E2
Pile driving Stadstjanarebron E1
Pile driving Hisingsbron ramp =
Pile driving Hisingsbron Arpeggio | me—
Piling Monolith 1
Piling Monolith 2 1
Piling Monolith 3
Piling Monolith 4 e )
==
—_—

Piling Monolith 5
Piling Monolith 6
Piling Monolith 7
Piling Monolith 8§ | S——————
-
L}
=
1
L |
]
-

Piling Sleeper 4BD
Piling Sleeper C1
Piling Sleeper C5
Piling Sleeper D5
Piling AD12
Monolith 3 Centre ground beam
Monolith 3 North ground beam
Monolith 3 South ground beam
Monolith 3 Centre walls
Monolith 3 North wall -
Monolith 3 South wall [
Monolith 3 Centre roof —
Monolith 3 North roof -
Monolith 3 South roof -

Figure 3.4.1: Timeline of construction projects in the area surrounding Gull-
bergsvass.
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4 Data analysis of strain measure-
ments

The measured data from the instrumented piles was analysed using the methodology
presented in the following section. This chapter also includes the results from the
data analysis.

4.1 Method

The original format of the measurements was frequencies and temperatures from
each of the four strain gauges for each depth of instalment. The evaluation of strains
in the piles is based on a benchmark measurement of the frequency and temperature
in the strain gauge. All following evaluation of strains and forces are thus based on
said benchmark values. The magnitude and direction of the calculated forces are
reliant on what benchmark is used for the calculations. In this project, four different
dates were used as benchmark:

1. In a lab before pile casting
2. Pile in storage

3. During installation

4. After installation of piles

From the list above, only the results of the first benchmark will be presented in the
results section of this report. This is due to the assumption that a benchmark from
before casting would yield the most accurate results, as the pile is not influenced by
concrete shrinkage or any other induced forces. In addition to the load distribution
calculation, the change in load between measurements was calculated, i.e., AL as
the size and direction is not influenced by any benchmark. The four data points for
each depth were combined into an average load in order to remove any discrepancies
in forces induced by bending moment, see example provided in figure 4.1.1.
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Serial number |Placement F [kN] P
1709774 B 426.946
1709775 D -215.841

123.42
1709773 C -109.636
1709772 A 392.196

Figure 4.1.1: Example of evaluated loads in pile 3-419 at 32,5 metres depth on
the 19" of May 2022.

The average load for each depth is presented in section 4.2. The results for bench-
marks 2-4 can be studied in Appendix B.

4.1.1 Strain measurements

The information gathered by the Sister Bar strain gauges was collected via a cabinet
constructed with several measuring terminals, which is situated in section 0/460 of
the tunnel. Five cables from each Sister Bar strain gauge are connected to the
cabinet of which four are used for measurements. See figure 4.1.2 for a view of the
setup for data gathering. Readings were gathered by connecting a readout box,
model GK 404 from Geokon (Geokon, 2020) to each measuring terminal, see figures
4.1.3a. The four cables from each strain gauge are the positive and negative strain
gauge leads and the positive and negative thermistor leads. Both the frequency
of the vibrating wires as well as the temperature reported by the thermistor were
recorded and extracted, see figure 4.1.3b.
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(a) Location of electrical cabinet. (b) View of cable management inside
cabinet.

Figure 4.1.2: Setup for measuring the sister bar strain gauges.
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Model GK-404
Vibrating Wire Readout

Ce

(a) Connecting the readout box to mea- (b) GK404-Readout box.
suring terminals.

Figure 4.1.3: Taking a reading.

The Sister Bar strain gauges are equipped with vibrating wire transducers that
continuously measures the strain and temperature in the piles. However, as the
electrical cabinet does not have the ability to store data, readings can only be
obtained by physically extracting them from the logger placed in the middle wall of
the tunnel, see figure 4.1.2a. This means that the conducted data analysis is based
on point values from specific dates and not continuous readings. During the project,
data was gathered on two occasions. The first data collection was performed in late
February, on the 27*. The second data collection was performed in April, on the
11t

4.1.2 Identification of outliers

The recorded data was sorted by date and depth of measurements. Preferably a
statistical method for outlier identification would be used, but a statistical method
for the entire data set would likely not adequately allow for large variations in
frequencies and temperatures due to ambient construction processes and seasonal
variations in climate that the instrumented case study piles experiences. Instead, a
visual method to identify outliers was used, where the entire dataset is sorted and
plotted. Values that did not follow the trend were then identified and checked against
the remaining recordings for the particular date and depth. If e.g., the temperature
recording for a strain gauge strongly disagreed with the other three strain gauges for
a particular date and depth, the reading obtained by the disagreeing strain gauge
was removed from the dataset and replaced with interpolated values. Analysed plots
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for obtained data can be found in figure 4.1.4 for the case study piles.

Outlier identification Outlier identification
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(c) Strain gauge readings from case
study pile 3-417.

Figure 4.1.4: Circled data points represent readings determined as false. Points
in the graphs represent each frequency and temperature sorted by size.

Note that if a temperature was deemed an outlier, the associated frequency was not
necessarily removed. If a strain gauge gave a reading marked as false (regardless of
frequency or temperature), that reading was handled as described in section 4.1.3.

4.1.3 Method of interpolation

The dataset of frequencies and temperature readings from the Sister Bars contained
several missing values. The dataset for one of the case study piles, pile 3-417, only
contained readings from the top level of strain gauges, at 2 metres depth. This is
most likely due to that the cables transferring the frequency of the vibrating wire
strain gauges were damaged during pile driving.

Regarding the other two case study piles, 3-419 and 3-598, some dates and depths
had one or two strain or temperature readings missing or deemed as false. If only
the remaining readings had been interpreted and used as a result, this could give a
false indication of load distribution, load change or bending moments experienced by
the pile. Therefore, missing or false readings from case study piles 3-419 and 3-598
were interpolated. In general, pile 3-598 required exceedingly more interpolation
(76/400 = 19% data points) while pile 3-419 only had 11/440 = 2.5% data points
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that needed interpolation. Consequently, pile 3-419 should be regarded as the more
reliable of the two instrumented piles.

The method for interpolation varied. For the false temperature readings visualized
in figure 4.1.4b, these values were all reported by one strain gauge on one depth.
These values were replaced with an average temperature reported by the remaining
three strain gauges on that level.

For missing or false strain gauge readings the method was based on establishing
a relationship between previous readings within a strain gauge level. No relation
between levels were considered, but only the relation between strain gauges within
the same level. If only one value was missing for a certain strain gauge level, the as-
sumption of a constant relationship between two gauges experiencing tension and/or
compression was made. The calculated relationship factor was then used to estimate
the missing value. For example, if gauge A and B are experiencing tension, and
gauge A is missing in the following measurement, a ratio A/B was established and
used to evaluate the missing value in the series. An example is provided below.

2019-04-04  2020-03-03
A B A B
4248 4752 4592 7

In this example the missing value for gauge B on the 3" of march would be esti-
mated by assuming a constant ratio between gauge A and B. The ratio would then
A _ 4248 _ . 1 . .
be £ = 3725 = 0.89, which could then be used as 989 4592 to obtain the missing

value for B.

If two values were missing for a certain strain gauge level, the method assumed
a constant relationship between the missing value and the average of the remaining
readings on that same strain gauge level. The established ratios were then used in
the same manner as previously described for one missing value to obtain an inter-
polated value to represent the missing readings.

4.1.4 Determination of pile modulus

The Young’s modulus of the piles was assumed to be 35 MPa after discussion with
Peab AB. This modulus was chosen for the entire pile as this thesis is not focused
on studying how and if the modulus of concrete piles changes after they are driven.
As the pile modulus is used to determine the calculated load experienced by the pile
through equation 2.2.5, an increase or decrease in pile modulus affects the calculated
load linearly, i.e.

FxE (4.1.1)

It should be emphasized that the modulus of 35 GPa is somewhat arbitrary, and
research with FEA have shown that concrete piles in Gothenburg clay can have a
modulus as low as 18 GPa (Wood and Karstunen, 2022).
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4.1.5 Sensitivity analysis

To study the uncertainty in the output of the calculations a sensitivity analysis
of pile properties and data was performed. The Young’s modulus was allowed to
vary, in order to study how the magnitude and shape of the load distribution was
affected. The Young’s modulus was also allowed to vary depending on the average
strain direction on each level of strain gauges, in order to study how it affected the
estimated load distribution. In tension the strain (£4c0uq;) Was used together with
cross-sectional area and modulus (E = 210G Pa) for the reinforcement, while for
compression the entire piles’ area, modulus and strain (€;,44—retatea) Was used. This
was achieved by an if-function in the calculations, i.e., if the output force showed
tension, the load was recalculated with the properties for the reinforcement instead.

Additionally, a sensitivity analysis of temperature and chosen benchmark was per-
formed. Similar to the Young’s modulus, the sensitivity due to temperature uncer-
tainty was performed by varying the assumed temperature for calculations.

4.2 Results

The estimated load distribution based on a benchmark frequency from the calibra-
tion of the strain gauges can be seen in figure 4.2.1. As evident from the graphs, the
piles are mostly experiencing tension during the studied period, but with a trend
towards compressive forces over time. The maximum force for both pile 3-419 and
3-H98 has a rather constant location. The resolution is however quite poor due to
only five levels of strain gauges.
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Load distribution, compression = Load distribution, compression =
positive positive
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(a) Load distribution of pile 3-419, lo- (b) Load distribution of pile 3-598, lo-
cated in the center wall. cated in the south wall.

Figure 4.2.1: Estimated load distribution of instrumented piles. Benchmark fre-
quency is based on the calibration of the strain gauges at the factory.

The trend towards increasing compressive forces in pile 3-419 (located beneath the
centre wall) can be observed in figure 4.2.2. After pile installation, which takes place
on the 28" of August 2017, pile 3-419 experiences a high increase in tensile forces.
After that, the pile is subject to large changes in internal forces during the first year
and a half after the pile has been installed. Following this period, during the latter
half of 2018, the sudden load changes come to a halt. During the beginning of 2020,
the pile is subject to unloading as the strain gauges report a negative load change.
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Load change, compression = positive
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Figure 4.2.2: Load change of pile 3-419, located in the center wall.

For pile 3-598 (located beneath the south wall), the load change with time has less
of a clear trend in comparison to pile 3-419, as can be seen in figure 4.2.3. Like
pile 3-419, pile 3-598 experiences an unloading, or increasing tension forces after
its installation on the 4" of September during 2017. In addition, pile 3-598 also
experience increasing tensile forces during both the beginning of 2018 and during
the beginning of 2020, as does pile 3-419. The change in load is however of larger
magnitude for pile 3-598 than for pile 3-419 during early 2020.
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Figure 4.2.3: Load change of pile 3-598, located in the south wall.
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Regarding the third case study pile (3-417, located in the centre wall), results are
only available for the upper level of strain gauges, at a level of 2 metres from the
pile head. This makes useful interpretation of the results for pile 3-417 difficult.
The limited results that could be extracted for pile 3-417 can therefore be seen in
Appendix E in figures E.0.1 (load over time) and E.0.2 (load change over time).
Like piles 3-419 & 3-598 the results are based on a benchmark frequency from the
calibration of the strain gauges.

In contradiction to the other case study piles, pile 3-417 seems to experience mainly
tensile forces during the study period. Pile 3-417 does however show an unloading
during early 2018, and increase in tensile forces during 2020, see figure E.0.2, which
reflects what the results show for the other two case study piles. Since only one level
of Sister Bars is operational for pile 3-417, the results should be interpreted with
caution.

In addition to the graphs showing load distribution (figures 4.2.1a & 4.2.1b) the
strain distribution, expressed as microstrains (ue), was plotted as seen in figures
4.2.4a & 4.2.4b. This is using the strain €;,4q_related, i-€., the strain that the con-
crete experiences and the strain used to calculate the load distribution seen in figure
4.2.1. This removes any uncertainties regarding choice of Young’s modulus for accu-
rate load estimation, and thus only shows the absolute extensions or compressions
experienced by the piles.
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Strain distribution, compression = Strain distribution, compression =
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(a) Strain distribution of pile 3-419. (b) Strain distribution of pile 3-598.

Figure 4.2.4: Estimated strain distribution of instrumented piles. Benchmark
frequency is based on the calibration at the factory and strain used is €044 related-

4.2.1 Sensitivity analysis

Uncertainty in results due to variations in choice of benchmark reading was studied
by changing the benchmark used for calculation of forces. It could be seen that while
this did not affect the load change, it did influence the magnitude of forces estimated
to act on the case study piles. It also influenced whether the piles were interpreted
as being subject to tensile or compressive forces in some instances. The conducted
sensitivity analysis focused on two inputs: temperature and elastic modulus. These
parameters were chosen as they are based on assumptions. The differences in load
distribution due to change of benchmark reading can be observed in Appendix B.

Regarding influence of temperature variations and variations in Young’s modulus,
the two have different impacts on the result. As can be seen in figure 4.2.5b a
change in assumed temperature displaces the graph in parallel, the temperature has
an arithmetic relationship with the interpreted load. The Young’s modulus on the
other hand has a geometric proportionality to the interpreted load, as can be ob-
served in figure 4.2.5a. The interpretation of load is therefore more sensitive towards
changes in Young’s modulus than for changes in temperature.

39 CHALMERS Architecture and Civil Engineering, Master’s Thesis ACEX30



Chapter 4. Data analysis of strain measurements
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Figure 4.2.5: Sensitivity analysis for pile 3-419 on the 20" of November 2017.

In addition, the calculated load decreases greatly if it is assumed that the reinforce-
ment carried all load in tension and that the concrete carries all load in compression.
In figure 4.2.6 the load distribution for pile 3-419 and 3-598 can be seen, with vary-
ing E-modulus and cross-section area depending on the direction of the strain. For
tension, a modulus of 210 G'Pa and area of 0.002 m? was used, while for compression

35 G Pa and 0.076 m?. This yields a similar shape of the load distribution compared
to figure 4.2.4, but with lower load magnitudes.
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Figure 4.2.6: Estimated load distribution of instrumented piles with varying E-
modulus and cross-sectional area depending on strain direction. Benchmark fre-
quency is based on the calibration of the strain gauges at the factory.
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5 Analytical analysis of pile be-
haviour

The analytical analysis was performed as a series of hand calculations using both a
total stress method and an effective stress method. The analytical analysis includes
both a study of how the load is distributed in a pile assuming that the entire soil pro-
file is heaving or settling. This chapter includes a presentation of the methodology
and the results.

5.1 Method

An analytical analysis of the load distribution was performed using both the a-
and [f-methods, described in sections 2.1.3 and 2.1.4 assuming both settlement and
heaving of the entire soil profile. The analytical analysis was based on the assump-
tion that a single pile is driven vertically and in the middle of the excavation, as
opposed to the case study piles that were driven at an angle, and in close proxim-
ity to each other. Additionally, the 6-meter excavation was taken into account in
the S-method by decreasing the total stress with an unloading of an assumed 2:1
distribution starting from the excavation bottom. The bottom of the excavation
was assumed to be 30 meter wide, and the assumed length of the excavation was
400 metres, see in table 5.1.2. In the a-method the excess pore pressure and new
stresses after unloading was considered by decreasing the undrained shear strength
as:

Cu = Cug - OCR™%? (5.1.1)
as recommended by Larsson, 2008. The in-situ undrained shear strength is de-

creased with a function of the new OCR, i.e., the OCR distribution after unloading
is utilized.

Due to the presence of a large excess pore water pressure, the focus relied on the
p-method as this is based on effective stresses (see section 2.1.4). The excess pore
water pressure was taken into account when calculating the effective stress used in
the B-method. The excess pore pressure used is however from a measurement lo-
cated outside the excavation area, so the results from the S-method are associated
with uncertainty. In order to determine the S-factor, previous research by Peab AB,
2020 on a nearby 50-meter pile was utilized. In the report, pile failure is described to
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be reached in a static loading test at 1820 kN. This result was then used to calculate
an appropriate S-factor to be used in the analytical analysis of the case study piles
in this report. The a-factor was estimated based on figure 2.1.2 with % = 236 and
& — ().33. Used alpha and beta-factors can be observed in table 5.1.1.

!
%9

Table 5.1.1: Used a- and p-factors for analytical analyses.

a | 0.7
5103

The pile head load for the analytical calculation was chosen through an estimation
of the tunnel mass distributed on the total amount of piles, as can be seen in
table 5.1.2. The unit weight of the tunnel’s concrete was overestimated in order to
account for the large amount of reinforcement used. The cross-sectional area, the
tunnel length, number of pile rows and centre to centre distance was adopted from
blueprints shared by Peab AB.

Table 5.1.2: Input for estimation of pile head load

Pile head load estimation

Cross section area 51 m?
Tunnel length 400 m
Tunnel mass volume 21600 m?
Density of tunnel 2750 kg/m?
Mass tunnel 59400000 kg
Total load 583308 kN
Number of piles 1000 —
Pile head load 550 kN

The stratigraphy, associated unit weights, hydrostatic pore pressure distribution and
undrained shear strength used in the calculation were all based on the site descrip-
tion that can be studied in chapter 3. The excess pore pressure distribution and
magnitude was adopted from Peab AB (2020), and used for the S-method.

The hand calculations also include an estimation of load distribution assuming heav-
ing of the soil profile, utilizing the a- & [-methods, in accordance with report 100
by Palkommissionen (2004), but with reversed signs so that:

E=Q.— /0 FodA (5.1.2)

L
R = Ry — / Fnd A (5.1.3)

with R, = 0 due to cohesion piles in soft clay. There is an argument to be made
that the pile toe resistance is in fact not negligible for long cohesion piles. Still, this
was assumed for reasons of simplification.
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5.2 Results

The hand calculations were performed by using the a— & f—methods as described
in section 2.1.3 and 2.1.4. As a basis for the following calculations the stresses in the
soil were calculated for the in-situ case (o9, of) and the case after unloading (oy,
oy) and plotted together with the relevant pore pressures, and pre consolidation
pressure (see figure 5.2.1). In figure 5.2.1 Au represents the measured excess pore
pressures from pile driving in the area, measured in December 2020.

[kPa]
0 200 400 600 800 1000 1200 1400 1600

Level [m]

Figure 5.2.1: Stresses in the soil as a function of depth. Au represents measured
excess pore pressures from pile driving.

In figure 5.2.2 the OCR as a function of depth can be seen. This was used as a
basis of calculation for the a-method, by using the OCR to estimate a decreased
undrained shear strength after unloading (see equation 5.1.1).
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Figure 5.2.2: OCR as a function of depth for different cases. Red curve was used

as input for equation 5.1.1.

In figure 5.2.3 the load distribution for both the assumption of heaving and subsid-
ing soil throughout the whole soil profile can be seen in the same graphs. Since the
a-method is based on total stresses, it is not able to directly capture any effects on
estimated drag load and geotechnical bearing capacity due to the excess pore water
pressure, but indirectly by decreasing the undrained shear strength. In table 5.2.1 it
can be seen that the calculated magnitude of the geotechnical bearing capacity de-
creases considerably when the large excess pore water pressure is taken into account.

The estimated drag load is lower when using the a-method compared to the (-
method, both for the S-method with excess pore water pressure and without. The
estimated maximum compressive forces in the piles also vary depending on chosen
method of calculation. The highest estimation is found when using the S-method,
followed by the [-method with excess pore water pressure and the a-method, see

table 5.2.1.
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Figure 5.2.3: Calculated load distribution of a single vertical pile, considering both
the case of heaving and settling soil.
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The position of the estimated neutral plane varies slightly depending on what
method is used. When comparing the load distribution assuming the whole soil pro-
file settles, it is evident that the a-method predicts the highest location of around
39 meters below the pile head, followed by the S-methods of around 43 meters. It
should be noted that the analytical calculations assume a single pile in the middle
of the excavation. Comparing the two sides of each graph it can be concluded that
a heaving soil profile results in a lowering of the neutral plane.

Table 5.2.1: Geotechnical capacity, load effects and positions of the neutral planes.

[-method
a-method | S-method with Aw
Rero (kN) 2900 5400 3900
Q. (kN) 1200 2400 1600
Qs (kN) 1200 2400 1600
Fraw (KN) 1700 2900 2200
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§ Numerical analysis of pile be-
haviour

To study possible explanations of the measured load distribution, a finite element
analysis was conducted using PLAXIS2D. The FE model is a simplification of the
actual site and aimed capture how a deep excavation in combination with nearby
mass displacement piling affects a single pile at the bottom of an excavation similar
to the case study. This chapter first presents the methodology for FE modelling,
followed by the obtained results.

6.1 Method

The simulations were carried out using a Plane strain model with 15-noded elements.
To model the clay layers of the case study site, Soft Soil Creep (SSC) was chosen as
the soil model. The Soft Soil Creep model can be used to analyse time-dependant
behaviour of soft soils and includes both primary and unloading/reloading compres-
sion. To model the topmost fill layer and the drainage layer at the bottom, Mohr-
Coloumb (MC) was chosen as the soil model. For a more in-depth description of
used material models and so forth see the Materials Model Manual (Bentley, 2022a)
and the Reference Manual (Bentley, 2022b). The properties for each soil layer were
adopted from Peab AB, 2016 and can be seen in tables 6.1.1 and 6.1.2 below. The
interface strength reduction factor, R;,.., for all soil layers was set to the default
value of 1. The earth pressure coefficient at rest, K, was set to Automatic for all
soil layers.
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Table 6.1.1: Soil parameters used in PLAXIS2D.

Gravel
Material (Fill at exc. | Fill 1 Fill 2 Clay 1 | Clay 2 Clay 3 Clay 4
bottom)
Level (m) -3.5 to -4 +2to+1 | +1to-1 |-1to-3 |-3to-7.5]|-7.5t0-15|-15to-25
Soil model MC MC SSC SSC SSC SSC SSC
Drainage type Drained Drained | Drained | Undr. A | Undr. A | Undr. A Undr. A
Saturated
unit weight Vsat 18 20 18 16.5 16.5 16 16
(kN/m?)
Unsaturated
unit weight Yunsat 18 18 18 16.5 16.5 16 16
Void ratio e Default Default 1.3 1.9 1.9 1.9 1.8
Stiffness (kPa) El,, | 120E+03 7.00B+04 | N/A N/A N/A N/A N/A
Poissons ratio v 0.3 0.2 0.2 0.2 0.2 0.2 0.2
Modified A" N/A N/A 0.2 0.165 |0.17 0.2 0.29
compr. Index
Modified . . . .
i K* N/A N/A 8.30E-03 | 8.30E-03 | 8.30E-03 | 9.00E-03 | 1.10E-02
swell. Index
Modified o N/A N/A 8.30E-03 | 4.50E-03 | 4.50E-03 | 4.60E-03 | 7.81E-03
creep index
Shear strength , . . . -
(kPa) Cref 5 2 2 2.85 2.85 2.85 6.3
f;r)m“o“ angle é 35 34 30 30 30 30 30
Diletancy angle (°) | ¢ 0 0 0 0 0 0 0
Fn‘?;zfablhty kn=k, |5 0.1206 | 6.91E-05 | 6.91E-05 | 6.91E-05 | 6.90E-05 | 6.90E-05
Pre overburden | 5\ N/A 15 11 105 0 0
pressure (kPa) ° 'O
g:f;(ﬁ()IlSOll(iatIOIl OCR N/A N/A 1 1 1 119 115
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Table 6.1.2: Continuation of soil parameters used for modelling in PLAXIS2D.

Material Clay 5 Clay 6 Clay 7 Clay 8 Clay 9 Clay 10 | Bottom
Level (m) -25 to -35 | -35 to -45 | -45 to -55 | -55 to -65 | -65 to -75 | -75 to -95 | -95 to -97
Soil model SSC SSC SSC SSC SSC SSC MC
Drainage type Undr. A | Undr. A | Undr. A | Undr. A | Undr. A | Undr. A | Drained
Saturated
unit weight Yoat 16.5 16.5 16.67 17 17.33 18 18
(kN/m?)
Unsaturated
unit weight Yunsat 16.5 16.5 16.67 17 17.33 18 18
(kN/m?)
Void ratio e 1.8 1.7 1.59 1.56 1.56 1.43 0.8
Stiffness (kPa) E. N/A N/A N/A N/A N/A N/A 200000
Poissons ratio v 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Modified

A* 0.29 0.31 0.31 0.3 0.3 0.3 N/A
compr. Index
Modified K 00115 | 00118 |00119 |00115 |00115 [0.0111 | N/A
swell. Index
Modified w 0.0074 | 0.00676 | 0.00609 | 0.00544 | 0.00482 | 0.00365 | N/A

creep index
Shear strength

(6P dos 8.1 9.6 13.5 15.6 24.5 24 5
?r)iction angle 6 30 30 30 30 30 30 30
gi)letancy angle ¥ 0 0 0 0 0 0 0
f;?g;’abihty ki =k, | 6.92E-05 | 3.45E-05 | 3.46E-05 | 1.73E-05 | 1.73E-05 | 1.73E-05 | 0.1206

Pre overburden

pressure (kPa) POP 10 0 0 0 0 0 N/A
z\tuie;“consohdatlon OCR 1.2 1.2 1.2 1.2 1.2 1.2 N/A

The single pile, for which the response was studied in PLAXIS2D, was modelled as
an embedded beam. The parameters chosen for the embedded beam can be seen
in table 6.1.3 below. The shear resistance of the interface between the embedded
beam and the soil in the axial direction was set through defining the axial skin
resistance of the pile. This was set to multi-linear, with 0.9:1 relationship between
the undrained shear strength of the soil and the axial skin resistance of the pile,
i.e., the axial skin resistance was set to 90% of the undrained shear strength of the
clay. This relationship can be compared with the description of the a-factor and
total stress method in section 2.1.3. The resistance of the interface between the
embedded beam and the soil in the lateral direction was set to the default value,
i.e., unlimited.

Table 6.1.3: Parameters used to model a case study pile as an embedded beam in
PLAXIS2D.

Material Unit weight Pile spacing Cross section type Width Stiffness  Axial skin

type (kN/m?) (m) (m)  (GPa) resitance
Elastic 95 19 .Predeﬁned, 0.975 a5 Multi-linear
solid square beam 0.9-c,

Before the model geometry was created, a validation of the soil properties was
performed by simulating an IL Oedometer and CRS using the SoilTest tool in
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PLAXIS2D. This was performed for the levels 19.5 meters and 57 meters. In figure
6.1.1 the results from these simulations are plotted together with the Oedometer &
CRS results from the lab (Peab AB, 2016).

Oedometer test 19.5 m Oedometer test 57 m
Stress (kPa) Stress (kPa)
0 100 200 300 400 500 750 1000
0 E%
. 3 -
%Jt%\\ g
5 = 8. ™
9 B H%\\ o \
\
\ ; L AR
10 ‘ \\\ \ \
= ‘%‘ \ 8 o R
# B—\ £ \
= SR\ = \
98 " R\ 70 -.
= =
& \ g
\ 12 |
20 " % \
14 \
-3 IL Dedometer test v —@— IL Oedometer test \\
5]

25 @ PLAXIS 2D Oed Simulation o ©— PLAXIS 20 Oed simulation 1 <] \
——CRS test 18 || ——crs test \\\ X
~——— PLAXIS 20 CRS Simulation ——— PLAXIS 2D CRS simulation -

30 20

(a) Oedometer & CRS simulation and (b) Oedometer & CRS simulation and
lab results for level 19.5 meter. lab results for level 57 meter.

Figure 6.1.1: Validation of soil properties through a IL oedometer & CRS simu-
lation in PLAXIS2D.

A validation of the modified creep index p* was performed by studying the distribu-
tion and magnitude of settlements for the soil layers. The area of the case study is
known to have approximately 3-4 mm of creep per year (Peab AB, 2016). Therefore,
a consolidation phase of 100 years was calculated to see the magnitudes of the creep
settlements. As shown in figure 6.1.2 the creep in the model show agreement with
empiricism.
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Creep settlements (m)
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Figure 6.1.2: Magnitude and distribution of creep settlements calculated with
PLAXIS2D.

When creating the FE model, the location of the building Platinan was included. A
width of the modelled geometry was chosen in order to minimize the risk of adverse
boundary effects on the result. The ground water table was set to +0.3 m before
construction began and was during construction of the excavation lowered in two
stages, 3 metres during each stage. Vertical boundaries were set to be normally
fixed in terms of deformations and to be closed for groundwater flow. The lower
horizontal boundary was set to be fully fixed and open to groundwater flow. The
upper horizontal boundary was set to be free to deform and open to groundwater
flow.

Three cases were analysed. The first being a base case, with a single loaded pile, and
no excavation or surrounding influences. The weight from the tunnel was modelled
as a point load of 550 kN/m, in line with what is presented in section 5.1 in table
5.1.2. The base case was analysed in order to establish the interaction between soil
and pile with no effects from unloading or nearby piling considered. The second
case is a model of the excavation and a single loaded pile in appropriate calculation
phases. This was done in order to study the effect of unloading on forces developing
in the single pile. The third case added potential effects from nearby piling (an
approximation of project Platinan).

6.1.1 Base case - single vertical loaded pile

Before any effects from unloading of the clay deposit or nearby piling was studied,
a base case was established. This model is simply a loaded vertical pile installed
in a soil that was allowed to consolidate. This was done in order to see how the
load was distributed along the pile, without any external influences. In figure 6.1.3
the geometry used for the base case can be seen. The calculation phases were an
initial phase (Kg-procedure) followed by a 1-day Plastic phase wherein the embedded
beam is activated. In the next phase the load was activated over a 30-day period.
Following this, the calculations included 8 consolidation phases ranging from 1 year
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to 120 years. All calculation phases were carried out as staged construction with
phreatic pore pressure.

| -108.00

oo

-18.00

H
L

-54.00°

7200

Figure 6.1.3: Geometry used to model effects on load distribution from the base
case.

6.1.2 Unloading due to excavation

To isolate the effects on load distribution in a single straight pile from an excavation,
a PLAXIS2D model where an excavation of 6 metres was executed in 2 steps, each
3 metres, was analysed. As the excavation was executed, the groundwater table was
assumed to be lowered in the same manner as the excavation bottom, starting at
around 10 metres from the excavation and ending at the bottom of the excavation.
The used geometry can be seen in figure 6.1.4 below.
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Figure 6.1.4: Geometry used to model effects on load distribution from just an
excavation.

To see the effects of mesh fineness, a mesh sensitivity analysis was carried out by
looking at how the deformations at a point in the middle of the excavation bottom
changed with varied number of elements. Based on this analysis, which can be seen
in Appendix C, the mesh generation setting was set to Medium which resulted in
2312 number of elements. The final mesh can be seen in Appendix C in figure C.0.2.
Additionally, the chosen construction stages for calculation and their respective time
frame can be seen on table 6.1.4 below. All calculation phases were carried out as
staged construction with phreatic pore pressure. For other settings the default
settings were used.

Table 6.1.4: Chosen staged construction phases in PLAXIS2D.

Stage | Duration | Calculation type Comments
Initial phase - Kg-procedure
Excavation phase 1 | 90 days Consolidation E:‘jf;‘ifitgloor; g%rl?ngfv;; ;i;&i
Consolidation | 30 days Consolidation
Excavation phase 2 | 90 days Consolidation Excayation from -1 to -4 and
lowering of groundwater table
Pile driving 1 day Plastic Embedded beam is activated
Consolidation | 60 days Consolidation
Backfill | 60 days Consolidation Gravel backfill (0.5 m) is added
Loading | 60 days Consolidation Point load of 550 kN is activated
Consolidation 1 year | 365 days Consolidation
Consolidation 2 years | 365 days Consolidation
Consolidation 3 years | 365 days Consolidation
Consolidation 4 years | 365 days Consolidation
Consolidation 5 years | 365 days Consolidation
Consolidation phases, 10, 50 & 120 years N/A Consolidation
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6.1.3 Unloading due to excavation plus effects from nearby
piling

To model the piling in the Platinan construction project, the soil within the foun-

dation of Platinan was given a volume expansion. The excavation process was kept

from the previous model presented in section 6.1.2. The used geometry can be seen
in figure 6.1.5 below.

1002 [-1oes |..-aac |;=: - 18008 8

€yx=0.26%—>

4000

1ou0s |

Figure 6.1.5: Geometry used to model effects on load distribution from an exca-
vation and piling of nearby Platinan. Red region indicates the soil area that was
allowed to expand in the positive x-direction.

Based on reports filed during the piling as well as plans and drawings for the piling,
an assumed volume expansion of a soil block below Platinan was calculated. The
volume occupied by the piles divided by the volume of soil was used as a volume
expansion factor. Data for piling in Platinan can be seen in table 6.1.5

Table 6.1.5: Properties of pile foundation for Platinan.

(a) Hollow steel piles (b) Concrete piles

Number of 4
348 Number of | 756

Length 78 m

. Length 781 m
Diameter 323.9 mm X

. Diameter 275 mm

Thickness 12.5 mm cl 3
Degree of plugging | 1/3 ay core m

For all concrete piles, clay cores were extracted before pile driving. The clay cores
were assumed to be 8 metres deep, and for this depth the concrete piles were as-
sumed to not contribute to any volume expansion. This meant that only 70 metres
of the 78 metres long concrete piles were assumed to give a volume expansion. For
the steel piles, 52 metres of the 78 metres long piles were assumed to give a mass
displacement. The piles were assumed to be driven at 60 meters from the excava-
tion. Since a plain strain model was used, the calculated volume expansion factor
was divided by 4 to emulate the assumption that the displacement occurs in all four
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points of the compass. Furthermore, the displacement and the modelled volume
displacement was assumed to only occur in the horizontal direction (e, ).

To see the effects of mesh fineness, a mesh sensitivity analysis was carried out by
looking at how the deformations at a point in the middle of the excavation bottom
changes with varied number of elements. Based on this analysis, which can be seen
in Appendix D, the mesh generation setting was set to Medium with local refinement
which resulted in 4470 number of elements. The final mesh can be seen in Appendix
D in figure D.0.2. Additionally, the chosen construction stages for calculation and
their respective time frame can be seen on table 6.1.6 below. As can be observed
in the table, after the time step that simulated piling in the Platinan project, all
volume expansion was deactivated and e,, set to zero. All calculation phases were
carried out as staged construction with phreatic pore pressure.

Table 6.1.6: Chosen staged construction phases in PLAXIS2D.

Stage | Duration | Calculation type Comments
Initial phase - Ko-procedure
Excavation phase 1 | 90 days Consolidation ExcaYat1011 from 42 to -1 and
lowering of groundwater table
Consolidation | 90 days Consolidation
Excavation phase 2 | 90 days Consolidation EXC&.Vat_lon from -1 to -4 and
lowering of groundwater table
Pile driving 1 day Plastic Embedded beam is activated
Consolidation | 60 days Consolidation
Backfill | 60 days Consolidation Gravel backfill (0.5 m) is added
Loading | 60 days Consolidation Point load of 550 kN is activated
Volume strain of €., = 0.26%
Platinan piling | 280 days Consolidation in the area marked in
figure 6.1.5 activated
Consolidation 1 year | 365 days Consolidation Volume strain inactivated
Consolidation 2 years | 365 days Consolidation Volume strain inactivated
Consolidation 3 years | 365 days Consolidation Volume strain inactivated
Consolidation 4 years | 365 days Consolidation Volume strain inactivated
Consolidation 5 years | 365 days Consolidation Volume strain inactivated
Consolidation phases, 10, 50 & 120 years N/A Consolidation

6.1.4 Sensitivity of PLAXIS2D model

For the numerical models, apart from a mesh-convergence study, a simple sensitivity
analysis studying the following inputs was performed
o Axial skin resistance of the embedded beam was varied between 0.7¢, and
1.1¢,
« Volume expansion factor (simulation of nearby piling) was varied between
0.13% to 0.52%
o Dead load was varied between 350 kN and 750 kN

The result sensitivity for the above inputs was estimated by evaluating how much
the maximum force in the embedded pile, as well as displacements at excavation
bottom, changed when varying the respective inputs.
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6.2 Results

This section includes results from numerical analyses performed using PLAXIS2D
for a base case, a case simulating only effects from unloading due to excavation and
a case simulating the effects of both unloading and nearby soil displacements due
to piling

6.2.1 Base case

The load distribution over time for the base case can be seen in figure 6.2.1. As the
loaded pile is situated in a subsiding soil, there is a clear trend towards drag loads
developing, but it takes a considerable time for large drag loads to develop (more
than 10 years).

Load distribution PLAXIS2D

Force (kN) compression=positive
0 200 400 600 800 1000 1200

10

20

30

Depth (m)

40

50 =—{Consolidation 1 yr
——Consolidation 2 yrs
Consolidation 3 yrs
= Consolidation 4 yrs
60 ——Consolidation 5 yrs
———Consolidation 10 yrs

Consolidation 50 yrs

——Consolidation 120 yrs

70

Figure 6.2.1: Load distribution in pile calculated by PLAXIS2D for the base case.

For the base case the neutral plane is situated around 30 meters in the long term,
whereas the neutral plane is situated close to the pile head until after 3 years of
consolidation. From 4 years of consolidation, the neutral plane has started to move
downwards along the pile. During the final calculation steps of the numerical mod-
elling, a neutral plane has formed at around half the pile length.
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6.2.2 Unloading due to excavation

The modelled load distribution in a pile installed in a soil that experiences an exca-
vation of 6 meters can be observed in figure 6.2.2. As can be seen in figure 6.2.2a, the
excavation alone can generate enough heaving of the soil body to generate tensile
loads within the pile. However, the tension forces are effectively neutralised as back-
fill is added at the excavation bottom. When the pile head load, representing the
weight of the tunnel, is activated in the next phase, the entire pile is in compression
(figure 6.2.2b). After this step, the neutral plane of the pile seems to form at the
pile head. In the long term (50-120 years consolidation), there are significant drag
loads developing, which can be studied in more detailed in figure F.0.1 in Appendix

Load distribution PLAXIS2D Load distribution PLAXIS2D
Force (kN) compression=positive Force (kN) compression=positive
20 0 20 40 G0 80 o 100 200 300 400 500
o o
(f = Consolidation after pile installation (60 days) Consolidation 1 yr
= Load distribution after backfill Consolidation 2 yrs
Consolidation 3 yrs
10 10
——Consolidation 4 yrs
Consolidation § yrs
= Consolidation 10 yrs
20 20
30 EL
E E
=} £
& g
a a

de
=1

60

0

o
=

50

60

0

(a) Strain distribution of pile 3-419.

(b) Strain distribution of pile 3-598.

Figure 6.2.2: Load distribution in pile calculated by PLAXIS2D for the excavation

only.

Displacements at pile head in the excavation bottom can be seen in figure 6.2.3

below.
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Displacements at excavation bottom
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Figure 6.2.3: Displacements at excavation bottom calculated by PLAXIS2D for
the excavation.

As can be seen, in figure 6.2.3 there is a heaving effect between the two stages of
excavation, but the backfill and loading results in settlements. The consolidation
phase shows a slow trend towards settlements over time.

6.2.3 Unloading due to excavation plus effects from nearby
piling

The modelled load distribution in a pile installed in a soil that has both been exca-

vated and subject to nearby piling can be observed in figure 6.2.4 below. The result

from numerical modelling shows that piling, at a similar distance as Platinan, has

the potential to induce tension forces within a pile. When also analysing a con-

solidation period of 50 and 120 years after pile installation, a significant drag load
develops in the pile, see Appendix F and figure F.0.2.
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Load distribution PLAXIS2D
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Figure 6.2.4: Load distribution in pile calculated by PLAXIS2D for the excavation
in combination with nearby piling.

Displacements at pile head in the excavation bottom can be seen in figure 6.2.5 be-
low. There is heaving between the excavation phases, but considerably more upward
movement when piling for Platinan is simulated. After this, the consolidation shows
a slow trend towards settlements.
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Figure 6.2.5: Displacements at excavation bottom calculated by PLAXIS2D for
the excavation in combination with nearby piling.

6.2.4 Sensitivity of PLAXIS2D model

In table 6.2.1 & 6.2.2 the results of the sensitivity analysis for the combined case
of nearby piling plus excavation, and excavation only are shown. The varied input
was the axial skin resistance (ASR), the volume expansion due to nearby piling and
the dead load (Q4). The percentages represent the relative change in results with
regards to the chosen inputs for the original model: ASR = 0.9 - ¢,, €. = 0.26%
and QQg = 550 kN.

Table 6.2.1: Results from sensitivity analysis in model of effects from excavation
and nearby piling in PLAXIS2D. Comparison is with original PLAXIS2D model.

Maximum tension load . . . Maximum developed | Maximum movement
. ore Only compressive forces in pile . .
during nearby piling compressive force at pile head

UA;“?] skin resistance -3.0% 10 years after installation -3.7% -0.3%

Gy
?iﬂ'c:} skin resistance +1.0% 10 years after installation +1.3% +0.1%

-Gy
Volume expansion No tension load induced 379 2.3%
€20 = 0.13% However, relative unloading - Tt e

1 i ; . . )

Volume {expansnon +262% 55 years after installation +8.7% 15%
err = 0.52%
Dead load 350 kN +53% 10 years after installation -12% +4.4%
Dead load 750 kN -45% 4 years after installation +12% -2.3%
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Table 6.2.2: Results from sensitivity analysis in model of effects from excavation
in PLAXIS2D. Comparison is with original PLAXIS2D model.

Maximum d eveloped Final settlement at pile head
compressive force
Axial skin resistance 9.6% 11.3%
0.7 ¢y,
?ﬁil skin resistance 10.8% L0.5%
Dead load 350 kN -13% -14%
Dead load 750 kN +13% +15%
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The results show that the case study piles are subject to large changes in experi-
enced internal forces. With time, both case study piles 3-419 and 3-598 show a trend
towards compressive forces, see figures 4.2.2 and 4.2.3. The results from case study
pile 3-417 are not considered as useful due to that only one level of strain gauges is
functioning.

The piles have been experiencing tensile loads during a majority of the study pe-
riod. Following this, the axial load has changed towards compressive forces. Even
though pile 3-419 and pile 3-598 do not show identical load distribution over time,
the trends in change of internal forces is similar. It should be emphasized that pile
3-419 and 3-598 are situated in different places, one under the centre wall of the
tunnel and one beneath the south wall. Additionally, the data obtained from pile
3-598 contains more outliers and needed more interpolation than that of pile 3-419,
so an exact agreement should not be expected.

Comparing the load distributions in figures 4.2.1a and 4.2.1b with figure 5.2.3 it
can be said that although the results points toward a settling of the surrounding
soil with time, maximum negative skin friction has not yet been mobilized along
the case study piles. The analytical analysis presented in figure 5.2.3 represents two
extreme cases but can be useful for comparison of the shape of the load distribution
to the empirical results, rather than comparing the actual magnitude of forces. To
reiterate, the analytical results are based on a single vertical pile, whereas the instru-
mented piles are located in groups and have an inclination, so a direct comparison is
not entirely valid. The single vertical pile in the analytical and numerical examples
are not members of any pile rows or groups, whereas the instrumented piles are, and
are therefore subject to group effects.

7.1 'Tension loads in case study piles

The results from the data evaluation raises questions about the apparent tension
loads in the piles. The trend to recognize in figures 4.2.1a and 4.2.1b is a shifting
from tension forces towards relative compression. Although the instrumented piles
represent a very small sample of the somewhat 4 500 piles in the foundation, the
result can be tested against several hypotheses to identify more or less likely reasons
for the load distribution in the piles. Comparing the empirical results for pile 3-419
in figure 7.1.1a to the analytical and numerical results in figures 7.1.1b and 7.1.1c
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the resemblance is striking. The magnitude of the maximum tension force in the
analytical and numerical results do not conform with the measured forces. This is
however expected since the measured load distribution is very sensitive to chosen
Young’s modulus, and chosen frequency benchmark, see Appendix B. Therefore,
the magnitude of the calculated forces can be deemed uncertain. What is more
interesting is the shape of the load distribution, which shows conformity between the
analytically calculated results, the numerical simulation and the measured results,
see figure 7.1.1.

Load distribution, compression = g-method with excess pore water Load distribution PLAXIS2D
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Figure 7.1.1: Comparison of results.

7.1.1 Unloading effects due to excavation

Before pile driving for the foundation of the tunnel, 6 meters of soil was excavated,
which resulted in a significant unloading of the deep clay deposit. The unloading
induced a stress relaxation and heave of the excavation bottom. Heaving of soil be-
low the excavation bottom could induce positive skin friction along parts of the pile
shaft, and could subsequently be an explanation as to why the case study piles are
subject to tension. In addition, it can be argued that the topmost strain gauges do
not show a load as high as the applied dead load due to a possible heaving pressure
on the cast concrete ground beam relieving some of the load of the tunnel.

As explained by Tornborg, 2017 the issue of induced tension forces due to heav-
ing of excavation bottoms might be particularly problematic when the excavation is
performed after the piles are installed. This is partly the case for the instrumented
piles at E45, since they are installed in an excavation of around 5 meters, whereafter
the last metre is excavated.
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It could be argued that heave due to unloading would yield a measurable displace-
ment of the tunnel. However, very little relative displacement of pile and soil is
needed to develop maximum friction. The relative displacements can therefore be
very small, but still sufficient to induce the positive skin friction needed for tension
forces to emerge.

The numerical model shows contradicting results to the results from the data analy-
sis. Tension forces are induced due to unloading only, although very small and they
are situated close to the pile head (in contrast, the data analysis show large tension
loads in the lower part of the pile). The numerical model shows that the heaving
phase due to unloading is abruptly cancelled by adding half a metre of backfill at the
excavation bottom. Therefore, the model indicates that the tensile loads apparent
in the strain data analysis is not due to unloading alone.

7.1.2 Soil heave due to nearby pile driving

The instrumented case study piles were driven several months after nearby piles
within that monolith (see figure 3.2.3). Thus, the tensile forces that the results
show cannot be due to adjacent piling. However, piling was still conducted within
the case study project, for example in nearby monoliths 2 and 4, but also in mono-
liths further from the case study piles. As long pile lengths cause soil heave in a
larger circumferential area than a short pile, this effect could be an explanation
to the tension forces within the piles. At the time of the last measurement, the
data displays that the case study piles have transitioned towards experiencing com-
pressive forces. This can be an indication that the heave due to nearby piling is
transitioning into settlements. However, the time between heaving and subsiding of
soils due to driving of displacement piles is still open for debate.

Following the discussion on piling of other monoliths, multiple other large con-
struction projects have taken place within the nearby area, see figures 3.4.1 and
3.1.2. Many of these larger construction projects, similarly to the one studied in
this thesis, are founded on long driven piles, both displacement concrete piles and
hollow steel piles. What indicates that the tension is an effect from nearby piling is
that the load change curves for both pile 3-419 and 3-598 show a large increase in
tensile forces during late 2017 /beginning of 2018, at the same time pile driving at
Platinan and other monoliths took place (figure 3.4.1).

The results from the numerical model show that tension forces present in the piles
can be induced from nearby piling. The shape of the load distribution presented
in figure 7.1.1 show conformity between the PLAXIS2D model and the calculated
loads. The similarity in load distribution between the numerical model and the
data analysis suggests that it is likely that the measured tension forces are in fact
an effect from nearby piling.

The changes in loads over time can be explained by different events. As seen in
figure 7.1.2 the spike towards tension during 2018 coincides well with the comple-
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tion of the pile driving for both nearby Platinan and other monoliths in the case
study, giving support to the argument that the tension formed is an effect from driv-
ing of displacement piles. The dismantling of the formwork for monolith 3 during
2020 also coincides well with a trend towards compression in the pile. This suggests
that the loads previously carried by the scaffolding is being transferred to the pile
head.

Load over time, compression = positive
400 x
Pile driving Platinan and
200 other monoliths completed //"\"’”
o ,A\ A D e o e
o — ”//
_ 200 [ =N o I —_. =
zZ LW
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Figure 7.1.2: Load over time for pile 3-419 with time stamps for completion of
nearby pile driving and dismantling of formwork.

7.2 Sensitivity analyses

In this section the results from the sensitivity analyses are discussed. First the
sensitivity regarding the data analyses, e.g., benchmarks, temperature and Young’s
modulus is discussed, followed by a discussion on the uncertainty of output from the
PLAXIS2D models.

7.2.1 Data analysis

By changing the benchmark reading used to evaluate internal forces in the instru-
mented piles, it could be observed that the result is sensitive regarding the chosen
benchmark. From Appendix B it is evident that chosen benchmark does not only
affect the magnitude of forces, but also the direction of resultant internal pile loads.
Following this, studying the load change between different data points removes the
influence of chosen benchmark. Ultimately, the benchmark from before casting of
the piles was chosen as the most representative to use for estimating the load dis-
tribution within the pile. By choosing this benchmark, the whole evolution of pile
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forces can be studied.

The output is more sensitive towards a change in modulus rather than tempera-
ture. For a given relative change in temperature or Young’s modulus, the latter
affects the magnitude of estimated forces more substantially. As can be seen from
the results in figure 4.2.5a the variance in results increase with the magnitude of
the force. The magnitude of the maximum force can vary up to A ~ 450 kN. This
suggest that determination of an accurate Young’s modulus is of most importance
if reliable magnitudes of loads should be determined. However, there is also uncer-
tainty regarding how the modulus of cohesion piles evolves over time. For instance,
creep can reduce the modulus of concrete (Gambali and Shanagam, 2014) and by
extension, the pile. At small strains in a concrete cohesion pile the modulus has
been shown to have a non-linear behaviour (Yannie and Alén, 2015), meaning the
modulus changes depending on the stresses in the pile. High tensile forces can also
reduce the pile modulus (Yannie and Alén, 2015). As concrete does not have a high
tensile strength, the case study piles could have cracks, which in turn would decrease
the Young’s modulus.

7.2.2 Numerical modelling

The results presented in tables 6.2.1 and 6.2.2 show that varying axial skin resistance
does not affect the maximum tension loads significantly. The magnitude of dead
load however does have a somewhat linear proportionality to the magnitude of the
developed tension forces in the pile. The volume expansion used to simulate nearby
piling has a very significant impact on the maximum tension loads in the pile. In the
sensitivity analysis, a doubling of the volume expansion yields more than triple the
size of tension loads. Since there are many uncertainties involved when estimating
an accurate volume expansion, the results show that nearby piling can very much
induce large tension forces in piles. Furthermore, the constructed models do not
include mass displacement from the piling within the case study itself, which would
likely yield additional tensile loads.

7.3 Potential errors

Potential errors in the results relate to assumptions made, representation and uncer-
tainties in methods used. There are obvious questions about how representative the
instrumented piles are for the foundation, as they represent a very small selection
of the total number of piles. Related to this, there is an uncertainty associated with
the distribution of dead load i.e., if the tunnel is sufficiently stiff to cause an evenly
distributed load. The excess pore pressure used in the hand calculations were based
of measurements taken at some distance from the excavation area. These measure-
ments do not necessarily reflect the pore pressure distribution under the excavation,
which could influence estimated load distributions. The method of data processing
through interpolation also results in a risk of bias to the results.

Perhaps the largest potential error lies in assumed mechanical properties of the
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instrumented piles. The results presented are assuming that the whole cross section
of the pile contributes in tension. However, when subject to tensile forces, concrete
is known to yield and cracks can form, making the reinforcement carry most of the
applied load. Assuming the entire pile cross section contributes to load carrying
when the pile is in tension results in calculated loads of a higher magnitude com-
pared to if the reinforcement was assumed to act as the sole load carrier. However
only assuming that it is the reinforcement that carries load, regardless of direction,
is not correct either as the concrete is the main load carrier in compression. It
can be argued that for segments and readings where the pile is in tension it would
be more appropriate to evaluate forces within the reinforcement only, i.e., base the
calculation on the cross-sectional area, Young’s modulus and strain for the reinforce-
ment only. This results in a significant decrease in magnitude of forces, as shown in
figure4.2.6 from the sensitivity analysis for the data evaluation.
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o Conclusion

The data analysis of the strain measurements indicates that the instrumented case
study piles in the lowering of the E45 in Gothenburg have experienced axial tension
forces for some period after they were driven. The results from FE modelling indicate
that these axial tension forces are an effect from nearby displacement piling. In
addition, relative increase in tension loads coincide fairly well with piling for nearby
projects such as Platinan and pile driving for other monoliths. Although unloading
is known to cause heave and positive skin friction, numerical analysis indicates
that unloading would yield a load distribution unlike what the data analysis shows.
The shape of the measured load distribution instead shows agreement with hand
calculations and the numerical model including influence from nearby piling. This
suggests that these piling works are a probable explanation of the tension in the
piles. In summary this report concludes that:

The instrumented piles have transitioned from experiencing axial tension to

axial compression, indicating emergence of drag loads due to settlements.

e The pile’s Young’s modulus heavily influences the magnitude of the calculated
load in the pile.

e The chosen benchmark frequency heavily influences the magnitude and direc-
tion of the calculated load in the pile.

o The installation of a large number of displacement piles has the potential to

generate tension in neighboring deep foundations.

8.1 Future studies

Since buildings are planned on top of the tunnel, the most important recommenda-
tion is to continue to gather data from the instrumented piles in the future. This is
important for continuous insight into the development of forces within the piles.

Regarding other further studies, a most relevant recommendation is to properly
investigate the Young’s modulus for prefabricated piles as this greatly affect the
magnitude of loads calculated with Sister Bar strain gauges. Tests investigating
the non-linearity between stress-strain in concrete piles would be beneficial for de-
termining varying tangent-moduli relating to the strain in the pile. This could be
used to calculate loads more accurately in the pile. In addition, it is known that
the Young’s modulus for concrete piles tend to decrease with time, but further stud-
ies on the rate at which this occurs, and what the lower bound is, would be beneficial.
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Another suggestion for further studies is to investigate how heaving or subsiding
soils affect inclined piles, as the positive or negative skin friction is not parallel to
the piles driven direction. Related to this, more research on the time factor in heav-
ing would be of interest, i.e., at what rate heave due to unloading occurs for given
geotechnical properties.
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Figure A.0.1: Preconsolidation pressure and chosen profile, obtained from Peab
AB, 2016.
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B Appendix 2

B.1 Benchmark from installation

Load distribution, compression = Load distribution, compression =
positive. Benchmark from positive, benchmark 2017-09-04
31/08/2017
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(a) Load distribution of pile 3-419, lo- (b) Load distribution of pile 3-598, lo-
cated in the center wall. cated in the south wall.

Figure B.1.1: Estimated load distribution of instrumented piles. Benchmark fre-
quency from installation of the pile.
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B.2 Benchmark from storage

Load distribution, compression = Load distribution, compression =
positive. Benchmark from piles in positive, benchmark 2017-03-07
storage (2017-03-07).
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Figure B.2.1: Estimated load distribution of instrumented piles. Benchmark fre-
quency from storage.
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B.3 Benchmark from a few days after pile driving

Load distribution, compression = Load distribution, compression =
positive. Benchmark from 2017-11- positive, benchmark 2017-09-05
20.
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(a) Load distribution of pile 3-419, lo- (b) Load distribution of pile 3-598, lo-
cated in the center wall. cated in the south wall.

Figure B.3.1: Estimated load distribution of instrumented piles. Benchmark fre-
quency from after pile driving.
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C Appendix 3

Mesh convergence study
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Figure C.0.1: Mesh convergence analysis for the excavation numerical model in
PLAXIS2D.
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Figure C.0.2: Final mesh used in PLAXIS2D calculations, Medium 2132 elements.
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D Appendix 4

Mesh convergence study
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Figure D.0.1: Mesh convergence analysis for the excavation and volume expansion
numerical model in PLAXIS2D.
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Appendix D. Appendix 4
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Figure D.0.2: Final mesh used in PLAXIS2D calculations, Medium 4470 elements.
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B Appendix 5

Load over time, compression = positive
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Figure E.0.1: Evaluated load 2 metres from the top of pile 3-417, located in the
center wall.

Load change, compression = positive
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Figure E.0.2: Load change 2 metres from the top of pile 3-417, located in the
center wall.
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E Appendix 6

Load distribution PLAXIS2D
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Figure F.0.1: Long term load distribution in pile calculated by PLAXIS2D for the
excavation only.
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Long term load distribution
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Figure F.0.2: Long term load distribution in pile calculated by PLAXIS2D for the
excavation in combination with nearby piling.
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Appendix 7

Load distribution, compression =
positive
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Load distribution, compression =
positive
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(a) Load distribution of pile 3-419, lo-
cated in the center wall.

(b) Load distribution of pile 3-598, lo-
cated in the south wall.

Figure G.0.1: Load distribution for pile 3-419 & 3-598, with reinforcement carrying

all the load.
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