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Summary
Micropiles are in-situ made piles with a relatively small diameter of at most 0.30 meters. In the current Dutch
guideline a group effect factor is introduced to account for the interaction between micropiles in groups.
This factor originates from research with driven prefab piles. However, there is only a limited amount of
research focussed on group effects for tensile axially loaded micropiles. In this thesis a numerical approach
to investigate group effects for tensile axially loaded micropiles is presented.

First, a single micropile model is developed in 2D and 3D with the geotechnical finite element method
software Plaxis. In this model, only the pressure grouting phase is assumed to influence the in-situ soil con-
ditions significantly. Model parameters such as size, pile and soil behaviour are obtained from a case in Am-
sterdam. In the Amsterdam case six pile failure load tests were performed. In the plane strain 2D modelling
approach the single pile model consists of embedded beam rows. The load-displacement behaviour of this
model shows satisfying correlation with load-displacement behaviour measured in the pile load tests.

After the development of a 2D single pile model the final 3D single pile model with volume elements is
presented. In the 3D single pile model, a simulation of the pressure grouting phase of the piles is introduced.
This is done because soil property dependent capacity and stiffness behaviour of the modelled piles is crucial
for the group effect investigation. By modelling the pressure grouting phase both the micropile capacity and
stiffness behaviour are modelled more accurately. The 3D single pile modelling approach is validated by
comparing the load-displacement behaviour of the model with field test results. Results produced from the
3D single pile model closely match the field data. A sufficiently accurate mesh for the 3D models is selected
by comparing the 3D modelling results with a more precise 2D axisymmetric model.

In 3D, six different group models are developed. These group models are made to represent a practical
situation in a building pit were multiple piles are mobilised. Three models with a different internal pile group
spacing are developed for both a standard soil stiffness case and a high soil stiffness case. The three different
spacings used are 5D, 10D and 15D. From these models the influence of the soil stiffness and pile group
spacing on the capacity per micropile and secant stiffness at 70% of the failure level, ksec;0.7, is determined.
Next to the previously mentioned relations the dominant failure mechanism is determined for each spacing
case. The capacity reductions of the individual micropile capacity for the 5D and 10D spacing cases compared
to the 15D cases are 50% and 23%, respectively. For the ksec;0.7 value, reductions are again observed when
comparing the 5D and 15D spacings, with a 8% reduction for the standard stiffness case and a 4% reduction
for the high stiffness case. Comparing the ksec;0.7 for the 10D and 15D spacings shows no significant reduction
in stiffness for both the standard and stiff case. The 5D and 10D models show that soil plug pull-out failure
develops, for the 15D spacing case single pile slip is the dominant failure mechanism.

The modelling approach includes some assumptions and simplifications. The soil is modelled with three
homogeneous layers which behave according to the Hardening Soil model. The input parameters of the
models are determined by correlating the conditions at the test site to a nearby site where more site inves-
tigation was performed. Only linear elastic volume elements are used to model the micropile, the stiffness
of the groutbody is used as fitting parameter and directly after the installation the full groutbody stiffness is
reached. Installation effects are assumed positive and the micropiles are loaded at the top of the pressurized
groutbody. The group model is not validated with field data. In the models all piles are installed simultane-
ously and the applied tensile load is equal for every pile in the group.

It can be concluded that the 3D modelling approach is appropriate for single micropiles and has practical
limitations for pile groups. The internal spacing of the pile groups is negatively correlated to the group effect
and the soil stiffness has no significant influence on the group effect. The current modelling approach is
different from the Dutch standards, after validation of the pile group model the dominant failure mechanism
for 10D pile groups could be adjusted in the standards but additional safety is required for this calculation.

For future research it is recommended to validate the pile group modelling approach with geo-centrifuge
or full-scale tests. The numerical pile group model can be further improved by researching the boundary and
mesh sensitivity of the results more extensively. For the interface behaviour and installation effect simulation
more modelling approaches are possible and thus should be researched for comparison. Finally the efficiency
of the model can be improved by reducing the amount of plastic points or using a Mohr-Coulomb soil model
for limit state calculations.
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1
Introduction

Micropiles were introduced by professor F. Lizzi in the 1950’s, who introduced them in Italy [30]. Originally
micropiles were developed for rehabilitation projects: after the second world war many foundations had
to be restored. Micropiles are defined as piles with a relatively small diameter of approximately 200 mm
to 300 mm, resulting in a large length to diameter ratio. Generally micropiles consist of steel rebar and a
groutbody that is is pressurized during or after installation. Micropiles are divided into several classes based
on the installation method. The micropile classification system differs per country or region due to varying
installation procedures and the use of micropiles for various applications. This research is related to Dutch
practice and therefore reference is made to the Dutch micropile classification system, which has five different
classes:

Type A: A double casing is used for the boring process.
The groutbody can be pressurized for this type
of micropiles. See figure 1.1 for a visualisation
of the installation process.

Type B: A single casing is used for the boring process.
The groutbody can be pressurized for this type
of micropiles.

Type C: Micropiles that are installed without a casing,
the grout is injected through the steel rebar.

Type D: A continuous flight auger is used for
installation, mixing the soil and grout.

Type E: The casing is vibrated during installation to
reach the right depth.

Figure 1.1: An illustration of the installation process of type A
micropiles.

The use of micropiles as vertical foundation has strongly increased in The Netherlands during the past fifteen
years. Compared to other systems where no vibrations are induced, micropiles are cheaper and easier to in-
stall. Often micropiles are used as tension piles, to resist the uplift forces on the floor of a building pit caused
by high groundwater levels. For larger construction projects many closely spaced micropiles are needed to
resist these uplift forces. The quality of micropiles is strongly dependent on the execution, one of the dis-
advantages of micropiles. Therefore a minimum of three percent of the installed micropiles must be tested
for every project. The uncertainty in the performance of micropiles affects the safety factors used in design
practice. Since micropiles are always tested individually a safety factor is included that accounts for the group
effect. This safety factor originates from research done for driven, prefab tension piles. How appropriate this
factor is for micropiles is investigated in this research.
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2 1. Introduction

1.1. Research objective
The main research objective is to investigate the influence of group effects on micropile behaviour. Therefore
the main research question is formulated as follows:

"How do group effects influence the strength and stiffness of micropiles in axial, tensile loading?"

The geotechnical FEM software Plaxis is used for the numerical modelling in this research. Since group
effects are a 3D phenomenon and the time frame of the research is limited to about 9 months, the study
is limited to the development and evaluation of a 3D numerical model to investigate the behaviour of mi-
cropile groups. No laboratory or full-scale experiments are performed. To answer the main question several
subquestions are answered first. The following subquestions are formulated:

I. What is an appropriate model for a single micropile under axial, tensile loading?

II. How does pile spacing influence the size of the group effect?

III. How can installation effects be included?

IV. What is an appropriate 3D model?

V. How can the findings of the research be validated and included in the design code?

1.2. Reading guide
The research consists of several parts which are described and introduced below.

Literature study
In the literature study relevant background on tension piles, shaft friction, pile group behaviour and nu-

merical modelling of piles in general and with Plaxis is presented. The literature study provides the theoretical
basis of the research and shows what specifics are know and unknown for tension pile group modelling.

Finite element modelling
In the second part of the research the finite element modelling is introduced first. The study starts with the

development and validation of a 2D model in Chapter 3. This 2D model is made to see what the limitations
of pile modelling are in a fast and convenient way. After the 2D model, Chapter 4 introduces and explains
the 3D single pile model. Following the validation of the 3D single pile model is the section on the pile group
model. The results of the 3D pile group model are discussed in the third section of Chapter 4.

Discussion, conclusion and recommendations
In Chapters 5 and 6 the results that were found in the research are discussed and several conclusions are de-

rived from the research. In the discussion the limitations of the research and the influence of these limitations
on the results of the research are explained. In the conclusion the main research question and subquestions
are answered. Next to answers on these questions more general conclusions are presented. The report ends
with recommendations for further research and improvements of the current research in Chapter 7.
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Theoretical background
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2
Literature study

In this chapter the theoretical foundation of pile design is discussed, combined with design methods that are
applied in international practice. First the basic relation between theory and design practice is discussed,
afterwards more fundamental processes in shaft friction development are described.

Furthermore, the effect of tensile loading on the shaft capacity and the behaviour of piles in groups are
investigated. Several numerical, physical and analytical researches related to tensile loading and group ef-
fects are presented. The last main topic discussed in this literature study is state-of-the-art procedures for
pile modelling in finite element method (FEM) software.

2.1. Theory and practice in pile design
The determination of the capacity of a pile foundation is based on two concepts: shaft friction and pile base
resistance. Since this research is focussed on tension piles, no pile base resistance is developed. Therefore
only theories related to the shaft friction development in pile foundations are treated in this literature study.

The basis of geotechnical pile design is formed by empirical formula’s, but Kulhawy for example presented
a theoretical formulation for the tensile capacity of bored piles [25]. The following equation is used to deter-
mine the side resistance Ts of a pile.

Ts =
∫ L

0
K (z)zγ′ tanδπD dz (2.1)

In literature the product of depth z and effective soil weight γ′ is often denoted as the vertical effective stress
level σ′

v (z). In equation (2.1) it can be seen that three groups of parameters directly influence the capacity:

1. The geometry of the pile (length L and diameter D)

2. The soil properties (effective soil-weight γ′ and lateral earth pressure coefficient K )

3. Pile-soil interaction (interface friction angle δ)

The theoretical formulation of shaft friction presented in (2.1) cannot easily be applied in practice, the
exact determination of δ and K (z) prove to be difficult. Finding appropriate values for these parameters is
done in varying ways. Through the last years several methods have been developed and applied in design
codes all over the world. The theoretical formulation is mostly simplified, for example by relating capacity to
in-situ tests such as cone penetration test (CPT) & the standard penetrations test (SPT) and/or pile load tests.
Several of the first formulations were made by Fleming [17] and Reese [41]. The method of Fleming uses a
K (z) of 0.90 for all sands and a value for δ between the peak friction angle φpeak and the constant volume
friction angle φcv . Reese provides a formula based on 41 pile tests, where the unit side friction is determined
through multiplying a factor β with the vertical effective stress. The formula for β is depth dependent and
values for β are limited between 0.25 and 1.20. In the formula of Reese [41], the β value incorporates both the
K -value and the interface friction angle δ.

5



6 2. Literature study

Other well-known methods used for pile foundation design are the API-00, UWA-05, Fugro-05, NGI-05
and ICP-05. All these methods use correlations between CPT-values and the shaft resistance. Important to
take into account is the fact that these relations were established by testing driven steel piles (open and closed
ended). These guidelines originate from offshore practice, the applicability to tension loaded micropiles is
therefore limited. Below a general equation and parameters for three of these methods are shown in equation
(2.2) and table 2.1 from Randolph [40], completed with values for v found in El-Reedy [11].

τs = aqc

(
σ′

v0

pa

)p

Ab
r

(
max

{
L− z

D
, v

})−c

(tanδcv )d
(
mi n

{
L− z

D

1

v
,1

})e

(2.2)

The first factors are related to the cone resistance qc and the normalised in-situ vertical effective stress
σ′

v0, multiplied with the area ratio Ar . The second part of the equation is related to the friction interface
with (tanδcv ). The equation is scaled for both parts, with factors related to the pile dimension (length and
diameter L,D) and results from field tests (a-v).

Table 2.1: The input parameters for the different methods corresponding to equation 2.2 [11, 40].

Parameters

Method a b c d e p v

Fugro-05 compression 0.043 0.45 0.90 0 1 0.05 2
p

Ar

tension 0.025 0.42 0.85 0 0 0.15 2
p

Ar

Simplified ICP-05 compression 0.023 0.2 0.4 1 0 0.1 4
p

Ar

tension 0.016 0.2 0.4 1 0 0.1 4
p

Ar

Offshore UWA-05 compression 0.030 0.3 0.5 1 0 0 2
tension 0.022 0.3 0.5 1 0 0 2

In the German code DIN4014 (Bored piles) the SPT blowcount is related to the unit side friction [24]. A
factor a is multiplied with the ’N’ value from the SPT test, where a is 4.14 for coarse sands and 2.73 for fine
sands. Complementary to the EC7, the German DIN1054 provides specific design rules for earthworks and
foundations, including micropiles. This national annex provides both an empirical approach and a pile test
related approach for the determination of the shaft friction. In France the national annex is NF P94-262,
which replaced the DTU 13.2 and Fascicule 62.

In the United States the Federal Highway Administration (FHWA) and the American Association of State
Highway and Transportation Officials (AASHTO) formulated empirical design rules on micropile design. These
design rules followed from a comprehensive desk study sponsored by the FHWA in 1993 [1]. In the FHWA
guideline the shaft friction is assumed equal for compressive and tensile loading. When referring to the group
effect the FHWA standard states that it can be beneficial due to the increase in stress by the pressure grouting
process. An important note must be placed at the fact that this presumes compressive loading when the mi-
cropiles are in use. Although the developed shaft friction for single piles is assumed the same for tension and
compression, no consideration is presented for a possibly different influence of the loading direction on the
interaction within groups of piles.

2.1.1. Dutch national annex
In this subsection the design rules relevant for the group effect for micropile design applied in Dutch practice
are elaborated [7]. The theoretical basis for the Dutch design rules is formed by literature review, a geo cen-
trifuge test and numerical studies which can be found in CUR 2001-4 [8]. This research dates from the mid
90’s.

Old Dutch tension pile guideline
Before the current Dutch guideline on tension pile capacity, two methods were applied: a CPT-related

method and a ’slip-method’. The formulation of both methods is shown below.

τmax =α ·qc (2.3)

τmax = K ·σ′
v · tanδ (2.4)
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In equation (2.3) the CPT-method is shown, the factorα is pile-type dependent and is determined through
full scale field tests. This α-value is multiplied with the cone resistance qc .

The second method is shown in equation (2.4), which is related to the theoretical formulation of shaft
friction in equation (2.1). In equation (2.4) interface friction angle δ is dependent on the pile type and the
lateral earth pressure coefficient K is dependent on the relative density and the pile type. For application of
this method in practice, an additional table with values for δ and β is provided. Both methods have their own
advantages and disadvantages in terms of applicability, accuracy and theoretical foundation.

The first method was used as the basis for the current design rule because of its practical correlation with
the much applied CPT. The current design rule incorporates new factors, taking the pile installation and the
group effect into account.

Group effect in strength calculations
For quantifying the group effect in micropile design the dimensionless reduction factor f2 is used. This

factor is based on the assumption that the cone resistance is reduced after tensile loading (and therefore the
developed shaft friction of adjacent piles is reduced). This results in the following formula [8]:

f2 =
qc;z;2

qc;z;1
(2.5)

Where qc;z;2 is the design value of the cone resistance after tensile loading and qc;z;1 is the design value of
the cone resistance before tensile loading. Since qc;z;2 cannot be determined through a CPT, it is estimated
with the following formula [8]:

qc;z;2 =−Mi +
√√√√M 2

i + (2σ′
v ;d ; j ;0 +γ′h;i ·hi )

(
2σ′

v ;d ; j ;0 +γ′h;i ·hi −2
i−1∑
n=0

Td ;n

)
(2.6)

With the vertical effective stress σ′
v ;d , effective soil weight γ′d , layer thickness h and the design value of the

shaft resistance Td . Factor Mi is defined as:

Mi =
f1;i ·Op;i ·αt ·qc;d ;i ·1000 ·hi

A
(2.7)

This includes the pile perimeter Op;i , pile specific factor αt , the design cone resistance qc;d , pile group
lay-out specific surface A and layer thickness h. Dimensionless factor f1, representing installation effects, is
set to 1.0 in the guideline [7]. For driven piles f1 is larger than 1.0, if installation has a proven, positive effect
on the cone resistance. The factor M can be seen as a stress redistribution factor, where the mobilised shaft
friction is redistributed over the available surface area in the pile group. In the formula presented in equation
(2.6) the calculated design-value of the shaft friction Td ;n lowers the vertical effective stress. The equilibrium
of forces used for the determination of this reduction is shown in figure 2.1.

Figure 2.1: Force equilibrium on a section of a tension pile.

Since the mobilized shaft friction of the previous layer (i-1) must be known in (2.6), one starts with calcu-
lating the shaft friction reduction at the top of the grout body of the pile and works towards the tip of the pile.
The shaft friction reduction due to the decreased vertical effective stress σ′

v along the pile surface increases
strongly with depth.
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The group-reduced tensile slip capacity for m soil layers is determined with equations (2.8) and (2.9).

Td ;i = Mi · f2;i (2.8)

Fr ;tens;d = A ·
m∑

i=1
Td ;i (2.9)

Pull-out capacity of the soil plug
The calculation method mentioned in the former paragraph checks the slip capacity of a single pile in a

group. The Dutch code defines a second failure mechanism for piles in a group: pull-out of the soil plug. In
(2.10) the calculation of the maximum pull-out capacity of the micropile, Fr ;tens;max;d , considering the soil
plug is shown. The volume of the soil plug that contributes to the resistance of the tension force is schemati-
cally represented by a cone Vcone and a cylinder Vc yl i nder . The volumes are multiplied with the design value
of the effective soil weight γ′d to determine the maximum resisting force.

Fr ;tens;max;d = (
Vcone +Vc yl i nder

) ·γ′d (2.10)

The diameter of the mobilised soil cylinder and cone is determined by the pile group spacing, an example
lay-out is shown in figure 2.2. The angle of the cone at the pile tip is dependent on the pile type (installation
effects) and position of the pile in the pile group (center pile or corner pile). The angle varies between 0.5φ′
for the least favourable case and 45 degrees for the most favourable case.

Cylinder 

Cone 

Figure 2.2: The soil volumes taken into account in the calculation for the soil plug failure mechanism.

The normative capacity of the pile group is equal to mi n
{
Fr ;tens;d ,Fr ;tens;max;d

}
from (2.9) and (2.10).

Group effect in stiffness calculations
The calculation of the group reduction factor f2 for stiffness is very similar to the calculation in the strength

analysis. The procedure is described in the addendum to CUR 236 [6]. For the determination of the f2 in
this particular case the characteristic values are taken and the mobilised shaft friction is used instead of the
maximum shaft friction. The formula’s for the determination of the characteristic value of the axial spring
stiffness kaxi al ;char , relevant to the factor f2, are listed below.

kaxi al ;char =
Fchar

uchar
(2.11)
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The characteristic value of the force, Fchar , is determined for all pile segments. This is shown in equation
(2.12). In this equation the mobilized shear stress, τmob;i , is used instead of τmax . The mobilized shear stress
is multiplied with the pile perimeter O, segment height hi and group effect factor f2;i . For the determination
of f2;i equation (2.6) and (2.7) are used, where characteristic values are taken for σ′

v and γ′. The αt ·qc;d ;i in
equation (2.7) is replaced by τmob;i .

dFi = τmob;i O hi f2;i (2.12)

The maximum effect of the axial spring stiffness group reduction is limited at 15% according to the cur-
rent Dutch guideline. Therefore the impact of the group effect on the stiffness calculations is less significant
compared to the impact on the strength calculations.

2.2. Tensile loading versus compressive loading
As mentioned in the introduction of this literature study, only shaft friction is taken into account in the re-
search review. The development of shaft friction along a pile in compressive loading is difficult to formulate
based on fundamental principles, as mentioned before. Nevertheless the major findings in compressive shaft
capacity are presented in this section first. Afterwards fundamental explanations for possible deviations in
compressive and tensile shaft capacity are shown.

It is known that shaft friction development shows a relatively stiff response compared to base resistance
[17]. For a long period a so-called ’critical depth’ was used in design: after a certain depth the unit shaft fric-
tion seems to have reached a constant value. Relatively recent discoveries show that the shaft friction most
likely reaches a limit due to friction degradation: gradual densification of soil around the pile during installa-
tion [39]. For micropiles under compressive loading this theory must be treated with care, installation effects
are different and difficult to determine for the varying micropile types. As shown in research by De Nicola [9],
the compressive unit shaft friction generally increases with depth reaching a maximum and declines towards
the pile tip (roughly a hyperbolic shape). In compressive loading the soil surrounding the pile is often as-
sumed to be densified due to the loading. The effective vertical stress level is assumed to increase, increasing
the shaft friction during compressive loading.

An important factor in shaft friction capacity, which influences capacity both in tension and compres-
sion, is the effect of installation. Including this effect in capacity calculations is very difficult and multiple re-
searches have been performed to find the key parameters [2, 10, 12]. Despite the effort of several researchers
no general accepted method of including installation effects in pile design has yet been developed. Due to
this uncertainty additional safety is included in most design methods: to prevent severe overestimation of
the shaft capacity. Installation affects the soil stress and critical state and the final pile diameter in case of
in-situ constructed piles. In a simplified approach applied in numerical modelling these effects are taken
into account by pile volumetric strains (either increase or decrease of the initial diameter) and increased or
decreased horizontal effective stress and interface friction.

There is no general agreement within the field of geotechnical engineering whether the shaft friction ca-
pacity of piles developed during compression or tension is the same. Several studies have been performed,
resulting in opposite results or explanations, see for example a discussion by Fellenius and O’Neill [15]. From
research on tension piles three effect’s are mentioned which might cause changes in the vertical effective
stress and therefore in the tension pile capacity. The three other effects are highlighted in the following sub-
sections.
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2.2.1. Principal stress rotation
In research done by Lehane the effect of principal stress rotation is explained [28]. When no force is applied
to the pile the orientation of the principal stresses are such that there is no shear stress, see the left-side of
figure 2.3. When a tension force is applied to the pile, the principal stresses will rotate towards to surface.
This rotation is due to the redistribution of stresses caused by the shear friction between the pile and the soil,
developing shear stresses. The right-side of figure 2.3 shows the new orientation.

Figure 2.3: The rotation of principal stresses [7].

An important note is placed at the observations of Lehane, where the rotation was observed in instru-
mented pile tests on driven piles in sand [28]. Although the equalization of stress after installation is men-
tioned, some residual stresses remain. The installation effects of a micropile are different: the stress state will
differ for every micropile type and installation procedure used. Therefore the starting point of the analysis
will be different compared to driven piles. For the principal stress rotation shown in figure 2.3, no residual
stresses were assumed. The difficulty of quantifying the principal stress rotation is explained by de Nicola [9],
especially when a difference between compressive or tensile loading must be explained. The residual stresses
after installation largely influence the effect of principal stress rotation.

2.2.2. Dilation
In research by Lehane and Houlsby the effect of dilation on the shaft friction is described [21, 28, 29]. Dilation
means that a densely packed, drained, granular soil increases in volume due to shearing, see figure 2.4.

Whether dilation causes a difference in compressive or tensile capacity of a pile in identical soil conditions
depends on the magnitude of the displacements along the pile surface. Due to volume changes related to
shearing the shaft friction increases, but for larger displacements a residual level is reached.

x x +Δx

Figure 2.4: Dilation simplified.
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The effect of dilation ∆x on the radial effective stress σ′
r d is quantified in research by Lehane and Houlsby

[21, 28], where the mass shear stiffness G and radius R are included:

∆σ′
r d = 2∆x

G

R
(2.13)

From the 1993 research of Lehane it is concluded that the effect is less significant for large diameter piles
and even reduces to zero [28]. Another remark made in this paper is the decreasing contribution of dilation
to the shaft capacity at increasing stress levels. It is advised that the extrapolation of results (obtained from
small-scale tests) to full-scale cases is done with care.

2.2.3. The Poisson effect
Poisson’s effect, elaborated in the 1994 paper of de Nicola, can simply be described by the contraction or
widening of the pile shaft [9]. The effect of a tensile force is shown on the left of figure 2.5, the effect of a
compressive force is shown in the right. From these effects it follows that tensile loading might cause a reduc-
tion in shaft friction and compressive loading might cause an increase. The relevance of this effect strongly
depends on the dimension of the pile, the magnitude of the load and the Poisson’s ratio of the micropile.

Figure 2.5: Poission’s effect illustrated: a tension force [l] and a compressive force [r] applied to an element.

Below in figure 2.6 the result from the numerical research of De Nicola is presented, showing the impact
of the Poisson effect on the ratio between the tensile and compressive shaft capacity. On the horizontal axis
the multiplied, dimensionless ratios L/D and G/Ep are shown. The first ratio is related to the pile geometry,
with length L and diameter D . The second ratio is related to the system stiffness, with soil shear stiffness G
and pile stiffness Ep . As expected a decrease in comparative shaft capacity is shown for increasing length and
soil shear stiffness.

Figure 2.6: The impact of Poission’s effect [9]. The black squares are results for a Poisson’s ratio of 0.3, the open squares are the results for
a Poisson’s ratio of 0.

The question remains what the physical boundaries of these three effects on the soil state are and there-
fore how other piles are influenced. The effects do indicate the relevance of the in-situ stress conditions (prin-
cipal stress rotation), sand state and soil stiffness (dilation) and pile geometry and system stiffness (Poisson’s
effect).
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2.3. Research on pile group behaviour
Since piles are mostly used as foundation element loaded in compression, most research is related to down-
ward axially loading. Pile group behaviour and pile interaction is discussed briefly for compression cases
before the elaboration of tension pile group research.

The major difference with compression pile group behaviour when compared to tension pile group be-
haviour, is the development of pile base resistance and additional capacity from the actual structure interact-
ing with the soil. In the paper by Randolph several researches on the analysis of pile groups are discussed [39].
Pile groups generally behave less stiff than single piles due to interaction effects, where the settlement of a
pile influences the settelement of a neighbouring pile. Similar results are presented in Juran [23] and Fleming
[17]. Furthermore Juran and Fleming present research showing slightly increased capacity of micropiles in
group configuration when installed in granular soils. This increase in strength is attributed to positive instal-
lation effects, as mentioned in the previous section, which might occur with high pressure grouting. But this
higher capacity generally does not lead to a more economic design. The settlement of a pile group loaded in
compression is often normative for the design and the capacity of the group is less relevant for the final pile
group dimensions.

2.3.1. Tension pile group behaviour
Research on the tensile capacity of micropile or bored pile groups is scarce. In this section the small-scale ex-
periments, numerical models and analytical solutions related to tension pile group behaviour are presented.

First the results from a small scale experiment performed by Gaaver [18] are presented. Gaaver researched
the tensile capacity of a group of non-displacement steel model piles in sand. This small-scale experiment
was performed at 1g, with L/D ratio’s of 14, 20 and 26. Between the different piles of the group a spacing of
2.5D was applied. The results show a dramatic decrease of the pile efficiency when placed in larger groups,
see figure 2.7. For each group, an increase in efficiency can be seen with an increase in relative density of the
surrounding soil. The efficiency parameter η is calculated by comparing the capacity of a single pile and the
average capacity of one pile in a group.

Figure 2.7: Group efficiency for different pile groups versus relative density.

The results cannot be directly scaled to the prototype, both the stress state and soil particle dimensions
are not realistic when doing so. Scale-effects might influence for example the failure mechanism and the
effect of dilation on the shaft friction. Furthermore, the author used a fixed spacing of 2.5D, therefore the
results can not be extrapolated to different pile group spacings in practice.

Small-scale experiments on in-situ casted micropiles were performed by Sharma [45]. These tests show
results for square groups of four micropiles with different L/D ratio’s and varying spacing. The micropiles
were installed by driving an aluminium tube vertically and pouring a water-cement mixture afterwards. Look-
ing at the efficiency of the pile groups, it is concluded that all pile groups have a lower capacity per pile than
single piles. The authors conclude the efficiency of the pile group is higher for larger L/D ratio’s and more
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closely spaced piles. In the paper the latter is explained by ’a stronger grout to ground bond’. A research
similar to [45] is presented by Shanker [44], resulting in different conclusions. According to the experiments
done by Shanker group efficiency, in this case steel model piles, increases with spacing. Moreover, efficiency
decreases with an increase in the L/D ratio. A third small-scale experiment about pile group efficiency under
pull-out loads can be found in research by Vanitha [50]. The research is focussed on pile anchor capacity
but includes tests on piles without an additional anchor at the base. The author concludes that the isolation
spacing, e.g. internal spacing in a pile group where the efficiency is 100%, is 4 to 6D. The efficiency increases
with larger L/D ratio’s according to the author. From these small-scale experiments no satisfying general
conclusion can be drawn.

For the French national research project on micropiles (FOREVER) a full scale axial tension load test was
performed on a micropile group consisting of three micropiles [32]. Important parameters in the full-scale
load tests were the triangular pattern, the small bond length of 5 meters in chalk and pressuremeter deter-
mined soil stiffness and friction parameters. Unfortunately, this full scale load test did not contribute to a
clear conclusion on micropile group influence, as stated by Juran [23]. The conclusion was drawn that a posi-
tive group effect could develop, limiting the displacements of a micropile group compared to individual piles.
From the research it was recommended to use the pile group modelling program GOUPEG and pressureme-
ter data to derive a ’group effect factor’ for the design of pile groups. It was also concluded that including a
realistic group effect in design is no easy task.

At the International Workshop on Micropiles in 1999 Herbst [20] presented a German case study where
6500 micropiles were installed to retain uplift forces with a maximum of 17 meters head. The soil consists of
glacial deposits: medium coarse sands and clay layers. The piles varied in length from 17.50 to 26.50 meters
and were spaced at 2.72 meters. In the pile testing program groups of five piles were tested simultaneously.
According to the author, no significant differences between the corner and center piles were observed during
the pile tests.

An analytical solution for the capacity of pile groups is presented in research by Shelke [46]. This analysis
is based on the development of arches in the soil, according to the author this analysis is only relevant for
driven piles. It is assumed that the arching action is insignificant for prebored piles and the analysis is there-
fore not applicable. Despite this limitation mentioned by the author, the analytical solution is still presented
here. Due to the uncertainty about the installation effects in micropile installation, soil arching might still
occur during tensile loading when for example high pressure grouting is applied during the installation.

In the analysis the failure surface is determined to be represented by a log spiral. The net capacity consists
of the weight of the soil mass and the friction along the failure surface minus the weight of the pile and a
possible cap.

Figure 2.8: The assumed failure surface in [46].

The start of the failure surface is assumed to be at the base of the pile for L/D ratio’s lower than 15, for
larger ratio’s the start of failure surface is assumed at a fixed depth/length ratio. Along the remaining length
the failure is assumed at the pile-soil interface.

The results of researches on tension pile group behaviour found in this section of the literature motivate
the need for additional research on the topic.
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2.4. Numerical modelling of pile behaviour
In this section numerical research on pile behaviour is presented, highlighting the important parameters and
the applicability of the numerical research. Moreover, Plaxis specific modelling limitations and opportunities
are shown for the 2D and 3D software.

2.4.1. Shaft friction modelling research
Where in practice values of the unit shaft friction are mostly obtained from empirical methods, research
focusses on more complex analytical or numerical procedures which capture unattended factors.

For example Loukidis [31] uses an advanced constitutive model with two-surface plasticity for a paramet-
ric study. The model incorporates both small and large strains soil response and takes intermediate effective
stress and anisotropy into account. In this model failure is predefined in a zone just next to the pile-soil in-
terface, creating a shear band parallel to the pile. The pile itself is not modelled in the research and assumed
perfectly rigid. Loukidis concludes with relations between the K-value for lateral earth pressure and model
parameters such as relative density, initial overburden pressure and pile diameter. The K-value is positively
correlated to the relative density and negatively correlated to the initial overburden pressure and pile diame-
ter. Similar results are found in research by Masarucci, where the pile was modelled with linear elastic volume
elements [33].

In research by Rotta Loria the sensitivity of the determination of the shaft friction capacity was investi-
gated through a variation of pile-soil interface parameters [42]. It is concluded that the angle of interface
shear strength and dilatancy are the main factors, where cohesion is the third most influential factor. The
Young’s modulus and Poisson’s ratio are concluded to be less influential. Lastly it is observed that great care
must be taken with the selection of the interface parameters, variations in predicted versus measured shaft
friction up to 220 % are observed when the results are compared to a centrifuge test.

The mentioned researches stress the importance of a realistic K parameter, dependent on in-situ stress
conditions, pile installation, relative density and pile loading. The δ value is another important parameter
related to the mean particle size D50 and pile roughness. The same conclusion is drawn in laboratory research
from Fiovarante [16] and found in an analytical approach presented in a paper by Lashkari [27].

2.4.2. Plaxis
Mostly three types of model geometries are used in numerical pile or tension anchor research: axisymmetric,
plane strain and 3D models. The first model geometry is not suitable for modelling pile group behaviour due
to the limitations of the axisymmetry, where as plane strain models are difficult due to variable plane strain
conditions in pile groups as can be seen in figure 2.9. Due to the efficiency of 2D modelling and the capability
of 2D models to capture for example single pile behaviour, 2D models are often used in foundation design.

Figure 2.9: The difficulty with modelling a pile row in a 2D model [37].

The options for pile modelling in Plaxis 2D and 3D are described in the following paragraphs.
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Plaxis 3D
In the Plaxis 3D program piles can be modelled using volume elements, beam elements or embedded

beam elements. A volume element is the most obvious choice since this gives the user the option to choose
a pile diameter, stiffness, position in the mesh and interface parameters. The major disadvantage of volume
elements is the relatively heavy calculation procedure that is needed. An alternative is regular beam elements,
but these have no pile volume or soil interaction behaviour which results in unrealistic pile behaviour.

The embedded beam element is a relatively new development, which has been recently validated for 3D
cases [13]. The embedded beam can arbitrarily cross the generated 3D mesh and is connected to surrounding
elements with special interface elements. These interface elements are a crucial feature of the embedded
beam element. Due to these interfaces the embedded beam element interacts with the soil. Moreover, with
the definition of a pile diameter, a zone is created where the soil is forced to behave elastically. This elastic
behaviour is according to a set of predefined pile parameters.

The embedded beam element has been validated for both compressive and tensile loading cases: field
tests with both driven and bored piles were used. It is noted that bored piles can be modelled more real-
istically than driven piles. This is mainly due to the relatively limited installation effects during bored pile
installation. Currently installation procedures can not be completely modelled with FEM.

In research by Tschuchnigg embedded beam elements are verified and applied in a practical case with
Plaxis 3D, some improvements are suggested but the results show to be reasonably good compared to alter-
native modelling approaches [48, 49].

Some improvements on the modelling of driven pile behaviour are shown by Broere, these can be applied
with volume elements [5]. Implementation of these improvements are considered in the numerical part of
this research.

Plaxis 2D
According to literature two types of elements are commonly used in Plaxis 2D for the modelling of a pile:

solid volume elements and the embedded beam row. With a solid volume element the pile diameter can be
chosen and is part of the mesh. Stiffness and strength parameters can be assigned to the element. Compro-
mises have to be made on the out-of-plane strength and stiffness, which do not represent the actual situation
accurately. By adjusting the Ri nter f ace in Plaxis the model can be adjusted to show acceptable results for
specific cases [37], in return this adjustment can result in unrealistic shear planes.

The embedded beam element can also be used in 2D modelling where a 2D embedded pile row is imple-
mented in Plaxis. This 2D embedded pile row has been validated through comparison with the 3D embedded
beam elements and 3D volume piles [47]. An important feature and input parameter of the embedded beam
row is the interface stiffness factor (ISF), which determines the out of plane stiffness of the embedded beam
row. In the research performed by Sluis a relation between the out of plane pile spacing and equivalent di-
ameter to the ISF was determined for the case of stiff piles. These values are used as default values in Plaxis,
it is recommended to determine realistic ISF’s for less stiff piles. This is due to the influence of lower pile-soil
stiffness ratio’s on the ISF.

Two other options for pile modelling are regular beam elements (plates in 2D) with interfaces and node-
to-node anchors. The first option has drawbacks similar to volume elements, being continuous in the out-of-
plane direction. Node-to-node anchors are not continuous and therefore soil can ’flow around’, but pile-soil
interaction is completely absent in this element. Both limitations are quite significant and therefore these
elements are not considered in this research for pile sections where pile-soil interaction is relevant.
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Finite element modelling

In this part of the report the numerical research is presented. To investigate the load-displacement behaviour
of axially tensile loaded pile groups finite element modelling is used. With finite element modelling the phys-
ical problem domain is discretized in small elements. When a force is introduced in the system the elements
deform and transfer stresses and strains to neighbouring elements until a new equilibrium is reached. The
response of the elements is determined through user-determined stress-strain relationships, that must be
appropriate for the material that is modelled. In this research the geotechnical finite element method (FEM)
software Plaxis is used. First some background about the available soil models in Plaxis is given. Afterwards
the finite elements models for the 2D and 3D modelling approaches are presented in separate chapters.

Plaxis finite element software
The modelling is done with Plaxis 2D and 3D, in this section the relevant constitutive modelling options in
these programs are described. Three constitutive models for soil behaviour are described: Mohr-Coulomb,
Hardening soil and Hardening soil small strain stiffness. These three models are selected because they are
the three recommended and most used models for granular soils in Plaxis [38].

Constitutive models
Modelling the behaviour of soils includes complex non-linear, inhomogeneous and anisotropic behaviour.
There are different levels of models, from basic to expert and newly developed scientific models. This research
does not aim to develop a new constitutive model, therefore relevant models available from literature will be
elaborated here. The models are described concisely, mainly focussed on differences between the models
and the applicability of the models in this research.

Mohr-Coulomb
Most likely one of the most used soil models in numerical modelling is the basic Mohr-Coulomb model.

The model approximates soil behaviour via a linear elastic, perfectly plastic stress-strain relationship. This
behaviour is shown on the left of figure 2.10. As shown in the figure, the model response to virgin loading,
unloading and reloading is purely elastic. The Mohr-Coulomb model is known to be a crude approximation
of real soil behaviour, but is often used to get a first and fast estimation of the relevant parameters and di-
mensions in geotechnical designs [38]. The formulation of the linear elastic behaviour is known as Hooke’s
Law. The perfectly plastic failure is defined according to the criterion shown in equation (2.14).

τ f = c ′+σ′
n · t an(φ′) (2.14)

The shear stress at failure of the soil τ f is related to the effective cohesion c ′, the effective internal friction
angle φ′ and the normal effective stress σ′

n .

σ 

ε 

σ 

ε 

Figure 2.10: The stress-strain behaviour of the Mohr-Coulomb model [l] and the Hardening soil model [r].
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Hardening soil
The hardening soil model, often referred to as the ’HS model’, uses a non-linear stress-strain relationship

which is shown on the right of figure 2.10. Additionally to this non-linear stress-strain behaviour, the dif-
ferent response of soils in unloading-reloading is incorporated. The graph shows that the stiffness is stress
dependent in the HS model. The user provides three stiffness parameters at reference pressures: E50, Eoed

and Eur . The E50 stiffness is the secant stiffness at 50% of the failure load, the Eoed is the tangent stiffness in a
oedometer test and the Eur is the unloading reloading stiffness determined in a triaxial test. Failure of the soil
is defined according to the perfectly-plastic Mohr-Coulomb criterion, see equation (2.14). The failure level is
defined as a percentage of the asymptote of the hyperbolic formulation of the hardening soil model [38].

Hardening soil, small strain stiffness
The extended HSs model includes the small strain response of the soil. Soil behaves significantly stiffer at

very small strains. By including the small strain stiffness response the model is more accurate in cases where
small strains are relevant, such as settlements further away from an excavation or during cyclic loading. In
this model the small strain response is included via the shear modulus reduction curve: the shear modulus
is higher for smaller strains and gradually decreases with increasing strain levels. The γ0.7 parameter can be
used by the user to determine at what strain level the stiffness reduces, the reference small strain stiffness

parameter Gr e f
0 determines the starting level of the curve [38], see figure 2.11.
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Figure 2.11: The shear modulus reduction curve: soil behaves stiffer at smaller strain levels.
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Finite element modelling in 2D

The modelling of piles in 2D poses challenges considering the real 3D situation and the 2D modelling options
that are available. For a more detailed description of these challenges see the section on 2D FEM modelling
in the literature study. The goal of the 2D pile modelling is finding an appropriate single micropile model
that can be validated through comparison with full-scale load tests performed on single micropiles. The final
goal of this thesis is gaining insight in the group effect for micropiles under tensile loading. Assumptions and
decisions made during the 2D modelling phase are related to this final goal.

The selected pile type for the validation of the 2D FEM results is micropile type ’A’, see the chapter Intro-
duction. The installation of pile type A follows the hereafter described procedure [7]:

1. The pile tip depth is reached with the double casing rig by boring and flushing the soil between the
inner and outer casing with either water or a grout mixture with a high water cement (w/c) ratio (>1.0).

2. After reaching the right depth, the inner casing is removed and a GEWI bar is placed.
3. The water/grout mixture used for the flushing is replaced by a grout mixture with a lower water cement

ratio (0.45 - 0.50).
4. Finally the outer casing is pulled up, in steps of 0.5 meter at the time.
5. After each step of 0.5 meter an overpressure is applied to the groutbody. This overpressure is generally

10 to 20 bar. This phase is referred to as the high pressure post grouting phase.

This pile type A is chosen because of its wide usage in The Netherlands and the relatively controllable in-
stallation process. In this chapter general background on the different structural elements available in Plaxis
2D is explained first. Afterwards the field data is described, this data includes the geotechnical parameters of
the site and the load-displacement data from six micropile load tests in two different geological layers. Fol-
lowing the field data description is the section on the validation of the final 2D FEM models. Lastly the field
data and 2D FEM model results are discussed.

For a more detailed understanding of the finite element models made in 2D the reader is redirected to
the Appendix. In Appendix A.3 the development process of the 2D FEM models is examined. The choices
for the soil model and structural elements are described first and the input parameters and mesh are pre-
sented afterwards. Following the description of the model mesh is the section on the FEM 2D intermediate
model results and a comparison of these results to the field data. After this section the final 2D FEM model is
described in more detail.
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3.1. Pile model options in 2D
Micropile type A consists of a GEWI bar and a grout body, both elements are modelled in the 2D FEM program
Plaxis. Several structural elements are available to model these parts of the micropile. In this section the
different available options are described.

3.1.1. Structural options
In Plaxis the following structural options are considered relevant for pile modelling:

¦ Node-to-node anchor
¦ Plate
¦ Volume element
¦ Embedded beam row

All structural options are visualised in figure 3.1, stretched in the out-of-plane direction. The node-to-
node anchor connects two nodes in Plaxis and gives the user the possibility to define the axial stiffness EA
and an out-of-plane spacing of the anchor. There is no interaction with the soil between the nodes of a node-
to-node anchor. A plate requires the input of several additional parameters. Next to the axial stiffness EA, a
plate has a flexural rigidity EI and therefore a thickness d . Moreover the weight γ and the Poisson’s ratio ν are
defined. Plate elements can have interfaces where the soil-structure interaction is modelled with adjusted
parameters. Structural volume elements are generally defined as linear-elastic, non-porous ’soil materials’.
This requires the input of a self-weight γ, stiffness E and Poisson’s ratio ν. Just like plate elements, volume
elements can have user defined interfaces that govern the soil-structure interaction behaviour.

The embedded beam row (EBR) is a more advanced feature which has been recently developed and val-
idated, for a more detailed description the reader is referred to the literature study. The EBR requires the
input of a self-weight γ, stiffness E and diameter D. Additionally to these common input parameters, the user
can define the skin resistance (both axially and laterally) and base resistance of the embedded beam row. To
simulate 3D behaviour the interface stiffness factor is introduced (ISF) which corrects the interface stiffness
and is related to the shear stiffness of the soil Gsoi l . The behaviour around the skin is linear-elastic perfectly
plastic, the behaviour at the base is non-linear [49].

For reliable pile displacements the ISF is difficult but crucial to determine. The interface stiffness factor is
dependent on the pile spacing, pile diameter, pile stiffness and soil stiffness. Default values in Plaxis are based
on validation of the EBR for stiff piles [47]. These default values for very stiff piles proved to be independent of
the pile-soil stiffness ratio. According to the research by Sluis reliable values for less stiff piles, like micropiles,
can be obtained through comparison with a 3D model.

y 

x 

Figure 3.1: Structural options relevant for 2D pile modelling in Plaxis, from left to right: node-to-node anchor, plate, volume element
and the embedded beam row.
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3.2. Field data
The single pile models are validated through comparison with field data. This field data is obtained from
six pile load tests and the geotechnical parameter determination for a construction project in the region of
Amsterdam, The Netherlands. In this section the geotechnical data is presented first and the pile load test
data is presented afterwards.

3.2.1. Geotechnical parameters
For a large tunnelling project in the center of Amsterdam (North/South metro line) a reliable data set for
the soil parameters in this area is available. This data set is based on numerous in-situ and laboratory tests.
From CPT data at the site of the test piles, the depth and thickness of the different known geological layers
in Amsterdam is derived. For an estimate of the soil parameters, the data from the North/South metro line
project is applied to the same geological layers that were identified at the pile load test site. Soil behaviour
is known to be highly variable due to heterogeneity, to obtain more reliable parameters a more extensive
site investigation should be performed. Because of time constraints and a relatively low sensitivity of the
proposed 2D model for the soil input parameters, the currently used correlation is reviewed as sufficient.

The CPT data is presented in Appendix A.1. The height reference of the CPT data is NAP, which is the
Dutch national reference height. The ground and water level at the CPT locations are at +0.83 m NAP, -0.37 m
NAP respectively for CPT 1 and +0.62 m NAP, -0.58 m NAP respectively for CPT 2. The first 3.50 meter of soil
has been pre bored and the bored material is classified according to standard NEN 5104. The pre boring was
done because of the presence of cables and ducts in these top layers. In table 3.1 below the general layering
at the pile load test site is described.

Table 3.1: An overview of the geological layers, determined from the CPT profiles.

Geological formation Material Top level layer [m+NAP]

Fill, man-made Sand, silty +0.83/+0.62
Dutch peat Peat −2.67/−2.88
Mudflat deposits Clay, sandy −4.50
Base peat Peat −10.0
First sand layer Sand −12.5
Allerød Clayey/silty sand −15.0
Second sand layer Sand −17.0/−17.5

Both CPT’s show the presence of the first and second sand layer at -12.5m NAP to -17.5m NAP and -17.5m NAP
to -27.5 NAP, respectively. The second sand layer is thicker than the first sand layer and the cone resistance of
the second sand layer is higher. The capacity of the micropiles is based on the shaft resistance developed in
the first or second sand layer in Amsterdam, therefore these layers are the most crucial in the model. In figure
3.2 the general depth profile from table 3.1 is visualised, the first and second sand layer are marked.

+0.60 

-2.90 
-4.50 

-10.0 

m + NAP 

-12.5 

-15.0 

-17.5 

-27.5 

First sand layer 

Second sand layer Pile 1-3 

Pile 4-6 

Figure 3.2: General subsurface profile at the pile test site.
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3.2.2. Pile load tests
To determine the capacity of type A piles in the first and second sand layer separately, a total of six pile load
tests to failure were performed. These tests were performed according to the Dutch guideline CUR236. After
the pre loading step of 100 kN six stages of loading and unloading were applied in all tests, for two piles ad-
ditional loading stages were added. The forces applied at each stage are a percentage of the pre determined
maximum failure load: 40%, 55%, 70%, 80%, 90% and 100%. The pre load is applied to calibrate the displace-
ment and load measurement devices. After each loading step there is a short unloading phase where the load
level is returned to 100 kN. From these unloading stages the plastic deformation after each loading stage can
be determined. Normally piles are loaded upto 115% of their capacity during failure tests, but during the fail-
ure tests presented here the predefined failure criterion was already reached at the 100% loading stage. This
predefined failure criterion is called ’creep measure’. The maximum allowable value for the creep measure
during a pile load test is 2.0 mm according to the CUR 236 [7]. Below in equation (3.1) the formula for the
creep measure ks is given. The difference in displacement u at time t1 and t2 divided by the logarithm of the
time ratio determines the creep measure.

ks = u1 −u2

log
(

t2
t1

) (3.1)

In figure 3.2 the lay-out of the test piles in both sand layers is shown. The data from the pile load failure
tests is presented in figure 3.3 to 3.6. All test piles consist of a GEWI 63.5 bar and a groutbody of 5 meters.
The first graph shows the time-displacement data from piles 1 to 3 which were installed in the second sand
layer and have a total length of 23.5 meters. The pre-calculated capacity of these piles is 1414 kN. The first
two loading stages have a duration of 15 minutes, the following three loading stages last 30 minutes. The final
loading stage at 100% of the failure load has a duration of 60 minutes.
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Figure 3.3: Time-displacement behaviour of the pile heads of three micropiles installed in the second sand layer of Amsterdam.

Figure 3.4 shows the time-displacement data from piles 4 to 6 which were installed in the first sand layer
and have a total length of 18.5 meters. The determined capacity for these piles is 377 kN. For piles 5 and 6
an additional stable loading stage of 120% of the theoretical maximum capacity was reached. Both piles were
tested until failure with loads of respectively 139% (pile 6) and 143% (pile 5).
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Figure 3.4: Time-displacement behaviour of the pile heads of three micropiles installed in the first sand layer of Amsterdam.
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The time-displacement diagrams show the clear distinction between the plastic and elastic deformations
during the different loading stages. Moreover, in the data of the load tests performed on pile 4 to 6 the pro-
gressive failure mechanism of a tension pile is clearly visible. In engineering a load-displacement diagram is
often used for the determination of limiting loads.

The third graph shows the load-displacement behaviour of the first three micropiles. The slight curve in
the diagram shows the increasing displacement and decreasing stiffness of the pile-soil response at higher
loads. The plastic displacements after each loading stage, visible on the left at a load of 100 kN, gradually
increase. This data was processed to make the elastic unloading-reloading stages visible and show the plastic
deformation during virgin loading. It must be noted that the processed data is derived from point measure-
ments, no continuous measurements were performed.
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Figure 3.5: Load-displacement behaviour of the three micropile heads installed in the second sand layer of Amsterdam.

In figure 3.6 below the load-displacement behaviour of piles 4 to 6 is presented. Again the data is pro-
cessed to show linear elastic unloading-reloading curves. The additional loading stages of pile 5 and 6 show
the trend towards complete failure of the tension piles. The load-displacement data of each pile is presented
separately in Appendix A.2.
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Figure 3.6: Load-displacement behaviour of the pile heads of three micropiles installed in the first sand layer of Amsterdam.
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3.3. Validation
In this section the model data from the final Plaxis 2D models and the field tests point data are compared.
The final fits with the field data are shown below in figure 3.7 and 3.8. These fits were made with the 2D plane
strain EBR model with a linear capacity referred to as ’Plaxis 2D model 3’. The EBR was selected after con-
sidering the different 2D pile modelling options described in section 3.1. The soil was modelled with the HSs
constitutive model. The development process of the 2D model 3 is explained in more detail in Appendix A.3,
where the input parameters and model mesh are presented. The intermediate output results are presented
in Appendix A.4. With the intermediate output results that are compared to the field data in Appendix A.5,
small improvements could be made that lead to the final 2D models.
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Figure 3.7: The newly fitted 2D model data versus the field data for the second sand layer.

The fit with the pile load tests from the first sand layer is accurate, see figure 3.8. Both the displacements
in the loading and unloading stages match with the average of the field data.
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Figure 3.8: The newly fitted 2D model data versus the field data for the first sand layer.

The remaining deviation between the Plaxis model results and the field data could be the result of a non-
linear stiffness of the groutbody or/and softening of the grout-soil interface. Furthermore, installation effects
cause differences in pile performance of each single pile, this is further elaborated in the Chapter 5.
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The deviation is especially visible in the comparison of the field data and Plaxis results of the second sand
layer in figure 3.7. For the loading stages a higher initial stiffness that slowly decreases is observed, next to
non-linearly increasing plastic strains. This could be the result of softening behaviour in the interface, where
the peak strength is reached and the residual strength is lower. A second possible explanation is gradual
cracking of the groutbody, leading to a lower stiffness in later stages of the load test and therefore a softer
response. This second explanation might explain the difference between the fits for the first and the second
sand layer. Since the loads are lower in the pile load tests of the first sand layer, cracking might not be an issue.
From the current analysis no conclusive answer can be presented since no specific prove for the explanations
is provided.

3.3.1. Discussion 2D model
The presented results and comparison between the 2D model and field data are discussed in this subsection.

Plaxis 2D
With the current two modelling techniques of the interface strength (linear capacity and layer dependent)

the strength is either fully user defined or dependent on the subsoil. An important part of this research is
investigating the effect of tensile loading of a micropile on the effective stress distribution in the subsurface.
Since the capacity of a micropile is based on the development of shear resistance along the shaft, effective
stress redistributions caused by neighbouring piles affects the capacity. In the results of all models the effect
of the tensile loading on the vertical and horizontal stress levels is relatively limited. In figure 3.9 below it
is concluded that both the affected area as the magnitude of the effective horizontal stress changes is small.
Whether this is a good match with reality can not be validated with the current data. This is further investi-
gated in the 3D modelling phase.

Figure 3.9: The effect of the tension load on the horizontal effective stress distribution in the second sand layer, model 1.
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Furthermore, by adjustment of the K0-value for the layer dependent model the initial effective stress dis-
tribution in the layer surrounding the groutbody might not be realistic. A more detailed analysis of the CPT
results is needed to determine a realistic limit of the K0-value for the different geological layers. The effects of
installation on the K0-value are unknown as well, the inclusion of installation effects is further investigated
in the 3D modelling part of this research.

The models with EBR’s that were made in the axisymmetric environment do not work due to numerical
issues. Most likely workarounds are available to solve the current errors. One can think of small adjustments
in the geometry to avoid the symmetry axis. As mentioned before this is not done in this stage of the research
because of the ambition to model pile groups, for which axisymmetric models are not suited.

Modelling in plane strain has is limitations for piles since properties are averaged in out-of-plane direc-
tion. The embedded beam row, which is used in the current 2D model, has a special parameter that governs
the interface behaviour: the ISF. A fundamental formulation of this factor does not exist while the model re-
sults are very sensitive to this value. In the final model results the ISF was set to 1.0 to create a relatively stiff
interface. A better formulation of the ISF, dependent on more than the pile spacing and equivalent diameter,
improves the validity of modelling single piles with the embedded beam row.

Field data
The current data set for the soil model is not site specific. This is expected to have a minor influence, since

the pile head displacement results are not very sensitive to the soil parameters. But a slightly better fit might
be obtained after adjustment of the soil stiffness parameters, since these values partially govern the elastic
interface behaviour.

For the current validation only six pile load tests are used. For the 3D modelling phase a broader data set
must be used to improve the reliability of the validation. Furthermore, details of the execution of the pile load
test and a continuous measurement are not present. With a continuous measurement the behaviour during
the load and unloading trajectories could be analysed more detailed as well. Details relating to the load
application procedure and calibration of measurement devices can increase the precision of the modelled
loading procedure.

3.3.2. Conclusion 2D model
In section 3.3 it is shown that the Plaxis 2D model is very well capable of capturing the load-displacement
behaviour of micropiles. The different steps that were needed to fit the model results with the field data are
taken into account for the 3D modelling phase. In the 3D modelling phase group effects are investigated after
the validation of a 3D single pile model. From the 2D modelling phase it is concluded that both the embedded
beam element with a linear pre determined capacity and a layer dependent capacity are suited to fit pile load
tests. The soil response in the models, both on stress and strain levels, is significantly different. The influence
on the group effect of this difference response is investigated in the 3D modelling phase. Furthermore the
validity of the adjusted soil parameters for the layer dependent model is researched.
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Finite element modelling in 3D

In this chapter the 3D finite element model is described and validated. After the validation of the single pile
model, the group model is described and the results of the group model are presented.

4.1. 3D single pile model validation
For the 3D single pile validation the same field data is used as in the 2D FEM modelling phase. The field data
description can be found in Section 3.2. The 3D FEM single pile models are discussed in the next subsection.
The presentation of the 3D single pile model results follows after the description of the 3D single pile models.
The stress and strain levels in the soil and at the interface of the pile during the pile load test are analysed
and discussed. Next to the validation with the field data, the results of the 3D model and a 2D axisymmetric
model are compared. The comparison with the 2D model is made to determine the accuracy of the 3D FEM
model. The axisymmetric 2D model has a finer mesh and makes use of 15-noded 2D triangular elements
instead of 10-noded 3D tetrahedral elements. With more nodes per area and a fourth order instead of second
order integration procedure, the stress and strain distribution in the 2D models is more precise than in the 3D
models. To prove the general concept of the modelling procedure, field data used for validation is extended
for the 2D axisymmetric models. This extended validation is presented in Appendix B.4.

4.1.1. Single pile models
In this subsection the validated 3D models are described. The development process of the lay-out of these
models was non-linear and included several modelling options that were reviewed and in the end discarded.
The model development process is described in Appendix B.1.

The final 3D single pile model consists fully of volume
and interface elements, the meshes are shown in fig-
ure 4.1. The size of the 3D mesh is limited at 8.0 x 8.0 x
20.0/25.0 meters. The 3D model size was based on the
boundary influences seen in the 2D models and first
3D models. The current size is selected because of the
good balance between mesh size and limited bound-
ary influences. The 3D view is filtered in such a way
that the residual grout elements and the groutbody el-
ements are visible in the mesh. The three different
soil layers are (from top to bottom): mudflat deposits
in soft red from 0.0 m to -12.5 m, the first sand layer
in light blue from -12.5 m to -17.5 m and the second
sand layer in soft green from -17.5 m to -20.0 m/-25.0
m. The residual groutbody is shown as bright green
elements and the groutbody is shown in yellow. The
visible contour lines are the element deformation con-
tours, the element contours are not explicitly visible.

Figure 4.1: 3D meshes for the final model: on the left side the
model for the second sand layer pile load tests, on the right side
the model for the first sand layer pile load tests.
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Mesh refinement and quality
The mesh is made of the standard 10-noded triangles, the mesh size was set at medium coarseness. For a

sufficient mesh quality the mesh was refined with a coarseness factor of 0.3536 in a volume around the pile
elements. This coarseness factor reduces the element size in the specified area/volume. For a 3D mesh set
at medium coarseness the target size of the elements is 0.7089 meter, a coarseness factor of 0.5 changes this
target size to 0.3545 meter. With a finer mesh there are more nodes per volume, therefore the stress and strain
levels are calculated in more detail. For the second sand layer model the mesh quality, which is defined as the
ratio between the inner and outer sphere of an element, was insufficient ( < 0.20). Therefore, another larger
soil volume around the pile was assigned a coarseness factor of 0.5. The coarseness of the pile elements is
set to the maximum value of 8.0. This coarseness factor was chosen because of the small pile diameter and
the linear elastic behaviour of the pile: smaller pile elements do not significantly improve the results of the
calculation. Smaller pile elements would lead to a more difficult meshing procedure and a slower calculation
procedure. All around the volume elements interface elements are active during the calculation. First the
volume elements and interface elements representing the upper 12.5/17.5 meters of the pile are reviewed,
afterwards the details of the bounded micropile length (groutbody) are explained.

Unbounded micropile length
The behaviour of the upper part of the pile is dictated by the 63.5 mm in diameter GEWI bar. The GEWI bar

is not modelled explicitly in these models, the residual grout/betonite/soil mixture around the GEWI bar in
the top layers is modelled as one zone of volume elements. This part of the pile is modelled as a stiff element
with a weak interface. The modelling approach is chosen because of the almost frictionless behaviour of the
GEWI bar in the mixed soil/grout around it, which was measured in the field tests. In these field tests a special
coating was applied around the GEWI bar to ensure this nearly frictionless behaviour. With the stiff element
and weak interface there is almost no load transfer from the top part of the pile to the soft top layers in the
numerical model. Therefore, this modelling approach is deemed sufficiently close to reality. A disadvantage
of this approach is that the load-displacement behaviour of the GEWI bar is not included in the model. The
EA of the volume elements would have to be equal to the EA of the GEWI bar to include the load-displacement
behaviour of the GEWI. As a consequence the upper volume elements would then have to be modelled with
a relatively low stiffness, lowering the actual load transferred to the groutbody. In reality almost the full load
is transferred by the GEWI bar to the groutbody, due to additional frictionless sleeve around the GEWI bar
and the high stiffness of the bar. This frictionless behaviour inside a set of small en stiff volume elements
cannot be modelled in a realistic and straightforward manner in the current version of Plaxis 3D. A surface
load is introduced in the model at the top of groutbody, to spread the load over the nodes that represent the
top of the groutbody. The displacements due to the elongation of the GEWI bar are manually added to the
displacements at the center of the top of the groutbody. The elastic elongation of the GEWI bar is calculated
according to basic elastic theory, see equation (4.1). The GEWI bar is assumed to be behave linearly elastic,
which is an accurate assumption for these steel bars [35].

∆l = F

E A
· l (4.1)

Bounded micropile length
The groutbody is modelled as an element with a relatively low stiffness when compared to the stiffness of

reinforced concrete, the behaviour of the interface of the groutbody is set to be dependent on the properties of
the surrounding soil (Plaxis default option). At the start of the calculation the installation process is simulated
in three different phases. The concept of the installation simulation procedure is presented in figure 4.2.
Firstly, surface loads perpendicular to the entire surface of the 3D groutbody are activated and the groutbody
volume is deactivated (to avoid tension failure detected by Plaxis). This means that there are surface loads
active radially at the side of the groutbody and perpendicular to the surface at the top and bottom of the
groutbody. The magnitude of these surface loads is set to the grout pressures used in pile installation for
the field tests. In the calculation phase after the application of the surface loads, the groutbody element is
activated, while the surface loads remain active. With the activation of the groutbody a new equilibrium
can be determined with the displaced soil surrounding the groutbody. In the third phase of the installation
simulation the surface loads are deactivated and a new equilibrium with the soil response is determined. At
the end of the third phase displacements are reset. The installation process is simulated to create a zone with
higher horizontal effective stresses around the pile interface, while maintaining the theoretical dimensions of
the pile. The red arrows in figure 4.2 represent the increased horizontal effective stress levels at the pile-soil
interface.
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Most of the horizontal reaction force due to installation process remains in the soil, see the subsection
on the 3D FEM results. Without this installation simulation process the capacity and stiffness of the 3D pile
model is much lower than the observed capacity and stiffness in the field load tests.

Initial phase Activation surface 
loads

Activation 
groutbody

Deactivation 
surface loads

Reset 
displacements

Figure 4.2: A conceptual figure of the five first calculation stages, from left to right: the initial phase, the three steps of the installation
simulation procedure and the first loading step where the groutbody displacements are reset and the tensile load is applied.

Since the final 3D single pile model consists only out of volume and interface elements, a 2D axisymmet-
ric model is developed as well. The 2D axisymmetric option was not used in the 2D FEM modelling phase
because of stability issues with line elements in the symmetry axis. This is no longer an issue with volume
elements as pile model. The 2D axisymmetric model is a fast and accurate model, used as comparison for the
accuracy of the 3D model results. The 2D axisymmetric model mesh and input parameters are described in
Appendix B.3. The input parameters of the final 3D single pile models are presented in Appendix B.2.

4.1.2. Single pile model results
In this subsection the results of the final 3D FEM model are presented. The results are presented for the
two validation cases. For each case the following results are presented: the load-displacement diagram, the
development of the relative shear stress on the interface, the development of the horizontal effective stress in
the soil and the vertical displacements in the soil. First the results of the three pile load tests installed in the
second sand layer of Amsterdam are presented, afterwards the results of the pile load tests performed in the
first sand layer of Amsterdam are elaborated.

Results second sand layer model
Below in figure 4.3 the load-displacement diagram of the 3D model is shown. The different loading and

unloading stages are the same as applied in the pile load tests, see subsection 3.2.2.
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Figure 4.3: The load-displacement diagram of the Plaxis 3D model for the second sand layer.
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The increasing amount of plastic displacements after each loading phase is due to partial failure in the
interface of the groutbody. Since the groutbody is modelled as relatively soft, the upper part of the groutbody
displaces more and the maximum shear stress at the interface is reached sooner than in the lower parts of the
groutbody. In figure 4.4 the development of the relative shear stress on the interface is shown. The relative
shear stress, τr el , is a dimensionless parameter and determined according to equation (4.2). In the equation
τr el is calculated by dividing τmob , the actual developed shear stress at the interface, with τmax , which is the
maximum shear stress possible at the interface.

τr el =
τmob

τmax
(4.2)

In figure 4.4 a frontview is given of the interface of the groutbody. The relative shear stress is shown on a
scale from zero to one, zero being the circumference of the groutbody. In the results some local fluctuations
can be seen. This is most likely due to the coarser mesh and lower element quality in the 3D model. Since
the maximum shear stress on the interface is increased by the simulated installation phases it is not constant
around the interface. Despite the fluctuations, the increasing mobilisation of the shear stress over the depth
of the groutbody during the different loading stages is clearly visible.

Figure 4.4: The relative shear stress development on the interface of the Plaxis 3D model for the second sand layer.

Next, the development of the effective horizontal stress in the soil is shown. The horizontal effective stress
is directly related to the maximum shear stress than can be mobilised at the interface. Since the horizontal
effective stress state of the soil is affected by the pile load test these results are relevant for further stages of the
research related to the pile-soil-pile interaction. The results of the 3D model are presented for a cross section
from [3.9;4.0] to [8.0;4.0] over a depth of about 9 meters around the groutbody. This cross section is made for
easy comparison with the 2D axisymmetric model results.

Figure 4.5: The horizontal effective stress development in the Plaxis 3D model for the second sand layer.
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The high horizontal stresses around the groutbody gradually decay, there are two explanations for this
trend. First of all, the finite element calculation procedure is, simply speaking, solving unbalanced equa-
tions to determine equilibrium. Due to the simulated installation process very high horizontal stresses are
introduced in the soil. For each loading stage these stresses are spread over more elements to reach a new
equilibrium and therefore a small portion of the installation effect is lost. How installation affects the stress
levels around the groutbody during its lifespan in reality remains unknown, no conclusive data or research is
available for comparison. Secondly, the tensile force introduced in the groutbody affects the principal stress
direction in the interface. After the simulated installation process the principal stress direction at the inter-
face is horizontal, after introducing the the tensile force the principal stress is rotated by approximately 45
degrees. This lowers the horizontal effective stress in the soil, the principal stress rotation is shown in figure
4.6, where output of the 2D axisymmetric model is shown.

Figure 4.6: The principal stress direction compared: after the final installation stage [l] and final load stage [r].

Lastly the vertical displacements in the soil are presented as output. The vertical displacements are pre-
sented to show the displacements in the grout body and the interaction with the surrounding soil. The scale
in the figure starts at 0.00 mm (dark blue) and goes up to 2.00 mm (dark red). This is scale is chosen to show a
clear distinction between the model displacements in the 40% and 100% load phases. Moreover, peak friction
at the interface is developed at pile displacements of 2.00 mm to 10.00 mm [19].

Figure 4.7: The development of the vertical displacements in the Plaxis 3D model for the second sand layer.
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Results first sand layer model
After the model for the second sand layer a similar model was made to validate the modelling approach

with the field data of the pile load tests conducted in the first sand layer. Below in figure 4.8 the load-
displacement diagram of the first sand layer model is shown. Again the loading and unloading stages are
the same as in the field data and the different stages are clearly visible in the results.
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Figure 4.8: The load-displacement diagram of the Plaxis 3D model for the first sand layer.

The relative shear stress is presented in the same way as for the second sand layer, where 0 shear mobili-
sation is shown at the circumference of the pile and the maximum level is 1.0. Again the gradual mobilisation
over the different loading stages is shown, although the shear stress mobilisation proceeds at a relatively
larger surface for earlier loading stages compared to the second sand layer model.

Figure 4.9: The relative shear stress development on the interface of the Plaxis 3D model for the first sand layer.
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Due to varying grout pressures used during installation of the piles in the first sand layer, the horizontal
effective stresses along the upper four meters of the groutbody are lower. Because of the large range in stresses
the decrease in horizontal effective stress of the different loading stages is more difficult to distinguish in
figure 4.10. Nevertheless, the decay in horizontal effective stress can be seen especially around the interface
of the groutbody.

Figure 4.10: The horizontal effective stress development in the Plaxis 3D model for the first sand layer.

In figure 4.11 the vertical displacements during the different phases are presented. The scale is adjusted,
compared to the results of the second sand layer model, it ranges from 0.00 mm to 1.00 mm. This lower
range is chosen because of the lower loads and displacements in this model. Although the range of displayed
vertical displacements is very small, the gradual development of the displacements in the groutbody and
surrounding soil are clearly visible.

Figure 4.11: The development of the vertical displacements in the Plaxis 3D model for the first sand layer.
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4.1.3. Validation
The load-displacement results of the 3D micropile models are validated through comparison with field data.
The stress distribution in the soil of the 3D models is compared with the stress distribution in the 2D axisym-
metric models to verify the accuracy of the 3D models.

3D and 2D model comparison
In the figures below the horizontal effective stress distribution of the 2D and 3D models are compared.

Quite significant differences are seen, these differences are both due to the mesh accuracy and variation in
the chosen input parameters. In figure 4.12 the comparison for the first sand layer is shown, the scale ranges
from 0.0 kN /m2 (dark blue) to -375 kN /m2 (dark red). Both the 3D and 2D output are shown with the same
scale range for the horizontal effective stress. The first significant difference that can be seen is the horizontal
effective stress distribution at rest, at the right boundary of both the 2D and 3D models. Due to different
K0-parameters that are used in both models the initial horizontal effective stress level in the 3D model is
significantly higher. A reliable K0-parameter is difficult to estimate, see Appendix B.2 for a more elaborate
explanation of the chosen K0-parameters. The difference in decay of the horizontal stress of the different
phases is due to a different mesh accuracy. The 3D model consist of 10-noded triangular elements where
the 2D model consists of 15-noded elements. This accuracy is also the reason a higher K0-parameter was
used in the 3D calculations: this compensates for the more irrelugar horizontal effective stress distribution
after the installation simulation. When a lower K0-value is used for the 3D calculations the capacity and
stiffness of the modelled micropile are significantly lower than those of the field micropiles. Another solution
would be a more refined mesh, this option is not chosen due to time constraints for this research. This lower
accuracy and the effects on the chosen input parameters must be taken into account for the modelling of the
micropile group in the next section of the research. With the modelling of the micropile group the balance
between accuracy and speed of the model will become more critical. Unfortunately the results of the group
modelling can not be compared with a 2D axisymmetric model.

Figure 4.12: Comparison between the horizontal effective stress distribution in de the 2D and 3D model for the first sand layer.
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The comparison for the second sand layer shows a greater match between the 3D and 2D model results.
This mainly due to the fact that the same value was used for the K0-parameter in the 3D and 2D model.
Over the length of the groutbody in the second sand layer no variation in grouting pressures was applied.
The horizontal effective stress levels close to the groutbody are equal over the depth of the pile shaft in this
model, the degradation of the horizontal effective stress due to the tensile loading is more clearly visible in the
comparison. A clear trend in the decay of the horizontal effective stress level from the top of the groutbody
downwards is observed.

Figure 4.13: Comparison between the horizontal effective stress distribution in de the 2D and 3D model for the second sand layer.

It is concluded that the precision of the finer mesh of the 3D model for the second sand layer is sufficient
to determine the degradation of the horizontal effective stress at the interface and in the far field. In further
stages of this research at least the same refinement must be used for the 3D micropile group models. No
further investigation into mesh refinements for the single pile model are performed at this stage since the 3D
micropile single modelling concept is proven to accurately model the load-displacement behaviour with the
current meshes, see the next paragraph.
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Field data comparison
The load-displacement diagrams of both the 3D model for the first and second sand layer are plotted with

the point data of the field tests. In the results comparison of the second layer it can be seen that the dis-
placements towards failure are at the lower boundary of the field data variation. This behaviour is due to a
constant groutbody stiffness in the 3D model, in reality the stiffness of the groutbody decreases with higher
loads. This non-linear stiffness of the groutbody is mostly due to cracking of grout [35]. The overall fit is good:
the deviations between the model and the average field data remains in the range of the variation seen within
the field data.
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Figure 4.14: The load-displacement diagram of the Plaxis 3D model for the second sand layer.

The most significant fit parameters were the groutbody stiffness, the soil strength and horizontal effective
stress levels. The reader is referred to Appendix B.2 for a more detailed explanation of the chosen input pa-
rameters. In the comparison with the data of the first sand layer it can be seen that the model fit is good as
well. The models follows almost exactly the average field data trend, due to the lower loads it is likely that the
non-linear behaviour of the stiffness of the micropile is of less significance.
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Figure 4.15: The load-displacement diagram of the Plaxis 3D model for the first sand layer.

For both Amsterdam sand layers the 3D FEM models show the same load-displacement behaviour as
found in the micropile load tests. The validation is extended in Appendix B.4 with a micropile load test data
set from The Hague. This validation extension is done to prove the modelling concept works for geologically
differing soil conditions and piles installed by varying parties.
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4.2. 3D pile group models
In this section the 3D pile group modelling research is described. The model geometry, pile group lay-out
and parameter variations are explained. The final pile group models, their mesh and input parameters are
elaborated in Appendix B.5.1.

4.2.1. Model dimensions
The group effect in axially loaded tension pile groups is relevant for construction projects where dozens of
micropiles are closely spaced to prevent uplift. For this research a virtual pile group in soil conditions equal
to the Amsterdam field data set is made, but with realistic dimensions for a construction project. The piles
are assumed to be installed from -11.0 m NAP to -22.5 m NAP, where the length of the micropiles in the sand
layers (10.0 m) is considered to be transferring load to the surrounding soil. In figure 4.16 a simplified cut of
the 3D group model is shown. The different soil layers are shown according to section 3.2 of Chapter 3. The
soft top layers are modelled as one layer and the Allerød and first sand layer are modelled as one, which is
the same approach as for the single pile validation. The model includes the environment near the micropiles
and stops at the boundaries of the building pit, the mesh starts at -11.0 meters. The stress history is included
in the soil parameter sets as a pre-overburden pressure (POP). The additional soil weight at the boundary of
the building pit is neglected. This simplification is expected to have a limited influence on the stress level
in the models, the horizontal effective stress levels at the pile-soil interface are dominated by the installation
procedure.

The pile spacing is varied in the research to investigate the the significance of this parameters in the group
effect, see subsection 4.2.2. The geometry presented in figure 4.16 is adjusted in such a way that the minimally
required boundaries, as found in the 3D single pile model validation, are maintained.
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Figure 4.16: An exemplary simplified cross-section of the 3D group model.
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Pile group lay-out
First different model lay-outs are investigated, in the final model lay-out a center group pile must be avail-

able to be compared with a single reference pile. This can be achieved with three basic lay-outs: a group of
five piles, a group of nine piles and an ’infinite’ pile group by using symmetry. The pile group lay-out inves-
tigation is presented in Appendix B.5. From this investigation it is concluded that the nine pile group is the
most useful lay-out for this research. For the nine pile group three different center-to-center spacings are
investigated: 1.0 meter, 2.0 meter and 3.0 meter. Since the pile diameter D is taken as constant (0.20 meter) in
this research, the center-to-center distance is expressed in diameters: 5D spacing, 10D spacing and 15D spac-
ing. These spacings are either realistic for micropile practice (10D and 15D cases) or interesting to research
due to expected strong interaction effects (5D spacing). All piles are installed and loaded simultaneously in
the model.

Pile group loading
Each pile in the pile groups is loaded according to the prescribed loading procedure for production piles

[7]. The applied percentile loading stages are the same as for the pile load tests described in section 3.2.2.
The 100% load in the group models is equal to the 100% load of 880 kN applied in the acceptance tests for the
production piles of the Amsterdam case, see Appendix B.8.

4.2.2. Parameter variations
Next to the pile group spacing the soil stiffness is varied to determine the influence of the soil stiffness on the
group effect. The current group effect factor f2 in the Dutch national annex is one of the main reasons that
led to this research, see subsection 2.1.1. The factor is based on the theory that the development of shear
stress along the micropile shaft leads to a reduction in horizontal effective stress influencing the capacity of
a neighbouring pile. The group effect factor for both strength and stiffness calculations therefore depends
on the following parameters: pile length, diameter, horizontal effective stress level at the interface, internal
friction angle, cohesion and pile group lay-out. To limit the scope of the research, only the soil stiffness is
varied next to the pile group spacing. The soil stiffness influences the horizontal effective stress distribution
in the soil, whether this has a positive or negative impact on the group effect is unknown. The stiffness of soil
is often an uncertain parameter in projects and can vary by a factor of 3-8 based on CPT correlations [26].
Due to this great variation in practice and the uncertain impact of the soil stiffness its influence is included
in this research.

As described in subsection 2.1.1, there are two failure mechanisms defined: either the slip capacity of
each individual micropile is reached or the pull-out of a soil plug occurs. For the 5D meter and 15D spacings
cases a clear difference in failure mechanism is expected. Where the 5D spacing case is more likely to show
soil plug pull-out behaviour, the 15Ds spacing case is more likely to show failure on individual slip capacity.
The following parameter sets are used:

Standard case:

• Group of nine, 10 meter long piles, internal spacing of 1.0 meter (5D)

• Group of nine, 10 meter long piles, internal spacing of 2.0 meter (10D)

• Group of nine, 10 meter long piles, internal spacing of 3.0 meter (15D)

Stiff case:

• Group of nine, 10 meter long piles, internal spacing of 1.0 meter, 200% soil stiffness

• Group of nine, 10 meter long piles, internal spacing of 2.0 meter, 200% soil stiffness

• Group of nine, 10 meter long piles, internal spacing of 3.0 meter, 200% soil stiffness

The detailed input parameters of the material models can be found in Appendix B.5.1.

4.3. 3D pile group model results
In this section the results of the final 3D pile group models are presented. In Appendix B.6 intermediate
results are presented that were obtained during the development of the models. First the load-displacement
diagrams of the different models for the standard case are presented and compared. Afterwards the failure
mechanism and interaction levels developing in the pile groups are investigated by looking at the horizontal
effective stress development, relative shear stress development and total vertical displacements plus phase
deviatoric strain levels at the last loading stage.
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4.3.1. Standard case
In this subsection the pile group model results for the standard cases are presented. In the next subsection
the results from the standard cases are, where relevant, compared to the stiff cases.

Load-displacement behaviour
This research is focussed on the influence of the group effect on the load displacement behaviour of mi-

cropiles. Below in figure 4.17 the load-displacement behaviour of the center group piles for different pile
group spacings are compared to each other and a reference single pile. All simulations were run until a load-
ing stage where it was not deemed possible to increase the load any further. For almost all model the plastic
displacements after the final successful loading stage are close to 8.0-10 mm. In Appendix B.6 the unfinished
calculations of the failure stages are presented. The final loading stage for the 5D pile group model is the
60% load stage, for the 10D pile model it is the 95% load stage and for the 15D pile model is is the 120% load
stage. The reference piles were run until the 130% load stage, where the plastic displacements after unload-
ing reached approximately 10 mm. For the reference pile one would expected an ultimate limit state when
the shear stress on the interface is fully mobilised, but with these high load levels the deformations in the
interface of the upper pile section became so large that the horizontal effective stress levels are unreliable,
see Appendix B.6 with the intermediate model results. These issue’s led to the decision to define failure with
the ultimate plastic displacement limit of 10 mm. This limit was chosen because it is the highest plastic dis-
placement level reached in the 3D single pile validation models, test piles field data and the 3D group models.
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Figure 4.17: The load-displacement behaviour of the three different pile group spacings compared for the standard case.

Comparing the 10D and 5D spacing cases to the 15D spacing case, the decrease in capacity (Fr ;t ;d ) and
secant stiffness at 70% of the ultimate load (ksec;0.7) is clearly visible. The capacity reduction (Pcap.) of the
5D spacing case is 50% and the stiffness reduction (Pst i f .) in the final stage is 8%. For the 10D spacing case
the capacity is reduced with 27% and the stiffness reduction is insignificant. The secant stiffness at 70% of
the ultimate load level is determined according to equation (4.5). The capacity and stiffness reductions are
calculated with equations (4.3) and (4.4), shown below.

Pcap. =
F new

r ;t ;d −F ol d
r ;t ;d

F ol d
r ;t ;d

·100 (4.3)

Pst i f . =
knew

sec;0.7 −kol d
sec;0.7

kol d
sec;0.7

·100 (4.4)

ksec;0.7 =
∆Ful t ;0.7

∆uul t ;0.7
(4.5)
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Horizontal effective stress development
The tension force applied to the piles is redistributed in the soil, as shown in subsection 4.1.2 figure 4.6

this results in rotation of the principal stresses at the pile-soil interface. But the influence of redistribution
of the tension force is not limited to the interface. In the following figures the development of the horizontal
effective stress during the different loading stages for the differently spaced pile group models are shown. For
each model a cross-section is made parallel to the x-axis, at the center of the pile group.

In the figure below the horizontal effective stress development of the 5D spaced pile group model is
shown. The scale used for all figures where the horizontal effective stress development is shown ranges from
0.00 kN /m2 (dark blue) to -950 kN /m2 (dark red). One can clearly see that the interaction between the piles
is strong, at the 60% load stages the horizontal effective stress levels around the high pressure zone of the
piles are already significantly reduced.

Figure 4.18: The development of the horizontal effective stress at the center of the 5D spaced nine pile group.

As expected for a more widely spaced pile group, the interaction reduces for the pile group with 10D
internal spacing, which is presented below in figure 4.19.

Figure 4.19: The development of the horizontal effective stress at the center of the 10D spaced nine pile group.
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The most widely spaced pile group with 15D internal spacing has the least interaction and the highest
levels of horizontal effective stress around the individual piles, shown below in figure 4.20.

Figure 4.20: The development of the horizontal effective stress at the center of the 15D spaced nine pile group.

Relative shear stress development
On of the possible failure mechanisms is slip of the pile at the interface with the soil. The pile will slip when

the shear stress is fully developed at the interface, in Plaxis this can be checked with the development of the
relative shear stress (see equation (4.2)) at the interface. The capacity of the micropiles is mainly dependent
on the lower section of the pile, where the higher horizontal effective stress levels are present. The relative
shear stress development is most relevant for the last few loading stages where the micropile groups approach
failure. Therefore the relative shear development will be shown for the interface of the lower pile section, at
the higher pressure grouted zone.

Below in figure 4.21 one can see the development of the relative shear stress on the interface of the center
pile for the 5D spaced nine pile group. The shear stress is not fully developed at the last loading stage of 60%
of the load, therefore it can be concluded that the center pile will not fail by slip. Especially in the middle
section of the pile some capacity seems to remain.

Figure 4.21: The development of the relative shear stress at the interface of the center pile for the 5D spaced nine pile group.
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With the 10D spaced pile group a similar trend can be seen, where the shear stress develops fully at the
bottom and top of the interface but some capacity remains in the middle. The pattern is less obvious com-
pared to the 5D spaced pile group, but it looks like the center pile will not fail by slip.

Figure 4.22: The development of the relative shear stress at the interface of the center pile for the 10D spaced nine pile group.

This trend is different for the 15D spaced pile group, where the mobilisation of the shear stress and there-
fore the development of the relative shear stress resembles the development for the single piles. It can be said
the center pile will fail by slip.

Figure 4.23: The development of the relative shear stress at the interface of the center pile for the 15D spaced nine pile group.
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Total vertical displacements - last loading stage
At the level of the high pressure grouting zone the total vertical displacements of the three spacing cases

are compared. The scale is the same for each case and ranges from 0.0 mm (dark blue) to 5.0 mm (dark red).

Figure 4.24: A comparison of the total vertical displacements at the last loading stage for the different spacing models.

The displacements in figure 4.24 illustrate the difference in failure mechanism found in the 5D and 15D
spacing case. Where the soil displaces more in the 5D spacing case, the displacements in the 15D spacing
case are more related to the pile and a very small area around the pile. For the 10D spacing case the failure
mechanism tends more towards the 5D spacing case, where a soil plug forms and is pulled out of the soil.

Phase deviatoric strains - last stage
The failure mechanisms that were found for the different spacing cases upon inspection of the vertical

displacement and relative shear stress are confirmed by the phase deviatoric strains. The deviatoric strains
are shown on a scale from 0.0 (dark blue) to 1.0×10−3 (dark red). Zones where the deviatoric strain levels are
higher than 1.0×10−3 are transparent, for example the high strain levels closely around the individual piles
for the 15D spacing case.

Figure 4.25: A comparison of the phase deviatoric strains at the last loading stage for the different spacing models.

In figure 4.25 above the highest strain levels are found either around the pile, for the 15D spacing case, or
in a soil contour around the pile group, for the 5D and 10D spacing case.

4.3.2. Stiff case vs. standard case
For all model results of the stiff case the reader is referred to Appendix B.6.1. In this subsection the results
of the stiff and standard case are compared. Firstly the difference in displacements at the same load lev-
els is compared for each spacing case. Below in figure 4.26 the percentage change of the displacement are
presented when comparing the stiff case to the standard case. The percentage change, P , is calculated with
equation (4.6).

P = u(st i f f )
z −u(st and ar d)

z

u(st and ar d)
z

·100 (4.6)
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In figure 4.26 it can be seen that the soil stiffness, relatively, has the most influence on the displacement
of the 5D spacing case and the influence decreases for the more widely spaced pile groups. For the absolute
difference in displacements between the different stiff spacing cases the reader is referred to Appendix B.6.1.
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Figure 4.26: The percentage change of the displacements in the standard and stiff case model for the different spacing models.

The difference between the spacing cases in soil stiffness dependency of micropile head displacement
might be related to the developing failure mechanism. For the slip failure cases, single pile reference and
15D spacing case, the dependency is less compared to the soil plug failure cases. In the paragraphs below the
developing failure mechanisms in the standard and stiff cases are compared for the different spacings.

5D pile group spacing
Below in figure 4.27 the relative shear stress in the final loading stage at the bottom of the group center pile

are compared for the standard and stiff case. It can be seen that for both pile groups the shear stress is not
fully mobilised at the interface, but more mobilisation is seen for the stiff case. Since the cases only differ in
stiffness, the fact that the maximum shear stress is reached sooner for the stiff case is as expected.

Figure 4.27: The relative shear stress at the interface for the last loading stage of the standard and stiff case model for the 5D spaced pile
group compared.
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In the comparison of the phase deviatoric strains below in figure 4.28 the developing failure mechanism,
soil plug pull-out is the same for both cases, but the contours of both soil plugs are different. The cause of
this difference is unknown, but for the case with a higher soil stiffness the development of a smaller soil plug
seems likely to occur due to a smaller mobilised volume.

Figure 4.28: The phase deviatoric strain at the last loading stage of the standard and stiff case model for the 5D spaced pile group
compared.

10D pile group spacing
For the 10D spacing case the relative shear stress shows less difference than for the 5D spacing case. Again

the shear stress is slightly more mobilised for the stiff case, where a larger area at the top of the interface has
reached a relative shear stress of 1.0.

Figure 4.29: The relative shear stress at the interface for the last loading stage of the standard and stiff case model for the 10D spaced pile
group compared.
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The comparison of the phase deviatoric strains shows a similar trend is developing for the 10D spacing
cases, but that the strain levels are lower for the stiff case. The strain levels for the piles on the side of the
group look more like individual slip is developing, see figure 4.30. Despite the individual slip of the piles on
the side, the lower strain levels around the center pile and arches at the bottom of the pile group are clearly
visible as well, which indicate soil plug failure.

Figure 4.30: The phase deviatoric strain at the last loading stage of the standard and stiff case model for the 10D spaced pile group
compared.

15D pile group spacing
The 15D spacing case does not deviate from the earlier mentioned differences between the standard and

stiff case: some more shear stress mobilisation at the top of the interface is seen for the stiff case.

Figure 4.31: The relative shear stress at the interface for the last loading stage of the standard and stiff case model for the 15D spaced pile
group compared.



4.3. 3D pile group model results 49

In the phase deviatoric strain comparison in figure 4.32 the individual pile slip failure is clearly developing
for both cases, the arches forming at the bottom of the pile group are less significant for the stiff case.

Figure 4.32: The phase deviatoric strain at the last loading stage of the standard and stiff case model for the 15D spaced pile group
compared.

Overall one can say that, obviously, the strain levels and displacements are lower for the stiff case. The
failure mechanism developing for the stiff cases does not seem to deviate from the failure mechanism devel-
oping in the standard cases, although some small differences are seen. The soil stiffness affects the pile group
displacement most for the lay-outs that fail by pull-out of the soil plug, in the case of this research the 5D
spacing and 10D spacing cases.





5
Discussion and limitations

The modelling approach for the individual micropiles and micropile groups has practical limitations. Next to
the practical limitations of the modelling approach several assumptions were made during the research. In
this chapter the varying assumptions and simplifications of the modelling approach are listed and explained.
Furthermore, the most relevant findings and limitations of the research are discussed.

5.1. Assumptions, simplifications and limitations
Below the assumptions and simplifications made in this research are listed together with the practical limita-
tions of the research.

Assumptions and simplifications

¦ The modelled soil layers behave according to the stress-strain relationships of the Hardening Soil small
strain stiffness (HSs) model. Softening and non-linear unloading/reloading behaviour, for example, is
therefore not included.

¦ The soil present at the test site is modelled by three homogeneous layers. The natural variation and het-
erogeneous behaviour in the subsurface is therefore not included.

¦ A micropile consists of two sections: an unbounded section and bounded section. The unbounded section
is modelled as very stiff, linear elastic, volume elements that fail on slip in the interface. The stiffness of
the bounded section is used as fitting parameter and within the range of 4.0 to 16.0 GPa, again with linear
elastic volume elements.

¦ The groutbody has reached its full stiffness directly after installation.

¦ The micropiles are loaded at the top of the pressurized groutbody with a surface load.

¦ The interface of the pressurized groutbody behaves according to the Mohr-Coulomb model, with parame-
ters directly correlated to the parameters of the surrounding soil.

¦ Stress redistribution between group piles by the means of a stiff structural element, such as an underwater
concrete floor, is not modelled.

Limitations

¦ The pile group model is limited in its practical use due to the computationally expensive procedure for
relatively small pile groups.

¦ The model does not include the variation in positive and negative effects of the installation process found
in practice. An example of the variation in micropile performance can be found in Appendix B.8.

¦ The pile group model is not validated through comparison with field data.

51
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5.2. Discussed aspects
The most significant findings, assumptions, simplifications and limitations of this research are discussed in
this section.

5.2.1. Literature review
The literature review showed the limited amount of physical research performed to determine the group ef-
fect for tension piles. The Dutch standards and guidelines for the group effect of micropile groups originate
from the driven pile standards and therefore experiments that were performed with driven piles. The instal-
lation effects are different for micropiles. Since the installation process affects the soil stress state in a pile
group significantly, the applicability of driven pile research for micropiles is limited. Research on micropile
group behaviour did not result in a general outcome so far. Various researchers found contradicting results,
with either positive or negative installation effects, see subsection 2.3.1. But is has to be stated that sev-
eral comprehensive researches into micropile behaviour, such as the FOREVER project, were not completely
reviewed. The focus of the literature study was Dutch micropile practice. Moreover, the numerical results
found in other researches using Plaxis software had the focus. Therefore some literature investigating group
behaviour for other practices with different numerical software packages might not be present in the current
literature study.

5.2.2. Development of 2D and 3D models
During the development of the final 2D plane strain and 3D single pile models several modelling approaches
were considered. In this subsection the assumptions made during the 2D plane strain modelling phase are
described first, afterwards the assumptions made during the development of the 3D single pile models are
explained.

In the 2D plane strain modelling phase the use of long plates and volume elements was discarded because
of the limited applicability for single piles, but the use of node-to-node (N2N) anchors and embedded beam
row (EBR) models is not without limitations either. Both the N2N and EBR are directly connected to the
mesh at only two nodes, namely the starting and end point of the structure. Loads applied at these nodes
directly result in displacements of the soil at that node: slip behaviour of the pile is not possible at those
nodes. To overcome this problem, small plate elements were used to provoke the slip behaviour and exclude
the unrealistic soil displacements at the location where the load is introduced in the system. Since the load is
applied to the pile and not the soil this workaround improves the validity of the model and represents reality
more closely.

Another important aspect of the 2D plane strain EBR models is the interface stiffness factor (ISF). Since
the pile row stiffness in plane strain is an average stiffness of the piles and the soil, the pile row spacing and
pile diameter affect the load-displacement behaviour [47]. This is taken into account for the EBR: the ISF
calibrates the interface stiffness and is dependent on the pile row spacing and pile diameter as well. For
micropiles, with a relatively low pile stiffness, this factor has not been validated yet. For the 2D models an ISF
of 1.0 was assumed, to model a relatively stiff interface that has a limited effect on the displacements of the
system. This makes the chosen pile and soil stiffness dominant for the displacements of the system and for
the load transfer from the micropile to the soil. For a validated ISF value for single micropiles in the 2D plane
strain EBR models, comparison with field data and validated 3D models should be made.

Thirdly, the layer dependent EBR 2D models derive their capacity from the surrounding soil state. The
horizontal effective stress level is the most significant parameter and is adjusted in the 2D models with the
K0-parameter. The values used for the K0-parameter are not realistic and are illustrative for the horizontal
effective stress levels that can be back calculated from the field data. More on the limits of the K0-parameter
can be found in Appendix B.2.

For the 3D single pile models used for validation five approaches were discarded, see figures B.1 and B.2 in
Appendix B.1. The three embedded beam element (EBE) models include the same discussion points about
the N2N and K0-parameter of the 2D EBR models. A third point of discussion is the way the capacity is
determined for the 3D layer dependent EBE. Again the Mohr-Coulomb criterion in equation (2.14) is used
for the limit state, but than for 3D conditions. The actual 3D normal effective stress σ′

n is approximated
with the mean effective stress p ′ at the EBE interface. This means the vertical effective stress level affects the
capacity directly and not only through the lateral earth pressure coefficient correlation. The three mentioned
limitations to the 3D EBE are the main reasons the EBE was discarded for the final 3D model.
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For the two models with volume elements the first model was discarded because of the unrealistic shear
stress mobilisation at the top of the volume element, resembling the behaviour of an anchor instead of a ten-
sion pile. For the second model several line elements such as distributed loads, EBE’s, beams and geogrids
were used to model the GEWI bar. Because of the large stiffness differences occuring in the modelled systems
these models did not produce realistic stress or strain distributions and varying numerical issues were en-
countered. When one considers the group effect in micropile groups, the GEWI bar is not the most essential
part of the micropile model and the simplifications applied in the final 3D models are considered valid. With-
out the GEWI a realistic load redistribution from the pile via the interface to the soil was achieved, as shown
in section 4.1.2.

5.2.3. Final 3D models
In the paragraphs below several aspects of the final 3D models are discussed. The discussion of the final 3D
models focusses on the simplifications and assumptions that had to be done for the numerical model and
what consequences this has for the results of this research.

Mesh size and quality
The 3D individual pile models have a different mesh fineness and quality than the 3D group models. The

comparison of the 3D single pile validation models with the 2D axisymmetric models shows the relevance of
the mesh size and quality for the accuracy of the output. Moreover, the comparison shows the consequences
of the mesh size and quality for the input parameters chosen for the validation of these single pile 3D models.
For practical reasons, such as calculation time and the limited duration of this research, the meshes of the
group models were not further refined. This affects the displacement of the micropile head and the distri-
bution of stresses in the soil body. Since no quantitative comparison was made between the displacements
in the numerical 3D pile group models and displacements measured in the field the relevance of such an
improvement is limited for the current research, but it is vital for validation of the research with field data.
The distribution of stress in the soil were only used to qualitatively show developing trends in the soil, again
further refinement of the meshes is not expected to be relevant for this research.

Groutbody stiffness
The interaction between the GEWI bar and groutbody are not present in the modelling approach. These

elements are replaced by a linear elastic volume with one linear stiffness: the groutbody stiffness. In reality
the stiffness is neither linear elastic nor constant throughout the groutbody. Furthermore, the stiffness varies
during all loading phases. The groutbody is known to crack with the introduction of higher tension loads,
these cracks develop during the different loading stages affecting the stiffness [35]. This leads to a difference
in the way the load is redistributed in the numerical model and the way this occurs in reality. A different load
distribution would lead to a different shear stress mobilisation at the interface and therefore influences the
stiffness and possibly the strength of the micropile. The results could be improved if a new material model
would be developed that captures the non-linear stiffness of the groutbody in tension.

Loading of the system
In the current modelling approach, as explained in the previous paragraph, the GEWI bar is not included.

Next to the simplified interaction in the groutbody, the load is not introduced at the top of the pile. The
current choice for the introduction of a surface load at the top of the groutbody leads to the exclusion of the
GEWI elongation in the free or unbounded length of the micropile. For the group models this is only 1.5
meters of unbounded GEWI, the influence on the model results will therefore be limited. The surface load
was chosen to spread the load evenly over the nodes representing the top of the groutbody, introducing the
load at one node is more likely to lead to numerical issues or inaccuracies. In reality a stiff element such as an
underwater concrete floor will be present, this will lead to the redistribution of stresses and unequal loading
of the different piles in a pile group. If the element is very stiff, the stress level will be fairly equally distributed
and the current approach is sufficiently accurate.

Interface parameters and behaviour
One of the crucial elements of the micropile models is the interface. At the interface the load in the pile

is transferred from the pile shaft to the soil. The deformation and parameters of the interface are of great
influence on the micropile behaviour. Issues were encountered when deformations of the interface became
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relatively large, approximately > 10 mm, and the shear stress at parts of the interface was fully mobilised while
even higher loads were introduced in the model. Stiffness differences between the pile and the soil, the mesh
fineness and the shape of the interface are all contributing to the deformation of the interface and the stress
levels present at the interface. The current set of interface parameters were derived after several trial runs,
but were still not fully satisfactory. Below some limitations of the current interface modelling are explained
in more detail.

Dilation
A manual dilation cut-off was implemented after stress concentrations on the interface were seen for the
section where the shear stress was fully mobilised. It is known that the amount of dilation that can occur is
physically limited. Since the HS model has infinite dilation this cut-off is seen a realistic model adjustment.

2nd order elements
The shaft capacity of the micropile model is dependent on the normal force at the interface, which is derived
from the horizontal effective stress level at the interface. The horizontal effective stress level at the interface
is determined by interpolation between the different nodes and stress points that represent the interface.
In Plaxis 3D, this interpolation is done with a second order precision. The curved surface of the interface
is therefore represented by a hyperbola between two nodes. This is a relatively accurate approximation but
might cause issues with the stress level normal to the nodes where two hyperbolas meet. This is illustrated
in figure 5.1, the effective stress level at the node is an average of the effective stress levels resulting from the
hyperbolas. This leads to stress concentrations at the nodes.

Hyperbola 1 Hyperbola 2

σ'n1 σ'n2 

  σ'n 

Figure 5.1: An conceptual visualisation of the determination of the normal effective stress on a node at the interface.

Installation simulation
The installation process of a micropile type A is simulated in a simple three-step approach where condi-

tions are idealised. With the activation of the full stiffness of the groutbody after the introduction of the grout
pressure, the increased horizontal stress levels remain almost fully present at the interface after the surface
loads are deactivated in the third step.

The differences between the simulated installation process and the actual process in practice are dis-
cussed in this paragraph. The installation effects of pile type A are most significant during the high pressure
grouting phase (step five mentioned in the introduction of Chapter 3). For simplicity the effect of the boring
process with the double casing is considered negligible in the 2D and 3D analyses. The high pressure grouting
has two possible effects on the surrounding soil. The outcome depends on the development of the grout seal
around the borehole, which is determined by the duration of the boring and pressure grouting phase.

Pore water over-pressure
With high pressure grouting quickly after the boring process the grout mixture is still very fluid and has not
hardened yet, therefore high pressure grouting results in additional pore water pressures. This process might
cause blow-out along the shaft. Depending on the permeability of the soil and the water tightness along the
shaft, additional pore water pressures might develop in the soil or the water may freely drain into the soil. In
the case of pore water pressure increase effective stresses decreases, weakening the soil and possibly causing
liquefaction. It has to be noted that blow out or free draining is expected to happen before liquefaction can
occur. Liquefaction is not expected because water follows "the path of least resistance" and a leak is more
likely to occur than the build-up of high pressures. When free draining is assumed, the water cement ratio is
lowered by the high pressure grouting phase, resulting in a stronger groutbody.
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Radial effective stress increase
When some time is taken between the boring phase and high pressure grouting phase the groutbody can
harden over time. This results in a less permeable seal forming around the borehole. The additional pressure
from the high pressure grouting phase now effects the radial effective stress in the soil due to the groutbody
expansion. In this case the capacity of the groutbody is increased due to increased radial effective stresses,
whether these stress levels remain at the same level during the lifetime of a micropile is unknown. In the cur-
rent modelling approach it is assumed that the stiffness of the groutbody is fully developed after the pressure
grouting phase has ended.

Residual strength
It is known that the capacity of micropiles installed in dense sands with a relatively high length (> 5.0 meter)

might be affected by the lose of shear resistance due to residual strength in the soil/interface. To mobilise
peak shear strength displacements of 2.0 mm to 10 mm are needed [19]. Longer micropiles are likely to
displace more than 10 mm around the top of the micropile. In this zone the residual strength level of the soil
or interface might be reached and the shear resistance drops. Since the soil is modelled with the HSs model,
no residual strength behaviour is included in the current modelling approach. For the group models with
10 meter long piles the effect of excluding residual strength behaviour is expected to be limited. Most of the
capacity of these piles is derived from the deeper second sand layer, where the displacements are relatively
small.

Validation group model
No comparison was made between field or experimental data and the group modelling results. The be-

haviour found in the group model therefore remains invalidated. The single pile models were validated and
the constitutive models used in this research, such as the Hardening Soil model, have been used for several
years and their behaviour has been validated for numerous cases. Since the single pile behaviour is confirmed
and the HS model is known to be a good approximation of the soil behaviour the modelling approach can be
reviewed as reliable and the trends found in the results are theoretically sound, yet not validated with field
data.

5.2.4. Field data and final model parameters
The available geotechnical field data for two sites was used to determine the input parameters for the vari-
ous numerical models. For the Amsterdam case the validated Hardening Soil (HS) parameter set of a nearby
project was used by identifying the same geological layers at the test site. The small strain parameters were
found with rules of thumb, relating the small strain stiffness to the unloading/reloading stiffness of the soil.
For the The Hague case only CPT data was used to correlate the Amsterdam soil data to the test site in The
Hague. The used parameters in the models of this research have a limited validity and could be improved
by fitting soil tests such as oedometers, direct shear and triaxial tests performed at samples of both sites. In
the field data fitting process, the K0-parameter and the effective internal friction angle φ′ used in the nu-
merical models were adjusted within bandwidths found in literature. Again the choice of these parameters
were not determined with geotechnical laboratory testing and could be improved by doing so. The hetero-
geneity found in soils in reality is not represented by the modelling of three homogeneous soil layers for the
Amsterdam case and one homogeneous soil layer for the The Hague case.

5.2.5. Capacity comparison with the Dutch standards
In section 1.1 subquestion five is formulated: "How can the findings of the research be validated and im-
plemented in practice?". In the current subsection a comparison between the standards available in Dutch
practice and the 3D pile group model results is made, see figure 5.2 on the next page. This comparison gives
a first idea of the consequences of the implementation of the research results in practice. For recommenda-
tions on the validation of the 3D pile group model the reader is referred to Chapter 7.
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In figure 5.2 the capacities of an individual micropile in the middle of a micropile group are presented for
different pile group spacings. In CUR 236 the capacity is calculated for two different failure mechanisms: slip
and soil plug pull-out. Two scenarios are presented for the soil plug pull-out since there is some discussion
whether micropiles should be defined as soil displacement or non-displacement piles. The Excel sheets made
for the CUR 236 calculations are presented in Appendix B.7.
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Figure 5.2: Individual micropile capacity according to CUR 236 and Plaxis calculations comparing the three different pile group spacings.

The definition of maximum capacity for the Plaxis models and the standards are not necessarily similar.
The models were run until no further load could be introduced. The standards work with safety factors to ac-
count for uncertainty in input parameters, these safety factors are not explicitly taken into account in Plaxis.
The comparison must therefore be reviewed with great care and should be seen as an indication of the differ-
ence between both methods regarding single group pile capacities. The capacity determination of both the
CUR236 and the Plaxis 3D model is governed by the horizontal effective stress level around the micropiles.
The Mohr-Coulomb failure criterion presented in equation (2.14) is used for the limit state in the Plaxis 3D
calculations, for the CUR 236 calculations the CPT related method from equation (2.3) is applied. The hor-
izontal effective stress level in the Plaxis calculations is dominated by the installation simulation, with this
approach the model outcome was fitted with the data from the pile load tests for single piles. The CPT profile
was not used to determine the at rest horizontal effective stress state in the Plaxis models. For the CUR 236
the pile load test data was used to determine the αt value, related to the CPT’s presented in Appendix A.1.
The maximum design shear stress is then determined with the CPT data after excavation, see Appendix B.7.1,
divided by a partial safety factor of 1.35.

In figure 5.2 a clear difference between the standards and the Plaxis model for the 5D spacing case is seen.
The 5D spacing case is unlikely to occur in practice and the standards are not made to predict the capacity
accurately for such a case. Therefore the standards are relatively conservative with a reason: such closely
spaced pile groups must be avoided in practice.

For the 10D spacing case the capacity determined in Plaxis is closer to the soil plug capacities determined
with the CUR 236. This coincides with the failure mechanism found in the previously presented 3D pile
group modelling results. For the 15D spacing case the Plaxis capacity is close to the maximum slip capacity
determined with the CUR 236. The trends shown in figure 5.2 look linear for the capacity determined with
Plaxis 3D and the CUR 236 slip capacity. However, the capacity of the single piles are theoretically limited
around 1400-1500 kN. This limit is found if the CUR 236 calculations are checked with a large pile group
spacing (>8.0 m) where the f2 factor increases to 1.0. The graph shown in figure 5.2 focusses on the pile
group spacing where the interaction is significant. The slope of the Plaxis and CUR 236 limit trends decreases
drastically after the 15D spacing case: for these spacings the interaction is increasingly less relevant.

With validation of the current 3D modelling approach an improvement of the CUR 236 could be proposed.
Based on the current results this might improve the design for pile groups spaced around 10D, where it is more
likely that soil plug pull-out will occur and slip failure will not be the limiting state. The level of safety for soil
plug pull-out is lower than the level of safety used for the slip failure mechanisms. If the standards were to
be adjusted, additional safety should be included in the capacities determined with the soil plug pull-out
mechanism to keep the safety level sufficient for design calculations.
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Conclusion

In this chapter the main research question and subquestions are answered and subsequent conclusions are
drawn.

I What is an appropriate model for a single micropile under axial tensile loading?

The load-displacement behaviour of a micropile can accurately be modelled in both Plaxis 2D and 3D.
The 2D plane strain embedded beam row model is limited in its use since displacements and stress re-
distribution in the soil are not calibrated and the interface stiffness factor (ISF) is introduced. The 2D
axisymmetric model and 3D model with volume elements include realistically modelled installation ef-
fects and have a more realistic stress and displacement distribution in the soil. The stress and distribution
is more realistic for the models with installation simulation because of the prestressed zone around the
groutbody of which the magnitude of horizontal effective stresses can be back-calculated from the mi-
cropile tensile capacities reached in pile load tests. The displacement distribution is more realistic due
to the absence of the plane strain assumptions. Since the displacements are calculated in three direc-
tions (x, y and z) for both the 2D axisymmetric and 3D model, no average pile row stiffness has to be
determined.

II How does pile spacing influence the size of the group effect?

Comparing the 15D spaced and 5D spaced pile group for both the standard and stiff case, the capacity of
the 5D spaced pile group is reduced by 50%. The stiffness is reduced by approximately 8% for the standard
case and 4% for the stiff case. This shows the significant impact of spacing on the size of the group effect.
For pile groups spaced more widely than the 15D case the influence of the group effect will decay and the
capacity becomes equal to the capacity of single piles. For more narrowly spaced pile groups the group
effect becomes more intense, but such a scenario is not realistic as a 5D spacing is already not applied in
practice.

III How can installation effects be included?

All five types of micropiles, defined according to the Dutch classification system, have different installa-
tion effects. In this research the effect of pressure grouting for pile type A has been simulated. The boring
process of pile type A has a relatively limited effect on the soil state in both stress and strain terms. There-
fore only the effect of the pressure grouting is included. Installation effects of pressure grouted micropiles
can be included by introducing a three-phase installation simulation. First surface loads are introduced
at the pressure grouting zone, then the linear elastic, stiff groutbody is activated. Thirdly, the surface loads
are deactivated and the displacements are reset. The stresses induced with the surface loads remain in
the soil body and act perpendicular to the micropile interface. This installation simulation process has
some limitations in its approach, see Chapter 5 ’Installation simulation’.
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IV What is an appropriate 3D model?

A realistic 3D micropile model can be made of linear elastic volume elements, a three step installation
simulation process, soil property dependent interfaces and a sufficiently fine mesh. The mesh fineness
has been determined by comparing the 3D single pile modelling results with a 2D axisymmetric model
with a very fine mesh and more nodes per element compared to 3D. Especially for single micropiles this
modelling approach is appropriate: it is both sufficiently accurate as efficient. The modelling approach
with embedded beam elements is regarded as inappropriate if the capacity of the micropile is not yet
accurately determined. The embedded beam element approach is not suitable for the modelling of mi-
cropile groups and the influence of the group effect on the capacity of the micropiles. The modelling
approach with volume elements for pile groups is theoretically appropriate, but has significant draw-
backs in terms of general applicability and computational efficiency. For the limitations of the 3D pile
group models with volume elements, see Chapter 5.

V How can the findings of the research be validated and included in the design code?

For a more elaborated explanation on the validation possibilities for the group models used in this re-
search the reader is referred to Chapter 7. The results of this research show a lower slip capacity reduction
than currently determined in the standards. With the comparison between the capacities determined in
practice and the Plaxis 3D modelling results the differences in the various assumptions and the level
of safety must be considered. The main parameter for the determination of the micropile slip capacity
(maximum shear stress) is the horizontal effective stress level. For the Plaxis 3D model the horizontal
effective stress level is dominated by the installation simulation process, for the CUR 236 calculations the
maximum shear stress is determined directly from CPT data and a predetermined αt value from the pile
load tests at the same site. With this difference in approach, the level of safety of a new group effect factor
that would originate from this research must be investigated before implementation in the design code
can be considered.

Next to the answers of the subquestions two more general conclusions were found, which explain the
influence of the group effect on the behaviour of micropiles for strength, stiffness and failure mechanism.

1. The two known failures modes for micropile tension pile groups, slip failure and soil plug pull-out, are
seen in the final loading stages of the 3D group models. Failure by soil plug pull-out means that the
mobilised shear stress in the soil in a contour around the pile group has reached its maximum earlier
than the shear stress that is mobilised around the surface of the micropiles. Further deformations fol-
low the contour of the forming shear band and the soil plug is pulled out of the surrounding soil. This
means that the horizontal effective stress levels within the pile group remain high enough: the soil is
clamped between the piles. At the bottom of the pile group the developing shear bands between the
piles form arches through the soil, as can be seen in subsection 4.3.1, figure 4.25. Failure by individual
slip means that the maximum mobilised shear stress is first reached around all individual surfaces of
the micropiles. Each pile will therefore move up, only interfering with a relatively limited volume of soil
directly around the interface. For the 15D meter pile group it is seen that the displacement in between
the piles of the pile group is higher than outside of the pile group but this is limited in magnitude. It is
concluded that the 5D and 10D spacing cases fail by soil plug pull-out, the 15D spacing case and single
reference pile fail by slip.

2. The group effect reduces the capacity per micropile and stiffness of the system significantly. The pile
group spacing is negatively correlated to the group effect: decreasing the pile group spacing from 15D
to 5D resulted in a capacity decrease of 50% and stiffness decrease of 8%. No direct correlation of the
group effect with the soil stiffness was found, but the stiffness of the pile groups was more strongly af-
fected for the 5D and 10D cases where the soil plug failure mechanism occurred. This can be explained
by the fact that the failure state surface is relatively large where the soil plug failure mechanism occurs,
since it is a contour around the pile group where the maximum shear stress is mobilised. For single
piles and the 15D case the failure occurs directly at the pile-soil interface.
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Recommendations

The modelling approach and validity of the pile group model can be improved in several ways. In the Discus-
sion the limitations of the researched were discussed, in this Chapter some improvements on the limitations,
assumptions and simplifications of the research are presented.

Validation of the pile group model
It is highly recommended that the pile group modelling results are validated using for example experimen-

tal, geocentrifuge modelling test data or a full scale group loading test. With a geocentrifuge experiment the
development of effective stress levels in the soil might be reviewed, for example including a simulated instal-
lation procedure. The transfer of the applied grout pressure to the soil skeleton can be determined to improve
the installation simulation in the numerical model. To determine these resulting effective stress levels pore
water pressure must be measured to calculate effective stress levels from total stress levels.

With a full scale group loading test the parameters of the numerical models could be calibrated to fit the
load-displacement behaviour found in the full-scale test, as done in the single pile model validation of this
research. Load and displacement measurements are needed for a full scale micropile group loading test.
The load per pile and the displacement of the pile head must be collected in such a test. To confirm shear
stress development found at the interface of the numerical model, strain measurements of the rebar might
be applied in the full scale test. Shear stress development can be back-calculated with the strain measure-
ments and a known micropile stiffness EA. Small scale experiments at 1g are not deemed useful due to the
importance of a realistic magnitude of the stress levels on the group effect and interaction phenomena.

Improvement of numerical model
Most of the recommendations are done for the improvement of the numerical model since the 3D pile

group model is the core of this research.

Mesh and interface
First of all, with a more elaborate mesh investiga-
tion the mesh sensitivity of the results can be inves-
tigated. With a mesh sensitivity analysis an optimal
mesh can be chosen, which is needed for the group
model validation. The mesh sensitivity can be deter-
mined by running model variations where all parame-
ters are constant and only the mesh coarseness is var-
ied. The optimal mesh can be chosen when for exam-
ple the final vertical displacements are plotted against
the mesh coarseness, see figure 7.1 to the right for a
qualitative example. If the plot reaches an asymptote
for the displacements, the most coarse mesh with suf-
ficient accuracy is chosen. The required level of accu-
racy must be determined based on the context of the
research.

uz 

Element size Large Small 

Optimal mesh size? 

Figure 7.1: A qualitative illustration of the procedure for a mesh
sensitivity analysis.
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Secondly, the interface behaviour can be improved with the implementation of a dilatancy cut-off based
on the void ratio and the determination of a limit state and appropriate Ri nter values for the interface sections
that failed at slip. This is needed to limit the deformations of the interface and therefore unrealistic normal
effective stress levels on the interface. The current HS constitutive model provides the dilatancy cut-off op-
tion to the user. To use this dilatancy cut-off based on void ratio, more information about the soil properties
of the material present at the site that is modelled must be known. At least the minimum and maximum void
ratio of the soil must be determined and the in-situ relative density must be estimated. The implementation
of a reduced Ri nter value cannot be directly determined in practice but could be derived from lab shear box
tests and then correlated to the situation in practice.

Installation effects and single pile model validity
Thirdly, different approaches to include installation effects can be compared to check the validity of the cur-
rent approach. Next to recommendations given for the execution of centrifuge experiments a numerical study
of installation effects can be done. Other ways to model installation effects are for example fixed displace-
ments around the pressurized groutbody or an increase of local water head values and a consolidation phase.
Both methods will result in an increase of local horizontal effective stress levels. Another improvement of the
model validity would be the extension of the field data used for the single pile validation. Currently two cases
are reviewed and a relatively wide range of groutbody stiffness values was found to fit the data. With more pile
type A load-displacement and installation data appropriate ranges for the model behaviour and groutbody
stiffness can be determined.

Boundary effects and model efficiency
In the current approach the model boundaries where set at a minimum of 3.0 meters. These boundaries act
as a symmetry boundary, therefore the next pile group is virtually present at 6.0 meters. It is expected that
this distance of 30D is sufficient, but this should be confirmed if the research is extended with the validation
of the pile group model. This can be done in an analysis similar to the mesh sensitivity analysis: varying the
boundaries instead of the element size.

Lastly it is advised to investigate the opportunities for a more efficient model. The current modelling
approach is computationally very expensive. It takes up to three/four days (72-96 hours) on a regular com-
mercially available computer to complete the entire calculation for the large and stiff group models and de-
termine the failure phase. The amount of plastic points in the current models is very large and grows towards
the failure stages, this strongly affects the calculation time. Options to reduce the amount of plastic points
are reducing the number of elements or the implementation of the Mohr-Coulomb (MC) model instead of the
HSs model. Both methods would reduce the accuracy of the modelling approach. The MC soil model would
be useful for the determination of the ultimate limit state of the micropiles since the failure criterion is the
same for the HSs model. Load-displacement behaviour is less accurately modelled with the implementation
of a MC model, it is expected that this has a significant influence on the results when a large volume of soil is
mobilised.

Monitoring and evaluation of practical cases
By monitoring the loads and displacements of, for example, the underwater concrete floor in a full scale

building pit the stiffness of pile groups could be derived from the monitoring data. The loads on a pile group
for a full scale building pit can be determined from strain and pore water pressure measurements. With
strain measurements the load per micropile can be determined and with pore water pressure measurements
the upward load on the underwater concrete floor is calculated. If the vertical displacement of the floor is
tracked, the stiffness of the system can be calculated. With constant monitoring in practice a database can
be made, the current standards on group effects can be evaluated by comparing the measured and design
calculation results from the cases in the monitoring database.
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A.1. CPT data pile load tests

Figure A.1: CPT 1 at the site of the pile load tests.
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Figure A.2: CPT 2 at the site of the pile load tests.
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A.2. Processed load-displacement data pile load tests
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Figure A.3: Load displacement behaviour of test piles 1 to 3.
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Figure A.4: Load displacement behaviour of test piles 4 to 6.
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A.3. 2D FEM models
In this section the chosen 2D model options and input parameters are presented. For the two sets of pile load
tests, first and second sand layer, two different models are created. Moreover two modelling options for each
groutbody are presented. This results in four different models: two slightly different pile models per sand
layer.

A.3.1. Constitutive model
To model the Amsterdam first and second sand layer, the HSs model is selected. Since accurate modelling
of the displacements is relevant for modelling the pile load test this non-linear soil model is expected to be
more precise than the MC model and the HS model. The biggest disadvantage of this choice is a lower overall
efficiency: calculation procedures are more complicated for the HSs model. Due to the limited amount of
elements and nodes in the 2D model, efficiency is not yet an issue and therefore accuracy is chosen over
efficiency. From the geotechnical data a set of parameters for the HS model is already derived by geotechnical
specialists [22]. First estimates of the additional parameters used in the HSs model are obtained with rules of
thumb and parameter correlations [4]. The dataset for the HSs model is shown below in table A.1. For the 2D
modelling phase the entire soil body is modelled as one soil layer. Only one soil layer is modelled because the
load-displacement behaviour of the pile is strongly dependent on the pile stiffness and how the interaction
between the groutbody and the second/first sand layer is modelled. Moreover, the GEWI bar that passes all
soft top layers is modelled as frictionless making the interaction with the soft top layers less significant.

Table A.1: Plaxis input parameters of the HSs model for the 2D models of both the first and second sand layer.

Hardening Soil small strain - input

General Value Unit Parameters Value Unit

Drainage type Drained - c’ref 0.10 kN/m2

γunsat 17.00 kN/m3 φ′ 32.00 deg
γsat 19.00 kN/m3 ψ 2.00 deg
Advanced Default - γ0.7 0.0002 -

Parameters Value Unit G0
ref 180,000 kN/m2

E50
ref 30,000 kN/m2 Advanced Default -

Eoed
ref 30,000 kN/m2 Interfaces Value Unit

Eur
ref 90,000 kN/m2 Strength Rigid -

m 0.50 - Rinter 1.00 -

For model 2 the axial skin resistance is ’layer dependent’. Therefore the model behaviour is sensitive to
the soil parameters. For the layer dependent model 2, φ′, ψ and K0 (tabsheet ’Initial’) are adjusted to fit the
pile load test data. These adjustments are quantified and discussed in subsections A.3.2 and A.3.3.

A.3.2. Pile models
First, modelling in the axisymmetric environment was reviewed. Modelling with node-to-node anchors or
plates in the symmetry axis leads to numerical errors. For both plates and node-to-node anchors, certain
geometry input does not match with the concept of the symmetry axis. For example the out-of-plane spacing
of the node-to-node anchors is not relevant in axisymmetry. Since it is known that an axisymmetric model is
not capable of modelling a square group of piles, no efforts are made to produce a working single pile model
in the axisymmetric mode with node-to-node anchors, embedded beam rows (EBR’s) and plates.

For a plane strain model the combination of a node-to-node anchor and embedded beam row is the
most straight forward choice. The node-to-node anchor does not intersect the soil and has no soil structure
interaction between the nodes, ideal for modelling the frictionless GEWI bar. The disadvantage of the node-
to-node anchor is the strong anchor-soil interaction at the nodes, where the node-to-node anchor is attached
to the node of the soil element. In the first runs of the model this issue proved to cause collapse of the soil
body and therefore prematurely ends the calculation. A workaround was found with the implementation of a
short plate at the top node of the node-to-node anchor where the load is applied. Disadvantages of the plate
element are its continuity in out-of-plane direction and input parameters that do not match the specifications
of the actual GEWI 63.5 bar.
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The embedded beam row is most capable of modelling the behaviour of the groutbody, this is due to input
options such as the diameter, pile spacing and skin resistance. The diameter is chosen to be 0.2 meters, the
same as the micropiles in the pile load tests. The pile spacing is set at 20 meters, where almost no pile row
interaction is expected [47]. The interface stiffness factor (ISF) is a difficult factor to determine. In the first
model run the default values for the ISF were used, which are validated for stiff, bored piles. ISF values for
less stiff piles are lower [47], since the ISF values are already very low for a high pile spacing no significant
difference is expected. The groutbody stiffness was taken to be the same as the steel GEWI bar. From the pile
load test data the axial skin resistance was set at 314 kN/m and 75.4 kN/m respectively.

The results with these parameters proved to show no fit with the pile load test data as presented in figure
A.8, section A.4. Therefore it was decided to adjust the groutbody stiffness and the ISF values, the adjustments
are motivated in section A.4. The input parameters of the final 2D models are presented in this section. Below
in table A.2 the parameters for the embedded beam row model of the groutbody in the first sand layer are
shown. Two options are given for the skin resistance of the groutbody model: linear with a predetermined
capacity (model 1) and layer dependent (model 2). With the layer dependent model of the groutbody in the
first sand layer the φ′ is adjusted to 33.0 degrees, ψ to 3.0 degrees and the K0 to 1.50. These adjustments are
done after comparing the layer dependent 2D FEM results to the field data.

Table A.2: Plaxis input parameters of the embedded beam row groutbody of the 2D first sand layer model.

Groutbody - first sand layer model 1 Groutbody - first sand layer model 2

Material set Value Unit Material set Value Unit

E 7.0×106 kN/m2 E 7.0×106 kN/m2

γ 24.00 kN/m3 γ 24.00 kN/m3

Pile type Predefined - Pile type Predefined -
Predefined pile type Mas.circular pile - Predefined pile type Mas. circular pile -
Diameter 0.20 m Diameter 0.20 m
Lspacing 20.00 m Lspacing 20.00 m

Axial skin resistance Value Unit Axial skin resistance Value Unit

Tskin, start, max 75.40 kN/m Axial skin resistance Layer dependent -
Tskin, end, max 75.40 kN/m Tmax 100.00 kN/m
ISF 1.00 - ISF 1.00 -

Below in table A.3 the parameters for the embedded beam row in the second sand layer are shown. Two
options are given for skin resistance of the groutbody model: linear with a predetermined capacity (model 1)
and layer dependent (model 2). With the layer dependent model of the second sand layer the φ′ is adjusted
to 36.0 degrees, ψ to 6.0 degrees and the K0 to 3.40. These adjustments are discussed in subsection A.3.3.

Table A.3: Plaxis input parameters of the embedded beam row groutbody of the 2D second sand layer model.

Groutbody - second sand layer model 1 Groutbody - second sand layer model 2

Material set Value Unit Material set Value Unit

E 5.0×106 kN/m2 E 5.0×106 kN/m2

γ 24.00 kN/m3 γ 24.00 kN/m3

Pile type Predefined - Pile type Predefined -
Predefined pile type Mas. circular pile - Predefined pile type Mas. circular pile -
Diameter 0.20 m Diameter 0.20 m
Lspacing 20.00 m Lspacing 20.00 m

Axial skin resistance Value Unit Axial skin resistance Value Unit

Tskin, start, max 314.00 kN/m Axial skin resistance Layer dependent -
Tskin, end, max 314.00 kN/m Tmax 500.00 kN/m
ISF 1.00 - ISF 1.00 -
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The embedded beam row can also be used for modelling the GEWI bar, for this purpose the skin resistance
is set at zero and the diameter is set at 0.0635 meter. A comparison between the GEWI bar modelled as
embedded beam row and the GEWI bar modelled as node-to-node anchor + plate proved that both choices
result in very similar pile head displacements. The author has chosen for the embedded beam row option
because of the higher flexibility of the embedded beam row (potential skin resistance and self-weight) and
more straightforward geometry.

Table A.4: Plaxis input parameters of the embedded beam row GEWI bar in the 2D model.

GEWI 63.5

Material set Value Unit

E 210×106 kN/m2

γ 78.00 kN/m3

Pile type Predefined -
Predefined pile type Mas. circular pile -
Diameter 0.0635 m

Axial skin resistance Value Unit

Tskin, start, max 0.00 kN/m
Tskin, end, max 0.00 kN/m
Lspacing 20.00 m
ISF Default -

A.3.3. Complete models and mesh
The general mesh of all models is presented below in figure A.5. The mesh is 50 meters wide, 27 meters high
for the second sand layer models and 22 meters high for the first sand layer models. The embedded beam row
is placed in the middle of the mesh at (25 ; 0.0), the EBR groutbodies are at -12.5 m and -17.5 m respectively.
The mesh dependency of the results is relatively low, several runs with medium coarse to very fine meshes
and local mesh refinements resulted in the same displacement and stress distributions. The point load is not
visible in the mesh, but is applied at the top of the upper embedded beam row. The point load is actually
an out-of-plane line load in 2D plane strain conditions. Since the pile spacing of the embedded beam row is
20.0 meters, the line load over 20.0 meters must be equal to the point load applied in the pile load tests. The
preload of 100 kN, for example, is therefore implemented in the model as a 5.00 kN/m line load.

Figure A.5: Medium coarse mesh of the Plaxis 2D linear capacity model, automatically refined around the embedded beam row. The
rulers show the dimensions of the model in meters, the comma should be interpreted as a decimal seperator in this case.
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Since the behaviour of the embedded beam row (EBR)
is dominant in the model, the EBR is presented with
more detail as a spring system in figure A.6 to the right.
The formulation of the EBR is based on the 3D embed-
ded beam element [43]. The user-defined E-modulus
of the EBR is assigned to to entire elastic zone of the
EBR and the axial and lateral springs within the dashed
lines. The size of this area is determined by the user
with the specification of a pile shape and diameter.
The elastic behaviour of the interface is determined
with the soil shear stiffness parameter, pile spacing
and the ISF. The plastic slider is limited by a user input
value (for example the ’linear’ option) or calculated by
Plaxis (the ’layer dependent’ option). Both options are
used in the 2D modelling phase to gain insight in the
differences in strain and stress levels around the EBR
for both options.

Elastic zone 

Plastic slider 

Elastic spring 

Figure A.6: The embedded beam rows representation in more
detail.

The capacity of the layer dependent piles is calculated with the Mohr-Coulomb failure criterion, see equa-
tion (2.14). This capacity determines at which stress level the plastic slider, shown in figure A.6, is activated.
By adjusting the soil input parameter values for the friction angleφ′ or the lateral earth pressure coefficient at
rest K0, the capacity of the layer dependent EBR’s is increased or decreased. In the current ’layer dependent’
model this adjustment of the soil parameters accounts for the entire second sand layer, shown as the light
blue layer in figure A.7. These adjustments cause a very sudden increase in strength and horizontal effective
stress at the boundary of the soil layers. This situation is not realistic when compared to the results of CPT’s at
the site. Nevertheless, the default effective stress level calculation procedure of Plaxis does not take the local
conditions into account as well. The new values could be realistic for a zone close to the groutbody: this zone
both being over-consolidated in at rest conditions and influenced by the installation process of the pile. In
a later stage of this research when group effects are investigated, the soil stress and strength distribution is a
crucial factor and must therefore be determined more accurate.

Figure A.7: Medium coarse mesh of the Plaxis 2D layer dependent model, automatically refined around the embedded beam row. The
rulers show the dimensions of the model in meters, the comma should be interpreted as a decimal seperator in this case.
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A.4. FEM 2D model results
In this section the model results of the different 2D FEM models are presented. The results from the first
input set, with a high groutbody stiffness and default ISF, the unloading-reloading behaviour of the pile is
elastic and no significant plastic strains are produced during the six different loading stages. Next to the pile
behaviour, the interface behaviour is mainly elastic. This behaviour is presented below in figure A.8.
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Figure A.8: Load-displacement behaviour of a micropile in the second sandlayer, modelled in Plaxis 2D.

A closer look at these output results shows that the pile head displacement at unloading stages even de-
creases compared to the pre loading stage of 100 kN. From theory the opposite behaviour is expected: during
the loading stage plastic strains develop which means the total vertical displacement should increase after
each loading stage. The author expects this behaviour to be due to the soft, fully elastic behaviour of the in-
terface. Upon the final unloading stage the maximum displacement is equal to 3.7 mm, slightly lower than
the maximum displacement after pre loading. From a brief sensitivity study of the input parameters, the
Young’s modulus (E-modulus) of the pile and the ISF of the pile interface appear to be the most significant
parameters. In figure A.9 below, the significance of the E-modulus and pile spacing (directly affecting the
default ISF) can be clearly distinguished. The E-modulus governs the elastic deformation of the pile. The
elongation of the GEWI bar is visible in all three cases: it determines the slope of the displacements in the
upper part of the pile, see figure A.9. The three cases have different input parameters for the pile spacing:
5.0 m, 20 m and 40m. These three different spacings result in different default ISF values and therefore in
significant differences in the pile-soil interface stiffness. The difference in pile-soil interface stiffness leads to
different vertical displacements of the interface in each case.

Figure A.9: Significance of the E-modulus and ISF in the displacement behaviour of the EBR.
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The elastic deformation of the pile body during the final loading stage is equal to approximately 35 mm,
which is a significant portion of the total displacement. The elastic deformation of the interface accounts
for the remaining displacement of the pile, its significance increasing with higher pile spacing as visible in
figure A.9. After these results it was concluded that the E-modulus of the groutbody and the stiffness of the
interface (ISF) had to be adjusted in order for the 2D model to capture the non-linear load-displacement be-
haviour found in the pile load tests.

In the set of final input parameters presented in subsection A.3.2, the groutbody stiffness is reduced and
the ISF is set at 1.0. The reduction of the groutbody stiffness is done for two reasons: in reality the stiffness
of the groutbody will be lower than the stiffness of steel which was used for the first model run. Moreover, a
lower stiffness makes partial plastic behaviour of the groutbody interface possible. A reduced stiffness leads
to different displacements at the top and the bottom of the groutbody and therefore different levels of shear
mobilisation at different loads. This partially plastic behaviour is visible in the pile load test data and is ex-
pected to represent the real groutbody interface behaviour more closely. The new stiffness value of the grout-
body was determined iteratively by comparison with the plastic and elastic deformations measured in the
pile load tests. As shown in table A.2 and A.3 the stiffness is determined at 5.0×106kN /m2 to 7.0×106kN /m2.
This new value is relatively low when compared to the stiffness of for example the steel GEWI bar (210 GPa)
or cracked reinforced concrete ( approx. 10 GPa).

The adjustment of the ISF was based on the observed high elastic displacements at the bottom of the
groutbody, see A.9. This shows a significant influence of a relatively soft interface that never reaches plastic
behaviour. To reduce the influence of the elastic displacements of the interface, the ISF is determined at 1.0.
A value of 1.0 means that the interface stiffness is equal to the shear stiffness of the soil divided by the pile
spacing [47].

In figure A.10 it can be seen that the groutbody is mobilised from the top down. At the top of the grout
body the maximum skin friction that can be mobilised is reached already at a load of 40%, therefore this part
of the groutbody slides plastically in the model. The plastic zone increases at each load step, some margin in
the capacity remains at the 100% load since the skin friction is not yet completely mobilized.

Figure A.10: The skin friction mobilisation of the groutbody for load levels 40%, 70% and 100%.
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With the final parameters the load-displacement behaviour of the 2D model shows plastic deformations
in all models. Below in figure A.11 and A.12 the load-displacement behaviour of the linear capacity models
(model 1) for both sand layers is presented. For the micropile in the second sand layer the maximum load
reached in the model is 1414 kN, corresponding to a displacement of 58 mm. The displacement after the final
unloading step is approximately 12 mm.
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Figure A.11: Load-displacement behaviour of a single micropile in the second sandlayer, model [1].

The behaviour of a single micropile in the first sand layer is presented in figure A.12 below. For the mi-
cropile in the first sand layer the maximum load reached is 377 kN, corresponding to a displacement of ap-
proximately 12 mm. The displacement after the final unloading step is approximately 4.5 mm.
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Figure A.12: Load-displacement behaviour of a single micropile in the first sandlayer, model [1].
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A.4.1. Model 2, load-displacement behaviour
The load-displacement behaviour of the layer dependent models (model 2) differs insignificantly from the
models with a linear capacity. The results of these models are presented below.
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Figure A.13: Load displacement behaviour of model 2 for a single micropile in the second sand layer.
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Figure A.14: Load displacement behaviour of model 2 for a single micropile in the first sand layer.
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A.5. 2D model and field data comparison
The modelled behaviour found in the first model run does not stroke with the behaviour observed in the pile
load test, since significant plastic strains are observed in the pile load test data. The model data from this first
input set is therefore not compared with the field data and not further discussed in this section.

In figures A.15 and A.16 below the results from model 1 (linear capacity of the EBR groutbody) of both
sand layers are compared to the field data. First the comparison of the data for the second sand layer is
presented. For a neat presentation of the comparison, only the data points of the field data are presented, the
interpolation is omitted.

0 200 400 600 800 1000 1200 1400
Load [kN]

60

50

40

30

20

10

0

D
is

pl
ac

em
en

t [
m

m
]

Second sand layer - Plaxis 2D [1] vs. field data

Linear capacity
Pile 1
Pile 2
Pile 3

Figure A.15: The Plaxis 2D model 1 results versus the field data for the second sand layer.

For the first sand layer only the data from the six loading stages of all three piles is presented. The fifth
and the sixth pile were loaded up to two additional loading stages. Modelling the more gradual failure, visible
in the pile load test data of pile 5 and 6, in Plaxis is inconsistent with the currently used axial capacity and
groutbody stiffness of the model. Failure in the Plaxis model happens instantly, just after the 100% load level
is reached. For consistency in the comparison of the pile load tests in the first sand layer with the numerical
results, the two additional loading stages of pile 5 and 6 are omitted.
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Figure A.16: The Plaxis 2D model 1 results versus the field data for the first sand layer.

There is still an overestimation of the elastic deformation visible, despite the relatively high stiffness of
210 GPa that is used for the GEWI bar. The overestimation of the deformation decreases with higher loads,
especially in the first loading stages the overestimation is significant. The overestimation is due to the pre
loading phase which is used as calibration for the instruments in the pile load tests. The fit for both pile
load test data sets is improved by resetting the displacements after the 100 kN pre loading phase in the Plaxis
2D model. Moreover the fit of the data from the first sand layer is further improved by choosing a lower
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groutbody stiffness of 4.0×106kN /m2. The stiffness of the groutbody in the second sand layer is adjusted to
4.5×106kN /m2. The final fits with the field data are shown in the main report: section 3.3, figure 3.7 and 3.8.
The model used for the final fits is defined as ’model 3’. Model 3 is almost identical to model 1, since it includes
the linear capacity option for the groutbody. As described above there are two major differences between
these models: a displacement-reset after the preloading phase and an adjustment of the groutbody stiffness
to compensate for overestimation of the stiffness in model 1 and 2. This overestimation of the stiffness is
because of displacements in the preloading phase: a higher stiffness of the groutbody was chosen to fit the
displacements at the final loading stages.
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B.1. 3D single pile models, development process
For the development of a 3D model, the lessons learned from the 2D modelling phase are used as a starting
point. In the 2D model the GEWI bar is modelled with an embedded beam row (EBR), the same strategy is
chosen for the 3D models. The residual grout/betonite/soil mixture surrounding the GEWI bar above the
groutbody is ignored in this first approach.

Two different structural input elements are investigated for the groutbody: an embedded beam element
(EBE) and volume elements. For both elements different options are investigated to determine the strength
and stiffness of the interface behaviour. Modelling the interface behaviour correctly is a significant part of
the 3D model. The interface behaviour largely dictates the load transfer from the pile to the surrounding
soil, strongly influencing the redistribution of the load in the soil body. With the embedded beam element,
the linear capacity and layer dependent capacity options are investigated. For the interface behaviour of
the model with volume elements two procedures are investigated: adjustment of the soil parameters and
simulation of the installation procedure. First the models consisting of EBE’s are described, afterwards the
models consisting out of volume elements are presented.

B.1.1. Embedded beam element models
In figure B.1 three types of EBE models are shown, the two models on the right are more extensively investi-
gated and elaborated in this subsection. The model on the left, with a N2N representing the GEWI bar proved
to cause to much issues with soil displacements at the top. This experience was similar as in the 2D modelling
phase.

Legend

= Node-to-node anchor

= EBE [Grout]

= EBE [GEWI]

Figure B.1: 3D models consisting of embedded beam elements visualized in a simplified manner.
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The second model, where the GEWI bar is modelled with a frictionless EBE, does work. Nevertheless the
results show issues: without any lateral force introduced, lateral displacements do occur. Several options
were tried, such as using a small axial skin resistance or refining the mesh, but this did not solve the problem.
The problem did not occur when the groutbody was modelled as a very stiff element.

To minimize the internal relative displacements of the EBE, but still make use of the ’slip’ behaviour, a
node-to-node (N2N) anchor is introduced and the EBE is only used for the upper two meters of the GEWI
bar. The length of two meters is chosen to limit the influence on the 3D meshing procedure for a coarse
mesh. This third model produced stable results and was easily fit with the data from the pile load tests. The
capacity of the EBE groutbody was set to ’linear capacity’ and therefore a user input value. Since the capacity
is a user input value this option is not suitable to investigate the capacity of a micropile in a group. Therefore
the layer dependent option was used, with this option the capacity is dependent on the friction angle, lateral
earth pressure coefficient and mean effective stress level at the interface of the pile. The mean effective stress
level was chosen by Plaxis to be a good estimate of the effective stress level normal to the pile interface. For
this investigation, where the horizontal stress level at the pile soil interface is relatively high compared to the
vertical stress level, this approximation would be very crude. Moreover, due to the elastic zone created by the
EBE it is unclear whether installation effects could be implemented at the interface of the embedded beam.
The elastic zone keeps all soil elements within the user specified diameter elastic, but the interface behaviour
of the pile is numerically determined at the centerline of the pile. It is decided that the research can best be
carried out with volume elements for the groutbody, despite the strongly increased calculation time.

B.1.2. Volume element models
In figure B.2 three types of models with a volume element as groutbody are shown. The left model consists
of the N2N-EBE combination for the GEWI bar. After analysing the output of the pile load tests it was found
that for this model the most resistance against pull-out develops at the top of the groutbody. In reality some
resistance will develop at the top of the groutbody, but after the installation process the gap around the GEWI
in the soft layers will mostly be filled with a mixture of soil, grout and bentonite. It is known that most resis-
tance develops along the shaft of the pressure grouted groutbody. To capture this behaviour, another volume
is created starting from level to the top of the groutbody. Inside both volumes different line elements such
as beams and EBE’s were tested to model the behaviour of the GEWI bar. This investigation showed that
none of the line elements added additional accuracy or realism to the behaviour of the micropile model. The
interaction between the GEWI bar and grout or residual grout is very difficult to model in a 3D numerical pro-
gram. The calculation procedure became slow and unexpected stress concentrations and numerical issues
appeared due to the high stiffness differences in closely spaced nodes. The third model is the final model and
the structural details are described in the main report, see section 4.1.1. Compared to the single soil layer in
the 2D plane strain models the final model does include a distinction between the soft top layers and the two
sand layers. This was done to make sure no load transfer takes plays at the upper section of the micropile
model. Moreover, the horizontal stress levels and soil stiffness are relevant for the model behaviour in this
modelling approach, a single sand layer is a too crude estimation of the field conditions.

Legend

= Node-to-node anchor

= EBE [GEWI]

= Volume element [Grout]

= Interface [Grout]

= Volume element [Residual grout]

= Interface [Residual grout]

= Different line elements [GEWI]

Figure B.2: 3D models consisting of volume elements visualized in a simplified manner.
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B.2. 3D final single pile models, input parameters
The fitting of the results from the pile load tests is mainly done by adjusting the groutbody stiffness, the
soil strength (φ′ and ψ) and the K0-parameter. The internal friction angle used in numerical models of the
second sand layer varies between 32.0 and 35.0 degrees in different researches [3, 22, 36]. During the fitting an
internal friction angle was tried in this range, the dilatancy angle was derived according to the approximation
φ′ − 30. The K0-parameter can vary between the active and passive earth pressure coefficient, depending
on the OCR of the soil [14, 34]. From the CPT data it is seen that both the first and second sand layer have
relatively high cone resistance values for layers at such depth. From practical experience with these soil layers
it is known that they are over consolidated, to what extent is unknown. As a lower boundary the Jaky formula
is taken, also the default value used in Plaxis. The upper boundary is more difficult to determine since the
OCR of the soil is unknown, but a conservative maximum of 2.0 is assumed [14]. The stiffness of the groutbody
is another uncertainty, the difficult interaction between the grout, steel and the soil determines the stiffness
of the pile during pile load tests. The value is selected in such a way that partial failure (resulting in plastic
displacements) occurs in the interface to fit the plastic displacements found in the field tests. This parameter
is the most significant parameter in fitting the model outcome to the field data. Lastly the virgin soil stiffness
parameter E50 was used to improve the fit. In the 80%, 90% and 100% loading stages the model displacements
were unsatisfying: the Plaxis model behaved to soft. Due to the greater soil plug that is mobilised during
these loading stages it was decided that an increase in the E50 parameter would improve the overall fit. The
adjustment of the virgin soil stiffness is also physically defensible. The first estimate was based on parameter
determination done for a different project and location, where limited tests were performed to determine the
virgin stiffness of the second sand layer. Based on the high cone resistance values and the over consolidated
nature of the second sand layer, the newly selected value of 45,000 kPa is realistic. In tables B.1 to B.5 below
the input parameters for the different structural elements and soil layers are presented.

Table B.1: Plaxis 3D input parameters for the linear elastic model for the residual grout body and the MC model of the interface.

Linear elastic - input residual grout

General Value Unit Parameters Value Unit

Drainage type Non-Porous - E 185×106 kN/m2

γunsat 0.00 kN/m3 v (nu) 0.01 -
γsat 0.00 kN/m3 Advanced Default -

Mohr-Coulomb - input interface residual grout

General Value Unit Parameters Value Unit

Drainage type Drained - v (nu) 0.01 -
γunsat 17.00 kN/m3 c’ref 0.10 kN/m2

γsat 19.00 kN/m3 φ′ 10.00 deg

Parameters Value Unit ψ 0.00 deg

E 5,000 kN/m2 Advanced Default -

Table B.2: Plaxis 3D input parameters for the linear elastic model of the groutbody.

Linear elastic - input groutbody pile 4-6

General Value Unit Parameters Value Unit

Drainage type Non-Porous - E 4.5×106 kN/m2

γunsat 24.00 kN/m3 v (nu) 0.01 -
γsat 24.00 kN/m3 Advanced Default -

Linear elastic - input groutbody pile 1-3

General Value Unit Parameters Value Unit

Drainage type Non-Porous - E 5.0×106 kN/m2

γunsat 24.00 kN/m3 v (nu) 0.01 -
γsat 24.00 kN/m3 Advanced Default -
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Table B.3: Plaxis 3D input parameters for the HSs model for the mudflat deposits.

Hardening Soil small strain - input Mudflat deposits

General Value Unit Parameters Value Unit

Drainage type Drained - φ′ 25.00 deg
γunsat 16.00 kN/m3 ψ 0.00 deg
γsat 16.00 kN/m3 γ0.7 0.0001 -
Advanced Default - G0

ref 30,000 kN/m2

Parameters Value Unit Advanced Default -

E50
ref 5000 kN/m2 Interfaces Value Unit

Eoed
ref 5000 kN/m2 Strength Rigid -

Eur
ref 20,000 kN/m2 Rinter 1.00 -

m 0.80 - Initial Value Unit

c’ref 2.00 kN/m2 POP 10.00 kN/m2

Table B.4: Plaxis 3D input parameters for the HSs model for the first sand layer.

Hardening Soil small strain - input first sand layer OC

General Value Unit Parameters Value Unit

Drainage type Drained - ψ 2.00 deg
γunsat 17.00 kN/m3 γ0.7 0.0002 -
γsat 19.00 kN/m3 G0

ref 180,000 kN/m2

Advanced Default - Advanced Default -

Parameters Value Unit Interfaces Value Unit

E50
ref 30,000 kN/m2 Strength Rigid -

Eoed
ref 30,000 kN/m2 Rinter 1.00 -

Eur
ref 90,000 kN/m2 Initial Value Unit

m 0.50 - K0 Manual -
c’ref 0.10 kN/m2 K0,x = K0,z Yes -
φ′ 32.00 deg K0,x 1.00 -

Table B.5: Plaxis 3D input parameters for the HSs model for the second sand layer.

Hardening Soil small strain - input second sand layer OC

General Value Unit Parameters Value Unit

Drainage type Drained - ψ 4.00 deg
γunsat 17.00 kN/m3 γ0.7 0.0002 -
γsat 19.00 kN/m3 G0

ref 180,000 kN/m2

Advanced Default - Advanced Default -

Parameters Value Unit Interfaces Value Unit

E50
ref 45,000 kN/m2 Strength Rigid -

Eoed
ref 30,000 kN/m2 Rinter 1.00 -

Eur
ref 90,000 kN/m2 Initial Value Unit

m 0.50 - K0 Manual -
c’ref 0.10 kN/m2 K0,x = K0,z Yes -
φ′ 34.00 deg K0,x 1.00 -
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B.3. 2D axisymmetric models
In this section the 2D axisymmetric models with volume elements, used as comparison for the 3D single pile
models, are described in more detail. These models were developed because of the higher accuracy of the
15-noded 2D triangular elements and the lower calulation time. The installation simulation and the loading
stages are the same as for the final 3D models, which are described in the main report. The mesh and model
input parameters deviate and are therefore elaborated in the subsections below.

B.3.1. 2D axisymmetric models mesh
Below in figures B.3 to B.6 the meshes of the axisymmetric models for the pile load tests performed in the
first and second sand layer are shown. For both models the overall mesh coarseness is set to very fine. An
additional zone around the groutbody, with a length of 6.0 meters and width 1.0 meters, is refined. The
coarseness factors for the different parts of the model are shown in table B.6, the different zones can be seen
in figures B.3 and B.4.

Table B.6: The coarsenessfactors of the different volumes and lines in the 2D axisymmetric models.

Volume/surface Coarsenessfactor

Residual grout volume 4.0
Residual grout interface 1.0
Grout volume 0.5
Grout interfaces 0.0625
Volumes at corner of groutbody 0.125
Volume to the right of the groutbody 0.25

The model of the first sand layer is 6.0 meters by 20 meters, the model of the second sand layer is 6.0
meters by 25 meters. Next to the complete model overview a zoom is provided of the groutbody volume
where the mesh gets very fine in figures B.5 and B.6

Figure B.3: Full mesh, 2D axisymmetric model of the
micropiles in the first sand layer.

Figure B.4: Full mesh, 2D axisymmetric model of the
micropiles in the second sand layer.
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Figure B.5: Zoom of the groutbody, 2D axisymmetric model
of the micropiles in the first sand layer.

Figure B.6: Zoom of the groutbody, 2D axisymmetric model
of the micropiles in the second sand layer.

B.3.2. 2D axisymmetric models, input parameters
In the tables below all input parameters of the different structural and soil volumes and interfaces are pre-
sented. First of all the parameters of the groutbodies can be found in B.7. The input parameters of the mudflat
deposits and the residual groutbody and residual grout interface are the same as for the 3D model, see section
B.2. Secondly the input parameters for the first and second sand layer are presented in tables B.8 and B.9.

Table B.7: Groutbody inputparameters

Linear elastic - input groutbody pile 4-6

General Value Unit Parameters Value Unit

Drainage type Non-Porous - E 5.0×106 kN/m2

γunsat 24.00 kN/m3 v (nu) 0.01 -
γsat 24.00 kN/m3 Advanced Default -

Linear elastic - input groutbody pile 1-3

General Value Unit Parameters Value Unit

Drainage type Non-Porous - E 6.0×106 kN/m2

γunsat 24.00 kN/m3 v (nu) 0.01 -
γsat 24.00 kN/m3 Advanced Default -
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Table B.8: Input parameters for the HSs model for the OC first sand layer

Hardening Soil small strain - input first sand layer OC

General Value Unit Parameters Value Unit

Drainage type Drained - ψ 2.00 deg
γunsat 17.00 kN/m3 γ0.7 0.0002 -
γsat 19.00 kN/m3 G0

ref 180,000 kN/m2

Advanced Default - Advanced Default -

Parameters Value Unit Interfaces Value Unit

E50
ref 30,000 kN/m2 Strength Rigid -

Eoed
ref 30,000 kN/m2 Rinter 1.00 -

Eur
ref 90,000 kN/m2 Initial Value Unit

m 0.50 - K0 Manual -
c’ref 0.10 kN/m2 K0,x = K0,z Yes -
φ′ 32.00 deg K0,x 0.60 -

Table B.9: Input parameters for the HSs model for the OC second sand layer

Hardening Soil small strain - input second sand layer OC

General Value Unit Parameters Value Unit

Drainage type Drained - ψ 2.00 deg
γunsat 17.00 kN/m3 γ0.7 0.0002 -
γsat 19.00 kN/m3 G0

ref 180,000 kN/m2

Advanced Default - Advanced Default -

Parameters Value Unit Interfaces Value Unit

E50
ref 45,000 kN/m2 Strength Rigid -

Eoed
ref 30,000 kN/m2 Rinter 1.00 -

Eur
ref 90,000 kN/m2 Initial Value Unit

m 0.50 - K0 Manual -
c’ref 0.10 kN/m2 K0,x = K0,z Yes -
φ′ 32.00 deg K0,x 1.00 -

B.4. Extended validation, 2D axisymmetric
The field data used for the validation is extended with a case in The Hague. This is done to prove the mod-
elling concept with volume elements and the installation simulation procedure to be a generally applicable
modelling procedure for well-installed micropiles.

B.4.1. Geotechnical parameters, The Hague
For project Veenkade The Hague three micropiles were installed to be tested until failure [51]. The estima-
tion of the soil parameters is entirely based on the correlation between the CPT profiles at the test sites in
The Hague and Amsterdam. Because of the limited availability of site investigation data the reliability of
the chosen soil parameters must be interpreted with care. The average qc -value at the location of the test
piles in The Hague is similar to the average qc -value at the Amsterdam test site, the stiffness parameters for
the engineering strain levels are therefore not adjusted. From the previous validation research it was found
that the influence of the soil parameters on the fit is relatively limited, the current adopted approach for the
soil parameter determination is therefore regarded as sufficient. The sand layer in Amsterdam is known to
be overconsolidated, this led to the selection of higher K0-values and small strain stiffness parameters. The
’Haagsche Zand’ layer is assumed not to be overconsolidated, therefore the Jaky formula is used for the K0-
value and the lower range of the correlations for the small strain stiffness parameters is used: γ0.7 is 0.1 ×10−3

and G0 is 1.5 times Eur [4]. The representative CPT profile for the The Hague case is shown on the next page.
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Practical experience with the local sand layer, referred to as ’Haagsche Zand’, was used additionally to the
correlation between the CPT profiles. It is known that the sand layer in The Hague consists of more rounded
sand particles when compared to the sand layer in Amsterdam [51]. Because of the more rounded shape
there is less particle interlocking and the internal friction angle is likely to be lower. Therefore a value of 30.0
degrees for the effective internal friction angle is chosen. In the CPT profile, shown in figure B.7, three layers
with a significantly lower cone resistance and higher friction ratio are distinguished:

1. From 0.0 m NAP to -1.0 m NAP

2. From -6.0 m NAP to -9.0 m NAP

3. From -14.0 m NAP to -16.0 m NAP

The influence of these three softer layers on the strength, stiffness and stress levels in the soil profile is
likely to be insignificant for the displacements in the pile load tests. Therefore the soil profile is modelled
with one soil layer: ’Haagsche Zand’.

Figure B.7: A representative CPT profile of the soil conditions at the test site for the The Hague micropile failure load tests [51].
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B.4.2. Pile load tests, The Hague
The pile load tests performed in The Hague were done according to the standards from the CUR236 [7]. For
more details on the loading procedure described in this report, the reader is referred to subsection 3.2.2.

The three micropiles for the load tests consist of a GEWI 75.0 mm bar and a groutbody of 10.0 meters
in length. The unbounded residual grout length of the micropile is 11.0 meters and the total length of the
GEWI bar 22.0 meters: 12.0 meters of free length and 10.0 meters of bounded length. The lower four meters,
from -17.0 m NAP to -21.0 m NAP, are installed with a grout pressure of 10 bar. The upper six meters, from
-11.0 m NAP to -17.0 m NAP are installed with a grout pressure of 4 bar. The pre-calculated capacity of the
micropiles is equal to 1950 kN. Below in figure B.8 the time-displacement diagram of the three micropile load
tests is presented. All three micropiles failed relatively early in the loading procedure and were accepted as
stable at the 70% loading stage. Pile 2 and 3 failed geotechnically during the test, pile 1 failed according to the
predefined creep measure for failure load tests [7]. It can be seen that pile 2 showed higher displacements in
earlier loading stages when compared to pile 1 and 3.
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Figure B.8: The time-displacement diagram for the three micropile load tests performed in the ’Haagsche Zand’ layer.

In figure B.9 the load-displacement diagram of the pile load tests in The Hague is shown. Pile 2 shows
much greater displacements and fails at a lower load than piles 1 and 3. Due to the significant deviation of
pile 2, only the load-displacement behaviour of pile 1 and 3 is taken into account for the validation. Since
the performance of micropiles is strongly execution dependent pile 2 might have underperformed due to
insufficient installation quality. The load-displacement diagram is different from the diagrams presented for
the Amsterdam case since the reloading stages were recorded in more detail for the The Hague case. For
example when the 70% loading stage is considered: the displacements for the intermediate 40% and 55%
(reloading) stages are recorded as well, as shown in figure B.9 below.
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Figure B.9: The load-displacement diagram for the three micropile load tests performed in the ’Haagsche Zand’ layer.



88 B. Appendix B

B.4.3. 2D axisymmetric model, The Hague
The modelling concept for the 2D axisymmetric model for the The Hague pile load tests is the same as for the
previous models. For more details on the modelling concept the reader is referred to subsection 4.1.1.

2D axisymmetric model mesh, The Hague
Below the mesh and a zoom at the level of the groutbody of the micropiles in the ’Haagsche Zand’ layer

are shown in figure B.10 and B.11. The mesh coarseness factors for the different zones are the same as for the
other 2D axisymmetric models, see table B.6. The refined zone for this model has a length of 12.0 meters and
a width of 1.0 meter.

Figure B.10: Full mesh, 2D axisymmetric model of the
micropiles the ’Haagsche Zand’ layer.

Figure B.11: Zoom of the mesh, 2D axisymmetric model of
the micropiles in the ’Haagsche Zand’ layer.

Input parameters
The input parameters for the groutbody and ’Haagsche Zand’ soil layer are presented in tables B.10 and

B.11. The soil input parameter choices were explained in section B.4.1. The residual groutbody and the inter-
face of the residual groutbody in this model have the same input parameters as presented in section B.2.

Table B.10: The HSs input parameters for the soil layer ’Haagsche Zand’

Hardening Soil small strain - input ’Haagsche Zand’ NC

General Value Unit Parameters Value Unit

Drainage type Drained - c’ref 0.00 kN/m2

γunsat 17.00 kN/m3 φ′ 30.00 deg
γsat 19.00 kN/m3 ψ 0.00 deg
Advanced Default - γ0.7 0.0001 -

Parameters Value Unit G0
ref 135,000 kN/m2

E50
ref 30,000 kN/m2 Advanced Default -

Eoed
ref 30,000 kN/m2 Interfaces Value Unit

Eur
ref 90,000 kN/m2 Strength Rigid -

m 0.50 - Rinter 1.00 -
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The groutbody of the The Hague model is modelled as much stiffer than the groutbodies modelled in
the Amsterdam case. The GEWI bar used for the pile load tests in The Hague has a larger diameter both
absolute and relative to the total pile diameter. Taking into account the much higher stiffness of steel in
tension compared to grout, an increase of micropile stiffness of at least 25% is expected in the The Hague case.
This does not explain completely the much higher stiffness needed to fit the displacements for the The Hague
case. Possibly the local soil stiffness is underestimated and the groutbody stiffness is used to compensate.
The groutbody in the The Hague case is 10 meter long, contrary to the 5.0 meter long groutbody for the
Amsterdam case. The much longer and possibly stiffer uncracked part of the groutbody in the The Hague
case affects the overall stiffness of the groutbody. Considering a relatively small mobilised and cracked part
of the groutbody for the first loading stages, the influence of the long uncracked part is another explanation
for the higher stiffness chosen in the fitting process of the The Hague case. In the current modelling approach
the groutbody stiffness is reviewed as the main ’fitting’ parameter since this stiffness has the most significant
influence on the plastic and elastic displacements during the loading and unloading stages.

Table B.11: The linear elastic input parameters for the groutbody in the The Hague 2D axisymmetric model.

Linear elastic - input groutbody, The Hague

General Value Unit Parameters Value Unit

Drainage type Non-Porous - E 16.0×106 kN/m2

γunsat 24.00 kN/m3 v (nu) 0.01 -
γsat 24.00 kN/m3 Advanced Default -

B.4.4. Validation, The Hague
Below in figure B.12 the comparison between the load-displacement behaviour found in the field data and the
Plaxis 2D model is shown. All points of the fit are within a margin of 1.0 mm of the field data. The additional
data points for the different reloading stages show that the stiffness of the model behaviour in these stages is
confirmed by the field data as well.
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Figure B.12: The 2D axisymmetric model fit for the Veenkade, The Hague case.
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B.5. Pile group lay-out investigation
Three basic pile group lay-outs are investigated, a top view of all lay-outs is presented in figure B.13. On the
left a pile group lay-out with five piles is presented, in the middle a pile group with nine piles is presented and
on the right a symmetry model is shown. The boundaries of the symmetry model are indicated in red, the
boundary conditions restrain the displacement normal to the boundary. The resulting stresses and strains of
the pile in the soil body can therefore be mirrored at each boundary. Theoretically the mirrored piles can be
mirrored at each boundary as well, thus creating an infinite pile group. The boundaries of the five and nine
pile groups are at least 3.0 meters away from the piles at the edge of the pile group.

1 meter 1 meter 1 meter

Figure B.13: A top view of the three different pile group lay-outs that are investigated.

All models are run with the same phased construction process: an initial phase, three installation sim-
ulation phases and axial loading stages where the tension load increases. The models show different load-
displacement behaviour. Below the load-displacement diagrams for the different pile group spacings are
shown. First the comparison for the 5D spaced pile groups is presented in figure B.14. The load-displacement
behaviour of the symmetry model can not be presented for this case since the model failed after the first in-
stallation simulation phase. No equilibrium could be obtained and the soilbody fails in the symmetry model.
For the 10D and 15D spacing cases all model results are presented.
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Figure B.14: A comparison of the load-displacement behaviour of the three pile group lay-outs, 5D spacing.
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Load-displacement diagram, pile group lay-out comparison, 10D spacing
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Figure B.15: A comparison of the load-displacement behaviour of the three pile group lay-outs, 10D spacing.
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Load-displacement diagram, pile group lay-out comparison, 15D spacing
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Figure B.16: A comparison of the load-displacement behaviour of the three pile group lay-outs, 15D spacing.

The difference between the five pile group and the nine pile group can be explained by the influence of
the additional four piles. When the spacing is increased and the interaction between the piles in the group
decreases the differences between the models become smaller. Whether the different behaviour of the sym-
metry models can be explained by more elaborate interaction effects of the virtually infinite pile group or the
strict boundary conditions cannot be said. The symmetry model shows softer behaviour and the model fails
at a lower load.

With the five and nine piles group models both the installation loads and loads introduced during the
loading stages more soil can be mobilised and the stress is therefore distributed over a larger area. This situ-
ation seems more applicable to pile groups in reality, which are almost always larger in number of piles but
perfect symmetry is unlikely to occur. Due to interaction with for example the underwater concrete floors
attached to the micropiles loads will not be distributed evenly and therefore stress redistribution in the soil is
not in perfect symmetry.

The nine pile model is limited in its size and therefore in the pile-soil-pile interaction when compared to
larger pile groups, but it is reviewed as sufficient for the current group effect research. For each project the
pile group size and load distribution varies, the goal of this research is to identify the influence of spacing and
soil stiffness for a general case.



92 B. Appendix B

B.5.1. Final group models and mesh
In figure B.17 below the meshes of the final models are shown. The size of the mesh of the different models is
8.0 × 8.0 × 24.0 meters (top left), 10.0 × 10.0 × 24.0 meters (top right) and 12.0 × 12.0 × 24.0 meters (bottom
left) respectively.

Figure B.17: Meshes of the three different pile group spacing models. Clockwise from top left to bottom left: 5D spacing model, 10D
spacing model, single pile reference model and the 15D spacing model.

With the default meshing procedure the mesh size differs strongly for each model and this results in in-
consistent mesh quality. Since the results between the different spacing cases are compared, a more consis-
tent mesh quality and element size is demanded. Around the piles different refinement volumes are defined.
To limit the size and calculation time of the models, the refinement level is different for the large meshes. On
the following pages in tables B.12 to B.15 the coarseness factors of the refinement volumes for the different
models are presented.

In the tables the refinement volumes are ordered from large to small, top to bottom. First the volume
created around the pile group is presented, lastly the interface at the high pressure grouting zone is defined.
The overall coarseness was set to medium, resulting in a target element size of 0.7089 meter. As explained in
subsection 4.1.1 paragraph ’Mesh refinement and quality’, the coarseness factors indicate the multiplication
factor of the target element size for the different volumes and surfaces during the Plaxis meshing procedure.



B.5. Pile group lay-out investigation 93

Table B.12: The coarseness factors of the different volumes and surfaces in the 5D spacing pile group model.

Mesh Number

Elements 228843
Nodes 316794

Volume/surface Coarseness factor

Volume around pile group 0.5
Residual grout volume 1.0
Residual grout interface 0.3536
Grout volume 1.0
Grout interfaces 0.3536
Volume at the high pressure grouting zone 0.1250
Interface at the high pressure grouting zone 0.0625

Table B.13: The coarseness factors of the different volumes and surfaces in the 10D spacing pile group model.

Mesh Number

Elements 170047
Nodes 238701

Volume/surface Coarseness factor

Volume around pile group 0.5
Volume around each pile individually 0.3536
Residual grout volume 1.0
Residual grout interface 0.25
Grout volume 1.0
Grout interfaces 0.25
Volume at the high pressure grouting zone 0.1250
Interface at the high pressure grouting zone 0.0625

Table B.14: The coarseness factors of the different volumes and surfaces in the 15D spacing pile group model.

Mesh Number

Elements 178552
Nodes 250542

Volume/surface Coarseness factor

Volume around pile group 0.7071
Volume around the pile in the first sand layer 0.5
Residual grout volume 1.0
Residual grout interface 0.3536
Volume around the pile in the second sand layer 0.3536
Grout volume 1.0
Grout interfaces 0.25
Volume at the high pressure grouting zone 0.1250
Interface at the high pressure grouting zone 0.1250
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Table B.15: The coarseness factors of the different volumes and surfaces in the 3D single pile reference model.

Mesh Number

Elements 83321
Nodes 115459

Volume/surface Coarseness factor

Volume around pile 0.3536
Residual grout volume 2.0
Residual grout interface 2.0
Grout volume 1.0
Grout interfaces 0.5
Volume at the high pressure grouting zone 0.1250
Interface at the high pressure grouting zone 0.0625

The input parameters used for some materials in the 3D group models differ slightly when compared to
the single pile validation model. In the tables below all materials with different input parameters are pre-
sented.

In table B.16 below the input parameters of the linear elastic groutbody are shown. The stiffness of the
groutbody is the most relevant parameter, the value of 8.5×106kN /m2 was chosen because of the groutbody
stiffness range applied in the validation models and the approximated stiffness of cracked reinforced concrete
of 10×106kN /m2.

Table B.16: Input parameters for the linear elastic groutbody for all pile group models.

Linear elastic - input groutbody, all group models

General Value Unit Parameters Value Unit

Drainage type Non-Porous - E 8.5×106 kN/m2

γunsat 24.00 kN/m3 v (nu) 0.01 -
γsat 24.00 kN/m3 Advanced Default -

For both the sand layers the pre-overburden pressure (POP) is adjusted to 66 kN /m2. This is the pressure
that was present before removing the 11.0 meters of soft top layers with an effective weight of 6.0 kN /m2. In
tables B.17 and B.18 the input parameters of the sand layers for the standard case are presented, in tables B.19
and B.20 the input parameters of the sand layers for the stiff case are presented.

Table B.17: The input parameters of the second sand layer for the pile group models of the standard case.

Hardening Soil small strain - input second sand layer OC, standard group case

General Value Unit Parameters Value Unit

Drainage type Drained - γ0.7 0.0002 -
γunsat 17.00 kN/m3 G0

ref 180,000 kN/m2

γsat 19.00 kN/m3 Advanced Default -

Advanced Default - Interfaces Value Unit

Parameters Value Unit Strength Rigid -

E50
ref 45,000 kN/m2 Rinter 1.00 -

Eoed
ref 30,000 kN/m2 Initial Value Unit

Eur
ref 90,000 kN/m2 K0 Manual -

m 0.50 - K0,x = K0,z Yes -
c’ref 0.10 kN/m2 K0,x 1.00 -
φ′ 34.00 deg OCR 1.00 -
ψ 4.00 deg POP 66.00 kN/m2
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Table B.18: The input parameters of the first sand layer for the pile group models of the standard case.

Hardening Soil small strain - input first sand layer OC, standard group case

General Value Unit Parameters Value Unit

Drainage type Drained - γ0.7 0.0002 -
γunsat 17.00 kN/m3 G0

ref 180,000 kN/m2

γsat 19.00 kN/m3 Advanced Default -

Advanced Default - Interfaces Value Unit

Parameters Value Unit Strength Rigid -

E50
ref 30,000 kN/m2 Rinter 1.00 -

Eoed
ref 30,000 kN/m2 Initial Value Unit

Eur
ref 90,000 kN/m2 K0 Manual -

m 0.50 - K0,x = K0,z Yes -
c’ref 0.10 kN/m2 K0,x 1.00 -
φ′ 32.00 deg OCR 1.00 -
ψ 2.00 deg POP 66.00 kN/m2

Table B.19: The input parameters of the second sand layer for the pile group models of the stiff case.

Hardening Soil small strain - input second sand layer OC, stiff group case

General Value Unit Parameters Value Unit

Drainage type Drained - γ0.7 0.0002 -
γunsat 17.00 kN/m3 G0

ref 360,000 kN/m2

γsat 19.00 kN/m3 Advanced Default -

Advanced Default - Interfaces Value Unit

Parameters Value Unit Strength Rigid -

E50
ref 60,000 kN/m2 Rinter 1.00 -

Eoed
ref 60,000 kN/m2 Initial Value Unit

Eur
ref 180,000 kN/m2 K0 Manual -

m 0.50 - K0,x = K0,z Yes -
c’ref 0.10 kN/m2 K0,x 1.00 -
φ′ 34.00 deg OCR 1.00 -
ψ 4.00 deg POP 66.00 kN/m2
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Table B.20: The input parameters of the first sand layer for the pile group models of the stiff case.

Hardening Soil small strain - input first sand layer OC, stiff group case

General Value Unit Parameters Value Unit

Drainage type Drained - γ0.7 0.0002 -
γunsat 17.00 kN/m3 G0

ref 360,000 kN/m2

γsat 19.00 kN/m3 Advanced Default -

Advanced Default - Interfaces Value Unit

Parameters Value Unit Strength Rigid -

E50
ref 60,000 kN/m2 Rinter 1.00 -

Eoed
ref 60,000 kN/m2 Initial Value Unit

Eur
ref 180,000 kN/m2 K0 Manual -

m 0.50 - K0,x = K0,z Yes -
c’ref 0.10 kN/m2 K0,x 1.00 -
φ′ 32.00 deg OCR 1.00 -
ψ 2.00 deg POP 66.00 kN/m2

B.6. 3D pile group model, intermediate results
The results of the first single reference piles and pile group models indicated that the capacity of the idealised
piles is higher than the load levels reached in the pile acceptance tests of the Amsterdam case. Part of the pile
acceptance test data can be found in Appendix B.8. This difference is expected due the difference in definition
between geotechnical failure and the limit state determined in the standards for the pile acceptance tests.
Unfortunately, with the introduction of higher loads in the model a not previously found phenomenon was
observed in the results. In figure B.18 below the increase in horizontal effective stress levels around the upper
pile shaft can be seen. This increase is not observed around the lower pile shaft, where the reduction of
horizontal effective stress levels continues. The scale in figure B.18 ranges from 0.00 kN /m2 (dark blue) to
-950 kN /m2 (dark red).

Figure B.18: The horizontal effective stress level in the soil at the 100% and 140% loading stages for the single refernce pile, stiff case.

This increase of horizontal effective stress levels is physically not defensible. In reality a decrease of stress
levels is much more likely to occur due to effects as principal stress rotation, see subsection 2.2.1.
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The scale used in the previous figure makes the increase of horizontal stress around the upper pile section
look limited and possibly irrelevant. Upon inspection of the horizontal effective stress level on the interface
of that particular pile section with a different scale, the deviations seem significant and possibly influence the
piles global response to increased tensile loading. This is shown in figure B.19. The scale in this figure ranges
from 0.00 kN /m2 (dark blue) to -300 kN /m2 (dark red).

Figure B.19: A comparison of the horizontal effective stress level on the interface of the single pile, high soil stiffness model during
different loading phases.

As stated before, the increase in horizontal effective
stress levels due to higher tensile loading is some-
thing physically inexplicable and is mostly likely
due to unrealistic model behaviour. The infinite di-
lation in the hardening soil model partly explains
this behaviour. The interface keeps dilating and
therefore generates more horizontal stress around
the pile shaft. Since the displacement in the in-
terface of the upper pile section are relatively high
compared to the displacements of the interface in
the lower pile section, the dilatancy has a signifi-
cant influence on the behaviour of the upper pile
section. To overcome this unrealistic behaviour
the dilatancy angle is set to zero for the interface
parameter sets of the upper pile section after the
first loading stage. This is done to allow for some
strength increase in the first loading stage, where a
value of 1.0 is reached for the relative shear on al-
most the entire interface of the upper pile section,
but to limit further unrealistic dilation effects for
the remaining loading stages. This results in more
limited stress concentrations at the higher loading
stages, see figure B.20.

Figure B.20: The horizontal effective stress level on the interface of
the single pile, high soil stiffness model, with dilation correction.

All failed calculation stages in Plaxis 3D, the final loading stages found in the model simulations, are presented
on the following pages in figures B.21 to B.23.



98 B. Appendix B

Figure B.21: The limit loading stage for the 5D spacing pile group model.

Figure B.22: The limit loading stage for the 10D spacing pile group model.
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Figure B.23: The limit loading stage for the 15D spacing pile group model.
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B.6.1. Stiff case, final results
In this subsection the load-displacement behaviour of the stiff case group models is presented. Below in
figure B.24 the load-displacement behaviour of all four stiff case models is shown.

0 200 400 600 800 1000 1200
Load [kN]

30

25

20

15

10

5

0

D
is

pl
ac

em
en

t [
m

m
]

Load-displacement diagram, pile group spacing comparison, stiff case

Single reference pile
Center pile, 15D spacing
Center pile, 10D spacing
Center pile, 5D spacing

Figure B.24: The load-displacement behaviour of the three different pile group spacings compared for the stiff case.

The capacity reductions calculated for the stiff case models are the same as for the standard case models.
The secant stiffness at 70% of the ultimate load level of the 5D spaced pile group compared to the 15D spaced
pile group is reduced with 4%. The secant stiffness reduction of the 10D spaced pile group compared to the
15D spaced pile group is again insignificant.

In figures B.25 to B.28 the load displacement behaviour of each stiff case is plotted with the standard case.
A comparison between the displacement difference for each model of both cases is presented in the main
report, see subsection 4.3.2 figure 4.26.
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Figure B.25: The load-displacement behaviour of the standard and stiff case compared for the single reference piles.
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Figure B.26: The load-displacement behaviour of the standard and stiff case compared for the 5D pile group.
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Figure B.27: The load-displacement behaviour of the standard and stiff case compared for the 10D pile group.
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Figure B.28: The load-displacement behaviour of the standard and stiff case compared for the 15D pile group.
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B.7. CUR 236 calculations
The CUR 236 calculations for the three different spacing cases are presented in this section. These calcula-
tions were done to compare the capacities of a single pile in a group according to the Plaxis 3D model with
the current standards.

B.7.1. Representative CPT
Below the representative CPT profile is shown, this profile is used for the qc;z;a input in the CUR 236 calcu-
lations. The qc;z;a value is the lowest cone resistance value found per layer of 1.0 meter. The representative
CPT profile shows the qc -distribution over the depth at the site of the reference case in Amsterdam after ex-
cavation to -11.0 m NAP. The ultimate limit value used for the qc;z;a input value is 20 MPa. The red lines in the
profile give the qc;z;a value for each layer where the micropiles are installed with pressure grouting.

Figure B.29: The representative CPT profile at the case site of Amsterdam, the limiting values per meter soil are marked as red, straight
lines.
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B.7.2. Calculation sheets

Input

ctc 1 m 2 m 3 m

D 0.2 m 0.2 m 0.2 m

A 0.96 m2 3.96 m2 8.96 m2

f_1;i 1.0 - gamma_sat 19 kN/m3

O_p;1 0.628 m gamma_water 10 kN/m3

alpha_t 0.0225 - gamma_m;g 1.1 -

gamma_s;t 1.35 - xie (4) 0.92 -

gamma_m;var;qc 1.0 -

F_r;tens;d 153 kN

Depth d_i q_c;z;a q_c;d;i γ'_d M_i σ'_v;d;j;0 f_2;i T_d;i SUM T_d;i

-12.5 1 0 0.00 7.3 0.0 0.0 0 0

-13.5 1 7.5 6.04 7.3 88.9 90.9 0.635 56.4 56.4

-14.5 1 10 8.05 7.3 118.6 98.2 0.304 36.0 92.4

-15.5 1 1 0.81 7.3 11.9 105.5 0.340 4.0 96.5

-16.5 1 2 1.61 7.3 23.7 112.7 0.324 7.7 104.2

-17.5 1 6 4.83 7.3 71.1 120.0 0.203 14.4 118.6

-18.5 1 20 16.10 7.3 237.1 127.3 0.051 12.0 130.6

-19.5 1 20 16.10 7.3 237.1 134.5 0.032 7.5 138.0

-20.5 1 20 16.10 7.3 237.1 141.8 0.031 7.3 145.3

-21.5 1 20 16.10 7.3 237.1 149.1 0.031 7.3 152.6

-22.5 1 20 16.10 7.3 237.1 156.4 0.031 7.3 159.8

F_r;tens;d 614 kN

Depth d_i q_c;z;a q_c;d;i γ'_d M_i σ'_v;d;j;0 f_2;i T_d;i SUM T_d;i

-12.5 1 0 0.00 7.3 0.0 0.0 0 0

-13.5 1 7.5 6.04 7.3 21.6 90.9 0.892 19.2 19.2

-14.5 1 10 8.05 7.3 28.7 98.2 0.770 22.1 41.4

1m spacing case

2m spacing case

Case Amsterdam

-14.5 1 10 8.05 7.3 28.7 98.2 0.770 22.1 41.4

-15.5 1 1 0.81 7.3 2.9 105.5 0.775 2.2 43.6

-16.5 1 2 1.61 7.3 5.7 112.7 0.766 4.4 48.0

-17.5 1 6 4.83 7.3 17.2 120.0 0.715 12.3 60.4

-18.5 1 20 16.10 7.3 57.5 127.3 0.547 31.4 91.8

-19.5 1 20 16.10 7.3 57.5 134.5 0.408 23.4 115.2

-20.5 1 20 16.10 7.3 57.5 141.8 0.299 17.2 132.4

-21.5 1 20 16.10 7.3 57.5 149.1 0.222 12.8 145.2

-22.5 1 20 16.10 7.3 57.5 156.4 0.174 10.0 155.2

F_r;tens;d 1017 kN

Depth d_i q_c;z;a q_c;d;i γ'_d M_i σ'_v;d;j;0 f_2;i T_d;i SUM T_d;i

-12.5 1 0 0.00 7.3 0.0 0.0 0 0

-13.5 1 7.5 6.04 7.3 9.5 90.9 0.951 9.1 9.1

-14.5 1 10 8.05 7.3 12.7 98.2 0.894 11.4 20.4

-15.5 1 1 0.81 7.3 1.3 105.5 0.896 1.1 21.6

-16.5 1 2 1.61 7.3 2.5 112.7 0.892 2.3 23.8

-17.5 1 6 4.83 7.3 7.6 120.0 0.868 6.6 30.4

-18.5 1 20 16.10 7.3 25.4 127.3 0.784 19.9 50.4

-19.5 1 20 16.10 7.3 25.4 134.5 0.711 18.1 68.4

-20.5 1 20 16.10 7.3 25.4 141.8 0.646 16.4 84.8

-21.5 1 20 16.10 7.3 25.4 149.1 0.589 15.0 99.8

-22.5 1 20 16.10 7.3 25.4 156.4 0.539 13.7 113.5

3m spacing case
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Case Amsterdam

input

phi 34 -

Lower angle 1 [deg] 45 - Lower angle 1 [rad] 0.8 -

Lower angle 2 [deg] 22.7 - Lower angle 2 [rad] 0.4 -

Cone height 1 0.9 m 1.9 m 2.9 m

Cone height 2 2.2 m 4.5 m 6.9 m

gamma_sat 19 kN/m3 D 0.2 m

gamma_water 10 kN/m3 A_pile 0.031 m2

gamma_m;g 1.1 - L 11.5 m

ctc 1.0 m 2.0 m 3.0 m

1m spacing case V_cone V_cylinder gamma'_d F_r;tens;max;d

Scenario 1 1.05 33.30 7.3 247 kN

Scenario 2 2.50 29.36 7.3 229 kN

2m spacing case V_cone V_cylinder gamma'_d F_r;tens;max;d

Scenario 1 8.38 120.64 7.3 936 kN

Scenario 2 20.06 87.34 7.3 778 kN

3m spacing case V_cone V_cylinder gamma'_d F_r;tens;max;d

Scenario 1 28.27 243.16 7.3 1971 kN

Scenario 2 67.70 128.82 7.3 1427 kN

45° 45° 45° 

Scenario 1

2/3 ϕ 2/3 ϕ 2/3 ϕ 

Scenario 2
1 m 2 m 3 m

1 m 2 m 3 m
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B.8. Micropile acceptance tests, field data
At the reference project in Amsterdam several acceptance tests were performed on the approximately 12 me-
ter long production micropiles. The maximum test load was 880 kN which was reached after several unload-
ing and reloading stages. The performance data of the micropiles shows a high level of scatter. It is unknown
what the precise cause of the scatter is. The scatter in the acceptance tests is most likely due to the effects
of the installation process. The high sensitivity of micropile performance in general is a well-known phe-
nomenon and is the main reason for mandatory acceptance and suitability tests in construction projects.

In figures B.30 and B.31 the load-displacement behaviour of two sets of acceptance tests are presented.
The scatter and some measurement errors are clearly visible in the data. In set 5 the capacity of the micropiles
differs strongly, the variation in stiffness of the micropiles over the different loading stages is noted in set 6.

This data is not used for comparison with the pile group models and the reference single pile results. For
all numerical models optimal soil conditions and positive installation effects are assumed as a starting point
of the modelling approach. The variation visible in the field data is therefore not visible in the results of the
numerical models.
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Figure B.30: The load-displacement diagram for series number 5 of acceptance tests performed in the reference project in Amsterdam.

0 100 200 300 400 500 600 700 800
Load [kN]

120

100

80

60

40

20

0

D
is

pl
ac

em
en

t [
m

m
]

Amsterdam, acceptance tests, set 6

Pile 524
Pile 597
Pile 618
Pile 644
Pile 660
Pile 667

Figure B.31: The load-displacement diagram for series number 6 of acceptance tests performed in the reference project in Amsterdam.
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