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Summary

The objective of this thesis is to enhance understanding of the behaviour of a flexible dolphin and its
interaction with the surrounding soil in order to determine the optimal embedded depth. A
comprehensive field test is conducted to gain deeper insights into the behaviour of the flexible
dolphin and the soil surrounding the pile. The test measurements are then analysed to assess the
pile's behaviour. Additionally, calculation models are employed to predict the pile's behaviour, and a
comparison is made between the measurements and predictions.

Four different calculation models, namely Blum, Brinch Hansen, P-y curves, and Plaxis are utilized to
predict the pile's behaviour during the test. The pile behaviour is compared across these models.
While most models do not account for repetitive loading, the best available inputs are employed to
simulate the test as accurately as possible. The majority of the models exhibit similar top
displacements of 0.9 meters, except for the drained Plaxis model, which calculates displacements of
1.05 meter, and Blum's model, which calculates a displacement of only 0.8 meters.

During the test, multiple instruments are employed to measure various parameters of the pile,
including load, displacement, water pressures, and strains at different depths and time intervals. The
total station measurements indicate a maximum displacement of nearly 0.7 meters, which differs by
0.2 meters from the predictions.

The deviation between the predictions and measurements can largely be attributed to inaccuracies
in the hydraulic jack load measurements. The pile load was back-calculated using the strain data
obtained from the pile. The loads estimated based on the strain measurements were found to be
hundreds of kilonewtons lower than the hydraulic jack load measurements. As the strain
measurements were considered more reliable, the actual load during the test differed from the
prescribed load scheme. Consequently, the load inputs in the models need to be adjusted to align
with the loads derived from the strain data.

The displacement measurements are analysed and compared with each other. The Saaf and optical
fibre measurements exhibit similar curvatures, enhancing the reliability of the optical fibre strain
measurements during load analysis. However, the total displacement measured by the Saaf and the
total station do not match due to the incorrect assumption of zero movement at the pile tip.
Determining the exact displacement of the entire pile is impossible due to the inadequate number of
boundary conditions available to translate the Saafs curvature measurements into displacement.

The calculation models utilize the loads derived from the strain measurements to make predictions,
and their results align comparably with the measurements. Plaxis is the only model capable of
simulating different load cycles, which improves the comparability of the Plaxis results with the test.

Load-displacement graphs obtained from the Plaxis results and the optical fibore measurements
display hysteresis in load cycles, consistent with findings in existing literature. The initial load exhibits
less stiffness compared to the repetitive loads in both datasets. The amount of energy absorption by
the soil is determined from the areas of the loadcycles. When considering the most complete load
cycles, Plaxis conservatively estimates the absorbed energy.

Reducing the length of a pile results in larger displacements of the pile, while concurrently enhancing
its capacity for energy absorption. However, it is crucial to strike a balance between these two
parameters, while paying close attention to the permanent soil displacements.
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1. Introduction

1 Introduction

1.1 Problem description

All the ports and waterways in the Netherland have implemented Flexible dolphins, primarily
comprised of steel tubular piles with sizeable diameters. But the older and smaller ones are also
made from wood. These dolphins are utilized as waiting or mooring facilities, as well as for ship-to-
ship transhipment. Two types of dolphins exist: Breasting dolphins and mooring dolphins. Breasting
dolphins have direct contact with a berthing vessel and absorb the energy of said vessel, whereas
mooring dolphins connect vessels with ropes to ensure secure mooring.

In 2018, the CROW established new design guidelines for flexible dolphins to provide comprehensive
direction for all involved parties on their construction and design. Despite the publication of these
guidelines, discussions surrounding the fixity of the piles in the soil have persisted, as varying
calculation methods yield significant disparities and create substantial uncertainty regarding the
recommended pile length.

A full-scale field test has been conducted to gain a more deep understanding of flexible dolphin
behaviour. This field test aims to bridge the gap between theory and practice, allowing for the review
and modification of various design models to provide better predictions. The test focus on the
repetitive loading on the dolphin. Repetitive loading differs from cyclic loading, since the time
between two loadstep is larger for repetitive loading. No clear evidence is found about the effect of
lateral repetitive loading on the pile. Therefore, this thesis will investigate the effect of lateral
repetitive loading on flexible dolphins.

1.2 Objective

The main objective of this research is to close the gap between the theory and practice of the design
of flexible dolphins. Which results to the research question: “How can the behaviour of a flexible
dolphin subject to repetitive berthing loads be determined, using the data from a full-scale test?”.

This is to be done by using the test results of the Calandkanaal test together with the calculations of
different calculation models to reach the main objective, the following sub-objectives are
formulated:

e To give an overview of the literature about flexible dolphins and lateral loaded piles.

e To make the test-results align with each other, to have a clear view of the behaviour of the
pile during the test.

e To compare the test results with the calculation models to analyse the accuracy of the
models.

e To formulate design recommendations for the analysed models.

1.3 Outline of the master thesis

The report contains 7 chapters. Chapter 2 is the literature review of the thesis. The chapter starts
with a review of lateral loaded piles. Afterwards, the different calculation models that are most used
are explained. Finally, the repetitive behaviour of the soil is reviewed.

In chapter 3 the test setup is explained, and the predictions of the calculation models are made. The
test setup consists of the soil and pile characteristics and the load scheme. The predictions of the pile
test are made with the calculation models Blum, P-y curves, Brinch Hansen and Plaxis.
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In Chapter 4 the test results are written down. The behaviour of the soil and pile is measured using 6
measurement instruments: Hydraulic Jack, Optical fibre, Total station, Saaf, Inclinometer and
Piezometer. The results of those measurements are explained in this chapter.

In Chapter 5 the load analysis of the test is done. The applied load of the test was measured with the
hydraulic jack, but the load is checked with the strain-measurements of the optical fibre.

In chapter 6 the displacement analysis of the test is done. The displacement measurements are
compared with each other. The predictions of the calculation models are done with the loads from
the strain measurement. The calculations of the models are compared with the measurements
during the test.

In chapter 7 the repetitive behaviour is analysed. The repetitive behaviour of the test is analysed with
load-displacements graphs of the results. Those graphs help with the explanation of the repetitive
behaviour of the pile. The difference between the initial and repetitive loadcycles are explained and
the hysteretic behaviour of the loadcycle is analysed. This is done for the measurements, but also for
the Plaxis-results.

Finally, chapter 8 is the conclusion of the Thesis. In this chapter the final conclusions are written
down. Also, some recommendations are done regarding the calculation models. Some
recommendations are done for further research regarding flexible dolphins and the Calandkanaal
test.



2. Literature review

2 Literature review

2.1 Lateral loaded piles

Flexible dolphins are subjected to lateral loads. The lateral loads ensure displacements of the pile.
The soil resistance prevents the displacement of the pile. The back pressure of the soil leads to
bending moments and shear stresses in the pile and lateral stresses in the soil. A lateral loaded pile is
a soil-structure interaction problem. The amount of displacement depends on the soil type and the
pile specifications.

Shaft friction Deformation
and self weight

&

nterface friction

direction

P

i Flow past
Flow past i
—

Base friction Centre of rotation

(a) Components of resistance (b) Wedge mechanism

Figure 2.1 Collapse mechanism of soil layer under lateral loading (Fleming, 1985)

The normal stress in front of the pile will increase due to the lateral load on the pile and decreases
behind the pile. The loaded pile pushes a soil wedge away in front of the pile and creates a gap
behind the pile, as shown in Figure 2.1.

The soil resistance along a lateral loaded pile difference between long and short piles. Short piles or
stiff piles rotates as a rigid body, with a centre of rotation point. Above the centre of rotation, the
pile moves in the same direction as the load. Below the centre of rotation, the pile moves in the
opposite direction as the load. This ensures passive and active pressures in the soil around the pile.
Long and more flexible piles behaves more flexible, with curvature in the pile. The long pile has a
plastic hinge at some depth, instead of the centre of rotation for shorter piles. The pile has only
significant displacements above the plastic hinge, below the hinge the pile does not have significant
displacements. There are stresses in the soil below the plastic hinge, but those stresses are not
necessary for the determination of the soil resistance capacity (Fleming, 1985).

Differential equation

The pile can be modelled as a beam-column. The differential equation for the beam-column is
derived by Hetenyi (Hetenyi, 1946). The differential equation consists of three components: a pile
behaviour component, an axial load component and a soil behaviour component. The differential
equation for a beam column that is laterally loaded is:

d*y d?y

E,l +P

PP + Epyy =0

In which:

- Ep,= elastic modulus of the pile [kN/m?3]
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- I, =moment of inertia of the pile [m*4]

- P, = axial load on the pile [kN]

- Ep, = elastic modulus of the soil [kN/m?]
-y = lateral deflection of the pile [m]

A few assumptions are made to get a more simplified formula. The three assumptions are:

- There is no axial load.
- Epl, is constant over depth.

E,, is constant and equal to a.

The solution of the simplified differential equation is shown in Figure 2.2. The behaviour of the pile is
explained with the use of the differential equation. The formulas for different parameters can be
used to derive those parameters, using other parameters. The assumptions and the static derivations
ensure some limitations of the theory. The theory is only applicable for static loads. The assumptions
are not satisfied in all cases. The cross section of the pile can differ over the pile, which result in
changing moment of inertia of the pile. Next to that, the soil resistance needs to be uniform over
depth. That is almost never the case in practice. Axial loads are limited at flexible dolphins.

The beam-column theory is used as starting point of the p-y curves. The solutions of the differential
equations and the subsequent p-y curves are explained by Reese (Reese, 2011). The p-y curves are
researched in many studies afterwards. The method that is used nowadays in practice and in
calculation programs as D-pile group is the API method (API, 2000) derived by the American
Petroleum Institute. This method is further explained in chapter 2.2.2.

dﬂ dl! d‘{
My M= Ejly =% Y p- y
~ dx®

VA Es

W

Figure 2.2. The solution of the simplified differential equation (Reese, 2011)

2.2 Design models

Different models are available to determine the behaviour of a flexible dolphin. The models that are
frequently used in the industry are explained in this chapter. Every section explains how a model
calculates the capacity of the soil. The models that are discussed are:

e Brinch Hansen method
e P-Ycurves

e Blum

e Plaxis
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2.2.1 Brinch Hansen

This method is made by Brinch Hansen (Brinch Hansen, 1961). It is assumed that the pile rotates as a
rigid body around a specific point below the ground surface. The model only calculates the ultimate
soil resistance. The model does not calculate working loads but is able to calculate layered and
cohesive soils.

The general resistance of the soil is described by the formula:
e? = qK? + ck?

q=p+vyDa+VDs

In which:

e? = resultant horizontal pressure[kN/m?]

q = effective vertical overburden pressure [kN/m?]

¢ = cohesion[kN/m?]

Ké’ = resultant earth pressure coefficient caused by overburden pressure [-]

KCD = resultant earth pressure coefficient caused by cohesion [-]

p = surcharge load [kN/m?]

Dg4 = depth above groundwater level [m]

D; = depth below groundwater level [m]

Brinch Hansen determined the earth pressure coefficient for three different depths. First the
resistance for the ground level is determined. Second, for moderate depths. And third for great
depths. After that the formulas are combined, where the soil resistances can be found more easily
for every depth.

Ground level

At ground level, the K(? coefficient insert the passive and active earthpressure, while the K2
coefficient only takes the passive earth pressure into account. It is conservative to neglect the active
earth pressure because it might lead to negative active earth pressures.

e® = qKg + cK?

K? = eGro)tan @) cos(¢p) tan G + %) _(Fro)an e cos(¢) tan G + %)

KQ = (e (5+e) ran(e) cos(¢) tan G + %) — 1) cot (¢)

At great depth the slip planes become horizontal around the pile.
K = N.d
Ky = KoK tan (@)

Ky =1 —sin ()



2. Literature review

N, = (exp"tan(“’) tan? G + %) - 1) cot (o)

d® = 1.58 + 4.09 tan* ()

At arbitrary depth, two formulas for the earth pressure resistance are needed, one for K(f and one
for KP. The formula has two requirements, this requirement ensures that the formulas coupled with
the formulas for ground level and great depth.

- If D->0, K® ->K°
- IfD->00, KP ->K®

The equations that fulfil these requirements are:

KX agD
b K§+—1
Kp =—"—E—
q 14842
B
0 .
o = Kg *Kosm(go)
q K®_KO© L (T Q)
q q sm(4+2
KPagD
Ko+
KD — B
Cc 1+aCD
B

0

2K¢ . (n (p)
a, = *sin(—+ =
¢ KkP-k? 4 + 2

With those formulas for the earth pressure coefficient, the horizontal pressures on the pile can be
easily calculated using the general formula.

The Brinch Hansen method is often combined with the Ménard method to model the bilinear soil
behaviour. The subgrade reaction modulus can be calculated with the equation:

a
= %(1.31%0 (2.65 x Ri) + aR) (For R = Ry)
h m 0
1 _ 2R N 4x2.65%+3a (ForR < Ro)
Kn  Em 18
In which:

E,, = pressiometer modulus [kN/m?]

Ry = constant = 0.3 [m]

R = half pile diameter [m]

a = rheological coefficient [-]

K}, = modulus of horizontal subgrade reaction [kN/m?3]
q. = cone resistance from CPT [kN/m?]

The values for the pressiometer modulus and the rheological coefficient are listed in Table 2.1Table
2.1for different soil types and consolidation ratios.
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Table 2.1: Rheological coefficient determination per soil

Rheological coefficients a [-]

Soil E,, [kN/m?] Over Normally Decompensated
consolidated consolidated

Peat (3to4) *q, - 1 -

Clay (2to 3) * q, 1 2/3 1/2

Loam (1to2) *q, 2/3 1/2 1/2

Sand (0.7t01) * q, 1/2 1/3 1/3

Gravel (0.5t00.7) * q, 1/3 1/4 1/4

The Brinch Hansen method with the Menard method can be used in the D-Sheet Piling software to
calculate the ultimate lateral soil resistance. D-sheet Piling is a software from Deltares that can
design horizontally loaded piles, sheet piles and Diaphragm walls (Deltares, 2021).

Limitations
The limitations of the Brinch Hansen method in D-sheetpiling:

e The model is only capable to calculate the ultimate soil resistance.
e The method cannot calculate cyclic loading.
e D-sheetpiling only calculates the passive earth pressure ones every soil layer.

2.2.2 P-Ycurves

The p-y curves differ between cohesive and cohesionless soils. Both models start by determining the
ultimate soil resistance. The ultimate soil resistance is used to determine a formula that connect the
current pressure with the corresponding displacement. The cohesionless method is explain below
since the research is about a sandy soil.

The ultimate soil resistance near the ground surface can be approached with:

Kyztan(e) sin(B) tan(B)
? |tan(B = ) cos(as) " tan(B — 9)
+ yz[Kyztan(B) (tan(¢p) sin(B) — tan(ay)) — K, b]

- K, = coefficient of earth pressure at rest

- K, = minimum coefficient of active earth pressure
- ag =angle of the wedge

- ¢ = friction angle of the soil

- B =angle of inclined plane with vertical [°]

o p=45+2

Pu1 =7 (b + z * tan(B) tan(ay))

The ultimate soil resistance for horizontal movement of the soil is.

Puz = Kqbyz(tan®(B) — 1) + Kobyztan(¢) tan*(B)
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APl-method

The APl (American petroleum institute) (API, 2000) made design guidelines for to determine p-y-
curves in sand. The guidelines consist of the ultimate resistance from (Reese, 2011) and a resistance-
deflection curve that depends on the ultimate resistance.

The ultimate lateral resistance for sand is described as:
Py =min{C; *z+ C, * D) y'z; C3* D xy' * z}
The resistance-deflection relationship is:

k*z
Axpy

p = A*py * tanh ( *Y)

VA
A=3-08%=>09
*D

In which

- Forcyclicloading: A=0.9

- py =soil pressure at failure
-y’ =volumetric weight at depth
- C, C; and Cs: coefficient

_ (tan?(P)tan (a)) tan(¢p) sin(B) . _
o (= an(p—ph) + K, [tan(ﬁ_(p) pon + tan(B)(tan(e) sin(B) tan(a))]

__ tan(p) _
27 tan(g-p) @
o C3=K,(tan®(B) — 1) + Kytan(¢) tan*(p)
- K=soil stiffness
- Z=depth below surface

- D =diameter pile

O

The constant value of 0.9 for cyclic loading is verified by literature up to 100 cycles (EA-Pfahle, 2012).
P-y curves can be modelled using the software D-Pile Group or Geocalcs.

Limitations

The limitations of the p-y curves in D-pile group are:

e The model has a limited amount of pile sections.

e The load can only be applied on the top of the pile.

e Only one load can be calculated in the model.

e Cyclic loading gives only the ultimate cyclic loading effect, so not with working loads.

2.2.3 Blum

The Blum model is a model to calculate the ultimate soil resistance and is developed by Blum (Blum,
1932). It is a simple and fast model, which makes it an attractive model compared to the advanced
models. The model can be done by hand and there is no computer program necessary to make the
calculations.
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Figure 2.3: Load distribution in the soil according Blum (Blum, 1932)

The method only calculates the ultimate situation. The Blum model have different formulas for
calculating the theoretical minimum penetration depth, point A, and the location of the maximum
momentum. Each formula depends on the added lateral load on the pile. In the calculation the
model assumed an ideal loading situation, in which the bending moment and the deflection at the
toe of the pile are both zero. Relationships between the theoretical penetration depth and the
pressure that is applied is:

24P _ e (to + 4b)
fr, ° h+tg

This equation is derived from the formula of the bending moment at the theoretical penetration
depth. The forces that act on the pile are shown in Figure 2.3 ‘ideal loading’ and are 2 earth pressures
and the applied load. A side view is shown in Figure 2.4, P stand for applied pressure and EP for earth
pressure and G for unit load. The earth pressure is divided in two parts: part 1 is the part soil wedge
at the width of the pile, part 2 is the 3d part of the soil wedge next to the width of the pile. The load
of the soil wedge is rewritten to an earth pressure by multiplying it with the tangent of the angle of
the soil wedge. The earth pressures are determined with the formula:

E, =G = tan(45+%)= y*V*tan(45+§)

b*to*totan(45+%) ) b * t3 b * t3
Eplzy* ) *tan(45+5)= 5 y*lp: > *fW
2*%0*t0*t0tan(45+%) ® t3 t3
Ey =y * G *tan(45+§)=gy/1p=g*fw

The moment at the theoretical penetration depth, point A, is described below. Point A is chosen that

the bending moment is zero. The formula can be rewritten as the relationship between the applied

pressure and the penetration depth mentioned above.
to

to b *
Ma=P(h‘*‘to)_Epl*g_Epz*Z=P(h+to)——
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Figure 2.4: The equilibrium of the forces in the pile and soil (Ruigrok, 2010)

The formula for the bending moment can be rewritten to a general formula for the bending moment
over depth, since there is no load at point A. The general formula for the bending moment over
depthis:

M= Ph4x)— £, (2K
* = o wl\Te 24
The depth of the maximum bending moment is at the location where the derivative of the bending
moment over depth is equal to zero. The derivative of the bending moment is:

de_P ¢ bx? x3 _ 0
dx Y\2 6/

The depth of the maximum bending moment, x,,,, can now be related to the applied pressure.
Besides the maximum bending moment can be calculated by enter the depth of the maximum depth
in the general formula for the bending moment.

24P

— = 4x2, (X, + 3b)
fi

In which:

- P =lateral load [kN]
- f,, = soil resistance [kN/m?3]
o fyu=7v4,
-y = volumetric weight soil [kN/m?3]
- A =tan?(45+%)
- @ = angle of internal soilfriction [°]
- tg = Theoretical minimum penetration depth [m]
- b =width of the pile [m]
- h = height where load P is applied [m]
- Xy = location maximum moment below surface [m]

The Theoretical minimum penetration height is the location in the ground where the bending
moment is zero. The real penetration depth is 20% larger than the theoretical penetration depth.
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The deflection of the pile tip can also be calculated with the Blum model. The formula for the
calculation of the pile tip is:

_P(h+1t0)® £, *xtg
~ 3EI 360E1

d

(2.5t + to(3h + 12D) + 15Dh)

In which:

- E = Elastic modulus [kN/m?]
- | =moment of inertia [m*]
o Forpiles: I = % * (D* — D3 or
- Dipner = Inner diameter of the pile [m]
0 Dipper =D—2xt
-t =pile thickness [m]

The passive earth pressure without wall friction is:
@
/1p = tan? (45 + ;)

The model is updated a few times. The wall friction of the pile is added in the model, which resulted
in different active and passive earth pressure. This was shown in “spudhand handbuch berechnung”
(Krupp, 2007).

Limitations
The limitations of the Blum model are:

e Only calculates the ultimate soil resistance.
e No repetitive loading possible.

e Needs an adaptation for layered soil.

e Only one pile cross-section possible.

2.2.4  Plaxis

Plaxis 3D is a three-dimensional finite element model program (Plaxis, 2021). The program is made
specifically for geotechnical calculations. Plaxis 3D can simulate soil behaviour with different material
models. Those models differ in complexity, linearity and applicability for different soil/rock types and
constructions. The appendix of the manual contains tables with the applicability of material models
for different material types, applications and loading types. This report is about flexible dolphins in a
sandy environment. Those dolphins have small deformations around the pile-tip and large
deformations around the top. The Hardening soil model with small strain stiffness, also known as
HSsmall, is the preferred model according to the appendix. The HSsmall model is an extension of the
hardening soil model, with a better representation of the non-linear soil stiffness for small strains.

2.2.4.1 Hardening soil model

The model gives a hyperbolic relationship between the vertical strain and the deviatoric stress in
primary triaxial test. The restriction is that the model assumes triaxial loading conditions with o', =
o'3. The relationship can be described by the formula:

2 —R¢ f
—& = * orq<gq
' 2xEs 1-4/qq !
In which:
qq = asymptotic value of the shear strength: q, = Z—f
f
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Ry = failure ratio [-]
Ex = stiffness modulus at 50% of the maximum shear strength
The ultimate deviatoric stress is defined as:

_ 2 xsin(ep)

= T iney @2 € cotl))

ar

The stiffnesses that are used in the models are derived from a reference stiffness modulus
corresponding to the reference confining pressure, 67¢/. The default input parameter of E is three
times Esg. The unloading and reloading stiffness, E,;-, and the E; are derived as:

a; + ¢ * cot(p) )m

_ pref
Ey = Eur (0-7‘ef + Cc * COt((P)

P o3 + ¢ * cot(p) \"
50 7 750 \gref 4+ ¢ * cot(e)

In which:
m = stress dependency coefficient [-]
03 = minor principal stress [ kN/m?]

ETef = reference stiffness modulus [kN/m?]

The yield surfaces that can be found using a triaxial test are:

2—-R 2
f= Loy
2ESO -4 Eyr

a

P = (e — &)

In which:
yP = function of plastic strain

e? = axial plastic strain

P = volumetric plastic strain

Next to the plastic strains, the model also accounts for elastic strains. For drained triaxial test the
elastic Young’s modulus E,,,- remains constant. The elastic strains can be calculated with the
equations:

q
Eyr

_Sf —

q

—&5 = —&5 =~V —

ur Eur

In which v, is the poisson’s ratio for unloading and reloading. The total strain is the combination of

the plastic strain and the elastic strain.

10
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The plastic volumetric strain can be described with a relationship between the plastic volumetric
strain and the function of plastic strain yP. The shear hardening flow rule is linear with the function:

&y = sin(Wp) y?

sin(¢@;,) — sin(@¢y)
1 — sin(@,,) sin(@¢y)

sin(¥,,,) =

In the equation is ¥, the mobilized dilatancy angle, ¢, the critical friction angle and ¢,,, the
mobilized friction angle.

HSsmall

In HSsmall model uses the same functions and input parameters as the normal hardening soil model.
There are only 2 additional parameters: initial or very small-strain shear modulus, Go, and the shear
strain level, y4.7. o7 is the shear strain level at which the secant shear modulus, G;, is reduced to
about 72.2% of Go. Those two additional parameters ensures that the unloading and reloading phase
is not linear anymore but hysteretic. Besides the initial shear modulus ensures a better prediction of
initial soil stiffness. The relationship between the shear modulus and the small strains is (Hardin,
1972):

G 1
G_o - 1+0.385y
Yo.7
. . . . .G
A factor 0.385 is used in the formula. Because of this factor, a shear strain equal to y, ; gives G—S =
0

0.722. Which makes the y, 7 not exact of 70% but more accurate on 72.2%.

The stiffness reduction curve reaches the plastic domain. Therefor the curve is bound by a lower
limit. The lower limit is determined by lab tests. This shear strain limit, G, and the shear strain limit,
Yeut—off €an be determined by the following formula:

Eyr

G = =2
w201+ vy

1 |6,
Yeut-off = m( G Dyo.7

The Hysteretic behaviour of materials is described by (Masing, 1926). The formula’s that are used
above with y, 7 are valid for unloading and reloading. But virgin loading happens twice as fast. For
the calculation of virgin loading the shear strain must be multiplied by 2.

Yo.7 virgin—loading = 2V0.7re—loading

Figure 2.5 shows the hysteretic behaviour of materials according Masing’s rule. The hysteretic soil
behaviour is occurs during a loadcycle when the soil experienced a cyclic load.

11
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Figure 2.5: Hysteretic soil behaviour.
The limitations of the Plaxis model:

e The model needs a lot of soil input parameters, which are not always available.
e The calculation time is long.

2.3 Repetitive loading

2.3.1 Stress-strain behaviour

This research is partly done to improve the knowledge about repetitive loading for flexible dolphins.
Repetitive loading means that the loads are applied multiple times, but not in a constant rhythm like
in cyclic loading. The loading type during the using phase of the pile is also repetitive loading. Ships
come berth, which caused the load on the pile, and after a certain time, the ship leave again. When
the next ship will berth varies.

The pile transfers the load to the soil. The load on the soil will have an influence on the soil
characteristics. Especially the soil stiffness will change. Figure 2.6 gives the stress-strain curve of a

material. In the figure three stiffness parameters are introduced: Eiref, Esrgf and E;ﬁf. In which Eiref
is the initial reference stiffness at the start of the first time the soil is loaded. The stiffness at 50% of

the maximum strength is quantified as ESrSf. The stiffness of the soil during unloading and reloading

is called E;if.

The diagram starts at point A, which is the steady state situation. The first load cycle follows the
course from A to B, at point B, the desired load height is reached. The first loadstep is done and the
pile will be unloaded and reaches point C. The soil is not fully elastic, so after the first load the soil
characteristics does not go back to their original state. The stiffness of the soil is increased, and the
soil have some plastic strains. The second loadstep is applied and the stress-strain course goes back
from point C back to point B. When the load in the second loadstep is larger than in the loadstep
before, the soil behaviour follows the line from B to D.

The soil behaviour can be used to determine the differences between the initial load and repetitive
loads on the soil. The initial stress-strain behaviour of the soil is less stiff, compared to the repetitive
stress-strain behaviour. The model does not give a difference between the repetitive loads.

12
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Figure 2.6: Stress strain diagram with unloading and reloading (Plaxis, 2021)

Figure 2.7 shows a visualized stress-strain behaviour from literature (Anderson, 2015). The cyclic
trend in the figure shows the differences between the initial cycle and a random cycle. The initial
cycle behaves stiffer compared to the random cycle. The loadcycle is more vertical. The loadcycles
behaves as a real cycle during unloading and reloading. This unloading and reloading behaviour is the
hysteretic behaviour of the soil. The unloading trend differ from the reloading trend and is not
identic line as in Figure 2.6. The displacement during unloading is larger than the reloading
displacement at the same load. The displacement consists of a permanent load and a cyclic load. The
permanent load increases with the increasing amount of loadsteps. The cyclic displacement is
dependent on the load on the pile.

Figure 2.7: stress strain behavior of a lateral loaded soil (Anderson, 2015)

13



2. Literature review

2.3.2 Cyclic models

There are several methods who describes the influence of cyclic loading on flexible dolphin. EA-
Pfahle (EA-Pfahle, 2012), the German society of geo-engineering, has listed three methods for this.
The scale test for piles in sand of Duhrkopf and Grabe is used to determine the methods. The test is
verified with many load cycles (SBRCURnet, 2018). The test was a cyclic load test, to determine the
behaviour of a wind turbines. A conclusion of the test was that the displacement of the test increases
with an increasing number of load cycles.

The first two methods have an equation that determines the displacement using the amount of load
cycles. The first equation is a natural logarithmic approach and the second is an exponential
approach:

Natural logarithmic approach:

Vayk = Yn=1* (1 +t xIn(N))
Exponential approach:

Yayk = Yn=1* N™

where:
N = Number of load cycles [-]
Yzyi= horizontal deformation pile after N load cycles [m]
Yn=1 = horizontal deformation pile after first load cycle (N = 1) [m]
t = factor for system behaviour under cyclic loading [-]

e The factor t depends on the relative pile stiffness, the installation method, and the type of
loading. For piles in sand the value of t varies between 0.16 and 0.22.

m = factor for system behaviour under cyclic loading [-]

e short, stiff pilein sand: m =«
e |ong, flexible pile: pure horizontal load: m=0.6 a
e pure bending: m=0.4a

a = factor depending on the installation method, type of loading and sand density. This factor varies
between 0.10 and 0.25 [-]

The two models mentioned above are single load magnitude models. If the pile is tested with
different load magnitudes, an adapted model is available. The multiple loads model is an
enlargement of the logarithmic model. The approach mentioned above stays the same, only the
number of loadcycles (N) changes. An equivalent number of load cycles is determined relative to a
made load magnitude. The equivalent number of loadcycles is derived by comparing the static
horizontal pile deformations of the load with the baseloads. The equation of the equivalent number
of cycles is:

Neg = Np +ZN,:

In which the equation for the total equivalent number of cycles for load is:

14
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1(371,k
Ny = et\¥11

J<+eng)-1)
Where:

N4 = total equivalent number of cycles

N; = number of cycles for base load

Nj, = number of cycles of load k

Ny = equivalent number of cycles of load k relative to baseload

¥1,,= static horizontal pile deformation under load k

¥1,1= static horizontal pile deformation under base load

15



3. Test predictions

3 Test predictions

This chapter consists of two parts. The first part, section 3.1, describes the test. The pile and soil
properties are shown in this section and the prescribed load scheme is written down. The second
part, section 3.2, consist of predictions of different calculation models. P-Y curves, Brinch Hansen,
Blum and Plaxis have made predictions of the soil-pile behaviour.

3.1 Testsetup

The full-scale test that is used in this study was performed at the Calandkanaal, a canal located within
the Port of Rotterdam. In the Calandkanaal, new flexible dolphins were installed. Two of those piles
are used for the full scale test. The piles examined are part of berth location 81 and identified as 81-
D01 and 81-D0A4.

The test procedure involved utilizing a hydraulic jack to bring load on the two piles. The jack was
situated on pile D04, with a fixed installation placed on pile DO1. The two structures were connected
with two bars that are fixed into the installation at pile DO1. The hydraulic jack has the ability to
retract or push out the stroke, thereby bringing load on the piles. To facilitate this movement, a
pump was connected to the hydraulic jack. A visual representation of this setup is provided in Figure
3.1.

. ) Beemils

M)

ﬁ , ’ Fixed installation
o R |
| - : Cylindric bars
Hydraulic jack
/‘ i

-

Figure 3.1: Test setup. (De Klerk, 2022)

The two flexible dolphins are open ended piles with equal dimensions. The pile consists of 9 pile
sections, each with a consistent diameter but a different wall thickness. Table 3.1 displays the
properties of the pile concerning the wall thickness, the steel quality and El-factor. Table 3.2 show
the properties of the steel, the steel properties are constant for the whole pile and are obtained from
project documents (Griffioen, 2021). The moment of inertia of a ring is calculated with the formula:

T
I=6—4(D4—(D—2*t)4)

In which:
16
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| = Moment of inertia

D = outer diameter pile [D]

t = Wall thickness [m]

Table 3.1: Pile specification of the piles used during the test.

. . Top Bottom

Pile section Steel quality t section section El

number mm mm mNAP | mNAP 105 kKNmA2
1|S355 2400 25 6,00 -0,75 27,6
2 2400 25 -0,75 -10,00 27,6
3 2400 30 -10,00 -12,75 32,9
4 2400 35 -12,75 -15,25 38,2
5 70 2400 40 -15,25 -18,25 43,4
6 2400 50 -18,25 -22,50 53,5
7 2400 55 -22,50 -34,00 58,5
8 2400 40 -34,00 -37,00 43,4
9 2400 30 -37,00 -42,00 32,9

Table 3.2: The steel properties of the pile

Parameter unit Value

Y kN/m? 78.5

v - 0.25

E kN/m? 210*10°

G kN/m? 84*10°

fy MPa 485

The soil parameters used in this study are obtained from the cone resistance recorded during a cone
penetration test (CPT), the CPT is shown in Figure 3.2Figure 3.2: CPT measurements at the location of
the tested pile. The parameters are derived for the hardenings Soil Small Strain Plaxis model, as it
provides the most comprehensive set of parameters. If other parameters are required in a
calculation method, the parameter are specified in the corresponding section. The soil parameters

are taken from intern project documents (Griffioen, 2021).

The relationship between the cone resistance and relative density are derived. Brinkgreve derived

empirical formulas to derive the soil parameters for the hardening soil small strain model using the

relative density (Brinkgreve, 2010). Previous research on the same location is used to derive Rinter.
The empirical formulas provide an adequate first assessment of the soil parameters but is not a
replacement of detailed soil investigation. As no further soil investigation was done at the test
location, the empirical relationship are used. However, this inaccuracy must be considered in the
further research.
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Parameter | Unit Empirical formula Loam Sand2 Sand3 Sand4
Q. [MPa] Cone resistance CPT-measurement 5.6 40.4 16.6 11.6
Top of [mMMAP] CPT-measurement -24.6 -31.0 -38.0 -44.0
Layer
Yupsar | [KN/m®] | Unsaturated unit weight | =15+4«RD/100 | 17.6 18.8 18.2 17.8
Yaat [kN/m®] | Saturated unit weight =19+ 1.6«RD/100 | 20 20.5 20.3 20.1
) [°1 Internal friction angle =28+ 125+«RD/100 | 36 39.9 38 36.6
c [kN/m?] Cohesion 0 0 0 0
] 1 Dilatancy =—24+125+RD/100 | 6 9.9 3.1 6.6
B [kN/m?] Secant stiffness = 60000 « RD /100 38.5 ¥1073 70 #1073 48.3¥10~3 41.4
*1003
el . [kN/m®] | Tangent stiffness = 60000 * RD/100 38,5 *10"3 70 *10°3 48,3 *10"3 41.4
*10n3
[ [kN/m?] unloading/reloading = 180000+ RD/100 | 115.5*10~3 | 210 *10"3 144,95 *10~3 | 124.2
stiffness *10°3
Yo7 [-] Shear strain threshold _ Hm _ ﬁv . 104 1.25%¥10~--4 | 1.05 ¥10"-4 | 1.2 *10~-4 1.31
100 *107-4
m [-] power of stress-level =0.7—RD/100 0.5 0.4 0.45 0.48
dependency
POP [kMN/m?] Pre-overburden 0 0 0 0
pressure
OCR [-] Owver consolidation ratio 1.0 1.0 1.0 1.0
Gy [kN/m?] | Shear modulus at very = 50000 + 68000RD | 103.7E3 124.6 *10~3 | 114.7 *10*3 | 106.9
small strains /100 *10°3
Rinter [-] Strength reduction Earlier research 0.67 0.67 0.67 0.67

factor interfaces

Table 3.3: Soil properties of the test location

18
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Figure 3.2: CPT measurements at the location of the tested pile

During the test procedure, the hydraulic jack applies the load on the piles according the prescribed
load scheme. The test is done using a load-controlled test, so the load on the pile is controlled
instead of the amount of displacement. The ultimate limit state, ULS, load of the piles is calculated
before the test. The ULS load of the piles is 2025 kN (Griffioen, 2021). During the test, the pile is
loaded until 90% of the calculated ULS load to maintain a margin of safety before the pile fails. The
load is applied at a height of +6.5m NAP, the pile is 6 meter above NAP and the load application
height of the hydraulic jack is 0.5 meter above the pile top. To keep the piles and strokes stable, the
hydraulic jack installation is under a rest load of 10 kN during unloading.
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The loading scheme contains 9 loadstep, each loadstep has its own maximum load. Every loadstep
consists of 3 phases:

e Load built up phase: The load is slowly applied on the pile until it reached its the
maximum load.

e Constant load phase: The maximum load is kept constant in this phase for about 15
minutes.

e Unloading phase: The load is phased out to the minimum 10 kN and kept unloaded
briefly.

Table 3.4 shown the loadcycles with its corresponding maximum load. The load is gradually and
steadily increased. Although the unloading may occur faster than loading, some patience is still
required. The maximum load is kept constant until the displacements remain constant.

Table 3.4: Load scheme of the test

Loadcycles Load percentage | Maximum load [kN]
of ULS

1 40% 810
2 55% 1114
3 70% 1418
4 80% 1620
5 90% 1823
6 90% 1823
7 90% 1823
8 90% 1823
9 90% 1823

Various measuring instruments are utilized during the test to obtain information about the behaviour
of the pile. Each parameter is measured by multiple instruments to ensure the accuracy of the
results. Table 3.5 provides an overview of the measuring instruments employed during the test,
along with the corresponding parameter each instrument measures. Some parameters are measured
directly, while others are measured indirectly. Figure 3.3 depicts the setup of the measuring
instruments during the test.

Table 3.5: Measurement instrument and what the instruments measures

Measurement | Load | Hor. Ver. Total Strains | Time Depth | Water-
instruments Displacement | Displacement | displacement pressure
Hydraulic jack X X

Optical fibre X X X X

Total station X X X

Saaf X X X

Piezometer X X X
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Figure 3.3: Visualization of the measurement instrument during the test

3.2 Test Predictions

3.2.1 Brinch Hansen

D-sheetpiling uses the Brinch Hansen model to calculate the lateral soil resistance. D-sheetpiling is
develop by Deltares. The flexible dolphin is best modelled with the single pile model. The calculation
is an elastic calculation. The pile is loaded by force some explained in chapter 3.1. The pile is
modelled with the 9 sections, each section has its own wall thickness and elastic stiffness. The top
section is extended by 0.5 meter to enable the load to be applied at the same height as during as
during the test. The soil layers have a maximum thickness of 1 meter since the passive earth pressure
(Kp) is calculated only ones every soil layer, which is performed in the middle of a layer (Peters, 2017).
When the layers become too large, the average K; is not representative for the entire layers. The
smaller layers ensure more representative K, determination in the soil. The soil has 4 different soil
types, as described in chapter 3.1. The soil types are spread along more layers in the model.

The single pile model uses the Brinch Hansen method with the Menard modulus of subgrade
reaction. Both methods are used in the calculation, the input parameters for the model are shown
Table 3.6. The input values, except the pressure meter modulus (En), the general input parameters of
the soil. The En, value is calculated using a correlation with the cone resistance of the soil and a
correction factor for the soil type (Deltares, 2021). In this model the cone resistance and the average
correction factor for sand is chosen, the correction factor of sand varies between 0.7 and 1, so 0.85 is
chosen. The water level is at 0 mNAP.

Table 3.6: input data of D-sheetpiling model

Input section Input Sandl Sand2 Sand3 Sand4
parameters

General Vary [KN/m?] 17.6 18.8 18.2 17.8
Ywet [KN/m?3] 20 20.5 20.3 20.1
c 0 0 0 0
0[] 36 39.9 38 36.6

Menard Em Menard 8160 34340 14110 9860
Soil type Menard | Sand Sand Sand Sand
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3. Test predictions

It is not possible to implement a time effect in this model, so only one loadstep can be modelled. The
maximum load, 1823 kN, is applied on a height of +6.5 mNAP on the pile.

The results of the bending moment and displacement are shown in Figure 3.4 and Figure 3.5. The
maximum displacement at the top of the pile is 933 mm. The tip displacement is -17.61 mm. The
maximum bending moment is 61570 kNm, which is on a height of -28.6 mNAP.
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Figure 3.5: Bending moment in pile of D-sheetpiling model Figure 3.4: Pile displacement of D-sheetpiling model

3.2.2 P-ycurves

3.2.2.1 D-pile group

D-pile group uses p-y curves to calculate the behaviour of the soil. D-pile group is a program
developed by Deltares. The Cap (Cap interaction) method is chosen as calculation method, this
method is the best applicable to calculate a flexible dolphin. The soil profile is modelled as
mentioned in chapter 3.1, with four different sand layers and a water level on 0 mNAP. The four
different soil layers are created in the soil layer menu. The parameters and corresponding input
values for this model are shown in Table 3.7. The OCR value in the model is estimated as 1, like in
Table 3.3. The KO value can be calculated using the equation: K, = 1 — sin (), (Verruijt, 2001). The
API cyclic loading model is used, because during the test the flexible dolphin is loaded repetitive. The
APl rule is chosen as axial friction rule, but the axial friction data for the API rule are unknown, just
like the axial parameters. The influence of the axial parameters can be neglected, since only lateral
loads are applied. The friction at the top and bottom of the pile is chosen as the half of the friction
angle, which was suggested in the manual (Deltares, 2020).

The pile is modelled as a user defined pile, which gives the possibility to add 5 pile sections. This is
still not sufficient for the 9 sections of the pile. Every two pile sections are combined to one section
in the model, only section 7 (the section with the highest wall thickness) has its own section. The
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weighted average wall thickness is used, considering both section lengths. The input parameter of
the pile sections are the length, diameter, El and EA. The two section lengths are combined, and the
diameter is constant, 2.4 m. The elastic modulus is constant for steel and the moment of inertia and
area can be calculated using the wall-thickness of each section. The pile tip curve is an unknown
parameter. The curve is manually changes to investigate the influence, but the influence of the pile
tip curve is neglectable in the lateral loading situation.

Table 3.7:Input data of D-pile group model

Parameters Sand1 Sand2 Sand3 Sand4
Soil type Sand Sand Sand Sand
Vdry [kN/m?3] 17.6 18.8 18.2 17.8
Ywet [kKN/m?3] 20 20.5 20.3 20.1
o [’] 36 39.9 38 36.6
Ko [-] 0.41 0.36 0.38 0.40
Lateral rule API Cyclic API Cyclic API Cyclic API Cyclic
Axial friction rule API API API API
dz at 100% [m] | 0.002 0.002 0.002 0.002
Friction at top 18 20 19 18
[°]
Friction at 18 20 19 18
bottom [°]

The results of the bending moment and displacement are shown in Figure 3.5 and Figure 3.6. The
maximum displacement is 938 mm at the top and the tip displacement is -2.5 mm. The maximum
bending moment is 62675 kNm at a depth of -29.1 mNAP.
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Figure 3.7: Bending Moment in pile of D-pile group model Figure 3.6 :Bending Moment in pile of D-pile group model

3.2.2.2 Geocalcs

Geocalcs is an online calculation program with different application tools. The LAP (Lateral analysis of
Piles) model is used on Geocalcs. The lateral loaded piles can be calculated with different soil models
(Doherty, 2020). The available models for sandy soils are: Sand APl and CPT Sand (Suryasentana,
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2014). The API model is the same model as used in D-pile group. The CPT sand model is a model
based on the CPT data.

The APl method uses the soil layers as mentioned in chapter 3.1. The CPT-based method uses the
cone resistance of the CPT-data from figure 3.2 and is not divided in different soil layers. The cone
resistance at certain depths is shown in Table 3.8. The pile can be divided in 5 sections in the
program. 2 pile section needs to be combined with a weighted average wall thickness and
corresponding moment of inertia. The load is applied on +6.5 mMNAP. Only one load can be applied
during the calculation, the maximum load of 1823 kN is applied on the pile.

The results of the calculation are the bending moment, displacement, rotation, and the soil
pressures. The displacement of the pile is shown in Figure 3.8 and Figure 3.9. The maximum

displacement of the CPT-model calculation is 927 mm, and the top displacement of the API-model is

897 mm. The tip displacement of the CPT-model is -28mm, while the APl model has a tip
displacement of only -2 mm. The bending moment of the CPT-model is also smaller in the soil. The

calculation models determine the stresses in the soil, in the water the pressures are not considered.

The bending moment above the soilbed is equal for the different models.

Table 3.8: soil input values CPT-based model

Depth d. [MPa] Depth[m] | g. [MPa]
[m]
-24,6 5 -34,5 43
-25 5 -35,5 47
-26 6 -36,5 44
-27 7 -37,5 42
-28 2 -38,5 33
-29 14 -39,5 39
-30 16 -40,5 28
-31 20 -41,5 27
-31,5 65 -42,5 16,5
-32,5 61 -43,5 17
-33,5 50
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3.2.3 Blum

A Python script calculates the Blum model. The original Blum model is used together with the wall
friction of the Spudhand Handbuch Berechnung. The input parameters of the soil are the internal
friction angle, and the volumetric weight of the soil. The original formulas cannot include layered
soils., but the formulas are adapted to be able to calculate two different soil layers in the model. The
Blum model calculates the ultimate soil resistance and uses a single load. The pile parameters that
are used in the model are the Elastic modulus of steel, the wall thickness, and the length of the pile.
The wall-thickness influences the moment of inertia. The weighted average moment of inertia is
calculated, that moment of inertia is used to determine the input wall thickness. The upper 3 soil
layers are used in the calculation. The bottom soil layer is below the pile and doesn’t have influence
on the soil resistance in this model. Table 3.9 shows the input parameters of the soil.

The model determines the displacement on 3 depths: the tip of the pile, the top of the pile and at the
soilbed. The displacement of the pile is shown in Figure 3.10.

Table 3.9: Soil input parameters Blum

Sandl | Sand2 Sand3
@[] 36 39,9 38
vy [kN/m3] | 17,6 18,8 18,2
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Figure 3.10: Pile displacement of Blum model

3.2.4 Plaxis

Plaxis 3D is a three-dimensional finite element model program (Plaxis, 2021). The program is
specifically made for geotechnical calculations. Plaxis 3D can simulate soil behaviour with different
material models. Those models differ in complexity, linearity and applicability for different soil/rock
types and constructions. The appendix of the manual contains tables with the applicability of
material models for different material types, applications and loading types. This report is about
flexible dolphins in a sandy environment. Those dolphins have small deformations around the pile-tip
and large deformations around the top. The Hardening soil model with small strain stiffness, also
known as HSsmall, is the preferred model according to the appendix. The HSsmall model is an
extension of the hardening soil model, with a better representation of the non-linear soil stiffness for
small strains.

The flexible dolphin is modelled as a plate-pile, since the plate marches best with the pile tube. Since
the slope in the subsoil must been considered, it is not possible to make half of the model.
Otherwise, when the model is symmetric it is more user-friendly to use a half model to reduce the
runtime. The pile is divided in 9 sectors, with each sector their corresponding wall thickness. The
diameter of the circle is chosen at the outside of the pile wall, so for every sector the diameter is
chosen at 2.4 meter. The plate does not have a specific thickness in the model. Since the outer
diameter has more influence on the behaviour of the pile than the inside, the outside diameter is
chosen as the diameter of the plate. A positive and a negative interface is created around the pile.
The interface ensures that the soil and the plate are not directly connected to each other, but a
transition area is created.

The load is applied on the pile as a surface load. To get the surface load on the top of the pile, a pile
head is modelled at a height of 6.5 mMNAP, using a horizontal plate. The load is applied as a surface
load on the pile head. The area of pile head is equal to the area of the pile cross section. The total
load of the loadstep is divided by the area of the pile head to create a surface load in kN/mm#2. The
model has 9 pile sections, each section has their own wall thickness. One model is made with drained
soil layers and another model uses undrained soil layers. The soil behaviour is not fully known on this
point, so both models are calculated to have them both to analyse.

The slope of the soilbed is considered. The soilbed is designed predefined using drawings and
dredging. The soilbed after dredging is drawn with the blue line in Figure 3.11, the cross-section is at
the location of the pile. The soilbed is approached as good as possible in the model, which is close to
the prescribed dredging depth, red line.
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Figure 3.11: Soilbed course in the canal

The phase explorer in Plaxis gives the possibility to model all the stages of the test on their own. The
separate phases in Plaxis ensure that the test can be modelled as accurate as possible. The input
phases of model are shown in Table 3.10.

Table 3.10: input of load phases in Plaxis model

Stage Load [kN] Calculation type Specification
Initial stage - Initial stress KO procedure
generation

Loading stage 1 810 PLASTIC Staged construction
Unloading stage 1 - PLASTIC Staged construction
Loading stage 2 1114 PLASTIC Staged construction
Unloading stage 2 - PLASTIC Staged construction
Loading stage 3 1418 PLASTIC Staged construction
Unloading stage 3 - PLASTIC Staged construction
Loading stage 4 1620 PLASTIC Staged construction
Unloading stage 4 - PLASTIC Staged construction
Loading stage 5 1823 PLASTIC Staged construction
Unloading stage 5 - PLASTIC Staged construction
Loading stage 6 1823 PLASTIC Staged construction
Unloading stage 6 - PLASTIC Staged construction
Loading stage 7 1823 PLASTIC Staged construction
Unloading stage 7 - PLASTIC Staged construction
Loading stage 8 1823 PLASTIC Staged construction
Unloading stage 8 - PLASTIC Staged construction
Loading stage 9 1823 PLASTIC Staged construction
Unloading stage 9 - PLASTIC Staged construction

The corresponding input values are assigned to each of the separate phases. The input of phase
loading stage 2 is shown in Figure 3.12, this phase is representative for the other phases except for
phase loading stage 1. Loading stage 1 is the first calculation phase, the deformation control
parameters form the initial stage are reset in this phase and the start values are set to zero. The
parameters for which the reset is checked include displacements, small strains, and the pore
pressure calculation type, which is set to phreatic. The time interval has no influence on the model
since the soil model is not time dependent, a time interval of 0.01 day is chosen as constant time
interval. Since it is a continues test, the pore pressures of each loadstep are taken to the next

loadstep.
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Figure 3.12:input phase menu of Plaxis model

The computation for both the drained and undrained models has been conducted, and the outcomes

of these calculations at three distinct depths are presented in Table 3.11, respectively. The chosen
depths are: the top of the pile (+6.5 mMNAP), the tip of the pile (-42 mNAP) and the soilbed (-24.6

mMNAP).

Table 3.11: Plaxis lateral displacement of the drained and undrained model.

Displacement of Plaxis models [m]
Drained model Undrained model
Load +6.5 -24.6 -42 +6.5 -24.6 -42
[kN] mNAP mNAP mNAP mNAP mNAP mNAP

0 0,000 0,000 0,000 0,000 0,000 0,000
810 0,392 0,036 -0,003 0,390 0,034 -0,002
0 0,067 0,017 -0,003 0,067 0,017 -0,001
1114 0,561 0,055 -0,006 0,545 0,050 -0,003
0 0,112 0,030 -0,005 0,111 0,028 -0,003
1418 0,743 0,078 -0,011 0,700 0,067 -0,005
0 0,168 0,045 -0,010 0,159 0,041 -0,005
1620 0,876 0,096 -0,016 0,800 0,077 -0,007
0 0,216 0,058 -0,014 0,197 0,050 -0,006
1823 1,020 0,116 -0,021 0,901 0,088 -0,009
0 0,269 0,072 -0,019 0,234 0,060 -0,008
1823 1,030 0,120 -0,022 0,898 0,088 -0,009
0 0,286 0,077 -0,020 0,247 0,063 -0,008
1823 1,040 0,123 -0,022 0,896 0,088 -0,009
0 0,299 0,081 -0,021 0,254 0,064 -0,009
1823 1,040 0,125 -0,023 0,894 0,088 -0,009
0 0,310 0,084 -0,021 0,259 0,065 -0,009
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3.2.5 Overview prediction

Figure 3.13 illustrates the displacement results of the models. The majority of the lines exhibit a
consistent trend, with maximum displacements around 0.9 m. However, two lines deviate from this
pattern. Specifically, Blum's calculation estimates a lower displacement of approximately 0.8 m,
whereas the drained Plaxis calculation yields a higher top displacement of 1.05 m. When evaluating

the capacity of calculation models to handle repetitive loads, the models incorporate such capability
in their calculations. In this regard, Plaxis employs the results of the 9th load step. The predictions of
the test are made. It is noticed that the models predicted similar displacements, especially as top

displacements. The tip displacements are relatively larger. The hypothesis is that the Plaxis drained

model was able to determine the soil-pile behaviour best. Because of this, it is even more noticeable
that the displacements of Plaxis drained are far from the rest. In chapter 4, the measurements of the
test are analysed. The actual displacement will be compared with the calculations of this chapter.
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Figure 3.13:Predictions of pile displacement according to multiple models
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4 Test results

In this chapter the measurement results of the test are shown. The result of the different
measurement instrument is shown and analysed. The instruments that are used during the test are:

e Hydraulic Jack
e Optical fibre

e Total station
e Saaf

e Inclinometer
o Piezometer

The results of those instruments are analysed in this chapter. Each instrument has its own section.
The inclinometer isn’t used in the analysed and the measurements are listed in the appendix. The
measurements of the inclinometer had problems with a narrowing in the tube, so that not the whole
pile could be measured but only half.

The instruments start measuring at various times. To synchronize the measurements, a uniform
starting time is chosen as base-measurement. At the starting time, the displacement is set to zero.
With the equal starting time, the different instruments can be compared with each other. The start
time is chosen at 9:00 AM. At this time, all the instruments have started measuring and the pile was
still not loaded.

4.1 Hydraulic Jack

The hydraulic jack put the load on the piles. The hydraulic jack measures the oil pressure in the jack,
this oil pressure is translated to the load that the jack creates. The load output is the amount of load
that is applied on the pile during the test, which makes it a useful tool during the test. The prescribed
load scheme is executed with the data from the load measurements of the hydraulic jack. Next to the
load, the shortening of the cylinder is measured. The piles are pulled towards each other, while the
bar must stay under tension, therefor the cylinder becomes shorter between the point of loading by
the hydraulic jack and the other side. The shortening of the cylinder is the total displacement of both
piles.

The measurement results of the load and displacement of the hydraulic jack are shown in Figure 4.1.
The green line represents the load, while the yellow line indicates the shortening of the cylinder. The
nine loadsteps are clearly shown in the figure. Once the maximum load is reached the load is kept
constant. A little bit of noise is visible due to the manual control of the load. The collected data can
be employed to determine the timing of load application. The total displacements will be compared
with the other displacement measurements. The displacement and load are calculated every second,
so a lot of data is available from the hydraulic jack. The displacement of the hydraulic jack is the
combined displacement of both piles at a height of +6.5 mNAP.
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Figure 4.1: Load and displacement of Hydraulic Jack

4.2 Optical fibre

Optical fibre cables are connected to the pile and measure the strains. The optical fibore method
employed for the testday is BOTDA (Brillouin Optical Time Domain Analysis). Initially, a BOTDR
(Brillouin Optical Time Domain Reflectometry) sensor configuration is used, but all sensors are later
changed to a BOTDA configuration during test preparation. The BOTDA technic has a strain accuracy
of 20 pe (OZ-optics, 2015). The inaccuracies have the most significant impact on the smallest strains,
but their influence diminishes as the strain differences increase due to larger strains.

Light is sent through the cable during an optical fibre measurement. If the cable deforms, the light
transmission in the cable changes. This changes in light transmission are detected by the system. The
system converts the changes in the light transmission into a strain in the cable. The two parameters
that affect this transition are the frequency of the light and the temperature. The company
responsible for the optical fibore measurements has already determined the strains from the data
they collected.

Four optical fibres are installed on the pile, the cables measure the data every +- 4 minutes. The
output parameters are: the location on the cable, frequency, strain, gain and width. The location on
the cable and the strain are used in this chapter. The location on the cable can be transferred
towards the location on the pile, using the tip of the cable. The tip of the cable is indicated in the
data by a jump in the strain-data. The cables measure the bottom 40 meter of the pile twice, once
during the descent and once during the ascent. The assumption is made that the tip of the cable is at
the tip of the pile. Due to the double measurement, the data from the cables can be cross-validated.

The strain data measurements are the raw data. The difference between the raw data and the base-
measurement data reflect the additional strain, caused by the load. The additional strain is utilized in
the calculations. The base measurement for the four cables is taken around 9:00 AM on the testing
day, when the pile was not loaded.
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The data of the optical fibres can be used to calculate the bending moment and the shear force
exerted on the pile. The bending moment is particularly useful for determining the additional load
imposed on the pile, as discussed in chapter 5.

Four cables were installed on the piles during the test. The location of the cables is schematized in
Figure 4.2. At both piles, three sides of the pile are measured with the optical fibres. On both piles
the “Noord” and “Zuid” sides are measured, which are the sides in the load-direction. And one side
perpendicular on the pull-direction on both piles is measured. Due to the extensive number of
measurements performed during the test, this chapter focuses on the results obtained at the end of
the eighth load step. The eighth loadstep is the last loadstep where the saaf also have measured the
curvature of the pile. The later loadsteps consist of larger strains. The assumption is made that the
largest displacement ensures the best measurement with the least amount of influence of the noise
and inaccuracies. Two cables consist of the measurements of one side of the pile and the two other
cables contain the measurements of 2 sides of the pile. The sides of the pile that are measured with
the cable are listed in the name of the cable. The four cables used are as follows:

e DO1_Zuid
e D01 _Noord-Oost
e DO04_Noord

e D04 _West-Zuid

B - Optical fibre (over the bottom 40 meter of the pile)
) - Lateral Load direction

Figure 4.2: Optical fibre cable distribution on pile

This chapter shows the strain data of cable DO1_Noord-Oost (North-East). The additional strain of all
four cables is analysed. The strain-data from this cable gives the clearest trend of the strain and has
the least amount of noise or outliers. The measurements of stain cable DO1-NO is used in the report.
The other three strain cables are shown in the Appendix.

The strain data that is shown in the graph, is the strain data of the cable that was connected to the
north and east part of pile DO1. The useable strain measurements are shown in Figure 4.3. The grey
line represents the base-measurement, which is taken before the load is applied on the pile, at 09:03
on the testday. The orange line represents the strain at the end of the eighth loadstep. The green line
represents the difference in strain between the blue and grey line, which is the additional strain due
to the load.

The first 100 meter of the cable is extra cable length that is not connected to the pile, so this data can
be filtered out. The middle part, between roughly 100 and 220 meters, shows a clear trend with two
bows. This part is connected to the North side of the pile. The last +-100 meter is connected to the
east part of the pile. The last part has a lot of noise and there is no trend visible in the data, which
makes this data unusable. The middle part, shown in figure 4.3, shows a clear trend, with a sharp
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peak. The peak in the middle of the trend means the tip of the cable. Preceding the peak, the cable
descends along the North side of the pile for 40 meters, while following the peak, it ascends again for
another 40 meters. These two parts are expected to be symmetric since it measures the strain two
times on the same height on the pile. The strains are positive, which means that the cable length
increases. This outcome aligns with expectations as the North side of the pile experiences tension
when subjected to the current loading conditions.

Only the north part of the data will be used in the continuation of this research since the other data
is unusable due to the noise. The “oost” side was the only measurement perpendicular to the pull
direction on pile DO1.
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Figure 4.3: Strain-measurement of optical fibre cable DO1-NO

4.3 Total station

A total station measures the displacement of a point and is used during the test. The total station
measures angles and distances. With the use of the angles and the distances, the instrument
determines the coordinates of a point relative to another known coordinate point. A total station has
an accuracy of 2 mm and can measure the angle with an accuracy of 3 arcseconds (Meetconsult, sd).

The total station measures the displacements of 8 specific points on the pile in three directions. The
measurement points are marked with stickers on the pile. The points have three measurements per
loadstep: when the maximum load is reached, at the end of the applied load and after unloading. The
displacement of the pile is also measured a few days after the test, this measurement is the last point
in the figure. The data can be used to check and compare the displacement data of the different
instruments. The measurements of the total station have a high accuracy. The data can be used as
actual displacement course but also as boundary conditions for the curvature measurements of the
saaf and strain-measurements. Figure 4.4 shows the displacement measurements during loading,
left figure, and unloading, right figure. The measurement point are on both piles and on different
locations on the pile. So small differences can be seen between point on the same height.
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Figure 4.4: Horizontal displacement of total station during loading (left) and unloading (right)

4.4 Saaf

A saaf, Shape Accel Array Field, is a tube which measures the horizontal curvature of the pile. The
saaf tube is installed in a pipe that is welded on the pile. The saaf-tube is a concatenation of hinges
with sensor elements. The sensors measure every 50 cm the curvature of the pile in two horizontal
directions. The accuracy of the saaf is +/- 1.5 mm over 32 meters (Inventec, s.d.), within 20 degrees
inclination. The longest saaf of the two is 44.5 meter and the inclination is within the 20 degrees,
which result in an accuracy of +/- 2.1 mm.

The curvature is the second derivative of the displacement, two boundary conditions are necessary
to derive the displacement with the measured curvature. In the current data, it is expected that the
saaf does not have any displacement neither angular displacement at the tip of the saaf. The saaf
measurements are done during the first 8 loadsteps, during the 9™ loadstep the saaf is replaced by
the inclinometer to get a validation measurement. The data can be used to determine the curvature
of the pile and to have a better insight into the displacement of the pile.

Saaf D01

The saafdata of pile DO1 has a reach from 3.85 mNAP to -34.65 mNAP and a period between “29-06-
2022 07:34:37” and “30-06-2022 16:38:56". The curvatures are measured approximately every
minute. The base-measurement is taken at the same time as the base-measurement of the total
station, which is at 9:00 during the testday. The boundary conditions that are used as first estimation
is a displacement and the angular displacement of zero both at the bottom of the saaf. The
assumption is made since it is expected that the bottom of the pile does not move during the test.
The first assumption can be modified later, because the total station can be one of the boundary
conditions. The saaf on pile DO1 has a maximum depth of -34.65, which is more than 7 meter above
the pile tip. The assumption that the bottom of the pile does not move during the loadsteps, is in this
case not completely the same as the assumption that the tip of the saaf does not move.
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The data of the top of the saaf, +3.75 mNAP, are shown in Figure 4.5. The results have the same
trend as the hydraulic jack data. It looks like there is a small disruption in the data between loadstep
5 and 6, but the rest of the data is usable with a minimum amount of noise.
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Figure 4.5: Horizontal displacement of saaf DO1 over time

Next to the displacement of a point over time is it also possible to plot the entire pile at a certain
moment. The maximum displacement of the pile for each loadstep is shown in Figure 4.6The
displacements become larger and larger each loadstep, which is also expected. In this figure the
maximum displacements per loadstep are taken.
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Figure 4.6: maximum pile displacement of 8 loadsteps of Saaf-D01
Saaf D04

The saafdata of pile DO1 has a reach from +2.75 mNAP to -41.75 mNAP and a period between 29-06-
2022 07:34:35 and 30-06-2022 16:38:54. The curvatures are measured almost every minute. The
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zero measurement is taken at the same time as the first measurement of the total station, which is
around 9:00 during the testday. The boundary conditions that are used as first estimation is a
displacement and the angular displacement of both zero at the bottom of the saaf. This assumption
is done since it is expected that the bottom of the pile does not move during the test. This first
assumption can be modified later with the help of the total station measurements. The
displacements are negative since they use the same coordinate system for both piles.

The bottom of the saaf is 0.25 meter above the tip of the pile. Which assumes of zero displacement
at the tip of the saaf more reliable since it is more in line with the assumption of the fixed pile tip.
Next to that, this saaf gives the curvature of a major part of the pile.

The data of the top of the saaf over time is shown in Figure 4.7. The data has the same shape as the
other saaf, but the maximum displacement of the loadcycles is nearly 100 mm lower for this saaf,
than for the saaf at pile DO1. The expectation is that both piles have equal displacements. The total
station has measured almost equal displacements for both piles, which suggest that something must
be changed in the assumption of the saaf data. These differences can be assigned to the difference in
the height of the boundary conditions. In Figure 4.8. the evolution of the pile over time is shown,
with each maximum displacement per loadstep. The top of the saaf shows vibrations in the line,
these vibrations are not expected in the pile, which tends to inaccuracies in the data. The expectation
is that the displacement becomes steeper, higher on the pile. But after the vibration around X81, the
line becomes flatter again. The vibrations/noise in the data can cause some inaccuracies in the data.
This must be considered in the further analysis of this data.
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Figure 4.7: Horizontal displacement of saaf D04 over time
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Figure 4.8: Maximum pile displacement of 8 loadsteps of Saaf-D04

Combined Saaf data

The two saaf are installed up to different depths. Saaf-D04 nearly reaches the piletip, while saaf-D01
has its tip 7 meter above it. The assumption that both saaf has no displacement nor angular
displacement at the tip differs for both piles. Saaf-D04 shows displacement at the height of the saaf-
D01 tip, which indicates that the assumption for saaf-D01 is incorrect. The assumption of saaf-D01
can be changed to the shape of saaf-D04. The new assumption for the boundary condition of saaf-
D01 is a tip displacement equal to the displacement of saaf-D04 at that depth, 34.65 mNAP. The
second boundary condition is received from try and error of the angular displacement at the tip of
saaf-DO1. The saaf line is turned until both saaf lines are closest together. Figure 4.9 shows the
original saaf-D04 displacement and the adapted saaf-D01 line at the end of loadstep 8, 16:26 hour.
The saaf-D04 has now a tip-displacement of -3.2 mm and an angular displacement close to the
angular displacement of Saaf-D01 at the same depth.
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Figure 4.9: Saaf-displacement of both piles
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4.5 Piezometer

The piezometer is utilized to gauge the excess water pressure within the soil. Measurements of water
pressure are taken at six different locations, with three measurements conducted at varying depths
for both piles. These measurements are performed at 5 meters difference from the centre of each
pile. The instruments measure the excess water pressures in the soil, the base measurement of the
excess water pressure is manually chosen after each loadstep. During the base measurement, the
water pressure is set to zero. The water pressures are measured every second during the test. Before
the water pressures are set to zero, a high peak occurs. This peak is not considered in the further
analyse of the data but are seen as inaccuracies by the manually intervention in the data.

The results of the 6 piezometer measurements are shown in Figure 4.10. The measurements of 5 of
the 6 gauges follow the same trend, only water pressure meter 5 shows a moderate trend during the
entire test. The pore pressure during the first 4 loadsteps varies within the 1 kPa from the base-
measurements. During loadstep 5 till 7, the pore pressures rise linearly during the whole loadstep.
The excess pore water pressures during the 8" loadstep flattens out at the end of the loadstep, to a
maximum of 4 kPa. The end of load step 8 marks a significant turning point in the behaviour of excess
pore water pressure. Prior to this point, there was a consistent increase in the excess pore water
pressure, while following load step 8, a decrease in excess pore water pressure is observed. When
examining the relationship between the excess pore water pressures and applied load on the pile,
one would expect a clear trend to emerge, displaying a relationship between loading and an increase
in pore pressures. However, such a load-related trend is not apparent in the data. Since the last
loadstep shows a decrease in excess pore pressure during loading.

Instead, it appears that the excess pore water pressures are influenced by tidal effects. Tidal effects
result in variations in water levels over time, causing an increase in pore water pressures for a few
hours, followed by a subsequent decrease in pore water pressures for a few hours. The measured
data from the piezometer aligns with these tidal effects. Specifically, the pore pressures exhibit an
increase of approximately 13 kPa over the first 8 loadsteps, corresponding to a water level change of
around 1.3 meters. Those water level changes can be expected according to the tidal effects in the
port of Rotterdam (Port of Rotterdam, sd). Therefore, it is assumed that the sand layers are drained,
with no pore pressure build-up during the loading process.
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Figure 4.10: piezometer measurements during the test
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4.6 Comparison test-measurement with predictions

This section compares the measurements of the test with the predictions of the calculation models.
The total station and saaf displacement at the end of loadstep 8 are shown in Figure 4.11, together
with the predictions of the calculation models. The solid lines are the measured displacement of the
saaf and the total station displacement. The difference in displacement between the saaf and the
total station are discussed in chapter 6. For now, the total station measurements are being relied
upon. The dashed lines represent the predictions. The measurements and the predictions have a
clear difference. Most of the predictions have a maximum displacement of around 0.9 meter. The
two outliers are the Plaxis-drained model and the Blum model. Blum predicted the lowest
displacement, but is still 0,1 meter higher than the measured displacement. The difference between
the Plaxis-drained model and the measurement is about 0,4 meter, which is huge. The total station
measured a maximum displacement of nearly 0.7 m. There is a difference of roughly 0.2 meter
between the measurement and the prediction. This difference needs a declaration. The expectation
is that those differences cannot only be dedicated by the inaccuracies in the calculation models. A
more thorough examination needs to be conducted to all the input parameters in the models and the
test procedure.
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Figure 4.11: Predicted displacement and measured displacements of the test
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5 Load analyse

In chapter 4, a gap was found between the measurements and the predictions. The gap was too large
to dedicate it to model inaccuracies. A more general inaccuracy needs to be found to close the gap.

The test involved the application of load on the piles using a hydraulic jack. The magnitude of the
load on the pile is determined by a control panel that regulates the load supplied by the hydraulic
jack based on its load measurement. This hydraulic jack load provision is employed to align with the
designated load scheme during the test. The hydraulic jack derives the load from the oil pressure
within the jack. However, it is important to note that this method may contain inherent inaccuracies.

Typically, the load during a test is cross-verified or measured using a load cell. A load cell is
specifically designed to accurately measure loads with a higher degree of precision. However, in this
test, a load cell is not utilized, necessitating the adoption of an alternative method for load
verification. One such approach involves determining the load using strain data. It should be noted
that the strain data is only available after the completion of the test and did not influence the applied
load during the test itself. In this chapter, the optical fibre strain measurements are converted into
an estimation of the applied load on the pile

5.1 Comparison bending moment

The optical fibre cables measure the strain along the pile. The strain of the pile is used to calculate
the applied load. The optical fibre cables attached to the pile are used in this analyse. The tip of the
cable is detected in the data, with which the useable cable data is found. The data from cable DO1
Noord-Oost, particularly the Noord part, is used to determine the load on the pile, and those results
are shown in this chapter. The data from cable DO1-Noord has the least amount of noise and shows
the clearest trend in the data, therefor this dataset is used.

The data between 120 and 200.5 meter on cable DO1-Noord-Oost is the part of the cable attached to
the pile. The cable is attached 40 meters on the pile from the tip of the pile upwards to -2mNAP. The
extra 0.5 meter is the turning loop at the tip of the cable. A tuning loop of 0.5 meter is chosen since
this gives a decent symmetric output. Figure 5.1 shows the strain on the y-axis and the depth on the
x-axis, the data is from the test at the end of loadstep 8 . The two lines follow the same trend and
have little deviations, which confirmed that the peak is well-chosen. The small peaks between 20 and
35 meters from the tip are on the same location. The peaks are most likely due to the changes in wall
thickness. The transitions in wall thickness are on the same depths as the peaks in the graph.
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Figure 5.1: Strain-measurement versus at certain depth of strain cable DO1-NO

The load on the pile causes the added strains. The pile has a compression and a tension side in the
pile. On the compression side, the steel is compressed to each other, and the strains are negative. On
the tension side, the steel is extended, and the strains are positive. The strains from Figure 5.1 are
from the tension side of the pile.

The applied load is the only load on the pile that has influence on the bending moment above the
water table. The assumption is made that the water does not have influence on the bending
moment, since the water forces are insignificant compared to the added load and are equal on both
sides of the pile. The strain of the pile is dependent of the bending moment on the pile. The stain-
measurement can be converted into the bending moments of the pile. The strain and the bending
moment are combined in one equation using Hooke’s Law and the bending moment equation.

Hooke’s law:
o=FE=*¢
Bending moment equation:
oxl
- VA

4 parameters have influence on the strain of the pile. The first parameter is the bending moment, M
[kNm]. The second parameter is the moment of inertia, | [m"4]. The moment of inertia is: “In
general, when an object is in angular motion, the mass elements in the body are located at different
distances from the centre of rotation. The total moment of inertia is the sum of the moments of
inertia of the mass elements in the body.” (Davidovits, 2013). The third parameter is the distance to
the neutral axis, z [m]. And fourth the elastic modulus of the material, E [kN/m]. The elastic modulus
is @ material property and indicates the elasticity of a material.

The elastic modulus is material specific and known for the steel that is used (210 MPa). The moment
of inertia is depending on the cross-section on the pile. Those two parameters of the pile are known.
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The neutral axis of the pile is in the middle of the pile, perpendicular on the load-direction, so the
distance to the neutral line is equal to the radius of the pile since the optical fibre cable is installed on
the outside of the pile. The cross-section of the pile changes with height, so the moment of inertia
changes over the pile. The strains are measured with the optical fibre cables. The Bending moment
follows from the strains data and the above-mentioned formulas and parameters. Figure 5.2 shows
the bending moment during loadstep 8 in blue. The soil bottom is at -24.6 mNAP.
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Figure 5.2:Bending moment of pile determined with the strain-measurement.

The bending moment is the summation of the forces times the length to a chosen point. The only
load that influences the bending moment above the soilbed is the applied load from the hydraulic
jack. The load is applied on +6.5 mNAP. The bending moment above the soil bed is expected be
linear, with a slope equal to the applied load. The load according the hydraulic jack during the 8"
loadstep is 1823 kN. The expected bending moment above the soilbed is drawn in orange in Figure
5.2. The hypothesis that the calculated bending moment and the measured bending moment are
equal is incorrect. The calculated bending moment line is much steeper than the measured line and
gives too high values. Since the slope of the line depends on the load, the load measured by the
hydraulic jack are not equal to the real load that was applied on the pile. Throughout all the load
steps, a disparity between the measured bending moment and the calculated bending moment
based on the hydraulic jack load was consistently observed.
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5.2 Adapted load determination.
Since the loads according the hydraulic jack doesn’t correspond to the strain measurements, new
expected loads needs to be found using the strain data.

The expected load according to the strain-measurements is equal to the slope of the bending
moment above the soilbed, -24.6 mNAP. A linear trendline is drawn through the bending moment
measurements above the soilbed. The drawn trendline in excel gives the equation of the trendline.
This trendline gives the best matching slope of the bending moment data. The slope of this trendline
and corresponding applied loads is 1500 kN, with a least square error of 0.95.

At the load application height, the bending moment should be zero. However, the trendlines drawn
through the data, isn’t zero at that point. The trendlines intersect the y-axis around 1.5 meter lower
than expected, which indicates that the load is applied lower than expected. The applied load height
is a reliable parameter which makes it unlikely that the differences between the measured height
and the determined height are as large as determined. The trendline is adapted with the use of the
applied load height. Minor differences in the slope of the line can ensure that the trendline goes
through the application point, within the same order of accuracy. The noise in the data enables the
possibility to have different trendlines with minor changes in accuracy.

The two principles of the determination of the new expected loads are.

e The bending moment is zero at the load application height.
e The bending moment according the expected load, needs to fit the bending moment data as
good as possible.

The load determination consist of two phases.

The first phase draws line between the applied load height and all the data point above the soilbed.
The slopes of all those lines are calculated. This is visualized in Figure 5.3, where a few of those lines
are drawn. The average slope of those lines is calculated, which results in the average expected load
according all the datapoints. The accuracy can be improved by using the least square error of the
bending moment lines.
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Figure 5.3 Slope in bending moment between measurement points and applied load height.

The second phase of the study builds upon the findings of the first phase. In this phase, the bending
moment lines are determined for loads of #50 kN from the expected load obtained in the first phase.
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The least square error (LSE) is then calculated for these loads. The bending moment for all loads
falling within this range is determined at the same height as the measurements taken on the strain-
cables.

To assess the accuracy of the calculated data, the LSE is computed by comparing the measured data
points with the corresponding calculated data points at the same heights. The load that yields the
most favorable least squared error is selected as the expected load for this measurement. The
bending moment resulting from this expected load is depicted in Figure 5.4.

By taking into account the known boundary conditions, such as the application height, this approach
ensures a comprehensive consideration of relevant factors. The LSE analysis aids in achieving the
best possible fit of the data, thereby reducing uncertainty. This combination of techniques provides a
realistic estimation of the expected applied load on the pile.
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Figure 5.4 Bending moment measurement and calculated bending moment using the expected load.

This method determines the applied load according to the optical fibre measurement. The applied
load is determined every time the specific optical fibre cable (D01-NO) had a measurement, which
was about every 3 minutes. Figure 5.5 shows the measured load course during loadstep 9 according
to the optical fibre measurements. The whole load course is determined to have a better inside in
the load-coarse during a loadcycle and to choose which load is representative for the loadcycle. Next
to that, the load coarse is used to make a load-displacement analyses of the test in chapter 7.

The maximum load was kept constant for multiple minutes according to the hydraulic jack
measurements. The optical fibre load course shows a load build up during the first 5 measurements,
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has a kink at the 6™ measurement, after which the load becomes more constant between
measurements 6 and 21. After measurement 21, the load is decreasing again to an unloaded stage.
The load between measurement 6 and 21 is expected to be constant, which was also the case in the
hydraulic jack measurement. But the optical fibre measurements show an increase in load during this
phase. The load increment, during the constant load phase, is visible during all the loadstep. This can
be caused by inaccuracies in the hydraulic jack or with an delay between the applied load and the
movement of the pile.

A maximum value of the load course is chosen as representative maximum load of the loadcycle
unless it is an outlier. It is assumed that the maximum load in the load course is the representative
applied load on the pile during the loadstep. The soil and pile need some time to show the real
curvature of the pile due to the load.
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Figure 5.5: The applied load of loadcycle 9 determined with the strain measurements.

The expected load according to the strain-measurements is determined for all 9 loadsteps. The loads
from the stain-data is hundreds of kilonewtons lower compared to the loads from the hydraulic jack.
The measured maximum loads per loadstep of both measurements are shown in Table 5.1. The table
includes both methods mentioned above: the strain-measurement and the original measured loads
by the hydraulic jacks.

The hydraulic jack determined the load with the use of the oil pressures, this method can give larger
deviations. The strain-measurement uses the slope of the bending moment, which contains noise
and may therefor differ slightly. The model also uses the application height, which is a fixed height
with a known bending moment of zero, which results in a best possible expected load determination
using the strain-data. The strain-measurement are more reliable than the hydraulic jack
measurements. The applied load on the pile differ from the preconceived loads. This could be the
cause of the gap between the measurements and the predictions in chapter 4. The predictions with
the different calculation models are redone in chapter 6, to determine if this closes the gap.
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Table 5.1: Load measurement of the hydraulic jack and the optical fibre

Applied height measurements [kN]

Loadstep Optical fibre Hydraulic Jack
1 382 810

2 682 1114

3 960 1418

4 1109 1620

5 1252 1823

6 1357 1823

7 1348 1823

8 1391 1823

9 1426 1823
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6 Displacement analysis.

In this chapter, the displacement of the test and the calculation models are analysed. First the results
of different measurement tools are compared with each other. After that, the measurements are
compared with the calculation methods. The calculation methods are redone with the loads derived
in chapter 5.

6.1 Optical fibre displacement

The strain of the pile during the test is measured with optical fibre cables. The strains can be used to
calculate the curvature of the pile. The curvature of the pile is used to determine the displacement of
the pile. The curvature and displacement of the pile is used to check the saaf measurements.

The curvature of the pile can be determined by using the two types of bending moment equations
and Hooke’s Law together:

Exex]

V4

M=ExI*xx =

K =—
z
In which the k is the curvature [1/m], € is the strain [-] and z is the distance to the neutral axis [z].
The equation calculates the curvature using two parameters: the strain-measurements and the
distance from the neutral line of the pile to the stain cable (which is the radius of the pile). The
curvature of pile DO1 during loadstep 8 is shown in Figure 6.1. The curvature at the tip of the pile is
equal to zero. The curvature line has a shape of an arc with the top op 0.00075 m/m?, with an outlier
of 0.0009 m/m?,
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Figure 6.1: Curvature of pile DO1 during loadstep 8
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The goal is to convert the curvature into the displacement of the pile. The curvature is the second
derivative of the displacement. Two boundary conditions are needed to make this conversion. The

first assumption for the boundary conditions is that the pile tip has no displacement nor angular

displacement, so 1’ & u, are zero. This is the same assumption as made with the Saaf-
measurement. The angular displacement is the primitive function of the curvature, and the

displacement is the primitive function of the angular displacement.

The displacement of the pile is shown in Figure 6.2. The descending and rising cables are taken

separately, so two lines are plotted of the same pile. The difference between the two lines is small,
which was also expected with the matching curvature measurement. The displacements differ less

than 1 cm at the top.
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Figure 6.2: Displacement of the pile during loadstep 8 with the use of the strain-measurement

6.2 Compare measurements.
Compare curvature measurements

The displacements of the strain-cables can be compared with the displacement of the saaf. Both
methods use the same assumption of zero displacement and zero angular displacement at the tip of
the cable. The tip of saaf-D04 is on the same depth as the tip of the optical fibre, which is close to the
tip of the pile (-42 mNAP). The tip of Saaf D01 is higher on the pile (-34 mNAP). The saaf-D01 results
can be adapted to the displacement of saaf-D04. The adapted Saaf-DO1 trend is more in line with the

assumption of zero angular displacement and displacement at the tip of the pile. Which is the

original assumption of the measurements.

Figure 6.3 shows the displacement of the saaf and the optical fibre at 16:27. The results of the optical
fibre and the D04-saaf displacement matches well. The adapted saaf-D01 measurement is also close

to the other measurements, but that is partly because it is adapted to the measurement of saaf-D04.
The original Saaf-D01 measurement differ from the other measurements.

The curvature trend obtained from both curvature measurement tools provides a distinct

representation of the pile's curvature. As these measurements are obtained using two different
instruments, they serve to cross-validate the data. Consequently, the data from both instruments
exhibits increased reliability. Given that the optical fibre measurements demonstrate high reliability,

the load measurement derived from the optical fibre also benefits from enhanced reliability.
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Figure 6.3: Displacement of the saaf compared with the optical fibre measurement.
Compare displacement measurements.

The results of the different displacement measurement tools are combined. The total station has
accurate displacements, but only at 8 points above the water table. The saaf has curvature
measurements along the entire pile, but the boundary conditions to transform the curvature into
displacement are not known. The hydraulic jack only measures the combined displacement of both
piles at 6.5 mNAP.

The Saaf and total station measure the displacement in x and y direction, while the hydraulic jack
measures the total displacement. The displacements of the pile in the direction of the load are
significantly larger than the displacements perpendicular on the load. The differences in
displacement are sufficient large to disregard the displacement perpendicular to the load. The base-
measurements are close to 9:00 AM during the testday, for all the measurement data. The total
station measures the displacement at 5.8 meter mNAP, while the hydraulic jack measurement is on
6.5m NAP. The saaf measurements are linear extended to a height of 6.5m NAP, to be able to
compare the different methods. The line is extended by using the average increase in the top 5
meter of the saaf and extend the displacement with this average increasement until 6.5 meter. The
top 5 meter give a good representation of the trend, but this extended contains still some
inaccuracies in the amount of displacement above 3.25 mNAP. The saaf-data from pile D04 is chosen,
since that saaf goes almost to the tip of the pile, while saaf-D01 doesn’t measure the lowest 7 meter.
The total-station measurement of pile D04 is chosen to have measurements on the same pile as the
saaf. The hydraulic jack measurements are halved to get the measurements of a single pile..
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6. Displacement analysis.

The displacement of the three methods are shown in Figure 6.4 over time. Table 6.1 gives the
displacement of the three-measurement instrument at the total station measurement times. The pile
displacement of the saaf, hydraulic jack and the total station are shown over time. The total station
has only three measurements point per loadstep, which results in a more angular trend line. The
total station measurement points need to be analysed and not the line, since the lines are only a
straight connection between the points.
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Figure 6.4: Comparison of Saaf, Hydraulic jack, and Total station

Throughout the entire test, the displacements recorded by the hydraulic jack are consistently larger
than those measured by the other two instruments. The hydraulic jack and total station
measurements provide direct measured values without any underlying assumptions. Although the
hydraulic jack measurements are taken 0.7 meters higher than the total station measurements,
resulting in slightly lower displacements for the total station, the observed differences are too
significant to be solely attributed to the discrepancy in height. It is more probable that the
differences between the total station and hydraulic jack measurements occur from uncertainties or
inaccuracies in the measurement process. Hereby it is assumed that the total station measurements
have an higher accuracy since the total station has a high level of accuracy and is specially used for
accurate displacement measurements. The hydraulic jack has more inaccuracies and is primarily used
for applying the load on the pile instead of measuring the displacement of the piles. The boundary
condition

The assumption made for the saaf measurements is that the saaf tip remains unaffected by angular
or horizontal displacements. However, this assumption may be incorrect, leading to disparities in the
recorded displacements. The disparity in displacement between the saaf and total station
measurements indicates that the boundary conditions assumed for the saaf are incorrect and need
to be revised. The total station and hydraulic jack measurements can be utilized as alternative
boundary conditions for the saaf measurements.
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6. Displacement analysis.

Table 6.1: Comparison of Saaf, Hydraulic jack, and Total station displacements

Time Total Hydraulic | Saaf
station | jack [mm]
[mm] [mm]

Height 5.8[m] | 6.5[m] 6.5 [m]
30-06-2022 10:03:00 | 22 4 11
30-06-2022 10:10:00 | 104 97 85
30-06-2022 10:20:00 | 130 136 122
30-06-2022 10:40:00 | 26 28 28
30-06-2022 11:00:00 | 226 241 209
30-06-2022 11:14:00 | 285 307 270
30-06-2022 11:52:00 | 44 45 40
30-06-2022 12:26:00 | 412 434 372
30-06-2022 12:38:00 | 452 482 419
30-06-2022 12:51:00 | 71 67 61
30-06-2022 13:14:00 | 479 491 430
30-06-2022 13:27:00 | 519 557 489
30-06-2022 13:39:00 | 85 80 71
30-06-2022 14:01:00 | 532 560 485
30-06-2022 14:11:00 | 586 631 553
30-06-2022 14:19:00 | 99 136 144
30-06-2022 14:42:00 | 587 628 542
30-06-2022 14:52:00 | 635 685 600
30-06-2022 15:04:00 | 113 110 99
30-06-2022 15:26:00 | 631 659 575
30-06-2022 15:37:00 | 650 697 608
30-06-2022 15:50:00 | - 120 107

6.2.1 Determine pile tip displacement

The initial assumption regarding the boundary conditions of the saaf was that there would be no
displacement or angular displacement at the pile's tip. However, this assumption was an initial
estimate and not based on any actual measurements. In order to establish suitable boundary
conditions for the saaf data, the total station measurements are employed. The total station is
preferred over the hydraulic jack due to its higher accuracy in measuring displacement. The total
station provides boundary condition with the displacement at a specific height.

To mitigate noise in the data, a trendline is generated from the saaf data. The trendline has a sixth-
order polynomial fit. To convert curvature to displacement, two unknown parameters need to be
defined based on the boundary conditions. The x-axis is placed at the height of the total station
measurement point (+1.35 mNAP). The displacement at this point is known, and therefore, this
parameter is incorporated into the formula. The equation of the trendline is presented below, where
parameters a till e are known parameters obtained from the trendline, only the parameter f needs to
be adjusted as a boundary condition and parameter g is already fill in by the total station
measurement. The first boundary condition of the saaf is represented by y(0) in the formula.

y =ax®+ bx® + cx* +dx3 + ex? + f xx + y(0)
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6. Displacement analysis.

The second boundary conditions will be the rotation or a displacement of the pile on a specific
height. The total station has measurements on multiple height. The second boundary condition is
chosen at another measurement height of the total station. This height is above the saaf height and
requires a manual increasement of the saaf-data. The height difference between the total station
points is 4.6 meter. However, due to small inaccuracies between these two points, there is a
propensity for larger errors in the pile tip displacements. The saaf data exhibit vibrations at the top,
and when combined with the manually extended results, the reliability of using two boundary
conditions from the total station becomes questionable. Consequently, the second set of boundary
conditions cannot solely rely on the measurements obtained from the total station.

To find a suitable saaf line for the displacement, an alternative approach is adopted, involving trial
and error by adjusting the rotation and observing the resulting displacement line. Although this
method does not provide the actual displacement of the pile, it is utilized to combine the
measurement data and derive the best possible approximation for the displacements along the
entire length of the pile.

Figure 6.5 presents the original saaf trend (solid line), the total station measurements (black line),
and two shaped saaf lines (blue striped). Both shaped lines can be accurate as they are fitted based
on the total station measurements, yet they exhibit different angular displacements at the height of
the total station measurement. Since there is no additional data available regarding the displacement
of the pile, the angular displacement near the total station measurement remains unknown. A
deliberate decision was made to refrain from employing calculation models that rely on assumptions
about toe displacement. This approach ensures that when comparing measurements with
calculations, they remain compatible. Further research is necessary to gain a more comprehensive
understanding of the tip displacement of the pile.
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Figure 6.5: Saaf displacement fitted with the total station results during loadstep 8

52



6. Displacement analysis.

Another aspect of the data can be utilized to gain a better understanding of the magnitude of pile tip
movement. A potential discrepancy between the saaf and total station data may arise due to the
assumption of a rigid connection at the pile tip. The data indicates that the difference between the
total station and saaf measurements increases with higher loads and fluctuates around a certain level
during constant loads. As the differences become larger, greater corrections are required for the saaf
data, deviating further from the original assumption. These significant corrections imply increased
pile tip movement. Figure 6.6 illustrates the displacement differences between the saaf and total
station at the same height, +1.3 mNAP. The figure displays the difference in displacement of the pile
at the end of every loadstep.
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Figure 6.6: Difference between total station and saaf displacement during every loadstep.
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6. Displacement analysis.

6.3 Plaxis calculations

The loads obtained from the optical fibore measurements are used in Plaxis to calculate the
displacement of the model with these loads. The rest of the model remained the same, only the old
surface loads are changed into the adapted surface loads. The model is calculated only calculated
with drained soil conditions, since the piezometer shows a drained soil behaviour without excess
pore pressure due to the load. Figure 6.7 shows the behaviour of the pile during the different
loadsteps.
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Figure 6.7: Plaxis drained calculation with 9 loadsteps

The order of magnitude of these calculations are more in line with the measured displacements
during the test compared to the model with the old loads. The displacement of Plaxis can be
compared with the saaf and total station measurements. The total station measurements are laying
below the Plaxis calculation. Table 6.2 shows the Plaxis results and the total station on 5.8 mNAP and
1.3 mNAP. The total station measurements are from pile DO4. Figure 6.8 shows the displacement at a
1.3 mNAP during the test. The total station measurement misses a measurement point, so the total
station line stops during loadstep 9.
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Figure 6.8: Comparison of Plaxis calculation with Total station measurements at +1.3mNAP

Table 6.2:Plaxis displacements and total station displacements at equal heights.

Total station Plaxis Drained
Loadstep | Load | 1.3 5.8 1.3 mNAP | 5.8 mNAP
[kN] | mNAP mNAP
Loadl 382 | 0,102 0,131 0,136 0,167
Unload 10 0,016 0,027 0,021 0,023
Load2 682 | 0,232 0,286 0,255 0,312
Unload 10 0,035 0,045 0,042 0,047
load3 960 | 0,371 0,453 0,372 0,454
Unload 10 0,062 0,072 0,069 0,077
load4 1109 | 0,444 0,52 0,443 0,539
Unload 10 0,076 0,086 0,090 0,100
Load5 1252 | 0,505 0,587 0,513 0,623
Unload 10 0,096 0,100 0,111 0,124
Load6 1357 | 0,532 0,636 0,568 0,689
Unload 10 0,096 0,114 0,129 0,145
Load7 1348 | 0,533 0,651 0,565 0,684
Unload 10 0,107 - 0,136 0,152
load8 1391 | 0,557 0,677 0,591 0,715
Unload 10 0,117 - 0,145 0,162
Load9 1426 | - - 0,609 0,737
Unload 10 0,121 0,14 0,153 0,171

Table 6.2 shows the results from the Plaxis model and the total station measurement on the same
height. The displacements have equal order of magnitudes. The Plaxis model gives too large
displacement compared to the total station measurement. The total station displacements increases
every next loadstep, during loading and unloading. Which means that the “plastic” displacement
increases every loadcycles. 6 days after the test, the pile was measured again. The pile bounced back
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6. Displacement analysis.

and the displacement of the pile decreases. So, the unloading-displacement is not permanent
displacement, and the soil has a healing effect.

The Plaxis results are more sensitive to load-decreases, which is visible between loadstep 6 and 7.
Between these loadsteps the load decreases slightly and the Plaxis displacement also decreases,
while the total station displacement increases. In the Plaxis prediction of chapter 4, the maximum
load was constant for the last few loadsteps. The displacement of the pile becomes lower when the
same amount of load was applied on the pile. It seems there is an inaccuracy in the Plaxis model. But
with minor load increase, the inaccuracy is resolved.

The tip displacement of the pile increases slightly every loadstep and hardly bounces back during
unloading. The maximum tip displacement is -0.011 meter. This means that the pile tip moves to the
other side as the top of the pile.

The differences in displacement could be causes by uncertainties in the soil parameters, inaccuracies
in the load determinations and other uncertainties in the Plaxis model.

6.4 D-pile group, D-sheetpiling and Blum

The D-pile group model is utilized with loads obtained from strain measurements. The D-pile group
can only calculate one load step. However, it is possible to simulate cyclic loading by modifying an
input parameter in the model. Three calculations are performed to compare the model output with
the measurement results. The first calculation approximates load step 6, which is the initial
maximum load, using the cyclic calculation in the D-pile group and the load of loadstep 6. The second
model approximates load step 8, the final cyclic load step with results from the total station and
SAAF, with the cyclic load calculation and the load of cycle 8. The third model approximates load step
6 using the single load calculation since this represents the first maximum load of the test. Loadstep
6 is neither a single load nor a cyclic load, both methods are used to have a look into the results and
how those loadcycles can best be modelled. Figure 6.9 illustrates the three models alongside the
total station measurement of load steps 6 and 8.

The displacements caused by cyclic loading in the D-pile group exhibit a good correlation with the
measurements obtained from the total station. Specifically, the cyclic loading calculation for load
step 6 aligns more closely with the results of load step 6 from the total station compared to the
single load calculation. However, it should be noted that load step 6 does not involve cyclic loading
itself.

The cyclic loading calculation used in the D-pile group incorporates a reduction factor that accounts
for the decrease in soil strength, resulting in larger displacements. This calculation predicts
displacements after a significant number of cyclic loads. In the test, load step 6 represents the initial
maximum load. Furthermore, the flexible dolphin undergoes repetitive loading rather than cyclic
loading. Repetitive loading involves longer intervals between unloading and reloading, leading to
variations in soil behavior due to time-dependent soil properties, such as water pressures.
Consequently, the cyclic load calculation is not suitable for determining displacements during the
test. It may be employed to study the pile's behavior after a large number of loads, but the repetitive
loading during the test differs from the cyclic loading assumption used in the model, which assumes a
higher number of repetitions.

Load step 6 cannot be considered a virgin loading since both the pile and soil have already
experienced load cycles with loads close to the newly reached load. The preceding load steps induce
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6. Displacement analysis.

permanent displacements in the pile and soil, resulting in a different starting position for the pile
before load step 6 in the total station measurements compared to the single load calculation in the
D-pile group. Additionally, the soil has already undergone forces that affect its stiffness. The single
load calculation in the D-pile group does not accurately represent the repetitive load steps. Although
it could be used to understand the behavior of the first load cycle, the determination of load step 1 is
unreliable due to noisy data. Consequently, relying solely on an analysis based on load step 1 would
yield unreliable results.
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Figure 6.9: D-pile group calculated displacement compared with total station measurement.

The D-sheetpiling model is utilized with loads obtained from strain measurements. The Brinch
Hansen model calculates the ultimate soil capacity. Two models are created to compare the model
results with the measured results. One model represents the maximum load of load step 6 (1357 kN),
and the other model represents the maximum load of load step 8 (1391 kN). The model doesn’t take
repetitive loading into account. The soil is already subjected to loads prior to the occurrence of load
steps 6 and 8. These previous loads result in different soil strength and stiffness compared to the pre-
test conditions when the soil parameters were determined. Since the repetitive behaviour is not
considered in this analysis, this method is not suitable for application to flexible dolphins. Both
models are depicted in Figure 6.10.
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Figure 6.10: D-sheetpile calculated displacement compared with total station measurement.

The Blum model is used to calculate the displacement of the top of the pile. The model calculates the
ultimate soil resistance. The input load in the model is one static load, it is not possible to do cyclic or
repetitive calculations. The model is calculated twice, ones with the load of loadstep 6 (1357 kN) and
once with the load of loadstep 9 (1391 kN). The displacement of the pile is shown in Figure 6.11. The

displacement of the Blum model calculated at the height of the load (+6.5 mNAP).
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Figure 6.11: Blum calculated displacement compared with total station measurement.
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The D-sheetpiling and D-pile group results are close to each other. The different models differ less
than a millimetre at the top but increase to a few millimetres lower on the pile. Table 6.3 shows the
results of both models..

Table 6.3: D-sheetpiling and D-pile group compared with Total station measurements

D-pile group D-sheetpiling Total station
Loadstep6 1.2 mNAP 0.5289 0.5340 0.5252
5.8 mNAP 0.6508 0.6501 0.6392
Loadstep8 1.2 mNAP 0.5440 0.5488 0.5511
5.8 mNAP 0.6691 0.6680 0.6717

The D-sheetpiling and D-pile group models provide a displacements close to the actual
measurements. The D-sheetpiling model calculates the ultimate resistance of the soil, while the D-
pile group model calculates the displacement after a large number of load cycles. As each load step
progresses, the pile's displacement increases, resulting in larger displacements over time. The
measured displacements are already greater than the calculated displacements. If the test were
extended and more load cycles were applied, the displacement would further increase and deviate
more and more from the calculated results. The extent to which the pile would increase after the 8th
load cycle is unknown. However, it appears that the models underestimate the displacement. Since
both models yield comparable results, it is also possible that certain general input parameters of the
test are incorrect.

The top displacements predicted by both models are close to each other, but the tip displacements
differ significantly. The D-sheetpiling model calculates a tip displacement of -12 mm, while the D-pile
group model predicts a tip displacement of -1.4 mm. This tenfold difference is substantial, especially
considering the small magnitude of the displacement. The behaviour of the D-pile group model
suggests that the pile behaves as a long and flexible pile, with minimal movement at the tip. On the
other hand, the D-sheetpiling model represents more a shorter and stiffer pile, with the pile tip
moving around a rotation point located higher up in the pile. The Plaxis tip displacement 4.5 mm,
which is in between the two D-series models, but isn’t clear about which model is right.

The Blum model has certain limitations when it comes to calculating the behaviour of a flexible
dolphin. It is incapable of considering repetitive or cyclic loads. Instead, the model focuses on
calculating the ultimate resistance of the soil, which does not align with the test performed and the
resulting measurements. The displacements predicted by the Blum model are lower than expected,
potentially due to uncertainties in the input values, as only one average wall thickness is utilized.
Consequently, the Blum model employed in this thesis is not suitable for accurately simulating the
behaviour of a flexible dolphin during the test.

6.5 Displacement overview

The adapted loads, using the strain data, ensures that the predictions made in chapter 3 are no
longer applicable. The calculations need to be redone with the adapted loads from the strain-
measurements. The other parameters and method-settings stays equal in the calculation. The
calculation information is shown in chapter 3 and not repeated here. The results of the calculations
with the adapted loads are shown in this section.
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6. Displacement analysis.

The calculations methods that are redone are: D-pile group, D-sheet piling and Plaxis calculation. The
Plaxis results are already calculated in the section above. Figure 6.16.122 shows the results of the
calculations. Next to the calculations, the total station measurement, optical fibre-displacements,
and saaf-displacement are shown in the figure. The optical fibre and saaf displacement are corrected
with the use of the total station data. The measurements are the maximum displacement of
loadstep8. The calculation methods and the measurement results of the test are in the same order of
magnitude. The displacement at the top of the pile differs only 2 or 3 centimetres. The calculation
methods also show larger displacement, which makes the methods conservative compared to reality.
The differences in tip displacement between the calculation methods is 1 cm. The tip displacement
cannot be compared with the optical fibre measurement due to uncertainties. Since the top
displacement of the models are in line with the measurements, the models can also be used to give a
good guess about the tip displacement of the measurement. So, the measurement lines can be fitted
to give the expected tip displacement.
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Figure 6.16.122: Comparison of measurements and calculations models
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6. Displacement analysis.

6.6 Sensitivity analyses

6.6.1 Young’s modulus

A sensitivity analysis of the stiffness is conducted. The young’s modulus of the steel changes
throughout the entire analyses. The applied load of the optical fibre measurements changes with a
different young’s modulus. The sensitivity analysis is performed in Plaxis, since Plaxis calculates the
most complete overview of the soil-pile behaviour. The adapted loads are used in the Plaxis model
and the steel-plate properties of the pile are changed to the corresponding young’s modulus.

The young’s modulus of steel varies between roughly 190 GPa and 220 GPa. Most of the construction
steels consists of a young’s modulus of 210 GPa, which was also used in the calculations.
Nevertheless, the stiffness of steel can deviate, therefor this analyses is done to have a further look
into the sensitivity of the young’s modulus of steel. The load determination is redone with young'’s
moduli of 190, 200, 210 and 220 GPa. The bending moment determination is linear elastic with the
young’s modulus:

ex]
M=E*[ ]

VA

The expected load is not linear elastic with the elastic modulus since the load application height is
still decisive. The expected load deviates slightly from the linear elastic behaviour.

The adapted loads derived with the corresponding young’s modulus are used as input parameters in
Plaxis. In Plaxis, the young’s moduli of the steel properties are adapted with the same young’s
modulus. The model is calculated with the 3 adapted young’s moduli. A decreasing young’s modulus
in the load analyses, result in a decreasing expected load. Those loads are implemented in the model.
The pile in the model contains of the same steel quality as used in the load analyses. A decreasing
young’s modulus in Plaxis results in larger displacement of the pile, since the pile becomes more
flexible. The expectation is that the adaptation in young’s modulus doesn’t result in major
differences in displacement. Since both adaptations balancing each other out since the same
boundary conditions are used in both calculations.

The Plaxis models have small deviations in the models with different young’s moduli. The models
deviates a maximum deviation of 3 cm, with the original calculation. Table 6.4 shows the maximum
displacements of each loadstep. The original calculation was done with a young’s modulus of 210
GPa. The influence of the young’s modulus is larger than expected.

Table 6.4: Results sensitivity analysis Young's modulus

Displacement using different Young’s
Modulus [m]
Loadstep 210 190 200 220
[GPa] [GPa] [GPa] [GPa]
0,171 0,167| 0,169| 0,173
0,322 0,312| 0,318| 0,325
0,469 0,457| 0,463| 0,476
0,554 0,538 0,545| 0,564
0,640 0,620 0,627| 0,651
0,705 0,679 0,693| 0,717
0,707 0,682 0,695| 0,720
0,733 0,708| 0,722| 0,749
0,758 0,731 0,745 0,774
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6. Displacement analysis.

6.6.2 Soil parameters

The soils in the calculation models are approached with soil parameters. The soil parameters are
derived before the test by others and written down in chapter 3.1 The cone resistance measured by
the CPT is used to determine the soil parameters. The cone resistance is converted to a relative
density. The soil parameters are determined with empirical formulas and the relative density. The
empirical formulas that are used comes from the paper of Brinkgreve (Brinkgreve, 2010). The
empirical formulas derive the input parameters for the hardening soil small strain model, those input
parameters cover most of the input parameters used in this report. The report conclude that the
empirical formulas provides a good first approach for the soil parameters, but doesn’t replace soil
investigation. The empirical formulas leads to conservative soil parameters. There is still uncertainty
about the accuracy of the input data and further soil investigation is done to improve the input data.
The extra soil investigation couldn’t be included in this report, since the results were not determined
on time.

To have a better understanding of the influence of the input parameters, a sensitivity analysis is done
with the soil parameters in the Plaxis model. The analysis provides a general overview of the
influence of the soil parameters. The relative density is increased, which will lead to a stronger soil
The increase in the relative density leads to an increase of all the input parameters. It does not
consider the sensitivity of a single parameter. Two extra calculations are done, the first model consist
of a relative density of 110% and the second model uses a relative density of 120%. Since the
empirical formulas are considered as conservative, only higher relative densities are used.

Table 6.5 illustrates the maximum displacements observed during each load cycle using the three
Plaxis models and the total station measurements. These displacements are measured at a depth of
1.3mNAP. A comparison is made among the three models. The original model, featuring the weakest
soil, exhibits the highest displacements at the top of the pile and on the soil bed. However, at the tip
of the pile, the original model does not always exhibit the largest displacement. The magnitude of
the largest tip displacement varies between the original model and the RD+10% model. The RD+20%
model, characterized by the strongest soil, experiences relatively smaller pile movement over the
entire pile length. The RD+10% model demonstrates lower displacement at the top of the pile, but
similar displacement at the pile tip when compared to the original model.

Table 6.5: Sensitivity analysis of soil input parameters

Top displacement [m]
Loadcycle — Plaxis Tot.al
Original | RD+10% | RD+20% station

1 0,136 0,133 0,129 0,102
2 0,257 0,252 0,243 0,232
3 0,377 0,369 0,353 0,371
4 0,446 0,435 0,416 0,444
5 0,514 0,502 0,479 0,505
6 0,564 0,552 0,525 0,532
7 0,566 0,554 0,527 0,533
8 0,587 0,575 0,546 0,557
9 0,568 0,550 0,515 -

The Total station measurements are within the boundaries of the three models, but doesn’t follow
exactly the same trend as one of the models. From loadstep 6 on, the total station displacement are
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most in line with the Plaxis RD+20% model. During the lower loadstep, the total station
measurements are not in line with one of the Plaxis models, bur varies between the three Plaxis
models.

The later load cycles exhibit higher accuracy compared to the earlier ones. This can be attributed to
the larger loads present in the later cycles, which are derived from strain data with a higher margin of
error. Additionally, small inaccuracies in displacement have less impact when larger displacements
are involved. Throughout all load steps, the total station measurements indicate lower displacement
than the original model. This could be attributed to conservative soil input parameters. The Plaxis
models, employing with stronger soil input parameters, show displacements closer to the total
station measurements. This suggests that the original input parameters are overly conservative.
Notably, during the larger load steps 6, 7, and 8, the total station displacements closely align with
those of the RD+20% model. It is important to note that the method employed in this analysis does
not precisely reflect the actual soil parameters, but rather demonstrates the influence of a general
increase in soil input parameters. It is also possible that only a few parameters in the original model
need adjustment, as they may exert significant influence on soil resistance.
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7 Repetitive behaviour

The full-scale test is conducted with the objective of enhancing the understanding of repetitive
loading on flexible dolphins. Repetitive loading refers to the application of loads multiple times,
although not in a consistent rhythm like in cyclic loading. Repetitive loading is also encountered
during the operational phase of the pile, where ships periodically berth and generate loads on the
pile. After a certain period, the ships depart, and the timing of the next ship's arrival can vary. In this
chapter, the repetitive behaviour of the flexible is analysed, with the focus on the load-displacement
behaviour.

7.1 Displacement analysis.

The total station measured the exact displacement of multiple points on the pile. Those point on
different depth show the trend of the pile. The disadvantage of the total station is that it only has 3
measurement points per loadstep. The trend between loadstep can be shown, but the trend within
the loadstep cannot be extracted from the total station. The advantage of the total station is that the
measurements are very accurate. The total station measured 4 point per pile, each on different
heights. The height varies between 5.8 and 1.3 m NAP. The maximal displacements of the loadcycles
are lower than the ones from the hydraulic jack. The displacement during unloading are more in line
with each other.

Table 7.1: Repetitive load analyse of Total station.

Loadsteps | Minimum Maximum Increase in Optical
displacement | displacement | Displacement | fibre
during during entire [m] Imaglmum
unloading loadstep [m] [iil]
phase before
the load [m]

1 0,030 0,133 - 382
2 0,039 0,284 0,151 682
3 0,051 0,444 0,160 960
4 0,070 0,516 0,072 1109
5 0,086 0,583 0,067 1252
6 0,102 0,635 0,052 1357
7 0,113 0,647 0,012 1348
8 0,123 0,666 0,019 1391
9 0,129 0,670 0,004 1426

Table 7.1 shows the displacement of the pile during the loadcycles. The displacements increase with
every increasing loadstep, during both loading and reloading. During repetitive loads with relatively
constant maximum loads, the displacement increases every loadcycle. But the increase in maximum
displacement during a loadcycle stagnate when the maximum load stays constant.

The maximum load is reached for the first time during the 5" loadstep according to the prescribed
load scheme. The strain-measurement loads still increases in the load between loadcycle 5 and 6.
The first maximum loadstep according the strain measurements, loadstep 6, reaches a new
maximum load, which causes a relatively large displacement increase. The second maximum
loadstep, loadstep 7, was the first repetitive loadcycle, with approximately the same amount of load.
During loadstep 7, the displacement increases less than during initial maximum loadsteps, loadstep
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6. The increase in displacement during the 7, 8" and 9™ loadstep are relatively small, which is due
to the relative constant unloading/reloading behaviour of the soil. Since the repetitive loadcycles
ensures smaller load increasements compared to the initial maximum load, the stiffness of the soil
during the repetitive loadcycles increases.

The displacement of the piletip can be divided in two parts, the cyclic displacement, and the plastic
displacement. The cyclic displacement is the difference in displacement between unloading and
loading of the pile, the changes in displacement are related to the amount of load. The plastic
displacement is the permanent displacement when the pile is not loaded. The total displacement
during unloading is increasing during every loadstep, which means that the permanent displacement
increases.

Figure 7.1 displays the displacements of the pile as a result of repetitive load cycles, as measured by
the total station. The displacements of the pile are shown with respect to the measured height. The
pile experiences progressively larger displacements with each subsequent loadcycle. Loadcycle 9 has
fewer measurement points. The measurements taken during load step 9 exhibit larger displacements
compared to those of other load cycles, but the trend line of the pile appears different due to the
reduced number of measurement points. Furthermore, the figure demonstrates a significant increase
in displacement between load steps 5 and 6. This increase is consistent with the findings in Figure 7.1
and applies to all the total station data points. The cause of this increase may be attributed to the
load increments that are anticipated between loadsteps 5 and 6, as indicated by the strain-
measurement.

It can be inferred from these findings that the piles experience larger displacements with an
increased number of load cycles, not only during loading but also during unloading. For every
measurement point, the displacement of the pile increases with each subsequent load step. The pile
was measured several days after the test, and the measurements demonstrate that the
displacements decrease over time when the pile is not under load. The datapoints that are used in
the figure are points from both piles. The assumption is made that those piles have identic
displacements, but it can differ a little. Consequently, the data points during unloading does not have
a clear trendline but contains some variations. It has been decided to utilize the displacement of both
piles together in order to obtain a larger set of data points, particularly for load cycles where not all
points have been measured
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Figure 7.1: Displacement during different loadsteps measured with the total station, left during loading and right during
unloading.
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7.2 Load-displacement diagram
The load-displacement graph of the test is made using the optical fibre measurement. The load is
determined as explained in chapter 5 and the displacement at the top of the optical fibre cable is

calculated using the same measurement data. As a first approximation the displacement and angular

displacement at the tip of the cable are zero during the entire test. Those loads and displacements
leads to the f-u graph in Figure 7.2. The lines in the graph are mixed up, which makes the graph
harder to interpret. The interpretation of the data is divided in smaller datasets to make it clearer.
The three sub sections of the interpretation are:

e Hysteretic soil behaviour.
e Difference between initial load and repetitive loads.
e Energy absorption.

A small sidenote is that the added loads of the hydraulic jack are not fully reliable, which makes it
difficult to calculate the real relative stiffnesses, but the trends of the loads can still be used. In
chapter 5, the load analyses are done, the new loads are used in this chapter. The load and
displacement response of the lateral loaded pile can be reviewed with the data from the total
station, the hydraulic jack, and the Saaf.
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Figure 7.2: Load-displacement graph of optical fibre measurements at -2mNAP

7.2.1 Hysteretic soil behaviour.

The f-u graph is constructed using two displacement measurements, the optical fibre displacement,
and the Saaf displacement. Figure 7.3 illustrates the load-displacement behaviour of the soil during
load step 6, which is representative of subsequent load steps. The optical fibre displacement exhibits
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a hysteretic loadcycle in the graph, where the trend line during unloading is lower than the trend line
during reloading. This phenomenon has been reported in literature.

The Saaf data is also used to calculate the load-displacement curve. At the time of each load
calculation, the Saaf displacement at the same height as the top of the optical fibre cable is
determined. However, since the measurements of both instruments are not taken simultaneously,
the Saaf data used is the displacement at the last load step before the optical fibre measurement.
The loadcycle with the Saaf data has the opposite direction compared to the loadcycle of the optical
fibre measurements and literature. The reloading line of the optical fibre data is above the unloading
line, while the reloading line of the Saaf data is below the unloading line, as indicated by arrows in
the figure.

In the subsequent analyses presented in this report, the optical fibre displacement is used for load-
displacement calculations. Given that the literature supports the optical fibre trend, it is expected
that the optical fibre lines are more accurate. It is possible that inaccuracies occur in the Saaf
analyses due to the difference in time between the load and displacement measurements.

1.600

1.400

1.200 4

1.000

800 /
600 /

Load [kN]

400 e

200
0
0,08 0,13 0,18 0,23 0,28 0,33 0,38 0,43
Displacement [m]
Optical fibre Saaf

Figure 7.3: Load-displacement behaviour of loadstep 6 using optical fibre and saaf displacement.

7.2.2 Initial loading vs reloading.

The first 6 loadstep of the test are used to build up the load until its maximum load. At every
loadstep, the load reached a new maximum. The parts of each loadstep where a new highest load is
reached are taken separately. The combination of the first-time occurring loads of each loadstep
create together the first fully loadstep. The initial loadcycle is a unique loadcycle in a load-
displacement graph and differs from the subsequent cycles. During the initial load cycle, the soil
experiences the force for the first time. During the subsequent cycles, the soil is already compacted
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and has become stiffer. Next to that, the soil already experienced the amount of load. The combined
first full load is plotted in Figure 7.4. The combined lines follow each other and form a fluent line. The
trend of the initial loadcycle can be compared with the subsequent loadcycles.
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Figure 7.4: initial maximum load using the combined data of the first 6 loadcycles.

After the combined initial load has reached its maximum value, subsequent load cycles reach about
the same maximum load repeatedly, and these cycles are referred to as repetitive load cycles. The
load-displacement behaviour of the repetitive load cycles differs from that of the initial load and is
consistent with the theory of a separate unloading/reloading stiffness (E,,,-) in addition to the initial
stiffnesses (E,, E5g). The unloading/reloading stiffness of the soil is assumed to remain constant over
the repetitive load cycles.

The reloading/unloading stiffness-equivalent is determined for the repetitive load cycles using a
trendline through the load cycle. The trendline goes through the hysteresis cycle, and no distinction
is made between the unloading and reloading portions. The load-displacement lines of loadcycles 6,
7, 8 and 9 are constructed using loads from optical fibre measurements and displacements from the
optical fibre too. The trendline is drawn using all the data points of the load step, both reloading and
unloading. The expectation is that the reloading/unloading stiffness is steeper than the initial loading
stiffness.

Figure 7.5 shows a load-displacement graph with the initial loadcycle and the repetitive loadcycles.
The optical fibre displacements are used in this graph. The initial loadcycle differs from the repetitive
loadcycles, while the repetitive loadcycles are almost equal. The load-displacement curve of the
initial loadcycle is flatter than the repetitive loadcycles curves. The unique initial load in the
cyclic/repetitive loading behaviour is a well-known behaviour in literature. The reloading cycles are
close to each other. Due to the margin of inaccuracy is it not possible to have clear conclusion about
the differences between the second, third and fourth maximum loading. But what stands out is the
difference between the initial and the repetitive loadcycles.
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Figure 7.5: The initial maximum load and the repetitive loadcycles using optical fibre measurements.

7.3 Repetitive behaviour in Plaxis

The load-displacement can also be calculated using results of Plaxis. Plaxis calculated the
displacement of the pile 10 times during each stage. Figure 7.6 displays the load-displacement
behaviour of the last 5 loadsteps of the pile according to Plaxis. The maximum applied load for each
loadstep is manually entered into the program using the strain-measurement data. The data points
between zero load and the maximum load exhibit a linear relationship in time and load. The load-
displacement graph shows a hysteretic trend in the loadcycle. This trend was also mentioned in the
Plaxis manual for the hardening soil small strain model. The unloading part line is lying below the
reloading part line. This is the trend that is mentioned in literature and what is shown with the
optical fibre measurement. The hysteretic loadcycle trend is equal to the loadcycle trend with the
optical fibre measurement data.
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Figure 7.6: Load-displacement graph of the Plaxis calculation at +6.5mNAP
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The trend between the initial load and the repetitive loads is analysed for the Plaxis results. The
measurement data showed a less steep initial maximum load build up, compared to the repetitive
load build ups. The same trend is visible in the Plaxis-results, shown in Figure 7.7. The initial load line
is in the figure less steep, compared to the repetitive load lines. The repetitive load behaviour lines
are about parallel to each other. So, the soil-pile behaviour during the test according to initial load
and reloading is also seen in the Plaxis results. The flatter initial loading behaviour is related to the
input parameter of the hardening soil model. In this model the first approximation for the E is three
times as large as the Eso. Which shows that the unloading/reloading cycles is steeper than the initial
loading cycle (Plaxis, 2021).
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Figure 7.7: The initial maximum load and the repetitive loadcycles using Plaxis.

Figure 7.8 shows the combined f-u diagrams of Plaxis and the optical fibore measurements. Despite
applying the same load, the two methods give different displacement values, which may be
attributed to a discrepancy between a model and measurements, as discussed in chapter 6.3.
Additionally, the optical fibre displacement and the displacement measurements of the total station
also differ as shown in chapter 6.2. The total station measurements are not adequate to draw the
load-displacement behaviour cycles, since only three measurements are done during every loadcycle.
The slopes of both models in the f-u diagram are in the same order of magnitude, indicating that the
unloading/reloading stiffness of the model is correct When the total station was compared with
Plaxis, a different trend was observed, where the loading displacement differed while the unloading
displacement was similar. Which suggests that the slope of the load-displacement behaviour varies
between Plaxis and the total station. In the Plaxis model, Eur is the unloading/reloading stiffness, and
its default value is three times that of E50, which is maintained as there is no better prediction of the
unloading/reloading stiffness available.

The Plaxis calculation's displacement values differ slightly from the test measurements, which may
be caused by the soil's input parameters, or the exact amount of load applied during the test.
However, the repetitive trends in the Plaxis calculation, which are discussed in this section, are
consistent with the test measurements. The loadcycles in the load-displacement graph follow the
same trend as the measurements. The difference between the initial maximum loadcycles and the
repetitive maximum loadcycles is another trend that is well shown in the Plaxis calculation, the test
results, and the literature. This makes Plaxis a model that can be used to analyse the behaviour of a
flexible dolphin. If a closer look is taken into the soil parameters, the expectation is that the
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displacement of the soil can be determined even better. The only trend that is not consistent with
the test results is the decrease in displacement for repetitive loadings with the same magnitude of
load.
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Figure 7.8: Load-displacement graphs of optical fibre and Plaxis.

The two methods have differences in the shape of their respective load cycles. The area enclosed by
the load cycle is indicative of the soil's energy absorption capacity. A comparison is made between
the areas of both models. The Plaxis results demonstrate smooth load cycles consisting of 20 evenly
distributed measurement points per cycle. The displacement is measured after every 10% change in
load. On the other hand, the optical fibre method exhibits a more erratic trend with 13 to 27
measurement points per load cycle. Displacement and load are measured every 3 minutes. The load
build-up process spans approximately 10 to 15 minutes, while the load reduction process takes about
5 minutes. Multiple data points are collected during the load build-up phase, but only 1 or 2 data
points are collected during the load reduction phase. The limited number of data points during
unloading leads to less precise rounding of the load cycle. The rounding within the loadcycle
significantly impacts the area of the load cycle, which serves as a representative measure of energy
absorption during the load cycle. Therefore, the scarcity of data points during reloading and
unloading must be carefully considered during the analysis of load cycles, as it can have a significant
influence on the calculated area of the load cycle.

Table 7.2: Area of loadcycles according optical fibre measurements and Plaxis.

Loadcycle area [kNm]
loadcycle Maximum Optical fibre | Plaxis [kNm]
Load [kN] [kNm]
5 1252 24,88 35,79
6 1357 18,64 37,47
7 1348 10,20 21,82
8 1391 32,87 26,13
9 1426 28,32 26,04
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The areas of both methods for the last 5 load steps are presented in Table 7.2. Load steps 5 and 6
exhibit a substantial increase in virgin loads, resulting in relatively large energy absorption areas
according to the Plaxis calculations, but the optical fibore measurements show smaller areas for these
load steps. During Loadstep 7, the maximum load decreases in maximum load compared to the
preceding load steps. Consequently, both methods indicate that load cycle 7 has the smallest
loadcycle area and width. The smaller size of the repetitive load cycle appears to be associated with
its lower load. Load steps 5, 6, and 7 exhibit significantly smaller areas in the optical fibre
measurements compared to the Plaxis calculations. Load steps 8 and 9 experience minor increases in
maximum load and behave as repetitive load cycles with smaller areas in the Plaxis calculations
compared to loadsteps 5 and 6. However, the optical fibre measurements indicate that load steps 8
and 9 have larger areas than load steps 5 and 6, which contradicts the Plaxis calculations. Therefore,
the proportion of areas across the load cycles does not align between the two methods.

Loadsteps 8 and 9 consist of more developed loadcycles with a measurement point during unloading.
The measurement point during unloading ensures a rounder loadcycle, with a larger area. The optical
fibre areas are also larger than the Plaxis areas in this loadsteps. However, it is important to consider
the inaccuracy resulting from the limited number of data points during unloading and reloading. The
lower amount of measurement data provides a underprediction of the area, since more data points
will give the loadcycle a more round shape instead of the angular shape it currently has.

Plaxis overpredict the pile displacement compared to the total station measurements , the
overpredictions are probably caused by the uncertainties in the input parameters. The expectation is
that the input parameters were too conservative, which resulted in a too weak soil and larger
displacements. The displacement are overpredicted and smaller displacements are expected. The
smaller displacement ensures smaller loadcycle areas. This makes the current Plaxis energy
absorption too optimistic compared to reality.

The differences in areas vary across the load cycles. Load steps 5, 6, and 7 exhibit significantly smaller
areas, which may partly be attributed to the absence of a measurement point during unloading. Load
steps 8 and 9, on the other hand, have larger areas compared to Plaxis, and these steps do have a
optical fibre measurement point during unloading. This suggests that the last two load cycles are
more comprehensive in terms of the optical fibre measurements. If we consider these last two load
steps, it will imply that Plaxis underestimates the energy absorption of the soil. Next to that, the
optical fibre measurements underpredict the area, while Plaxis overpredict the displacement and
hence the loadcycle area. However, caution should be exercised when drawing this conclusion, as
not all load steps demonstrate the same pattern.

7.3.1 Embedded pile depth

The research of Flexible dolphins is focused on the knowledge about the behaviour of the pile. An
increase in the knowledge of the soil-pile behaviour results in more perfectly fitted piles. Flexible
dolphins roughly costs between the €60.000 and €300.00 (Roubos, 2022). The costs of the piles
depend on the amount of steel that is used and the length of the pile. The knowledge about the
flexible dolphin will be used to have a better look into the pile-soil behaviour. Better understanding
of the pile-soil behaviour may lead to a decrease the length of the pile, which will decrease the costs.
The lower amount of steel is also beneficial for the CO, footprint of the pile. The carbon emissions of
steel production are 1.39 ton CO; per ton steel (IEA, 2021). The total weight of the current pile is 105
ton, which result in a carbon footprint of 146 ton CO,, for only the steel production.

Plaxis is used for a sensitivity analysis of the embedded pile depth. The first calculation contains an
infinitely long pile, which is modelled with a pile length of five times the diameter below the current
pile. The infinite pile goes down to -54 mNAP. In the infinite pile model, the minimum available
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displacement of the pile will be reached, with the current pile specifications like the wall-thickness

and the diameter. After that, four more models are made with embedded depths of -40, -41, -43 and
50 mNAP. The pile depths close to the current pile depth gives a good first insight in the sensitivity of
the pile depth. The results of the models are shown in Table 7.3.

Table 7.3: Maximum pile displacement of Plaxis models using different embedded pile depths.

Maximum pile displacement [m]

-40mNAP -41mNAP -42mNAP -43mNAP -50mNAP -54mNAP
Loadcycle 1 0,175 0,172 0,171 0,171 0,171 0,170
Loadcycle 2 0,335 0,327 0,323 0,321 0,320 0,319
Loadcycle 3 0,500 0,482 0,471 0,467 0,464 0,463
Loadcycle 4 0,598 0,573 0,556 0,549 0,545 0,544
Loadcycle 5 0,699 0,665 0,640 0,632 0,624 0,624
Loadcycle 6 0,778 0,735 0,702 0,694 0,683 0,683
Loadcycle 7 0,783 0,738 0,703 0,694 0,684 0,684
Loadcycle 8 0,816 0,768 0,729 0,720 0,708 0,708
Loadcycle 9 0,846 0,795 0,753 0,743 0,730 0,730

The new method in CROW guidelines is that the displacement of the top of the pile may not deviate
more than 2% compared to an infinite long pile. The infinite long pile is determined at 5 times the
diameter longer than the current pile, which results in a embedded pile depth of -54mNAP. The
current pile deviates 3% of the infinite long pile, which is not within the guidelines of CROW. This can
be caused by differences in soil parameters, this research uses the expectation values instead of
characteristic values with safety factors. Furthermore, the pile is designed with a higher load than
which is used during the test, which was concluded in chapter 5. And the Plaxis results doesn’t
completely match with the test measurements, explained in chapter 6.

The displacement increases significant with an decreasing pile depth. When the pile is shortened by a
meter, the displacement increases maximum with 4 cm. When the pile is largened with a meter
compared to the original pile depth, the displacement decreases by 1 cm. The pile with the
embedded depth of -43mNAP meets the 2% requirements. The ideal pile depth with an deviation of
2% to the infinite long pile is a little bit shorter than -43mNAP, according this data. But the
inaccuracies in the data needs to be taken into account. Those inaccuracies will have influence on the
displacements and the corresponding deviation. The pile embedded at -41mNAP deviates up to 9%
from the infinite long pile.

A shorter pile length will result in more energy absorption during loading. Therefore a shorter pile
can also be beneficial. The areas of the loadcycles of the shorter piles are determined using the Plaxis
results. The areas of the energy absorption will give an better inside in the benefits of a shorter pile.
Table 7.4 shows the areas of the loadcycles of the Plaxis models with different embedded pile

depths.

Table 7.4: Loadcycle areas with different embedded pile depths using Plaxis.

Loadcycle Area’s [kNm]
-40mNAP -41mNAP -42mNAP
Loadcycle 5 48,4 41,1 35,8
Loadcycle 6 48,4 42,0 37,5
Loadcycle 7 24,9 24,8 21,8
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Loadcycle 8 30,8 28,8 26,1
Loadcycle 9 31,8 29,7 26,0

The decision according the required depth of the pile depends on the displacement of the pile and
the energy absorption on the soil. A shorter pile moves more through the soil and absorbs more
energy. But larger displacement will lead to plastic deformation of the soil. Plastic deformation of the
soil leads to misalignment of the pile. The plastic deformation are distinguished during unloading,
while the cyclic displacement is neglectable during unloading. The displacement of the soil are more
important than the top displacement, because during unloading the top displacement comes from
the misalignment of the pile in the soil. The top displacement only becomes a problem when the
functional requirements of the flexible dolphin becomes no longer possible. But the expected failure
of the pile is when the pile moves to much through the soil and the soil will fail. The steel pile can
also fail itself, due to local buckling.

The misalignment of the pile the most critical at the tip of the pile. If the tip of the pile moves, a
rotation point in pile is created. The rotation point in the pile indicates a short pile behaviour. Short
piles will have more permanent displacement, since, the whole pile is moved. The displacement of a
long pile is due to bending of the pile, when the pile is unloaded, the pile tends to move back to the
straight position. But a short pile moves as a straight pile, so the permanent displacements are really
permanent and wouldn’t decrease during unloading. This makes the tip displacement an important
parameter in the determination when the pile will be still safe. The displacement of the different
models at -40mNAP during unloading are shown in table 7.5. The displacements of a specific depth is
chosen instead of the different tip displacements. A constant enables analysing the different deep
soil pile behaviour.

Table 7.5: Pile displacement at -40mNAP for piles with different embedded pile depths

Pile displacement at -40mNAP [m]
-40mNAP -41mNAP -42mNAP -43mNAP -54mNAP
Loadcycle 1 | -0,0010 -0,0009 -0,0007 -0,0006 -0,0003
Loadcycle 2 | -0,0026 -0,0021 -0,0014 -0,0010 -0,0006
Loadcycle 3 | -0,0058 -0,0040 -0,0025 -0,0016 -0,0009
Loadcycle 4 | -0,0083 -0,0055 -0,0033 -0,0020 -0,0010
Loadcycle5 | -0,0113 -0,0074 -0,0041 -0,0025 -0,0011
Loadcycle 6 | -0,0140 -0,0090 -0,0042 -0,0028 -0,0011
Loadcycle 7 | -0,0145 -0,0094 -0,0044 -0,0029 -0,0012
Loadcycle 8 | -0,0157 -0,0101 -0,0045 -0,0031 -0,0012
Loadcycle9 | -0,0169 -0,0108 -0,0047 -0,0033 -0,0013

The current pile, embedded depth of -42mNAP, has a maximum tip displacement during unloading of
only 4.7 mm, while the pile with an embedded depth of -40 mNAP has an tip displacement of 16.9
mm. The displacement of a 2 meter shorter pile is nearly 4 times larger. The tip displacement of the
shorter pile 40mNAP still increases with a millimetre every new loadcycle. A choice has to be made
what order of tip displacement is allowed to have a safe pile. Further research is needed for a good
overview of the acceptable pile depth and tip displacement.
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8 Conclusion & Recommendations

8.1 Conclusion

In this research, an answer is found to the research questions: “How can the behaviour of a flexible
dolphin subject to repetitive berthing loads be determined, using the data from a full-scale test?”.
The measurements from a full-scale test in the Calandkanaal and existing calculation models are used
to answer the question. The research includes the Blum model, Brinch Hansen model, P-y curves and
Plaxis models.

This research contributes to closing the gap between the theoretical and practical behaviour of a
flexible dolphins. The research uses the measurement results of a full-scale test in the Port of
Rotterdam. Flexible dolphins experience repetitive lateral loads causes by the vessels. But there is no
clear evidence of the behaviour of a flexible dolphin during repetitive lateral loading. This research
contributes to understanding the behaviour of a flexible dolphin under repetitive loading, using the
test results. The extensive measurements of the test give a clear understanding of the flexible
dolphin behaviour. The measurement results have been compared with the calculation models
where the models predict the behaviour of the flexible dolphin. The test involves 9 loadcycles, the
load cycles are one way loadcycles. The test uses a prescribed load scheme, with 5 loadcycles where
the maximum load is built up and then 4 repetitive load cycles with the same amount of load. The
research discusses the repetitive behaviour of the pile and the models.

The predictions of the pile behaviour from the calculation models did not align with test results. The
majority of the models predicted a top displacement close to 0.90 m, when the maximum load was
applied, but two models had divergent results. The Plaxis model with drained soil layers calculated a
top displacement of 1.05 meter, while the Blum model predicted a top displacement of 0.8 m. The
total station measured the displacement of the pile during the test, with a maximum displacement of
0.68 meter. The predictions deviate from the measurements by more 20 cm, expect of the Blum
model.

The measurement yielded redundant results, as most parameters are measured twice. The hydraulic
jack measured the applied load during the test and the optical fibre strain measurements checked
the load determination. The loads from the stain-data are hundreds of kilonewtons lower compared
to the hydraulic jack measurements. The reliability of the strain-measurements is higher than the
hydraulic jack measurements. Therefore, the expected applied load by the hydraulic jack was not
met and the predictions needs to be redone with the optical fibre-based applied load.

Three measurement instruments determine the displacement of the pile during the test. The SAAF
and optical fibre measure the curvature of the pile, while the total station measured the exact
displacement of 8 specific point on the pile. The two curvature measurements match well with each
other. But the strain-measurements do not match with the total station when a fixed pile-tip is
considered. The curvature needs two boundary conditions to have the real displacement. The total
station provides the first boundary condition. The measurements do not include a second boundary
conditions, and an assumption is needed to determine the displacement of the entire pile.

The p-y curve model, Brinch Hansen and Blum model calculations with the loads from the strain-
measurements provides displacements within 2 centimetres of the total station measurements. But
both models are not able to determine the behaviour of every single loadstep of a flexible dolphin
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test, which makes it more difficult to compare the calculation with the test-measurements. The three
models can be used as first assumption, but are not able to determine the detailed soil behaviour.

The load-displacement curves using the strain-measurements shows a difference in stiffness
behaviour between the virgin maximum load and the repetitive maximum loads measurements. The
soil behaves stiffer during reloading than during the virgin load. The hysteretic loadcycles are visible
in the literature, optical fibre measurements and in the Plaxis calculation. The Plaxis model show
matching properties with the measurements according the hysteretic loadcycles and the difference
in stiffness between virgin loading and repetitive loading.

The energy absorption of the soil during unloading and reloading of the pile is compared between
the measurements and the Plaxis model. Due to a low amount of measurements point during the
test, the optical fibre areas are conservative. But the most complete loadcycles point to the fact that
Plaxis underpredict the energy absorption of a loadcycle. However, the uncertainties in the report
needs to be taken into account regarding the soil parameter and the applied load and the amount of
measurements points.

The Plaxis predictions with the loads from the strain-measurements are slightly larger than the test-
measurements. The Plaxis model is capable to approach the test behaviour. Plaxis calculates similar
displacement, load-displacement cycles and energy absorption capacity as the measurements during
the test. Which makes Plaxis with the Hardening soil small strain model the best method to
determine the behaviour of a flexible dolphin.

8.2 Recommendations

A shorter pile results in larger displacements of the pile and soil, but ensures larger energy
absorption capacity of the soil. The amount of permanent pile tip displacements is determinative of
the maximum length to which the pole can be reduced. The Plaxis model couldn’t be checked
regarding the tip displacement, since the tip displacement cannot be derived with the measurements
results. Further investigation into the actual displacement of the pile tip is required, regarding the
maximum allowable tip displacement and the amount of tip displacement during the test.

Plaxis is the most complete tool to determine the exact behaviour of a flexible dolphin. The model
can determine the displacements, hysteretic loadcycles, initial and repetitive loadcycles and energy
absorption capacity with close results to the measurements. Extra soil investigation will probably
lead to even more comparable results.

The research about flexible dolphins needs to be continued for the best possible understanding
about the behaviour of the pile and soil. During this research, some uncertainties came to light.
Those uncertainties can be starting point for new research. In addition, there are recommendations
for a further test which could help to improve the data gained from the test. The following topics are
suggested for further research.

8.2.1 Further research

1. Examination of the calculation models, in particular Plaxis, using the soil investigation data.
The amount of permanent pile/soil displacements that is allowed for a flexible dolphin.
The repetitive behaviour in Plaxis using equal or slightly lower loads.
The energy absorption of the soil, during repetitive loading.
The tip displacement of the pile by making sure that the saaf-measurements can be fitted
with total station measurements to get the displacement of the entire pile.
6. The hydraulic jack load determination.

vk wnN
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A. Test comments

The set-up and the load schemes are already shown in chapter 3, but during the test some things
does not go exactly as predicted. This can have influence on the test-results. The differences
between the prescribed scheme and the test are summed up in this section.

- The optical fibres were reconnected, causing different strain paths and measurement that were not
one on one comparable between different days.

- The first loading step is not the first time the test is loaded. The day before the test the installation
is set up and tested, part of this test was loading the pile. So, during the first loadstep, the soil
around the pile is already disturbed due to the installation and the loads of the day before.

- During the first loading step, the bars of the hydraulic jack started spinning. This could influence the
load applied on the piles. The load has reached a load of approximately 600 kN, before it was
unloading to stabilize the bars. After the intervention, the bars hung more stable, and the load could
be distributed better through the bars. Loadstep 1 started over again.

- The unloading phase after the 8" loadstep was extended due to diner. This longer unloading phase
can cause some smaller displacement at the end of the phase. The expectation is that these
differences are small and does not influencing the test, but it can be considered when there are
differences in the measurements.

- After diner, unloading phase 8, the saaf is taken of the tube and an inclinometer is placed in the
same tube. The inclinometer could not go the bottom of the tube for one pile since there was a
disruption in the tube due to a welding line. For the second pile, the inclinometer could go to the
bottom, but could not go up anymore, due to the same type of welding. The inclinometer could only
measure half of both piles.

B. load analyse

B.1 Python code
In this section, the python code which is used to determine the applied load using the strain-
measurement is shown. Parts of the code are shown, with the explanation.

Upload the text file and drop the datapoints that are not attached to the north side of the pile. Next
to that, the parameters that are not used in this calculation are dropped.

def leoad_calculation{a):

df=pd.read_csvia, sep = "\t', skiprows=32, header=1 )

base = pd.read_csv("2022 8c 3@ @9 83 21 7el.txt", sep = "\i", skiprows=32, header=1 )
df = df.drop([ 'width{MHz}", 'Temperatureideg.C}"', "Frequency{GHz)}', "Gain{¥)" ], axis=1)
df = df.drop(df.index[:478])

df = df.drop(df.index[315:])

Pick the time out of the uploaded filename.
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hour = a[11:13]

minute = a[14:1&]

second = a[17:1%9]

time = +'{hour}:{minute}:{second}"

date_time_str = f'{time}"

date_time_cbj = datetime.strptime{date_time_str, "3H:3M:35').time()

Determine the distance to the cable tip. The cable tip is between 160 and 160.5 meter on the cable.

And determine the wall-thickness using the distance to the tip.

con = [
df[ "Distance{m)" ]<1e8,
df[ 'Distance{m}" ]>168]
op = [np.abs{df["Distance{m)"']-168), np.abs{df[ "Distance{m)"]-168)-8.5]

df['Distip'] = np.select{con, op)

conditions = [
df[ 'Distip’J«5,
df[ 'Distip’]«&,
df[ ‘Distip']«13,
df[ 'Distip‘']<23.75,
df[ 'Distip']<26.75,
df[ 'Distip‘]«<29.2%5,
df[ 'Distip'J<22,
df[ ‘Distip']«42,

output=[@.82, @.84, 8.855, @.85, 28.84, ©.835, 8.83, 8.825]
df[ “wall'] = np.select{conditions, owtput)

Determine the other parameters that will be used during the calculation.

E = 2182008840

df["I'] = np.pi/ea*(2.4%%a- (2 4-2%df[ "wall ] *=4)

df[ "base_strain'] = base['Strain{micro-strain}"]

df[ "real_strain'] = df[ 'Strain{micro-strain)'] -df['base_strain']
df["BM"] = E * df['real_Strain']/fie**e * &f['I"'] /1.2

df[ "curvature'] = 4f['real_strain']/(1.2*¥18%*5)

df[ "exp-load'] = df[ "BM"]/(48.5-df['Distip"])

Make a new data frame with the datapoint above the soil bottom.

dfl = [df[e:72], df[242:315]]
dfl = pd.concat{dfi)

Determine the bending moment of the point around a specific height on the pile. The average is
taken from these multiple bending moments.
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num = 4

start = 2@

re = Np.Zercs | num)

55 = @

dfl = [df[e:72], df[242:315]]

dfl = pd.concat{dfl)

plt.plet{dfi[ 'Distip’], dfi["BM']}
for 1 in range({num):

trs = startsi

idl = bisect left{df[ 'Distance{m})"].values, 1&68-srs})

id2 = bisect right(df['Distance(m}"’].values, 1E2.5 + 5rs)
bml = df.at[47e+id1, "BM']

bm2 = df.at[469+id1, " "BM']

bm3 = df.at[469+id2, "BM']

bms = df.at[470+id2, "BM']

exp_bm = (bml+bm2+bm3+bma} /4
plt.plot{( srs+i, 48.5), {(exp bm, @), color = "red')
print(bml-168, bm2-168, bm3-168.5, bm-158.5)
xp_bm = (bmi+bm3)/2
load = exp_bm/(48.5-5rs)
re[ss] = load

55 +=1
Load = {np.average(re))

Calculate the mean value of the expected loads of this data frame.

lead ='d+1['exp-LDad'].mean{}

Calculating the least squared error of multiple different loads with the bending moment

measurements. Determine the optimal least squared error of the different loads, that load is the

expected load using this method.

step = 1

Load? = np.arange(Load-58, Load+s2, step)
dd = np.zeros{(2, len{Load2)})

555 = @

plt.figure(figsize=(15, 8))

plt.plot{dfi[ 'Distip"], dfi['BM']}
plt.grid()

for 1 in Loadz:
#plt.plot((48.5, 39.3), (8, 8.6%1))
plt.plot{dfi[ 'Distip"], (48.5-df1['Distip'])*i, color="red"}
rz = r2_score{dfi[ 'e«"], (48.5-df1['Distip’])*1)
dd[&, s55] = 1
dd[1,s55] = r2
355 +=1
arg = (np.argmax{dd[1, :1))
11 = (dd[@a, arg]}
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B.2 Loadcycle courses
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Figure B.1: The loadcycles measured with the optical fibre strain data

C. Measurement data

C1 Strain measurements
D01-Z

The strain data that is shown in the graph, is the strain data of the cable that was connected to the
south side of pile DO1. The strain measurements are shown in figure C.1. The grey line represents the
base-measurement, which is taken before any load was added on the pile, at 09:01 on the testday.
The orange line represents the strain at the end of the eighth loadstep. The green line represents the
difference in strain between the blue and grey line, which is the added strain due to the load.

The first 110 meter of the cable is not printed in the data file, the expectation is that this part of the
cable was the extra length, which was not attached to the pile. The data shows a clear trend with two
symmetric parts. In the middle of the data, there is a peak. This peak in the middle of the trend
means the tip of the cable.

The 40 meters before the peak, the cable is going down alongside the north side the pile and the 40
meters after the peak the cable is going up again. The data has some symmetric peaks, they ensure a
less nice and clear trend. The peaks must be considered when the data is used for calculations.

The strains are negative, which means that the cable length decreases. This is also expected, since
the south side of the pile is on the compression side when the pile is loaded like it is.

1500

1000

500

Strain [um]

210

Location on cable [m]
Strain 16:28

Strain 09:01 Added strain

Figure C.2: Strain-measurement of cable D01-Z
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D04-N

The strain data that is shown in the graph, is the strain data of the cable that was connected to the
north part of pile D04. The strain measurements are shown in figure C.2. The grey line represents the
base-measurement, which is taken before any load was added on the pile, at 09:01 on the testday.
The orange line represents the strain at the end of the eighth loadstep. The blue line represents the
difference in strain between the blue and grey line, which is the added strain due to the load.

The first 100 meter of the cable is extra cable length that is not connected to the pile, so this data can
be filtered out. The second part, between roughly 100 and 160 meters, shows a trend. The last +-150
meter is very noisy and there is no trend visible in the data, which makes this data unusable. After
161 meters on the cable, the data in the file changes in trend. The gains become zero and the other
data becomes less accurate. It looks like the cable is stuck on that location and the radiation thought
the cable becomes unstable. Due to the trend before the 161 meter and the fact that the cables are
more likely to break at the location of a sharp bend, it is assumed that the cable is broken at the tip
of the pile. So, the 40 meters before the fracture, the cable was connected to the pile.

There is a little trend visible between 120 and 160 meters, but since there is only 1 measurement,
the data cannot be checked with each other.
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Figure C.3 Strain-measurement of cable D04-N
D04-Wz

The strain data that is shown in the graph, is the strain data of the cable that was connected to the
west and south part of pile DO4. The strain measurements are shown in figure C.3. The grey line
represents the base-measurement, which is taken before any load was added on the pile, at 09:02 on
the testday. The grey line represents the strain at the end of the eighth loadstep. The orange line
represents the difference in strain between the blue and grey line, which is the added strain due to
the load.

The first 100 meter of the cable is extra cable length that is not connected to the pile, so this data can
be filtered out. The middle part, between roughly 100 and 220 meters, shows a clear trend with two
bows. This part is connected to the North side of the pile. The last +-100 meter is connected to the
east part of the pile. The third part, between roughly 220 and 330 meters, shows a trend too.
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The middle part shown a clear trend, with a sharp peak in the measured strains around 160 meters.
This peak in the middle of the trend means the tip of the cable. In the 40 meters before the peak, the
cable is going down alongside the west side the pile and the 40 meters after the peak the cable is
going up again. The two parts looks quite symmetric.

The middle part shown a trend, despite the noise data. There is a peak in the lines around 270
meters. In the 40 meters before the peak, the cable is going down alongside the south side the pile
and the 40 meters after the peak the cable is going up again.
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Figure C.4 Strain-measurement of cable D04-N

C.2 Inclinometer

The inclinometer is a displacement measurement tool, which measures the displacement in two
horizontal directions every 0.5 meter of depth. The inclinometer has measured the displacement in
the pile three times, the first time after unloading loadstep 8, the second time at the maximum load
of loadstep 9 is reached and the third time after unloading loadstep 9. The inclinometer gives as
output the differences between the loading and unloading measurements. The inclinometer is placed
in the same pipe as the saaf-tube. The data of the inclinometer is sent in an excel file, with the
displacements in both horizontal directions, x- and y-direction, for the corresponding depth, z-
coordinate.

The inclinometer on pile DO1 got stuck at the weld between two parts of the pipe. This weld was on -
17.4 mNAP. The measurement could only be done above this level, until the top of the inclinometer
tube at 3.1 mNAP. The inclinometer in pile D04 also had problems with the weld. But now the
inclinometer went to the bottom of the pipe but could not pass the weld when the tube went up
again. So only the lower part of the pile could be measured, from -41.1 m to -18.1m. The results of
the inclinometer are shown in figure C.4. The inclinometer DO1 measured the unloaded phase before
loadstep 9 and the loaded phase during loadstep 9, while DO4 measures the loaded phase during
loadstep 9 and the unloading step after loadstep 9.

The displacement in y-direction has a lot of noise and no trend or pile behaviour is visible. Therefore,
the displacement in y-direction is not usable.
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Since both inclinometers only measure half of the pile, the two measurements can be combined to
have a better overview of the entire pile. A few comments about the combination of the two
measurements:

e [t looks like a smooth transition between the two data-trend.
e Itis assumed that both piles behave the same.
e The measuring moments of both piles differ from each other.

The displacement in x-directions have a smooth transition zone. It looks like the two parts follow the
same trend around the transition zone. The combined data can be used in the future, but with extra
attention.
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FigureC.5 Horizontal displacement of inclinometers

C.3 Preparation-day measurements

Both measurement types have some limitations and inaccuracies in their measurements. Most of the
times the hydraulic jack is used together with a loadcell, the loadcell measures the load with a high
accuracy and checks the hydraulic jack. The loadcell is not used during this test and the hydraulic jack
data is not checked during the test and therefor there can be some errors in the data. The day before
the testday, the set-up was tested. Everything was checked and the pile was loaded for the first time.
The displacements of that loadstep were more in line with the expectations. At the start of the
testday, the hydraulic jack setup was adapted, and the jacks were reinstalled. The reinstallation of
the set-up can have cause an error in the measurement.

The day before the test, the system was tested with a similar load to the first loadstep. During this
loading, the displacement of the pile with the corresponding load are measured. The measurements
were done with the hydraulic jack and the optical fibre cables. Those tools gave different answers
load measurements during the testday, but it may be due to some chances in the setup between the
preparations and the test. The bars were corrected, and the optical fibre cables were reconnected.
During the preparation day, the optical fibre cables were installed in another system. The cables
were connected differently to each other and in different orders. The strain-measurements from this
test are shown in Error! Reference source not found.. The figure shows the strain-data from the c
onstruction day (28-6), the preparation day (29-6) and the test day (30-6). What stands out from the
data is the noisy strain-data during the preparation day (29-6) compared to the test day (30-6). The
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noise in the strain-data of the preparation day is much larger than the noise in the data during the
test. The differences between the two measurements are also minor compared to the amount of
noise. The bending moment results of the two measurements on 29-6 is shown in Error! Reference s
ource not found.. There is no clear trend in this data and therefor it is not possible to determine the
expected load. Especially on the depth, which is used for the load determination, between 20 and 40,
there is no trend visible. The results are both positive and negative, which is unexpected. Two

measurements that are used to calculate the bending moment, one measurement before the
preparation load (10:20) and a time during the load on the pile (12:19). The data from the
preparation day is not dependable to use for the load determination of the preparation day.
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Figure C.6: strain measurements of three different days
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Figure C.7 Bending moment of the pile on 29-6
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D Cyclic models

The literature prescribes models to determine the displacement of a flexible dolphin after cyclic
loadings. The two models that are reviewed in this section, are the models that determines the
displacement of the pile tip during every loadcycle. The models are mentioned in literature (EA-
Pfahle, 2012). The boundaries of the logarithmic equation and the exponential equation are shown in
figure D.1. The exponential equation uses the long and flexible pile. The test-pile was flexible, and the
expectation is that the pile behaves as a long pile. The expectation is that the pile is longer than
needed, which result in a practically fixed pile tip and a plastic hinge in the pile.

The total station displacement is added in the graph. The data of DO1-trap is used for the calculation.
The results are verified with other measurement points. The total station trend is calculated in two
separate ways. The first method uses the 5™ loadcycle as base measurement, which is the first
maximum load in the prescribed load scheme. The second method uses the 6 loadcycle as base
measurement, since the load increasement becomes smaller after the 6™ loadcycle.

The first total station method is within the range of the exponential approach. The a-value can be
fitted to the data, which result in a similar trend. The load built-up loadcycles are not considered.
Those loadcycles will have influence on the first few loadcycles. The influence will become limited
after increasingly loadcycles. The test only had 5 loadcycles, whereby the influence cannot be
analysed. It is assumed that the influence is limited in this loadcycles, so that the models can be used
in this report.

The approaches that are used in Error! Reference source not found. are methods with one load m
agnitude. More load magnitudes are used during the test, which are not considered in these
formulas. There is another approach in the literature that take different loads into account. This
method uses equivalent loadcycles for different loads. The method uses the nearly the same formula
as the logarithmic formula, but the number of cycles is changed to a total equivalent number of
cycles. The equivalent number of cycles per load magnitude is relative to a chosen load magnitude.
The equivalent load cycle determination needs the static horizontal pile deformation under the load.
The static horizontal pile deformation under the loads is not measured during the test. The test
loaded the same pile in series, so the static deformation of a specific load is not known (only for the
first load). The different load magnitude calculation is not considered in this report.
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Figure D.8 Calculation methods of displacement course during repetitive loadsteps
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