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Engineering is the art of modelling materials we do not wholely understand, into shapes
we cannot precisely analyse so as to withstand forces we cannot entirely assess, in such a
way that the public has no reason to suspect the extent of our ignorance.

A.R. Dykes, 1976
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Summary

Steel sheet pile walls in soft soil

The research described in this thesis, is focused on two recent developments in the design
of steel sheet pilingPlastic DesigrandOblique BendinglIn the first part of this thesis the
theoretical background to these topics are treated. In the second part of this thesis plastic
design and oblique bending are investigated in a full-scale field test on two steel sheet pile
walls carried out in Pernis, near Rotterdam in 1999.

In 1953 Brinch Hansen developed a method for the plastic design of steel sheet pile
walls, which has been used to design many walls but mainly in Denmark. Plastic design
may result in material savings of about 35%, subdivided into 15% to 20% from adoption of
the full-plastic section modulus instead of the elastic section modulus, and about 20% when
rotation at a plastic hinge is allowed.

Three classical methods for plastic design of steel sheet pile walls are presented: the
methods of Brinch Hansen, Windels and WeilRenbach. These three methods focus on the
geotechnical aspects of plastic design and assume an unlimited rotation capacity for the
steel sheet piles. However, in reality the rotation capacity of steel sheet piles is limited
because of the particular cross-section.

Within the framework of this research, a large number of geotechnical calculations were
carried out to investigate how the limited rotation capacity of the sheet piling can taken
into account in plastic design. Therefore, the subgrade reaction modsifALL has been
developed that is able to generate a plastic hinge when the yield moment is reached and to
calculate the rotation requirement of the plastic hinge.

It follows from this research that the rotation requirement of the sheet piling depends on
the geometrical dimensions and the soil properties. A verification of the rotation capacity
should therefore be a part of plastic design. Most state-of-the-art geotechnical tools that are
suitable for plastic design, are not able to determine the rotation in a plastic hinge. In this
thesis two simplified methods to determine the rotation requirement are presented and are
verified by a large number of calculations, using both the subgrade reaction and the finite
element methods.

Obligue bending is relevant for double-U piles, i.e., pairs of U-piles connected with a
crimped or welded interlock. The particular cross-section of the double-U pile means that
the principal axes of inertia are rotated, which involves a decrease of the effective height of
the cross-section. In other words, oblique bending involves a significant loss of the effective
moment of inertia and effective section modulus of a sheet pile wall. When the effects of

Xi



Xii Summary

oblique bending are not taken into account in a design, the safety level of excavations with
respect to strength and stiffness of the sheet piling may be overestimated.

In practice, oblique bending can be influenced by other effects, such as shear resistance
in the interlocks, detailing of the structural supports, and the method of sheet pile driving.
Therefore, the loss of strength and stiffness may not so be drastic as derived from the struc-
tural geometry. In Europe oblique bending is not always recognised: most countries do not
even have a directive.

To derive a new design rule for oblique bending, the subgrade reaction medel-S
WALL has been developed. The applicability ofeSvwALL is investigated by means of a
comparison with fully 3D analyses usingANA . It was found that 8EwwaLL is a useful
tool to investigate obliqgue bending and to determine suitable reduction factors to account
for the loss of strength and stiffness.

Some factors that influence oblique bending, are quantified. The effects of structural
supports have been investigated. Good countermeasures to reduce the effects of oblique
bending are welding of the free interlocks during excavation, and to a lesser extent a cap-
ping beam. Furthermore, it is concluded that the driving method plays an important role
on obliqgue bending, but the effects could not be quantified within the framework of this
research.

On the basis of these findings a new design method is presented to take oblique bending
into account. Finally, the workability of this method has been illustrated with two examples.

The recent developments regarding the design of steel sheet pile walls generated the
desire to carry out a full-scale field test. This field test was focused on the investigation of
the following three phenomena:

e the performance of a sheet pile wall with a plastic hinge
¢ the performance of a sheet pile wall composed of double U-sections (oblique bending)
e the short-term and long-term performance of both sheet pile walls in very soft soil

A prediction exercise was also organised to investigate the quality of state-of-the-art cal-
culation models for steel sheet pile walls in soft soil, including short-term and long-term
behaviour.

From evaluation of the full-scale field test results, it could be concluded that the be-
haviour of the plastic hinge was as expected, meaning that the assumptions on which the
design rules in ENV 1993-5 are based, are valid for a real sheet pile wall. Further, the ro-
tation in the plastic hinge can be back-calculated with the simplified verification methods,
which means that these methods are applicable to a design.

The evaluation of the Larssen 607K-wall proved that obliqgue bending occurred. The
reduction factors differed for each pile and were in the orddl ef 0.70 andBy = 0.75.

These factors are in the same order as recommended by the directives of CUR 166 and the
design rule proposed in this thesis.

The evaluation of the field test is concluded with some back-analyses withviALL
and R.Axis, from which the influence of consolidation and creep on the long-term soil
behaviour could be investigated. It could be shown from the calculations that the influence
of soil creep on the behaviour of the sheet piling was very important.
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Symbols

Latin upper case letters

A cross-sectional area

Aweb area of the web

oA virtual work

C concentrated force accounting for fixation of the sheet pile in the
ground (in Blum)

Cc compression index

Cs swelling index

D constant reflecting dilatancy

E effect of an action

E Young’s modulus (steeE = 2.1-10° N/mn¥)

E,F horizontal and vertical component of earth pressure resultant

Ea, R anchor or strut force

Eq design value of effect of actions

Eged Oedometric stiffness

gref reference stiffness inlAXIs

E° undrained Young’s modulus at 50% of the failure load

Eur unloading-reloading stiffness

OE dissipated energy

EA axial stiffness

El bending stiffness

F load or action

Fq design value of an action

Fel load to attain the elastic bending moment resistance

Fol load to attain the full-plastic bending moment resistance

Frep representative value of an action

AF Fol — Fel

F transfer field matrix

G shear modulus

I moment of inertia

l12 principal moments of inertia

Iyx moment of inertia around y-axis

lyy moment of inertia around x-axis

Ixy product of inertia

XiX



XX Symbols
K bulk modulus
KaandKp  active and passive earth pressure coefficient
Kn or Ko neutral earth pressure coefficient
Kg neutral earth pressure coefficient in terms of total stresses
L span length
M bending moment
Mel elastic bending moment resistandéy(= fy,We)
Mg ultimate bending moment between contraflexural point and pile toe
Mp full-plastic bending moment resistandd § = f, W)
Ms ultimate bending moment between prop and contraflexural point
Msq design value of the bending moment

%51§£§§§<—|—|—|—|%(D_EU(%U&U;5@‘U(‘2\Z§

number of measured points of bending moment
normal force

number of measured points of displacement
transfer point matrix

number of measured points of earth pressure difference
resistance

design value of the resistance

relative density

friction ratio in CPT

degree of saturation

internal forces and moments (sollicitation)
temperature

torque

wall friction

transfer matrix

shear force

weight

section modulus

elastic section modulus

full-plastic section modulus

design value of a material property
characteristic value of a material property

Latin lower case letters

aq
b

of
bs
c

c
Cd
Cs

Cu

design value of geometrical data
width of a steel sheet pile

width of the flange of a steel sheet pile
width of a single U-section

cohesion

cohesion in terms of effective stress
design value of cohesion

distance between the central bending axis of a continuous wall and the

neutral axis of a single U-profile
undrained shear strength
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Cv coefficient of consolidation
d embedment depth of a retaining wall
i thickness of layer
void ratio

yield strength

retaining height

height of a steel sheet pile

hydraulic gradient

permeability

permeability from the oedometer test using Taylor
subgrade reaction modulus or spring stiffness
spring stiffness in interlock

undrained subgrade reaction modulus

spring stiffness in x-direction

spring stiffness in y-direction

length

coefficient of volume compressibility

porosity

ratio between plastic bending moment and cantilever bending moment
isotropic stress, in terms of effective stress

o= 35*\<7T><W§KW?W_':3?CDQ
o

Pc preconsolidation pressure

pref reference pressure inLRxIs

o} deviatoric stress

a distributed load

dc cone resistance

s surface settlement

t thickness of a steel specimen

tt thickness of the flange of a steel sheet pile
u water pressure

W wall displacement or deflection (at a certain depth)
X, Y distance

z application point of earth pressure resultant
Zy depth of maximum bending moment

z state vector

Greek upper case letters

() plastic contribution of the rotation in a plastic hinge
Oc rotation capacity

D¢y design value of the rotation capacity

dr rotation requirement

PRy design value of the rotation requirement
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Symbols

Greek lower case letters

o
(04

p

Bi
Bio
Bw
Bw.o
Y

Y
Ydry
YF
Ym
™

Ysat
Ysd

PEARASL OO 5
* *x 0<

a<=

N
w

)

Q aQq
< T P

a

Q. a
Chih

a

¢
(pl

¢

Pd

D, Qpl, Prot
Ppl

Prot
Ag
v

rotation angle of the principal axes of inertia

temperature coefficient

compressibility of water

reduction factor fot accounting for oblique bending

eigen value of}; determined from the cross-sectional geometry
reduction factor fokV accounting for oblique bending

eigen value ofyw determined from the cross-sectional geometry
rotation angle of the neutral axis

unit weight

unit weight of dry ground

partial load factor

partial material factor

partial material factor accounting for model uncertainties and dimen-
sional variations

unit weight of saturated ground

partial factor associated with the uncertainty of the action and/or action
effect model

angle of friction between ground and structure

steel grade

strain

strain at the onset of yielding

curvature

modified swelling index

parameter defined by (C.3)

modified compression index

modified creep index

Poisson ratio

normal stress

principal stresses

horizontal stress

vertical stress

effective stress

effective stress for active earth pressure

effective stress for passive earth pressure

shear stress

rotation angle

angle of internal friction

angle of internal friction in terms of effective stress

design value of angle of internal friction

sum of the angle of a beam at the points of inflection

rotation when reachiniyly if a linear elastic model would have been
used

total rotation at the onset of moment decrease

rotation in a plastic hinge

dilatancy angle



Symbols XXili

Miscellaneous

stroke required movement to bring the soil from an active state to a passive
state
Definitions
lateral direction direction perpendicular to the plane of the wall (the known
direction)

transverse direction direction in plane of the wall
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Chapter 1

Introduction

1.1 European standardisation

Within the framework of the European harmonisation process European technical standards
(Structural Eurocodésfor the structural design and execution of buildings and civil engi-
neering works are being developed. For example, Eurocode 1 (EN 1990) covers the basis of
design, Eurocode 3 (EN 1993) concerns design of steel structures, and geotechnical design
is dealt with in Eurocode 7 (EN 1997). It is expected that in the first decade of thee?i

tury all national building codes will have been replaced by unified European standards.

The first step in the achievement of unified European standards is the formulation of pre-
standards, the ENV’s. The specific ENV'’s are written under the auspices of thé BEN
specialists from the different member states. ENV’s are established as prospective standards
and are intended for experimental application and for the submission of comments. For
certain safety elements in the ENV’s indicative values are assigned which are identified by
[ Jor[ 1,the so-calleboxed values

Each ENV Eurocode is provided withNational Application DocumerNAD). The
NAD’s, which are drawn up by the national standardisation institutes of the specific mem-
bers, cover the discrepancies between the Eurocodes and the national codes. The authorities
in each member country are expected to reviewbitieed valueand may substitute alterna-
tive values for these safety elements in their NAD’s. During a trial period of at least 3 years
the ENV'’s together with the NAD of the specific country may be used next to or instead of
the corresponding national building codes.

After the trial period in which practical experience with the ENV’s is gained, the ENV
together with the NAD's of all the member states and the gathered comments are processed
to a unified European Standard, the EN. The EN's are established as a general rule, because
it is important that member’s national standards are harmonised as far as possible. The
member states are obliged to implement the European Standards by giving them the status
of national standards. In this way the current national standards will be replaced by one
unified European code, the Eurocode.

1European Committee for Standardization
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1.2 Limit state design

An important principle of the Eurocode system is the requirement of design verification
for all possible limit states, which can be achievedlimit State Design ENV 1991-

1 [21] distinguishes between tt&erviceability Limit Stat¢SLS) and theJltimate Limit
State(ULS). Guidance on the geotechnical aspects of steel sheet piling design is provided
by ENV 1997-1 [22] and guidance for the structural aspects by ENV 1993-5 [24]. The limit
state design process can be summarised according to Figure 1.1.

Serviceability Limit State Ultimate Limit State
TF =[1.0] ¥
<
S ag=1.1h
h+0.5m :
w = [11]
I Ym
S YsdMsd
T = [1.0 Fep X4 L
Fo=1vr I:rep Ry = R{xk/YM} T
Eq = E(F4,a4,%a)
Xd = Xk/Ym
e Ym Ysd
Actions Ground properties Action effects
Case Permanent Variable
Unfavou- | Favou- | Unfavou- | tang I Cu
rable rable rable
Case B [1.35] [1.00] [1.50] [1.0] [1.0] | [1.0] [1.00]
[1.00] [1.00] [1.11] [1.0] | [1.0] | [1.0] [1.35]
Case C [1.00] [1.00] [1.30] [1.25] | [1.6] | [1.4] [1.00]

Figure 1.1: Limit State Design for steel sheet pile walls

Verification of the Serviceability Limit State is carried out using deformation limits for
the wall displacementvj,, and for the surface settlemest,, if required. Loading, soil
parameters, and resistance of the sheet pile are considered as conservative characteristic
values in the designyr = vy = 1. In addition, it is necessary to verify that yielding does
not occur in any cross-section or that, if yielding occurs, it can be shown that this will not
lead to an Ultimate Limit State. In most cases a sheet pile wall will behave elastic in the
Serviceability Limit State.

Ultimate Limit State design is carried out using partial safety factors for the actions
and the resistances. The resistance of the sheet piling is reduced using a safety factor of
™ = in accordance with Eurocode 3, part 5. The actibpg, which include the
characteristic earth pressures, should be increased using a safety fggtor g according
to case B or case C of ENV 1997-1, see the table in Figure 1.1. In addition, the excavation
depth has to be increased by 10% of the retained height of a cantilever wall or the distance
between the lowest anchor or strut level and the nominal excavation level for a propped
wall, up to a maximum of & m.
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However, Clause 2.4.2.(17) of ENV 1997-1 states that when calculating the design earth
pressures for Case B, the application of partial factprto characteristic earth pressures
may lead to unrealistic or physically impossible design values. For these situations the
partial factors given in the table in Figure 1.1 may be treated as model fggtofThis
model factor is then directly applied to the action effdg€td.e., internal structural forces
and bending moments, derived from the characteristic earth pressures.

When calculating design earth pressures for Case C, the partial fggtersdy: are
applied to the characteristic strength of the ground and to the characteristic surface loads;
for Case C the model factggq is unity.

Plastic design

For Ultimate Limit State design the retaining structure shall be verified against all possible
failure modes. Examples of limit modes for structural failure presented in part 1 of Eurocode
7, are listed in Figure 1.2.

Figure 1.2 Examples of limit modes for structural failure of retaining structures (after
Eurocode 7, part 1 [22])

Limit stateh) is based omlastic collapseof the structure, and is similar to the classical
theory of plasticity for framework structures (see e.g., Neal [60]). A collapse mechanism
with plastic hinges is determined by which the sheet pile wall can fail and according to
which the sheet pile wall shall be designed. Clause 8.6.6 of ENV 1997-1 states the following
about the design.

(3)P For each ultimate limit state it shall be demonstrated that the required
strengths can be mobilised in the ground and the structure with compatible
deformations.

(4) In structural elements, reduction in strength with deformation, due to effects
such as cracking of unreinforced sections, large rotations of plastic hinges or
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local buckling of steel sections should be considered with the material-related
Eurocodes. ..

In the case of steel sheet piling the material related Eurocode 3, part 5 applies. In contrast
to plastic design for frame structures, plastic design of sheet piling is not common in geo-
technical engineering. Although in 1953 Brinch Hansen [13] presented a method for plastic
design of sheet pile walls, this method never had a much wider acceptance than Denmark
and the north of Germany.

When ENV 1993-5 was being developed, little knowledge existed on which the basic
application rules for the structural resistance of steel sheet piles could be based. This was
particularly the case in respect of the full-plastic cross-sectional resistance and the plastic
deformation capabilities of steel sheet piles. The Technical European Sheet Piling Associa-
tion (TESPA), a technical forum involvingA®FiL ARBED (L), KRurPPHOESCH (D) and
CoRrus (UK), thought that the competitiveness of steel sheet piles against other construc-
tion materials could be improved, and initiated in 1993 research into the plastic structural
behaviour of steel sheet piles [68]. On the basis of the success of this first prejeetP
ARBED, KRuPPHOESCHand GRusinitiated an ECSC multipartner research project with
the title Development of Unified European Design Rules for Steel Sheet Piles and Introduc-
tion into Part 5 of Eurocode 89]. The framework of this ECSC research project can be
subdivided in two main parts.

In the first part, design and application rules were formulated on the basis of more than
20 large scale experimental tests and more than 80 numerical simulations on various types
of steel sheet piles. These design and application rules form the basis of the regulation in
ENV 1993-5.

In the second part, investigation of the soil-structure interaction was carried out to deve-
lop a suitable method for determination of the rotation requirement for typical design cases.
A parametric study of the rotation requirement for simplified single and double propped
sheet pile walls was carried out in order to investigate economic measures to optimise the
design. Based on these insights, four suitable methods to determine the rotation requirement
are presented in ENV 1993-5.

The majority of the results of the ECSC project regarding the structural design resistance
of steel sheet piles are described in the thesis of Hartmann-Linden [38]. The part concerning
the geotechnical aspects of plastic design, especially that covering the generation of plastic
hinges, is the first subject of this thesis.

Oblique bending

Another important topic of the ECSC research was the structural resistance of U-shaped
sections. In steel sheet pile walls built up of U-sections the interlocks of the individual U-
piles are on the central bending axis of the sheet pile wall, see Figure 1.3. If sufficient shear
friction capacity of the interlocks is present, the central bending axis is the neutral axis and
the maximum cross-sectional resistance is obtained. Sheet pile producers often provide the
cross-sectional data of a U-section for the maximum cross-sectional resistance.

In European practice, sheet pile walls composed of U-sections are generally built either
with single piles where the interlocks are threaded togethaing pile installation or with
double pilesin which two piles are threaded together and crimped or weldddre pile
installation, and occasionally use is madetaple piles
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Figure 1.3: Axes of inertia for different systems of U-sections

The shear force transmission in the interlocks may not always be sufficient to assume the
maximum cross-sectional resistance. In extreme cases, if the shear capacity of the interlocks
is absent, single, double, and triple U-piles behave as follows, see also Figure 1.3:

e Single U-piles bend about the principal axis of inertia of an individual pile. This
causes a reduction of the moment of inertia to approximately 30% and a reduction of
the section modulus to 50% of the maximum cross-sectional resistance values

e Double U-piles bend about the inclined principal axis of inertia, which causes a de-
flection both perpendicular to the wall and in plane of the wall. The moment of inertia
reduces to approximately 50% and the section modulus to about 60% of the maximum
cross-sectional resistance values

e Triple U-piles bend about the principal axis which causes a reduction to approxima-
tely 90% for the moment of inertia and to about 80% for the section modulus of the
maximum cross-sectional resistance values

During the formulation of ENV 1993-5 a lack of knowledge was apparent. Most countries in
Europe do not recognise tlobdlique bendingphenomenon and the possible loss of stiffness

and strength for double U-sheet piles. Some countries do not recognise the possible loss of
stiffness and strength for single U-sheet piles. On the other hand, in the Netherlands a rather
strict regulation for reduction factors on the strength and stiffness of single and double U-
piles is proposed in thEUR Handboek Damwandconstruct{@g]. The rules in the CUR
handbook account for possible advantageous effects, such as the number of anchor or strut
levels, the conditions of the free interlocks, and the soil type in front of and behind the sheet
pile wall, but sufficient scientific evidence was lacking for the introduction of this regulation

in ENV 1993-5.

It was not clear whether sheet piling design in the Netherlands with U-sections is too
safe and therefore too expensive, or unsafe in most other countries. ENV 1993-5 does not
define reduction factors for the strength and stiffness of sheet pile walls composed of single
and double U-sections but instead the foreword states:

(20) Certain reduction factors concerning possible slip in the interlocks of U-
shaped sheet piles have been left open and can be supplied in NADs at the
discretion of national competent authorities.
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The phenomenon of oblique bending in the design of steel sheet piling is the second subject
of this thesis.

1.3 Rotterdam sheet pile wall field test

The development of Structural Eurocodes and the expected role in the design practice of
steel sheet piling together with the knowledge of plastic design and oblique bending gained
in the ECSC research project, gave the inspiration for the Geotechnical Laboratory of Delft
University and the Dutch Centre for Civil Engineering Research and Codes (CUR) to carry
out a full-scale sheet pile wall field test at a site near Rotterdam with typical Western Dutch
soil conditions, where the soil consists of very weak clay and peat and where the groundwa-
ter level is just below groundsurface [49, 54, 75]. In this field test the research was focused
on:

¢ the performance of a sheet pile wall in real soil conditions in which a plastic hinge is
generated

e the performance of a sheet pile wall constructed of double U-sections in real soil
conditions

¢ the short-term and the long-term performance of both sheet pile walls in soft soil

For this field test an excavation approximately 12 metres square was constructed in which
two test walls were included, see Figure 1.4. One test wall consistéd b3-pilesand

the second test wall was built usidguble U-piles Larssen 607K he two side walls were
single U-pile walls built up witrsingle LX32-pilesSpecial measures were taken to obtain,

as far as possible, a plane strain behaviour of both test walls.

Figure 1.4: Rotterdam sheet pile wall field test (May 11 1999)
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Within the framework of the field test a prediction exercise was organised. The aim of
this exercise was to make designers aware of recent developments in steel sheet piling and
to provoke discussion. Twenty-three predictions were submitted, from which an interesting
overview of the state-of-the-art calculation models could be made [50, 53].

A major part of the activities carried out for this field test form the third subject of this
thesis: the design and execution of the field test, the organisation and evaluation of the
prediction exercise, the interpretation of the measurement results, and evaluation of the test
results with the emphasis on plastic design and oblique bending.

1.4 Aim of this research

The introduction of limit state design of steel sheet pile walls in Eurocode 3, part 5 has expo-
sed a number of design aspects for which insufficient knowledge was available to formulate
uniform European design rules. This thesis focuses on two of these aspects:

e Plastic design
e Oblique bending

The first aim of this research is to develop design rules for steel sheet pile walls that take
plastic design and oblique bending into account and the second aim is to validate these
design rules to data from a full-scale field test.

As there were no field data available for such a validation, a full-scale field test was
designed and carried out within the framework of this research, to generate suitable field
data that can also be used for validation of design models for sheet pile walls in soft soil
with time-dependent behaviour.

1.5 Benefits to be gained from the research

Plastic design

The available national and international design rules for steel sheet pile walls are mainly
based on elastic design (permissible stress method). Only a few countries (e.g., Denmark)
apply plastic design. The results from plastic desigh sometimes differ considerably from
elastic designamportant material savings may be expected when applying plastic design.

In 1988 Steenfelt [69] presented a numerical experiment conducted by Krebs Ovesen of
the design of a sheet pile wall for a 6 metre deep excavation according to the Norwegian,
Swedish, Finnish and Danish design codes (Figure 1.5). The Danish design code is based
on plastic design, the other design codes on the permissible stress method. The outcome of
the experiment was that the design results of the other countries showed minor differences
but thatthe amount of steel required by the Danish code was 40% Tess major part of
this difference results from allowance of a plastic hinge in the design.

A second comparison between the Danish and the British design practice carried out by
Steenfelt and Haahr [70] showed a similar ‘conservatism’ for British designs. In addition,
both Hartmann-Linden [38], and Van Tol and Kort [74] mention possibilitiesnfiaterial
saving of more than 35%According to them, 15% to 20% can be gained from moving the
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Figure 1.5 Numerical experiment of a sheet pile wall design according to the Norwegian,
Swedish, Finnish and Danish design codes (after Steenfelt [69])

definition of structural failure from yielding of the outermost fibre to yielding of the full
cross-section and about 20% from the redistribution of earth pressures after the generation
of the plastic hinge.

Obligue bending

Research of the oblique bending phenomenon may contribute to the filling-in of Table E.5
in ENV 1993-5, the table which includes factors to take the loss of strength and stiffness
into account when using single or double U-sectiofAs.underestimation of oblique ben-

ding may result in an underestimation of the deformation and in an overestimation of the
strength of the sheet pile wall, and consequenthamounderestimation of the influence

of an excavation on adjacent structureBhis may lead to serious problems in respect of
settlements of adjacent structures, especially in built-up areas where nowadays more and
more underground construction activities take plafee overestimation of oblique bending

will lead to uneconomical reduction factors and thereforartnecessarily expensive sheet
piling.

Full-scale field test

The sheet pile wall field test in soft soil contributes toedter validatiorof the behaviour of
steel sheet pile walls in which a plastic hinge is generated or which is subjected to oblique
bending, and of soil-structure interaction problems for retaining structures in general. To-
day, for the design of a steel sheet pile wall the engineer generally makes use of a numerical
calculation model, such as a limit earth pressure model, a subgrade reaction model or a fi-
nite element model. More complicated design models are rapidly developed and therefore
the need for validation of these models to real behaviour of steel sheet piling increases.

A well monitored full-scale field test may also serve dsemchmarkfor validation of
numerical or centrifuge models. When the behaviour of the full-scale field test can be
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successfully simulated with a numerical model or with a centrifuge model, a calibrated
model has been obtained which can be used as a basis for further investigation.

Evaluation

When the new developments of plastic design and oblique bending are accepted in geotech-
nical design practice, it may lead to more economical solutions for steel sheet piling with
respect to both costs and safety.

1.6 Arrangement of the thesis

This thesis is set up of 7 chapters including this introduction. Chapter 2 covers plastic
design, and focuses on verification of the rotation in the plastic hinge and on the practical
application of plastic design to steel sheet pile walls. Chapter 3 covers oblique bending and
new developments for oblique bending in the design of steel sheet pile walls, and proposes
design rules which account for these new developments. The research carried out for the
Rotterdam Sheet Pile Wall Field Test is presented in Chapters 4, 5 and 6. The test and
the test results are presented in Chapter 4, the evaluation of the submitted predictions in
Chapter 5, and the evaluation of the field measurements and back-analyses with the subgrade
reaction and the finite element methods in Chapter 6. Conclusions and recommendations
are presented in Chapter 7.
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Chapter 2

Plastic design

2.1 Introduction

Plastic design of steel sheet pile walls is not a new development in geotechnical engineering.
In 1953 Brinch Hansen [13] developed a design method with plastic hinges for sheet pile
walls and ever since this method has formed the basis for the current Danish design practice.
Later Windels [92, 93, 94, 95] and Weil3enbach [89, 90, 91] developed verification methods
for plastic design of steel sheet pile walls, which were applied to quay walls in the port area
of Hamburg. Different competitive studies of Brinch Hansen’s plastic design method and
conventional elastic design methods proved the possibility for very interesting savings of
material and costs [38, 39, 69, 70, 74], see also Figure 1.5. But although plastic design has
been successfully applied to the construction of many sheet pile walls in Denmark and all
over the world, the acceptance for practical application has never grown much farther than
Denmark and the Northern part of Germany.

In most other countries steel sheet pile walls are traditionally designed according to an
elastic design methgdn which elastic refers to the structural behaviour. The structural
verification is based on an ultimate bending moment capacity which gengreliag of
the outermost fibre

Msq < fyWei /ym (2.1)

whereMsgq is the design value of the bending moment (action effegtis the yield stress
of steel W is the elastic section modulus of the sheet pile, traditionally provided by most
producers of steel sheet piles, apgis the partial material factor.

To illustrate the fundamental differences between elastic and plastic design, a single an-
chored sheet pile wall is presented in Figure 2.1, and subjected to an increasing excavation:
D3 > D, > D;. As a result of the excavation the differential earth pressure on the wall in-
creases until a plastic hinge is generated and finally the limit state is obtained. Three main
stress states can be distinguished for the sheet pile wall.

a) When the excavatioB; is small, the wall behaves elastically. Structural verification of
the bending moment should include:

Msq < fyWei /ym (2.1)

11



12 Chapter 2. Plastic design
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Figure 2.1 States of stress in a sheet pile wall during an excavation [38]

b) When the excavation is increaseddg, the cross-section of the sheet pile at the level of
the maximum moment becomes fully plastic, but there is still some reserve in the soil
that prevents the system from collapsing: the first plastic hinge is about to be formed.
Structural verification of the bending moment should include:

Msqg < fyWoi /M (2.2)
whereW, is the plastic section modulus.

¢) When the excavation is gradually increasedtq rotation in the plastic hinge is gene-
rated and earth pressure is redistributed. Excavation depttan only be achieved
if the first plastic hinge has sufficient rotation capacity, either to mobilise more resis-
tance from the 'passive’ earth pressure, or to allow other plastic hinges to develop in
the sheet pile. Therefore the available rotation capacity of the shee®gileshould
be checked to ensure that it is larger than or equal to the rotation required by the first
plastic hinge in the sheet pil&@g. Structural verification of the bending moment
should include:

Oc > PR (2.3)

In comparison to traditional elastic design given by stress siatihe stress statdy and

c) involve a more effective material use, which can also be reflected in material saving.
A design using the full-plastic section modulus without allowance of a plastic hinge, state
b), may result in a material saving of about 15% to 20%. Allowing rotation of the plas-
tic hinge, state), provides an additional material saving with a maximum of about 20%.
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Consequently the material saving that can be obtained from plastic design can be more than
35%.

The equations (2.1) and (2.2) imply sufficient geometrical stability of the cross-section
in respect of local buckling. However, because of the particular cross-sectional shape, both
the ultimate resistance and the rotation capacity of the steel sheet pile may be predominated
by loss of geometrical stability of the cross-section due to local buckling of the compression
flange. Hartmann-Linden [38] proposed design rules to determine the ultimate moment
resistance and rotation capacity of a steel sheet pile, taking into account the possible loss of
strength due to geometrical instability.

The structural models in most available geotechnical tools, suchPa®iBs[37] and
PLAXIs [79], are based on perfectly plastic material behaviour and can not be used to predict
any hardening or softening behaviour of the steel sheet pile. Nevertheless, the geotechnical
capabilities of these models are so strong that application of these models to the design of
steel sheet pile walls is obvious. Furthermore, these existing geotechnical models can be
applied to design when it can be shown that the rotation capacity of the steel sheet pile wall
is not overestimated.

The aim of this chapter is to provide a practical guidance for plastic design, focussing
on the geotechnical aspects. Emphasis is put on the investigation of the rotation in plastic
hinges and on the various important aspects governing this rotation. Existing classical de-
sign methods are discussed, with respect to plastic design, followed by an explanation of
the structural behaviour of steel sheet piles. Next, four methods for the determination of
the rotation requirement are presented which have been introduced in Appendix E.4.4. of
ENV 1993-5, and the subgrade reaction model with an elasto-plastic beagswRLL is
developed. The sensitivity of the rotation requirement to structural and geometrical proper-
ties is investigated, and finally the rotation check is applied to two design examples.

2.2 Classical methods for plastic design

2.2.1 Blum

Blum’s method [8] is often used as an introduction to sheet pile walls in many textbooks
about soil mechanics, see e.g. [11, 26, 55, 84], and here this method is also used as an
introduction to plastic design.

The basis of the method is the assumption of limit earth pressures acting on the sheet
pile wall. Blum introduced the concept of an extra concentrated fotceaccount for fixity
of the sheet pile in the ground, see Figure 2.2. This force is the result of the passive earth
pressure increase generated by the fixity of the sheet pile in the ground. To generate this
extra forceC, the embedment depth, needs to be increased by 20%.

The earth pressure distribution in Blum’s method is based on Rankine’s earth pressure
theory and does not account for earth pressure redistribution due to arching in the soil behind
the sheet pile wall. According to clause R 77 of EAU [25], earth pressure redistribution may
be taken into account by correcting the calculation results according to Blum as follows: the
part of the bending moment resulting from the active effective earth pressure may be reduced
by 33% but the strut force must then be increased by 15%.
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Figure 2.2: Anchored sheet pile wall according to Blum [8]

Plastic design with Blum’s method

Although Blum’s method for sheet pile walls has never been presented as a method for
plastic design, it is interesting to explain this method from the point of view of plastic
design. In fact, in the context of this thesis it is intended to present Blum’s method as an
introductionof Brinch Hansen’s method [13].

For this explanation, the example in Figure 2.3 is considered, in which a single propped,
smooth, sheet pile wall retains a 5 metre deep excavatieng m) in dry sand¢ = 0 kPa
andg’ = 30°). The wall is assumed as infinitely stiff and can be designed with 0, 1 or 2
plastic hinges. The soil is characterised as a plastic material: unless the wall movement
is zero, the soil is in an active or a passive state, depending on the direction of the wall
movement. Further it is assumed that the earth pressure distribution can be described using
Rankine’s active and passive earth pressure coeffickentaindK,, depending upon the
direction of the wall movement.

It should be noted that in this example Blum’'s concept of replacement of the earth
pressure jump by a concentrated force is not adopted.

Simplified design with 1 and 2 yield hinges
Fa

' nMpl; dividing line

\
24_/ _E“:I Ea\ 2 izj

Figure 2.3: Design with plastic hinges
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Example of a wall with a fixed earth support

In Figure 2.3 a sheet pile wall retaining a 5 metre deep excavation is designed with a
fixed earth support. The wall is designed in such a way that a plastic hinge is generated
at z;. As a result of plastic rotation in the hinge, the lower part of the wall will be
clamped in the soil involving a fixed momemMy,, with 0 <n < 1. If n=0, the wall

has a free earth support, anchit= 1, the wall is fully fixed in the sand and a second
plastic hinge is about to be generated.

The design starts with a choice of the wall movement. The wall movement, indicated
with the dashed line in Figure 2.3, is chosen in such a way, that one plastic hinge can
be formed at, and a fixed moment can be generateg .af he fixed moment, however,

can only be developed when the wall is longer tiamecause the bending moment at
the toe of the wall must be zero. This involves earth pressure jumpvhich can be
obtained when the toe of the wall is pushed towards the retained side.

On the basis of the selected wall movement, a compatible earth pressure distribution can
be chosen as follows, see Figure 2.3: active earth pressure when the wall moves away
from the soil, and passive earth pressure when the wall moves towards the soil. As the
shear force in the plastic hinges must be zero, the earth pressure jump must be beneath
the location of the second plastic hinge.

Moment equilibrium and horizontal equilibrium are obtained if the following equations
are satisfied.

Mngak (2.4)
NMp = —-E1z1 +E2(h+2) (2.5)
B Ep = Fa= 2 KaYZ 26)
NMp =E3z3—E424 (2.7)
Eza—E4=0 (2.8)

The forcesE; to E4 are the resultants of the active and passive earth pressure distri-
butions above and below the dividing line. Their points of application are given by

to z4. Equations (2.4), (2.5) and (2.6) describe equilibrium above the dividing line and
equations (2.7) and (2.8) equilibrium below the dividing line. Vertical equilibrium is of
no importance for the perfectly smooth wall.

Casel:n=0

For the casen = 0 it follows from equation (2.7) and (2.8) thai — z4 = 0, which is
only possible wherzg = 2y = 0, see Figure 2.3. The case is reduced to the solution
of equations (2.4), (2.5) and (2.6). After some elaboration one obtain$.99 m,

Za = 3.59 m,F; = 38.22 kN/m andM = 91.42 kNm/m.

Case2.0<n<1

For the case & n < 1 the derivation process of wall lengttand plastic momeriip

is a very laborious and tedious process and is therefore not treated in detail. Trial and
error, or a computer program are suitable tools to solve the equations (2.4) to (2.8). The
calculation results are presented in Table 2.1.
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n ((m zz(m My (KNnym) R (kN/m)

0 6.99 3.59 91.42 38.22
05 8.06 3.33 73.35 33.01
1 8.37 3.15 61.85 29.56

Table 2.1: Calculation results

Wall displacement

The wall displacement can be derived from four successive integrations of the earth pressure
distribution. For the boundary conditions of the displacement curve, the geometry and the
chosen wall movement require zero wall displacement at strut level and at the level of the
pressure jump. In Figure 2.4 the solid line represents the displacement of the sheet pile wall
without a plastic hinge. Just above the pressure jump the displacement curve clearly shows
a wall displacement towards the retaining side whereas the wall was assumed to move to the
opposite direction. Obviously the chosen earth pressure distribution can not be in agreement
with the wall movement for the case of a non-plastic wall behaviour.

Displacements with and without a plastic hinge for the gasel

Figure 2.4: Wall displacements for the case n = 1, without a plastic hinge (solid line) and
with a plastic hinge (large-dashed line). The small-dashed line indicates the chosen wall
movement.

In order to correct the wall displacement, one or more hinges must be introduced to the
sheet pile wall in such a way that the calculated wall displacement is in the same direction
as the chosen wall movement. The only possible location for such a hinge to satisfy both
the kinematical and equilibrium conditions, appears to be at the location of the maximum
span moment. The large-dashed line in Figure 2.4 represents the displacement line that is
corrected from a plastic hinge at= z, and works at every depth giving displacements in
the same direction as the chosen wall movement.

Step by step procedure

On the basis of the example a general step by step procedure for the design of this sheet pile
wall can be formulated as follows:
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1. Determine the geometry of the construction, i.e., the excavation depth and the number
and position of the struts

2. Choose a failure mechanism according to which the wall should fail

This failure mechanism may be determined by the number of plastic hinges, by the
degree of fixity in the ground, or, for example, by the maximum pull-out anchor
force.

3. Express the failure mechanism as a possible profile of wall movement

This profile is based on the assumption aigid-plastic wall behaviour, i.e., all
deformation of the sheet pile wall is concentrated in one or more plastic hinges.

4. Choose an earth pressure distribution thabimpatiblewith the wall movement

In the example the earth pressure distribution was based on the assumption of
rigid-plastic soil with limits described by Rankine’s earth pressure theory. Brinch
Hansen developed an earth pressure theory based on compatibility with wall mo-
vement, see Section 2.2.2.

5. Determine the resultant earth pressure foiegs,, etc. and appropriate points of
applicationz;, z,, etc from the chosen earth pressure distribution

6. Determine the wall length, maximum moment and anchor or strut forces under the
condition of moment equilibrium and horizontal equilibrium. In the case of rough
walls, @ # 0°) vertical equilibrium should also be satisfied

7. Determine the wall displacement and verify for every depth that the direction corres-
ponds with the chosen shape of wall movement

8. Check if other ultimate limit states or overall stability failure are more critical

The calculation procedure is based on a failure mechanism chosen by the designer.
The designer should be aware that other failure mechanisms or other construction
stages can be more critical for the design.

Evaluation of Blum’s method

By means of the example, Blum’s method for design of sheet pile walls has been used to
provide an introduction of the basic requirements of Brinch Hansen’s method for plastic
design. When using limit earth pressure models it is important to realise that the designer is
responsible for the choice of wall movement and the corresponding earth pressure distribu-
tion. This choice is the basis of Brinch Hansen’s earth pressure theory.

2.2.2 Brinch Hansen

The background to Brinch Hansen’s design method for sheet pile walls is basically explai-
ned with the example d?lastic design with Blum’s methad the previous section. The step

by step procedure is, in principal, the same procedure as described by Brinch Hansen [13,
pp.49-51]. However, the main difference between the so-called Blum model and Brinch
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Hansen'’s earth pressure model is expressed by step 4 and 5. In the Blum model the earth
pressure distribution was based on Rankine’s earth pressure theory, which is acceptable for
the special case of a smooth wall in sand, velte- 0 kPa andp’ = 3C°. In Brinch Hansen’s

earth pressure theory the resultant earth pressure flerée,calculated from a failure me-
chanism of the soil which is statically and kinematically compatible with the chosen wall
movement.

Rupture figures

Brinch Hansen represented failure mechanisms in the sdihbyuptures zone rupturesr
combinations of thosesomposite ruptureswvhich he coded in a clever way. A line rupture

is characterised by failure in a very thin plastic, possibly dilating zone and in a zone rupture
the whole area above the lowest rupture line is in a state of failure. Well-known examples
of zone ruptures are thRankine and théPrandtl ruptures. The type of rupture figure is
determined from the movement and the roughness of a rigid-plastic wall. Examples of
possible rupture figures as function of wall movement are presented in Figure 2.5.

Line ruptures Zone ruptures Composite ruptures

.

Figure 2.5: Schematic representation of rupture figures related to different wall movements.
— indicates the wall movement, o a rotation axis and e a hinge.

In Brinch Hansen’s earth pressure theory the horizontal and vertical component of the
earth pressure forcd; andF, and their point of applicatioz are determined from the
rupture figure. Essentially, in a sheet pile wall design the rupture figure is chosen by the
designer, who can only determine the correct earth pressure resultant if the rupture figure is
statically and kinematically compatible with the chosen wall movement. It is equally pos-
sible, however, that the imposed wall movement can be described by more than one rupture
figure. In that case the critical rupture figure is determined from the failure mechanism with
the least dissipation of potential energy.

The choice of the proper rupture figure is part of step 4 of the step by step procedure
and the calculation of the resultant earth pressure forces and their points of application is
part of step 5. For calculation of the resultant earth pressure forces and the accompanying
points of application from a rupture figure, reference is made to one of the works of Brinch
Hansen [13, 14, 15].
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Choice of wall movement and rupture figures

Possible choices of wall movements for a propped sheet pile wall are presented in Figure 2.6.
Each wall movement is accompanied by a rupture figure, representing a critical failure me-
chanism of the soil:

A A R RsA AaR WR WRsA

5

N

1 2 3

Figure 2.6: States of failure of a propped sheet pile wall and schematic representations of
rupture figures, drawn for a perfectly smooth wall (based on [13])

1. In the first wall movement the wall rotates about the anchor. This type of wall mo-
vement involves a free earth support and results in the shortest wall with the highest
ultimate moment. The soil fails by two circular rupture lines

2. In the second wall movement, a plastic hinge has been generated. The wall is only
slightly longer but due to the ability of the earth pressures to redistribute, the ultimate
bending moment is considerably lower. The redistribution of the soil load is expressed
by a combination of a circular rupture line and an active Rankine pressure zone on
the retained side and a passive Rankine zone on the excavated side

3. When the wall is made longer again, the third type of wall movement is obtained.
The lower end of the wall is partially fixed in the ground, involving a fixed moment
Mc < Mpi. My decreases again as a result of the earth pressure redistribution. The
failure mode in the soil is extended with two circular rupture lines

4. In the fourth type of wall movement, a second plastic hinge is about to be generated
by the fixed moment. The wall has now 2 plastic hinges and, together with the hinged
connection at prop level, the wall movement is kinematically indeterminate. The
lowest plastic momenil, is obtained

5. Although the wall can be made even longer, the failure mode in the soil or the plastic
moment will not change significantly. The fifth type of wall movement is in fact not
different to the fourth type
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The states of failure in Figure 2.6 are far from complete. Other failures such as prop
failure possibly in combination with a plastic hinge, or global failure are also relevant for
this propped sheet pile wall.

SPOOKS

The determination of a compatible rupture figure and the resultant earth pressure forces
E andF are perfectly suited to analysis by a computer program. The computer program
SPoOKS developed at the Danish Geotechnical Institute, is able to determine the critical
rupture figure on the basis of a prescribed wall movement, and to calculate the critical wall
length/, plastic bending momemd, and strut force= [37].

The example from Section 2.2.1 was calculated wiDSKS the results are given in
Table 2.2.

N (M z(m My KNmm)  Fa (KN/m)

0 6.89 3.53 72.78 39.71
05 7.96 3.28 58.44 34.31
1 8.27 3.10 49.32 30.63

Table 2.2 Calculation results with SPOOKS

Comment

The bending moment calculated witlrSGoks(Table 2.2) appears to be 20% lower than the
bending moment in the so-called Blum model, see Table 2.1 and the strut force is practically
equal. These differences are the result of of redistribution of earth pressures in front of
and behind the sheet pile wall. IrP§oks the limit earth pressures are determined from
compatible rupture figures whereas in the example, the Rankine earth pressure distribution
has been assumed without consideration of arching of the soil behind the wall. For a more
detailed explanation, reference is made to Craig [26], Rowe [66] or clause R 77 of the
EAU [25].

2.2.3 Windels

Almost 30 years after Blum developed his design method for sheet pile walls [8], Windels
developed a method combining the wide experience of Blum’s method with Brinch Han-
sen’s development of plastic design and with the structural theory of plasticity [92, 93, 94,
95].

Windels considered a soldier pile wall propped at different levels, see Figuref.7,
The strut levels are designed in such a way that ultimate bending moments occur at both
strut levels and in the span between two struts. In a span subjected to an average earth
pressures, the ultimate bending moment follows from the theory of plasticity,

1 2

The lower part of the wall is analysed according to Blum’s method, see Figuredght,
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Figure 2.7: Braced sheet pile wall (according to Windels [94])

Windels recognises that the earth pressure distribution is heavily dependent upon the
wall displacement, which is the basis of Brinch Hansen’s method, but nevertheless he prefers
a design method that meets the wide experience gained with Blum’s method. To account
for the advantageous effects of earth pressure redistribution, the bending moment may be
reduced and the strut force increased according to clause R 77 of EAU [25].

The structural resistance of the soldier piles is taken into account by available design
rules for I-sections that consider interaction between bending moment, normal force and
shear force, see Figure 2.8.

Figure 2.8: Behaviour of I-sections: 1) elastic bending, 2) partially plastic bending, 3) full-
plastic bending, 4) full-plastic bending with normal force interaction, 5) full-plastic bending
with shear force interaction (according to Windels [95]

Basically these design rules are based on the following three common checks for steel
structures [95]:

N M

- 2.1

c A + Wo (2.10)
Vmax

T= 2.11
Aweb ( )

V624312 < fy (2.12)

These design rules, however, do not account for geometric instability of the cross-section.
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2.2.4 WeilRenbach

WeilRenbach [89, 90, 91] modified Windels’ method for plastic design of braced walls in
two parts. Firstly, WeiRenbach proposes a trapezium-shaped distribution that accounts for
earth pressure redistribution indicated in Figure 2.9, and gives various design graphs and
tables for a practical application of the method in his book [91].

F—= <>
. > L

Figure 2.9: Braced sheet pile wall according to WeiBBenbach

Secondly WeiRenbach givqbffs ratio’s for I-sections which should be satisfied to prevent
the compression flange from buckling.

For St 37:f, = 370 N/mnf? ty > % (2.13)
For St 52:f, = 520 N/mnf? ty > lzifs (2.14)

According to WeiRenbach [91] these ratio’s are applicable to steel sheet piles when half the
flange width is substituted fdr;, see Figure 2.10. Only a number of the available sheet pile
sections satisfy these requirements.

3 by bt

Figure 2.1Q Structural requirements for I-sections and for steel sheet piles according to
Weilenbach
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2.3 Structural resistance of steel sheet piles
2.3.1 General

The structuraf—‘ rules proposed by Weil3enbach are aimed at verifying the performance of
f

the steel sheet piles with respect to geometrical stability of the compression flange. When
this relation is satisfied, annlimitedrotation capacity of the sheet pile is assumed but in
reality, the rotational behaviour of a steel sheet pile is limited. For the ECSC multipartner
research projedDevelopment of Unified European Design Rules for Steel Sheet Piles and
Introduction into Part 5 of Eurocode [B9] an elaborate investigation of the structural re-
sistance of steel sheet piles was carried out, particularly with respect to rotation capacity.
An important part of this research formed the basis of the thesis of Hartmann-Linden [38]
concerning the structural resistance of steel sheet piles.

2.3.2 Plastic behaviour of a steel sheet pile

The generation of a plastic hinge for a steel sheet pile in bending can be explained using a
four-point bending test, where a simply supported steel sheet pile is loaded by two steadily
increasing concentrated forces, eaci% Bf see Figure 2.11. Itis assumed that the steel will
behave in accordance with tile- € diagram from a tensile test, shown in the figure, which

is typically found for hot rolled sheet piling: the relation is linear until the upper yield stress

is reached, next, the stress drops abruptly to the lower yield stigsmd the strain then
increases at constant stress, until strain hardening starts. At the onset of strain hardening,
the strain is of the order of ), whereey is the strain at the onset of yielding.

Furthermore, it will be assumed that the cross-section will not be deformed by the de-
flections of the sheet pile and that the deflections due to shear force are negligible by com-
parison with those due to bending, until the decrease of the moment resistance, starting at
rc.

M
3 fy
] NP RRAN
7 2 rc” fy
Mel - — - - - - - == - = = AN o
! e ! F/2, (F/2
~1 |
: |
Ppl Prot ¢ [0)

Figure 2.11: Structural resistance of a steel sheet pile in a four-point bending test
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For this four-point bending test, a typical moment-rotation cuie-(¢ curve) is ob-
served which can be subdivided in 3 branches:

1. When the beam is gradually loaded with Idadt will behave elastically until yield
stressfy is obtained in the ultimate fibre of the midspan section; the elastic bending
moment capacitile = fy W is reached

2. The load is subsequently increased: between the point loads, the fibres closer to the
bending axis start yielding until finally a full-plastic cross-section is obtained. At the
same time the outermost fibres at the opposite sides of the loads will start yielding.
In this way a plastic zone is obtained which has the ability to rotate as a hinge. The
rotation will rapidly increase and the full-plastic cross-section will be obtained when
a significant plastic rotation has occurred. The amount of plastic rotation depends
on the distance between the loads and increases for larger distances. The onset of
strain hardening is typically at more than 99% of the full-plastic moment resistance,
Mp = fy W, which is generally at a significant amount of plastic rotation

3. Due to the increasing load and deflection, the force in the compression flange will
increase to a level that will cause the flange to deform out-of-plane and buckle; the
nett height of the cross-section will decrease and therefore the moment resistance will
also decrease

In the moment-rotation curve in Figure 2.11, it is shown that the sheet pile is able to undergo
a certain irreversible rotation, before the moment resistance decreases. This irreversible
rotation is defined as thetation capacityof the sheet pile, and is denoted dy.

The amount of rotation capacity is determined by the rotation at the onset of the buckling
branch,rc, and differs for every sheet pile profile.

2.3.3 Classification of cross-sections

The rotation capacity is dependent on the geometrical stability of the cross-section of the
sheet pile, and in particular on the slenderness and steel grade of the compression flange and
web. As these parameters differ for every sheet pile profile, the cross-sectional behaviour of
the sheet pile can be subdivided into four classes which are in accordance with Eurocode 3,
part 1-1 [20], see Figure 2.12:

Class 1 cross-sections are those which can form a plastic hinge with a rotation capacity
required for plastic analysis

Class 2 cross-sections are those which can develop their plastic moment resistance, but
have a negligible rotation capacity

Class 3 cross-sections are those in which the calculated stress in the extreme compression
fibre of the steel member can reach its yield strength, but development of the plastic
moment resistance is prevented by local buckling

Class 4 cross-sections are those in which the effects of local buckling determine the mo-
ment resistance or compression resistance instead of the section modulus
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Class 1 Class 2

¢ ~~ negligible rotation ¢

Class 3 Class 4

~ local buckling

¢ ¢

Figure 2.12 Classification of cross-sections

2.3.4 Determination of rotation capacity

According to Hartmann-Linden [38] the rotation capacity of steel sheet piles in bending can
be described by the slenderness and the steel grade of the compression flange, using the

tl:—fe ratio, wherebs andts are the width and thickness of the compression flangecasc
function of the steel grade, defined by

8:’/2351‘M with f, in N/mm? (2.15)
y

Differentiation must be made between U- and Z-profiles when determining their moment
resistance and rotation capacity. The interlock of a Z-profile has a stiffening effect on the
buckling resistance of the compression flange, which leads to a higher moment resistance.
U-sections, on the other hand, have a higher rotation capacity than Z-sections for a low
slenderness ratio, because the web of U-sections is stiffened by the interlock, which favours

the rotation capacity. The boundaries f{a’g ratio’s between the different cross-sectional

classes of Z-profiles and U-profiles given by ENV 1993-5 [24] are presented in Table 2.3.
The rules for U-sections are derived from sections with welded interlocks but the formulae

are conservative for cases with a limited interlock friction capacity.

b . .
The—f8 ratios are related to a maximum moment leveMyfax= My = fyW,. Howe-

tf
ver, on the basis of the typicM — ¢ behaviour observed in many four-point bending tests
and finite element calculations, Hartmann-Linden concluded that the 'effective’ rotation ca-
pacity can be increased by reducing the maximum moment level tdV83%80%Mp, or

85%Myp,, and developed practical design charts for the determination of the rotation capa-
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Z-profile U-profile
bf bf
/235 N/mn? ‘_/'X'J_\_L ’\_/'X_\‘
e=y| —— tt t
fy
Class 1 a rotation check has to be carried out
b b
Class 2 —1 <45 1 <137
tre tse
b b
Class 3 —' < (66 =1 <49
tre tre
fy (N/mn?) 240 270 320 355 390 430
€ 099 093 086 081 078 0.74

Table 2.3 Design rules for classification of cross-sections (according to ENV 1993-5 [24])

city on the basis of the plastic momevi, and the slenderness of the compression flange
b see Figure 2.13, which have been introduced in ENV 1993-5.

tfis'
Z-profile U-profile
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Figure 2.13 Plastic rotation angle ®¢c provided by the cross-section at different levels of
Myl rd (according to Hartmann-Linden [38])

2.4 Rotation requirement for steel sheet pile walls

2.4.1 General

In a sheet pile wall where a plastic hinge is generated, the hinge must undergo a certain
rotation in order to allow the earth pressures to redistribute, before a new equilibrium in the
soil is obtained. This necessary plastic rotation is defined asthton requiremenbf the

sheet pile wall.



2.4. Rotation requirement for steel sheet pile walls 27

In accordance with Clause 8.6.6.(3) and (4) of ENV 1997-1, see page 3, it is necessary
to demonstrate for the sheet pile wall design that the rotation requirement from the geotech-
nical calculation does not exceed the rotation capacity of the sheet pile, see Figure 2.14.

Rotation Capacity > Rotation Requirement

o 5

| =

¢

Figure 2.14: Rotation check

2.4.2 Failure modes and rotation check

Figure 2.15 shows examples of failure modes for steel sheet piling. In the upper seven
modes an ultimate limit state is generated either by soil or prop failure. In these modes,
rotation at a plastic hinge will not lead to moment redistribution in the sheet pile wall. Full
plasticity of the cross-section, however, can be allowed in the upper seven failure modes.
On the other hand, in the lower seven modes, rotation at a plastic hinge can lead to moment
redistribution in the sheet pile wall. In these modes, a certain minimum rotation in the
plastic hinge must be generated before the ultimate limit state is obtained.

Systems without rotation requiremedig = O rad)

— — —

—

< < w

Systems with rotation requiremeng > 0 rad)

[TRNTTRNIIR [TRNG/TANIR

— — — — — —

— —< —c
3 > >

Figure 2.15 Failure modes without and with rotation requirement
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2.4.3 Rotation requirement in structural analysis

The calculation of the amount of rotation in a plastic hinge has never been considered in
plastic design of steel sheet pile walls. However, the effects of ultimate limit state design
and rotation requirement of plastic hinges are well-known in theory of structural analysis
and are commonly considered in structural engineering, see e.g., Neal [60].

Plastic design methods for beams are based on the plastic hinge hypothesis: all plasticity,
that in reality is spread out in a plastic zone, is concentrated in a plastic hinge. Use is made
of an idealised beam withl, = Mg so that the beam behaves elastically until the plastic
moment is attained, and then deforms plastically without losing strength. Neal discusses
two calculation methods which are based on this principle. One method is based on virtual
work and results in an upper bound solution of the failure load, the other method is based
on a continuous load increase until a mechanism is formed, and results in a lower bound
solution.

The calculation of rotation requirement in structural analysis is illustrated with an exam-
ple of a statically indeterminate beam loaded with a concentrated force.

Example of a statically indeterminate beam loaded with a concentrated
force

When a statically indeterminate beam is subjected to a steadily increasing load, the
formation of the first plastic hinge does not generally cause plastic collapse. Further
increases of the load can usually be carried and other plastic hinges are generated suc-
cessively until finally there are enough hinges to form a mechanism. Plastic collapse
then occurs. This process is illustrated in Figure 2.16, where a beam with span length
| is loaded with a steadily increasing concentrated IBaat %I until plastic collapse is
obtained.

In the left part of Figure 2.16 two elastic bending formulae are presented as well as the
upper bound virtual work solution. The virtual work solution results in a maximum load
of Fp = 2—30Mp||*l but is not suitable to give results for thatation requiremenbf the
plastic hinge. In the right part of Figure 2.16 the lower bound solution for the failure load
is presented. A steadily increasing ldads applied up td,, which results in a plastic
momentMp, directly under the concentrated load. The moment at the fixed support is
%—‘%Mm. When the load- is further increased, a plastic hinge is generated in the span
and the beankinks at the plastic hinge until the moment at the support reaches the
plastic moment too. The load increasels, the total applied load By = Fej + AF =

%?Mm I-1, which is the same as in the virtual work solution, and the rotation requirement

of the supports is expressed in the moment capacity of the he@m: Z—Z‘ME—F';'

In this method theotation requiremenis expressed in the plastic rotation:
DR = AQ (2.16)

From this example two conclusions can be drawn. Firstly, for a specific geometry and
loading procedure the rotation requirem&y depends on the span lendththe plastic
moment resistance of the beduy, and the stiffnesgl. Secondly, in structural analysis the
rotation requirement can only be determined when using the lower bound solution taking
into account the loading sequence. The importance of these two conclusions for steel sheet
piling is discussed in the next section.
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Figure 2.16 Rotation requirement in an elasto-plastic beam (based on Neal [60])

2.4.4 Rotation requirement in steel sheet piling

In Figure 2.16 it has been demonstrated that in structural analysis the rotation requirement
®r depends on the span lendththe plastic moment resistance of the belsim and the
stiffnessEl. The equivalent variables in steel sheet piling include:

e geometry of the construction, i.e., wall length, excavation level, and number and level
of struts

e soil properties and soil stratification
e plastic moment resistance and bending stiffness of the wall

The effects of these variables on the rotation requirement are investigated by means of a
parametric study in Section 2.6.

Further, in the former section, it has been shown that in structural analysis the rotation
requirement can only be determined when taking into account the loading sequence. For
steel sheet piling this means that the rotation requirement can only be determined properly
when taking into account construction stages. To illustrate the importance of construction
stages on the calculation of the rotation requirement, Figure 2.17 is considered. In this
figure, the calculation result of two displacement and moment curves are given for a double
propped wall; the solid lines have been calculated considering construction stages whereas,
for the dashed lines, the construction stages have been omitted. The limit earth pressure
distribution was equal for both cases.
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Displacement (m) Moment (KNm/m)

Figure 2.17: Displacement and bending moment of a double propped wall taking into ac-
count (solid lines) and omitting (dashed lines) construction stages

The effect of the omission of construction stages on the moment distribution is negli-
gible, which may be expected because the earth pressure distribution in the ultimate limit
state of both cases is equal. However, it should be realised that, in reality, the earth pressure
distribution in the ultimate limit state is determined by the wall displacement.

On the other hand, the calculated wall displacement is strongly influenced by the con-
struction stages. In the case where intermediate stages were omitted, a first plastic hinge
was developed at the level of the deepest strut and the second close to the excavation depth.
In the real situation, the wall has already displaced at the location of the deepest strut before
this strut was installed. Therefore, in the final excavation stage the first plastic moment
was generated close to the excavation depth and the second plastic moment was about to be
generated at strut level.

2.4.5 Ground and structural models

The determination of the rotation requirement in sheet piling is a process in which ground-
structure interaction plays a dominant role. Different soil-structure interaction models re-
quire a different approach for design. Therefore the rotation requirement of the sheet piling
should always be determined taking into account the possibilities and restrictions of the
different interaction models. Basically a soil-structure interaction model is composed of a
ground model and a structural model. Examples of ground models are:

e limit earth pressure models (Blum, Brinch Hansen)
e subgrade reaction models (Winker spring)

o fully numerical (finite element) models
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Examples of structural models are:
e beam models:

— with elastic behaviour
— with plastic hinges
— with plastic zones

¢ general finite elements:
— with elasto-plastic behaviour (discretisation of the cross-section in elements)

Not every combination of ground and structural model can form an appropriate soil-structu-
re interaction model. In Table 2.4 a matrix is given with possible and recommended combi-
nations of ground and structural models.

Ground model
Structural model | Limit earth pressure§ Subgrade reactiony Fully numerical
Beam: elastic Vv V/ v

Beam: plastic hingeg NN VVF -
Beam: plastic zones V) Vv VV+

FE. elasto-plastic - - V)
Key:
Vv Possible combination for elastic design

N4 Possible combination for plastic design

v/v/+  Possible combination for the determination of the rotation requirement
(v/v) Possible combination for plastic design but rarely used

- Combination not recommended or not possible

Table 2.4: Possible combinations of ground and structural models for design of steel sheet
pile walls

For the determination of the rotation requirement only the models with, &+ are
suitable for the following reasons:

e Itis evident that the rotation requirement of the sheet pile wall can not be determined
with an elastic beam model

¢ In a finite element elasto-plastic model the exact shape of the sheet pile is taken into
account by shell elements. This way of modelling leads to three-dimensional analysis
including local buckling phenomena. The stress-strain curve to model the elasto-
plastic behaviour can be elastic-perfectly plastic or elasto-plastic with strain harde-
ning. TheM — @ curve resulting from such a model can be considered as a 'true’
M — @ curve. Rotation requirement is then not relevant, because it is implicitly cove-
red in the design model. However, this type of analysis is very time-consuming and
therefore often too expensive for engineering practice

e The problem of rotation requirement is only important for beam models with plastic
hinges and plastic zones. Hartmann-Linden [38] has demonstrated that the funda-
mental differences between a plastic hinge and a plastic zone structural model have a
negligible result on the calculation results
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¢ Although limit earth pressure ground models in combination with a plastic hinge or a
plastic zone beam model are appropriate to determine the plastic rotation in a hinge,
this combination cannot be used to determine the wall deflections for multi-staged
cases in a proper manner. Limit earth pressure models cannot take the stress-strain
theory of soil and structure into account and may therefore give an erroneous result
for the rotation requirement, as is demonstrated in Section 2.4.4

2.4.6 Methods to determine the rotation requirement

Determination of the rotation requirement is not difficult when the rotation in the plastic
hinge @R is a direct result of the calculation. This is generally the case for plastic hinge
models where all plastic rotation is concentrated at a node. However, in a plastic zone
model the plasticity is spread over a certain zone along the beam and the angle of the plastic
kinkis therefore not a direct result of the calculation; the rotation requirement for the plastic
hinge cannot be determined directly but must be determined with an implicit method.

The following four possible methods to determine the rotation requirement are presen-
ted [38, 74]:

e Method I: Determination ofbr by direct calculation
e Method Il:  Determination ofbgr by unloading of the sheet pile
e Method Ill:  Determination ofbg with a simplified assumption based on rotations

e Method IV: Determination ofbr with a simplified assumption based on displace-
ments

Application examples are given in Section 2.7.

Method I: direct calculation

The most simple method to determine the rotation requirement is by direct calculation of the
plastic rotation in the hingaebr. However, this is only possible for models that are based
on plastic hinge theory with a bi-lined — ¢ relation. When a realistiM — ¢ relationship

with a softening branch is implemented in the sheet pile model, a rotation check becomes
unnecessary.

Method II: unloading of the construction

In method Il the sheet pile is unloaded after analysis of the final stage. By taking away all
the load from the sheet pile, the residual (plastic) deformation and the plastic rotation angle
can be derived directly from the output. This method is applicable for both plastic hinge
models and plastic zone models that have the option to calculate residual deformations.
This method takes into account the effects of all construction stages.
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Method IlI: simplified assumption based on rotations

In method Il the required plastic rotation angbg is determined according to:

Dr = Prot — Ppl (2.17)

wheregy is the elastic + plastic rotation angle at the critical construction stage (which is
not necessarily the final stage) and is determined from the sum of the rotations at the points
of zero moments, see Figure 2.18. The rotation angle at first yielgipgjs determined

from a simplified load distribution according to

Opl =321 (2.18)

where span length is the distance between the points of zero momentEnahdMy, are
the design values of the sheet pile properties.

Figure 2.18 Method III: simplified assumption of ®r based on rotations

Although the assumed load distribution is an extremely simplified version of the realistic
earth pressure distribution, it appears from various FE calculations that the results are in
accordance with method Il [39, 74]. This method is applicable for both plastic hinge models
and plastic zone models.

The starting-point in this procedure is that the action effbtigand®g are determined
for a realistic sheet pile profile (e.g. AZ 18 S 390).

Method IV: simplified assumption based on displacements

In method IV the rotation requiremesi is also determined according to:

DR = Qrot — Ppl (2.17)

In this methoder: and ¢ are assessed from the wall displacements as shown in Fi-
gure 2.19. This method can be used for both plastic hinge and plastic zone models that
don't give the rotation as an output. The elastic + plastic rotapignis determined accor-

ding to

W2 —Wp W2 —W3
+

Orot = L L, (2.19)
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Figure 2.19 Method 1V: simplified assumption of ®g based on displacements

The elastic rotatiorpp, is determined according to

5 MpL
Pl = 15 Ey (2.20)

Although the assumed load distribution is an extremely simplified version of the rea-
listic earth pressure distribution, it appears from various FE calculations the results are in
accordance with method Il [39, 74]. Method IV is applicable for both plastic hinge models
and plastic zone models.

Starting-point in this procedure is that the action effédty and®r are determined for
a realistic sheet pile profile (e.g. AZ 18 S 390).

2.5 Development of a subgrade reaction model for plastic
design

2.5.1 General

Over the past 25 years, many advanced computer programs for the design of earth retaining
structures have been developed based on the subgrade reaction method [4, 5, 11, 30, 82, 85].
The subgrade reaction method is recognised as a popular tool in the daily practice of sheet
pile wall design, as it gives the designer insight in the soil-structure interaction, has a short
calculation time and offers the possibility to account for rather complicated construction
stages in multi-layered soil. Nevertheless, a subgrade reaction model that accounts for plas-
tic hinges is not available as a common tool for plastic design. Therefore the development
of a subgrade reaction model for plastic design is described in this section. The model is
based on the transfer matrix method as described in Appendix B. The choice of the transfer
matrix method is not obvious because it is a numerically unstable method when compared
with other numerical methods [65] but the method is insightful and good for model extra-
polations.
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2.5.2 Modelling an elasto-plastic beam

The case presented in Figure 2.16 is considered again in Figure 2.20. The maximum mo-
ment capacity of the beam M = 2—OFp|I. A load F = Fy is applied to the beam in 50
equal steps. From Figure 2.16 it can be derived that the first plastic hinge is generated af-
ter application of the 48 load step and that a kinematically indeterminate mechanism is

obtained after the 80load step.
boundary conditioan\J

F <Fq FeI§F<FpI

N\
5=

LLLL
Blw
Alw
NI

I

Figure 2.20Q Splitting the problem into parts

To model this structure using the transfer matrix method, the problem is split into two
parts. One part is used when the ldad F, the other part is used whdfi < F <
Foi. When, as a result of a load increment, the moment capacity is reaghedr{), an
intermediate boundary condition is added to the beam. The intermediate boundary condition
consists of an imposed moment with boundary condibign and is placed at the location
where the maximum moment would have occurred if the beam had been elastic. Both parts
can be solved with the techniques treated in Appendix B.

Next the case where the beam is unloaded after tHeld&d increment is considered.
In the 49" load increment a plastic hingend rotationis generated. When subsequently the
beam is unloaded, a residual kinkb remains in the beam until a new load Bf= —F¢
is obtained. The kink is therA®. Finally, when the beam is unloadedFo= 0 a small
bending moment remains due to the residual kink. This process is illustrated with a sketch
of the load-rotation and the moment-rotation diagram in Figure 2.21.

F M
Myl

Fel

AD AD

—Fpl

Figure 2.21: Load-rotation and moment-rotation diagram for X = %I

If a hinge is introduced at a node, thcedure hingdas been developed, the flow chart
being presented in Figure 2.22. In theocedure hinget is determined which boundary
condition is to be assumed at each node. Possible boundary conditions are:

(] -l-MpI
e None

e —My
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Figure 2.22: Flow chart of procedure hinge
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A plastic hinge is assumed when the following conditions are fulfilled (all signs are consi-
dered positive):

o Mj = Mmax
o Mj > Mpl

L4 A(I)i;c.sllculatedZ A(I)i;existing

2.5.3 Modelling soil with discrete springs

In the subgrade reaction method, soil is modelled with a large number of discrete springs,
each with the characteristic shown by Figure 2.23. These springs do not interact with one
another and therefore arching of the soil behind the sheet pile wall is not properly accounted
for.

Figure 2.23 Elasto-plastic spring model

To model active and passive earth pressures the springs are composed of an active, a
neutral and a passive branch. The levels of these branches are derived from the vertical
(effective) soil stress, — u and the earth pressure coefficiekts K, andK,. Unloading
and reloading is taken into account with the plastic parameteiT he stiffness of the spring
may be either expressed as the subgrade reaction mdkloluby thestrokewhich is the
required movement to bring the soil from an active state to a passive state or vice versa. The
relationship between the subgrade reaction modublrsd thestrokeis

G, — o, G, —o,
P @___"P 3 (2.21)
stroke  Wp p—Wpla
The active and passive states are obtained if wall movemgqtis
W(X) < AW+Wp a active state (2.22)

W(X) > AW+ Wp| p passive state (2.23)
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Similar to theprocedure hingén Section 2.5.2 @rocedure springss introduced in which

the state of a nodal spring is determined, i.e., if the soil response is active, neutral or pas-
sive earth pressure. lprocedure springs correction forcd is used to account for the
unloading-reloading branch and the paramatgs, is used to check the necessary assump-
tions. It is remarked that the flow chart given in Figure 2.24 has been developed for the
transfer matrix method, see Appendix B, and is somewhat different from the procedure
Verruijt developed for the finite difference method [85].

2.5.4 Assembly into a subgrade reaction model

The final step needed to create a subgrade reaction model requires the assembly of the
elasto-plastic beam model and the elasto-plastic spring model into a subgrade reaction mo-
del which is suitable for the analysis of sheet pile walls.

The flow chartin Figure 2.25 gives a possible algorithm for the analysis of a construction
stage with a subgrade reaction model. First the material properties are assigned to the beam
and springs. Next anchors, struts and other imposed loads are defined. Subsequently in
the procedure springshe load on the sheet pile is determined and the state of each spring
(active, neutral or passive) is assumed. Phecedure hingghen determines whether a
hinge is assumed at a node.

Based on the assumed states of the springs and hinges, equilibrium of the structure is
calculated grocedure sweepsising the transfer matrix method (Appendix B). The states
of the springs and hinges are determined again and checked to ensure that they fulfil the
assumptions. If not, new assumptions for the springs and hinges are made based on the
last iteration, until all assumptions are correct. The final step that has to be performed is to
assign the plastic propertiasv andA® to the relevant nodes.

2.5.5 Testing

The presented theory has been implemented in the computer progreswRLL [48]. The
program consists of a conventional subgrade reaction model in which a plastic hinge is
generated when the ultimate moment in the retaining structure is exceeded. The program
calculates the redistribution of the earth pressures until new equilibrium is found.

The capabilities of PASWALL are tested on the basis of two problems:

e infinite elasto-plastic beam on elastic foundation

e staged excavation in multi-layered soil compared with SPW99 [87]

Infinite elastic-plastic beam on elastic foundation

The first test concerns an infinitely long (20 m) elasto-plastic beam on elastic foundations,
loaded with a concentrated force. The beam is gradually loaded until the plastic moment
is obtained, see Figure 2.26. Next the load on the beam is increased until the second and
third plastic hinges are formed and subsequently decreased to 50% of the original load. The
analytical solutions are derived from Hetyi [41] and are presented in Appendix C.

In Figure 2.27 the calculation results of &SwALL are compared with analytical so-
lutions for the situation after the 50% unloading. The entire beam has been modelled in
PLASWALL (201 springs) but the results are only plotted for the right half of the structure.
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Figure 2.24: Flow chart of procedure spring
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Figure 2.25 Flow chart for the analysis of a construction stage
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Figure 2.26 Elasto-plastic beam on elastic foundation
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Figure 2.27: Vertical displacement after 100% loading and subsequently 50% unloading.
The solid line is calculated with PLASWALL , the x -marks indicate the analytical solution

The figure shows a good agreement betweenasvaLL and the analytical solution
for both the displacement and the bending moment. The analytical rotation requirement
iS ®rianalytical = 0.05736 rad and the rotation requirement calculated withSRvALL de-
viates by less than 1%Dgpiaswan = 0.05701 rad. It can therefore be concluded that the
inplementation of th@rocedure hingéas been carried out successfully.

Multi-staged excavation in multi-layered soil compared with SPW99

The second test concerns a multi-staged excavation in multi-layered soil, the analysis results
being compared to those from SPW99. SPW99 is a subgrade reaction computer model, de-
veloped by Verruijt [87], which is able to calculate the displacements and bending moments
of a sheet pile wall in multi-layered soil and for multi-staged constructions. SPW99 makes
use of the finite difference method to solve the system of equations [85].

The tests considers a 23 metre long steel sheet pile and the soil consists of 17 metres of
soft clay overlaying a sand layer. The groundwater level in the clay layer is 1 metre below
the soil surface and the head in the sand layer is 4 metres below the original surface. Exca-
vation is carried out in three construction stages. In the first stage the excavation depth is 1
metre. Next, the first horizontal restraint is placed at 0.75 metre depth and dry excavation
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is carried out to 7 metres. In the third construction stage, the second strut is placed at a
depth of 6.50 metres and excavation is carried out to 9.25 metres. The water level in the
excavation is not lowered beyond a depth of 9.00 metre. At this stage, the soil behind the
sheet pile wall is unloaded. Values of relevant soil and sheet pile properties are given in

Figure 2.28.

Construction Stage 1 Construction Stage 2 Construction Stage 3
q= 20 kPa q
aAm YYYYYYYY 0.75m YYYYYYYY
7m
Y= 16.25 KN/ = 17m
¢ =6.25kPa¢ =25°
23m Ka = 0.364 Plastic Calculation
Kn = 0.577 Kp = 3.400 Triple PU 16
stroke= 0.1 m El = 64092 kNnt/m

Figure 2.28 Comparison between PLASWALL and SPW99

The calculation results of the second and third construction stage are presented in Fi-
gure 2.29. Both an elastic and a plastic calculation have been made: the elastic calculation
is indicated with solid lines and the plastic calculation with dashed lines. The results from
SPW99 are indicated with the-marks. The calculation results are summarised in Table 2.5.

Displacement (m) Moment (kNm/m) Displacement (m) Moment (kNm/m)

-06 -03 0.0 0.3-600-300 0 300 606-0.6 —-0.3 0.0 0.3-600-300 0 300 600
L I I J L I I I J L I I J L I I I J

— elastic
plastic

Figure 2.29 Elastic calculation with PLASWALL compared with SPW99and plastic calcu-
lation with PLASWALL . Solid lines are calculated by PLASWALL and x -marks by SPW99



2.6. Parametric study 43

Winax{MM) — Zwna(M)  Mma{KNmM/m) — zu,, (M)

PLASWALL Elastic 185 -7.00 -645.2 -6.13
SPW9g 183 -7.00 -644.2 -6.04
PLASWALL Plasti@ 387 -5.83 -545.0 -5.83
PLASWALL Elastic 220 -9.25 -565.4 -9.35
SPWog 217 -9.48 -535.4 -9.71
PLASWALL Plastic 387 -5.52 -405.9 -9.35

Table 2.5 Calculation results of PLASWALL and SPW99 for stage 2 and 3

The differences between the calculated results for the displacement and bending moment
in Stage 2 and for the displacement in Stage 3 usimgs®ALL and SPW99, are about 1%.
These differences may be caused by a different number and locations of the springs, by
differences in the assumptions of one or two springs, and by different numerical solvers. It
can therefore be concluded that the implementation of multi-staged calculations in stratified
soil in PLASWALL has been carried out successfully.

2.6 Parametric study

2.6.1 General

The aim of this parametric study is to provide insight into the way in which rotation re-
qguirement is influenced by design parameters. Generally, soil data is obtained from soil
investigation and, in this study, is therefore considered as imposed data. However, other
design parameters can be cleverly chosen by the designer, such as the length, section and
steel grade of the sheet pile, and the position of struts.

When sufficient insight into the rotation requirement is obtained, it will be possible to
decide whether standard design cases can be defined from which it may be stated that the
rotation requirement remains below a certain limit. For example, when it can be proven that
the rotation requirement will not exceed a certain value for walls with a free earth support, a
general design rule can be defined for the rotation requirement that can be used as a simple
and practical rotation check.

The parametric studies are subdivided into a case with one strut, a case with two struts
and a case calculated using different earth pressure theories.

2.6.2 Parametric study for a case with one strut

For the case with one strut, the following parameters and their effects on rotation of the
plastic hinge are investigated:

e development of plastic rotation as a result of excavation
o the steel grade of the wall or the levelldf,

¢ the length of the wall



44 Chapter 2. Plastic design

Development of plastic rotation as a result of excavation

The development of rotation in the plastic hinge is analysed using the example of an 8.8 me-
tre long sheet pile wall propped at ground level retaining 5 metres of water and sand. The
toe of the wall stands in a impermeable layer, so that hydrostatic water pressure may be
assumed on both sides of the wall. The plastic moment in the wijs= 270 KNm/m.

The calculations have been made withaRIs 6.31 [79]. Other relevant data is presented

in Figure 2.30.

gq=10kPa

Saturated sand: Mohr-Coulomb
Drained analysis

¢ = 1kPay¢’ = 30°

Y =10 kN/n?

G = 5000 kPaf = 13000 kPa
tand = 0.4 tang’

El = 41370 kNnf/m
Wy = 1528 cn?

Figure 2.3Q Example of a single propped wall

An ultimate limit state is obtained for an excavation of 5 metre. At 4.8 metre, which
is 96% of the excavation, the first plastic hinge is about to be developed, see Figure 2.31.
When the plastic hinge is formed, the rotation increases progressively with the excavation
depth.

0.08+
0.07-
0.06-
0.05-
g (rad) 0.04+
0.03-
0.02-
0.01-

0.00 T T
4.80 4.85 4.90 4.95 5.00

excavation depth (m)

ULS

Figure 2.31 Development of rotation requirement due to increasing excavation

In more extensive parametric studies [52], it has been typically found that rotation of
the plastic hinge is developed during the last 5% to 8% of the excavation. Reference is
made to clause 8.3.2.1.(2) of ENV 1997-1 [22], which requires an additional allowance of
A = 10% of the excavation depth below the lowest prop to a maximum of 0.5 metre for
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ultimate limit state conditions to apply. This additional excavation depth alone would in
most cases provide all the safety against rotation of the plastic hinge in the Serviceability
Limit State.

Influence of the steel grade or the plastic moment

The influence of the steel grade on the rotation requirement, or the plastic moment, is
investigated with the example from Figure 2.30. In all these cases, use is made of a
constant bending stiffness. The structure is in an ultimate limit staté,fer177 N/mnf

or Mp = 270 kNm/m. Starting from this construction, new calculations are carried out
with higher yield stresses, or plastic moments. These calculations are further away from the
ultimate limit state.

300

290+

fy Wi
= 280+
Mpi (KNm/m)

ULS
270

260 T T
0.00 0.02 0.04 0.06 0.08

@R (rad)

Figure 2.32 Rotation requirement as function of My

Figure 2.32 shows the effect of an increase of yield stress or plastic moment on the
rotation requirement. The rotation in the plastic hinge decreases progressively if a higher
yield stress or plastic moment is applied. Therefore, an increase in steel grade will result
in a considerable reduction of the rotation requirement. However, it should be realised that
when a higher yield stress is chosen, the rotation capacity of the sheet pile decreases.

Influence of the length of the wall

The influence of the wall length on the rotation requirement is investigated using the exam-
ple from Figure 2.30. The length of the wall is varied between 8.8 metre and 15 metre, these
lengths being the extremes between the wall with free earth support and fixed earth support.
All the cases were brought to an ultimate limit state by progressively reducing the plastic
moment resistandely,. In this study the yield stress was kept constdpt= 430 N/mnf.
To ignore the influence of discrete sheet pile sections but maintain a realistic section, the
bending stiffness was approximated by the relafidn= 110My — 18657 [52]. The result
of this parametric study is presented in Figure 2.33.
When the wall has free earth support, the rotation requirement is small but when the
length of the wall is increased, the rotation in the plastic hinge and the bending moment
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Figure 2.33 Required My and ®r as function of the wall length for constant fy

hardly decrease, until the length of the wall is about 11 metres. Then the failure mode in
the soil changes, end-fixity starts to be developed which involves an increase in rotation at
the plastic hinge and a decrease of the bending moment until the wall length is 12.5 metres,
when the major part of the fixed moment has been developed. When the wall is made
longer, the ultimate bending moment will not decrease, and the rotation requirement will
not increase.

Alteration of the rotation requirement for shorter or longer walls can be related to the
different failure modes that occur in the soil due to different wall movements, which is ex-
plained in Brinch Hansen’s method in Section 2.2.2. As a result of the change of failure
mode in the soil, the capacity of earth pressure redistribution changes: the more redistribu
tion capacity the soil has, the greater the rotation can be developed at the plastic hinge.

2.6.3 Parametric study for a case with two struts

The effect of a change of strut level on the rotation requirement for a sheet pile wall at
ultimate limit state is demonstrated with the example of a double propped sheet pile wall in
sand overlain by 17 metres of soft clay. The basic configuration of this example, including
other relevant data, is presented in Figure 2.34.

The rotation requirements of the basic configuration and variations of the deeper strut
level are presented in Table 2.6. For the cases with strut levelS at &nd 65 m the second
construction stage is critical for the design. For the case with strut levebah The third
construction stage appears to be critical.

Mpi (KNm/m) &g (rad)

elastic configuration 1207 0
basic configuration 900 0.0356
strut level 1 m lowet 1110 0.007
strut level 1 m higher 950 0.0732

T third excavation stage is critical

Table 2.6 Variation of strut level

Figure 2.35 shows the effect of the strut level variation on the displacements and bending
moments. The second strut level appears to have an enormous influence on the plastic mo-
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Construction Stage 1 Construction Stage 2 Construction Stage 3
15m 20 kPa
. YYYYYyyy 090m IRRAAAAA] 090 m
- 2m 6.5m -
12m| -6.50 m, -5.50m
y= 15 kN/n? 17m -7.50 m

c=5kPa@=225°
23m tand = 0.5 tang
G =550 kPaE = 1520 kPa

Figure 2.34: Variation of strut levels for a double propped wall

ment and the plastic rotation of the sheet pile at ultimate limit state. The main cause for this
difference can also be ascribed to the capacity to redistribute earth pressures. Furthermore,
when the strut levels are changed the failure mode in the soil changes and the resultant earth
pressure forces will move upwards or downwards. Therefore the effective span length, i.e.,
the span length between the points of zero moment will alter, which directly influences the
bending moment distribution and rotation in the plastic hinge.

Displacement (m) Moment (kNm/m)

-0.6 -0.3 0.0 0.3 —-1200 —-600 0 600 1200
L I I J I I I I I

Figure 2.35 Displacement and bending moment influenced by strut levels
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From the parametric study it can be concluded that the rotation in a plastic hinge is
mainly determined by two factors:

¢ the plastic moment, which determines the size and location of the earth pressure re-
sultants when the first plastic hinge is developed

e the reserve resistance in the soil that can be used for earth pressure redistribution,
which is determined by the geometry and the soil conditions

2.6.4 Parametric study for a case calculated with different earth pres-
sure theories

In this section the effects of different earth pressure theories on a calculation with plastic
hinges is investigated. Therefore a.3 long continuous PU 16 sheet pile wall in dry
sand is considered retaining a.32n deep excavation and propped 2 m below the original
ground level. Relevant soil and sheet pile parameters are given in Figure 2.36. This case is
the same case as that presented by Hartmann-Linden in his thesis [38].

Soil conditions:
v= 19 kN/m?
cy =0 kPa ¢}y =30° 5 =2/3¢'
FE: Advanced Mohr Coulomb
¢ = 1 kPaE = 25000 kP#p'/100)%6
17.5m SRM
k= 20000 kN/n?
Kerisel and Absi:
Ka=0.30K, =0.5Kp =5.30
Kotter:
Ka=0.29K,=05Kp, =4.63
Miller-Breslau:
PU 16:E1 = 64092 kNn?/m Ka=0.28Kn=0.5Kp =5.74
Brinch Hansen: 8ooksfailure 0,1,1
z>-1188m Ka=0.22K,=05K,=4.92
—11.88m>z> —-1663m Ka=028K,=05K,=4.94
—16.63m>z>—-175m Kq=0.28K,=0.5Kp = 0.69 (left) andKp = 3 (right)

12.5m

Figure 2.36 Comparison between a subgrade reaction model and a finite element model

The R.ASWALL calculations were carried out using the earth pressure theories of Kerisel
and Absi [47], Kotter [30], Muller-Breslau [59] and Brinch Hansen [13], and were compa-
red to the finite element modeLRxis 6.31 [79] using the Advanced Mohr-Coulomb soil
model that is based on a stress-dependent elastic soil response and the Mohr-Coulomb fai-
lure criterion. These four earth pressure theories are explained in Appendix D. For the
Brinch Hansen calculation, the limit earth pressure distribution was derived from a calcula-
tion with SPooks7.1.5 [37] with failure mode 0,1,1. ThisP®oKscalculation gave a wall
length of 178 m and a plastic momeMy =421 kNm/m.

The calculation results are presented in Figure 2.37 and 2.38. The wall displacements
were mutually adjusted and therefore the bending moments should be compared. For this
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Figure 2.37: Distribution of moment, wall displacement and earth pressure in the ultimate

limit state. Solid lines indicate the subgrade reaction model and dashed lines the finite
element model.
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Figure 2.38 Distribution of moment, wall displacement and earth pressure in the ultimate

limit state. Solid lines indicate the subgrade reaction model and dashed lines the finite
element model.
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case one may consider the bending moment as the design parameter on the basis of which
an appropriate sheet pile section is chosen.

The moment calculated with Brinch Hansen'’s earth pressure theory is in close agreement
with the R.AXIS result. This may prove the practicality of applying Brinch Hansen’s earth
pressure theory to the limit earth pressure distribution in a subgrade reaction model.

The moment calculated with Mler-Breslau’s earth pressure theory is about 20% higher
than with Brinch-Hansen, because earth pressure redistribution due to arching is not taken
into account. However, a rule of thumb given in recommendation R 77 of EAU [25] is
that for this situation the bending moment may be reduced by 33% to account for arching
in the soil on the retained side, which givédy, = 357 kKNm/m. This value is lower than
calculated with BAXIS but is in accordance with the experience expressed in CUR 166 [27,
p.108] that the Niller-Breslau's earth pressure theory may overpredict the passive earth
pressure resistance.

The moment calculated according to the earth pressure theory of Kerisel and Absi is
My = 685 KNm/m. However, when this moment is reduced according to EAU R77, the
plastic moment oMy = 457 KNm/m is obtained, and this value is only 4% higher than that
calculated with Brinch Hansen and 6% higher than theX?s result.

The moment from Ktter's earth pressure theory i, = 728 kNm/m. By reduction
according to EAU R77, the plastic momeniMs, = 485 kNm/m, which is 10% higher than
that calculated with Brinch Hansen and 13% higher than threxPs result.

It can be concluded that implementation of Brinch-Hansen'’s earth pressure theory would
be a logical progress in the development of a subgrade reaction model for plastic design, be-
cause the Brinch-Hansen earth pressure theory accounts for a redistribution of earth pressure
that corresponds to the calculated wall movement. In the example, this procedure has been
carried out by hand, because suitable formulae for implementation in a subgrade reaction
model are lacking.

2.7 Design examples

2.7.1 General

The application of plastic design to steel sheet pile walls is demonstrated with two design
examples. One example is made with ABwWALL ), the other with (RAXIS). The examples
concern:

e asingle propped wall: subgrade reaction model

e asingle propped wall: finite element model

Verification of the bending moment{,i8 and the rotation requirement are carried out. The
f

verifications of shear force, transverse bending, load introduction, etc., are not considered,
nor are the issues of interlock friction and oblique bending. The differences between plastic
and elastic design are demonstrated.
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2.7.2 Design example for a single propped wallPLASWALL

The first example deals with a 20 metre long sheet pile wall composed of triple PU 16 pro-
files, retaining a 7 metre deep excavation and propped 1 metre below ground level. The
ground consists of an 18 metre thick clay layer overlaying a sand layer. The clay has cha-
racteristics ofygryk = Ysatk = 16 KN/, ¢, = 10 kPa andp, = 30.2°. Using the partial
factors from Table 2.1 case C of ENV 1997-1:1994 (see also Figure 1.2) the design values
are:

Ydry,d = Ysatd = 1.0-16 KN/m?

¢y = c}./1.6 = 6.25 kPa
0y = arctan(tang, /1.25) = 25°

Construction Stage 1 Construction Stage 2
-1m i -1my T
7m
+0.5 M~
e || T 18m
¢, = 6.25 kPa g, = 25° 20m
Ky = 0.364 Plastic Design
Kn = 0.577 Kp = 3.400 Triple PU 16
stroke= 0.05 m El = 64092 kNn#/m

Figure 2.39 Design example of a single propped wall using a subgrade reaction model

In accordance with Clause 8.3.2.1.(2) of ENV 1997-1:1994 an additional allowance of
0.5 metre is applied to the retained height; hence the design retained height is 7.5 metre.
It is accepted that the properties for the continuous PU 16 are used. Active, neutral and
passive earth pressure coefficients are determined according to Kerisel and Absi [47], with
o= +§(p’ for the active side andl= f%(p’ for the passive side. The example with the design
values is summarised in Figure 2.39 and the results of the elastic and plastic calculation are
given in Figure 2.40.

Elastic design

The elastic calculation gives a span moment/gfy = 556 kNm/m. For the sheet pile wall
a steel grade of S 390(= 390 N/mnf) is sufficient when the following two checks are
satisfied:

e Msg= 556 KNmM/m< Mg rg = 1600 cn?/m- 390 N/mn?/1.1 = 567 kNm/m

e As Mgq < Meird, @ Class 3 cross-section is sufficient. It can be shown using Fi-
gure 2.13, Table 5.1 of ENV 1993-5 [24] or the manufacturer’s catalogue that the
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Figure 2.4Q: Calculation results of the single propped wall using a subgrade reaction model

cross-sectional class is adequate if

by 303
Il —324< .
e 12078 o244 (2.24)

Plastic design without rotation requirement

The calculation without a plastic hinge gives a span momelMgf= 556 KNm/m. For the
sheet pile wall a steel grade of S 355 £ 355 N/mnf) is sufficient when the following two
checks are satisfied:

e Msg= 556 KNM/m< My rg = 1.175- 1600 cnd/m- 355 N/mn? /1.1 = 607 kNm/m

e Because oMgq < My rg and becaus®r = 0 rad, a Class 2 cross-section is suf-
ficient. It can be shown using Figure 2.13, Table 5.1 of ENV 1993-5 [24] and the
manufacturer’s catalogue that the cross-sectional class is adequate if

b 303

— = = < .
tre 12081 -r2s37 (2.25)

Plastic design with rotation requirement

The design with one plastic hinge results in a limit design momeM®&f= 461 KNm/m
with a rotation requirement of the plastic hingedatq = 0.0773 rad. For the sheet pile wall
a steel grade of S 270(= 270 N/mnt) is sufficient when the following three checks are
satisfied:

e Msg= 461 kNmM/m< My rg = 1.175- 1600 cnd/m- 270 N/mn? /1.1 = 461 kNm/m

o As Msq < My rg and becausér > 0 rad, a Class 1 cross-section is required. It can
be shown using Table 5.1 of ENV 1993-5 [24], Figure 2.13 and the manufacturer’s
catalogue that the cross-sectional class is adequate if

by 303

— = =272< .
e 12.093 272<37 (2.26)
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b

e Itis derived from Figure 2.13 that for 1008y, andi = 27.2 the rotation capacity
f
is dcq = 0.092 rad. The rotation check is fulfilled if

DRy, determined hereaftet dcq = 0.092 rad (2.27)

Method I: Direct calculation

The rotation requirement can be directly calculated by the plastic hinge model. It was found
that®rg = 0.0773 rad< d¢cq = 0.092 rad.

Method II: Unloading of the construction

After analysis of the final construction stage, the residual deformations can be determined by
adding a second boundary condition and removing all the load on the sheet pile. However,
the numerical solver inIEASWALL has not been optimised to calculate this load step without
numerical problems.

Method IlI: Simplified assumption based on rotations

The rotation requirement is determined using equation (2.17):

DR = Qmax— ®pl (2-17)

The calculation model gave as outfmtax= 0.0761+ 0.0421=0.1182 rad and. = 9.1 m
(see Figure 2.18). The elastic rotation is calculated from equation (2.18):

C2Mpl  2461.9.1
P =3Bl T 3 64002

=0.0436 rad (2.28)

Hence the rotation requirement is

DRy = Pmax— Ppl = 0.1182— 0.0436= 0.0746 rad< dcq = 0.092 rad (2.29)
Method IV: Simplified assumption based on displacements

The rotation requirement is determined using equation (2.17):

DR = Omax— Qpl (2.17)

The elastic+plastic rotation angle is determined according to equation (2.19):

W2 —Wp W2 —W3
+

Pmax = L L, (2.19)

It is found that (see Figure 2.19):

Ormax — 0.3494790.015 n 0.3494720.200 0104 rad (2.30)
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The elastic rotatiompy is determined with equation (2.20):

5 MpL 5 461.9.1

Pl =15 Bl ~ 12 64092 =0.027 rad (2.31)
Hence the rotation requirement is
DRrd = Pmax— Ppl = 0.104—0.027= 0.077 rad< dcq = 0.092 rad (2.32)

2.7.3 Design example for a single propped wallPLAXIS

The second design example involves a 19 metre long, propped sheet pile wall retaining
7.5 metre of homogeneous sand with a characteristic angle of internal frictigf -of
35.8%,¢, = 1.6 kPa and tabi = 2tangj. Behind the wall a variable surcharge acts of

o« = 7.7 kN/mP. According to Table 2.1 case C of ENV 1997-1 [22] the design values
are:

Yy = 1.0y}, = 10 kN/n?

Cq =Ck/1.6=1kPa

@qg = arctantangy/1.25) = 30°
2 /

tandy = 3 tanoy

0d = 1.3 = 10 kN/n?

In accordance with 8.3.2.1.(2) of ENV 1997-1:1994 an additional allowance of 0.5
metres is applied to the retaining height: the design retained height is 8.0 metres. The
wall is formed with its toe in an impermeable layer, so that hydrostatic water pressures act
on both sides of the wall. The wall is composed of triple U-profiles and may be treated as
a continuous wall. The section is determined from the calculation. The example with the
design values is summarised in Figure 2.41.

Design example with finite element method
qq = 10 kPa

FLLYY  Soil conditions:

Drained Mohr Coulomb

v =20 kN/m?

¢y =1 kPa ¢j; = 30°

19m tand = 0.4tang’

E’ =52000 kPaG = 20000 kPa

Figure 2.41 Design example of a single propped wall using a finite element model
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Elastic design

The elastic calculation results in a span momenigf; = 1050 kNm/m. When only the
elastic moment resistance is taken into account, a triple U-profile composed of PU 32 with
a steel grade of S 390(= 390 N/mnf) is sufficient when the following two checks are
satisfied:

e Msg= 1050 KNm/m< Mej.rg = 3200 cn¥/m-390 N/mnf/1.1 = 1135 kNm/m

o AsMsq< Mg|rg, @ Class 3 cross-section is sufficient. It can be shown using Table 5.1
of ENV 1993-5 [24], Figure 2.13 and the manufacturer’s catalogue that verification
of the cross-sectional class is adequate if

by 341
= —224<49 2.33
tre  195-0.78 = (2:33)

Plastic design without rotation requirement

When the plastic moment resistance is taken into account, a triple U-profile composed of
PU 25 with a steel grade of S 43@,(= 430 N/mnf) is sufficient when the following two
checks are satisfied:

e Msg= 1050 KNM/m< M| g = 1.16- 2500 cn?/m- 430 N/mnf,/1.1 = 1133 kNm/m

o As Mgg < My rg and becausérq = O rad, a Class 2 cross-section is sufficient. It
can be shown using Table 5.1 of ENV 1993-5 [24], igure 2.13 and the manufacturer’s
catalogue that verification of the cross-sectional class is adequate if

bt 339
= -322<37 2.34
tre  14.2-0.74 322<3 (2:34)

This example shows that a smaller profile can be adopted if the full plastic moment resis-
tance is taken into account instead of the elastic moment resistance. A saving of 18% on the
weight of the steel is obtained.

Plastic design with rotation requirement

Ultimate limit state design with one plastic hinge results in a design momektsgf=
862 kNm/m. For the sheet pile wall either a triple PU 25 with steel grade S 855 (
355 N/mnt) or a triple PU 20 with steel grade S 43f & 430 N/mnt) are sufficient when
the following three checks are satisfied:

PU 25 S 355

e Msg=862 kNm/m< My rg = 1.16- 2500 cn¥/m- 355 N/mnf,/1.1 = 935 kNm/m

by 339
2 339 595<37(Class 10r2
*Ge 142081 20°<37(Classlor2)
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b
e It can be derived from Figure 2.13 that for 1009, and é = 29.5 the rotation
f
capacity isPcqg = 0.071 rad. The rotation check is fulfilled if
®Rq, determined hereaftet ®cq = 0.071 rad (2.35)

PU 20 S 430
e eitherMgg= 862 KNm/m< My rq = 1.18-2000 cm”/m-430 N/mn?/l.l =923 kN
e 0rMsg=862 kNm/m< My rg=0.95-1.18-2000 cn?/m-430 N/mnf/1.1=876 kN

by 307

T e - 124.074= 335<37(Classlor2
tre 124.074 So5<37(Classlor2)

. . . b . .
e Itis derived from Figure 2.13 that for 1008y andé = 335 the rotation capacity
f

is dcg = 0.033 rad and for 959 andtb—fg = 335 the rotation capacity i®cq =
f
0.0792 rad. The rotation check is fulfilled if
DRy, determined hereaftet dcq = 0.033 rad (2.36)

Method I: Direct calculation

It is not possible to determine the rotation requirement of the sheet pile with a plastic zone
model, unless M — o relation is implemented that is representative for steel sheet piling.

Method II: Unloading of the construction

After analysis of the final construction stage, the residual deformations can be determined.
A free support at the pile toe is added and the weight of the ground and water is switched
off. The following results are found:

e PU 25: Py = 0.030 rad< dcq = 0.071 rad
e either PU 20 with 1009 rd: Prq = 0.064 rad¢ dcq = 0.033 rad

e or PU 20 with 95%M | rg: Prg = 0.064 rad< dcq = 0.0792 rad

The PU 20 S 430 with 100%1,, rq S€ems to be insufficient for this design case. Howe-
ver, the rotation requirement may be increased by arithmetical reduction of the structural
resistance to 95%l, rq, See also Section 2.3.4.

It will be demonstrated that an increaseMiy to Msg= My ;rq Will lead to a decrease of
the rotation requirement. Therefore a new calculation, which is how no longer an ultimate
limit state calculation, is carried out witklsg = M| rg = 923 KNm/m. This calculation
gives the following result:

PU 20: ®rq = 0.026 rad< d¢cq = 0.033 rad

It can be concluded that the PU 20 S 430 is a suitable profile for this design case. This result
can either be obtained if the structural resistance is arithmetically reduced in accordance
with Figure 2.13 or if a calculation is made using the properties offieeific section
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Method IlI: Simplified assumption based on rotations

Method Il is applied to the calculation with a real sheet pile. The rotation requirement is
determined using equation (2.17):

DR = Pmax— Ppl (2.17)

For the PU 20 S 430 the model gaggax= 0.099 rad and. = 10.88 m (see Figure 2.18).
The elastic rotation is calculated with equation (2.18):
2MplL 29231088

(pp|:§ El 3 90300 =0.074 rad (2.37)

Hence the rotation requirement is
DRy = Pmax— Qpi = 0.099—0.074= 0.025 rad< dcq = 0.033 rad (2.38)

For the PU 25 S 355 the model gapigax= 0.079 rad and. = 10.88 m (see Figure 2.18).
The elastic rotation is calculated with equation (2.18):

2Mpl 29351088

(pp|:§ E =3 118650 =0.057 rad (2.39)

Hence the rotation requirement is

DRy = Pmax— @pi = 0.079—0.057= 0.022 rad< ®¢cq4 = 0.033 rad (2.40)

Method IV: Simplified assumption based on displacements

Similar to Method Ill, Method 1V is applied to the calculation with a real sheet pile. The
rotation requirement is determined using equation (2.17):

DR = Qmax— Qpl (2.17)

The elastic+plastic rotation angle is determined according to equation (2.19):

Wo—W1  Wo — W

Omax = ———t 4 23 (2.19)

L1 Lo
For the PU 20 S 430 it was found that (see Figure 2.19):
0.285—-0.042 0.285—0.148

Pmax 55 + 563 0.074 rad ( )

The elastic rotatiomy, is determined with equation (2.20):
5 MpL 5 923-10.88
®=13El 12 goso0 _ 046rad (2.42)

Hence the rotation requirement is

DRrg = Pmax— Ppl = 0.074—0.046= 0.028 rad< dcq = 0.033 rad (2.43)
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For the PU 25 S 355 it was found that (see Figure 2.19):

0.237-0.036  0.237—0.128
Omax=——gog—— +—ggy = 0058rad (2.44)

The elastic rotatiompy is determined with equation (2.20):

5 MpL 5 935-10.88

%=1 El 12 118650 O 0cerad (249
Hence the rotation requirement is
DRy = Pmax— Ppl = 0.058— 0.036= 0.022 rad< dcq = 0.071 rad (2.46)

Summary of chosen sections with regard to material saving

Table 2.7 shows an overview of the chosen sections and the material saving that can be
obtained in this example, expressed by kilo’s of steel. The material savings obtained when
the full-plastic section modulus is utilised instead of the elastic section modulus, amounts

in this case to 18%. If a rotation at the plastic hinge of aldapt= 0.022 rad is acceptable,
an other 8% is saved.

Design Section  Steelgrade Mdkg/n?) [57] Material saving
Elastic PU 32 S 390 191

Plastic without rotation ~ PU 25 S 430 157 18%
Plastic with rotation PU 20 S 430 141 26%

Table 2.7: Possible material saving compared to the elastic design
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Chapter 3

Oblique bending

3.1 Introduction

In steel sheet pilingblique bendings synonym for the more common tertpending in

two directions Bending in two directions is relevant for beams with an asymmetrical cross-
section where the product of inertia has a valye# 0. For bending theory of beams with
asymmetrical cross-section in general, see e.g., Timoshenko and Young [71].

Obligue bending is relevant for U-shaped sheet piles when they are driven in pairs with a
fixed central interlock, the so-called double U-piles. To illustrate the phenomenon of oblique
bending, the cross-section of a double PU 8 pile is considered in Figure 3.1. Axes (1) and (2)
are the principal axes of inertia which are inclined with- 10.95°. I, denotes the moment
of inertia about thg-axis andlyy about thex-axis (see Appendix A). The indicesandd
denotesingleanddoublepiles.

L=

o =1095° X lyy 2a I2

ng =2 (I>%>(7L TllbgAS)

Y o1d =215+ c2As)
|>?y = Asbscs

PUB[57] b(cm) h(cm) A(cnm?) I (cm) Iy (en®) Iy (cn®) o (%)

Single 60 14 69.5 29000 2360
Double 120 28 139 183100 -33986 13953 10.95
Brochure 120 28 139 13940

Figure 3.1 Double PU 8 profile

In engineering beam theory, the neutral axis is defined as the axis with zero axial strain
and is the axis about which the sheet pile bends. When the resulting load on the sheet pile

61
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is perpendicular to the plane of the wall (in titeor lateral directior) and absent in the
x-direction fransverse directiop the neutral axis coincides with the minor principal axis
of inertia (1). As the direction of the displacement is perpendicular to the neutral axis, it
follows that alateral loadgenerates bothlateral and atransverse displacement

However, of more importance is the fact that due to the rotated neutral axis, the effective
height of the double-U profile, i.e., the distance between neutral axis and outermost fibre,
decreases, which results in a loss of strength and stiffness of the double-U sheet pile.

Traditionally in steel sheet piling, the moment of inertia and section modulus are provi-
ded for a continuous wall and are therefore related to a neutral axis that coincides with the
x-axis. In Figure 3.1 this moment of inertia is denoted Jy

Hence, if oblique bending occurs whereas the design is based on the structural properties
of the continuous wall, the real structural behaviour of the sheet pile wall will be overes-
timated. This overestimation, however, is in practice also determined by other than only
geometrical factors.

Firstly, it should be realised that a sheet pile wall is composed of a series of U-piles
threaded together, driven into the soil. Oblique bending can only occur when these pile can
slide along each other in the free interlocks. The sheet piles, however, are not always instal-
led perfectly straight, see Figure 3.2: rotation at the clutches, tolerances of the geometrical
cross-section, or slightly bent piles, mean that high contact forces can be generated between
the clutches of individual piles, causing high resistance to slipping interlocks. In addition,
other forms of imperfect driving, sand intrusion into the interlocks during installation, and
structural detailing of anchors, struts and walings, may lead to a significant increase of
resistance against interlock slippage.

I m AN 77 ARG 7RG TR
0

Figure 3.2 A series of U-piles threaded together in practice

When slipping in the interlocks is impeded, oblique bending is impeded and the struc-
tural resistance of the double U-pile increases. Resistance of the ground to transverse dis-
placement may also allow the structural resistance to increase. As steel sheet pile walls
can never be installed perfectly straight, the amount of loss of structural resistance is not so
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dreastic as geometric consideration alone may imply.

Consequently, when steel sheet pile walls composed of double U-piles are designed with
the traditionally provided propertied and|l, the effective bending stiffness and section
modulus may be overestimated. This will lead to a real wall displacement which is larger
than designed for and to a real structural resistance smaller than designed for, and therefore
to a structure that is less safe.

The aim of this chapter is to provide a practical guidance to take oblique bending into
account, which can be used in combination with plane strain calculation models. There-
fore the approach of reduction factors is followed: the effective moment of inggtiand
section modulu¥\. are derived from the traditionally provided properties by means of the
reduction factorg, andByw:

lett = Bi lcontinuous wall (3.2)
Wett = Bw Weontinuous wall (3.2)

where the values di; andpw are determined by geometrical and practical factors that in-
fluence obliqgue bending. To be able to quantify these factors, the subgrade reaction model
SKEWWALL is developed and validated to 3D finite element calculationsiaNB. SKEW-

WALL is then used in a parametric study to investigate the influence of structural supports
and the shear resistance of soil on oblique bending. Finally, a new design method for oblique
bending is proposed and applied to two design examples.

3.2 Theory of elasticity of oblique bending

3.2.1 General remark

In engineering mechanics the bending behaviour of a beam with symmetrical cross-section
is described with the following differential equation:

d'w _ q(x)

@Bl 33)
It can be derived that the displacement at midspan of a simply supported beam loaded with
a uniformly distributed load is given by

384 EI
It should be noticed that the general equations for oblique bending and the derivation show
a fundamental similarity with the well-known bending formulae in engineering mechanics,
which results from a substitution 6§, = lyx = 0. The specific term for the simply supported
beam loaded with a uniformly distributed Ioagﬁqﬁ“, may be replaced with another term
belonging to its loading condition.

(3.4)

3.2.2 General equations

The behaviour of a beam with an asymmetric cross-section subjected to bending in two
directions, see Figure 3.3, can be described with the general differential equations in (3.5).
The sign convention is presented in Appendix A.
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Figure 3.3: Beam with an asymmetrical cross-section loaded in two directions

d’wy(2)
a2 | _ 1 Ely —Ely ][ Mx(2) (3.5)
dwy(2) EloEly—ElyElyx | —Elyx  Elxx | | My(2) '
d2
where
d®My(2) d?My(2)
iz = %@ and —5==-0q(2) (3.6)

In the same way as for the beam with symmetrical cross-section, it can be derived that the
deflection formulae for a simply supported beam loaded with a uniform distributed load are:

lyy by
5y Ly 3.7
= 384qx E (Ixdyy — xylyx) 384qy E (hodyy — heylyx) o0
W, = 5 4|y—x q IX—X (38)

Oyl
384" Elludyy — by 384y E (Ixxdyy — Ixylyx)

The stress distribution in the cross-section can be written as

622X, Y) = EezAX,Y) = E (€20, 0) + 1xX+ KyYy) (3.9)
where
2wy d?wy
Kx = — 42 and ky=— 92 (3.10)

3.2.3 Basic example of oblique bending

In Figure 3.4 two 6 metre long simply supported beams loaded with two point loads are
considered. One beam is composed of two threaded double PU 8 piles, the other beam is a
quadruple PU 8 pile. Reduction factors are derived for two special cases:

e Transversely restrained bending

e Transversely unrestrained bending
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M, 2 FoFy FoRy
X X
b y | |
AN AN
AT N iy
— VN / X Y a=26m 08m a=26m

b
{=6.0m
PU8[57] b(cm) h(cm) A(cn?) Iu(en?) Iy (emf) Iy (enf) o (9)
1 Double 120 28 139 183100 -33986 13953 10.95
Quadruple 240 28 278 1367000 -67971 27905 2.90

Figure 3.4: Four point bending of two double U-piles compared with a quadruple U-pile

In the transversely restrained case, the boundary conditiong&ze= 0 and therefore
kx(z) = 0. The bending formulae at= %f are reduced to the formulae for plane bending:

R(?a Fas
= — 3.11
8Ely 6Ely (3.11)
M
yy
|
=R (3.14)
lyy

In the transversely unrestrained case the boundary conditiorik ar® and therefore
My = 0. The following bending formulae apply at& %e:

1 Ix 1 Ix
Wy = —=F eza—y+ rad 3.15
87 TE(ldy—Ixylyx) | 6 E (Inlyy — Ixylyx) (3.15)
1 | 1 |
w=_-Rfla_— > “Ra % 3.16
78 TE(udy—lxlyx) 6 E (odyy — Ixylyx) (3.16)
xxlyy — Ixylyx
= a .
My = Fy 3.18
I
Wy = —2 wy (3.19)

IXX

The maximum mome¥ly maxatz= 2€ follows from:

|XXI Ixylyx
M —fy—"—"= 3.20
y.max = y IxyX—IXXy ( )

wherefy is the yield stress of the steel.
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Double PU 8 pile

In the case of transversely restrained bending, the neutral axis coincides withtlse see
Figure 3.4, and the maximum stress will occur in the flange of the cross-seyti:@ri(;h.
Using a maximum allowable stress fyf= 360 N/mnf and the parameters from Figure 3.4,
and subsequently substituting in equations (3.11) to (3.14), itis foundkthak= 138 kN,
Fxmax= —336 kN andwy;max= 41.3 mm.

In the case of transversely unrestrained bending, the sheet pile will yield first at the free
clutch at(x,y) = (0.60 m 0.016 m) when the maximum force is

y bodyy = xylyx

3.21
a X —lyxy ( )

I:y7max: -

Using fy = 360 N/mn?, it follows from substitution of the parameters from Figure 3.4 in
equations (3.15) to (3.20) thBfmax = 83.0 KN, Wy max= 8.4 mm andwy max= 45.3 mm.

Quadruple PU 8 pile

The transversely restrained bending case can be solved in the same way as for the double
PU 8 pile. It is found thaFy;max= 138 kN, Fcmax= —336 kN andwy:max= 41.3 mm, twice
the values of the double PU 8 pile.

In the case of transversely unrestrained bending, the sheet pile will yield first at the
second corner pointx,y) = (0.46 m0.14 m). Using f, = 360 N/mn¥, it follows that
Fymax= 2083 KN, Wy max = 1.8 mm andwymax = 35.5 mm.

Calculation results

Table 3.1 gives a summary of the calculation results for one double U-pile, two double U-
piles and the quadruple U-pile. The forces are related to a maximum allowable yield stress
of fy = 360 N/mn¥.

Restrained Fx (kN) Ry (kN) My (kN) My (KN)  wye (mm)  wy, (mm)

1 Double PU 8 -336 138 -874 359 0 41.35
2 Double PU 8 -673 276 -1750 718 0 41.35
Quadruple PU 8 -673 276 -1750 718 0 41.35
Unrestrained Fx (kN) Ry (kN) My (kN) My (KN)  wy (mm)  wy (mm)

1 Double PU 8 0 83 0 216 8.41 45.32

2 Double PU 8 0 166 0 432 8.41 45.32

Quadruple PU 8 0 208 0 542 1.76 35.47

Table 3.1 Calculation results of the double and quadruple PU 8 pile

3.2.4 Determination of reduction factors

Two double PU 8 piles threaded together can be compared to the quadruple PU 8, because
these two profiles form the two extreme cases for two double U-piles with steel on steel
friction in the middle interlock, see Figure 3.4. The calculation results in Table 3.1 show
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that when bending in the transverse direction is impeded, double U-piles and quadruple U-
piles behave identically to the continuous wall. However, when bending in the transverse
direction is permitted, the ultimate bending moment capacity of the double U-pile is lower
than that of the quadruple U-pile and of the continuous wall. Furthermore, the lateral displa-
cement of the double pile has increased as a result of the transversely unrestrained bending
but the lateral displacement of the quadruple pile has decreased because the maximum load
to obtainfy is smaller.

The differences between transversely unrestrained and transversely restrained bending
for the lateral displacements and ultimate bending moments can be expressed in the reduc-
tion factorsp, andpw as defined in equations (3.1) and (3.2). As for equal yield stress the
lateral bending momeritly is equivalent to the section modulu¢ and for equal applied
load the lateral displacement, is equivalent to the inverse of moment of inertial, it
follows that

BI . |y,unrestrained: Fy,unrestrained' Wy restrained (3 22)
Iy.,restrained Fy,restrained' Wy unrestrained
unrestrained _ My unrestrained
Bw = W, = (3.23)
\Ny,restrained My,restrained

In the case where transverse restraint is absent, the reduction factors can be writtten as
function of the cross-sectional properties:

|Xy|yx
=1— 3.24
Bio eclyy (3.24)
Ixxlyyf Ixylyx h
== 2 3.25
Pwo ey X+ Iy 2lyy (3.25)

where forBw,o the minimum value is determined from any position (x,y) on the cross-
section.

On the basis of the analytical results in Table 3.1 the reduction factors for the four-point
bending case with two double and a quadruple PU 8 pile are presented in Table 3.2.

B Bw
2 Double PU 8 0.55 0.60
1 QuadruplePU8 0.88 0.76

Table 3.2 Reduction factors for four-point bending on a double and quadruple PU 8 pile

3.2.5 Comparison to large scale bending tests

In 1996 two bending tests on two double PU 8 piles threaded together were carried out at the
University of Liege [51, 67]. The configuration and the test setup are given in Figure 3.4,
and both transversely restrained and transversely unrestrained bending were investigated.
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In these tests the following results were measured (see also Table 3.5):

e In the transversely unrestrained bending test a lateral Fpad 166 kN gave a la-
teral displacement ofy, = 45 mm and a transverse displacemenigf= 7 mm.
These measurement results are close to the analytical results for the double U-pile,
see Table 3.1

e In the experiment the conditiow, = O could not be realised. A lateral lodg =
166 kN gave a lateral displacementwaf = 33 mm and a horizontal reaction force
of I, = 250 kN. The same results were obtained with the analytical solution for the
double U-pile. The calculated horizontal displacement was- 3 mm

The experimental results from the transversely restrained bending tests corresponded to the
analytical solution for two double piles without friction in the middle interlock. Further,

it was observed in the bending tests that shift of a threaded interlock was not blocked by
oblique bending, not even for large or plastic deformations. These results support the pre-
mise that the theory of elasticity, presented in this section, is applicable to the investigation
of oblique bending of real double-U steel sheet piles.

3.3 Reduction factors for oblique bending

3.3.1 Factors that influence oblique bending

The theory of elasticity of oblique bending shows that the reduction fa@joend By

depend only on the amount of transverse bending. If transverse bending is completely
impeded, thenc, = 0 and the differential equations in (3.5) and (3.6) are reduced to the
differential equation for plane bending (3.3). However, if transverse bending is not impeded,
the loss of structural resistance can be significant, see e.g., Table 3.2. Transverse bending is
influenced either by resistance in transverse direction, such as earth pressure resistance, or
by interlock friction. In practice the following factors may influence oblique bending:

e Shear resistance of the soil against the sheet pile

When the sheet pile wall deflects in transverse direction, the retaining soil has to
move in transverse direction as well. The shear resistance of the soil may hamper
the transverse bending. Sand and stiff clays may give more resistance than soft
clays, peat or water.

e Lateral supports

Firstly, as a result of a lateral support, the shear force in the sheet pile wall is locally
increased, which may lead to an increase of the normal stress in the interlocks and
to a local increase of the friction capacity in the interlocks. Secondly, due to the
addition of a lateral support, the lateral curvature is decreased and therefore the
transverse curvature as well. It is not obvious that these decreases are proportional.

e Transverse supports or a capping beam

A transverse support can have a direct influence on transverse bending.



3.3. Reduction factors for oblique bending 69

Soil particles in the interlock

When sheet piles are driven into the ground and threaded to the adjacent pile(s),
soil particles may intrude into the free space between both interlocks. Dilating
sand grains may have a more positive effect on the interlock friction capacity than
non-dilating clay particles and water without soil has no significant influence on
the interlock friction.

(Local) fixation of interlocking during excavation
Fixation of the interlocks during excavation hampers transverse bending.

Lubrication of interlocks

Lubrication of the interlocks for sealing or for diminishing the driving resistance
may reduce the friction capacity of the interlocks.

Straightness of piles and the sequence of installation

The shear resistance of the interlocks may be influenced by the deviations during
installation. Pitch and drive may lead to more deviations than staggered driving.
Slender piles or (re-used) bent piles may also result in more shear resistance in the
interlocks, but run also the risk of declutching.

In Section 3.6 an elaborate study of the influence of these factors is presented.

3.3.2 Reduction factors according to CUR 166

CUR 166 [27] gives design rules which are based partly on local experience gained with
U-piles in the Netherlands [29] and partly on engineering judgement. CUR 166 mentions
the following factors that may influence oblique bending:

e Type of soil in which the sheet piles are driven

e Lubrication of free interlocks

e Number of anchors or struts (local increase of shear force)
e Local fixation of free interlocks or a capping beam

e Installation method

The reduction factorf; andBy are covered by the design rule given by Table 3.3.

3.3.3 Reduction factors according to ENV 1993-5

ENV 1993-5 [24] gives global directives for oblique bending. The traditional sheet pile
propertieshe, Wy andl should be determined for a continuous wall and the effective sheet
pile parameters should be determined according to equations (3.1) and (3.2)

let = Bi lcontinous wall (3.1)
Weff = BWWcontinuous wall (3-2)
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Number of  Number of Interlock Ground Reduction factors
piles supports fixity top bottom f Bw
1 irrelevant irrelevant all all 0.35 0.6
2 0 no sand sand 0.7 0.8
no sand sand 0.6 0.7
nosand nosand 0.6 0.7
yes sand sand 0.8 0.9
no sand sand 0.7 0.8
nosand nosand 0.6 0.7
1 no sand sand 0.8 0.9
no sand sand 0.7 0.8
nosand nosand 0.7 0.8
yes sand sand 0.9 1.0
no sand sand 0.8 0.9
nosand nosand 0.7 0.8
>2 no sand sand 0.9 1.0
no sand sand 0.8 0.9
nosand nosand 0.8 0.9
yes sand sand 1.0 1.0
no sand sand 1.0 1.0
nosand nosand 0.8 0.9
3 irrelevant irrelevant all all 1.0 1.0
4 irrelevant irrelevant all all 1.0 1.0

Supportsare anchors, struts or or other concentrated lateral restraints: fixity near the pile toe ig
support

Interlock fixityconcerns only additional treatment after driving
Sandincludes sand, silt and unsaturated soil but not a fill
No sandncludes saturated clay, peat, gravel, (open) water and also a sand fill

not a

Bottomis where the cantilever moment is generated (from point of zero moment to pile toe), but below

excavation level
Topis abovebottom

For slender section$(2b < 0.2) Bp andfg are reduced with 0.1 in case sdindand with 0.05 in cas€
of no sand

Forsandabove groundwater lev@p andfg may be increased with 0.1

Between two points of fixity of the free interlocis = 0.85 andBg = 0.85. For the part between a

point of interlock fixity and a pile endnterlock fixityapplies
B| <1 andBW <1

Table 3.3 Reduction factors By and Pw according to CUR 166 [27]
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Row Effect Criterion Single pile Double pile
ABii  ABwi  ABii  APwi
> 'me_diurg'dte_rgs? sand [1 [] [1 []
- . grain size distribution
1 Soil in the interlock and density
> stiff clay [] [l [] [l
> medium dense sand 0.0 0.0 [] [1]

Soil shear resistance  soil stiffness and shear

2 (oblique bending)  strength
> stiff clay 0.0 0.0 [1] []
0 [] [] [] []
3 Support levels 1 [] [] [] []
>2 [l [l [] [l
Welded 0.0 0.0 [1 [1
4 Fixing of interlocks
Crimped 0.0 0.0 0.0 0.0
Lubricated [] [] [] []
Interlock threaded on
5 - .
Jobsite Weld or capping on top
and fixed toe 1 [] 1 []
6 Installation [ ] [] [] [] []

e The factor§}; andPw are determined from

6 6
Bi=PBio+ Y AR <[LO]  Pw=Pwo+ Y, ABw; < [L0]
=1 i=1

applying the summation only over those of the six effects for which the criteria are fulfilled

e The basic value§; o andpw,o should be determined for bare steel piles used as cantilevers, retaining
water only, without the presence of any soil

e Row 1 accounts for the effect of the soil particles pressed into the void of the interlocks, thus increasing
the friction. Initially the piles should be installed fully embedded into these soil layers

e Row 2 accounts for the shear resistance of the ground behind the wall, hindering the occurrence of
oblique bending of double piles

e Row 3 accounts for the restraint provided by the waling
e Row 4 accounts for the higher stiffness of the welding (even if it is intermittent) compared to the crimps

e Row 5 accounts for the various possible effects on the interlock to be treated on site, that can be |nfluen-
ced by human intervention, such as lubrication to reduce friction and hindering of relative displacement
in the interlock by fixing the top by welding or by using a capping beam, or the toe, by driving into a
very stiff soil layer

e Row 6 takes into account the effect of the driving system used to install the sheet piling. Depending
upon local experience, it might be useful to add to this row the driving method: panel driving, |pitch
and drive etc.

Table 3.4 Reduction factors B and Bw according to ENV 1993-5 [24]
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in which the factorg; andpw account for the possible loss of stiffness and strength. For
Z-piles these factors afg = [1.0] andBw = [1.0].

For U-piles in oblique bending, these factors fye< [1.0] andPw < [1.0]. According
to ENV 1993-5 the factorf, andBw should be determined from:

6
B =Bio+ D ABii <[10] (3.26)
i—1
6
Bw = Bwo+ X ABw, < [1.0] (3.27)
i—1

The eigen valueB, o andPw o are determined from the cross-sectional properties by equa-
tions (3.28) and (3.29).

Blo=1- bylys (3.28)
’ Ixxlyy
Buo = 2y byl _T (3.29)

in which for Bw o the minimum value of any position (x,y) on the cross-section should be
taken.

The different influences that may reduce oblique bending, are taken into account by
incrementsAB; ; andABw;. ENV 1993-5 distinguishes 6 influences, which are indicated in
Table 3.4 for both single and double U-piles.

3.3.4 Discussion

Considering the cross-sectional shape of a double U-pile, oblique bending in steel sheet
piling may not be neglected. The possible loss of stiffness and strength of the wall can be
taken into account by the reduction fact@rsandpw. The question is naf the traditionally
provided stiffness and strength properties should be reducedyybbibw much In the
Netherlands, the CUR 166 regulation is often experienced as conservative, which means
that sheet pile walls become more expensive than necessary.

On the other hand the German and British regulations afipws 1.0 andBw = 1.0
for double U-piles, and it may be questioned if these regulations are too optimistic. In the
British and French design practice even reduction fadipes 1.0 andpw = 1.0 are often
applied to single U-piles.

In spite of the strict Dutch regulation, oblique bending is hardly ever observed in practice
in steel sheet piling. However, loss of stiffness for walls composed of single U-piles has
been reported in literature, for example by Helstral. [40] wheref}; = 0.36 to 0.42 and
Bw = 0.52 to 0.68, and Gigan [35] whefk =~ 0.6.

The different regulations in the various countries, the mutual differences between regu-
lations and observations in most countries, and a lack of scientific evidence, were the main
reasons why ENV 1993-5 gives indicative influences rather than figures in Table 3.4.
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3.4 Development of a subgrade reaction model for oblique
bending

3.4.1 General

The need for a proper set of reduction factors to account for oblique bending demands the
development of a tool based on bending in two directions. The bending tests carried out in

Liege proved that such a tool may be based on the elastic constitutive equations of (3.5). The
transverse matrix method which was used for the developmentag\RaLL in Chapter 2,

can easily be extended for oblique bending. In this section the extension of the subgrade
reaction model for oblique bending is described.

3.4.2 Analogy with a subgrade reaction model for a conventional beam

The transfer matrix method for a beam subjected to oblique bending can be solved in an

analogous way to a conventional beam. The transfer point matrices for loads and springs
can similarly be derived and on the basis of this analogy, a beam on a lateral and transverse
elastic foundation can be analysed, see Figure 3.5.

Figure 3.5: Beam on a lateral and transverse elastic foundation

The beam in Figure 3.5 serves as the basis for a subgrade reaction model to analyse
the phenomenon afblique bendingn sheet piling. Such a model can be solved using the
flow chart presented in Figure 2.25. However, in ginecedure springsot only the lateral
springs but also the transverse springs need to be considered.

3.4.3 Soil model for oblique bending

In Section 2.5.3 a soil model for lateral springs is described. However, as a consequence of
the asymmetrical profile and the rotated neutral axis, lateral earth pressure on the wall results
in a lateral and a transverse wall deflection. Oblique bending will be partially impeded if
the retained material is able to bear load arising from the transverse displacement. If the
sheet pile bends transversely (in plane), a shear mechanism in the soil may be developed.
This shear mechanism can be taken into account with the transverse springs as follows.

In Figure 3.6 a top view of the sheet pile with both the lateral and the transverse springs
is shown. The lateral spring is used to model the soil which is compressed (or unloaded)
and the transverse sprirg is used to model the soil which is subjected to shear. The
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Figure 3.6: Soil-sheet pile element used to model oblique bending

ratio between the lateral and the transverse spring stiffnesses may be assessed from the ratio
between the oedometer stiffness, and the shear stiffnes as follows:

kG 1-2V

k" Epg 2-2V

oed

(3.30)
The maximum shear stresgmaxis dependent on the lateral effective earth pressymwd
is assumed to be

+Txmax= C + oy tang’ (3.31)

The complete elasto-plastic spring model for lateral and transverse wall movement is pre-
sented in Figure 3.7.

6/

y , 1
assive
Op - b
Tx;max -
on 1 ki
active
wy Awy / Wy
—_— F —Tx;max

Figure 3.7: Elasto-plastic spring model for the lateral and transverse spring

It is noted that this soil model is a gross simplification of the real soil behaviour close to
the soil-sheet pile interface. For discussion about this soil modekEwSvALL , reference
is made to Section 3.4.7.

3.4.4 Interlock friction

A second factor that may partially impede oblique bendingntisriock frictionin the free
interlocks. Interlock friction hinders transverse bending and prevents therefore weakening
of the cross-sectional resistance. Interlock friction can be taken into account by interlock
springs as shown in Figure 3.8.
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ik
2
% —>X

Figure 3.8: Sheet pile with an asymmetrical cross-section restrained by springs at the inter-
lock (see also Figure B.11)

The transfer point matrix for the nodal interlock spring is derived in Appendix B.6.2.
For realistic spring values, see Section 3.6.3.

3.4.5 Testing

On the basis of the information presented, the computer progrEw®ALL has been de-
veloped. The program consists of a conventional subgrade reaction model as described in
Section 2.5, which has been extended for bending in two directions. The program calculates
both lateral and transverse action effects of a sheet pile with an asymmetrical cross-section,
usually a sheet pile wall composed of double U-piles. The program can calculate the maxi-
mum bending stress on the basis of

62X Y) = E (kxX+xyY) (3.32)

in which (x,y) is the most remote point from the neutral axis; this will be either the corner
point between the flange and web closest to the central fixed interlock, or the outer free
interlock of one double pile.

The capabilities of SEwwALL have been tested with three cases:

e Four-point bending test from ege
e Loss of interlock friction

e Staged excavation in multi-layered soil compared with SPW99 [87]

Four-point bending test from Liege

In the first test a comparison is made with bending tests A3 and A4, carried out for the ECSC
research project at the University ofdlge on two double PU 8 piles threaded together [67].

The bending tests concern a 6 metre long span loaded by two symmetrical concentrated
forces at a spacing of 0.8 metre. The boundary conditions at both supports and in both
directions can be considered as simply supported. The central interlock has not been treated.
Both a transversely restrained and a transversely unrestrained bending test have been carried
out. The test setup is presented in Figure 3.9.
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FoFy FoFy
y4 - 1“ Wiw AN
b y
XY a=2.6m 08m a=2.6m
(=6.0m
PU8B[57] b(cm) h(cm) A(cm?) E (KN/m?) I (cn?) Iy (cnf) Iy (em?) o (%)
1 Double 120 28 139 210 183100 -33986 13953  10.95

Figure 3.9: Four point bending of two double U-piles carried out in Liége

Both cases have been analysed usikgBwALL and are compared to the analytical so-
lutions from Section 3.2.3. Transversely restrained bending is modelled with concentrated
forces. The calculation results are presented in Table 3.5 and show that the calculation re-
sults of XEwwALL are compare well with the analytical solutions for both the transversely
restrained and the transversely unrestrained cases.

Method Support F (kN) KR/ (KN)  wye (mm)  wy, (mm) ki (kN/m?) fy (MPa)
Analytical restr. -673 276 0 41.35 0 360
Analytical unrestr. 0 166 8.41 45.33 0 360
Measured A3 restr. -250 166 — 33 — —

Measured A4 unrestr. 0 166 7 45 — —

SKEWWALL restr. -250 166 3.22 32.72 0 257
SKEWWALL restr. -673 276 0.00 41.34 0 361
SKEWWALL unrestr. 0 166 8.43 45.42 0 360

Table 3.5 Validation to the four-point bending tests in Liége

Loss of interlock friction

In the second test the same configuration of the four-point bending test frage is used

to investigate the effects of loss of interlock friction. Infinite interlock friction represents
transversely restrained bending and an interlock friction stiffne&s-6f0 kN/n transver-

sely unrestrained bending. Table 3.6 shows the calculation results of a gradual loss of the
interlock spring stiffness.

The calculation results show that interlock friction is significant for an interlock spring
stiffness ofk; = 100000 kN/n? and that the interlock spring stiffness must be in the range
of ki = 107 kN/m? to obtain an impediment of transverse bending. These results are in the
same range as the values reported by Juaristi [45], see Section 3.6.3. In this section the
implementation of interlock springs is merely treated.

Furthermore, the transversely restrained case and the case with an interlock spring stiff-
nessk = 10° kN/m? are in agreement with the analytical solution for transversely restrained
bending.

On the basis of the comparison with theege bending test and of the analysis of in-
terlock friction, it can be concluded that the implementation of the equations for oblique
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Method Support  F (kN) K/ (KN)  wy (mm)  wy, (mm) ki (KN/m?) fy (MPa)
SKEWWALL restr. -404 166 0.01 24.90 0 217
SKEWWALL interlock 0 166 0.14 25.21 10000000 222
SKEWWALL interlock 0 166 1.21 27.81 1000000 238
SKEWWALL interlock 0 166 5.22 37.60 100 000 286
SKEWWALL interlock 0 166 7.30 42.68 25000 319
SKEWWALL interlock 0 166 7.94 44.23 10000 342
SKEWWALL interlock 0 166 8.38 45.38 1000 358
SKEWWALL unrestr. 0 166 8.43 45.42 0 360

Table 3.6 Loss of interlock friction

bending in KEWWALL and the implementation of an elastic interlock spring have been
carried out successfully.

Staged excavation in multi-layered soil compared with SPW99

In the third test, a multi-staged excavation in multi-layered soil is compared with SPW99.
The case is the same as treated in Section 2.5.5f@sWALL, see page 42. The sheet pile

wall is 23 metre long. The soil consists of 17 metre of soft clay overlaying a sand layer.
The groundwater level in the clay layer is 1 metre below the ground surface and the head in
the sand layer is 4 metres below the original surface. Excavation takes place in three stages.
In the first stage the excavation is 1 metre. Next, the first horizontal restraint is placed at
0.75 metre depth and dry excavation is carried out to 7 metres. In the third construction
stage, the second strut is placed at 6.50 metres and excavation is carried out to 9.25 metres.
The water level in the excavation is not lowered beyond 9.00 metres. In this stage the soll
behind the sheet pile wall is unloaded. Values of relevant soil and sheet pile properties are

given in Figure 3.10.

Construction Stage 1 Construction Stage 2 Construction Stage 3
gq=20kPa q
LWE vy 075mp__] YYYYYYYY
7m
TTTESE RN s m
¢ =6.25 kPa¢' =25°
23m Ka = 0.364 Oblique bending
Kn =0.577 Kp = 3.400 Double PU 16
stroke= 0.1 m k = 0 kN/m?

Figure 3.10 Comparison between SKEWWALL and SPW99

Calculations are made for normal bendirfgl4 = 0) and oblique bending. In the
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Wymax(mm) Z'Wy.max(m) Mymax(kNm/m) zMy.max(m) fy (Mpa)

SKEWWALLZ Elyy =0 184 7.00 -645.4 -6.13 402
SPWog 183 -7.00 -644.2 -6.04 —
SKEWWALL 2 Elyy # 0 263 -6.75 -642.2 -6.13 544
SKEWWALLS E Iy =0 215 -9.25 -5657.7 -9.35 402
SPW9§ 217 -9.48 -535.4 -9.71 —
SKEWWALL 3 Ely, # 0 303 -9.05 -551.0 -9.35 544

Table 3.7: Calculation results of SKEWWALL and SPW99for stage 2 and 3

oblique bending calculation the struts support both the lateral and the transverse direction.
The normal bending calculation can be compared with the SPW99 calculation. The calcu-
lated values are presented in Table 3.7.

The differences betweerkBwwaLL and SPW99 are less than 1% for the second con-
struction stage and for the displacement in the third construction stage. It is noted that the
results of RASWALL (see Table 2.5) andkgEwwALL differ slightly although both pro-
grams use the same algorithm. This difference is caused by different strut stiffnesses, which
appeared to be a very sensitive parameter for the calculation results of the third construction
stage.

~ Lateral Lateral _ Lateral Lateral
Displacement (m) Moment (kNm/m) Displacement (m) Moment (KNm/m)

-06 -03 00 0.3-600-300 0O 300 600-0.6 —-03 0.0 0.3-600-300 O 300 600
L I | I |

1 L 1 1 1 J L 1 L 1 1 1 J

T
S

— normal
oblique

Figure 3.11: Normal bending calculation with SKEWWALL compared with SPW99and
oblique bending calculation with SKEWWALL . The x -marks were calculated with SPW99

In Figure 3.11 the lateral displacements and bending moments for the second and third
construction stage are presented. The results show increasing lateral displacement due to
obligue bending. The lateral bending moment, however, remains practically the same, as
in the calculation the lateral earth pressure distribution is hardly influenced. The increasing
lateral displacement without significant change of bending moment satisfy the expectations
of oblique bending.
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Transverse Transverse Effective Earth Transverse soil shear
Displacement (m) Moment (KNm/m) Pressure (kN/f) Resistance (kN/R)

-0.1 0.0 0.1-600-300 O 300 600-200-100 O 100 206-50 -25 0 25 50
L I J L I I I J L I I I ;o I I I J

Figure 3.12 Transverse displacements, transverse bending moments, lateral effective earth
pressure and transverse soil shear resistance for the oblique bending calculation with SKEW-
WALL . Solid lines represent Stage 2 and dashed lines Stage 3. Transverse actions are viewed
from the excavation towards the retaining structure.

Figure 3.12 shows the lateral effective earth pressure and the action effects in the trans-
verse direction. The ultimate transverse displacement in this example is about 15% of the
ultimate lateral displacement and the ratio between the ultimate transverse and lateral ben-
ding moment is about/3. In Figure 3.13 the shear resistance of the soil in the transverse
direction is investigated. Two calculations were carried out:

e One case in which the shear resistance in the upper layer was taken into account with
equation (3.30) using’ = 0.3, denoted witlsoil

e One case in which the shear resistance in the upper layer was taken into account using
v/ = 0.499, denoted witimo soil

For the lower layenv’ = 0.3 was applied. In the case ob soil a lower resistance to
obliqgue bending was calculated. Further increase of lateral and transverse displacement,
absence of transverse moment and of transverse shear resistance in front of and behind the
wall are results which were expected.

On the basis of these calculated results, it can be concluded that the implementation of
multi-staged calculations in stratified soil ik®&w~vwALL has been carried out successfully.
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Figure 3.13 Oblique bending with and without transverse soil restraint. Transverse actions
are viewed from the excavation towards the retaining structure

3.4.6 Method to determine the reduction factors

In this section a simplified method is proposed to derive the reduction faiitamsd By

from a SKEwwALL calculation. When the load on the sheet pile wall is more or less equal
to the normal bending case and the oblique bending case, the reduction facoBy

follow from the calculated displacements and maximum stresses for the normal bending
(restrained) and the oblique bending (unrestrained) cases as follows.

B — Wy.,max,nor'mal (3.33)
Wy, maxoblique
f
Bw = fY»”Of_ma' (3.34)
y,oblique

As an example, the example in Figure 3.10 is reconsidered. The calculation results are
given in Table 3.7. From equations (3.33) and (3.34) it follows that:

B = Wy,maxnormal _ 184 mm
Wy maxobliqgue 263 mm

- fy,normal . 402 N/mn?
Pwi = fy oblique 544 N/mn#

—0.70 (3.35)

=0.74 (3.36)

Figure 3.14 shows a comparison between a calculation in which oblique bending is taken
into account by bending in two directions, and one in which oblique bending is taken into
account by adoptin@, = 0.7. The results of both calculations correspond very well.

Therefore it can be concluded that equations (3.33) and (3.34) provide a good and prac-
tical method to determine the reduction factBrandpw.
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Figure 3.14: Oblique bending calculation compared with normal bending calculation using
Bi = 0.70. Solid lines represent the oblique bending calculation and o-marks the reduced
normal bending calculation

3.4.7 Discussion aboOuSKEWWALL

The 3-dimensional subgrade reaction model described in this section appears to be a power-
ful tool to obtain insight into the oblique bending phenomenon. The calculation time is only
a few minutes and therefore different configurations, such as the influence of fixity near the
struts, capping beams, etc., can be quickly and easily investigated. However, the soil model
in the 3-dimensional subgrade reaction model described in Section 3.4.3, is only a gross
simplification of real soil behaviour; real soil behaviour at the interface with a sheet pile
which deflects both in lateral and transverse directions, is a complex 3-dimensional stress-
and strain dependent problem. A serious attempt to model this complex behaviour with
simple elasto-plastic springs to account for the various failure modes in the soil, friction
between soil and the sheet pile in both transverse and vertical directions, arching effects in
the soil, etc., would be inappropriate.

A better option to validate the soil model okBwwALL would be to verify it against a
3-dimensional finite element calculation using a soil model that is able to model the complex
3-dimensional soil behaviour. Such a verification is made in the next section.

3.5 Validation of SKEwWwALL to 3D FE calculations

3.5.1 General

In this section the soil model inKEwwaALL is validated against 3-dimensional finite ele-
ment calculations made with IBNA 7.0 [96]. The reference case is an academic case
developed by Aukema and Joling [2] to study the phenomenon of oblique bending. Ho-
ckx [42] used this case to investigate the effect of various structural measures to reduce the
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effect of oblique bending. The robustness of this case has been proven by Groen [36].

3.5.2 The reference case iDIANA

The reference case used for theaRA calculations considers an infinite wall composed of
double PU 8 sections [57] of 9 m length, retaining an excavation in sand. The soil body is
initially loaded with a surcharge @f = 10 kPa, which is in later stages maintained only on
the retaining side. Excavation is taken into account by gradual removal of soil elements in
layers of 09 m thick, to a maximum excavation depth ob4n. The sand is modelled with

the Modified Mohr-Coulomb model. Relevant dimensions and soil properties are given in
Figure 3.15.

Modified M-C
c=1kPa
¢=35y=5°

2 Yary = 18 KN/nP }
7] Yea=20 kN/n'F/;
1l E = 20000 kP&
i v=03 .~

5x0.9m7| |

9.0m

lateral

transverse

axial

Figure 3.15 Reference case for the DIANA calculations

The finite element mesh for the soil body and the sheet pile is presented in Figure 3.16.
The soil is modelled with 20-noded brick elements of type CHX60. The boundary condi-
tions are chosen such that an infinite sheet pile wall is modelled, by appyyigsbetween
the two transverse planes of the mesh. The sheet pile is modelled with 8-noded curved
Mindlin shell elements, type CQ40S. The geometry of the sheet pile is close to the pro-
perties of a PU 8. Relevant properties of the sheet pile compared to the PU 8 are given in
Table 3.8.

The interface between soil and structure is modelled with tyings. To avoid singularities,
the soil and sheet pile are tied in lateral and transverse directions. In the axial direction
the soil and sheet pile are also tied to model a perfectly rough wall. Groundwater is taken

1The contributions from the graduation works of Aukema & Joling and Hockx are gratefully appreciated.
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Figure 3.16 Finite element mesh for soil and sheet pile

ASC?) c(em) O] Ty(em®) _Tyy(on?)  T(en?)  T(en®)  o(°)
PU 8 69.5 8.15 183100 -33986 13953 7367 189673 10.95
Model pile 69.3 8.66 183143 -35990 13953 6615 190481 11.52

E =21 10 kN/n?

Table 3.8 Properties of model pile compared with the PU 8

into account by effective volume weight and by a water pressure difference acting as a face
load in lateral direction. Slippage between the interlocks is also modelled with tyings. Each
interlock can be modelled either as perfectly free (no tyings in the axial direction), or as
perfectly fixed (tyings in the axial direction). The influence of a restraint on top of the wall

is modelled with additionadupportsboundary conditions).

This reference model can be easily adapted to investigate the behaviour of a double pile
or a continuous wall or to investigate the effects of different boundary conditions, such as
lateral and transverse supports and a capping beaifhe following configurations are
compared:

e Cantilever wall without groundwater

Double PU 8 transversely unrestrained

Double PU 8 with capping beam on top
Double PU 8 with horizontal restraint on top

Double PU 8 blocking the shifted interlock displacements above the excavation
level after each excavation step

— Continuous PU 8

2A capping beam is modelled by boundary conditigRs= 0 andVy = 0.
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e Propped wall with groundwater

— Double PU 8 transversely unrestrained
— Double PU 8 with horizontal restraint on top
— Continuous PU 8
The basic reduction factofl ¢ andBw o are derived from the cross-sectional properties

by equations (3.28) and (3.29). It follows tHhtg = 0.49 andBw,o = 0.61. The reduction
factorsp, andpw have been determined using the method explained in Section 3.4.6.

3.5.3 Validation for the cantilever wall

The calculations with SEwwALL were fitted to the results of the continuous wall from
DIANA. The earth pressure coefficients were determined using the earth pressure theory
of Muller-Breslau. Comparable results for the cantilever wall could be obtained with a
subgrade reaction modulus lof= 30,000 kN/n?.

DIANA

Cantilever wall we(mm)  wy(mm)  My(kNm/m)  f, (N/mn?) B Bw
Transversely unrestrained 12.89 -88.80 82.27 175 0.59 0.61
Capping beam 4.50 -71.33 82.02 144 0.73 0.74
Horizontally restrained 0.00 -69.47 81.49 142 0.75 0.75
Welding -1.21  -62.05 81.48 128 0.84 0.84
Continuous 0.00 -52.09 82.03 107 1.00 1.00
SKEWWALL

Cantilever wall we(mm)  wy(mm)  My(kNm/m)  f, (N/mn?) Bi Bw
Transversely unrestrained 5.67 -72.93 84.60 152 0.65 0.67
Capping beam 1.67 -62.41 84.60 142 0.75 0.72
Horizontally restrained 1.35 -61.13 84.70 139 0.77 0.73
Continuous -47.06 84.90 102 1.00 1.00

Table 3.9 Calculation results of DIANA and SKEWWALL for the cantilever wall retaining
the excavation without groundwater

Figure 3.17 shows the lateral and transverse displacements and the lateral bending mo-
ment of the cantilever wall calculated withiAnAand with KEwwALL. A tabular over-
view with calculation results of B\NA and KEWWALL is presented in Table 3.9. In this
tablew, andwy represents the displacements of the top of the wall in the transverse and
lateral directionsMy, the maximum lateral bending moment afydthe minimum required
yield stress.

The DIANA and KEWWALL calculations give comparable results. The bending mo-
ments in lateral direction are in close agreement, as are the lateral displacements, when the
global wall translation in InNA is disregarded. With regard to the reduction facfiyrand
Bw, almost the same values are found.

Both calculations indicate that structural measures, such as provision of a capping beam,
horizontal restraint, or welding of the shifted interlocks during the excavation let increase
the structural resistance of the sheet pile. In this case, both calculations indicate that hori-
zontal restraint is hardly any better than a capping beam.
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Figure 3.17: Calculation results of DIANA and SKEWWALL for the cantilever wall in dry
sand. Transverse results are viewed from the excavation towards the sheet pile wall.

In the case of the transversely unrestrained cantilever wall, the reduction factor on the
bending stiffness increases frong = 0.49 to B = 0.59 according to MANA and from
Bio = 0.49 to B = 0.65 according to 8SEwWwWALL. The increase itself can be explained
by the soil-structure interaction in general, which has an influence on oblique bending, and
the difference in increase betweenARA and KEwwALL by the different methods of
modelling that soil-structure interaction.

From this comparison between th&ESvwALL and the DANA calculations it can be
concluded that SEwWwALL gives reliable results for the calculation of cantilever walls.
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3.5.4 Validation of the propped wall

The calculations for the propped wall usingESvwaLL were fitted to the results of the
continuous wall from DANA in the same way as for the cantilever wall. A subgrade reaction
modulus ofk = 2500 kN/n? was required.

Figure 3.18 shows the lateral and transverse displacements and the lateral bending mo-
ment of the propped wall calculated withANA and with KEwwALL . A summary of the
calculation results of ANA and KEWWALL is presented in Table 3.10.

DIANA

Propped wall Wy(mm)  wy(mm)  My(KNm/m) f, (N/mm?) B Bw
Transversely unrestrained 2.43 -51.61 -134.28 291 0.69 0.62
Horizontally restrained 7.24 -50.60 -130.77 278 0.70 0.65
Continuous 0.00 -35.60 -143.85 181 1.00 1.00
SKEWWALL

Propped wall Wx(mm)  wy(mm)  My(kKNm/m) f (N/mm?) B Bw
Transversely unrestrained 2.88 -51.36 -114.8 261 0.74 0.61
Horizontally restrained 6.48 -50.51 -116.4 247 0.75 0.65
Continuous 0.00 -38.08 -132.8 160 1.00 1.00

Table 3.1Q Calculation results of DIANA and SKEWWALL for the propped wall retaining
the excavation with groundwater

As for the cantilever wall, the ANA and KEWWALL calculations give comparable
results for the propped wall, with both bending moments and lateral displacements in close
agreement.

The shape of the transverse displacement line is also comparable, apart from the displa-
cement of the wall toe. This difference can be explained from the modelling of the boundary
conditions near the toe of the sheet pile wall. IlnBA the wall toe is tied to the underlying
soil elements, and because the bottom of the mesh is supported in all directions, the toe of
the wall is hardly able to move in transverse direction. KE&WALL, on the other hand,
the toe of the wall is modelled with a free boundary condition, in both lateral and transverse
directions. It has been verified that the shape of the transverse wall movement was in close
agreement with the NA calculation when the pile toe was modelled IRESvwALL by
a hinged support. The effects of this support on the action effects in the lateral direction,
however, were negligible.

The reduction factors calculated witk SwwALL are in a quite good agreement with
the factors from DANA . Both calculations indicate that the effect of a transverse support is
negligible for the effective wall stiffness but has a slight influence on the minimum required
yield stress. In the case of the transversely unrestrained propped wall, the loss of stiffness
seems to be not so drastic as for the cantilever wall. However, the simple structural measure
to restrain the top of the propped sheet pile also in the transverse direction has a negligible
effect on the action effects in the lateral direction.

From this comparison between th&ESvwALL and the DANA calculations it can be
concluded that SEwWwALL gives reliable results for the calculation of propped walls.
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Figure 3.18 Calculation results of DIANA for the propped wall in saturated sand. Trans-
verse results are viewed from the excavation towards the sheet pile wall.

3.5.5 Evaluation of the comparison

In the preceding sections the calculation results KEBWALL have been tested against
two 3D cases calculated withiBNA. The tests show that both tifie and thePyy factors
determined with DANA and KEWWALL correspond quite well.

SKEWWALL is proven to be a useful tool to investigate oblique bending and to determine
suitable reduction factors that can be applied in design to account for the loss of strength
and stiffness due to oblique bending.
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3.6 Quantification of factors influencing oblique bending
3.6.1 General

In Section 3.3.1 some important factors were discussed that may influence oblique bending,
such as soil particles in free interlocks, structural detailing of struts, walings or welding of
interlocks, and pile installation.

In this section these factors are quantifiecdkE®WALL is used as a tool to investigate
the influence of different kind of soils and of different structural detailing. For other factors,
where the influence could not be determined wiktE®&WALL, use is made of full-scale
experiments available from literature.

3.6.2 Influence of structural supports and shear resistance of soil

The influence of lateral and transverse supports and a capping beam has been investigated
with more than 100 SEwwALL calculations, and the IBNA calculations from Section 3.5.

The configurations are subdivided into cantilever walls and propped walls, which are
either retaining, or not retaining, soil, see Figure 3.19. Two different soil types were used:
one representing a soft clay and one a medium dense sand. The stratification was either one
or two layers and the boundary was chosen such that in the lower layer a cantilever moment
could be generated whenever possible.

roppe wéli

without soil with soil without soil with soil
Ydry Vsat d ¢’ 6 v k Ka Ko Kp
(kN/m3)  (kN/m3)  (kPa) ) ©) - (kN/md) - -
clay 15 15 5 20 133 0.3 5000 0.442 0.66 2.75
sand 18 20 1 30 20 0.2 20000 0.3 0.5 5.3

Figure 3.19 Definition of configurations

The calculations with 8EwwALL indicated that the shear resistance of the soil in the
transverse direction gives a positive contribution to the impediment of obliqgue bending.
However, it could not be concluded that the soil type (i.e., sandy or clayey soil) was an
important factor in the impediment of oblique bending. Therefore distinguish is only made
betweernwith soilandwithout soil Figure 3.20 shows a categorised set of reduction factors
B andBw. From this figure the following observations are made:

e There is no clear relationship between the loss of strength of a cantilever wall or a
propped wall, and thp, o of a sheet pile section



3.6. Quantification of factors influencing oblique bending

89

0.5
Transverse Suppo& Soil? !

By for cantilever wall

0.6
I

0.7
I

0.8
I

J

no support without soit
no support with soil

transverse hinge without soi

transverse hinge with soi
capping beam without soi

capping beam with soil

welded with soil

0.5
Transverse Suppo& Soil? !

Bw for cantilever wall

0.6
I

0.7
I

0.8
I

J

no support without soi

no support with soiH
transverse hinge without sof

transverse hinge with soi
capping beam without soi

capping beam with soil

welded with soil

0.5

B for propped wall

0.6
I

0.7
1

0.8
I

J

Transverse Suppo& Soil? !
no support without soi

e

no support with soil

transverse hinge without soi
transverse hinge with sot

capping beam without soi
capping beam with soi

welded with soi

0.5

Bw for propped wall

0.6
I

0.7
1

0.8
I

J

Transverse Suppo& Soil? !

no support without soi
no support with soil

transverse hinge without soi
transverse hinge with soi

capping beam without soi

capping beam with soi

welded with soil

1.0

Sections

o: PU8,By o = 0.55

x: LB07K, By o = 0.47
o: DIANA, B0 =0.49

1.0

Sections

o: PU8,Bw,o = 0.60

x: L607K, Bw,o = 0.46
o: DIANA, Bwo = 0.61

1.0

Sections

o1 PU8,Bj o =0.55

*. PU16,B) 0 =0.50
x: L607K, Bi o =0.47
o: DIANA, B0 =0.49

1.0

Sections

0. PU8,Bw,o = 0.60

*: PU16,Bwo = 0.55
x: L607K, Pwo = 0.46
e: DIANA, Bwo = 0.61

Figure 3.20 Reduction factors for cantilever and propped walls
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e There can be a constant difference recognised betwedithef a sheet pile section
and thePy resulting from the calculations

e Both soil resistance behind the sheet pile and transverse supports contribute to the
reduction of oblique bending

¢ In the case of a cantilever wall, a transverse restraint and a capping beam may be
treated equally

e Inthe case of a propped wall, a transverse restraint at the prop does not give additional
resistance against oblique bending

Based on these observations it is proposed to apply incremental factdisdad By to
take the effects due to structural supports and shear resistance of the soil into account, as
proposed by ENV 1993-5.

The following conclusions can be made as a basis of design, with resg&ct to

e For a cantilever wall, a minimum value @f o = 0.60 and for a propped wall a mi-
nimum value off; o = 0.55 may be applied, provided that the sheet pile wall can be
defined as a geotechnical construction

e In the case of a cantilever way; may be increased withB support= 0.10 when a
transverse restraint or a capping beam is applied to the top

e In the case of a propped waf o may be increased with sypport= 0.05 when a
capping beam is applied to the top

e For all sheet pile walls embedded in sfjl may be increased withp) 5o = 0.05,
unless the sheet pile wall is retaining just water (no soil) or a backfill

With respect tdy the following conclusions are made:

e For both a cantilever and a propped wall a minimum valupyg$ should be applied
in accordance with the structural properties

e For a cantilever wallpw may be increased withBw support= 0.05 when a transverse
restraint or a capping beam is applied to the top

e For a propped walpw,o may be increased withBw support = 0.10 when a capping
beam is applied to the top

¢ For all sheet pile walls embedded in spil, may be increased withBw soii = 0.10,
unless the sheet pile wall is retaining just water (no soil) or a backfill

3.6.3 Influence of interlock friction

Juaristi [45] and Vanden Bergle al. [77, 78] conducted a series of experiments to deter-
mine the influence of intruded soil particles on friction in the free interlocks. A cylindrical
tank with two clutchesd = 0.625 m,h = 1.5 m) was filled with sand of a known density

and subsequently a test specimen, consisting of two clutches welded together, was driven
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Figure 3.21 Experimental determination of interlock spring laws, conducted by Jua-
risti [45]

in the two receptive clutches using a small vibrator. Next the pile was extracted and at the
same time the load displacement curve was measured, see Figure 3.21.

The load-displacement curve can be approximated by a simplified bi-linear spring law,
from which the interlock spring stiffness paramdteran be derived. Two different kinds of
sands were usedellowor Fine Sanddsp = 0.18 mm,dgo/d10 = 2.22) andGreyor Coarse
Sand(dsp = 0.63 mm,dso/d10 = 2.65). The maximum interlock spring stiffness observed
in the tests was order of magnitulle= 25,000 kN/n?.

The calculation in Figure 3.22 was used to compare the order of magnitude of measured
interlock spring stiffness to that required to impede oblique bending. A simply supported
double PU 8 sheet pile loaded with a concentrated load is subjected to different levels of
interlock friction. The presented calculations show that an interlock spring stiffness in the
order ofk; = 100,000 kN/nT to ki = 10,000,000 kN/nt is required to obtain a significant
reduction of the vertical displacement. In the case of an interlock spring stiffnégs=of
25,000 kN/nt the reduction factors increase witfl; = 0.03 andABw = 0.07.

Bi Bw
0.00 ki = 0 kN/m? 0.55 0.60
— — — —k = 25,000 kN/n? 0.58 0.67
£ 001 ——— k = 100,000 kN/r? 0.66 0.75
~ —-—~-k = 1,000,000 kN/n? 0.89 0.89
£ 002 ——————=10,000000 kN/ni?  0.99 0.96

Elgy = 0 kN/m? 1 1

0.03

Figure 3.22 Vertical displacement Wy of a beam in three-point bending as function of
different levels of interlock friction

Comparingk; = 25,000 kN/nt observed in the experiments to the minimum value of
ki = 100,000 kN/n? to obtain a significant reduction of the vertical displacement, the fol-



92 Chapter 3. Oblique bending

lowing recommendations are proposed:

e In loosely packed sandj{ < 20 N/mnt) intrusion of soil particles in the free space
within the free interlocks will not lead to a significant reduction in oblique bending

e In densely packed sand{> 20 N/mn7) intrusion of soil particles in the free space
between the driving interlocks may lead to a small reduction of oblique bending. For
this case| o may be increased with) interiock = 0.05 andBw;o with ABwinteriock =
0.05

Vanden Bergheet al. [77] reported two additional tests in saturated sand. For each test
series the CPT cone resistance and duration of vibrodriving were comparable. The interlock
resistance was reduced to about 20% of the original value when the pile was installed in
the saturated sand. Vanden Bergiel. suggest that the loss is the result of liquefaction
induced during the vibrodriving; the liquefaction of the sand increases mobility of sand in
the interlock and it can escape, reducing the interlock resistance.

It is, however, questionable whether the mechanism described by Vanden Extrghe
al.is still valid for pile driving in deeper densely packed sand layers, as typically found in
the Netherlands. Therefore the presented proposals do not distinguish dry or saturated soil.

3.6.4 Influence of welding during excavation

The influence of welding during excavation is investigated for the cantilever wall using the
DIANA calculations, see Table 3.9. These calculations show that for the cantilever wall
considerably more resistance against oblique bending may be expected than when a short
weld is made near the pile top immediately after installation (capping beam). Therefore the
following directives are proposed:

¢ In all case; may be increased withp weig = 0.20

e In all casew may be increased withByyeiq = 0.20

3.6.5 Influence of pile installation

The shear resistance of the interlocks may be influenced by deviations during installation.
There are several different methods available to install the sheet piles in the ground. The
most common methods apétch and drive in which the (double) piles are installed one

by one to the full depthpanel drivingin which a panel of piles is installed in one or more
stages to the full depth, arstiaggered drivingn which piles are installed in turn as follows:

first pile 1, 3 and 5, then pile 2 and 4, etc. Piles can be installed in the ground either by
pushing, vibrating or driving.

With regard to reduction of oblique bending, the greater the interlock friction that is de-
veloped, the more the oblique bending is reduced. Slender piles or (re-used) bent piles may
also generate more shear resistance in the interlocks. In practice, steel sheet piles are never
installed perfectly straight and are never installed with the same installation imperfections.

A general rule of thumb is that the driving techniques with the greatest risk of
declutching give the highest resistance against oblique bending.

The effect of pile installation on oblique bending is illustrated with two cases.
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Figure 3.23 Transverse bending of a series of double U-piles, measured in Schiedam [6]
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Case 1l

The first case concerns a full-scale field test carried out by Bats and Smitin 1985 [6] for the
construction of a metro in Rotterdam. 12 Pairs of Larssen V sections, 21 m long, retained
an 8 m deep excavation and were laterally restrained at the top. The central interlocks of
the pile pairs were crimped and the piles were driven into the ground by the pitch and drive
method. Bats and Smit reported the occurrence of both lateral and transverse |&&mof O

at 8 m depth and.8 m at 21 m depth, and an average rotation around the driving interlocks
of 22° due to pile driving.

Figure 3.23 shows the transverse displacement of the 12 pile pairs after excavation. The
transverse curvature is an indication of oblique bending. Each pair of piles shows different
transverse bending behaviour; some piles, e.g., pair 7/8 show transverse curvature, other
piles, e.g., pair 17/18 show no transverse curvature at all.

This case illustrates the importance of pile driving to oblique bending. The large twist
between the individual piles due to imperfect pile driving, causes high contact forces bet-
ween the threaded driving interlocks. Obviously these contact forces were in some pile
pairs, e.g., pair 17/18, higher than in other pile pairs, e.g., pair 7/8.

Itis evident that a designer may not relyiomperfect pile driving Imperfect pile driving
implies a high risk of declutching and can even lead to a loss of the complete structure.

Case 2

The second case concerns the Rotterdam sheet pile wall field test, for which reference is
made to Chapter 4. Figure 3.24 shows the transverse displacement of three non-adjacent
pile pairs. These piles were vibrated to the required depth using the pitch and drive method;
the rig was equipped with a leader. Both the design team and the installation team strived
for as perfect a pile installation as possible.

~ Transverse ~ Transverse ~ Transverse
Displacement (mm)  Displacement (mm)  Displacement (mm)
Pile H2 Pile H4 Pile H6

-40-20 0 20 40-40-20 0 20 40-40-20 0 20 40
L I I I I I I I I I I I J

\
. 34}1\1-3 B R R i i‘I‘ B

= \ 4
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Figure 3.24 May 11 1999: results in transverse direction for a 5.5 m deep excavation

The piles H2 and H4 clearly show the occurrence of oblique bending, pile H2 more than
H4. In H6, the amount of oblique bending is even smaller. The reduction factors for the
stiffness wergd; = 0.57 in H2,; = 0.68 in H4 andB3; = 0.76 in H6, see also Section 6.3.
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The explanation for this global wall behaviour is most probably that the closing pile of
the excavation was close to pile H6, which was installed with much more effort than the
other piles, see Section 4.3.1. As pile installation was the only variable for these three piles,
it can be stated that the contribution of pile installation W@ginstaliation = 0.1 for pile H4
andAB, installation = 0.2 for pile H6.

This case illustrates that even when perfect pile driving is strived for, there will always
be some driving imperfections that cause high contact forces between the driving interlocks.

Evaluation on pile installation

It is evident that the designer should not relyimperfect pile installation However, the
practice of pile installation obviously shows that there will be some imperfections and that
some friction in the free interlocks may be taken into account. An exception should be
made for installation by pushing. This technique is often chosen to install the sheet piles in
the ground in a more controlled way. Therefore it may be expected that the contact forces
between the driving interlocks are significantly smaller than in cases of pile vibrating or pile
driving.

Information about the magnitude &) installation aNd ABwinstallation iS Scarce. In the
three piles from the Rotterdam Sheet Pile Wall Field Test an averg§ie-00.7 was found
with a deviation of+0.1. This Q1 may be regarded as an average value that accounts for
pile installation: ARy instaliation = 0.10. According to Figure 3.22 an appropriate increment
for ABw would beABwinstallation = 0.15.

In order to prevent the designer from specifying bad driving techniques, the following
proposal is made to account for pile driving:

e When piles are installed by pushing:

— APy installation = 0.00 andABw;jnstallation = 0.00
e For the other pile installation techniques:

— APy installation = 0.10 andABw;jnstallation = 0.15

This proposal does not include techniques that are aimed at decreasing the driving resis-
tance, such as making use of friction reducers, water jetting and boring at the free interlocks.
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3.7 A new design method for oblique bending

On the basis of the analyses made in the preceding sections, a new design rule is proposed
to take oblique bending into account. This method assumes that the traditional sheet pile
propertieshe, Wy andl are determined for a continuous wall.

The effective sheet pile parameters should be determined according to equations (3.1)
and (3.2)

let = Bi lcontinous wall (3.1)
Weff = BWWcontinuous wall (3-2)

The factorg}; andBw should be determined from:

3
Bi =Bio+ X, ABii +max(ABi a,ABi g, ABi c) < 1.00 (3.37)
-1

3
Bw = Bwo + X, ABw, -+ max(ABw.a. ABw,s. APw,c) < 1.00 (3.38)
=

where the eigen valugs o andBw,o are determined from the cross-sectional properties by
equations (3.39) and (3.40).

Blo=1- by lyx (3.39)
7 I lyy

- —Ixyx+ |xxy 2|yy

where forBw,o the minimum value of any point (x,y) on the cross-section should be taken
and a minimum value for the stiffness may be applied of

e B 0> 0.60 in the case of a cantilever wall
e Bio > 0.55in the case of a propped wall

and where the different influences that may reduce oblique bending, are taken into account
by increments\B; ; andAPw; in accordance with Table 3.11.

The increments in Row 1 to 3 may be addet@ andBw, and for those in Row A
to C, only the maximum value may be taken, because these rows are all related to interlock
friction.

It is noted that as a result of the scatter in the calculation results in Figure 3.20, the
factors are chosen such that rather conservative factors might be obtained.
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Row Effect Criterion Double pile
ABii  ABw;
The following influences may be added
1 Soil shear resistance Cohesive or frictional soil 0.05 0.10
(due to transverse bending) Water or a backfill 0.00 000
T s ¢ No support 0.00 0.00
2 ransverse supports in case 0 Simply supported 010  0.05
0 lateral supports B
Weld or capping beam attop  0.10 0.05
T si ¢ No support 0.00 0.00
3 ransverse supports in case 0 Simply supported 000  0.00
> 1 lateral supports B
Weld or capping beam attop ~ 0.05 0.10
For the following influences, the maximum value may be taken
- _ Qc > 20 N/mn? or Re > 0.75 0.05 0.05
A Soil in the interlock
or lubricated interlocks
S Lubricated 0.00 0.00
B Treatment of driving interlocks
Welded during excavation 0.20 0.20
Pushed or lubricated interlocks 0.00 0.00
C Driving into the soil

Other installation methods 0.10 0.15

e The factorg}; andPw are determined from

3
Bi =Bio+ Y ABii +max(APi a, A B,ABi c) < 1.00
=

3
Bw = Bw,o+ ZABWJ + max(ABW‘,AABW‘&ABW,C) <1.00
i=1

applying the operation only over those of the six effects for which the criteria are fulfilled

e The eigen valueB, o andBw,o should be determined from the structural properties of the cross-segtion
of the double-U pile. For a cantilever wall a minimum valuefpf = 0.60 may be taken and for a
propped wall a minimum value ¢¥ o = 0.55

e Row 1 accounts for the shear resistance of the ground behind the wall, hindering the occurrence of
oblique bending of double piles

e Row 2 accounts for the transverse restraint provided by the waling of a cantilever wall. The transverse
support must be installed prior to excavation

e Row 3 accounts for the transverse restraint provided by the waling of a propped wall. The transverse
support must be installed prior to excavation

e Row A accounts for the effect of the soil particles pressed into the void of the interlocks, thus increasing
the friction. Initially the piles should be installed fully embedded into these soil layers. When the| piles
are only partly installed in the soil layexp; andABw should be reduced proportionally

e Row B accounts for the various possible effects on the interlock to be treated on site, that can be in-
fluenced by human intervention, such as lubrication to reduce friction and welding of the free interlocks
during excavation to prevent the interlocks from slipping

e Row C takes into account the effect of the driving system used to install the sheet piling into the ground.
Row C excludes techniques that are aimed at decreasing the driving resistance, such as making use of
friction reducers, water jetting and boring at the free interlocks.

Table 3.11 Reduction factors By and Py for double-U sheet pile walls
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3.8 Design examples

3.8.1 Cantilever wall

In Figure 3.25 the case of a cantilever wall in sand is considered. A double PU 8 [57]
(I = 13940 cni/m, W = 830 cn?/m) sheet pile wall of 12 m length retains a 4 m deep exca-
vation. The wall is not supported laterally and simply supported at the top in the transverse
direction. The sheet pile wall is vibrated into sand with a relative densiBsef 0.75. The

driving interlocks are not treated. The design values of the other relevant parameters are
given in the figure.

Cantilever wall Displacemen{m) Bending momer(kNm/m)

-04 -02 0 02 04 -200 0 200
L 1 I I J 1 1 I

0+ T e \
-1 I —

Sand:
v = 20 kN/n?

¢ =2kPa
Section:| ¢’ = 35°

PU 8] stroke=0.01 m
v =0.2
Ka = 0.247 7
Ko = 0.426
Kp=65

—— | skewwaLL  fy =264 N/mn?
—— B =075  f,=218 N/mnf

-12-

Figure 3.25 Design example and calculation results of a cantilever wall

According to Table 3.11 the following reduction factors should be applied:

3
Bi =Bio+ X, ABii +max(ABia,ABi B, ABi c) < 1.00 (3.37)

i=1

3
Bw = Bwo+ D APw, +max(ABw,a, APw,s. ABw,c) < 1.00 (3.38)
i=1

Zero values: A PU 8 section ha$ o = 0.55 andBw,o = 0.60 — B o = 0.60 andBw,0 =
0.60

Row 1: The advantageous effects of shear resistance of the soil may be taken into account
— AB|’1 =0.05 andABWJ =0.10

Row 2: No support in the lateral direction and simply supported in the transverse direction
— ABj 2 =0.10 andABw2 = 0.05

Row 3: Not applicable

Row A: The advantageous effects of intrusion of soil particles into the free interlocks may
be fully taken into account> AR o = 0.05 andABwa = 0.05
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Row B: Not applicable
Row C: The sheet pile wall is installed by vibrating AP c = 0.10 andABwc = 0.15

It follows that

3
Bi =Bio+ D, ABIi +max(ABi a, APy g, ABi c) = 0.85 (3.41)
=
3
Bw = Pw,o+ z ABw,i +max(ABw,a, ABw,s, APw,c) = 0.90 (3.42)

i=1

When the practical influences of row A and C are not taken into account, a reduction
factor would have been found gf = 0.75 andBw = 0.75. These factors are required for a
comparison with 8REwwALL . Figure 3.25 shows the lateral displacements and lateral ben-
ding moments calculated withkBwwALL, compared to a conventional calculation using
a reduction factor ofy = 0.75. The maximum displacement wifh = 0.75 is 11% lar-
ger than that calculated withkBwwALL. The factorfw following from SKEWWALL, is
derived from the calculated maximum steel stredgesuch that

218
Bw = 264~ 0.83 (3.43)

This factor is less conservative thgy = 0.75 determined with Table 3.11 without practical
influences. The calculations show that in this example the theoretical result fof,barial
Bw is rather conservative. However, when the installation effects are taken into account, the
results according to Table 3.11 are quite acceptable.

CUR 166 [27] recommends the following reduction factors for this cfse: 0.80 and
Bw = 0.90.

3.8.2 Propped wall

The second case concerns a propped wall retaining sand. The sheet pile wall is composed
of double U Larssen 606 sections [44 54370 cm/m, W = 2500 cn¥/m) and the exca-

vation is 7 m deep. The wall is supported at the top in both lateral and transverse direction.
Although the soil properties above and below excavation level are assumed to be identical,
the relative density of the sandRs = 0.70 above excavation level afd = 0.80 below ex-
cavation level. The piles are installed by driving. The driving interlocks are not lubricated.
The design values of the other relevant parameters are given in Figure 3.26.

According to Table 3.11 the following reduction factors should be applied:

3
Bi =PBio+ Y AP +max(ABia,ABi g, ABic) < 1.00 (3.37)
=]
3
Bw = Bw.o+ D ABw, + max(ABw.a, ABw,s, ABw,c) < 1.00 (3.38)

i=1

Zero values: A Larssen 606 section h#s o = 0.51 andBwo = 0.54 — AP o = 0.55 and
APw,o = 0.54
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Propped wall wall

|_

Section:
L 606

Sand:

v =20 kN/n?

¢ =2kPa

¢ =35
stroke= 0.01 m

1v =02

Ka=0.247
Ko = 0.426
Kp=65
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SKEWWALL
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Bending momer(kNm/m)
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Figure 3.26 Design example and calculation results of a propped wall

Row 1: The advantageous effects of shear resistance of the soil are not dependRant on
and may be taken into account ABj 1 = 0.05 andABw 1 = 0.10

Row 2: Not applicable

Row 3: Simply supported in the lateral direction and simply supported in transverse direc-
tion — AP 3 = 0.00 andAPw 3 = 0.00

Row A: As a result of the relative density of the soil layers, the advantageous effects of
intrusion of soil particles into the free interlocks may be taken into account from a
depth of 7 m and below. Therefof; o = 7/12x 0.05= 0.03 andABw.a = 7/12x
0.05=0.03 — ABj; o = 0.03 andABwa = 0.03

Row B: Not applicable

Row C: The sheet pile wall is installed by vibrating ABj ¢ = 0.10 andABwc = 0.15
It follows that

3
Bi =Bio+ X, ABii +max(ABi a,ABi g, ABic) = 0.70 (3.44)
=
3
Bw = Bwo+ X, ABw, -+ max(APw.a. ABw,s, APw,c) = 0.79 (3.45)
=

When the practical influences of row A and C are not taken into account, a reduction
factor would have been found @f = 0.60 andByw = 0.64. These factors are required for
a comparison with SEwwALL. Figure 3.26 shows the lateral displacements and the late-
ral bending moments calculated witlkS~ywALL,, compared to a conventional calculation
using a reduction factor ¢f; = 0.60. The maximum displacement wiffa = 0.60 is only
6% larger than that calculated wittk BwwALL. The real factoBy required for this case
is derived from the calculated maximum stres§gsuch that

Bu — 168

— =072

>33 (3.46)
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This factor is less conservative thaf = 0.64 determined with Table 3.11 without practical
influences.

The calculations show that for this example Table 3.11 gives an good resjtbat a
rather conservative result f@gy.

CUR 166 [27] recommends the following reduction factors for this cfse: 0.80 and
Bw = 0.90.
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Chapter 4

Sheet pile wall field test in
Rotterdam

4.1 Introduction

4.1.1 Motivation and aims

The development of Structural Eurocodes described in Chapter 1 together with the deve-
loped knowledge about plastic design and oblique bending presented in Chapters 2 and 3
were the inspiration behind a full-scale field test in which plastic design and oblique bending
were topics of research.

In 1993 a full-scale sheet pile wall field test was carried out in Karlsruhe by the Institute
of Soil Mechanics and Rock Mechanics of the University of Karlsruhe (D) in close coope-
ration with the Dutch Centre for Civil Engineering Research and Codes (CUR). This test in-
volved a 5 metre deep excavation retained by a 6 metre long single supported sheet pile wall
composed of lightweight trench sheeting sections KD VI afg$cH (D) (W = 242 cn).

The subsoil consisted of dry sand and the groundwater level Wwamls Below the excavation.
Motivation for the Karlsruhe field test was to ‘investigate the possibilities and limitations of
calculation tools with respect to the prediction of wall displacements’. For this test, 43 pre-
dictions were made as well as a number of recalculations based on the field measurements.
For a detailed report of this field test, see Von Wolffersdorff [88].

Also in 1993 drafting of ENV 1993-5 started. It was intended to include design rules
that would account for plastic design and oblique bending, and therefore the ECSC research
project mentioned in Chapter 1 was initiated.

For drafting of ENV 1993-5, missing knowledge concerning the structural behaviour of
the sheet pile could be provided but several questions concerning the soil structure interac-
tion in practical situations remained.

103
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Two of the remaining problems that justify a full-scale field test are the following:

e The effects of moment redistribution due to a plastic hinge can be demonstrated nu-
merically with various soil-structure interaction models but have never been validated
in an actual practical case

e Oblique bending is hardly ever observed in practice, but the reason could not be ex-
plained from an extensive programme of laboratory tests. Therefore it is not known
whether oblique bending can occur in practice and what loss of structural resistance
it involves

These issues regarding the design of steel sheet pile walls inspired the Geotechnical Labora-
tory of Delft University of Technology and the Dutch Centre for Civil Engineering Research
and Codes (CUR) to initiate a full-scale sheet pile wall field test in very weak clay and peat
and with a high groundwater level. In this sheet pile wall field test research was focused on:

¢ the performance of a sheet pile wall with a plastic hinge
¢ the performance of a sheet pile wall composed of double U-sections (oblique bending)
¢ the short-term and the long-term performance of both sheet pile walls in very soft soil

For this field test an excavation of approximately 12 metres square was constructed in which
two test walls were included. One test wall consisted 81 3-sectionand the second test

wall compriseddouble U-piles Larssen 607K he two side walls were composedsifigle

U-piles LX32 Four slurry walls and four special interface piles which are cut along almost
their full length, had to ensure that both the test wall and the active soil wedge behave more
or less independently from the surrounding soil, so that a situation as close as possible to a
plane strain behaviour was obtained. An overview of all the technical drawings is given in
Appendix E.

A prediction exercise also formed part of this field test. The aims of the prediction
exercise were to determine the state-of-the-art of the available models for analysis of steel
sheet pile walls in soft soil and to introduce the new phenoma of plastic design and oblique
bending to practising design engineers. The prediction exercise and the results of the pre-
dictions submitted, are presented in Chapter 5.

In this chapter the test setup is described and the measured results are reported. In
Chapter 6 the test results are evaluated in more detail and several back-analyses with the
subgrade reaction and the finite element methods are presented.

4.1.2 Location

The test site was situated near Pernis, which is a suburb west of Rotterdam, and formed
part of the construction site for the Benelux metro line in Rotterdam. In the Pernisserpark a
small area of land was available, about:2®0 metre, where the field test could be carried
out.
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4.1.3 Project organisation

The project organisation is illustrated by the chart in Figure 4.1 and was supervised by CUR
committee C119. Partners in C119 were all national and international parties who were
involved in the test. An international scientific advisory committee was founded, who had
the task of advising on the design and progress of the field test.

Sheet pile wall field test Rotterdam
Project organisation

c119

International
Scientific
Advisory

Committee

national
partners

inter-
national
partners
(producers)

Project office
Baldée {leader)
Van Tol
Kort
Jonker

Workshops
Van Tol
Jonker

= i Test
Kuiper (leader) Kort (leader)

Figure 4.1 Project organisation of the Rotterdam sheet pile wall field test

Predictions
Kort
Jonker

Delivering of

sheet piles

- testing

- change type
sheet piles

Baldée (leader)

Field/lab. Monitoring/
[ igations | | Instr i

Hoefsloot (leader)

PR-activities
- video
Jonker {leader)

Hoefsloot (leader)

Daily management was provided byp#ject office consisting of four members of com-
mittee C119. Theproject officewas also required to advise Committee C119, to organise
the prediction exercise and workshops, and to manage the progress of several parts of the
test: soil investigation, monitoring, execution aspects, delivering of sheet piles, the actual
test and PR-activities. For each specific part of the test small workgroups were created,
supervised by a member of committee C119 and by at least one menyiejext office

4.2 Pretesting

The structural behaviour of the AZ13-wall was investigated with three four-point bending
tests. One bending test was carried out prior to the field test on a specimen which was
fabricated using a pile from the same rolling as most of the AZ13 piles used in the field
test. The other two bending tests were carried out after the field test on the piles A3 and A4
which actually were used in the field test. The aims of the bending tests were:

e To determine the moment-rotation cuni £ ¢ curve), the moment-curvature curve
(M —x curve) and the ultimate bending resistaivigof the AZ13-test pile

e To verify the measurement procedure of the bending moment from strain gauges
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¢ To verify the instrumentation plan for the strain gauges as was foreseen for the field
test, including positioning and protection of gauges and lead wires

In the first bending test it was noted that the structural behaviour was less stiff than expected.
A clear explanation for this loss of stiffness was not found, and therefore the structural
behaviour of this first bending test is not considered in this thesis.

The instrumentation plan was verified by forming an epoxy strip covering the strain
gauges and lead wires. In the field test such a strip is necessary to protect the strain gauges
and lead wires from damage during transport, handling and driving of the piles. The in-
fluence of the epoxy strip on the stiffness of the pile appeared to be negligible. Furthermore,
the instrumentation continued functioning even after the sheet pile had buckled. Figure 4.2
shows the ductile behaviour of the epoxy strip when the sheet pile was subjected to large
deformations.

Figure 4.2 Epoxy protection strip subjected to large deformatons

After the field test, two tests on piles A3 and A4 were carried out. The aim of these tests
was to determine a representatie- x curve which could be used to determine the bending
moment from the strain measured in the field test. The test setup is presented in Figure 4.3
and the measured — ¢ curves and — x curves of piles A3 and A4 in Figures 4.4 and 4.5.

The elastic behaviour of the two additional bending tests is in agreement with the theoretical
behaviour. The moment capacity of the piles decreased with increasing plastic curvature
because of the loss of stability of the cross-section due to yielding and buckling of the
compression flange; this mechanism is explained in Section 2.3.2.

An overview of the test results is given in Table 4.1 and the test specimens are close
to the boundary of a Class 1 and a Class 2 section, see Table 2.3. It is noted that this
cross-section is suitable for the purpose of the field test, as plastic design using Class 2
cross-sections is allowed; see also the design examples in Section 2.7.

After the field test, when the test piles had been extracted, six coup®ns ldng were
cut from the toe of the six AZ13 test piles Al to A6 for tensile testing. The numbering
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Figure 4.3: Setup of the four point bending tests on Piles A3 and A4
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Figure 4.4: Moment-rotation curve determined from the bending tests at TNO [12]
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Figure 4.5: Moment-curvature curve, determined from the bending tests at TNO [12]
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b A I W bt f, % Wi Mo My,
pile mm cnt cm® cm® mm mm MPa crA  kNm/m  kNm/m
A3 1354 184 26851 1752 383 9.6 314 46.1 2050 480 458
A4 1356 182 25636 1697 387 9.7 315 46.1 1985 467 467

catalogue 1340 183 26400 1740 360 9.5

Table 4.1 Structural properties of pile A3 and pile A4, determined with a four-point ben-
ding test, compared with characteristics from the catalogue [57]

of the tested flanges and webs is indicated in Figure 4.6 and is in accordance with Annex
A of prEN 10248-1:1993 [23]. The tensile tests were carried out in accordance with EN
10002-1:1991 [19].

5
7 213 Echantilon TU Detbt Q\

e a7

Figure 4.6: Position of the specimen in the cross-section

The results of the tensile tests are presented in Table 4.2. Itis clearly shown from the test
results that the test piles have been manufactured in two rolling processes. In one process
the average yield stress was abdyit = 300 N/mn? and in the otherfy, =330 N/mnf.

The piles A1 and A6 have a higher yield stress because these piles were not part of the
original two rolling processes.

Pile  Positon Amn? tmm fy N'mn?  fym N/mn?

Al 3 283.1 9.42 363.9 482.2
5 277.5 9.25 364.0 488.3
A2 1 276.9 9.20 330.4 429.7
2 279.0 9.30 342.3 433.7
6 268.5 8.95 301.7 413.4
A3 3 263.1 8.80 311.6 425.7
5 280.5 9.35 308.4 424.2
6 268.8 8.96 316.2 427.8
A4 1 276.0 9.20 333.3 431.2
2 278.1 9.27 330.8 438.7
4 273.9 9.10 295.7 416.2
A5 2 280.5 9.35 328.0 433.2
3 266.8 8.88 303.5 416.0
6 263.5 8.77 299.8 413.8
A6 2 296.1 9.87 378.3 493.1
4 283.8 9.46 373.5 403.5

Table 4.2 Results of the tensile tests on the piles from the field test [12]
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4.3 Test setup and test procedure

4.3.1 Layout of the test site

Figures 4.7 and 4.8 show the layout of the sheet pile walls. The four walls were installed
in an almost square form, with sides of about 12 metres. The top of the sheet piles was at
NAP-+1.0 m and the greenfield at NAFD.6 m. The north and the south walls were test
walls of 19 metres length, and the east and west walls were 2 metre longer.

1224
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Figure 4.7: Topview of the Rotterdam Sheet Pile Wall Field Test
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Figure 4.8: Sideview of the Rotterdam Sheet Pile Wall Field Test
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Enabling works

The enabling works for the test site started in May 1998. To make the test site accessible
for the necessary soil investigation equipment, a sand fill about 0.4 m thick was put over the
entire test area. In addition to the soil testing, 9 piezometers were installed to measure the
initial pore pressure distribution over their depth, and the pore pressure increase as a result
of placing the sand fill. In September 1998 the sand fill was completed to a total thickness of
1 metre and as a result, the site settled approximately 2 cm before sheet pile driving started.

In February 1999 the sheet piles were installed using a rig Hipechi KH 150 PD
and a high-frequency continuously adjustable impact-vibration hammer)|@pe3 RFE
The impact-vibration hammer was connected to a leader in order to drive the sheet piles as
straight as possible.

Piles S1 and S4 experienced a very high driving resistance, as these were the closing
piles in the specific corners. For pile S1 and the last few meters of pile S4 a heavier vibrator
was required. Therefore high interlock friction may be expected in these piles, and possibly
in the neighbouring one or two piles. Further, piles A1 and A6 were new piles with higher
yield stressesf( ~ 370 N/mn¥).

Test walls

The north wall consisted of 10@8ED AZ13 double piles of length 19 metres. Of these, 6
formed the test wall, 2 the interfacing piles, AZ13S, and 2 the corner piles. The interconnec-
ting interlocks of the double piles were welded over the full length but for the free interlocks
no special measures were taken. The sheet piles were vibrated to NAR. Inclinometer
tubes were welded onto piles A2, A4 and A5, pile A3 was equipped with 12 earth pressure
cells of which 4 on the excavated side and 8 on the retaining side, and test pile A4 was fitted
with 40 vibrating wire (VW) strain gauges.

The south wall was formed by 7 Larssen 607K double U-piles frangsicH H1 to H7,
of length 19 metres. The interlocks of the double piles were welded but no special measures
were taken for the free interlocks. The toe of the sheet piles was installed at NAR.
Inclinometer tubes were welded onto piles H2, H4 and H6, pile H3 was equipped with 12
earth pressure cells of which 4 on the excavated side and 8 on the retaining side, and test
pile H5 was fitted with 40 vibrating wire strain gauges. The south wall was completed by
2 interface piles, AZ13S, and two corner piles H8 and H9.

The east and the west walls were each formed by 20 LX32 single U-piles fram$H+
STEEL, of length 21 metres. These piles were installed to N&B m in order to reduce the
disturbance to the passive zones developed by both test walls. Piles BS6, BS14, BS26 and
BS34 were equipped with inclinometer tubes.

Strutting

The plan of the struts and walings is given in Figure 4.9 and the centre line of the frame
work was at NAR-0.75 m. The struts for the north and south test walls were designed in a
such way that both test walls could act as independently as possible and that influence from
other sheet piles was minimised. Any difference between the strut forces was carried by to
the stiff HE 600B struts between the east and west walls. The struts and the walings were
constructed as hinged connections with sufficient rotation capacity between the sheet pile
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walls and the frames. The strut system included 6 pressure cells, 4 to measure the lateral
strut force by the north and south test walls and 2 to measure the axial force in the waling of
the double U test wall on the south side. To minimise the effect of the air temperature and
direct sunlight on the strut force, the twoBIE 300A beams were painted white.
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Figure 4.9: Strutting plan

Corner effects

As the corners of the excavation would have a large effect on the test walls, four special
interface piles were developed, see Figure 4.10. These piles, consisting of AZ13 sections,
were cut over a length of 16 metre. In order to prevent water leakage into the excavation,
the gap was covered with a 2 mm thick VLDPE foil clamped against the sheet pile. For
better drivability of these special piles, 2 metres at the pile toe and 1 metre at the top of the
pile was not cut through and to protect the foil, the special piles were placed in a bentonite
column extending to NAR15.5 m. After driving, the pile was also cut at the top.

In order to obtain plane strain behaviour of the active soil wedge, two separation walls
were installed behind each test wall. The separation walls comprised bentonite-soil columns
#500-700 which were mixed-in-place with a hollow auger rig. The toe of the columns varied
from NAP—13.5 m close to the test wall to NAP3.5 m at 13 metres behind the test walls.
Inside the excavation the bentonite screens were omitted because of the risk of seepage
during excavation and pumping.
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Figure 4.1Q Special interface pile

4.3.2 Material parameters
Structural data

In Table 4.3 the characteristics of the AZ13 and the L607K sheet piles are given. These
characteristics are conform the specifications given Rp#L ARBED [57] and KRUPP
HOESCH[44].

A | w bt ts I;x |§y c Elyy Bi 0 ]3\/\/)0
pile c®m  cnf/m cm¥m mm mm ot cm® mm  kNmé/m
AZ13 137 19700 1300 360 9.5 - - 41370 -
L607K 244 70030 3220 - - 52980 10740 146 147260 0.47 0.46

Table 4.3 Structural properties of the AZ13-pile and the L607K-pile

Soil data

Prior to the installation of the sheet pile walls, site investigation and laboratory testing were
carried out by ®GRO, GEODELFT, MOS GRONDMECHANICA RHOON and ROTTERDAM
PusLIC WORKS. An overview of the site investigation and laboratory testing is presented
in Figure 4.11.

The subsoil consists of a 16.5 metre thick normally consolidated soft clay-peat-clay
stratification. Underneath, the top of the Pleistocene sand layer is found which is in connec-
tion with the river Maas 2 km away and the ground water level is about 1 metre below the
ground surface. In Figure 4.12 a representative boring and CPT are presented together with
the initial water pressures.

A comprehensive summary of the soil investigation is given in Appendix F. For the
complete report of the site investigation and laboratory testing see Reference [32].
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Scale

Y CcPT3

W cPM2

Site investigation

Number  Code Soil test Depth
4 CPT1-CPT4 static cone penetration tests NAB m
2 CPTU5 & CPTU6  CPT'’s with measurement of NARO m

pore water pressure during penetration,
including 8 dissipation tests

1 V1 in-situ vane test on 16 levels NARG.5 m
1 CPM2 cone pressuremeter test on 11 levels NA®2 m
1 MPM1 Ménard-pressuremeter test on 20 levels NAR m
2 Bl & B2 borings incl. continuous undisturbed sampling NAR.1m
& —202m

Laboratory testing
Soil description
Description of the two borings and full colour photography of one boring

Classification tests
19 Determinations of bulk density, dry density and water content
17  torvane tests
17  pocket penetrometer tests
17  determinations of the organic content
12 grain size analyses
11 determinations of the Atterberg Limits (Plastic Limit, Liquid Limit and Plasticity Index)
Triaxial tests
12  triaxial compression tests

2  triaxial extension tests
Oedometer tests
14  oedometer tests, including 2 horizontally
Dutch cell tests

3 Dutch cell tests

Figure 4.11: Site investigation and laboratory testing
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Figure 4.12 CPT and piezometric head (after Kort et al. [54])

4.3.3 Monitoring and instrumentation

Figure 4.13 shows the layout of the instrumentation in the field: 10 inclinometer casings on
the four sheet pile walls, 2 inclinometer casings behind each test wall, 3 open standpipes,
9 electrical piezometers at3lm behind the test walls and 19 settlement pawns at 1.0, 2.5,
4.5, 7.0 and 1@ m behind the test walls.

Other manual instrumentation consisted of heave rods to measure the heave of the exca-
vation base, and 4 pairs of rulers to measure relative displacement of the free interlocks of
L607K-piles H3/H4 and H4/H5 and LX32-piles BS10/BS11 and BS30/BS31.

Other electrical instrumentation consisted of 80 VW strain gauges, 20 VW earth pres-
sure cells, 20 VW piezometers and 2 tiltmeters on the sheet pile walls, 6 load cells and
2 temperature sensors on the strut frame, 1 piezometer to monitor the water level in the
excavation and 1 temperature sensor and 1 barometer located in the measuring container.
During the test readings of every sensor (272) were taken, varying from 1 per minute when
construction activities were carried out on the job site, to 1 per 10 minutes during long-term
testing. The data were stored in a CR10X datalogger [64].

The inclinometer casings were regularly measured BpIGELFT, for a schedule see
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Figure 4.13 Layout of the Rotterdam Sheet Pile Wall Field Test including all the measure-

ment devices
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Appendix G. At the same time a survey team of theWMTRY OF TRANSPORT AND PU-
BLIC WORKS carried out geodetic X-Y measurements on 18 points of the structure: the
top of 14 inclinometer casings and the 4 corners of the excavation. The X-Y measurements
of the inclinometer casings were ment for the geodetic location of the inclinometer mea-
surements and the global behaviour of the excavation has been monitored with the corner
measurements. For the interpretation of the inclinometer measurements, see Section 4.4.2.
The same team from the IMISTRY OF TRANSPORT ANDPUBLIC WORKSlevelled the
settlement pawns behind the two test walls 14 times.
For details of the monitoring and instrumentation plan, see Peters [64] or Kort [49].

4.3.4 Test procedure

A condensed overview of the test procedure is given in Table 4.4; for a complete overview,
see Appendix G.

Stage  Activity Start Date End Date
Enabling works
sand fill to NAR-1.25 m May 15 1998
sand fill to NAP-0.65 m September 17 1998  September 18 1998
test set up February 15 1999 March 8 1999
Stage 1: short-term field test
11 dry excavation to NAR4.0 m April 13 1999 April 14 1999
1.2 fill with water to NARP-1.5 m April 16 1999
1.3 excavation under water to NAF.Om  April 19 1999 April 20 1999
1.4 lowering water level to NAR2.5 m April 23 1999
15 lowering water level to NAR3.5 m April 26 1999
1.6 lowering water level to NARP4.0 m April 27 1999
1.7 evaluation of test data April 28 1999 May 7 1999
1.8 lowering water level to NAR4.5 m May 10 1999
1.9 lowering water level to NAR5.0 m May 11 1999
Stage 2: sand mound
2.1 performance of measurements May 17 1999
2.2 fill with water to NARP-1.5 m May 18 1999
2.3 construction of sand mound May 19 1999
2.4 lowering water level to NAR3.5 m May 21 1999
25 lowering water level to NAR5.0 m May 26 1999
Stage 3: long-term field test
3 monitoring long-term performance May 11 1999 August 18 1999
Stage 4: additional load increase (1)
4.1 lowering water level to NAR5.5 m August 19 1999
4.2 46 days afteBtage 4.1 October 5 1999
Stage 5: additional load increase (2)
5.1 lowering water level to NAR6.0 m October 5 1999
5.2 112 days afteBtage 5.1 January 26 2000
Stage 6: water infiltration
6.1 water addition behind the AZ13 January 26 2000 January 27 2000

End of test: January 31 2000

Table 4.4 Test sequence



4.3. Test setup and test procedure 117

The following six test stages are highlighted:

e Enabling works

Stage 1: short-term field test

Stage 2: sand mound

Stage 3: long-term field test

Stage 4: additional load increase (1)
e Stage 5: additional load increase (2)
e Stage 6: water addition

The enabling works are presented in Section 4.3.1, the six stages are described hereafter,
and a summary of the test procedure including the time schedule is presented in Table 4.4.

Stage 1: Short-term field test

The short-term field test was carried out in 3 main substages:

e After construction of the test setup, a dry excavation was carried out to-MAPM:
both soil and water were removed to this level. The excavator worked from a tempo-
rary sand fill of about 2 m, which was constructed behind the east wall. A compact
excavator worked on the inside of the excavation

e The water level in the excavation was raised to NAPS m and the excavation was
subsequently deepened to a level of NAPO m. During the excavation the water
level was maintained at NAPL.5 m

e Next the water level in the excavation was lowered to NAR® m in 5 steps. The
intermediate steps were2.5, —3.5, —4.0 and NAR-4.5 m. After the third step to
NAP—4.0 m a step was introduced to evaluate the measurement results so far and to
estimate the present load of the AZ13 walll

Stage 2: Sand mound

During the test, the initial results showed that the load on the active side of the AZ13 wall
was insufficient so an embankment ok® m was built immediately behind the wall, see
Figure 4.14, to a level of NAR1 m. The procedure used to construct the sand mound, is
outlined in Table 4.4,

Stage 3: Long-term field test

The situation which was obtained after construction of the sand mound, was maintained and
monitored for a period of 80 days.
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Figure 4.14: Sand mound behind the AZ13-test wall (May 19 1999)

Stage 4 and 5: Additional load increase

As the initial test results showed that a plastic hinge could not be generated within the
required time limit, two more attempts were made to increase the load on the AZ13 piles.

e Stage 4:The water level inside the excavation was lowered to NAB m (Aug. 19)
e Stage 5:The water level inside the excavation was lowered to NAR m (Oct. 5)

These actions resulted in yielding of the outermost fibre and in a slow generation of a fully
plastic cross-section.

Stage 6: Water addition

A few days before the end of the test a fully plastic cross-section was almost generated.
However, as neither the displacement of the AZ13 wall nor the strain distribution along the
pile altered over a 2 week period, it was decided to force the generation of the plastic hinge
as described below.

As a result of the continuously increasing wall displacements, two holes had been ob-
served in the greenfield; the sand had evidently flowed into the troughs of the sheet piles.
This meant that two perfect sand drains had been generated which were used to increase
the water pressure against the back of the sheet pile wall. Water addition took place for 2
days: on the first day, a total of 23wvater was added with an inflow rate o#40m*/hour
and on the second day, a total of & with a rate of 22 m*/hour. This action resulted in a
rotation of the plastic hinge and redistribution of the bending moment. Stage 6 concerns the
situation of the AZ13 wall before and after the rotation in the plastic hinge.
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4.4 Testresults

441 General

In this section an overview of the most important measured results is given. First some
remarks are made on the interpretation of measured data, followed by the measured results
for the AZ13-wall and the L607K-wall. The measured results for the LX32-walls are not
treated in this thesis, but reference is made to Kort [49].

This section gives a report of the observations and interpretation of the measured results.
A more elaborate evaluation of the measured results including back-analyses is given in
Chapter 6.

NOTE: For the measurement results presented in this section, the measured data points,
indicated with the> and x-marks, are interconnected by straight lines. These straight lines
do not have a physical meaning but serve to improve the visibility of the measured results.

Appendix H provides an overview of the test results in numerical format. For a complete
report including all the measurement results, reference is made to Kort [49].

4.4.2 On the interpretation of measured data
Derivation of the wall displacements from the inclinometer measurements

The lateral and transverse displacement curves of the four test walls were determined from
inclinometer measurements. Generally the displacement curve obtained from an inclino-
meter measurement should be linked to the wall by means of a known reference point. Al-
though sufficient data was available from the geodetic XY-measurements at the top of each
casing, the displacement curve has not been linked to this geodetic data. After considera-
tion of the inclinometer measurements from all the piles together with the available geodetic
data, it was found that the accuracy of the geodetic data was withthmm, which is in

some cases more than 10% of the maximum displacement. More satisfactory results, espe-
cially with respect to the interaction between the AZ13 and L607K-walls, could be obtained
assuming that the toe of the piles did not displace. Therefore the displacement curves have
been linked to the wall by linear extrapolation of the lowest two measurement points to the
undisplaced pile toe. For more detailed information see Kort [49].

Derivation of the bending moment from the measured strains

The bending moment in test piles A4 and H5 were derived with strain gauge readings. Yhe

gauges were positioned in 10 measurement planes at 4 positions as shown in Figure 4.15.
The bending moment in the AZ13 pile is derived from its curvature usingvthex

curve in Figure 4.16. This is thd — x curve from the 4-point bending test on test pile A4,

see Section 4.2, because both the strain gauges and the inclinometer casing, from which

most of the behaviour of the AZ13 test wall is interpreted, were installed on the same pile

A4,
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Figure 4.15 Dimensions of AZ13 and Larssen 607K and position of strain gauges

The curvature is determined from the four strain gauge measurements according to equa-
tion (4.1).
_ €1—&2—€3+€4

_ (4.1
Yi—Y2—Y3+VYa

Ky
The bending moment in the AZ13 pile follows from the— « curve.

For the double Larssen 607K pile the bending moment is derived according to the theory of
elasticity:

MX = E |XXKX + E IxyKy (4.2)
wherexy andxky are derived from
€ (X, Yi) = €+ 16 + Ky (4.4)

wheree;j(x;,Y;) is the strain measured at one of the points 1 to 4, see Figure 4.15. After
elaboration, the following relationships for the curvatukgsndxky are found.

_e1(Y2—Y3) + (e3(Y1 —Ya) +€a(y3 —Y2)) —€2(Y1—Va)
7 Xa(Y2—y3) + (Xa(Y1 — Ya) +Xa(y3 — Y2)) — Xo(y1 — Ya)
B —xs) +(e3(X1 —X4) +£€4(X3 — X2)) —E2(X1 — X4)

YT xa(y2—y3) + (Xa(Yr — Ya) +Xa(Ys — ¥2)) — X2 (Y1 — Ya)

(4.5)

(4.6)
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Figure 4.16 Moment-curvature curve, determined from the bending tests at TNO [12]

Effective earth pressure

The effective earth pressure’) is determined from the difference between the measured
earth pressures) and water pressurel). The piezometer is located 283mm higher than
the earth pressure cell, and therefore the measured water pressure is corredd8a xjpa.
The effective earth pressure is determined as follows:

6 =o— (u+2.088 4.7)

Evaluation of the measurement results shows the occurremagafive earth pressuré\n
observed negative earth pressure would mean that the water pressure on the sheet pile is
larger than the earth pressure. Both parameters have been measured with different devices
which were calibrated in a pressure chamber in advance.

According to Bruzzi et al. [16] an earth pressure cell cannot provide results of the same
quality as, for example, a displacement transducer. The contact pressure distribution is
not uniform over the diaphragm, as a result of arching effects in the soil around the cell
and because the contact between the discrete soil particles and the cell is not continuous.
Therefore the scaling factor in water cannot be used to obtain the stress value in soil, without
an additional calibration in the soil.

It should therefore be accepted that the interpretation of effective earth pressure is sub-
ject to a relatively large error. The measurements of the earth pressure cells can not be
interpreted as an absolute behaviour but merely as a relative change of earth pressure. The-
refore presentation of negative effective earth pressure indicates probably nothing more but
an effective earth pressure of close to zero.
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Strut force

The strut and waling forces have not been corrected for temperature variations. The measu-
red average daily variation of the strut force was approximately 2 kN/m, or 10 kN in each
strut, and, because the struts were painted white, the average daily temperature variation in
the struts was aboufT = 2(°. Heating of the part of the strut between the stiff HE 600B
beams will hardly lead to an increase in the measured strut force, because the accompanying
forces are carried by the two side walls. Therefore the influencing length is the overhang
of about/ = 2.5 m. A daily temperature variation in the strut of°28ould involve a strain
variation of

eaT = 0 AT =12.10°20=24-10"° (4.8)

In one strut (XHE 300A sectionsEA = 4725000 kN) with an overhang of =2.5m, a
maximum compressive forde At can occur if the strut is prevented from elongating, of

FeaT = EAear = 1134 kN (4.9)
or a maximum displacemenjr, in the case of a strut that is free to elongate, of

UaT = a7 ¢ = 0.6 mm (4.10)
It may be expected that a maximum elongation of the strufs-00.6 mm can be taken up
by the test walls and therefore the measured daily variation of 2 kN/m is probable.
4.4.3 Initial measurements

On April 13 1999 at 7.00 hours, just before the start of the field test, the initial measurements
of the earth and water pressures on both the AZ13 and the L607K-walls were taken. The
results of these measurements are presented in Figure 4.17.

Earth and Effective Water Earth and Effective Water
Earth Pressure (kPa) Pressure (kPa) Earth Pressure (kPa) Pressure (kPa)
AZ13 AZ13 L607K L607K
200 100 O 100 200 200 100 O 100 200 200 100 O 100 200 200 100 O 100 200
L 1 1 1 J L 1 1 1 J L 1 1 1 J L 1 1 1 J
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Figure 4.17: April 13 1999: Inital measurements of the earth, water and effective earth
pressure on the AZ13 and the L607K-walls. The solid linesindicate the earth pressure and
water pressure respectively, and the dashed lineshe effective earth pressure. The X -marks
represent the water pressure 1.5 m behind the test wall.
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4.4.4 Measured results AZ13-wall

In Table 4.5 an overview is given of the measured maximum displacement and the maxi-
mum span and fixed moments for the different stages of the test. The measured curves of
displacement, bending moment, earth and water pressure for the AZ13-wall are presented
in Figures 4.18 to 4.30. In the bending moment diagrams, the measured strut force in KN/m
is shown using a convention of positive for compression loading.

Measured results AZ13-wall

Date Excavation Level Water Level Sand W Mg M

(m NAP) (m NAP) Mound (mm) (KkNm/m) (KNm/m)
April 15 -4.0 -4.0 No 33 73 -24
April 22 -7.0 -1.5 No 35 68 -20
May 11 -7.0 -5.0 No 109 206 -30
May 26 -7.0 -5.0 Yes 150 269 -38
June 11 -7.0 -5.0 Yes - 331 -42
August 11 -7.0 -5.0 Yes 230 355 -40
August 20 -7.0 -5.5 Yes 238 366 -45
October 4 -7.0 -5.5 Yes 282 408 -48
October 13 -7.0 -6.0 Yes 283 397 -39
November 26 -7.0 -6.0 Yes 340 460 -48
December 20 -7.0 -6.0 Yes 385 467 -56
January 2 -7.0 -6.0 Yes 473 - -67
January 18 -7.0 -6.0 Yes - 467 -65
January 31 -7.0 -6.0 Yes 1104 - -270

Table 4.5 Measured results AZ13

Figures 4.18 to 4.20 give the results of Stages 1.1, 1.2 and 1.9 of the short-term field test,
see Table 4.4 and of Stages | to lll to be predicted, see Chapter 5. In Stage Il the maximum
lateral wall displacement wasmnax = 109 mm and the maximum bending moment was
Mmax= 206 kNm/m. This bending moment was far below the expected yield moment of
approximatelyMp = 467 kNm/m. Based on the results measured during the evaluation
period (April 28 - May 6) it was anticipated that a plastic hinge could not be generated
within the available testing period. To force an increase of the bending moment, it was
decided to build a sand mound about 10 metres square and 2 metre high behind the AZ13-
wall. Firstly, the state of the construction was monitored, after which the excavation was
refilled with water. The sand mound was then built and finally the water level inside the
excavation was lowered again, first to NAB.5 m and finally to NAR-5.0 m.

The sand mound led to an increase of the wall deflections of the AZ13, see Figures 4.20
and 4.21. On May 26, the maximum lateral wall displacement had increasegaic=
150 mm and the maximum bending momenkMgax= 269 kNm/m. The sand fill led to an
increase in strut forces, but as most of the reaction forces could be carried by the east and
west walls, the influence of the sand mound on the L607K-wall was limited.

The earth and water pressures did not increase substantially as a result of the sand
mound. The extra load caused a pressure increase on the test wall but due to the large
deformation capacity of both the soft ground and the wall itself, the extra pressure was
immediately transferred into wall displacement (second order effect) and the active earth
pressure condition was obtained once again. The direct response of the strut force, bending
moment and the tilt sensors (wall displacements) during the construction of the sand mound,
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Figure 4.18 April 15 1999: NAP—4.0 m/NAP—4.0 m and Prediction Stage I
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Figure 4.19 April 22 1999: NAP—7.0 m/NAP—1.5 m and Prediction Stage IT
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Figure 4.20 May 11 1999: NAP—7.0 m/NAP—5.0 m and Prediction Stage III
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Figure 4.21: May 26 1999: NAP—7.0 m/NAP—5.0 m with sand mound
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Figure 4.22 June 11 1999: NAP—7.0 m/NAP—5.0 m with sand mound
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Figure 4.23 August 11 1999: NAP—7.0 m/NAP—5.0 m with sand mound
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Figure 4.24: August 20 1999: NAP—7.0 m/NAP—5.5 m with sand mound
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Figure 4.25 October 4 1999: NAP—7.0 m/NAP—5.5 m with sand mound
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Figure 4.26 October 13 1999: NAP—7.0 m/NAP—6.0 m with sand mound



4.4. Testresults

127

Lateral Lateral

Bending Moment (kNm/m)  Displacement (mm)

AZ13 AZ13

Earth and Effective
Earth Pressure (kPa)
AZ13

Water
Pressure (kPa)
AZ13

—-500-250 0 250 500 —500-250 O 250 200 100 O 100 20@00 100 O 100 200
L I | L ! I ! L I I ! |

| | | J L |

0.75+
-1
-3
-5
-7
-9
11
213

.15+ }
_18 -

85 kN/ml

'_

'_

Figure 4.27: November 26 1999: NAP—7.0 m/NAP—6.0 m with sand mound
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Figure 4.28 December 20 1999: NAP—7.0 m/NAP—6.0 m with sand mound
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Figure 4.29 January 2 2000: NAP—7.0 m/NAP—6.0 m with sand mound. The distribution
of the bending moment between NAP—3 m and NAP—7 m could not be determined and is
therefore, cumbersomely, represented as a straight line
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Figure 4.30 January 18 2000: NAP—7.0 m/NAP—6.0 m with sand mound
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Figure 4.31 January 28 & 31 2000: NAP—7.0 m/NAP—6.0 m with sand mound

support this mechanism. However, the effects of 3-dimensional spread of the load from the
sand mound certainly cannot be denied.

An other important phenomenon is the direct response of the construction to refilling
of the excavation. The displacements and bending moments in the wall gave an immediate
and large response as the excavation was refilled, as did the earth pressures-2tONAP
and NAP-4.0 m. This is mainly due to the large deformation capacity of the soft ground
together with the undrained soil response.

Figures 4.21 to 4.23 show the results of the long-term field test. These results cannot
be compared to the results to be predicted because of the sand mound. On August 11
the maximum displacement had increasedvtax = 230 mm and the maximum bending
moment toMpnax = 355 KNm/m. The bending moment increased at a logarithmic rate with
respect to time, and it was expected that it would take more than three years to obtain the
yield moment in the AZ13-wall.

Therefore a second attempt was undertaken to increase the load on the AZ13-wall by
lowering the water level to NAP5.5 m. The direct response, see Figures 4.23 and 4.24
showed a minimal response from the wal,ax= 238 mm andVimax= 366 KNm/m. After
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more than a month, on October¥nax = 282 mm andMyax = 408 kKNm/m.

According to Kort [49], on October 4 the ultimate fibres started to yield, but not signifi-
cantly. The maximum elastic bending moment observed in the field test was approximately
Mel:max= 408 KNm/m, see Figure 4.25.

Nevertheless, to generate a plastic hinge within the available time limit, a second ad-
ditional load increase was required. The water level inside the excavation was lowered to
NAP—6.0 m. Figures 4.26 to 4.30 show the measurements which resulted from lowering of
the water level to NAR-6.0 m.

It was towards the end of December that the first traces of the plastic hinge became
visible. Two holes in the sand about 2 metres depth and with a diameter of 1 metre were
generated in two troughs of the sheet pile wall; the sand had evidently flowed into the
troughs between the clay and the sheet pile wall.

In Figure 4.30 it is clearly shown that on January 18 the state of the cross-section was
beyond the full-plastic state. In this state the moment curve is derived both from the strain
measurements and where information was missing, the results from the inclinometer mea-
surements were used. The maximum curvaturewvasD.026 ntt. Transformation of the
curvature into bending moment according to Figure 4.16 resultsdandin the moment
curve. However, a cleddink in the displacement curve was not observed. Therefore, al-
though the full-plastic cross-section had already be reachplistic hingehad not been
generated.

As the measured strains and slope of the wall at strut level did not alter in the period
from January 2 to 18, it was decided to pour water behind the sheet pile wall. In two days
about 8000 litres was added via the sand troughs. Finally some active slip planes were
generated causing an increase in the earth pressure, and therefore sufficient load to generate
the plastic hinge.

The final state of the cross-section is presented in Figure 4.31. This state had been
measured for more than one day, as the plastic hinge was developed on January 27 but the
inclinometer measurements were carried out on January 31. Between January 27 and 31 the
wall moved slightly more but enough for most of the instrumentation to be lost.

The results in Figure 4.30 are compared to those of Figure 4.31:

e OnJanuary 18, no rotation of the plastic hinge was observed but on Janupgy-31
0.18 rad

e As a result of rotation in the plastic hinge, the cantilever moment increased from
M = 65 KNm/m toM = 284 kNm/m

e As aresult of rotation of the plastic hinge, the cross-sectional resistance decreased to
a value which is beyond the range of the bending tests

e Although plastification of the cross-section is distributed over 5 metre, the plastic
rotation in the hinge is concentrated over a length of only 1 metre

Figures 4.32 and 4.33 show two photo’s of the final state of the field test. The first photo
shows the plastic hinge taken from inside the excavation and a large deflection of the wall
is clearly visible. In the second photo, a global overview of the test site is shown after

the plastic hinge was formed, and an active slip plane in the sand mound is clearly visible.
Originally the height of the mound was approximately at strut level but when the plastic

hinge was generated, the sand slid into the space behind the deflected wall.
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Figure 4.32 Plastically deformed wall (January 31 2000)
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Figure 4.33 Final state of the field test (January 31 2000)

4.45 Measured results L607K-wall

In Table 4.6 two tabular overviews are given of the measurement results for the L607K-wall.
The first table gives a summary of the measured maximum displacement and the maximum
field and cantilever moments for the different stages of the test, all in the lateral direction.
The second table gives a summary of the measured transverse displacement in the three test
piles and of the measured transverse moment, measured in pile H5. The measured curves

for the dis

placement, bending moment, earth and water pressures on the Larssen 607K-

Measured results Larssen 607K-wall in lateral direction

Date Excavation Level ~ Water Level y ¥ax My, ¢ My
(m NAP) (m NAP) (mm)  (kNm/m)  (kNm/m)

April 15 -4.0 -4.0 27 87 -12
April 22 -7.0 -15 29 109 -11
May 11 -7.0 -5.0 85 337 -18
May 26 -7.0 -5.0 96 356 -11
June 11 -7.0 -5.0 - 413 -4
August 11 -7.0 -5.0 131 460 0

Measured results Larssen 607K-wall in transverse direction

Date Excavation Level =~ Water Level yMaxH2  WxmaxH4  WxmaxH6 My ¢
(m NAP) (m NAP) (mm) (mm) (mm) (KNm/m)
April 15 -4.0 -4.0 12 9 9 -113
April 22 -7.0 -15 15 13 14 -101
May 11 -7.0 -5.0 29 20 11 -264
May 26 -7.0 -5.0 30 23 14 =277
June 11 -7.0 -5.0 - - - -317
August 11 -7.0 -5.0 32 28 14 -380
Table

4.6 Measured results Larssen 607K in lateral and transverse direction
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wall are presented in Figures 4.34 to 4.39. In the bending moment diagrams, the measured
strut force in KN/m is shown using the convention of positive for compression. The lateral
displacements are derived from the measurements of pile H4.

Figures 4.34 to 4.36 give the results for Stages 1.1, 1.2 and 1.9 of the short-term field
test. On May 11 the maximum lateral wall displacement wggx= 85 mm and the maxi-
mum bending moment wadmax = 337 kNm/m. Compared with the AZ13-wallvfax =
109 mm andMmax = 206 KNm/m) the L607K-wall gave a lower maximum displacement
and a higher maximum bending moment. These differences can be explained by the ben-
ding stiffness of both test walls. The bending stiffness of the L607K-vell=£ 0.7 to
1.0 x 147063 kNmi/m) is 2.5 to 3.5 times larger than the bending stiffness of the AZ13-
wall (EI = 41370 kNnf/m). It may be expected that the stiffest wall gives the lowest wall
displacements and the highest bending moments.

Between May 20 and 26 the sand mound was built behind the AZ13-wall. Therefore the
excavation was refilled to NAPL.5 m and subsequently drained to NAB.O m. As a result
of the undrained response of both test walls to this unloading-reloading, the effects of this
sudden refill on the L607K-wall were small, and therefore not considered in the evaluation
of the long-term test results.

Figures 4.36 to 4.39 show the test results for the long-term field test, the Stages IV to
VI of the prediction exercise. In the long-term field test, the wall displacement increased
from Wmax = 85 mm townax = 131 mm and the maximum bending moment frivtax =
337 KNm/m toMmax = 460 KNm/m after three months.

Figures 4.40 to 4.44 show the bending moment in pile H3 and the displacements of piles
H2, H4 and H6 in the transverse direction. The results should be viewed from the excavation
towards the test wall. During the test, the top of the L607K-wall moved about 10 to 15 cm
towards the West. This movement was caused by the positioning of the excavator, which
worked from a 15 m high temporary sand mound behind the east wall.

Oblique bending can be recognised from the amount of curvature in the transverse di-
rection. In the dry excavation and after the under water excavation, see Figures 4.40 and
4.41, the amount of oblique bending was small. In Stage 1.9, after lowering the water level
to NAP—5.0 m, oblique bending occurred in pile H2 and H4 but not in pile H6. Also during
the long-term field test, most oblique bending occurred in pile H2 and H4 and hardly in
pile H6.

As the soil in front of and behind the three piles is comparable, the reason for these large
differences may be found in variation in the interlock friction. In Section 4.3.1 it was noted
that pile S4, the interface pile in the South-West corner (see Figure 4.7), had a very high
driving resistance and could only be vibrated to the required depth with a heavier vibrator.
Therefore the contact force in the interlocks between pile S4 and H7 may have become very
high and, obviously, also the contact forced between pile H7 and H6. These high contact
forces prevent the free interlocks from slipping and may explain why oblique bending did
not occur in pile H6, and why more oblique bending occurred in pile H2 than pile H4.

For quantitative interpretations and back analyses of various stages of the field test refe-
rence is made to Chapter 6.
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Figure 4.34 April 15 1999: NAP—4.0 m/NAP—4.0 m and Prediction Stage I

Lateral Lateral Earth and Effective Water
Bending Moment (kNm/m)  Displacement (mm) Earth Pressure (kPa) Pressure (kPa)
L607K L607K L607K L607K
—500-250 0 250 500 —75 0O 75 150 200 100 O 100 200 200 190 l0 ]IOO J200
L 1 1 1 J L 1 1 J L 1 1 1 J L
0.75+ 30 kN/m
-1 4
-34
54
-7 -
-9+
-114
_13A
_15A
_18A
Figure 4.35 April 22 1999: NAP—7.0 m/NAP—1.5 m and Prediction Stage IT
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Figure 4.36 May 11 1999: NAP—7.0 m/NAP—5.0 m and Prediction Stage III
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Figure 4.37: May 26 1999: NAP—7.0 m/NAP—5.0 m with sand mound behind AZ13
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Figure 4.38 June 11 1999: NAP—7.0 m/NAP—5.0 m and Prediction Stage IV
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Figure 4.3% August 11 1999: NAP—7.0 m/NAP—5.0 m and Prediction Stage V
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Figure 4.4Q April 15 1999: results in the transverse direction for NAP—4.0 m/NAP—4.0 m,
to be viewed from the excavation towards the wall
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Figure 4.41 April 22 1999: results in the transverse direction for NAP—7.0 m/NAP—1.5m
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Figure 4.42 May 11 1999: results in the transverse direction for NAP—7.0 m/NAP—5.0 m
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Figure 4.43 May 26 1999: results in the transverse direction for NAP—7.0 m/NAP—5.0 m,
with sand mound behind AZ13
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Figure 4.44: August 11 1999: measurement results in the transverse direction for
NAP—7.0 m/NAP—5.0 m, with sand mound behind AZ13

4.5 Long-term behaviour with respect tologt

In the previous sections it is shown how the actions on the sheet pile walls and the accom-
panying action effects increase in time. It is interesting to follow some of the action effects
against the logarithm of time. In Figure 4.45, the development of the following action ef-
fects are plotted against log

e inclination of the AZ13-wall at strut level, which is a measure of the wall displace-
ment

e the strut force in both walls

e the bending moment in both walls at NAB.0 m depth

The relationship between the tilt (wall displacement) and lateral bending moment on the
one hand, and Iagon the other hand, is clearly visible. These measurements, however, are
evaluated in Section 6.7.
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Finally it is noted that the extraordinary increase in strut force for the L607K is due to
the extraordinary increase in the South-West strut force, and is probably not reliable, see
Kort [49].

Slope of pile near strut level (NAPO.75 m)
0.06

0.05- -+ - - ............... L

ey e AR ITY
£ ey v ~
A\

0.04- ; ............... Ce s ;

Slope of Pile (rad)

003, ..................................... R Plle A3 ...... .......

—--—:  PieAs

0.02 T T \
26 May 11 June 11 July 11 August

Strut force in AZ13-wall and in L607K-wall
140

130 - - - - ............... ...... !
o) R .4
1104 - - - .............. ’\J:j .......

. 1’4 . |
TO0H - - - - T "Mﬁﬁr ..... T

Strut force (kN/m)

b . ]
004 - A AT

T T I
26 May 11 June 11 July 11 August

Lateral bending moment at NAF5.0 m depth

475
450+
4254
400+
375 -
350
325+
300+

26 May 11 June 11 July 11 August

Moment (kNm/m)

Figure 4.45 Development of action effects against log(time) during the long-term field test
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4.6 Consistency check of the measurement results

Before the measured behaviour of the sheet pile walls can be compared to the various calcu-
lations, the consistency of the measurement results should be investigated. When the sheet
pile wall is in an elastic state, the displacements, measured with an inclinometer, the ben-
ding moment, measured with strain gauges, and the earth and water pressure, measured with
pressure cells, may be consideredassistentf the measurement results are in accordance

with equation (4.11).

d*w(x)  q(x)
dé¢ ~ El

(4.11)

In the theoretically perfect case, when measurement errors are absent, the consistency of
the measurements would be easy to verify. In practice, however, measurement errors make
a consistency check more difficult.

Firstly, a small error in measured displacement generally leads to a large error of the
fourth derivative [76] and secondly, DiBiagio [31] and Bruetial.[16] demonstrated that
earth pressures on sheet piles are extremely difficult to measure accurately.

It is well-known from other large scale field tests [35, 88] that a deviation of about 10%
may be expected between the earth pressures determined from the measured deflection and
the earth pressures measured with the earth pressure cells on the sheet pile. In literature,
various applications of consistency checks for laboratory and field tests are given [34, 46,
58, 88].

The method presented by Boissadral. [9] forms a starting-point for the consistency
checks made in this section. Based on the measured displacements, bending moment and
earth pressure distributions, a functigix) = w(x) is determined which satisfies the condi-
tions expressed by equation (4.11), using the least squares method. The actions on the sheet
pile walls are described by two high degree polynomie{g) on the excavated side and
r(x) on the retained side, see Figure 4.46.

Figure 4.46 Actions on a sheet pile wall

Superposition leads to an earth pressure differeiixe

m—4 n-4

[3/J (Xe — X)! rx) =Yy oc/j (X — X)) (4.12)
1:0 j=0
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After four successive integrations, a functigix) can be defined which is equivalent to
the wall displacement:

Z'J-‘:Oozj(xr—x)j if X > X> Xe
(4.13)

00 (% — X)) + 3T, Bj(Xe — X)) if Xe > X > Xoe

Equivalent functions for the bending moment and earth pressure difference follow from the
second and fourth derivative gfx).
The measurements taken in the field are described as follows:

e v, with (i =1,2,...,A) measured displacement of the walbin

e Ay, with (i=1,2,..., Al — 1) measured difference of the displacement betwéalmd
X1 With X, = (X +Xi41)/2

e M; with (i=,12,..., M) measured bending momenbin

e s measured strut force at top of the wall

e g with (i=1,2,...,Q) measured earth pressure differencg;in
The following boundary conditions apply:

e M(X) =0 andM (Xoe) =0

* V(X)=—FsandV(xoe) = 0

The functiong(x) can be found by the principle of least squares. The sum of squared errors
to be minimised is

\P:a%[i(yi_g (%) )2—|—B2( Agl) +v2(—*—9 )2

+5(f§f g (%)) +ei=21(§,g”(m)2 (4.14)

The coefficientsy, B, v, d, € are correction factors which take differences in size and preci-
sion of the parameters into account. These factors can be adjusted by engineering judgement
but the degree of the polynomials on the retaining and excavatedrsateal () should be
estimated with care; too high estimationroAndm will lead to oscillation of the solution.

Minimisation of'¥ leads tooj (j € {0,..,n}) and; (j € {4..m}) and finally to the earth
pressure distribution on the retained sid) and on the excavated siggx).

In Figure 4.47, the consistency check for the AZ13-wall is given for the state of May 11
1999. The bending moment at NAB.6 m is derived from a strut force & = 49 kN/m.
In the displacement curve only 25% of the total available measurement points are presented.
The calculation is made usimg= 8, m= 10 ando to € = 1. The measurements show good
consistency between the displacements and bending moments. The moment distribution
below NAP-13 m and the resulting earth pressure seem to oscillate but an identical result
was obtained fon =7 andm= 12.
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~ Lateral ~Lateral Resulting
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Figure 4.47: Consistency check for AZ13-wall on May 11 1999: NAP—7.0 m/NAP—5.0 m
and Prediction Stage IIl. The o-marks indicate the measured data points, the polynomial is
drawn with the solid line.

The resulting earth pressure distribution on the AZ13-wall is further analysed in Chap-
ter 6. In this section it is merely concluded that the measured displacements and bending
moments for the AZ13-wall are consistent, and that the measured earth pressures can be
explained from the displacements and bending moments from the field test.

The consistency check presented in this section is not suitable for verification of the
measurements of the L607K-wall, because the method does not account for oblique ben-
ding. Figure 4.48 shows the consistency check performed by Kort [49]. This check is
based on a best estimate of tw 8egree polynomials of the displacements in the x and
y-directions, derived from the inclinometer measurements.

Displacement (mm) Moment (KNm/m) Earth Pressure Difference (kPa)

-160-80 0 80 160-175 0 175 350200 100 0 100 200
L | | I | L | I o | I | |

_‘

—/

0+
—34
—6
—94
—124
_15-

—18-

Figure 4.48 Consistency of the earth pressure measurements on the L607K: May 11. The
solid curves indicate the polynomials, the o-marks the measurements. Results are plotted
for the y-direction.

The result of the analysis is given only for the lateral-direction. The result of the earth
pressure analysis for the L607K is less robust than for the AZ13, as the inclinometer data in
the x-direction has a relatively large measurement error, because of the small deformations.
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Nevertheless comparison between the derived earth pressure difference and the measu-
red values does not give any indication for serious concern over the values of the measured
earth pressures.



142 Chapter 4. Sheet pile wall field test in Rotterdam




Chapter 5

Predictions for the sheet pile wall
field test

5.1 Introduction

For the Rotterdam sheet pile wall field test, specialists in steel sheet piling were invited to
predict the behaviour of the sheet pile walls. The aims of the prediction exercise were:

¢ to validate the state-of-the-art calculation models for steel sheet pile walls in soft soail,
including short-term and long-term behaviour

e to introduce the new phenomena of plastic design and oblique bending according to
Eurocode 3, part 5 to the practising design engineers

This chapter gives an overview of the prediction exercise and the submitted predictions, and
gives an evaluation of the six best predictions.

5.2 Overview and aim of the prediction exercise

The prediction exercise was organised on two levels. Each participant was free to submit
one or more predictions for one or both levels. The predictions had to be submitted before
the start of the field test, and therefore all predictions can be classified as type A (before the
event).

Prediction level 1 was focused on practising design engineers. The aim of this predic-
tion level was to make geotechnical design engineers aware of plastic hinges and oblique
bending in steel sheet piling, especially as these phenomena have a large influence on the
design and construction of safer and more economic sheet pile walls.

For prediction level 1 a comprehensive set of results of the field and laboratory tests was
provided. This parameter set is given in Tables 5.1 and 5.2.

143



Chapter 5. Predictions for the sheet pile wall field test

144

asleoownipaw ‘Ayis

€8¢ GTI 08¢ 9TIT 2. 86 O0OVE 9¥  S8/I- 002 ‘pues 0S'8T-  0S'LT-
Apues Apybiis
19T Ke|o 0S°.T-  00°.T-
L0g 259T- Awis Alubiy
€21 Kejo 00'.T- 0T'9T-
8.8 8. GlZ C7OT 9% v6 €6l 6. €6GI- T9T
L'TE LL'ST-
96 ¢S G2 €9 S62 ¥S vz L€  €9GI- ¥'9T
8'62 20'ST-
8'se Z0vT-
99¢ 26 L8 L8 LSZ 6L €0Z 69 88El- 9T
o I 0L°€T- 99T Apues
0ve Z0°eT- Apubls
L'SE 89 V¥IE 89 S8 69 62 2L  S8CI- 29T Kejo 0T'9T-  0S2I-
Tve 20°¢T-
z.le L8 9€ 8L €0z TL 6¥T €9  SPII- 6'€T snowny
T SZTI- Kejo 0S2I-  0S°0T-
€19 20°0T- fokepd
€€, 08 G9Z ST TOZ 8TT 02T 00T 166 an Kian
€79 20'6- “qead 0S'0T- 006
L'T9 LZ vZZ TOT 09T L6 €8 18 €8'8- 00T
€09 20'8-
9'85 20°2-
6TS TV¥T 2.2 SOT 9Tz TI6 TPl 29 z8'9- €01
Wz 59°'9- 00T
18 20°9- read 006-  SL'G-
0 ve v 18 SS T0Z T9 ov's- 19T
9'2s 20°S-
€12 20°7-
02y 6€ L€ 09 20 09 tvSZ ¢§ 69°€- 9.1 Apues
€T z0e- Apybis
G6e L/ 662 T8 €82 €L T2 69 €9¢C- 09T Ayis Kepo G/°G-  0ST-
wA o 6 P 6 P b p b o (dUNW) (W/NY) o woy
1s91UBA  ain|ey ainjre} €00="3 200=>3 T00="3 [ene Bref, adAijlos (dvN w)
[JEIE| PO Xel ] uoISSaIdwWoI [eixel | [ELC]]

Table 5.1: Strength parameters for Prediction level 1
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Table 5.2 Stiffness parameters for Prediction level |
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Prediction level 1 comprised two parts:

e Prediction of lateral displacements, lateral bending moments, earth and water pres-
sures on both the AZ13 and the L607K test walls for stage |, Il, and Il of the field
test:

— Stage [: dry excavation to NAP4.0 m

— Stage II: wet excavation to NAP7.0 m, inside water level on NAP1.5 m
— Stage llI: lowering the internal water level to NAB.O m

This part can be considered as a real prediction for the field test
e The same questions for two imaginary walls:

— L607K composed of single piles

— A Z20-wall (Z-section withw = 2000 cn¥/m) that could have been used, if a
design with plastic hinges would not be permitted

This part can be regarded as educational to make geotechnical design engineers aware
of plastic hinges and oblique bending in steel sheet piling.

The imaginary walls were introduced to emphasise the phenomena of plastic hinges and
oblique bending. The single-L607K can be compared to the double-L607K and the 220
would have been needed if a plastic hinge would not be permitted.

Prediction level 2 was focused on the scientific aspects of the test and on the short and
long-term behaviour of the sheet pile walls. The aim of prediction level 2 was to provide
a benchmark to geotechnical engineers who specialise in the design of complex retaining
structures using calculation tools with advanced soil models.

The participants were requested to assess the soil parameters using the complete soil
investigation report [32]. Three main stages from the short-term field test were considered
along with three stages from the long-term field test. The stages to be predicted are denoted
as stage | to stage VI as follows:

— Stage I: Dry excavation to NAP4.0 m

— Stage II: Excavation under water to NAF.0 m, water level on NAR1.5 m
— Stage lll: Lowering water level to NAP5.0 m

— Stage IV: Stage Il after 1 month

— Stage V: Stage Il after 3 months

— Stage VI: Stage Il after 6 months

The wall types which had to be used for prediction level 2, are the same 4 wall types as were
asked for prediction level 1: AZ13, L607K-Double, L607K-Single and Z20.

For both levels, the predictors were asked to submit details about the calculation model
they used. For prediction level 1, information was requested about the soil model, the wall



5.3. Evaluation of submitted predictions 147

friction angle and the eventual reduction of the bending stiffness for the single and double U-
piles. Additional questions for prediction level 2 concerned soil parameters and the types of
soil tests they had used. The complete documentation of the prediction exercise is reported
by CUR [28] and by Kort and Kelleners [50].

Twenty predictors submitted one or two predictions and a total of twenty-three pre-
dictions were received. A complete report of the submitted predictions giving details on
individual predictions for every type of sheet pile and every prediction stage is provided by
Kort and Kelleners [50].

5.3 Evaluation of submitted predictions

5.3.1 General

In this thesis, emphasis is put on Prediction Stage Ill and on the wall types AZ13 and
L607K-double, because the predictions made with these wall types can be compared to the
results measured in the test.

A total of twenty-three predictions were submitted: 12 for level 1 and 11 for level 2.
Geographically, 19 predictions came from the Netherlands, 2 from Germany, 1 from France
and 1 from the UK.

The predictions were submitted anonymously and as the background and professional
experience of a predictor is not known, it is not possible to judge whether choices made in
a prediction are well-considered or the result of blunders or gross errors.

5.3.2 Subdivision in prediction levels

An overview all the submitted predictions for Stage lll, categorised into level 1 and le-
vel 2, is presented in Figure 5.1 for the AZ 13-wall and Figure 5.2 for the L607K-wall. A
first conclusion that can be drawn from these figures is that in almost every prediction the
maximum displacement and bending moment is significantly larger than measured.

In spite of the fact that a parameter set was provided for prediction level 1, it can be
concluded that the spread in the submitted predictions is not significantly different for level 1
and level 2 predictions. To study the causes for this general overprediction and to determine
lessons that can be drawn from all the entries, a throughout analysis of the predictions for
Stage Il is necessary.

Table 5.3 gives an overview of the models used for the level 1 predictions. Most of
these were carried out with a subgrade reaction model (SRM), but two predictions were
made with a finite element model (FEM). In almost every prediction with an SRM use was
made of a bi-linear spring characteristic, although most predictors had a multi-linear spring
at their disposal. For the determination of earth pressure coefficients, the curved slip plane
theory of Kotter was used more frequently than the straight slip plane theoryitieM
Breslau [30]L. For the wall friction angle, most predictors uske 2/3¢’ in sand and clay,
andd = 0° in peat. In about half of all predictions, a reduction factor was applied to account
for loss of stiffness of the double U-pile. According to CUR 166 [27], see Table 3.3, this
reduction factor should b@ = 0.7.

1in Prediction 21 earth pressure coefficients from Caquot and Kerisel [18] were applied
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Figure 5.1: Predictions AZ13 Stage III, subdivision in level 1 and level 2. The e-marks

represent the field measurements
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Predic- Method Soilmodel  Slip plane Wall friction angle Bi
tion sand clay peat other U-piles
1 SRM bi-linear straight mBe  5/12¢ 0 - calculated
3 SRM bi-linear curved o’ 2/3¢'  2/3¢) 2/3¢ -
5 SRM bi-linear - 25 10 0 15 -
6 SRM bi-linear curved 275 17.8 0 - -
9 FEM MC dr./HS undr. - - - - 0.7
10 SRM bi-linear straight B’ 2/3¢"  2/3¢) 2/3¢ -
13 FEM HS/SS - - - - 0.97
14 SRM bi-linear straight B’ 2/3¢’ 0 1/3¢’ 1.0
15 Semi-FEM bi-linear curved ¢ o ol ¢ 1.0
17 SRM bi-linear curved 2ol 2/3¢ 0 - 0.7
18 SRM bi-linear curved ¢ —25 1/2¢' 0 - 0.7
21 SRM multi-linear curved B’ 0 0 - 0.8
MC Mohr-Coulomb Model SS Soft Soil Model
HS Hardening Soil Model SSC Soft Soil Creep Model

Table 5.3 Calculation models used for prediction level 1

Table 5.4 gives an overview of the calculation models used for the level 2 predictions.
Predictions 7 and 8, and Predictions 19 and 20 were submitted by one person/team. One
level 2 prediction was made with 84T [30], the other predictions were all made with
PLaxis version 7. For modelling of the sand layers, most predictors used the Hardening
Soil model (HS-model), and the clay and peat layers were modelled both with the HS-
model, the Soft Soil model (SS-model) and the Soft Soil Creep model (SSC-model). For
a complete description of the various soil models, reference is made to the corresponding
PLAxIs manual [80].

Prediction  Method Soil model tdyf tang’ Bi
sand clay peat sand clay peat U-piles

2 FEM HS HS HS 1 0.5 0.5 0.8

4 SRM - - - 0.8

7 FEM MC MC MC 067 05 0.5 0.8

8 FEM HS SSC SsC 067 05 0.5 0.8
11 FEM HS HS SS 067 05 0.5 1

12 FEM HS SS SS 067 05 0.5 0.8
16 FEM HS SS SS - - - -

19 FEM HS SSC SsC 0.7 0.7 0.7 -
20 FEM HS HS HS 0.7 0.7 0.7 -

22 FEM MC SSC SsC - - - 0.8
23 FEM HS SS SS 1 1 1 0.68
MC Mohr-Coulomb Model SS Soft Soil Model

HS Hardening Soil Model SSC  Soft Soil Creep Model

Table 5.4 Calculation models used for prediction level 2

Most predictors chose a wall-friction angle of far 2/3tang’ in sand and taf =
1/2tang’ in clay. In contrast to the level 1 predictions, almost every level 2 predictor redu-
ced the bending stiffness of the L607K-wall to account for oblique bending.
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Prediction ¢ (kPa) K* A AZ13
c p c c o] c c p c M¢ Mc
2 6.3 9.4 7.5 - - - - - - -361 48
4 4 2 9 - - - - - - -225 76
7 3 3 4 - - - - - - -399 50
8 3 3 4 0.008 0.03 0.034 0.022 012 0.073 -419 0
11 6.3 103 75 - 0.045 - - 0.19 - -315 14
12 7 10 7.4 00012 0.033 0.047 0.011 014 0072 -421 45
16 6.3 10.3 8 0.003 0.009 0.007 0.017 0.044 0.033 -363 114
19 10 10 10 0.005 0.023 0.016 0.03 0.19 0.098 -420 140
20 10 10 10 - - - - - - -319 65
22 6.3 10.3 8 0.0025 0.033 0.01 0.012 0.3 0.05 -200 76
23 7.8 7.7 7.3 0.0075 0039 0.011 0.031 019 0.081 -406 0
Measured bending moment in AZ13 (kNm/m) -206 30
Prediction o (©) Eso (kPa) Eyr (kPa) L607K
c p c c p c c p c M Mc
2 29.1 19 275 - - - 18000 2600 4000 701 0
4 35 44 30 - - - - - - 300 -75
7 28 37 26 4050 2430 5360 - - - 513 0
8 28 37 26 - - - - - - 596 0
11 325 248 306 7200 - 2500 35000 - 14000 524 0
12 28 19 27 - - - - - - 590 0
16 323 248 30 - - - - - - 419  -58
19 30 30 30 - - - - - - 559  -87
20 30 30 30 10970 1350 2860 52660 6490 13740 445 -32
22 325 248 30 - - - - - - 240 91
23 383 571 388 - - - - - - 454 0
Measured bending moment in L607K (kNm/m) 337  -11

c: clay NAP-3.0m

p: peat NAP-7.0m

c: clay NAP-15.0m

Table 5.5 Soil parameters used for prediction level 2

Table 5.5 gives an overview of the most important soil parameters assessed for the level 2

predictions for three important soil layers:
e Clay layer on NAR-3.0 m
e Peatlayer on NAR7.0m
e Clay layer on NARP-15.0 m

The wide difference between the values selected for the various strength and stiffness para-

meters, which increase up to a factor of 4, is striking:

e Predictors 4 and 7/8 chost= 2 — 3 kPa, which corresponds to the value from the
triaxial extension test for cohesion in the peat layer. Predictor 23 cised.7 kPa,
corresponding to the 1% strain value from the triaxial compression test, Predictor 2
chosec’ = 9.4 kPa, the 2% strain value, and Predictors 11, 12, 16, 19 and 20 chose
¢ = 10 kPa, the 3% strain value (see also Table 5.1 and Table 5.2)

e Predictor 2 and 12 usegl = 19° (2% strain value) for the peat layer. Predictors 11,
16 and 22 chose’ = 24.8° (3% strain value) and Predictors 4, 7/8 and 23 chose
¢’ > 35°, the failure value either for compression or for extension
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e The A* values from Predictions 12 and 22 are compared to those from Predictions

19 and 23. Predictors 12 and 22 usedvalues which can be back-calculated from
thee—logp curves, whereas Predictors 19 and 23 usedalues which can be back
calculated from the— log p curves

It cannot be concluded that the large differences in parameter choice are due to the fact that
the distributed soil parameters have been consideratbdel parametersModel parame-

ters depend not only on physical soil properties but also on other factors which account for a

specific soil model. For example, analysis using a subgrade reaction model with uncoupled

springs requires a model parameter to not only cover the physical soil behaviour but also

the deficiencies of the SRM, such as modelling of arching.

On the other hand, it can be concluded from the submitted soil parameters, given in
Table 5.5, that the current state-of-the-art of parameter assessment for advanced calculations
of sheet pile walls is not consistent.

The result of an inconsistent parameter choice is a wide spread of the predicted span and
fixed moments. On the basis of Figures 5.1, 5.2, and Table 5.5 some typical observations are
given regarding the relationship between parameter choice and predicted result, followed by
a qualitative judgement:

e The bending moment in Prediction 4 is very close to the measured bending moment,

both for the AZ13 wall and the L607K-wall. On the other hand, Prediction 4 is the
only level 2 prediction made with a subgrade reaction model, which is by far the least
advanced calculation model

There may be three important reasons why one of the best predictions has been obtained with
an SRM. Firstly, an SRM requires less input parameters than an advanced FE soil model where
the outcome is often very sensitive because of the large number of input parameters. Not
every parameter has an evident physical quantity that can be measured easily, which makes to
very difficult to introduce accurate values. A second reason can be found in the definition of
experience For more than 25 years, SRM has been used for design of steel sheet pile walls.
This predictor may have gathered wide experience with SRM and measurements in steel sheet
piling, so that he is experienced in making predictions with SRM. The third reason may be that
the predictor made one or two blunders and accidentally obtained a calculation result close to
the measured values. This latter reason may sound weak but can certainly not be ruled out.

Prediction 22, made with the SSC-model, gave a very good result for the AZ13-wall,
see Table 5.4. However, for the L607K-wall the results deviated further from the
measured results. The large deviation of the fixed moment is not only the result of
an overestimation of the fixed moment capacity. Consider the soil model and soil
parameters used in predictions 11, 16 and 22 with respect to the measured bending
moment. The strength parametefsand ¢’ are exactly the same but the soil mo-
dels and the stiffness parameters are different. The difference in predicted bending
moment for both the AZ13-wall and the L607K-wall, however, is significant

It appears that a proper choice of the strength parameters only is not sufficient to obtain an
accurate prediction. Other variables, such as soil models, stiffness parameters and permeability,
are at least of equal importance.

In Predictions 8 and 12, the bending moments predicted for the L607K-wall are prac-
tically the same but both the soil models (SS-model and SSC-model) and the soll
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parameters applied are completely different. Nevertheless, the predicted bending mo-
ment is not even close to the measured bending moment

Itis very possible that the same calculation result can be obtained with different soil models and
different soil parameters. This does not mean that every calculation that gives results close to
the measured values, is also a good prediction. A prediction is only good when the calculation
describes the actual soil behaviour and when the input parameters can be determined from the
soil testing in an understandable way.

e The predictions 7/8 and 19/20 were submitted by one person/team who only varied
the soil model. Therefore the strength parameters in these predictions are exactly
the same and the stiffness parameters are as consistent as possible. Predictions 7
& 8 show that the simple Mohr-Coulomb model gives better results than the more
advanced HS and SSC models. Predictions 19 & 20 show that the HS model gives
better results than the SSC model

Prediction 7/8 is a typical example of the fact that a more advanced model does not necessarily
lead to a better prediction, either because the advanced model is only advanced with respectto a
specific soil behaviour (creep) and not so advanced with respect the complicated soil behaviour
near sheet piling, e.g., the combination of unloading and shear, and anisotropy, or because this
predictor was more experienced in using a simple model than a mode advanced model.

Prediction 19/20 on the other hand can be considereshaally advancedbut in respect of
different characteristics, the SSC-model gives a better description of the creep behaviour of
soil and the HS-model gives a better description of the strain-hardening behaviour of soil. Both
phenomena are of importance for the real behaviour of the test walls, but it should be realised
that none of these two soil models is suitable for anisotropic behaviour of the clay and peat
layers. So although the HS-model gives a better result than the SSC-model, this does not mean
that the HS-model is the ideal model for this type of soil.

Although on average, the measured values were overpredicted, it may be concluded that a
good prediction can be obtained with a subgrade reaction model (Prediction 4) and with a
soft soil creep model (Prediction 22), but also with a hardening soil model (level 1 Prediction
13) a good prediction was obtained. This is an important conclusion for design practice, as
for normal projects the design engineer does not always have sufficient soil data to use a
very advanced model.

Two important lessons can be learned from this prediction competition:

e Parameter assessment should be adapted to the choice of soil model. This means
implicitly that the type of soil investigation should be adapted to the choice of soil
model, and vice versa

e Using a more advanced model does not automatically guarantee a qualitatively better
prediction. Only when a more advanced model is used in combination with well-
considered parameter assessment and experience from the design engineer, preferably
gained from measurements in a similar project, can a qualitatively better prediction
be obtained
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5.3.3 Consideration of time-dependent behaviour

For the level 2 predictions, the states 1, 3 and 6 months after Stage Ill were requested. It
is more interesting to compare the predictions for the L607K-wall than for the AZ13-wall,
because introduction of the sand mound behind the AZ13-wall means that the long-term
predictions and measurements for the AZ13-wall are not comparable anymore.

Table 5.6 gives an overview of the predictions for the long-term behaviour of the L607K-
wall. The measurements show that the maximum span moMegiricreased 76 kNm/m
(23%) after 1 month and 123 kNm/m (37%) after 3 months. The maximum fixed moment
M; decreased over the long-term period. Few predictors expected an increase of more than
10% after 3 months and only Predictor 22 expected an increase of more than 100 kNm/m
after 3 months.

L607K
Prediction 2 4 7 8 11 12 16 19 20 22 23 Measured
Maximum span momerils (kNm/m)
Stage lllIMs 701 300 513 596 524 590 419 559 445 240 454 337

Stage IVMg 748 - 528 646 543 596 441 632 445 337 - 413
Stage Wis 778 - 550 - 546 601 449 - 448 370 - 460
Stage VIMs 804 383 573 - 551 606 458 - 450 380 -
Increase of maximum span momég (%)

1 month 7 - 3 8 4 1 5 13 0 40 - 23
3 months 11 - 7 - 4 2 7 - 1 54 - 37

6 months 15 28 12 - 5 3 9 - 1 58 -

Maximum fixed momenk; (kNm/m)

Stage [l1M+ 0 -75 0 0 0 0 -58 87 -32 -91 0 -18
Stage IVM¢ 0 - 0 0 0 0 -50 -40 -40 -95 - -4
Stage Wit 0 - 0 - 0 0 -51 - -46 -80 - 0
Stage VIM;¢ 0 -95 0 0 0 -51 - 51 -73

Table 5.6 Long-term predictions for the L607K-wall

A gradual decrease of the maximum fixed moment was only predicted in Prediction 19,
made with the SSC model. In Predictions 4 and 20, made with a subgrade reaction model
and the HS-model respectively, an increase of the fixed moment was predicted. In Prediction
16 an initial decrease was predicted followed by stabilisation, and in Prediction 22 an initial
increase was predicted followed by a decrease of alblyt= 20 kNm/m. The latter two
predictions were made with the HS-model. The question of whether the predicted behaviour
of the fixed moment is the result of the soil model or of the parameter choice should be
answered from back-analyses, see Chapter 6.

In Table 5.7, the permeabilities used by the different predictors are summarised. Predic-
tion 22 (and Prediction 23) were the only ones in which the SS-model was used in combi-
nation with a permeability df ~ 10~ m/s, the other predictors uske: 102 to 10 19m/s
which was found from the oedometer tests, generally interpreted with Taylor’s method.

The influence of the permeability on the long-term behaviour is investigated in more
detall in Section 6.7.
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Figure 5.3: Six best predictions of the AZ13-wall and the L607K-wall, in Stage III. The

e-marks represent the field measurements
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Predicted vertical permeability (m/s)
Prediction 2 7 8 11 12
clay NAP-3m 55107 110°° 110° 57100 371010
peat NAP-7m 710° 1.310° 1.310° 931010 9991010
clay NAP-15m  210° 251010 251010 231010 466101°

Prediction 16 19 20 22 23
clayNAP-3m 581010 61010 610 10 6107 91077
peat NAP-7m  &81010  110° 110°° 11077 81077

clay NAP-15m 271010 221010 221010 1107 451077

Table 5.7: Predicted vertical permeability for the L607K-wall

5.3.4 Overview of the six best predictions

In Figure 5.3 and Table 5.8, an overview is presented of the six best predictions for the
AZ13-wall and the L607K-wall. The criterion for the best AZ13-predictions is the level of
the maximum bending moment, because the implicit aim for the AZ13-wall was to predict
whether the maximum elastic moment would be exceeded and a plastic hinge generated.

The criterion for the L607K-wall is based both on the accuracy of both the predicted displa-
cements and bending moment.

AZ13
Prediction level Calculation Soft soil Ms M¢ level M¢ Wmax
model model (KNm/m)  (kNm/m) (m NAP) (mm)
1 1 SRM -247 133 -13 -89
4 2 SRM -225 76 -11 -74
13 1 FEM SS -274 49 -15 -125
15 1 Semi-FEM MC -228 95 -11 -72
18 1 SRM -176 79 -11 -49
22 2 FEM SS -200 76 -13 -81
Measured -206 30 -16 -109
L607K
Prediction level Calculation  Soft soil Mg M;¢ level M¢ Wmax
model model (kKNm/m)  (kNm/m)  (m NAP) (mm)
9 1 FEM HS 418 -95 -15 95
13 1 FEM SS 371 -13 -15 91
14 1 SRM 415 0 -18 78
16 2 FEM SS 419 -58 -15 80
17 1 SRM 402 -94 -15 89
20 2 FEM HS 445 -32 -15 84
Measured 337 -18 -16 85

Table 5.8 Overview of the six best predictions

Four of the six best AZ13 predictions were level 1 and two were level 2. Three predic-
tions were made with a subgrade reaction model, one with the semi-finite element model
FREW [7] and two with a finite element model. In both finite element calculations, the soft
clay and peat layers were modelled with theaRis SS-model.

Although the six best AZ13 predictions have a maximum span moment close to the
measured value, the prediction of the fixed moment is not so promising. In three of the six
predictions the fixed moment is generated just below excavation level, see Figure 5.3. This
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high fixed moment is caused by a significant overprediction of the effective earth pressures
in combination with an underprediction of the water pressure on the excavated side. In
Prediction 4 a negative water pressure-@0 kPa just below excavation level was included
which accounted for swelling of the peat layer. In Prediction 13 a negative water pressure of
about—25 kPa on the retained side was predicted, which suggests undrained response, see
Section 6.4. However, Prediction 13 was the only one in which the predicted displacement
was larger than 100 mm and the predicted maximum fixed moment was at NAR.

Furthermore, the prediction of the maximum fixed moment is shown to be the result of
underprediction of the displacement and water pressure on the excavated side, and overpre-
diction of the effective earth pressure on both sides of the wall. It can therefore be concluded
that none of the six predictions gives an accurate representation of the measured soil beha-
viour. Nevertheless the predictions show that both the subgrade reaction model and the
(semi-)finite element model are suitable tools for the calculation of this sheet pile wall field
test.

With regard to the L607K-predictions, four of the six best predictions were also level 1
and two were level 2. Four predictions were made with FEM and two with SRM. Pre-
diction 20 gave the most accurate displacement and Prediction 13 the most accurate ben-
ding moment distribution. The spread of the predicted moments and displacements for the
L607K-wall was smaller than for the AZ13. As for the AZ13-wall, the L607K predictions
all show a slight underprediction of the water pressure on the excavated side in combination
with an overprediction of the effective earth pressure. Although the maximum span ben-
ding moment is overpredicted in all six predictions, the moment distribution is much better
predicted than for the AZ13-wall.

The two main differences between the AZ13 and the L607K-walls are the pile type,

Z and double U, but for the predictions, of greater importance is the large difference in
bending stiffness, which for the L607K-wall is 3 to 3.5 times larger than for the AZ13-wall.

It is striking that the six best L607K entries predicted a maximum bending moment in the
range of 325 kNm/m to 375 kNm/m for the AZ13-wall, wherdds= 206 kNm/m was
measured. This large difference between the predicted and measured bending moment is
investigated in Chapter 6.

5.4 Conclusions from the submitted predictions

The two aims of the predictions concerned the state of the art for the calculation models
and the introduction of the new plastic design and oblique bending phenomena to design
engineers. With regard to the state of the art for the calculation models, the following
conclusions can be drawn from the submitted predictions:

¢ In almost every prediction, the maximum displacement and bending moment is signi-
ficantly larger than measured, but a few predictions are quite accurate

e Accurate predictions may be obtained from well-considered parameter assessment,
but also from errors that cancel each other

e Performing an accurate prediction seems to be possible with both simple and more
advanced models. The success of an accurate prediction dependsimgputhgara-
metersapplied to the model. An input parameter may be composeghbfsical soll
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property and animaginary model factor Consequently these input parameters are
different for each model

e The imaginary model factor depends both on the geometry and the type of soil, and
is therefore more than defined by local experience. From a practical point of view the
imaginary model factor should be controlled (simple models and short-term policy),
but from a scientific point of view the imaginary model factor should be cancelled
(advanced models and long-term policy)

e The design engineer must exercise great skill for a proper assessment of these com-
posed input parameters

The wide spread in parameter choice suggests a general lack of skill in parameter assess-
ment, or an outdated directive. A general trend appears to be the use of advanced soil models
but, ironically, to assess the input parameters from triaxial compression tests with 1%, 2%
and 3% strain values, whereas in excavations, soil is unloaded and the soil model covers
strain hardening.

Summarising it can be concluded that a clear and updated directive for parameter as-
sessment is required which distinguishes between simple, effective calculation models and
the advanced state-of-the-art soil models, both in combination with the different stress paths
along which the soil is loaded.

Concerning the introduction of the new phenomena of plastic design and oblique ben-
ding, it can be concluded that the combination of field test, prediction, and review encou-
rages discussion about plastic design and oblique bending and therefore contributes to a
better understanding of these phenomena.



Chapter 6

Evaluation of the sheet pile wall
field test

6.1 Introduction

The measurement results of the Rotterdam Sheet Pile Wall Field Test and the results of the
23 type A predictions are presented in Chapter 4 and 5 respectively. This chapter gives a
comprehensive evaluation of the observed behaviour of the test walls. Use is made of simple
analytical calculations and numerical computations with$wALL and R.AXIS.

Initially, the plastic hinge is discussed. A comparison is made between the verification
models described in Chapter 2 and the measured plastic rotation. Next, oblique bending of
the L607K-wall is evaluated. The reduction fact@sandpw are determined for several
stages and verified against the theory developed in Chapter 3. In Section 6.4 the measured
earth and water pressures are analysed, giving a better insight into the short and long-term
behaviour of the test walls.

This chapter concludes with back-analyses; firstha¥as 3D is used to investigate to
what extend 2D calculations are representative of actual 3D behaviour of the excavation.
This is followed by back-analyses of the short and long-term test results witBWALL
and RAXIS. These back-analyses aim to prove the applicability of the field test to the
validation of calculation models for steel sheet pile walls. Therefore the back-analyses
focus on explanation of the measured behaviour and validation of the numerical models
rather than determination of the proper parameter set for this case.

6.2 Plastic hinge

6.2.1 General

The design rules for plastic design outlined in Chapter 2, are based on thorough laboratory
testing and FE analyses of the plastic behaviour of steel sheet piles. During this testing,
typical observations were made that form the basis of the design rules, for example the

159
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shape of the plastic hinge and the simplified methods to determine the rotation requirement.
In this section these two aspects are evaluated with respect to the field measurements.

6.2.2 Shape of the plastic hinge

The left photo in Figure 6.1 shows the shape of the plastic hinge generated in the field test,
and the right photo, a plastically deformed pile after a four-point bending test. Note in the
middle of the left photo that the epoxy protection strip for the wiring visibly ripped open.

Figure 6.1 Shape of plastic hinge observed in field test and in a four-point bending test

The shape of the plastic hinge is comparable and in agreement with the mechanism descri-
bed in Section 2.3.2:

e the compression flange buckled and deformed in such a way that the nett height of
the cross-section decreased

¢ the web also deformed out of plane in the opposite direction to the flange deformation

e the plastic kink is rather concentrated but plasticity in the cross-section is over a
relatively large portion of the sheet pile, indicated with the two pens in the right
photo

6.2.3 Determination of plastic rotation angles in the field test

Figure 6.2 shows the state of the AZ13 piles A2, A4 and A5 when the plastic hinge was
fully developed. This state is also referred to as the state on Janudrg0B1L. The dis-
placements and wall inclinations are compared with the state just before rotation in the
plastic hinge occurred. For the accompanying distributions of bending moments and earth
pressures reference is made to Figure 4.31.

The plastic hinge was generated in a concentrated zone at approximately3Am.
In the displacement curve, the plastic hinge is clearly visible. The amount of plastic rotation
in the hinge can be derived from the distribution of the tilt; the straight, almost horizontal,
line represents a large change of tilt over a short length of sheet pile. The plastic rotation
angle is derived from the start and end points of this line, as indicated in the figure.
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Lateral Displ. A2 (mm) Lateral Displ. A4 (mm) Lateral Displ. A5 (mm)

—1400 -700 0 700 —1400 -700 0 700 —1400 -700 0 700
L I I J L I I J L I I J

Tilt A2 (rad) Tilt A4 (rad) Tilt A5 (rad)

-0.2 -0.1 0 01 02 -02 -01 0 01 02 -02 -01 0 01 0.2
L I J L I I I J L I I I J

A¢ = 0.26 rad
7124

—15-

_184
Curvature A2 (m1) Curvature A4 (m1) Curvature A5 (m1)
-0.03 -0.015 0 0.015 0.03-0.03 -0.015 O 0.015 0.03-0.03 -0.015 0 0.015 0.03
L 1 1 1 J L 1 1 1 J L 1 1 1 J

—12-

—154

-18-

Figure 6.2: Lateral displacement, wall inclination, and curvature for the AZ13 piles A2, A4
and A5 for the beginning and end of test Part 6, see Table 4.4. The dashed lines indicate the
state on January 18 2000 and the solid lines the state on January 31
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The plastic rotation angles in piles A2, A4 and A5 are:
o A2: AQmeasures— 0.26 rad
o A4d: AQmeasures— 0.18 rad
e A5: AQmeasureq— 0.09 rad

6.2.4 \Verification of design methods to the measured plastic angles

In Section 2.4.6, two simplified methods are presented to determine the plastic rotation angle
from the displacement curve and the structural properties of the sheet pile wall. Although
these methods have been developed as a rotation check in a plastic design, they can be vali-
dated against the measured plastic rotation aA@lgeasured The real structural properties

of pile A4, determined just after the field test, are given in Table 6.1.

bt

A | W b bt f, o Wy Mpi My
ple c® o cm® mm mm mm N/md cm®  kNm/m  kNm/m
A4 182 25636 1697 1356 387 9.7 315 46.1 1985 467 467
E=211CFkN/n?

Table 6.1 Structural properties of pile A4, determined with a four-point bending test

Method Il1: simplified assumption based on rotations
In method Il the plastic rotation anglieypy; is determined according to:
A = PR = Prot — Pp| (6.1)

wheregyt andey are determined in accordance with Figure 6.3.

,EMNL
Pl =37 ]

Figure 6.3: Method III: simplified assumption of ®r based on rotations

The span lengthk were derived from the curvature plots in Figure 6.2:
e A2:L=925m
e Ad4: L =1050m
e A5:L=1175m
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UsingE| = 39702 kNnt/m, My =467 kKNm/m and the measured data plotted in Figure 6.2,

the following plastic rotation angles were found:
e A2: Agy; = 0.27 rad (measured:.B6 rad)
e A4: Agy = 0.19 rad (measured:.08 rad)
e A5: Ag; = 0.09 rad (measured:.09 rad)

Method IV: simplified assumption based on displacements
In method IV the plastic rotation anglep,y is also determined according to:
AQy = DR = Prot — Pp (6.2)

wheregrt andgy are determined in accordance with Figure 6.4.

Mpi
L q
1
L2
- W2 — W1 W — W3
Qrot = L 7L2
_ 5 Myl
PP = 12 EN

Figure 6.4: Method IV: simplified assumption of ®r based on displacements

The results are:
e A2: Agyy = 0.25 rad (measured:.B6 rad)
e A4: Agy = 0.18 rad (measured:.08 rad)
e A5: Agyy = 0.09 rad (measured:.09 rad)

The maximum difference in the rotation requirement between the simplified methods IlI

and 1V, and the measured values i9Drad, which implies a maximum error of about

5%. Therefore it can be concluded that both Method 11l and Method IV give good results
for plastic rotation in the hinge and are therefore satisfactorily methods to determine the

rotation requirement.
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6.3 Oblique bending
6.3.1 General

In this section the reduction factos andByw are determined for various stages of the field
test and compared to the design methods presented in Chapter 3.

6.3.2 Method to determine reduction factors
Determination of B

In Section 3.4.6 a method is described to determine the reduction f@i¢tarsd By from
oblique bending calculations withkBwwALL. This method requires the input of both an
oblique bending and a normal bending calculation and was applied to various calculations
in order to derive the design rule presented in Section 3.7. However, this method is not
applicable to determination of the loss of stiffness and strength that occurred in the field
test, because a comparable case with normal bending is missing.

This section starts with the derivation and testing of a second method to detflimine
from a sheet pile wall in oblique bending. The constitutive equations for oblique bending

My = Eluxkx + Elyyxy (6.3)

My = Elyxkx + Elyyiy (6.4)
are written in the form

My = B Elyyky (6.5)
where

B — Elyxkx + Elyyiky (6.6)

To validate this method, the case presented in Figure 3.10 is considered again. For the
calculation results for oblique bending, reference is made to Figure 3.11, Figure 3.12 and
Table 3.7.

The left part of Figure 6.5 shows the distribution {f with depth determined from
equation (6.6). In the same figure, the lateral displacement is plotted. It is shown that the
factor ) does not have a constant value but varies with depth. In this method, the critical
value ofB; is assumed at the level of the maximum lateral displacement, indicated by the
dotted line; from the figur@, = 0.62 is obtained.

In the right part of Figure 6.5, the oblique bending calculation is compared with the
normal bending calculation usirfly = 0.62. This factor is lower thafi, = 0.70, found with
the method described in Section 3.4.6, which also proved to be a useful approximation.
However, in Figure 3.14, the displacements were slightly underestimatedfysing.70,
whereas it can be seen in Figure 6.5, that the lateral displacements fit very Vg @x62.
Therefore it can be concluded that the method presented in this section can be applied to
determind3; from the field measurements.

It is remarked that the method presented in this section and the method in Section 3.4.6
are merely different approaches to determfipgit can not be stated that one method is
better than the other.
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Lateral Displacement (m) Lateral Lateral
Bi Displacement (m) Moment (KNm/m)
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Figure 6.5: Distribution of B; with depth and oblique bending calculation compared with
normal bending using B = 0.62. Solid lines represent the oblique bending calculation,
the dashed line the distribution of B; with depth, and o-marks the reduced normal bending
calculation

Determination of By

An equivalent section modul¥kq is determined from the maximum bending moment and
the strains measured at that level according to

Mmax Mmax
Wag = = 6.7
47 o E (e + X+ KyY) (6.7)

In every test stagéMeq appeared to have a minimum value foe= +1296 mm andy =
—2175 mm. The reduction factor follows from

W,
b = '

whereW is the section modulus for a continuous wall & 3220 cni/m).

(6.8)

6.3.3 Determination of actual reduction factorsp; and By in the field
test

The reduction factop, can be determined from either the displacement measurements (pile
H2, H4 and HB6) or the strain measurements (pile H5). In practice, measurement errors in
field data make the analysis more difficult and therefore it should be realised that the values
of B; determined from the strain measurements in pile H5 may be more accurate than those
determined from the inclinometer measurements in piles H2, H4 and H6. However, the
reduction factoy could only be determined from the strain measurements in pile H5,
because it appeared that the influence iof equation (6.7) could not be neglected.

Table 6.2 gives an overview @ andpyw determined for various test stages. After the
dry excavation, the amount of oblique bending was negligible and after the excavation under
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Bi Pw
Stage Activity Date H2 H4 H5 H6 H5
Stage 1:  short-term field test
1.1 dry excavation to NAR4.0 m Apr.151999 0.60 1.00 0.97 1.000.68
1.3 excavation under water to NAF.Om  Apr. 221999 099 0.74 068 1.00 0.74
1.9 lowering water level to NAP-5.0 m May 111999 057 0.68 0.68 0.76 0.73
Stage 3:  long-term field test
3 end of long-term test Aug. 111999 056 0.70 0.69.52 0.73
Stage 5:  additional load increase: water level on NAR m
5.2 final measurement Jan. 242000 058 0.72 0.71 0.80 0.69

Table 6.2 B, and Bw determined in various stages of the sheet pile wall field test

water,; andpw had a constant value during the entire tegdof 0.7 in pile pairs H4 and
H5. In pile H2,B, was generally smallef( = 0.6) and in pile H6 3 was generally larger
(B1 = 0.8). During the entire tegly was aboufw = 0.73, which should be compared to
Bi =0.68 in pile H5.

Lateral Displacement (mm) Transverse Displacement (mm)

0 25 50 75 100 —-50 —25 0 25 50
| | I | L | | | |

Figure 6.6: Lateral and transverse displacements in pile H2 (solid line), H4 (dashed line)
and H6 (dashed-dotted line) on May 11 1999

Figure 6.6 shows the lateral and transverse displacements in the three L607K test piles.
The lateral displacement and transverse curvature are largest in pile H2 and smallest in pile
H6. This is typical for all the test stages and means that a greater loss of stiffness may be
expected in pile H2 than in pile H4 and H6. For this reason it can be stated that the value of
B = 0.99, measured in pile H2 after the excavation under watefard0.52, measured in
pile H6 at the end of the long-term field test, are not realistic values but rather the result of
measurement inaccuracies. The same applifgte: 0.68 just after the dry excavation.

The differentp,’s for the four piles are most probably the result of installation effects.
The sheet piles were driven with a rig equipped with a continuously adjustable impact-
vibration hammer installed on a leader and therefore precise pile installation was possible.
It was observed during installation that the piles near H6 were installed with more effort
than the piles near H2. It can therefore be concludedfhatas not a constant value but
varied betweefy; = 0.57 andB; = 0.78, depending on the pile installation, with an average
of B; =0.70.



6.3. Oblique bending 167

Figure 6.7: Strain distribution at NAP—5.0 m in pile H5 for various stages of the field test

Figure 6.7 shows the strain distribution at NAB.O m, in pile H5, for various stages of
the field test. NAR-5 m is the level close to the maximum bending moment and is the level
where the rotation of the neutral axis is close to the largest value. At this level, rotation of
the neutral axis, denoted wit) may be compared to the rotation of the principle axes of
inertia, o0 = 20.98°%; if yis close to zero, oblique bending is impeded angli# close too,
oblique bending occurs.

Rotation of the neutral axes shows that after the dry excavation oblique bending hardly
occurred and that during the rest of the field fsmust have been somewhere halfway
betweenB| o = 0.47 and one. The strain distributions confirm the valueB, &f presented
in Table 6.2.

6.3.4 General evaluation concerning oblique bending in the field test

Comparing the existing and new design rules presented in Chafie=30.70 andBw =

0.80 according to CUR 166, arft) = 0.70 andBw = 0.71 according to the new design

rule in Table 3.11. In Table 6.3 the average measured value in the field fastd.68 and

Bw = 0.73 are compared to the design method from CUR 166 and the new method proposed
in this thesis.

CUR 166 new method measured
Bi 0.70 0.70 0.68
Bw 0.80 0.71 0.73

Table 6.3 Comparison of By and Pw from design methods and the field measurements
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In the new methodj, = 0.70 is composed of a theoretical partlpf= 0.60 and a practical
part of ; = 0.10. It is assumed that the theoretical part, where interlock friction is absent,
is approximately equal to the measurements in pile pj2 0.57). Both the theoretical
part 3 = 0.60) and the installation effec(s = 0.10) seem to be a reasonable estimation.
The new design rule also gives a good resultffgr Therefore the following two general
conclusions can be drawn:

e Oblique bending can occur in steel sheet piling

e The loss of stiffness and strength due to oblique bending can be accurately assessed
using both the existing CUR rule and the new design rule presented in Chapter 3

6.4 Earth and water pressures

6.4.1 General

The behaviour of a sheet pile wall is governed to a large extent by the behaviour of the
soil. The behaviour of the sheet pile wall can therefore be better evaluated when the soill
behaviour and the mechanisms in the soil are understood.

In this section the change of earth and water pressures as a function of the wall displa-
cement is investigated. From the rate of change of earth and water pressures it is possible
to investigate to what extent the soil behaved as an undrained material during the short-term
field test. Furthermore, insight into time-dependent behaviour of the soil can be obtained
from the long-term field test.

6.4.2 Measured change in earth and water pressures

The AZ13 test wall was instrumented with two tiltmeters, located just below strut level, so

that the inclination of the wall causing a lateral displacement could be measured. This wall
inclination is a measure for the wall displacement at a certain depth. The L607K-test wall
was not equipped with tiltmeters.

Figure 6.8 shows the change in earth and water pressures on the AZ13 wall against the
tilt at strut level. In the bottom graph, the water level in the excavation is coupled to dates
on which the various load steps were carried out. An impression of the wall displacements
related to the tilt can be derived from Table 6.4, but for a more precise overview of the
various activities, see Appendix G.

In Figure 6.9 the change of effective earth pressure is shown. On the retained side,
it rapidly decreases to zero at NAR m and NAR-4 m, and slowly decreases at greater
depths. On the excavated side, the effective earth pressure remains more or less constant at
every depth.

The change in earth and water pressure for the L607K-wall shows a comparable beha-
viour, and is therefore not treated separately.



6.4. Earth and water pressures

169

Total Earth Pressure on Retaining Side
200

B
N a1
[ )

=
o
o

Earth
PressurgkPa)

75
50
25

0 —
-2
-4
-6

Water
Level(m)

T T T T T

00 05 10 15 20 25 3.0
Tilt at Strut Levelrad)

Water Pressure on Retaining Side

200
175
150
125

—16m

—14m

iy
o
7

Water
PressurgkPa)

—10m

~
al

N o1
Ao 0 &
L

Water
Level(m)

'
o

T T T T T
00 05 10 15 20 25 3.0
Tilt at Strut Levelrad)

Total Earth Pressure on Excavated Side

= —14m
o
Sw
=
wa —10m
g
o —7m
<
T O
=3
- '6 T T T T T
00 05 10 15 20 25 3.0
Tilt at Strut Levelrad)
Water Pressure on Excavated Side
200 f —16m
175 N
<
a8
é% —14m
TS
=2
[
N —10m
—7m
= 0 T
s L1 o~
£3 I
-1 -6

T T T T T
00 05 10 15 20 25 3.0
Tilt at Strut Levelrad)

Water Level in Excavation

o

13/4 (start) !
-1
= 17/4—‘-—5«\22/4 (wetexcav.) -=, 18-19/5 (sand mound)
%‘—8’-3 - O
- N > ~\
=3, i SN o7i40i5 No-e 2305
- 15/4 (dry excav.) ‘\_,\10/5 \\ . 26/5-18/8
-5 11-17/5
-6 T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Tilt at Strut Levelrad)

Figure 6.8: Change of earth and water pressures at different levels NAP, as a function of the
tilt at strut level(equivalent to wall displacement). The lower part of the graphs represents
the water level inside the excavation. The various test stages are indicated with datesin the

bottom graph
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Depth(m NAP) Lateral Displacemengmm)
-2 23 -44  -65 -96  -120 -148
-4 31 -64 -96 -136 -173 -213
-7 33 -71  -108 -151 -196 -245
-10 -25 57 -89 -123 -164 -208
-14 -9 26 42 -60 -82  -105
-16 -4 12 -19 -28 -38 -50

0.5 1 15 2 2.5 3
Tilt at Strut Levelrad)

Table 6.4 Tilt at strut level versus lateral displacement at various depths
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Figure 6.9: Change of effective earth pressures at different levels NAP, as a function of the
tilt at strut level

6.4.3 Short-term field test

In the short-term field test the tilt around the strut varied between 0 &n@d. During this
period the measured change of water pressure on both sides of the wall was more or less
proportional to the change in earth pressure. As a result of the excavation and dewatering,
the sheet pile bends and the soil on the retaining side expands. The isotropic soil stress
decreases and, if pore water cannot flow in, the water pressure must decrease as well. This
behaviour indicates an undrained soil reaction, which is investigated hereafter.

In a porous medium with incompressible grains, where pore water cannot flow in or
out (undrained behaviour), the change of pore water pregasuierelated to the change of
isotropic soil stressesc according to

1 K
where
Ap _ AG]_ +A§2 +A(53 (610)
Aq = \/ % ((Acl — A62)? + (Ao — AGs)? + (AGs — Acl)z) (6.11)

wheren is the porosityf is the compressibility of the pore watég, is the bulk modulus
of the grain skeleton anD is a constant reflecting dilatancy f@r > 0 and contractancy
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whenD < 0, see Verruijt [86]. When the pore water contains no gas, it may be considered
as incompressible(= 0), but when some gas is present in the pores, the pore water is
somewhat compressible afidis of significance. According to Verruijt [81p may be
estimated from

B=05x10°+(1—-9/u (L/kPa) (6.12)

whereSis the degree of saturation ands the pore water pressure.

In spite of its rather theoretical basis, equation (6.9) is used to predict the order of
magnitude of the change of pore water pressure related to the change of total earth pressure
measured in the field test. Therefore in this simplified approach it is assumed that the total
vertical and horizontal stresses in the soil can be represented by principal stresses according
to 01 = oy andos = oy. Further it is assumed that for this case the soil in shear will not
show dilatant or contractant behaviour, i.= 0, and that the pore water pressure is not
affected by groundwater flow.

Retained side

On the retained side it is assumed that andAe; do not alter and that the earth pressure
reduces by-Acs. This implies tha\c, = —v Acs. Substitution in (6.9) gives

1

EETCER o)

1+v)Acs (6.13)

When the soil is considered as undrained=0.5) and the pore water is considered as
incompressible [{ ~ 0), equation (6.13) reduces fu = —%AG:;. However, in the field

test it was observed that a significant quantity of gas escaped from the excavation, which
indicates that the effect of gas on the compressibility of the pore water cannot be neglected.
Reasonable values which can be used for a rough estimation of the compressibility of the

pore water ar&= 0.95 andu = 50 kPa. Substitution in (6.12) givls= 0.001 nt/kN and
substitutingn = 0.8 andK = 625 kPa in (6.13) finally gives

Au = —%Acg (6.14)

It should be realised that the ratg)is only a rough estimation and could equally?ge or

%1 or so; in the case of drained behaviour, the ratio reduces to zero.
The effective stresses, basedAwsi = Ac — Au, are obtained from

Ao} = Acy = +-Ac3 (6.15)

Ay = —= Aoy (6.16)
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Hence, undrained response is obtained if, as a result of a total earth pressure decrease of
—AGh:

1
e the pore water pressure decreaseaby- —3 Ach
. 2
o the effective earth pressure decreaseady = _éAGh

. . . 1
e the vertical effective stress increaseswy, = +§Ach

Depth(m NAP) Aoy, Au Aoy, Aop/Au(6.14) Aocp/Acy (6.16)
-2

-29.7 0.9 -30.7 -32.0 1.0

-4 -145  -34 -11.2 43 1.3

-7 -47.7  -16.3 -315 2.9 15

-10 -48.0 -278 -20.3 1.7 24

-14 -39.5 -10.7 -28.8 3.7 14

-16 -26.6 -13.6 -13.0 2.0 21
Theoretically 3.0 15

Table 6.5 Measured change of earth and water pressures on the retained side of the AZ13-
wall (May 11 1999) compared to the theoretical analysis

Table 6.5 shows the change in earth and water pressure when the water level inside the
excavation was lowered to NAFS m (May 11), expressed by the inverse values of the
factors in equations (6.14) and (6.16). At NAR m the state of the soil may be considered
as fully drained, due to the fact that the groundwater level is approximately at this depth. At
the other depths, no clear proof for fully drained behaviour is found, because the change of
pore water and effective earth pressures fit quite well with the theoretical values, expected
in the case of undrained behaviour.

It is, however, beyond this theoretical consideration to conclude that the pore water
contained a significant amount of gas at NAPm, and hardly any gas at NARLO m. After
all, this analysis implies the assumption that no pore water flow occurred over a period of
one month, which is unlikely, and that other effects, such as dilatancy of the soil, were of
minor importance, which has not been investigated.

Excavated side

On the excavated side it is assumed that the total vertical stress decreasasfyyand
the total horizontal stress byAcs. Again,Aez = 0 and thereforac, = —vAG1 — VAGS3.
Substitution in (6.9) leads to

1

A= =K

(1+V)Acy + (14 V)Acs) (6.17)

When the soil is considered as undrained=(0.5) and the pore water is considered as
incompressibleff ~ 0), equation (6.17) is reduced A = —%Acl — %AGg. As the amount
of gas that escaped from the excavation was significant, its effect on the compressibility of
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the pore water is not neglected. As for the retained side, substitutipr=d3.001 nf/kN,
n= 0.8 andK = 625 kPain (6.17) gives

1 1
AU = —ZAG1 — ZA 1
u 3 O1 3 O3 (6 8)

Again it should be realised that the ratic%sare rough values and could equallygg or

% or so. In the case of drained behaviour, the ratio’s reduce to zero and effective stresses
based om\¢’ = Ac — Au are obtained:

2 1
Ac) = —gAcl + §A63 (6.19)
Ach, = 1A 1A 6.20
Oy = +§ o1 + § 03 ( . )
Ach = }A — gA 6.21
3 = +3 o1 3 03 (6.21)

Hence, undrained response is obtained if, as a result of a total earth pressure decrease of
—ACh:

1 1
e the pore water pressure decreasedby-= —3 Aoy — 3 Ao,

. 1 2
o the effective earth pressure decreaseadly = +§Ac\, —3 Aoy

. . 2 1
e the vertical effective stress decreases\by = —§AG\, + 3 AGHh

As a result of the excavation to NAFY m and dewatering to NAP5 m, the total vertical
stress decreased by, = —80 kPa.

Measured Values Theory
Depth(m NAP) Aoy Au Aoy,  (Aoy+Aocp)/Au(6.18) Aoy Ac),
- -39.11  -39.41 0.30 3.0 0.59 -40.3
-10 -40.96 -33.06 -7.90 3.7 -0.64 -39.7
-14 -26.28 -28.47 2.19 3.7 9.15 -44.6
-16 -12.28 -13.03 0.75 7.1 18.48 -49.2
Theoretically 3.0

Table 6.6 Measured change of earth and water pressures on the excavated side of the
AZ13-wall (May 11 1999) compared to the theoretical analysis

Table 6.6 shows the change of earth and water pressures measured on May 11. The
change of earth pressutey, is of the same order of magnitude as the change of water pres-
sureAu, and therefore the change of effective earth pressafe~ 0. The last two columns
in Table 6.6 give the change of effective horizontal and vertical soil stress, calculated using
Aoy = —80 kPa and the measured valueAo,.

Conclusions concerning undrained behaviour of the soil cannot be drawn. On the other
hand, the measurements do not indicate fully drained behaviour of the soil.
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Evaluation of measured pore water pressures

Evaluation of the measured pore water pressures is based on the assumption that the soil
behaved in an undrained manner and that a significant amount of gas was present in the
pore water. In Figure 6.10 the dashed lines show the water pressures calculated from the

measured earth pressures according to:

1 . .
Au= -Acp (retained side) (6.22)
3
1 1 .
Au= éAcsv + éAch (excavated side) (6.23)
Water Pressure on Retaining Side Water Pressure on Excavated Side

—16m

0 et e At~ | — D ]

= T = 0 T
8E 21 el ™ 88 24Ty
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= -6 T T T T T - -6 T T T T T
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Tilt at Strut Levelrad) Tilt at Strut Levelrad)

Figure 6.10 Change of water pressures at different levels NAP, as a function of the tilt at
strut level(equivalent to wall displacement). The solid lines represent the measured values
and the dashed lines were calculated with equations (6.22)and (6.23)

On the retained side the calculated water pressures correspond quite well to the measu-
red values, indicating that the soil reaction on the retained side may not be considered as
drained but rather as undrained.

On the excavated side, the measured water pressure difference is significantly smaller
than the calculated values. This might indicate that the soil reaction on the excavated side
was not fully undrained but was subjected to time dependent behaviour, to a greater extent

than the retained side.

6.4.4 Long-term field test

Figure 6.11 shows the displacement, bending moment, and earth and water pressures mea-
sured on May 26 and August 11. In this period, the water level inside the excavation was
maintained at a constant level, meaning that the changes in bending moment and wall dis-
placement are the result of time-dependent effects in the soil i.e., consolidation and creep.
The maximum bending moment increased witth = 105 kNm/m and the maximum wall
displacement witiAw = 80 mm.
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~ Lateral ~ Lateral Earth Water
Bending Moment (kNm/m) Displacement (mm) Pressure (kPa) Pressure (kPa)
AZ13 AZ13 AZ13 AZ13

—500-250 0 250 500-500-250 0O 250200 100 O 100 20@00 100 O 100 200
L | I I | L | | [ T L TR

Figure 6.11 Increase of action effects on the AZ13-wall from May 26 (dashed lines) to
August 11 1999 (solid lines)

The distribution of earth and water pressures was determined at eight measurement
points on the retained side and four on the excavated side, and do not show any signifi-
cant changes. Nevertheless according to engineering beam theory, the differential equations

d?w M
o "' 6-24)
d2Mm

indicate that an increase of displacement and bending moment must be the result of either
a change of the resulting earth pressure distribution on the g)adlr(a change of stiffness

of the soil k). In soil, the displacement and bending moment are dependent o boih

k. For example, a decreaseloflue to time-dependent effects will lead to an increase of

and consequently to a changempf

To obtain more insight into the question of where the most significant changes in soil
behaviour occurred, the increase of the action effects in the period from May 26 to August 11
is analysed using the consistency check technique described in Section 4.6. This calculation
technique was developed for a single layer system, and therefore the calculation results give
an indicative view of the change of earth pressure distribution rather than an exact result.
The calculation was made with=8,m=7, a, B, §, e = 1 andy= 1.52. In the displacement
curve only 25% of the total available measurement points are presented, and the results are
plotted in Figure 6.12.

The calculated wall displacements fit very well with the measured data points, whereas
the calculated bending moment exceeds the measured values above the level of the maxi-
mum bending moment. Obviously some accuracy has been lost in the determination of
either the displacement increase or the moment increase at that level. Therefore the polyno-
mial gives a slight overestimation of the earth pressure change above BIAPR

The consistency check technique confirms that the increase of lateral displacement and
bending moment in the long-term is caused by a relatively small change of earth pressures.
It is therefore understandable that this change was hardly detected by the instrumentation.
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~ Lateral _ Lateral Resulting
Bending Moment (kNm/m) Displacement (mm) Earth Pressure (kPa)
AZ13 AZ13 AZ13

—250 —125 0 125 -250 -—-125 0 1250 25 0 25 50
L I I J L I I L

0.754
-1
-3
-5
-7
-9

11
-13-]
-154

-18

Figure 6.12 Consistency check for AZ13-wall for the difference in action effects between
May 26 and August 11 1999. The ¢-marks indicate the measured data points, the polynomial
is drawn with the solid line.

Retaining Side Excavated Side Resulting Pressures
Depth(m NAP) Aoy, Au Aoy, Aon Au Aoy, Aoy, Au Aoy,

-2 2.80 -0.70 3.50 280 -0.70 3.50

-4 0.77 -1.21 1.98 0.77 -1.21 1.98

-7 2.80 -0.30 3.10 -0.93 259 -352 373 -2.89 6.62
-10 202 404 -201 -228 -1000 7.72 430 14.03 -9.73
-14 -4.65 -3.43 -10.87 744  -1.22
-16 -5.15 -4.60 -0.55

Pressures in (kPa)
NOTE: The change of water pressures on the retained side at-NAPn and NAR-16 m
and on the excavated side at NAP6 m may be disturbed, see also Figure 6.8

Table 6.7: Measured changes of earth, water and effective earth pressures during the long-
term field test

In Table 6.7, an overview of the measured changes in earth, water and effective earth
pressures is presented. Considering this table together with Figure 6.12 it follows that the
increase in displacement and bending moment is mainly generated by the earth pressure
change between NAP7 m and NARP-10 m. At these levels the total earth pressure in-
creased on the retained side and decreased on the excavated side. At a lower level the total
earth pressure on both sides decreased. The decrease on the retained side is caused by the
wall deflection and on the excavated side by consolidation towards a hydrostatic pore water
pressure, see also Figure 6.8. The pressure increase betweer/NMABNd NAR-10 m is
partly carried by the strutting and partly by the Pleistocene sand layer.

In Figure 6.8 it is shown that the tilt at the strut level increased from 2 to 3 rad during the
long-term field test. The pore water pressure on the retained side hardly altered during this
period. One might have expected an increase of water pressure against the sheet pile wall as
a result of pore water inflow in the soil behind the sheet pile wall. However, instead of this
increase being recorded by the piezometers, the sheet pile wall continued to deflect until
the excavated side could carry the additional load. As a result of increasing deflection, the
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soil behind the sheet pile wall expanded, which involved a decrease of pore water pressure.
The two effects of increasing pore water pressures due to groundwater flow and decreasing
pore water pressures due to wall deflection obviously cancelled each other out. On the
excavated side, the pore water pressure decreased towards a hydrostatic condition. This
decrease indicated that the time-dependent soil behaviour on the excavated side was of
significance.

The long-term behaviour can be summarised as follows: as a result of consolidation and
creep, the earth pressure on the excavated side redistributed, resulting in greater deflection
of the sheet pile wall. The soil on the retained side followed this deflection.

6.5 3D behaviour

PLASWALL and RAXIs are plane strain models which can be used to simulate infinitely
long sheet pile walls rather than cofferdams of limited sizes. To use these models for back-
analyses, the 3D behaviour of the test setup must be understood. Recently (April 2001) a
pilot version of RAxis 3D TUNNEL became available. This version contained a limited
number of options, which is the main reason for the simplifications made in these calcula-
tions.

Head in elements: -1.95 m
Water level in excavation: -5 m

=1 sandfil
. Clay 1

Peat

Clay 2

“4  Pleistocene sand

Figure 6.13 Reference case to investigate the 3D effects in the field test

Figure 6.13 shows the 3D mesh of a quarter of the excavation. The properties of the
clay and peat layers were derived from Prediction 20. To model the initial water pressure
distribution and the higher head in the Pleistocene sand layer, a unit weight of the water
was applied ofyya = 11 kN/m?. The calculations were carried out 'undrained’ without
consolidation steps. Relevant dimensions are given in the figure, and the soil and sheet pile
properties in Table 6.8.
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Top layer  Yary/sat G v/ ¢ 9 Eso n =
Soil type Model (m) (kN/m?) (kPa) ) (kPa) Q) (kPa) ) (kPa)
Sand fill MC -0.6 17/19 8000 0.3 2 35
Clay 1 HS -1.5 17 0.2 10 30 10970 0.5 52660
Peat HS -5.75 105 0.2 10 30 1350 0.7 6490
Clay 2 HS -10.5 16 0.2 10 30 3860 0.7 13740
Pleistocene mMC -18 20 40,000 0.2 2 37
Slurry MC 17 168 0.49 7 0

AZ13-wall El=41370 kNnf/m
LX32-wall  El = 75600 kNnf/m (B; = 0.5)

Table 6.8 Soil parameters for comparison between 3D and 2D

The following calculations were carried out:

0: Reference calculation of a 2D slice (front two element rows)
Calculation of the construction without measures for 2D behaviour
Calculation with a special interface pile

Calculation with a special interface pile and a slurry wall

Calculation with a special interface pile and a very smooth slurry vizai (1 kPa)

Bending Moment (kNm/m) Displacement (mm)

—-250 -125 0 125 250 -250 -125 0 125 250
L I I I | L I I I |

——— 0: 2D plane strain

—————— 1: 3D without structural measures

- == 2: 3D with interface pile

- — 3: 3D with interface pile and slurry wall

— —  4: 3D with interface pile and very smooth slurry wall

Figure 6.14: Bending moments and displacements for the five 3D calculations

Figure 6.14 shows the displacement and moment curves of the 5 calculations. The cal-
culated results show that both the special interface piles and the slurry screen were necessary

1The properties of the slurry wall were estimated from various triaxial UU tests on samples taken from the
slurry wall after the test.
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to obtain a model as close to a plane strain situation as possible. It is assumed that calcula-
tions 3 may be considered aquivalent to the measured behavio@omparison between
calculation 3 and 0 shows that the 2D model gives an overprediction of about 28 mm (34%)
for the maximum displacement and 29 kNm/m (14%) for the maximum bending moment
with respect to theneasured behaviour

Calculation 3 gives a shorter span length between the points of zero moment than cal-
culation 0, which indicates that the peat layer has extra resistance due to the 3D effects. As
a result of the shorter span length, the maximum wall displacement is smaller in calculation
3 than in calculation O.

When the slurry wall is modelled agry smoothcalculation 4), more load is generated
on the AZ13-wall, causing larger bending moments and displacements, but the very smooth
slurry wall is not sufficient to fully explain the difference between the 3D and the 2D calcu-
lation. Explanations for the other differences may be found in 3D effects on the excavated
side. Additional calculations, however, proved that the stiffness of the LX32 side walls was
of negligible influence.

The 3D calculations indicate that the measured behaviour of the test walls is sensitive
to the behaviour of the slurry walls and other 3D effects on the excavated side. For the
evaluation of the field test, the use of 2D models for comparison means that somewhat
larger displacements and bending moments may be calculated as a result of the missing 3D
effects. However, the second point of zero moment cannot be higher than the measured
level.

6.6 Back-analysis with the subgrade reaction method
6.6.1 General

The subgrade reaction method is an empirical method for which a lot of experience has been
gained in the Dutch engineering practice [27]. The power of this method is its simplicity
and reduced calculation time and therefore this method is very practical for relatively simple
problems. Since the soil behaviour is simplified by uncoupled elasto-plastic springs, the
scientific value of this method is poor. As a result, these back-analyses are made ‘through
the eyes of the design engineer’.

In Section 6.4 it has been stated that the soil behaviour during the short-term field test
was more or less undrained and that during the long-term field test the sheet pile walls kept
on deforming to an end-state. Hence, it is decided to make the back-analyses of the short-
term field test with undrained soil parameters and of the long-term field test with drained
parameters.

In these back-analyses the aim is to estimate the subgrade reaction moduli that can be
applied to this field test. The other parameters which are used, are derived from the CPT’s
and the triaxial tests, as in most practical cases, these are the only tests from which the data
are available to the ‘design engineer’. Nevertheless, it may be expected that the results from
these back-analyses will be close to the results from more advanced back-analyses.
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The following back-analyses were carried out withABWALL :
e Short-term field test

— based on undrained parameters
— based on effective parameters
— based on both undrained and effective parameters

e Long-term field test

e Limit state

6.6.2 Drained and undrained calculations

The back-analyses are based on both drained and undrained soil parameters. In this section
the modelling aspects of drained and undrained soil behaviour are presented.

In adrainedcalculation with the subgrade reaction model, the general input parameters
are the soil profile (stratification, volume weights and heads) and the spring characteristic
O%, Oh, c’p, k andAw, see also Figure 2.23. Consequently the spring represents an effective
stiffness parameter which behaves according to

o = op — U = k(w—Aw) (6.26)

whereu is the measured water pressure.

In anundrainedcalculation, however, an undrained spring characteristic is used which
is defined byoa, on, op, ky andAw. The spring becomes therefore an undrained stiffness
parameter which behaves according to

Oh+U = on = ky(W—Aw) (6.27)
The plastic branches of the springs are described by the following equations:

where (for a single layer)
Ov = YsatZ (6.30)

The neutral earth pressusg is derived from the initial field measurements, hence the initial
stresses are generated with a undrained neutral earth pressure coefigiesuch that
K¢ = on/ ov.

The term+2c, in equations (6.28) and (6.29) implies a perfectly smooth wall in the
case of undrained behaviour. This assumption is often made for undrained calculations
e.g., by the German EAU [25] and Kerisel and Absi [47]. In reality wall friction can be of
importance and according to Craig [26] and CUR 166 [27] this term may be atibddt,,.

The consequence of the smooth wall assumption on the retained side is negligible because
generally 2, > oy. On the excavated side this assumption is only of influence when the
plastic branch of the spring is reached i.e., when the calculated result is not sensitive to the
subgrade reaction modulus.
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6.6.3 Short-term field test with undrained parameters

The first back-analysis of the short-term field test is based on undrained soil parameters and
the following construction stages are considered:

1. Dry excavation to NARP4.0 m
2. Excavation under water to NAF7.0 m, water level in the excavation at NAR.5 m

3. Lowering of the water level to NAP5.0 m

Top layer Y Cu d o ku,1 ku2 ku3
Soil type (m) (KN/m3)  (kPa) (kPa) ©  (KN/m3)  (kKN/m3)  (KN/m?3)
Sand Fill -0.6 17 2 35 900 900 250
Silty Clay -1.6 16.8 34.3 900 600 250
Peat -5.75 10.1 39.7 800 800 500
Clayey Peat -9.0 10.1 44.2 1100 750 400
Humous Clay -10.5 13.9 29.9 1200 850 450
Sandy Clay -12.5 16.3 50.7 3200 2600 1000
Silty Clay -16.1 14.5 50.7 12000 12000 5000
Pleistocene Sand -17 20 2 37 30000 30000 30000

Table 6.9 Input parameters for back-analysis of the short-term field test with PLASWALL
based on undrained parameters

The input parameters are presented in Table 6.9. The spring constants used in the different

construction stages are denotedky, k, 2 andky 3. The input parameters are based on the
following assumptions:

e The calculations are based on undrained soil parameters

e The soil is treated as single source for each layer, the same soil parameters are
chosen for the retained and excavated sides

This assumption is reasonable for the undrained shear strength but not obvious
for the undrained soil stiffneds,, which is not necessarily equal on both sides of
the wall. Nevertheless, in Dutch engineering practice, the spring stiffness is often
chosen as equal for both sides of the wall and the Dutch CUR 166 regulation does
not give directives for correction dfvalues due to excavation.

e The undrained shear strengthis derived from triaxial tests with cell pressures ap-
proximately equal to the original stress level in the field

Generally for the design of simple retaining structures, a limited amount of soil in-

vestigation is available. In a lot of cases, the available soil investigation comprises
only CPT'’s and triaxial tests. Furthermore, in Dutch engineering practice, the level
of the plastic branches is linked to physical soil properties, whenever possible.

e The subgrade reaction modulus is treated as a so-calgetel factorand is not di-
rectly related to, for example, a Young’s modulus measured in a triaxial test. Further-
more, the subgrade reaction modulus may decrease for increasing wall displacements
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The ’real’ soil behaviour, which is typically observed in the field test, is taken
into account by a correction of the spring stiffness in every construction stage, see

Figure 6.15.
earth pressurg
passive earth pressure
H -
P
\ ‘real’ soil behaviour
\ simplified soil behaviour
active earth pressure j
— away from the ground towards the groune-

wall movement

Figure 6.15 ’'Real’ soil behaviour modelled with springs with varying stiffness

Respecting these assumptions, only the subgrade reaction mégdutusnknown, which
has been fitted to the measurements by trial-and-error.

The calculation results for stage 3 are presented in Figure 6.16. It is shown that not only
the calculated displacements and bending moments are close to the measured results, but
the calculated earth pressures on both sides of the wall are also close to the measured earth
pressures at every depth. This result confirms that the combinatidgsaoid ¢, applied
in the different soil layers are reasonable, although both the bending moments and wall
deflections were very sensitive for the values of the subgrade reaction moduli.

From the back-analysis of the short-term field test with undrained parametera$ P
WALL , the following conclusions can be drawn:

e The assumption that during the short-term field test the soil behaved as an undrained
material, is reasonable, but probably not completely correct

e The assumption that the undrained shear strength may be derived from the triaxial
tests, is reasonable

e The assumption that the soil parameters may be treated as a 'single source’ gives
reliable calculation results

e Reasonable values f&,q, vary between 250 and 900 kN#rfor the upper clay layer,
between 400 and 1100 kN#nfor the peat layer, and between 1000 and 3200 KN/m
for the lower clay layer
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Results AZ13
Stage 3: Water level at NAF5.0 m (May 11 1999)
~ Lateral . Lateral Earth Water
Bending Moment (kNm/m) Displacement (mm) Pressure (kPa) Pressure (kPa)
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Figure 6.16 Back-analysis of the short-term field test with PLASWALL based on undrai-

ned parameters. The solid lines represent the calculation results and the o-marks the field
measurements

6.6.4 Short-term field test with effective parameters

The second back-analysis of the short-term field test is based on effective soil parameters
and measured water pressures. This back-analysis of the short-term field test is required

to analyse the time-dependent effects of the long-term field test. In this back-analysis the
following construction stages are considered:

1. Dry excavation to NARP4.0 m

2. Excavation under water to NAF7.0 m, water level in the excavation at NAR.5 m

3. Lowering of the water level to NAP5.0 m

Top layer Y [ ¢ ks Ka Kp Nret Nexc
Soil type (m) (kN/m3)  (kPa) €)  (kN/md) (m) (m)
Sand Fill -0.6 17 2 35 700 0.27 339 -1.95
Silty Clay -1.6 16.8 6.3 29.1 700 031 4.06 -1.51 -5
Peat -5.75 10.1 9.4 18.8 700 051 195 -236 -494
Clayey Peat -9.0 11.4 11.8 20.1 400 049 205 -234 -2.68
Humous Clay -10.5 13.9 7.1 20.3 500 044 252 -132 -1.90
Sandy Clay -12.5 16.3 7.4 27.1 1400 033 362 -031 -111
Silty Clay -16.1 145 9.8 37.2 5000 0.22 6.83 -0.04 0.75
Pleistocene Sand -17 20 2 37 30000 0.25 4.02 -0.04 0.75
8 =0.5¢ in clay andd = 0 in peat

Kn follows from K, = 1 — sing’

Table 6.1Q Input parameters for back-analysis of the short-term field test with PLASWALL
based on effective parameters
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Table 6.10 shows the input parameters for this back-analysis. The assumptions made are
similar to those for the previous back-analysis:

e The calculations are based on effective soil parameters

During the long-term field test the sheet pile walls continued to deform to an end-
state. This continuing deformation is the result of the time-dependent behaviour
of the soil due to consolidation and creep. In Dutch design practice with subgrade
reaction models, this end-state is generally assessed using effective strength and
stiffness parameters of the soil.

e The soil is treated assingle sourcefor each layer equal soil parameters are chosen
on the retained and excavated side

e The effective strength parametarsand¢’ are derived from triaxial tests for axial
strains of 2%

For verification of the serviceability limit state CUR 166 [27] recommends use of
¢ and¢’ from a triaxial test for 2% axial strain, especially as extensive experience
exists with these values in combination with subgrade reaction models. For veri-
fication of the ultimate limit states’ and¢’ should be determined from the top of
thec — e curve, or otherwise for 5% axial strain.

e The earth pressure coefficients are assessed witte s curved slip plane theory

It has been shown in Section 2.6.4 that the outcome of a calculation with a subgrade
reaction model depends heavily on the chosen earth pressure theory. In this back-
analysis, the intention is to follow existing experience as much as possible. In
Dutch design practice, the earth pressure coefficients are often assessed §fom
andd with Kotter's curved slip plane theory, see Appendix D.

e The subgrade reaction modulus is treated as a so-calbetl factorand is not di-
rectly related to, for example, a Young'’s modulus measured in a triaxial test. Further-
more, the subgrade reaction modulus may decrease for increasing wall displacements,
see also Figure 6.15

e The water pressure distribution on both sides of the wall is based on measured water
pressures in each construction stage

In the field test, the water pressure distribution was measured at 8 points on the re-
tained side and 4 points on the excavated side. As a result of this limited amount of
data, the water pressure distribution is not exactly known.L&asRvALL , input of

the water pressure distribution is by the head in a soil layer. From the combination
of these two restrictions, a certain error in the contribution of the water pressure
to the calculated distribution of bending moment and wall displacements may be
expected, which may be of significance. This error is implicitly corrected by the
choice of the (empirically determined) subgrade reaction modulus.

Respecting these assumptions, only the subgrade reaction mé&dsilusknown, which has
been fitted to the measurements by trial-and-error.

The method involving adoption of 2% axial strain values/ofind¢’ for both sides of
the wall in combination with Ktter’s earth pressure theory did not appear to be satisfactory.
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Figure 6.17 shows the result of the back-calculation using this approach compared with the
field measurements.

Results AZ13
Stage 3: Water level at NAF5.0 m (May 11 1999)
~ Lateral .~ Lateral Earth Water
Bending Moment (kNm/m) Displacement (mm) Pressure (kPa) Pressure (kPa)
AZ13 AZ13 AZ13 AZ13
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Figure 6.17: Drained back-analysis of the short-term field test with PLASWALL based on
effective parameters. The solid lines represent the calculation results and the o-marks the
field measurements

It is shown that the maximum bending moment is considerably overestinsitée;
230 kNm/m. The choice of thievalues had minor effect on the calculation results, which
indicates that most springs are in a plastic state. Typical strength parameters of the peat
of ¢ = 10 kPa andp’ = 2(° result in an active earth pressure coefficient of approximately
Ka = 0.5. This gives an active effective earth pressure of

o, = Ka(oy—Uu) — 2¢vKy (6.31)

In the weightless peat layer, on a level-e¥ m, for example, it follows from Table 6.10
thatoy, = 99 kPa andi = 46 kPa, hence}, = 12.3 kPa. In the field test, however, a typical
observation was that the effective earth pressure was approximately zero. The effects of
an overestimation of the effective earth pressure on the bending moment are investigated
hereafter.

From Figure 6.17, the part of the sheet pile between the points Widherd is conside-
red as a simply supported beam loaded by a distributed load. The distributed load represents
the calculated effective earth pressure, which was not present in the field test. This load is
estimated ag = 10 kPa. For the spah,= 14 m is taken. Overestimation of the maximum
bending moment is

1
AM = éqL2 = 245 kNm/m (calculated: 230 kNm/m) (6.32)

This simple calculation illustrates that a significant part of the overestimated bending mo-
ments and displacements is caused by the effective earth pressure, which is taken into ac-
count in the calculation by using effective strength parameters but was not observed in the
field test.
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6.6.5 Short-term field test with undrained and effective parameters

The back-analysis of the short-term field test was successful with undrained parameters but
not with effective parameters, because the active earth pressure was overestimated. Howe-
ver, the back-analysis with undrained parameters can not be used to analyse the long-term
field test, because the geometrical boundary conditions do not alter during the test. In order
to be able to make a back-analysis for the long-term field test, it is proposed to take un-
drained parameters on the retained side and effective parameters on the excavated side; the
reasons are outlined below.

It has been suggested in Section 6.4.4 that the increase in displacements and moments
is generated from the excavated side and that the soil on the retained side more or less
followed the deflected wall. As neither the total earth pressure nor the water pressure on the
retained side underwent a significant change during the short-term field test, see Figure 6.8,
no proof of drained soil behaviour was found. On the other hand, on the excavated side
some significant prove for time-dependent effects was found.

In this back-analysis, the following construction stages are considered:

1. Dry excavation to NAR4.0 m
2. Excavation under water to NAF7.0 m, water level in the excavation at NAR.5 m

3. Lowering of the water level to NAP5.0 m (May 11)

Stage 1 Stage 2 Stage 3 Stage 4 Stage 5

Depth Y c (p/ Cu ki ko ks kg ks

(m) (kN/m) (kPa) €) (kPa) (kNP (kN/md)  (kN/mP)  (KN/m3)  (kN/md)
+0.35 17 2 35 900 700 300 300 200
-1.6 16.8 6.3 29.1 343 900 700 300 300 200
-5.75 10.1 9.4 18.8 39.7 700 700 550 550 300

-9 10.1 11.8 201 442 700 600 300 300 200
-10.5 13.9 7.1 20.3  29.9 600 500 300 300 200
-12.5 16.3 7.4 27.1  50.7 1800 1800 800 800 600
-16.1 14.5 9.8 372 507 6000 6000 2000 2000 2000
-17 20 2 37 30000 30000 30000 30000 30000

Table 6.11 Input parameters for the short-term and long-term field tests in PLASWALL
based on both undrained and effective parameters

The input parameters are presented in Table 6.11. Stages 4 and 5 refer to the back-analysis
of the long-term field test presented in Section 6.6.6 and are of no importance in this back-
analysis. The following assumptions are added to the list in Section 6.6.4:

e The soil on the retained side is assigned undrained parameters
e The soil on the excavated side is assigned effective parameters

e For each soil layer, one subgrade reaction modulus is applied to both sides of the
retaining wall
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Results AZ13
Stage 3: Water level at NAF5.0 m (May 11 1999)
~ Lateral . Lateral Earth Water
Bending Moment (kNm/m) Displacement (mm) Pressure (kPa) Pressure (kPa)
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Figure 6.18 Back-analysis of the short-term field test with PLASWALL using both un-
drained and effective parameters. The solid lines represent the calculation results and the
o-marks the field measurements

The calculation results of Stage 3 are presented in Figure 6.18. The calculated displacements
and bending moment distribution are in agreement with the measurements, although both

the bending moments and wall deflections were sensitive for the values of the subgrade

reaction moduli. The subgrade reaction moduli used in this back-analysis, see Table 6.11,

were of the same order as the moduli used in the undrained analysis presented in Table 6.9.
On the basis of the calculated result, it can be concluded that the assumption of undrained

parameters on the retained side gives a reliable back-analysis.

6.6.6 Long-term field test

The back-analysis with both the undrained and effective parameters presented in the pre-
vious section can be used for back-analysis of the long-term field test. Although the re-
tained side is modelled with undrained parameters, it follows from the measurements in
Figures 6.8 and 6.9 that, during the long-term field téitftom 2 to 3 rad), the earth, water

and effective earth pressures hardly altered; an analysis with undrained parameters on the
retained side therefore seems to be justified. The back-analysis of the long-term field test is
carried out for the following stages:

1. Dry excavation to NARP-4.0 m

2. Excavation under water to NAP7.0 m, water level in the excavation at NAR.5 m
3. Lowering of the water level to NAR5.0 m (May 11)

4. Positioning of the sand mound with the water level at NAO m (May 26)

5. End of the long-term field test (August 11)



188 Chapter 6. Evaluation of the sheet pile wall field test

For the long-term field test, the sand mound has to be modelled in Stage 4, bit as it had
limited dimensions, geometrical effects should taken into account. Therefore the mound
is modelled by an increase of the ground surface level but only to-MNAB5 m, which is

70% of the total increase to NAPL.O m. The choice of 70% is supported by the theory of
elasticity. In Figure 6.19, the case of a uniform lapdistributed over a circular area with
radiusa on an elastic half plane is considered. The solutions for the vertical and radial stress
increase under the centre point of the load are given by Timoshenko and Goodier [72].
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Figure 6.19 Increase of vertical and radial stresses and pore water pressures produced by
a uniform load distributed over a circular area

The sand mound is considered as a circular distributed load with ragiB0 m. The
height of the sand mound isBLm with an average volume weight pf= 17 kN/n?, so the
load increase ig = 27.2 kPa. The vertical stress increasg is plotted in Figure 6.19 and
the average increase over the heightigaverage= 19 kPa, which is 70% of load. This
result means that when the sand mound is modelled by means of an increase of the ground
level, only 70% of this increase should be taken into account.

In Figure 6.19 the development of the radial stress increase and the pore water pressure
are also plotted. In the back-analysis, however, undrained soil behaviour is assumed on the
retained side, so the pore water pressure increase is not taken into account.

The input parameters for the long-term field test are given in Table 6.11 and the calcula-
tion results for Stage 5 are presented in Figure 6.20. Similar to those for the short-term field
test, it should be noted that not only are the calculated displacements and bending moments
close to the measured results, but the calculated earth pressures on both sides of the wall are
also quite close to the measured earth pressures at every depth. This result again confirms
that the combinations df on the one hand and),, ¢’ and¢’ on the other hand, applied in
the different soil layers are reasonable. The water pressures on the excavated side are input
parameters chosen on the basis of the measured water pressures.
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Results AZ13
Stage 5: Water level at NAF5.0 m with sand mound (August 11 1999)
~ Lateral . Lateral Earth Water
Bending Moment (kNm/m) Displacement (mm) Pressure (kPa) Pressure (kPa)
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Figure 6.20 Back-analysis of the long-term field test with PLASWALL. The solid lines
represent the calculation results and the o-marks the field measurements

From the back-analysis of the long-term field test witthABwALL the following conclu-
sions can be drawn:

e Back-analysis based on drained parameters on both sides of the sheet pile wall in
combination with Kotter’'s earth pressure theory is not possible

e The assumption that the retained side can be modelled with undrained shear strength
parameters together with the assumption that the excavated side can be modelled
with effective strength parameters in combination with the measured water pressure
distribution, gives reasonable results

e The assumption that equalvalues can be applied to both sides of the sheet pile wall
gives reasonable results

o Reasonable values férvary between 200 and 900 kN?nfor the upper clay layer,
between 200 and 700 kN#for the peat layer, and between 200 and 1800 khion
the lower clay layer

6.6.7 Comparison of subgrade reaction moduli with engineering prac-
tice

In the three back-analyses already presented, subgrade reaction moduli have been determi-
ned. In Table 6.12, these moduli are compared with the moduli presented by CUR 166 [27]
and by Van Tol and Brassinga [73], who proposed their moduli on the basis of a back-
analysis for the Willemspoortunnel in Rotterdam. Both the values from CUR 166 and from
Van Tol and Brassinga are frequently used in Dutch engineering practice.

It is shown that the subgrade reaction moduli determined in the back-analyses are si-
gnificantly smaller than those generally used in the Dutch engineering practice bbut a clear
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Subgrade Reaction ModykN/m?)

Clay Peat Clay
Depth(m NAP) -1.6t0-5.75 -5.75t0-10.5 -10.5t0-16.1
cu (kPa) 35 40 40
Short-term, undrained 250 - 900 400 - 1100 1000 - 3200
Short-term, undrained and effective 300 - 900 300 - 700 300 - 1800
Long-term 200 - 900 200 - 700 200 - 1800
CUR 166 1000 - 4500 1000 - 4000 1100 - 5200
Van Tol and Brassinga 2200 - 4400 2250 - 4500 2300 - 4600

Table 6.12 Comparison of subgrade reaction moduli with engineering practice

explanation for this large difference has not been investigated. However, it is known that
higher subgrade reaction moduli result in a smaller wall deflection and in a smaller maxi-
mum bending moment. Therefore it is suspected that the higher subgrade reaction moduli

account for the overestimation of the wall displacements by the earth pressure theories from
Miller-Breslau and Ktter.

6.6.8 Limit state

The final state of the test in which the plastic hinge was generated, was close to an ultimate
limit state and is therefore the perfect case for back-analysis with a limit state model, but it
can also be analysed with a subgrade reaction model. The back-analyses were carried out
with the classical model 0k s[37] and the subgrade reaction modelBWALL .

In the ultimate limit state, the water level inside the excavation was at-N\R. In this
stage, vertical equilibrium is not satisfied, unless wall friction between the soil and the sheet
pile is taken into account. Eboksdoes not accept an input that does not satisfy vertical
equilibrium of the excavation. In order to generate suitable input parameters kS

R W+T=U
AY!;vd + T =Au(in whichA: area of pit andl: thickness of layer)
1468+ T/A = 170 kPa

- Hence vertical equilibrium is not satisfied!

2" Correction of volumetric weights to account for wall friction:
W+T=U-—-W"=U
Solve: 3 ; (i + Ay)di =U

Top layer Y Oy Y+Ay Oy

Soil type (m) (kN/m®)  (kPa) (kN/mP)  (kPa)
Peat -7.0 10.1 10.0 12.4 10
Clayey Peat -9.0 11.4 30.2 13.7 34.8
Humous Clay -10.5 13.9 473 — 16.2 55.4
Sandy Clay -12.5 16.3 75.1 18.6 87.8
Silty Clay -16.1 14.5 133.8 16.8 154.9
Pleistocene Sand -17 20 146.8 22.3 170

Figure 6.21 Correction of vertical weight to account for wall friction
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a correction is applied to the volume weight of the soil layers on the excavated side that
account for the contribution of the wall friction to vertical equilibrium. This correction
method is explained in Figure 6.21.

The sand mound is modelled by raising the ground surface level on the retained side
to NAP+0.35 m, as explained for the back-analysis of the long-term field test, see Sec-
tion 6.6.6. Furthermore, it is also important to note that in the period November 1999 to
January 2000, the groundwater level on the retained side gradually rose fromINggPm
to NAP—1.26 m.

SPOOKS

The input parameters andg’ are derived from the peak-value of the- € diagram from
triaxial tests. The water pressure distribution is corrected by a hydraulic gradfeomn

which the effective volume weight of the pore water follows:= (1—i)10 kN/n?. The

input parameters are given in Table 6.13. In addition, the level of Pleistocene Sand layer
was raised slightly te-16.9 m to obtain a numerical stable result.

Top layer Yret Yexc d ¢
Soil type (m) (kN/mB)  (kN/m®)  (kPa)  ©)
Sand Fill +0.35 17 2 35
Silty Clay -1.6 16.8 153 19.2
Peat -5.75 10.1 12.4 13.2 197
Clayey Peat -9.0 11.4 13.7 21.8 157
Humous Clay -10.5 13.9 16.2 8.7 16.7
Sandy Clay -12.5 16.3 18.6 15 16.8
Silty Clay -16.1 145 16.8 145 15
Pleistocene Sand -16.9 20 22.3 2 37

retained side: tah=0,h= —1.26 m and = —0.06
Excavated side: tah= 0.4 tanp’, h= —6 m andi = —0.5

Table 6.13 Input parameters for the back-analysis of the limit state with SPOOKS

Figure 6.22 shows the calculation results. The calculated minimum wall length of 20 m
is 2 m longer than the real length. The calculated plastic momevpjis= 466.04 KNm/m
and the fixed end momenthd = 26564 kNm/m.

From the back-analysis of the limit state with&oksthe following conclusions can be
drawn:

e Back-analysis based on drained parameters on both sides of the sheet pile wall in
combination Brinch Hansen’s earth pressure theory is possible

e The input parameters ande’ derived from the peak-value of tke— £ diagram from
triaxial tests, give a satisfactory result

e The corrections of the ground level on the retained side and of the volume weights on
the excavated side were effective
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Results AZ13
Limit State (January 18 2000)
~ Lateral Earth Water
Bending Moment (kNm/m) Pressure (kPa) Pressure (kPa)
AZ13 AZ13 AZ13
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Figure 6.22 Back-analysis of the limit state with SPOOKS The solid lines represent the
calculation results and the dashed lines and ¢-marks the field measurements

PLASWALL

This back-analysis with FASWALL is an ulimate limit state calculation and does therefore

not account for construction stages. The input parameters of this back-analysis are presented
in Table 6.14. The active and passive earth pressure coefficients were chosen such that they
are as compatible as possible with Brinch-Hansen’s earth pressure theory.

Top layer v c o k Ka Kp Nret Nexc
Soil type (m) (KN/m3)  (kPa)  ©)  (kN/md) m  (m)
Sand Fill -0.6 17 2 35 100 0.18 435 -1.26
Silty Clay -1.6 16.8 15.3 19.2 100 0.20 200 -1.25
Peat -5.75 10.1 13.2 19.7 200 020 285 -1.03 -557
Clayey Peat -9.0 11.4 21.8 15.7 100 020 112 -099 -3.09
Humous Clay -10.5 13.9 8.7 16.7 100 0.32 235 -0.55 -256

-11.18 13.9 8.7 16.7 100 056 235 -055 -2.56

Sandy Clay -12.5 16.3 15 16.8 500 0.56 247 -0.12 -2.03
Silty Clay -16.1 14.5 14.5 15 2000 059 256 1.47 1.05
Pleistocene Sand -17 20 2 37 30000 0.25 7.13 1.47 1.05
Mp = 467 KNm/m

Kn follows fromKp = 1 — sing’
Volume weight on the excavated side follows from Figure 6.21

Table 6.14 Input parameters for the back-analysis of the limit state with PLASWALL

The calculation results are presented in Figure 6.23 and are compared to the state of the
excavation on January 18 2000, just before the large rotation in the plastic hinge occurred.
The calculated plastic rotation of the hinge amountago= 0.043 rad. In the comparable
stage of the field test, no clear plastic rotation was measured. This means that this back-
analysis gives a slight overestimation compared to the measured behaviour.
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Results AZ13
Limit State (January 18 2000)
~ Lateral . Lateral Earth Water
Bending Moment (kNm/m) Displacement (mm) Pressure (kPa) Pressure (kPa)
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Figure 6.23 Back-analysis of the long-term field test with PLASWALL. The solid lines
represent the calculation results, the dashed lines and ¢-marks the field measurements

From the back-analysis of the limit state withABWwALL the following conclusions can be
drawn:

e Back-analysis based on drained parameters on both sides of the sheet pile wall in
combination with Brinch Hansen'’s earth pressure theory is possible

e The input parameters ande’ derived from the peak-value of tke— € diagram from
triaxial tests, give a satisfactory result

e The corrections of the ground level on the retained side and of the volume weights on
the excavated side were effective

6.7 Back-analysis with the finite element method
6.7.1 General

The finite element method can be considered as a tool of the highest order for a back-
analysis. Combined with an appropriate soil model, the real soil behaviour can be modelled
quite accurately. Soil is a complex material that is highly stress-dependent and therefore
its behaviour is closely linked to the stress path along which the soil is loaded. In deep
excavation problems, different soil areas are loaded by different stress paths. On the retained
side, the soil is unloaded mainly in the horizontal direction but on the excavated side it is
unloaded in both the vertical direction and to a lesser extent in horizontal direction.

The back-analyses made in this section focus on the application of different material
models, each with its specific characteristics, such as shear hardening or creep. By back-
analyses with several material models, insight is obtained into the effects of these charac-
teristics on the behaviour of the sheet pile walls and a better explanation of the measured
behaviour of the sheet pile walls can be given.
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6.7.2 Choice of soil model

The back-analyses described in this section are made witxIB 7.2 [80] which has
various advanced soil models available that are able to describe stress-dependent soil beha-
viour, such as the Soft-Soil Model (SS-model), the Hardening-Soil model (HS-model) and
the Soft-Soil-Creep model (SSC-model).

The SS-model is a modification of the Cam-Clay model and is especially suitable for
problems where compression of soil is dominant rather than shear. In this respect the SSC-
model is an extension of the SS-model that accounts for creep in the soil. A limitation of
the SSC-model, however, is that, particularly for unloading problems, the range of elastic
soil behaviour tends to be overpredicted [80].

The HS-model includes a hyperbolic stress-strain relationship and strain hardening of
soil loaded in shear. As in the SSC-model, a cap yield surface has been implemented in the
HS-model to account for plastic soil behaviour in compression. All these features combine
to give a rather realistic description of the real soil behaviour. An important limitation of
the HS-model is that it does not account for other complex soil behaviour, such as softening
in the case of large deformations, creep and anisotropy.

Regarding the choice of soil model, theAXis manual recommends for this case to
use the HS-model. Recent studies by Freiseder and Schweiger [33] and Callato
[17] support the applicability of thelRx1s HS-model for excavation problems in soft soil.
Furthermore, Predictions 19 and 20, reported in Chapter 5, were made with the SSC-model
and with the HS-model respectively, using comparable soil parameters. Better results were
obtained with the HS-model than with the SSC-model. Because of these considerations the
HS-model is used for the short-term field test and both the HS-model and the SSC-model for
the long-term field test. The SSC-model was only applied to the soft clay and peat layers.

6.7.3 Determination of soil parameters

The soil parameters used in the back-analyses are presented in Table 6.15. The soil parame-
ters were obtained mainly from the CU triaxial tests. The strength paranctterdg’ have

Top layer v d ¢ Er ErT m k
Soil type (m) (kN/mB)  (kPa) 9] (kPa) (kPa) (m/day)
Sand Mound +0.75 11.9 2 35 45000 45000 0.5 1
Sand Fill -0.6 17 2 35 45000 45000 0.5 1
Silty Clay -1.6 16.8 15.3 19.2 11245 5623 0.9 5.07%0
Peat -5.75 11.0 13.2 19.7 2210 1070 0.65 9.6(P10
Clayey Peat -9.0 11.9 21.8 15.7 2833 5574 1 7.8810
Humous Clay -10.5 13.9 8.7 16.7 4829 8930 1 2.28°10
Sandy Clay -12.5 16.3 15 16.8 6924 3204 09 1.96°10
Silty Clay -16.1 145 145 15 8850 18180 1 29710
Pleistocene Sand -17 20 2 37 45000 45000 0.5 1

Elr' =5Eqy

Peat:ky = 8.6410°° m/day; Sandy Clayk, = 2.86 10> m/day
Larssen 607Kp = 0.7

Yy =¢ =30 £0

Table 6.15 Input parameters for the back-analysis with PLAXIS
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been redetermined from the peak-value ofdhee diagram and the reference stif‘fneE,g%f
is determined using

ref ( Ccote’ +o5 \"
Eso = EX <c'cot(p/+pref (6.33)

whereEs is the stiffness measured in the triaxial test for confining pressiiend pef =
100 kPa as a reference pressure. The pomers derived from a best estimate of the three
stages in one triaxial test. For the oedometric stiffness the minimum value recommended
by the program was used, as the values found in the oedometer tests were too low to be
accepted by PaXxIs.

The stiffness of the upper silty clay layer was not trusted and was therefore determined
from the oedometer tests using the following relations:

Ce

g T 6.34

M= 330+e (6:34)
re f

Efeq = px* (6.35)

Elf — 2! (6.36)

From the soil investigation it appears that a reasonable choice of the unloading stiffness
is E(r" = 5 x EL2', which is taken for all soil layers.
Parameters for the SSC-model were derived from Table 6.15 in accordance with the

PLAXIS manual [80]:

pref
= e (6.37)
oed
re f
1-—
K= w (6.38)
Eur
* 1 *
W= o) (6.39)

wherev,, = 0.2 The permeabilities of the soft clay and peat layers were derived from the
oedometer tests using the Taylor interpretation; this parameter is referreckdgy.a3 he
low volume weight of the sand mound accounts for its geometrical effects.

6.7.4 Calculation model

Figure 6.24 shows a typical FE mesh; 15-noded triangular soil elements and 5-noded beam
elements were applied. Interface elements were used to model slip between the soil and
sheet pile. The interface strength parameter was sBt=atl, which represents a rough
interface.
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K ;}

Figure 6.24: Finite element mesh used for the back analysis

Other assumptions on which the calculation was based are as follows:

The calculations are based on undrained soil behaviour

The initial groundwater pressure is modelled as follows: the head in the layers above
—9 mis settch= —1.6 m, the head below17 m is set tdh = 0 m and the heads in
the intermediate layers are derived from linear interpolation

The sand fill is included in the initial stress determination, which implies that the
consolidation effects of the sand fill are negligible at the start of the test

Excavation is taken into account by removal of soil elements

Change of water level inside the excavation is modelled by giving the empty blocks
in the excavation a head of water. The heads in the soil elements were not modified

Excavation under water to NAP7 m and lowering of the water level to NAFS m
is modelled in one calculation stage. Similar calculations in which intermediate
construction stages were taken into account, gave negligibly different results

To obtain numerically stable results, ttension cut-offpparameter in the peat layer
was set to 1 kPa

The switch to the SSC-model was made with a plastic O-step

The calculated stages are given in Table 6.16.

6.7.5 Calculation results

Table 6.17 shows an overview of the various calculations and the results. Four calculations
for the long-term field test were carried out. The calculation with<2Qeq is based on
the observation of Lerouedt al. [56]. They found that an evaluation of the coefficient
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Stage  Description

1 Installation of sheet pile walls
2 Excavation to NARP-7 m and water level at NAP5 m (short-term field test)
3 Construction of the sand mound
HS-model
4 80 Days consolidation (long-term field test)
SSC-model

4 Switch to SSC-model
5 80 Days consolidation (long-term field test)

Table 6.16 Time scedule for the PLAXIS calculation

of consolidation using the methods of Taylor and Casagrande can lead to underestimation
of the permeability and determined consolidation coefficients using measurements from
settlements of embankments, which are 3 to 200 times larger, with an average of factor 20.

The calculations with the HS-model don’t account for creep, and in the calculation with
the SSC-model anti* /" = 400 the creep effect is negligibly small. Only the calculation
with A* /" = 25 takes creep into account, but without shear hardening.

AZ13 Larssen 607K

Stage Whax (MM)  Mmax (KNM/m) ~ Wmax (MM)  Mmax (KNm/m)
3: Short-term field test 117 (109) 245 (206) 78 (85) 345 (356)
Hardening soil model

5: Long-term field test wittk = Koeq 233 (230) 435 (355) 86 (131) 362 (460)
5: Long-term field test withk = 20x koeq 303 (230) 504 (355) 116 (131) 434 (460)
Soft soil creep model

5: Long-term field test with* /pu* = 400 215 (230) 414 (355) 87 (131) 368 (460)
5: Long-term field test wit.* /p* = 25 343 (230) 545 (355) 139 (131) 505 (460)

Table 6.17 Calculation results of the back-analysis with PLAXIS compared to field measu-
rements. Measured results between brackets

The results in Table 6.17 show that the short-term calculation gives reasonable values
for both the AZ13-wall and the L607K-wall, although for the AZ13-side, the displacements
and moments were somewhat overpredicted. For the long-term field test it can be stated that
the better the prediction for the L607K-wall, it was the worse for the AZ13-wall. The best
long-term prediction for the L607K-wall was obtained with the SSC-modehapd" = 25.

The explanation for the poor prediction of the AZ13-wall might be the sand mound and
3D behaviour. The sensitivity of the slurry walls to the behaviour of the test wall is shown in
Figure 6.14. Significant overpredictions of displacements and moments can be found with
an improperly functioning slurry wall. A logical explanation for the overpredictions might
therefore be that the slurry wall was pushed-in by the sand mound in such a way that the
active earth pressure wedge cound not move freely against the surrounding soil. However,
this mechanism can not be proven from the field measurements.

For this reason the back-analysis of the long-term field test is focused on the L607K-
wall. Figure 6.25 shows the increase of wall displacement at-NAP measured in the
period between May 26 and August 11, compared to five calculations of the long-term field
test. Figure 6.26 shows the same plot on & Iscple. The bottom two lines in Figure 6.25
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show some difference between the predictions with the HS-modelkgdthand the SSC-

model withA* /u* = 400, both of which only take consolidation into account. These dif-
ferences are negligible compared to the measured behaviour and therefore in this case, the
influence of creep may be assessed with the SSC-model.

L607K
25— Increase of lateral displacement at NAP-2 m
20 ___,,——""‘P —%— measurement
— o— HSkoed
= 154 -t =
£ - e — HS 20x koeq
= =" - - __./—". k Jrpk
2 104 T T s — SSCA* /i = 400
T T — < — SSCA/u =25
’,/ _ ~ //
54 A ---p=-- SSCA* /i = 20
R —o
— - —— ——— —— — — X
0 F— T T T T T T 1
0 10 20 30 40 50 60 70 80
time (days)

Figure 6.25 Increase in lateral displacement at NAP—2 m against time after installation of
the sand mound

25
207 .............................. ’.’.’AD.7 _V_ measurement
— o~ — HS 20x koeq
T A PO L _ A
£ P - — —a— - SSCA* /i =25
~ v - /. _______ * /1 —
5 10 < - PR - // L > SSC /” 20
’/,’ P //
-7 - -
5. ... T /// ..............
/’/ - :
//'////
0 T T
May 26 June 11 July 11 August 11

Figure 6.26 Increase of lateral displacement at NAP—2 m against logt after installation of
the sand mound

In Section 4.5, typical field measurements of the long-term field test are presented with
respect to log. Figure 6.26 shows the increase in wall displacement at-N2AR on a lod
scale compared to the better long-term calculations. Perfect single logarithmic relations
are found with the SSC-model and not with the HS-model. However, the HS-calculation
shows an almost linear increase with tod he long-term behaviour of the field test can be
explained both by consolidation and creep. A clear distinction between these phenomena
can not be made from the measurements.
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The Figures 6.25 and 6.26 show that the behaviour during the long-term field test can
be better explained on the basis of creep Wwitfi* = 20 to 25, than from underestimation
of the permeability by a factor 20. Therefore, it can be concluded that creep might have had
a significant influence on the long-term behaviour of the field test.

6.7.6 Evaluation of calculated results

Figure 6.27 shows the results of the back-analysis of the short and long-term field tests,
where the long-term field test was predicted with the SSC-modélghd = 25. Although

the calculated results are close to the measured values, it should be realised that this back-
analysis is rather simple.

Results LO67K
Short-term field test (May 11 1999) and long-term field test (August 11 1999)

~ Lateral _ Lateral ~ Lateral ~ Lateral
Bending Moment (kNm/m) Displacement (mmiBending Moment (kNm/m) Displacement (mm)

-500-250 0 250 500-75 0O 75 150-500-250 O 250 500-75 O 75 150
L I I I ;L I J L I I I ;L I I J

0.754

Figure 6.27: Back-analysis with PLAXIS. Left, the short-term field test and right, the long-
term field test with the SSC-model and A* /| = 25

Some important shortcomings of this back-analysis are:

¢ the stiffness parameters of all but the top silty clay layer were determined from triaxial
tests

¢ the calculation was carried out with different material models to model the same layer

e groundwater is assumed to be incompressible, which could not be concluded from the
field measurements

¢ the time-dependent effects between the different construction stages were not taken
into account in the calculations

¢ the additional soil investigation, such as the oedometer tests, the vane tests and the
cone pressiometer tests have been given little or no consideration
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In spite of the shortcomings of this back-analysis wittnRIs, the following conclu-
sions can be drawn regarding the short and long-term field tests:

e back-analysis of the short-term field test gives results that are in reasonable agreement
with the measurements

¢ all back-analyses of the long-term field test overestimate the maximum bending mo-
ment in the AZ13-wall. Possibly the bentonite screens have not functioned properly
during the long-term field test

¢ the back-analyses of the long-term field test that do not account for increased permea-
bility or for creep, underestimate the bending moment in the L607K-wall

¢ the bending moment in the L607K-wall is better assessed by the back-analyses of the
long-term field test that account for increased permeability or for creep

¢ the behaviour of the long-term field test can be explained both by consolidation and
creep

e creep might have had a significant influence on the long-term behaviour of the field
test



Chapter 7

Discussion of results and
conclusions

7.1 Introduction

The global objective of this study was to contribute to the process of filling-in gaps in our
knowledge which became apparent when Eurocode 3, part 5 was drafted with particular
reference to the topics of plastic design and oblique bending. The investigation of plastic
design was of interest because an important material saving may be expected when plastic
design is applied, and the intention behind the investigation of oblique bending of double
U-piles was to obtain insight into the safety level of this type of sheet piling with regard to
the structural stiffness and strength.

The development of the Structural Eurocodes and their anticipated role in the design
of steel sheet piling, together with the knowledge of plastic design and oblique bending
developed earlier in the ECSC research project [39], inspired the Geotechnical Laboratory
of Delft University and the CUR to carry out the full-scale steel sheet pile wall field test
near Rotterdam.

Within the framework of this field test, a prediction exercise was organised to validate
the state-of-the-art calculation models for steel sheet pile walls in soft soil and to introduce
the new phenomena of plastic design and oblique bending according to Eurocode 3, part 5
to the practising design engineers.

The research presented in this thesis focused on the following research topics involving
interaction between soft soil and steel sheet piling:

e The structural and geotechnical aspects of plastic hinges
e The phenomenon afbliqgue bendingnd design rules that take it into account

e The effects of short and long-term behaviour of soft soil on the performance of steel
sheet pile walls

For the investigation of these three topics, use was made of different research techniques,
varying from analytical and numerical calculations to full-scale laboratory and field testing.

201
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These techniques proved to be useful for the investigation of plastic design and oblique
bending. The effects of short and long-term behaviour of soft soil on the performance
of steel sheet pile walls was investigated by means of the full-scale field test and various
numerical simulations of this test.

7.2 Plastic design

Investigation of the structural and geotechnical aspects of plastic design has lead to a wider
insight into steel sheet pile wall design with plastic hinges. Investigation of the structural
aspects had already shown [38] that the rotation capacity of a steel sheet pile is determined

by the slenderness of the compression flange and the steel grade, expressq%%b;aﬂm

Dependent upon the cross-sectional geometry, many steel sheet piles have a limited rotation
capacity or no rotation capacity at all. Consequently not every sheet pile profile can be used
in plastic design.

With regard to the geotechnical aspects of plastic design, the rotation in the plastic hinge
resulting from the geotechnical calculations, which is defined as the rotation requirement,
depends upon the geometry of the entire sheet pile wall. Typical design cases, for which
it can be proven that the rotation requirement will never exceed the rotation capacity of
the sheet pile, could not be defined. Therefore in cases where rotation in the plastic hinge
is accepted, a rotation check should always be part of the verification of the sheet piling.
Simple suitable methods for such a rotation check are presented in Section 2.4.6.

In addition to these simplified methods, the subgrade reaction madea\iALL was
developed that accounts for moment redistribution and a plastic hinge when a certain maxi-
mum moment is reached. The calculation results obtained wiNs®RALL are highly de-
pendent upon the earth pressure model applied. From a study with four different earth
pressure models compared to a finite element calculation, it could be concluded that a close
result could only be obtained when Brinch Hansen's earth pressure model was applied; the
strength of Brinch Hansen'’s earth pressure theory is that the earth pressure distribution is
related to the deformation of the retaining wall. A significant overestimation of the design
bending moment was found with the other three earth pressure models. This result may
prove the practicality of applying Brinch Hansen'’s earth pressure theory to the limit earth
pressure distribution in a subgrade reaction model.

The practical applicability of plastic design in comparison to the ‘conventional’ elastic
design method was demonstrated with the design examples in Section 2.7. The example in
Section 2.7.3 showed a possible material saving of 26%, which is typical for plastic design.
This might have increased had the wall length been optimised as well.

In the first test wall of the sheet pile wall field test a plastic hinge was generated in
the sheet pile wall with a plastic rotation of abaup = 0.2 rad. The structure with the
plastic hinge proved to be a stable earth and water retaining structure with a very large
wall deflection and a clear increase in the fixed moment, to carry the redistributed moment.
A stable wall with rotation in the plastic hinge could be obtained, because the available
embedment length was sufficient.

The generation of the plastic hinge was as expected on the basis of observations of many
four-point bending tests. Therefore the application of the structural design rules for plastic
design given in ENV 1993-5, which are based on the theory derived from a large number of
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bending tests [38, 39], to this sheet pile wall field test proved to be successful.

The following point regarding plastic design must not be overlooked. The combina-
tion of ‘possible material saving’ together with the safety requirement of ‘sufficient wall
length’ could lead to designs of longer and lighter sheet piling in future. If this is the case,
the drivability of the sheet piling may more often become the critical factor in a design.

It is, however, not obvious that the sheet piling will become longer compared to elastic
design. The possible failure modes in the ground associated with plastic design, listed in Fi-
gures 2.6 and 2.15, indicate that plastic design should not necessarily lead to an increase in
embedment length, because the fixed moment should not always be fully developed. Clever
positioning of struts can be of more importance than the embedment length. Plastic design
gives the design engineer a lot of freedom to choose clever and innovative solutions.

7.3 Oblique bending

Investigation of the oblique bending phenomenon has resulted in the statement that oblique
bending can occur in steel sheet piling. In this thesis, a design rule is proposed to take
oblique bending into account.

To develop this design rule, the subgrade reaction modeMSvALL was built. The
applicability of SKEwwALL to the investigation of oblique bending was verified with an
experimental four point bending test on two double U-piles and to 3D numerical simulations
with DIANA. The success of this verification meant thate8/waLL could be used to
develop the new design rule to account for oblique bending.

In the development of the new design rule the approach presented in ENV 1993-5 [24]
was closely followed. Six major effects that influence oblique bending, were distinguished
and by means of a thorough study witlkeSvwALL, most of these influences could be
guantified. This design rule is presented in Section 3.7 and its workability was illustrated
with two design examples.

Obligue bending was investigated in the second test wall of the sheet pile wall field test.
The measurements, presented in Figures 6.6 and 6.7, showed that oblique bending can occur
in steel sheet piling and that loss of strength and stiffness should be taken into account in
the design. The amount of loss of structural resistance varied from pile to pile and in this
field test, average values pf = 0.68 andpw = 0.73 were found. These values could be
determined with reasonable accuracy from the design rule proposed in this thesis.

The following critical comment is made regarding oblique bending. A design that ac-
counts for oblique bending results in a better prediction of the wall displacement and in a
more considered choice of the required section. These are both safety aspects and should not
be regarded as giving a less economic structure. Nevertheless, it is tempting for the design
engineer to avoid the complex design rule for U-piles and to choose Z-piles instead. In this
way the Z-pile will be designated as a 'designer’s pile’. This negative development should
be avoided, for example, by taking into account the drivability and the reusability of the
sheet piling in the design. When this occurs, the designer can make a properly considered
choice of the profile.
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7.4 Full-scale field test

Apart from the investigation of plastic design and oblique bending, the Rotterdam sheet pile
wall field test revealed many other new results that are of interest for steel sheet pile wall
design in soft soil.

The behaviour of the short-term field test could be explained by undrained behaviour
of the soil in combination with some significant compressibility of the pore water. The
long-term behaviour seemed to be dominated by the time-dependent soil behaviour on the
excavated side.

The measured results from the short-term field test could be reproduced by a back-
analyses with PAswaLL based orundrainedsoil parameters from the triaxial tests. The
back-analysis witteffectivesoil parameters in combination witht#ter's earth pressure
theory led to a significant overestimation of the wall deflection and bending moment. This
overestimation is ascribed to the active earth pressure coefficient determineddititn's<
earth pressure theory, which was too high for this case. A more practical approximation
was obtained when undrained soil parameters were applied to the retained side and effective
parameters on the excavated side.

The subgrade reaction moduli determined with these back-analyses were significantly
lower than the values that are generally used in Dutch design practice. A clear explanation
for this large difference was not investigated but it was suspected that the higher subgrade
reaction moduli account for overestimation of the wall displacements when used in combi-
nation with the earth pressure theories dilMr-Breslau and Ktter.

During the long-term field test, displacements of and bending moment in the test walls
increased in proportional to lagThis increase was ascribed to the consolidation and creep
effects of the soft soil layers. A first back-analysis withaRR1s indicated that for the short-
term field test a more accurate prediction was obtained with the soil model that accounted
for shear hardening, and that for the long-term behaviour in this test, creep was probably
of more importance than consolidation. Therefore interesting results are expected when a
back-analysis is made with a soil model that includes both shear hardening and creep.

The full-scale field test can also serve dseachmarlagainst which numerical or centri-
fuge models can be validated. For example, in the back-analysis witki®, the need for
a soil model which accounts for both shear hardening and creep, became evident. When in-
verse analysis techniques are used to determine parameters, as was carried out, for example,
by Bakker [3] for the Karlsruhe field test, the 3D effects should be appreciated.

7.5 Design of steel sheet piling

The topics of plastic design and oblique bending focus on a more economical use of steel
sheet piles. More economical use, however, is only acceptable when the predicted load
on the sheet pile wall is reliable, i.e., when the concept of limit state design is sufficiently
mastered. The prediction can be made with either simple tools or with more advanced
calculation models, provided that the soil behaviour is modelled correctly and that the soil
parameters are determined properly.

For the prediction exercise, where 20 engineers were provided with the same soil inves-
tigation data, 23 predictions were submitted. The scatter of the predicted wall displacements
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and bending moments, presented in the Figures 5.1 and 5.2, was large, which suggests that
the reliability of predicted wall performance is quite inaccurate. Similar results have been
obtained previously in geotechnical engineering, for example, at the sheet pile wall field test
in Karlsruhe [88].

The parameters used in the predictions proved that a unique set of soil data does not
automatically guarantee a unique set of model parameters. The most important factor in the
choice of calculation model and parameter determination in steel sheet piling is the skill and
experience of the design engineer.

This wide scatter of results indicates that, on average, the prediction of displacement and
bending moment in steel sheet piling is insufficiently mastered. However, as prediction of
displacement and bending moment forms the basis of limit state design, the wide scatter also
indicates that, on average, limit state design of steel sheet piling is insufficiently mastered.

Summarising, it can be concluded from this research that it is worthwhile taking plastic
hinges into account, provided that the design engineer is able to make an accurate prediction
of the intermediate construction stages, and necessary to take oblique bending into account.

7.6 Recommendations and outlook

The theory behind plastic design and oblique bending presented in Chapters 2 and 3 respec-
tively, has become available to improve the draft of Eurocode 3, part 5. It is expected that
this Eurocode will be used as a basis for design of steel sheet piling.

With regard to application of plastic design, it is noted that the sections which are avai-
lable today, are optimised falastic designi.e., structural failure is defined by yielding of
the outermost fibre, and therefore most sections have a small rotation capacity or no rotation
capacity at all. However, when sections will become available that are optimisplh&ic
design i.e., sections with an equal full-plastic moment resistance but with more rotation
capacity, the amount of material saving might increase.

As in most countries, plastic design and oblique bending have been seldom applied, and
are therefore rather unknown, experience with these phenomena must be gained. Valuable
experience from field studies of steel sheet piling in general, and in particular from cases
involving double U-piles, may be obtained, relatively simply, by monitoring with an incli-
nometer in combination with strain gauges and a permanent tilt sensor; for cases involving
single U-piles, strain gauges are indispensable. The experience gained from field studies
can also be used to improve the design rules for U-piles.

The full-scale field test can be used as a benchmark for the verification of advanced
material models in finite element programs, developed recently or to be developed in the
future. The extensive amount of soil data [32] might be a good starting point for thorough
back-analyses.
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Appendix A

Sign conventions for bending

A.1 Definitions for engineering beam theory
Stress
Gyr— —E (xdeX +yd2Wy> (A1)

Bending moment

My — / GXdA M= / a2y dA (A.2)
A A

Moment of inertia

e = /A RdA = /A xydA (A3)
lyx = /A yxdA = /A VdA (A4)
Kinematical equations
d d
W g2 WD o2 (n5)
X d
W) _ W _ 0 (A6)

Constitutive equations

My = ~Eho > ~Ehy" (A7)
d?w, d 2w
My = —Ely— ZZX Ely— z2y (A.8)
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Equilibrium equations

M g My (A9)
MO _ g DI 4 (A.10)

A.2 Local sign convention

Positive cross-section Negative cross-section

Wy Py

Figure A.1: Sign convention for a positive and a negative cross-section. Positive displace-
ments and slopes are shown. Note the contradiction between the positive direction defined
for @y and orthogonality

Positive cross-section Negative cross-section

Vy My

Figure A.2: Sign convention for a positive and a negative cross-section. Positive forces and
moments are shown
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A.3 Global sign convention

Figure A.3: Sign convention of the local beams in the global construction
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Appendix B

The transfer matrix method

B.1 Basic equations

The behaviour of a beam loaded with a distributed load and subjected to bending can be
described with the kinematic, constitutive and equilibrium equations for bending, see Fi-
gure B.1. The sign convention is presented in Appendix A.

AT

q

Figure B.1: Beam loaded with a distributed load

The kinematic equations are

dw(x)

5o = oK) (8.1)
do(x) _
i =x(X) (B.2)

The constitutive equation is

K(X) = % (B.3)

The equilibrium equations are

dM(x) _
V()
5 = A (8.5)
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The general differential equation for beams subjected to bending are derived from these
three sets of equations

d*w(x) _ q(x)

i El (B.6)
A basic solution for the displacement for a linear distributed load fopnto gr over an
element of lengtit is

Mo®  Vox*  qux* L au)x°
2El 6El = 24E| 12CEI/Y
in which wp, @g, Mo, Vp are the displacement, rotation, moment and shear force£00.

The basic solution for the rotation, bending moment and shear force are

W(X) = Wo — QoX —

(B.7)

Mox  Vox* aqx®  (gr—aqu)x*

O0) =0+t E T o5 “eEl T 24N (8.8)
M(X) = Mg+ Vox — %quz - %Mﬁ (B.9)
V(X) =Vo—qLx— 1(0R—a) . (B.10)

2 !

B.2 State vectors and transfer matrices

Consider an element of lengttoaded with a linear distributed load, see Figure B.2. Denote
the displacement, rotation, bending moment and shear forcefdarby wy, @1, M andV;

and the linear distributed load at both ends of the elemerdg-asy. andg; = gr [63, 65].

It follows that

01

i

Figure B.2: An element of length ¢

Mol?  Vof®  (4do+qy)t?

W1:W0—@0€—72E| —@—F 12CE| (Bll)
B Mol Vol?  (3go+a1)f3
CL=Q0t E Tt oE T ogEl (B.12)
1
M1 = Mo+ Vol — 5(2qo+q1)€2 (B.13)

1
Vi=Vo— > (Go+qu)? (B.14)
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This is written in matrix form as

_ - i 02
W1 _ _
1 ¢ 2EI
/
01 -
0 1 =
M =
! 0 0 1
Vi
0 O 0
L 1 ]

or, more generally, as

1 = Flzo

(3

6EI
52
2EI

I

1
0

(4do + a1 )4
12CE|

24E|

6

l
—(QO+Q1)§
1

(3q0+q1)¢3

(200 -+ 0 )2

Wo
Po
Mo

Vo

(B.15)

(B.16)

The vectorgy andz; are calledstate vectorsbhecause they describe the state of node 0 and
1 and matrixF! is referred to as theansfer field matrixsince ittransfersthe state vector
from 0 to 1. The state vectorg andz; represent thexactsolution at points 0 and 1.

B.3 Solving the transfer equations

The system drawn in Figure B.3 is a typical system to describe with state vectors and transfer
matrices. It follows that [63, 65]

i

biid
©)

)

1
4y) F

Lhbbbbid
(2) (3)

7

FZ

3
Z F Z3

Z4

$(4)
N

Figure B.3: A typical system which can be described with the transfer matrix method

1 = FlZO

Zo = F221

73 = F322

24 = Fz3
Hence

24 = F*F3F%Flz,
or, more generally,

Zn — Fnanl

F°Flz,

(B.17)
(B.18)
(B.19)
(B.20)

(B.21)

(B.22)
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Four boundary conditions are required to solve this system of equations: two on the left hand
side and two on the right. For example, in the case of Figure B.3 the boundary conditions
arewp = Mg = 0 andw, = M4 = 0.
The beam response problem is a boundary value problem, since the only unknown pa-
rameter is the initial state vectas. In general the four state variables, ¢o, Mo andVp
of zp are determined from the two boundary conditions that occur at each end of the beam.
This requires twsweepslong the beam for a complete transfer matrix solution. First, the
global transfer matrid = F"F"~1 ... F2F1 is constructed. The four boundary conditions
are applied and the four state variables @, Mg andVp of zg are solved outlined below.
When, after the first sweep the system of equatianss Tzg is obtained, botlz,, and
Zo have two known and two unknown state variables. We denote the known state variables
z;,., andzg, and the unknown state variables, andzo,. The system of equations can be
written as

Zn1 = T112g1 + T12202 (B.23)
Zn2 = T21Zp1 + T 22202 (B.24)

Now we can derive the unknown part of the initial state veeggrfrom (B.23).

When the entire initial state vectag is known, a second sweep along the member can
be made to compute the state variable®, M andV at every node of the beam.

B.4 Point occurrences

The transfer matrix can also be used to describe local occurrences, such as concentrated
forces or nodal springs, see Figure B.4.

F

A A
vV v+

V- —F=V* V™ +kw =V+

Figure B.4: Point occurrences

Examples of transfer matrices for an infinite short element loaded by a concentrated force
F and supported by a spring with stiffndsare respectively

wh 1 00O 0 w-
0" 0100 0 Qo
Mt |=]0010 o0f]|M (B.25)
v+ 0 0 0 1 —F \n
1 0O 00O 1 1
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wt 1 0 0 0O w—
Q" 01000 ¢
Mt |=l0 010 0|]|M (B.26)
A k 0010 vV~
1 0 00 01 1

These transfer matrices describe the change of the state vector at a point and are therefore
referred to as th&ansfer point matrixP.

As an example, the transfer matrix for a beam of lenigttith a stiffnessE1 and with a
concentrated loaB at midspan is, see Figure B.5

F
(0 (1) $(2)
A VANS
Fl Pl F2
2 oz P2

Figure B.5: Beam loaded with a concentrated load

z; = Flzg (B.27)
zf =P'z; (B.28)
2, =F?zf (B.29)

or, more generally,
z,=F"P"IF"1 L FPPIFlg (B.30)

which can be solved in the manner described in Section B.3.

B.5 Intermediate boundary conditions

Intermediate supports or moment releasing hinges bring on boundary conditions which oc-
cur at positions other than at one of the ends of the construction, see Figure B.6.

pebbb

()¢ (@) ) 13  (o)4) ®)
=== AN
2

Figure B.6: A statically indeterminate system suitable for the transfer matrix method

q F

The transfer matrix equatiany, = T zg cannot be solved with the method described pre-
viously, since the effects of the intermediate boundary conditions are unknown and therefore
the transfer matriX is also unknown.
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The state vector of an intermediate condition has one fixed state variable and one dis-
continuous state variable, as illustrated in Figure B.7 for the intermediate support and for
the intermediate moment release. The system in Figure B.6 can be simplified by replacing
an intermediate fixed state variable by the accompanying action effect: the intermediate
supports are replaced by the unknown reaction foRgeendR3; and the moment release by
the unknown reactiokink Agg.

fixed conditions w=0 M=0
intermediate conditions Rl V- —-R=V* ¢ +AQ ="

Figure B.7: Fixed and discontinuous state variables

The basic idea for the solution of this system isppendhe known intermediate boun-
dary condition toz, and the accompagnying unknown discontinuous state varialdg to
[63]. The number of degrees of freedom of the transfer matrix equagieaTzg is ex-
tended with the number of intermediate boundary conditions and can be solved in the same
manner as described in Section B.3. The procedure is illustrated with a simplified but typical
example [48].

Example

As a typical example for explaining how the plastic hinge is taken into account, consider
the beam in Figure B.8.

L

(0) (1) 12 G ¥ (4)
20

Figure B.8: A typical system to describe with the transfer matrix method

To describe the system properly, the boundary conditions at the left and right hand side
and at midspan are required. At the hinge the momentis= 0 and a reaction kink
A@» applies, which is unknown. The boundary conditions are

e left hand sidewy = 0 andgg =0

e midspan:M; = 0 ande; = ¢, + A,

e right hand sidew, = 0 andg4 =0

The additional unknowrg, from the intermediate hinge is introduced and appended
to the transfer matrix. The state vector becomes

=W ¢ M Vi 1 Agp)' (B.31)
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The transfer field matrix for the four elements and the transfer point matrix for node 2

are
A G S
2  BEl  48El 384l
¢ Iz qe3
0 2 8El el °
1 2 3 4 ¢ qu
Fl-=F2=F=F*=| 0 O 1 > — g 0 (B.32)
0 0 0 1 —% 0
0 0 0 0 1 0
Lo O 0 0 0 1]
100 000
010001
> |00 1000
P=1000 10 0 (B33
000010
000001
It follows that
z; = P?F?Flz (B.34)
24 = F*F3P?F2F 1z, (B.35)

Substituting transfer matrices (B.32) and (B.33) and the given boundary conditions into
(B.34) and (B.35) we obtain the following equations, after elaboration.

[oT4

Ms 1 ¢ -5 0 Mo 0 o

2 3 4
W L2t _Ar 298, Vo 1 -2 Wo

= El 3El 3El +

91 20 202 ac 1 o 1 90
1 El ElIl 3EIl Ag2 0 o

0 0 0 1

(B.36)

0) (1) (12 @) (©)

¢ +Ap=0"
Figure B.9: The system has been prepared for the second sweep. The intermediate hinge is
taken into account by the kKink Ay.

The solution of the initial state vector is
T

2
=10 0 f% q 1 (B.37)
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3
and the kink at the hinge has an angleA\gh = % Now all the boundary conditions

are known and the second sweep can be carried out in accordance with (B.30). The state
vector at every node can now be calculated, see Figure B.9.

B.6 Oblique bending and interlock friction
B.6.1 Obligue bending

The behaviour of a beam with an asymmetric cross-section, loaded with a distributed load,
which is subjected to bending in two directions can be described with the kinematic, consti-
tutive and equilibrium equations for oblique bending, see Figure B.10. The sign convention
is presented in Appendix A.

1k
2
% —X

Figure B.10: Beam with an asymmetrical cross-section restrained by shear springs

The kinematic equations are

dw (2 dw,(2)

dz = —(pX(Z) dz = _(Py(z) (838)
dox(z doy(z
“Zg ) — (2 “gi S (B-39)
The constitutive equations are [83]
k() | _ 1 | Ely —Eby || Mx(2)
o |l e Bl W (840
in which
The equilibrium equations are
dMy(z dMy(z
d"z( ) =\(2) % =V,(2) (B.42)
d\(z d\(z
gi )= a0 gi '~ a2 (B.43)
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On the basis of these equations, the following general displacement functiong f#pand
Wy (2z) can be found.

det 2 det 6 det 24 det 120
Ely MyoZ2  Elxy V02 B ixyqyoz“ B %,qyli

B.44
det 2 det 6 det 24 det 1200 ( )
and
W (Z): Elxy Iv'xOZZ Elxy\/x0237%/(:&0247%/(:&125
y det 2 det 6 det 24  det 120/
v — ovz B Moz EbaoZ | Ebix Gz’ Elx 012
W02 Get T2 T det 6 | det 24 | det 120
(B.45)

A beam with an asymmetric cross-section, loaded with a linear distributed load, can be
described with the basic equation of the transfer matrix method as follows.

7, =Flz (B.16)
In (B.16) the state vectors are described by

20 = [Wxo x0 Mxo Vio 1 Wyo @yo Myo Vyo 1] (B.46)
71 = [Wxt @x1 Mya Via 1Wyg @y1 My Vi1 1" (B.47)

and the transfer matrix for oblique bending by (B.49). The stress distribution in the cross-
section can be described by

o(x,y) = Ee(x,y) = E(exx+ Kyy + k72) (B.48)
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T
<
7(Yo +0p)

9
21(Mb + 0fbz)
vz 19p

¢/ (Po+0fbg) >3

0cT 18p

47 (T 4 0fbyy) X3

0
0

0
144 1|p

¢/ (Mo +0hbe) X3

0cT 1|p

) (b4 0fby) X3

2 1P

2113
91p

wxx_m

cgwp
™3
9 1ep
™3

1°p

Xx_m
2 18P

Mxx_m

1°9p
N\AX_ m
c |p
™3

0
144 1|p

) (Pb+0bg) &3

0cT 18p

/(P +0by) &3

I
[4

7(Pb+0b)
9
2/ (P +0%bg)
vz 1ep

g1 (Pb+0bg) K3

0cT 19p

,7(Pb+0%by) &3

0

Zgpp_
21™13
9%ep
¢/ ™3
0
T

7

Z ep
M3
9 1op

M3

0

1p
N\Ax_m

g »p
27™3
0
0

T

1|/p
mi_m_
¢ 1/p

M3

(B.49)
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B.6.2 Interlock friction

Interlock friction can be taken into account with the shear springs in Figure B.10. The
transfer point matrix of the nodal shear spring is derived as shown in Figure B.11.

Mg t My Mg T ko M
—
b > Px
-~
ki T

1
2
AX T = 3kiAx3 by

NI=
1

My + 2kiAXPox = My

Figure B.11: Nodal interlock spring model (top view)

With Ax = %Ei + %Em, the transfer point matrix for interlock friction is

1 0 000O0O0OTO OO
0 1 000O0O0OGO OO
0 zkb?(6i+411) 1 0 0 0 0 0 0 O
0 0 01000000 0
0 0 00100000
P=10 0 00010000 (B.50)
0 0 00001000
0 0 000O0O0OT1O00
0 0 000O0O0OT1O0
e 0 0 00O0O0O 0O 1

The spring characteristics for interlock friction can be extended with plastic branches in the
same manner as for the soil springs.
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Appendix C

Elasto-plastic beam on an elastic
foundation

In this appendix an elasto-plastic beam with infinite length supported by an elastic founda-
tion and loaded by a steadily increasing concentrated |6aid 2onsidered, see Figure C.1.
After formation of a plastic hinge in the beam, the load is further increased until a second
and third plastic hinge are about to be formed. At that moment the uncoupled beam is about
to permit a kinematic mechanism motion. Subsequently the beam is unloaded to 50% of its
original load.

l 2F

Piititittititiie é%%%%%%%%%%%%%%% "

Figure C.1: Elasto-plastic beam on an elastic foundation

The distribution of displacement and bending moment is determined. Winkler’s as-
sumption of subgrade reaction with uncoupled springs allows for the following reduced
differential equation:

d*w(x)

Bl =0

+kw(x) =0 (C.1)

Solutions of this differential equation for different boundary conditions are extensively des-
cribed by Heényi [41]. For the problem of the elasto-plastic beam on an elastic foundation,
two different systems are identified, see Figure C.2.

When load F is steadily increased, the maximum bending moment directly under the
load increases until the plastic moment capacity of the beam is reached: one plastic hinge
is formed. For this situation the displacement and bending moment distribution of the right
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L al

| v ,
r"'y.- ey
'Ifl. H""‘-\._

| ‘_I_.-':F'_ :T " TN II - = 'L-ﬂhl.#l..l 1 firttin
_il—I;""' -
I s
'II S 8 _ oo

Figure C.2: Two different systems to consider for the elasto-plastic beam

half of the beam are shown in Figure Ci&ft. The equations in (C.2) describe the displace-
ment, rotation, bending moment and shear force in the elastic stage:

Pel(X)

(x) =

where

[k
— 4 .
A= 4E|

Next the load is

Wel(X) =

Me| (X) =

Fe|7\«\/§ X T
—xTe sm(kx+ 71)
Felh” sin(Ax) €.2)

el X j T .

————e sin(AXx— =

e an(in )
For€ ™ sin (kx— 5)

(C.3)

increased byAE. As a result of the plastic hinge generated directly under

the load, the boundary conditions change. The following equations describe the displace-
ment, rotation, bending moment and shear force of the right part of the beam due to the load
increase &F and Figure C.2right shows the displacement and bending moment distribu-

tion:
Aw(X) =

A(x)

AV (X) =

AM(X) =

_ 2AFA

—AX qij §
) € S|n(xx+ 2)
M e*xx sin (7\1X+ E

4
e M sin(Ax)

AFV2e ™ sin (Kx— g)

)

(C.4)

The behaviour of the beam with three plastic hinges is described by the sum of the elastic
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contribution and the incremental contribution, according to:
for (X) = fel(X) +Af(x) (C5)

where forfe(X) is substitutedve|(X), @ei(X), Mei(X), etc. Three plastic hinges are obtained
when a total load of B + 2AF acts on the beam. The choice &F is governed by the
negative bending moment in the field that may not exceed the maximum positive bending
moment directly under the load; the load increa$e must be so chosen that a negative
moment equal to the plastic moment under the load can be formed, but for the determination
of the load increasAF, the position of the second plastic hinganust also be known, see
Figure C.1.

The unknownf\F andX can be described with the following implicit equations:

e ™ 4+ (cosAX —sinAX) =0 (C.6)
_ Fel
“mx e (C.7)

The solution for the maximum negative bending moment is:

AF = 1.434F, (C.8)
AX = 1.038 (C.9)

Hence the full-plastic load is
Fpi = Fel + AF = 2.434F (C.10)

Subsequently the beam is unloaded to 50% of the maximum load. Unloading is taken into
account by substituting a negative logg in the elastic solution (C.2) of:

1
Funl = _E(Fel +AF) = —1.217F (C.11)
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A summary of the case of the infinitely long elasto-plastic beam on an elastic foundation
loaded with a concentrated loaB2+ 2AF and subsequently unloadedRg+ AF, is given
by the following equations and figures:

e Generation of the first plastic hinge

Feilv/2 . T
Wi (X) = — Y2 e gjn (kx+ —)
2F, X|§ 4
el —AX i
1(X) = —— e ™ sin(Ax
Pel(X) (Ax) . (C.12)
| X
Mel(X) = ——=@ Xsm(kx—f)
M2 i 4
Vei(X) = Fere ™ sin (kx— 5)
012345678 9 1M 012345678 9 1@
L 1 1 1 1 1 1 1 1 1 J L 1 1 1 1 1 1 1 1 1 J
40 500~
30 400
- —~ 3004
E 204 E
£ Fei = 1000 kN N
o B | = P
g 10 ° < 100 m
[«}] c
Q (]
8 0+ S 01
7] g Fel = 1000 kN
S 404 £ _100- ol =
5 £
£ g —200+
& —20-
> 300
—304 400+
—40- ~500-!

Figure C.3: Elastic vertical displacement and bending moment distribution. The solid line
is calculated with PLASWALL, the x -marks indicate the analytical solution
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¢ Just before generation of the second and third plastic hinge
Fadv2 _ 2AFA .
Wpi(X) = —%ﬁ e M sin (kx+ g) - Te"‘x sm(kx+ g)
2Fe 2 : 2AFA2Y/2 :
opl(X) = 2% e M sin(Ax) + Je‘“ sin (kar %) (C.13)
b AF '
Mpi(X) = — —o g sin(kx— —) — ——e M™sin(Ax
P =~ %) =3 o
Vi (X) = Fer e sin(?»x— E) +AF/2e M sin(kx— 71>
where
AF = 1.434F (C.14)
012345678 9 1M 0123456789 1
L 1 1 1 1 1 1 1 1 1 J L 1 1 1 1 1 1 1 1 1 J
40+ 500
30 400
—~ — 300
E 204 £
= E 200
3 10- Fel+AF = 2434 kN é 100,
& e 5
8 0+ £ 01
7} g Fuy+ AF - 2434 KN
T 104 > —100- el
] £
£ 20 2 200+
O — -
> © _3004
—30 400
—40- —-500-

Figure C.4: Vertical displacement and bending moment distribution just before generation

of the second and third plastic hinge.
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e Subsequently 50% unloading

_ (1— 1217)Fe|7b\/§ X e T ZAF)\, X e T
Wyni(X) = — K ) e sm(kx+ 4)2\—[ke sm(kx+ 5)
Pel(X) = 2(1-1217)Fek e ™ sin(Ax) + 72&:7': 2 e Msin (kx+ g)

Muni(X) = —(1_}15;7)':9' e Msin (xx— %) — % e M sin(Ax)

Vuni(X) = (1—1.217)Fg e ™ sin (XX— g) +AFv/2e ™ sin (XX— %)

(C.15)
where
AF = 1.434F, (C.16)
0123456 7 8 9 1 0123456 7 8 9 1ln
L 1 Il Il Il Il Il Il Il Il J L L L L Il Il Il Il Il Il J
40+ 500
304 400
N —~ 3004
E 204 E
% Foi +AF +F 1217 kN £ 2007
o _ | +AF + Fyn =
g 10 ° o < 100
8 P o YAV qc)
© - -
2 ° § ° F +A?f? 1217 kN
= _ el unl =
S _10- 5 —100
o S
£ 2 —2004
O — —
> 0 3004
—30+ —4004
—40- —500-

Figure C.5: Vertical displacement and bending moment distribution after 50% unloading.



Appendix D

Earth pressure theories

For practical applications of the subgrade reaction method it is desirable to describe the
spring characteristic with the earth pressure coefficigqi, andK, and to derive these
coefficients from physical soil parameters, suclt’ag’ andd. Examples of earth pressure
theories wheré; andK, are calculated from physical soil parameters are thoseliei4
Breslau, Kotter, Brinch Hansen, and Kerisel and Absi.

Mller-Breslau

Mduller-Breslau [59] provided a general solution for the active and passive earth pressure
coefficients of a cohesionless soil wedge failing along a straight slip plane. In the Dutch
code NEN 6740 [1] this theory is extended for cohesive soil. The levels of the active and
passive spring branches for a vertical wall and horizontal ground levels, without surcharge,
are determined by

G/a == KcaC/ + K(pa6<1 (Dl)
where
Ko 2cosp’ cosd and Koo — cog ¢’ (D.4)
@7 1+sin(¢/+9) ¢a B 2 :
sing’sin(¢’ + 8) i1
cosd
Kn = 1—sing’ (D.5)
/ /
¢’ —9) sing/sin(¢’=3)
cosd
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K étter

The earth pressure theory of the curved slip plane is generally ascribegtter.Kin this
theory the levels of the active and passive spring branches for a vertical wall and horizontal
ground levels, without surcharge, are determined by [30]

G/a == KaG(I - 2C/ V Ka (D?)
op = Kpol +2¢'y/Kp (D.9)
(D.10)

where in case of weightless and cohesionless soll

T
~1-sing’ sin(2o.+¢') (-5 +¢'+20) tang'

2
<. v o o (D.11)
sind
th o coS20t o 5 — SN D.12
with o cos(20.+ ¢’ —8) Sing’ (0-12)
Kn = 1—sing’ (D.13)
T
ino Si —0 = +¢'—2a) tang’
Kp:1+5|n(p sin(20.—¢') [(+5+¢/-20)tang (D.14)
1-—sing’
sind
th o CoS(20— @ +.5) = S D.1
with o cos(20— ¢’ + ) Sing’ (D.15)

Brinch Hansen

In the theories of Mller-Breslau and Ktter the earth pressure coefficients depend on the
assumption of soil failure according to a straight or curved slip plane. In Brinch-Hansen'’s
earth pressure theory, however, the failure mechanism in the soil depends on the shape of
the deformed retaining wall [13]. This means that for the same problem other earth pressure
coefficients are found when the passive earth wedge fails than in the case of e.g., anchor
failure. Consequently, arching in the soil is implicitly taken into account. Brinch Hansen'’s
earth pressure theory was developed for rigid walls with a frictionless hinge, and is still used
for plastic design.

As the Brinch Hansen earth pressure coefficients cannot be determined by a straight-
forward formula, the computer progranP8oks[37] is used to determine the appropriate
earth pressure coefficients.

Kerisel and Absi

Kerisel and Absi [47] provide tabulated active and passive earth coefficients for weightless
cohesionless soil without surcharge. These coefficients are determined’ frohhands,
and applied to the equations (D.7) and (D.9).



Appendix E

Technical drawings

The following technical drawings were made for the Rotterdam Sheet Pile Wall Field Test.
1. Location of test site

Soil investigation

Cofferdam details

Steel framing

Interface pile

Instrumentation AZ13 pile A3

Instrumentation AZ13 pile A4

Instrumentation L607K pile H3

© © N o 0 & 0D

Instrumentation L607K pile H5

=
o

. Measurement tubes
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Drawing no. 1: Location of test site
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Drawing no. 2: Soil investigation
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Drawing no. 3: Cofferdam details
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Drawing no. 4: Steel framing
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Drawing no. 5: Interface pile
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Instrumentation AZ13 pile A3

Drawing no. 6
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Instrumentation AZ13 pile A4

Drawing no. 7
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L607K pile H3
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ion L607K pile H5
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Drawing no. 9
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- Measurement tubes

Drawing no. 10
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Appendix F

Site investigation and laboratory
testing

This appendix contains the results of the following site investigations and laboratory tests:

Borings

e Cone penetration tests

e In-situ vane tests

e Triaxial tests

e Oedometer tests

e \olume weights

e Cone pressiometer tests

e Water content

e Ménard pressiometer tests
e Atterberg values

These results give a comprehensive summary of the soil investigation carried out for the
Rotterdam sheet pile wall field test. For the complete report of the soil investigation, see
reference [32].
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Boring B2

samples log strata description
a
"""" .0 MEDIUM SAND (SP)
.2 1 <4 CLAY {CL), with local inclusions of organic manter
-4-1.0m with locally soma gravel and some pieces of wood
2 1.4 CLAY (CH), with at 1.9m laminations of peat
2 2.0 CLAY ICH),with local inclusions of organic matter and some leaves and pieces of
3 waad, at 2.4m a lamination of organic matter
-4
3.0 CLAY [CHI, at 3.1m with laminations of organic matter and at 3,3m a large inclusion
a of organic matter
4 4.0 CLAY (CL},sandy
[ o 4.3 MEDIUM SAND (5P}, with laminations of silt
8 E 4.6 PEAT [P1], with many pieces of wood and leaves
]
]
7
-8
]
8 = 7.8 PEAT (Pt), clayey, with many pieces of wood and leaves, locally a lamination of alay
t We
-0 3
L 9.0 PEAT (Ptl, very clayey, with many piaces of wood and leaves, locally a lamination of clay
- e Mo 9.3 CLAY (CH), soft, with locally some pieces of wood and leaves, at 10.2m an inclusion
E e of arganic matter
£ 10 3
g 5 1"
=12 ®
11.0 CLAY (CH), soft, with inclusions and laminations of organic matter
12
12 12.0 CLAY (CH), soft
13
-14
13.1-13.1m with & piece of wood
14 13.4-13.56m a lamination of shalls
4
15
18 14.9-14.9m with sama pisces of wood
16 15.0 CLAY {CH), firm, with some pisces of wood and leaves, at 15.9m a lanunation of peat
16 16.0 CLAY (CH), very sandy, very soft
17 16.5 SAND (SC), very clayey
-18 16.6 MEDIUM to COARSE SAND [SW)
17.0 COARSE SAND (SP), with locally soma gravel
18
18 18.0 COARSE SAND (SP|
18
.20 19.0 End of borehola
4
20
date commenced :  October 5,1998 sommouz: B2
ground surface elevation H .21 m
datum 1 NAP
BOREHOLE LOG
SHEET PILE TEST C118

Figure F.1: Log of boring B2
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Figure F.2: Photograph of boring B2. Depth with respect to ground level (NAP-1.21 m)
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Cone penetration tests

CPT1 CPT2
oc (MPa) Rr (%) 0c (MPa) Rt (%)
0 10 2010 0 0 10 2010 0

s

—10 -10

Depth (m NAP)
Depth (m NAP)

-15 e SLEEEEEE.. —
RN I Oy i .y
i

: : ! - : : T
Py s s 5 = s e

- — -20 - <~_ - - - f .
Ground level: Ground level:
NAP-1.64 m NAP-1.55m

-20

CPT3 CPT4
dc (MPa) Ry (%) dc (MPa) Rt (%)
0 10 2010 0 0 10 2010 0

\
[

A

R
|
V
WP G

il
Y

WYY
i

—10

Depth (m NAP)
Depth (m NAP)

M. g

—15 ? ; ~15

\
2 il Ty

i 5{ 20 —~ 5 s
Ground level: Ground level:
NAP-1.53 m NAP-1.58 m

Figure F.3: CPT1 to CPT4
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Depth (m NAP)

uz (kPa)

uy (kPa)

CPTUS CPTU6
e (MPa) R (%) qc (MPa) Ry (%)
0 10 2010 0 0 10 2010 0
O H H H H 0 H
S = =3 ="
o H K | %
e Fa 5 s
S 2 i I T
ket — i N "-., ; e E
| oo g e o
_ = ; E _ =
10 L L\% = 10 & 5 3 5
: H o E z
a8 ; Ly
3_ 3 3
-15 : | -15 T v T 3
D : I : Ey
EmC o3 i ERNE 2%
== - —_—fe .
—20 H H . 720 H = H H .
0 150 300 Ground level: 0 150 300 Ground level:
NAP-1.58 m NAP-1.23 m
up (kPa) up (kPa)
O [ Qe L
Figure F.4: CPTU5 & CPTU6
NAP-4.12 m NAP-7.16 m
100 100
T —
a
50 < 50 M
N
N S
0 0 T
0 10 100 1000 10,000 0 10 100 1000 10,000
Time(s) Time(s)
NAP-9.16 m NAP-11.64 m
200 200
< 7 ~
o |
150 < 150 RN
A s
100 100 :
0 10 100 1000 10,000 0 10 100 1000 10,000
Time(s) Time(s)

Figure F.5: Piezo cone dissipation tests 1-4
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NAP-15.13 m NAP-17.13 m
280 280
o e N
o o
< 230 N X 230
s s j
L :
180 180 :
10 100 1000 10,000 0 10 100 1000 10,000
Time(s) Time(s)
NAP-19.14 m NAP-19.95 m
200 200
T S o <
o o
< 150 < 150
s s
100 100 i
10 100 1000 10,000 0 10 100 1000 10,000
Time(s) Time(s)

Figure F.6: Piezo cone dissipation tests 5-8

In-situ vane V1

The in-situ vane tests were executed according to the Dutch standard NEN 5106 [61], with
the following simplification: The residual shear strendithest Wwas not measured in order

to reduce the total time of the test and so to limit costs. The specifications of the equipment
are given in Table F.1.

Geonor H-10 SGI vane borer

height of blade: 110 mm  diameter of blade: 55 mm
diameter of rod: 16 mm diameter of protective shoe: 65 mm
rate of vane rotation:  0.9/sec  accuracy of measurement: +0.5 kPa

Table F.1: Specifications of equipment for the in-situ vane tests
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cy (kPa)

¢y (kPa)

¢y (kPa)

cy (kPa)

NAP-3.02 m NAP-4.02 m
cy = 1235 kPa cy = 27.3 kPa
Curem= kPa Curem= 9.7 kPa
160 : 40
120 | < 30 =
; ; o a
80 / vw/ < 20 f <3
40/ S 10 S
0 T T 0 T T
0 30 60 90 120 150 0 30 60 90 120 150
Angle(°) Angle(°)
NAP-6.02 m NAP-7.02 m
cy = 781kPa cy = 586 kPa
Curem= 19.3 kPa Curem = 24.2 kPa
80 - 60 ;
60 /\ = 45 //\ =
/i a : o
40/ X 30 o =
20 S 1547 S
0-F T T 0 T i
0 30 60 90 120 150 0 30 60 90 120 150
Angle(°®) Angle(°)
NAP-9.02 m NAP-10.02 m
cy =67.3kPa cy =613 kPa
Curem= 16.5 kPa Curem = 30.0 kPa
80 80— :
60 N T 60— 5 =
o p \
40 < 40 / | 3
20 bt S 2047 S
0 ; i 0-+— i
0 30 60 90 120 150 0 30 60 90 120 150
Angle(°) Angle(°)
NAP-12.02 m NAP-13.02 m
cy = 34.1kPa cy = 34.0 kPa
Curem= 10.6 kPa Curem = 6.6 kPa
40 : 40—
30 AN @ 30N =
i a / o
20 < 20 7 =3
10 S 104/ S
0 0 '

i i
0 30 60 90 120 150
Angle(°®)

; i
0 30 60 90 120 150

Angle(°)

60
45
30
15

0

NAP-5.02 m

cy =526 kPa
Curem= 13.6 kPa

L i
0 30 60 90 120 150
Angle(°)

NAP-8.02 m

cy = 60.3 kPa
Curem = 16.4 kPa

60
45

30

15
0

60

i i
0 30 60 90 120 150
Angle(°®)

NAP-11.25 m

cy=411kPa
Curem = 15.0 kPa

45

30

15
0

s

o

i i
0 30 60 90 120 150
Angle(°)

NAP-14.02 m

cy = 35.8 kPa
Curem= 115 kPa

/.

S/

i i
0 30 60 90 120 150
Angle(°®)

Figure F.7: In-situ vane test 1-12
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NAP-15.02 m NAP-15.77 m NAP-16.52 m
cy = 29.8 kPa cy =317 kPa cy = 30.7 kPa
Curem= 7.3 kPa Curem = 8.3 kPa Curem = 6.4 kPa
40 : : 40 : : 40 :

< 30 bd D B0 < 30

& A & 5 L o o

= 20 ‘//, i x 20 / ! x 20 i

S 10t S 10/ 5 S 10/

0 i i 0 i 0

i i i i i i
0 30 60 90 120 150 0 30 60 90 120 150 0 30 60 90 120 150
Angle(°®) Angle(°) Angle(°®)

Figure F.8: In-situ vane tests 13-15

Triaxial tests

Triaxial compression

Level E0 (MPa) o (kPa) cy (kPa) Peak Values

(mNAP) Stagel Stage2 Stage3 Stl1 St2 St3 Stl St2 St3kPay ¢
-2.63 3.1 3.2 4.1 10 17 24 211 274 296 115 21.3
-3.69 1.9 3.3 3.1 14 24 34 292 364 40 16.1 20.3
-5.4 1.6 4.1 4.3 22 38 54 316 39.1 438 18.3 16.0
-6.82 2.1 2.2 2.4 22 38 54 33 41.3 53.1 12.1 22.7
-8.83 1.8 3.1 2.7 24 44 66 26.7 38.1 439 14.3 16.7
-9.97 2.1 3.2 3.8 22 45 66 38.7 442 55 21.8 15.7
-11.45 2.7 5.2 57 24 49 74 246 299 458 8.7 16.7
-12.96 3.7 3.7 6.8 32 64 96 423 58 78.7 15.5 21.0
-13.89 4.1 8.6 14.1 36 72 109 353 47 59.6 17.9 14.3
-15.63 5.6 10.2 20.3 41 81 119 33.1 49.1 645 12.3 17.0
-15.93 7.4 10.4 20.3 42 84 126 336 488 634 14.5 15.0

-17.875 17.9 40.2 55.5 50 100 150
Triaxial extension
-6.65 2.6 25 11.3 25 50 75 22 38 50 13 345
-13.7 15.3 22.6 335 40 80 120 23 33 45 9.9 27
*Peak values determined by the Author

Table F.2: Triaxial tests
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Depth (m NAP)

Oedometer tests

Taylor
Level R Ce(<p) C(>p) G ¢y 90% my Eoed k
(m NAP)  (kPa) (m/s) (/MPa)  (MPa) (m/s)
2.3 17 0.04 0.16 3.8010 0.18 5.6 6.3010%
-3.55 21 0.02 0.06 0.01 8.5010 0.069 14.5 6.14 1010
-5.5 35 0.09 0.3 1.5010 0.37 2.7 5.1810%°
-6.75 34 2.64 9.06 1.02 9.301H 0.84 1.2 7.81100
-8.75 41 0.94 3.69 1.1016 1.2 0.8 1.4410°
-9.85 41 1.21 4.34 0.69 1.2010 0.76 1.3 9.12100
-11.35 48 0.44 1.3 3.2018 0.85 1.2 2.6410%0
-12.75 43 0.2 0.36 0.03 3.001® 0.58 1.7 1.7410%0
-13.8 56 0.25 0.53 5.4018 0.51 2.0 2.8610%°
-15.55 59 0.19 0.44 0.04 6.0019 0.39 2.6 2.461010
-15.8 70 0.22 0.67 4.7018 0.44 2.3 2.021010
-17 71 0.28 1.85 0.17 5.401® 0.66 1.5 3.4310%
Horizontal tests
-6.75 20 0.7 3.62 0.6 25016 0.26 3.8 7.0210%0
-13.8 24 0.14 0.32 0.03 6.201% 064 1.6 4.1610%0
Table F.3: Oedometer tests
Volume weights
Volume Weight (kN/nd)
0 5 10 15 20
0 s y B -
(e T to - e
-5 : : i
lm P hd [
~10 2o e : :
: . : : L s S—
i i + O] - & A
i i 5 2 + ot -
15 5 5 TG P o T |
- [k 2
—-20 ' i ' ' el hd
o Dry volume weight from boring e Saturated volume weight from boring
x Dry volume weight from oedometer * Saturated volume weight from oedometer
- Dry volume weight from triaxial 1 + Saturated volume weight from triaxial 1
» Dry volume weight from triaxial 2 2 Saturated volume weight from triaxial 2
o Dry volume weight from triaxial 3 m Saturated volume weight from triaxial 3

Figure F.9: Volume weights
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Cone pressiometer tests

linear non-linear
Depth Po Cy Iy R Gmin Po Gmin Ir Gro1 o B
m-NAP | (kPa) (kPa) (kPa) (MPa) (kPa) (MPa) (MPa) (MPa) (kPa)
-2.22 51 36 379 300 14 7 4.6 128 6.21 268 0.735

-4.22 62 20 172 183 3.4 64 2.0 101 2.09 594 0.724
-5.22 67 23 251 218 5.8 68 34 149 3.2 584  0.673

-6.72 110 32 33 254 11 94 1.2 38 1.6 478  0.742
-8.22 117 30 40 257 1.2 99 14 47 15 409 0.681
-10.22 | 155 18 53 246 1 148 1.0 55 1 356 0.724
-11.72 | 161 11 190 228 21| 163 0.9 84 0.9 163  0.617
-13.22 | 126 19 425 262 8.2 | 140 25 130 1.8 358 0.659
-15.22 | 206 12 123 278 15| 205 0.9 76 0.9 129 0.561
-16.22 | 183 10 69 237 0.7 | 181 0.5 45 0.7 107 0.613
-19.22 | 640 404 200 3188 81 767 53 130 53.9 3137 0.894
Depth  Depth of the middle of the inflatable part of the probe
Py Horizontal total stress at rest
Cy Shear strength according to Houlsby and Withers [43]
Iy Rigidity Index: ratio betweeBmin andCy
R Pressure at failure
Gmin Shear modulus at failure
Gr_1 Shear modulus at unload/reload cycle¥ (loading-reloading loop)
o Stiffness constant according to Bolton and Whittle [16} (inloading-reloading loop)
B Exponent of elasticity according to Bolton and Whittle [10}@nloading-reloading loop)

Table F.4: Cone pressiometer test CPM1

Water content

Water content (%)

0 100 200 300 400 500 600
0 i - — j
o s e & :
< 3 ;
2 o
E -10 :
e
s 5
o -15 :
4
-20 : :
o Water content from boring
X Water content from oedometer test
o Water content from start of triaxial test
& Water content from end of triaxial test

Figure F.10: Water content
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Depth(m NAP)

Meénard pressiometer tests MPM1

Depth M1 Average per layer Soil type
mNAP P (MPa) E (MPa) F’I/Aavg (MPa)  Eayg (MPa)

-2.30 0.48 2.4 04 2.1 Sand

-3.30 0.34 18 Silt

-4.30 0.21 1.3 0.24 15 Peat

-5.30 0.27 18 -

-6.30 0.16 0.9 0.14 0.9 Organic silt
-7.30 0.14 0.9 -

-8.30 0.14 0.9 -

-9.30 0.14 0.8 -

-10.30 0.14 1.3 -

-11.30 0.10 0.6 0.10 0.6 Clayey silt or silty clay
-12.30 0.10 0.6 -
-13.30 0.08 0.5 -
-14.30 0.11 0.6 -
-15.30 0.11 0.6 -
-16.30 0.22 5.9 Clay?
-17.30 0.11 0.4 Suspected test or soft layer
-18.30 0.86 7.1 0.71 4.4 Silty sand
-19.30 0.59 3.2 -
-20.30 151 8.3 145 8.6 Sand
-21.00 1.39 8.9 -

P Effective horizontal stress at failure
E Pressuremeter modulus over the central pseudo-elastic part of the test

Table F.5: Cone pressiometer tests and Ménard pressiometer tests

Atterber g values

Atterberg values (%)

0 20 40 60 80 100 120 140
0 .
b g o
-5 v — -
~10 E
*0 &
[
-15 -
k3
-20

o Natural water content
x  Liquid limit

O Plastic limit

¢ Plasticity index

Figure F.11: Atterberg values
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Appendix G

Test procedure

Stage 1.1

13 April 1999 7:00 hours

Beginning of the dry excavation to NARLO m
Beginning of the on-line measurements

15 April 1999 17:00 hours

Measurement of the inclinometer, geodetical measur
ments and levelling of the settlement pawns

soil NAP-4.0 m

To be predicted Stage | water NAP-40

Stage 1.2

16 April 1999 7:00 hours

Beginning of refill with water to NAR-1.5 m
17 April 1999 17:00 hours

On-line measurement for Stage 1.2

soil NAP-4.0 m
water NAP-15 m

Stage 1.3

19 April 1999 7:00 hours

Beginning of the wet excavation to NAF.0 m
22 April 1999 17:00 hours 7
Measurement of the inclinometer, geodetical measur
ments and levelling of the settlement pawns

To be predicted Stage | Soll N4P-70

water NAP-15 m

263
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Stage 1.4

23 April 1999 7:00 hours

Lowering of the water level to NAR2.5 m

23 April 1999 17:00 hours

Measurement of the inclinometer, geodetical measur
ments and levelling of the settlement pawns

soil NAP-7.0 m
woter NAP-25 m

Stage 1.5
26 April 1999 7:00 hours

Lowering of the water level to NARP3.5 m 7 7

26 April 1999 17:00 hours / /// ///
Measurement of the inclinometer, geodetical measur : =
ments and levelling of the settlement pawns

soil NAP-7.0 m
water NAP-35 m

Stage 1.6

27 April 1999 7:00 hours

Lowering of the water level to NARP4.0 m

27 April 1999 17:00 hours

Measurement of the inclinometer, geodetical measur
ments and levelling of the settlement pawns

soil NAP-7.0 m
water NAP-4.0 m

Stage 1.7

6 May 1999 17:00 hours

Evaluation of the test data

Measurement of the inclinometer, geodetical measur
ments and levelling of the settlement pawns

soil NAP-7.0 m
woter NAP-4.0 m

Stage 1.8
10 May 1999 7:00 hours

Lowering of the water level to NAR4.5 m / /
10 May 1999 17:00 hours ///
Measurement of the inclinometer, geodetical measur™*
ments and levelling of the settlement pawns

soil NAP-7.0 m
water NAP-4.5 m
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Stage 1.9
11 May 1999 7:00 hours
Lowering of the water level to NARP5.0 m

11 May 1999 17:00 hours X7
Measurement of the inclinometer, geodetical measur,////// //Z///
L

To be predicted Stage Il Sl NAP-70

water NAP-5.0 m

ments and levelling of the settlement pawns

Stage 2

Construction of sand fill behind AZ13-wall

17 May 1999 17:00 hours

Measurement of the inclinometer, geodetical measur
ments and levelling of the settlement pawns

18 May 1999 7:00 hours

Beginning of refill with water to NAP-1.5 m

18 May 1999 17:00 hours soil NAP=7.0 m
End of refill. voter NAPLS

19 May 1999 7:00 hours

Construction of sand fill

20 May 1999 17:00 hours

Measurement of the inclinometer, geodetical measur
ments and levelling of the settlement pawns

soil NAP-7.0 m
water NAP-15 m

21 May 1999 7:00 hours

Lowering of the water level to NAR3.5 m
21 May 1999 17:00 hours
Measurement of the inclinometer

soil NAP=7.0 m
water NAP-35 m

26 May 1999 7:00 hours

Lowering of the water level to NAR5.0 m
26 May 1999 17:00 hours ,
Measurement of the inclinometer and geodetical meas.’
rements

soil NAP-7.0 m
water NAP-5.0 m
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Stage 3

26 May 1999 17:00 hours
Measurement of the inclinometer and geodetical meas;:
rements

11 June 17:00 hours

After 1 month of the long-term field test

”//%/

11 & 12 August 1999

Measurement of the inclinometer, geodetical measur

ments and levelling of the settlement pawns ol NAP-70 m
11 August 1999 17:00 hours woter NAP-50 m

To be predicted Stage V for L607K double U

Stage 4

19 August 1999 7:00 hours

Lowering of the water level to NAR5.5 m

20 August 1999 17:00 hours

Measurement of the inclinometer casings A2, A4, A5
4 October 1999 17:00 hours

Measurement of the inclinometer soill NAP=7.0 m

water NAP-55 m

Stage 5

5 October 1999 7:00 hours

Lowering of the water level to NAP6.0 m

13 October 1999 17:00 hours

Measurement of the inclinometer casings A2, A4, A5
H4 =
24 November 1999 17:00 hours
Levelling of the settlement pawns
26 November 1999 17:00 hours
Measurement of the inclinometer
20 December 1999 17:00 hours
Measurement of the inclinometer casings A2, A4, At soil NAP=7.0 m
and levelling of the settlement pawns voter NAPZ60
19 January 2000 17:00 hours

Levelling of the settlement pawns

24 January 2000 17:00 hours

Measurement of the inclinometer
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Stage 6
26 January and 27 January 2000

ik

Measurement of the inclinometer casings A2, A4, A5

soil NAP-7.0 m
water NAP-6.0 m
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Appendix H

Measured results

13-Apr Initial measurement

15-Apr Stage 1.1: dry excavation to NARLO m
Prediction Stage |

22-Apr Stage 1.3: excavation under water to NAPO m
Prediction Stage I

11-May Stage 1.9: lowering water level to NAB.O m
Prediction Stage llI

26-May Stage 2.5: sand fill & lowering water level to NAB.0 m

11-Jun Stage 3: 1 month after 11 May
Prediction Stage IV

11-Aug Stage 3: 3 months after 11 May
Prediction Stage V

20-Aug Stage 4: water level on NAP5.5 m
4-Oct Stage 4: water level on NAP5.5 m

13-Oct Stage 5: water level on NAP6.0 m
start of yielding in the outermost fibre

26-Nov Stage 5: water level on NAP6.0 m
20-DecStage 5: water level on NAP6.0 m

2-Jan Stage 5: water level on NAP6.0 m
observation oholesbehind the sheet pile wall

18-JanStage 5: water level on NAP6.0 m

28/31-JanStage 6: water level on NAP6.0 m
plastic hinge
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AZ13 test wall

Lateral Displacement, Strut Force and Tilt at Strut Level, part 1-3

[ [ 13-Apr [ 15-Apr | 22-Apr [ 11-May [ 26-May | 11-Jun| 11-Aug |

Depth (MmNAP) Lateral displacement (mm)
1.015 - -3.34 -1.99 4.85 -3.55 - -7.57
0.515 - -6.96 -5.78 -7.42 -19.58 - -30.72
0.015 - | -10.52 -9.69 -19.62 | -35.78 - -53.85
-0.485 - | -14.05| -13.61| -31.71| -51.65 - -76.71
-0.985 - | -17.40| -17.34| -43.38| -66.83 - -98.72
-1.485 - | -20.48 | -20.79 | -54.41| -81.09 - | -119.59
-1.985 - | -23.20| -23.86| -64.64 | -94.26 - | -139.05
-2.485 - | -2559| -26.53| -74.01| -106.27 - | -156.97
-2.985 - | -2761| -28.87| -82.44| -117.03 - | -173.26
-3.485 - | -29.22| -30.79| -89.79 | -126.35 - | -187.62
-3.985 - | -30.46 | -32.31| -96.03| -134.28 - | -199.99
-4.485 - | -31.32| -33.48| -101.05| -140.54 - | -210.23
-4.985 - | -31.96| -34.35| -104.83 | -145.29 - | -218.32
-5.485 - | -32.42| -34.88 | -107.47 | -148.41 - | -224.22
-5.985 - | -32.54| -35.02 | -108.91 | -150.01 - | -227.97
-6.485 - | -3250 | -34.71| -109.17 | -150.05 - | -229.51
-6.985 - | -32.08| -34.06 | -108.33 | -148.68 - | -228.96
-7.485 - | -31.40 | -33.12 | -106.49 | -146.09 - | -226.56
-7.985 - | -30.47 | -32.03 | -103.87 | -142.47 - | -222.54
-8.485 - | -29.33| -30.83| -100.69 | -138.06 - | -217.12
-8.985 - | -28.00| -29.54| -97.05| -132.98 - | -210.43
-9.485 - | -26.43| -28.01| -92.95| -127.35 - | -202.49
-9.985 - | -2472| -26.38| -88.45| -121.28 - | -193.63
-10.485 - | -22.86| -2459| -83.60| -114.78 - | -183.91
-10.985 - | -20.88 | -22.64| -78.43| -107.87 - | -173.38
-11.485 - | -18.81| -20.46| -72.86| -100.53 - | -162.09
-11.985 - | -16.67 | -17.83| -66.98 | -92.68 - | -150.10
-12.485 - | -1460| -1569| -60.86| -84.58 - | -137.54
-12.985 - | -1259 | -13.63| -54.57| -76.18 - | -124.57
-13.485 - | -10.77 | -11.71| -48.29| -67.72 - | -111.42
-13.985 - -9.13 -9.97 -42.08 | -59.27 - -98.19
-14.485 - -7.68 -8.43 -36.05 | -50.99 - -85.01
-14.985 - -6.32 -7.00 | -30.16 | -42.86 - -71.94
-15.485 - -5.11 -5.61 -24.47 | -34.92 - -58.98
-15.985 - -3.96 -4.34 | -19.03| -27.27 - -46.36
-16.485 - -2.87 -3.16 -13.91 | -20.00 - -34.17
-16.985 - -1.86 -2.06 -9.10 | -13.08 - -22.50
-17.485 - -0.94 -1.05 -4.62 -6.64 - -11.42
Depth (MNAP) Strut force (kN/m)
+0.75 0 [ -22.94 [ -23.06 [ -49.38 [ -74.45 [ -82.70 [ -84.32
Depth (mNAP) Inclination (rad)
+ +0.75 0] 0487] 0519 1.499[ 1974] 2432] 2874

Table H.1: Measurement results of the displacements and strut force for the AZ13 test wall,
part 1-3
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AZ13 test wall

Lateral Displacement, Strut Force and Tilt at Strut Level, part 4-6

[ [ 20-Aug [ 4-Oct [ 13-Oct [ 26-Nov [ 20-Dec|[ 2-Jan[ 18-Jan] 28/31-Jan]
Depth (MNAP) Lateral displacement (mm)
1.015 -8.65 | -11.75| -10.41 -8.75 -8.36 | -11.67 - -153.13
0.515 -32.50 | -39.04 | -38.11| -40.77| -44.28| -55.14 - -237.60
0.015 -56.31| -66.16 | -65.67 | -72.70| -80.18 | -98.57 - -321.90
-0.485 -79.78 | -92.96 | -92.86 | -104.37 | -115.85 | -141.75 - -406.14
-0.985 -102.43 | -118.87 | -119.13 | -135.23 | -150.75 | -184.10 - -490.00
-1.485 -123.88 | -143.54 | -144.03 | -164.84 | -184.43 | -225.15 - -572.98
-1.985 -143.91 | -166.78 | -167.42 | -192.96 | -216.54 | -264.54 - -654.56
-2.485 -162.40 | -188.43 | -189.12 | -219.42 | -246.91 | -302.14 - -734.31
-2.985 -179.23 | -208.41 | -208.99 | -244.04 | -275.32 | -337.65 - -811.79
-3.485 -194.09 | -226.28 | -226.74 | -266.40 | -301.33 | -370.46 - -885.83
-3.985 -206.97 | -241.99 | -242.34 | -286.36 | -324.72 | -400.24 - -955.84
-4.485 -217.64 | -255.25 | -255.46 | -303.55 | -344.85 | -426.01 - | -1020.15
-4.985 -226.10 | -265.97 | -266.07 | -317.70 | -361.32 | -447.01 - | -1075.20
-5.485 -232.33| -274.10 | -274.06 | -328.52 | -373.57 | -462.11 - | -1104.39
-5.985 -236.32 | -279.48 | -279.44 | -335.83 | -381.34 | -470.61 - | -1087.89
-6.485 -238.03 | -282.22 | -282.29 | -339.63 | -384.85 | -472.75 - | -1050.94
-6.985 -237.58 | -282.35| -282.59 | -340.12 | -384.38 | -469.81 - | -1007.91
-7.485 -235.21 | -280.15| -280.65 | -337.67 | -380.57 | -462.85 - -961.48
-7.985 -231.12 | -275.74 | -276.67 | -332.63 | -373.82 | -452.50 - -912.56
-8.485 -225.54 | -269.44 | -270.85 | -325.26 | -364.54 | -439.29 - -861.92
-8.985 -218.61 | -261.33 | -263.32 | -315.73 | -353.01 | -423.63 - -810.16
-9.485 -210.39 | -251.60 | -254.27 | -304.21 | -339.37 | -405.78 - -757.77
-9.985 -201.22 | -240.62 | -243.90 | -291.14 | -324.06 | -386.14 - -705.19
-10.485 -191.13 | -228.49 | -232.38 | -276.61 | -307.25 | -365.01 - -652.62
-10.985 -180.17 | -215.33 | -219.76 | -260.80 | -289.15 | -342.50 - -600.41
-11.485 -168.40 | -201.17 | -206.11 | -243.81 | -269.83 | -318.80 - -548.80
-11.985 -155.89 | -186.19 | -191.48 | -225.81 | -249.52 | -294.11 - -497.92
-12.485 -142.76 | -170.61 | -176.09 | -207.08 | -228.50 | -268.78 - -448.20
-12.985 -129.26 | -154.59 | -160.09 | -187.87 | -206.97 | -243.05 - -399.87
-13.485 -115.56 | -138.32 | -143.74 | -168.39 | -185.24 | -217.22 - -353.09
-13.985 -101.79 | -121.97 | -127.14 | -148.75| -163.45| -191.48 - -308.01
-14.485 -88.10 | -105.69 | -110.48 | -129.15 | -141.74 | -165.92 - -264.58
-14.985 -7451| -89.52 | -93.83 | -109.66 | -120.26 | -140.67 - -222.91
-15.485 -61.07 | -7354| -77.26| -90.31| -99.08 | -115.83 - -182.78
-15.985 -4798| -57.94| -6096| -71.35| -78.29| -91.53 - -144.15
-16.485 -35.38| -42.80| -45.12| -52.90| -58.09| -67.95 - -106.94
-16.985 -23.29 | -28.27| -29.83| -35.07| -3850| -45.06 - -71.00
-17.485 -11.82 | -14.34| -1514| -17.79| -19.53| -22.86 - -36.02
Depth (MNAP) Strut force (kN/m)
+0.75 -85.70 [ -86.69 ] -88.85] -84.67 ] - ] - ] - ] -
Depth (MNAP) Inclination (rad)
+ +0.75 2897 ] 3487] 3544 4204 4808 5.580[ 5.844] 10.886

Table H.2: Measurement results of the displacements and strut force for the AZ13 test wall,

part 4-6
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AZ13 test wall

Bending Moment, Earth Pressure and Water pressure, part 1-3

[ [ 13-Apr [ 15-Apr [ 22-Apr [ 11-May [ 26-May | 11-Jun] 11-Aug |

Depth (MNAP) Lateral bending moment (kNm/m)
-3 - | -7258 | -67.89 | -188.22 | -248.93 | -293.04 | -309.44
-5 - | -47.84 | -66.03 | -206.24 | -269.20 | -331.12 | -354.63
-6 - | -46.85| -59.81| -181.14 | -236.38 | -294.32 | -328.79
-7 - | -41.75| -41.04| -140.29 | -186.63 | -242.51 | -292.01
-9 - | -2658| -21.82| -71.89| -90.54 | -138.88 | -178.82
-11 - -752 | -10.04| -4484| -56.16 | -85.18 | -104.07
-13 - 19.86 15.10 -5.61 -11.83 | -25.16 | -29.49
-14 - 23.72 19.79 16.19 14.48 6.05 2.24
-15 - 18.75 17.24 27.68 30.83 29.06 25.26
-16 - 11.48 11.88 30.08 37.90 42.12 39.89
Depth (MNAP) Earth pressure on retaining side (kNj)m
-2 32.19 2.38 11.95 2.46 111 1.20 3.91
-4 31.30 2226 | 23.79 16.78 20.80 22.64 21.57
-7 88.37 7220 | 71.87 40.62 42.41 43.93 45.21
-10 129.30 | 115.92 | 115.80 81.25 75.31 77.55 77.33
-14 176.88 | 162.54 | 163.43| 137.42| 137.32| 136.10| 132.67
-16 201.32 | 195,51 | 195.74| 174.76 170.27 | 166.25| 165.12
Depth (MmNAP) Earth pressure on excavated side (kRym
-7 83.52 65.46 | 57.34 44.41 46.92 47.34 45.99
-10 126.00 | 105.89 | 107.09 85.04 86.15 83.72 83.87
-14 176.21 | 171.39| 170.37 | 149.93| 151.84| 149.02 | 148.41
-16 202.95| 197.84 | 196.61| 190.67 | 192.71| 191.24| 188.11
Depth (MmNAP) Water pressure on retaining side (KNjm
-2 5.91 6.61 7.44 6.84 8.45 8.36 7.75
-4 26.25 25.39 27.67 22.89 26.03 25.17 24.82
-7 62.66 | 53.71 56.05 46.37 49.64 51.45 49.34
-10 104.38 | 96.44| 96.38 76.63 78.15 81.35 82.18
-14 14759 | 14497 | 146.62| 136.90 | 142.05| 143.87| 152.54
-16 173.20 | 173.89| 172.99| 159.60 | 165.24| 166.25| 181.15
Depth (mNAP) Water pressure on excavated side (kRYm
-7 59.98 | 43.75| 53.66 20.58 22.89 24.53 25.49
-10 106.24 | 89.33 | 90.95 73.18 75.65 69.83 65.65
-14 157.39 | 151.03| 150.15| 128.92 | 131.95| 126.55| 121.08
-16 180.55| 177.20 | 17551 | 167.52| 170.51| 169.03| 198.22
Depth (MNAP) Water pressure 1.5 m behind retaining wall (kRjm
-6 51.27 | 46.26 | 47.80 39.51 44.10 46.40 45.29
-8 76.67 71.82 73.60 59.59 65.27 63.70 62.73
-11 120.39 | 114.03| 11490 | 104.46 | 107.92| 102.95| 101.14
-16 176.38 | 174.76 | 173.95| 166.38| 169.00| 170.02 | 169.03

Table H.3: Measurement results of the bending moments, earth pressure and water pressure
for the AZ13 test wall, part 1-3
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AZ13 test wall

Bending Moment, Earth Pressure and Water pressure, part 4-6

[ [ 20-Aug | 4-Oct [ 13-Oct [ 26-Nov [ 20-Dec|[ 2-Jan[ 18-Jan] 28/31-Jan]

Depth (mNAP) Lateral bending moment (kNm/m)
-3 -315.26 | -330.00 | -333.81 | -358.86 | -379.60 | -399.85 | -401.71 -455.41
-5 -365.61 | -408.45 | -396.63 | -449.52 | -466.75 - | -445.03 -
-6 -339.94 | -398.59 | -381.56 | -459.75 | -438.82 - | -431.61 -
-7 -299.43 | -359.08 | -345.34 | -407.43 | -433.73 | -444.51 | -466.56 -450.06
-9 -189.46 | -235.01 | -238.65 | -279.69 | -291.06 | -283.10 | -344.17 -102.87
-11 -111.50 | -126.80 | -143.71 | -155.09 | -152.88 | -136.78 | -145.39 103.10
-13 -33.04 | -31.11| -53.56| -38.08| -24.25 1.65 -5.39 253.94
-14 5.48 10.17 | -15.84 6.66 23.55 44.22 39.96 269.85
-15 31.65 35.48 20.79 35.44 48.71 66.71 63.80 250.76
-16 45.35 48.01 39.49 47.81 55.79 66.69 64.96 232.46
Depth (mNAP) Earth pressure on retaining side (kNjm
-2 4.54 0.90 11.82 0.98 1.29 2.72 -0.16 -0.56
-4 21.84 20.54 17.08 24.14 24.84 25.10 23.47 20.58
-7 43.45 49.44 49.33 50.04 52.30 52.65 51.60 48.79
-10 74.84 79.84 76.11 83.96 81.97 83.24 82.12 80.66
-14 130.43 | 128.89 | 128.09| 127.73| 127.21| 126.27| 125.76 123.04
-16 161.69 | 157.81| 156.27 | 153.20| 150.75| 150.09 | 151.51 169.22
Depth (MNAP) Earth pressure on excavated side (kRym
-7 44.30 44.16 41.46 45.72 44.36 45.47 44.83 -
-10 79.80 85.74 79.08 86.13 85.90 89.56 87.16 -
-14 147.49 | 150.26 | 14497 | 15299 | 154.24| 155.99| 15445 -
-16 189.67 | 191.20| 188.89| 193.77 | 196.09 | 199.08 | 197.46 -
Depth (MNAP) Water pressure on retaining side (KNjm
-2 8.47 5.99 7.66 6.65 8.11 8.13 7.36 6.57
-4 26.18 23.53 15.46 24.70 25.20 27.57 27.51 26.65
-7 48.44 54.99 41.88 56.63 59.02 59.75 59.67 56.30
-10 79.77 83.95 82.34 88.66 88.75 89.49 90.13 88.25
-14 146.37 | 142.39| 144.07| 138.89| 139.95| 139.03| 138.84 132.78
-16 179.33 | 174.79| 174.73 - - - - -
Depth (mNAP) Water pressure on excavated side (kRYm
-7 21.54 18.40 13.72 16.63 16.62 15.06 14.27 -
-10 63.93 61.59 60.73 66.63 66.70 66.66 69.07 -
-14 119.44 | 115.85| 114.99| 115.01| 115.95| 117.48| 119.70 -
-16 198.88 | 199.41| 198.49| 197.74| 196.48| 197.20| 197.73 -
Depth (MNAP) Water pressure 1.5 m behind retaining wall (kRjm
-6 44.25 45.19 37.04 42.43 44.06 45.36 46.38 -
-8 61.87 68.19 54.95 62.55 65.36 66.54 66.42 68.54
-11 99.99 - - - - - - -
-16 168.02 | 169.82 | 169.94| 170.28| 168.29| 169.17| 170.23 172.25

Table H.4: Measurement results of the bending moments, earth pressure and water pressure
for the AZ13 test wall, part 4-6
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L607K test wall

Lateral Displacement and Strut Force

[ [ 13-Apr [ 15-Apr | 22-Apr [ 11-May [ 26-May | 11-Jun| 11-Aug |

Depth (MNAP) Lateral displacement (mm)
0.94 - | -13.83| -12.90| -15.14| -14.29 - -15.54
0.44 - | -15.63| -1493| -22.83| -23.14 - -27.38
-0.06 - | -17.30| -16.82| -30.15| -31.48 - -38.88
-0.56 - | -18.88| -18.69| -37.60| -39.99 - -50.38
-1.06 - | -20.36 | -20.48 | -44.72| -48.22 - -61.64
-1.56 - | -20.72| -22.07| -51.45| -55.79 - -72.28
-2.06 - | -2290| -2351| -57.64| -62.79 - -82.03
-2.56 - | -2394| -2493| -63.35| -69.35 - -91.39
-3.06 - | -2487| -26.03| -68.56| -75.44 - -99.84
-3.56 - | -25.60| -26.76 | -73.18| -80.61 - | -107.39
-4.06 - | -26.19| -2758| -77.16| -85.06 - | -113.99
-4.56 - | -26.62| -28.20| -80.38| -88.77 - | -119.53
-5.06 - | -26.91| -28.64| -82.85| -91.63 - | -124.04
-5.56 - | -27.03| -28.88| -84.45| -93.76 - | -127.49
-6.06 - | -27.07| -28.84| -8526| -95.22 - | -129.94
-6.56 - | -27.01| -2859| -8541| -9591 - | -131.07
-7.06 - | -26.77| -28.12| -84.88| -95.79 - | -131.24
-7.56 - | -26.40| -27.43| -83.70 | -94.97 - | -130.55
-8.06 - | -25.89| -26.59| -82.04| -93.49 - | -129.16
-8.56 - | -25.03| -25,57| -79.98 | -91.26 - | -126.67
-9.06 - | -2414| -2435| -7751| -88.76 - | -123.60
-9.56 - | -23.16| -23.12| -7467| -8591 - | -119.94
-10.06 - | -20.99| -21.89| -71.57| -82.66 - | -115.66
-10.56 - | -20.70 | -20.47| -68.12| -79.02 - | -110.53
-11.06 - | -19.38| -19.01| -64.37 | -74.99 - | -104.87
-11.56 - | -1790| -1751| -60.35| -70.59 - -98.58
-12.06 - | -16.38| -1594| -56.02 | -65.83 - -91.82
-12.56 - | -1477| -1438| -51.46| -60.80 - -84.69
-13.06 - | -13.31| -12.81| -46.80| -5551 - -77.41
-13.56 - | -11.75| -11.18| -41.96| -49.97 - -69.82
-14.06 - | -10.26 -9.63 | -37.08| -44.38 - -62.18
-14.56 - -8.80 -8.08 | -32.15| -38.67 - -54.20
-15.06 - -7.34 -6.86 | -27.24| -32.90 - -46.32
-15.56 - -5.99 -5.82 | -2243| -27.19 - -38.48
-16.06 - -4.70 -490 | -17.62| -21.54 - -30.61
-16.56 - -3.39 -3.64 | -1297| -15.88 - -22.73
-17.06 - -2.00 -2.38 -8.45 | -10.33 - -14.96
-17.56 - -0.94 -1.11 -3.96 -4.84 - -7.00
Depth (mNAP) Strut force (kN/m)
+0.75 - [ -2761] -2955[ -67.77] -78.20] -92.97 | -133.28

Table H.5: Measurement results of the displacements and strut force for the L607K test
wall
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L607K test wall

Bending Moment, Earth Pressure and Water pressure

[ [ 13-Apr [ 15-Apr | 22-Apr [ 11-May [ 26-May | 11-Jun | 11-Aug |

Depth (mNAP) Lateral bending moment (kNm/m)
-3 - 86.52 88.58 | 271.89 | 285.59 | 330.93| 362.24
-5 - 81.82 | 109.41| 336.88| 355.85| 413.22| 460.47
-6 - 75.58 | 107.57 | 316.05| 337.20 | 393.23 | 443.98
-7 - 81.61 94.15 | 275.47 | 299.20 | 353.34 | 410.45
-9 - 80.01 59.83 | 183.12| 207.19| 249.58 | 307.51
-11 - 50.95| 36.57| 135,53 | 156.82 | 188.18 | 234.70
-13 - 11.16 8.45 74.17 91.24 | 113.90 | 146.45
-14 - -4.96 -3.20 34.82 49.30 | 67.58 95.03
-15 - | -11.51 -8.04 5.04 1555 | 28.32 49.19
-16 - | -11.95| -1090| -17.69| -10.72 -3.81 9.52
Depth (MNAP) Earth pressure on retaining side (kN)m
-2 4491 5.46 12.49 4.37 4.94 6.85 8.04
-4 39.58 21.60 | 24.39 20.47 18.84 | 21.99 22.52
-7 105.48 | 83.40| 82.67 49.32 48.56 | 53.39 53.63
-10 148.05| 129.43| 129.75 90.31 82.61| 79.12 79.55
-14 181.07 | 164.96 | 167.75| 141.95| 142.79| 141.98| 140.36
-16 207.18 | 198.30 | 198.42 | 171.85| 170.61| 166.17 | 162.77
Depth (MNAP) Earth pressure on excavated side (kRym
-7 85.01 | 59.77 52.15 27.45 26.80 | 29.24 29.91
-10 125.30 | 100.42 | 103.69 84.63 85.69 | 89.99 88.80
-14 172,93 | 167.13 | 166.64 | 152.68 | 151.32| 151.30| 152.29
-16 206.60 | 198.48 | 198.86 | 193.30| 192.00| 192.68 | 190.78
Depth (MNAP) Water pressure on retaining side (KNjm
-2 4.37 351 5.17 3.69 4.48 5.30 6.21
-4 25.45 23.72 27.01 24.11 23.27 | 26.60 28.52
-7 61.52 | 54.06 | 55.47 4951 48.80 | 54.92 55.25
-10 93.95| 86.00| 86.66 68.72 7437 | 78.03 80.91
-14 146.86 | 144.28 | 145.82| 137.78 | 138.44| 142.55| 148.88
-16 170.47 | 171.93| 168.82| 155.91| 156.51 | 158.18 | 159.68
Depth (mNAP) Water pressure on excavated side (kKym
-7 64.83 | 48.47 55.39 21.98 2355 | 2441 24.56
-10 106.09| 87.86| 92.76 72.87 71.15| 72.88 79.52
-14 156.40 | 150.88 | 149.22 | 130.32 | 130.19 | 124.09 | 120.93
-16 179.35| 175.92 | 174.16 | 165.02 | 163.22 | 160.90 | 154.32
Depth (mNAP) Water pressure 1.5 m behind retaining wall (kNjm
-4 23.97 22.25| 24.13 20.98 21.00 | 23.03 23.33
-6 52.75| 50.55| 51.79 46.68 42.75 | 46.06 46.54
-8 76.43 7210| 7114 65.78 69.34 | 69.36 72.86
-11 109.70 | 104.70| 103.20 96.03 86.30 | 87.93 96.45
-16 171.26 | 169.71| 169.43 | 163.70 | 163.83 | 163.24 | 168.02

Table H.6: Measurement results of the bending moments, earth pressure and water pressure
for the L607K test wall
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Surface settlements behind both test walls

AZ13 test wall

Settlements of ground surface, part 1-3

[ [ 13-Apr [ 15-Apr | 22-Apr [ 11-May [ 26-May | 11-Jun | 11-Aug |

Distance (m) Settlement (mm)
1 -4.2 -6.75 -37.2 - -314.2
25 -5.6 -7.9 -39.9 - -304.7
45 -4.55 -6.25 -34.95 - -273.2
7 -3.15 -4 -26.9 - -205.1
10 -1.25 -1.4 -13.75 - -

Table H.7: Measurement results of the ground surface settlements behind the AZ13 test
wall, part 1-3

AZ13 test wall

Settlements of ground surface, part 4-6

[ [ 20-Aug [ 4-Oct | 13-Oct [ 26-Nov [ 20-Dec [ 2-Jan[ 18-Jan][ 28/31-Jan]

Distance (m) Settlement (mm)
1 - -478 | -572.4 -753.4
25 - -440.6 | -484.5 -543
45 - -383 | -410.6 -443.9
7 - -290.3 | -307.6 -3235
10 - - - -

Table H.8: Measurement results of the ground surface settlements behind the AZ13 test

wall, part 4-6

Table H.9: Measurement results of the ground surface settlements behind the L607K test
wall

L607K test wall

Settlements of ground surface

l

[ 13-Apr [ 15-Apr | 22-Apr [ 11-May [ 26-May | 11-Jun| 11-Aug |

Distance (m) Settlement (mm)
1 -6.3 | -12.95| -34.65 - -61.1
25 -5.7 | -10.55 -32.1 - -55.4
45 -4.3 -7.2 -24.8 - -44.45
7 -2.95 -5.25 -18.95 - -35
10 -1.65 -4.1 -14.35 - -26.7




Samenvatting

Stalen damwanden in slappe grond

Het onderzoek dat is beschreven in dit proefschrift, richt zich op een tweetal recente ontwik-
kelingen op het gebied van stalen damwandconstruddesverpen met Plastische Schar-
nieren en Scheve Buiging In het eerste deel van dit proefschrift wordt de theoretische
achtergrond van deze twee onderwerpen behandeld. In het tweede deel van dit proefschrift
wordt het ontwerpen met plastische scharnieren en scheve buiging onderzocht in een dam-
wandveldproef die in 1999 is uitgevoerd in Pernis.

In 1953 ontwikkelde Brinch Hansen een ontwerpmethode waghipf meerdere plas-
tische scharnieren in de damwand konden ontstaan. Sinds die tijd wordt deze methode met
name in Denemarken veelvuldig toegepast bij het ontwerpen van damwandconstructies. Het
ontwerpen met plastische scharnieren kan leiden tot een materiaalbesparing van maximaal
35%, verdeeld in 15% tot 20% wanneer in plaats van vloei in de uiterste vezel het vol-
plastisch moment in rekening wordt gebracht en in ongeveer 20% wanneer rotatie in het
plastisch scharnier wordt toegelaten.

Drie klassieke ontwerpmethoden met plastische scharnieren worden gepresenteerd: de
methoden van Brinch Hansen, Windels en Weil3enbach. Deze drie methoden zijn gericht
op de geotechnische kant van het ontwerp en gaan uit van een oneindige rotatiecapaciteit
van de damwand. In werkelijkheid is de rotatiecapaciteit van de damwand echter beperkt
vanwege de dunwandige vorm van de plank.

In het kader van dit promotieonderzoek zijn een groot aantal geotechnische berekenin-
gen uitgevoerd waarbij is onderzocht hoe de beperkte rotatiecapaciteit van de damwand in
rekening kan worden gebracht. Hiertoe is het verenmodekRALL ontwikkeld waarin
een plastisch scharnier kan worden gegenereerd en de benodigde rotatiecapaciteit kan wor-
den berekend bij het bereiken van het vioeimoment.

Uit dit onderzoek volgt dat de benodigde rotatiecapaciteit van de damwandconstructie
sterk afhangt van de geometrie van de constructie en de eigenschappen van de grond. Een
controle van de rotatiecapaciteit moet daarom deel uitmaken van de ontwerpberekening. De
meeste geotechnische software voor het berekenen van damwanden met plastische schar-
nieren is echter niet geschikt om de rotatie van het plastisch scharnier berekenen. Daarom
worden in dit proefschrift twee eenvoudige ontwerpmethoden gepresenteerd om de beno-
digde rotatiecapaciteit te bepalen. Deze worden getoetst aan een groot aantal berekeningen
zowel met het verenmodel als met een eindige elementenmodel.

Scheve buiging is relevant voor dubbele U-profielen, dwz. paren van U-profielen met
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een geknepen of gelast tussenslot. Vanwege de aparte doorsnede van een dubbele U-plank
zZijn de hoofdtraagheidsassen gedraaid, hetgeen gepaard gaat met een afname van de ef-
fectieve hoogte van de plank. Met andere woorden, scheve buiging gaat gepaard met een
significant verlies van het effective traagheids- en weerstandsmoment van een damwand.
Wanneer de gevolgen van scheve buiging onvoldoende in rekening worden gebracht in het
ontwerp, dan zal de veiligheid van bouwputten met betrekking tot de stijfheid en sterkte van
de damwandconstructie overschat kunnen worden.

In de bouwpraktijk kan scheve buiging worden beinvioed door andere effecten, zoals
slotwrijving, detaillering van de verankering of stempeling en de wijze waarop de damwand
in de grond wordt gebracht. Daarom zal in de praktijk het verlies van stijfheid en sterkte
niet zo dramatisch zijn als zou volgen uit de geometrie van een plank. In de Europese
ontwerppraktijk van damwandconstructies met dubbele U-profielen wordt scheve buiging
niet overal erkend; de meeste landen hebben zelfs totaal geen richtlijn op dit gebied.

Enkele factoren die de mate van scheve buiging beinvioeden, worden gekwantificeerd.
Het effect van verschillende soorten opleggingen op scheve buiging is onderzocht. Goede
constructieve maatregelen tegen scheve buiging zijn lassen van de heisloten tijdens ontgra-
ven en, in mindere mate, een deksloof. Verder wordt geconcludeerd dat de heimethode een
belangrijke invloed heeft op scheve buiging, maar de mate waarin kon in het kader van dit
onderzoek niet worden gekwantificeerd.

Op basis van deze bevindingen wordt een nieuwe ontwerpmethode gepresenteerd om
scheve buiging in rekening te brengen. Tenslotte wordt de toepasbaarheid van deze methode
geillustreerd met twee ontwerpvoorbeelden.

De recente ontwikkelingen met betrekking tot het ontwerpen van stalen damwandcons-
tructies gaf inspiratie om een damwandveldproef uit te voeren. Deze veldproef richtte zich
op het onderzoeken van de volgende drie aspecten:

e het gedrag van een damwand met een plastisch scharnier
¢ het gedrag van een damwand die bestaat uit dubbele U-profielen (scheve buiging)

¢ het korte- en langetermijngedrag van beide damwanden in slappe grond

Een vraag naar predicties is opgezet om de kwaliteit van de huidige rekenmodellen voor
stalen damwand in slappe grond te onderzoeken, inclusief het tijdsafhankelijk gedrag.

Uit de evaluatie van de damwandveldproef kon worden geconcludeerd dat het plastisch
scharnier zich volgens verwachting heeft gedragen. Dit houdt in dat de aannamen waarop de
ontwerpregels in ENV 1993-5 zijn gebaseerd, geldig zijn voor een damwandconstructie in
slappe grond. Verder kon de opgetreden rotatie in het plastisch scharnier worden teruggere-
kend met de eenvoudige ontwerpregels, hetgeen betekent dat deze methoden in een ontwerp
kunnen worden toegepast.

De evaluatie van de Larssen 607K-wand heeft bewezen dat scheve buiging is opgetre-
den. De reductiefactoren waren per plank verschilend en lagen in de orfiexh70 and
Bw = 0.75. Deze waarden zijn ongeveer gelijk aan de waarden die worden aanbevolen door
de CUR 166 richtlijn en de ontwerpregel die in dit proefschrift wordt voorgesteld.

De evalutie van de damwandproef wordt afgesloten met een aantal herberekeningen met
PLAaswALL en R.AXIS, waarbij de invloed van consolidatie en kruip op de lange termijn-
gedeelte van de proef is bestudeerd. De berekeningen toonden aan dat de invioed van kruip
op het gedrag van de damwanden erg belangijk was.
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