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Kurzfassung

Verankerte Spundwidnde finden Einsatz als Sicherung von Baugruben oder
Geldndespringen  und  konnen  zusétzlich  zur  Sicherungsfunktion  auch
Dichtungsfunktionen z.B. fiir anstehendes Grundwasser oder Gewaisser libernehmen. Als
Spundwand bezeichnet man einzelne trapezformige Profile aus Stahl (Spunddielen oder
Spundbohlen genannt), welche mittels geeigneten Geréts in den Boden geriittelt/gerammt
werden. Um tiefere Baugruben sowie wirtschaftliche Langen der Spundwénde erreichen zu
konnen, besteht die Moglichkeit die Spundwand mittels Anker in den anstehenden Boden
zu verankern. Diese Anker leiten auftretende Krifte (z.B. Erd- bzw. Wasserdruck) iiber die
Verpressstrecke in den anstehenden Boden. Anker konnen auch vorgespannt werden um
die auftretenden Wandverformungen zu reduzieren.

Diese Arbeit befasst sich mit ausfiihrlichen Untersuchungen zu der sich iiber die letzten
rund 80 Jahre entwickelten Theorie der tiefen Gleitfuge nach Kranz.

Folgende Punkte wurden in dieser Arbeit untersucht:

a. Ausfuhrliches Literaturstudium (angefangen von der Originalpuplikation von Kranz
im Dezember 1939 bis zu aktuellen Untersuchungen von Prof. Fellin aus dem Jahre
2017).

b. Analytische Berechnungen ausgewdhlter Beispiele nach Kranz (Berechnung mit
Hilfe des Programmes MS Excel).

c. Analytische Berechnungen dieser ausgewihlten Beispiele mit Hilfe des
Softwarepaketes GGU-Retain.

d. Numerische Berechnungen dieser ausgewéhlten Beispiele mit Hilfe der
Softwarpakete Plaxis 2D, Plaxis 3D und OPTUMG?2.

e. Vergleich der durchgefiihrten Berechnungen

Beschreibung von auftretenden Effekten und Versagensmechanismen.

Die Ergebnisse dieser Berechnungen werden mittels Diagramme {ibersichtlich dargestellt.
Durch einen klar strukturierten Aufbau der verfassten Arbeit soll der Leser einen guten
Einblick iiber alle angestellten Untersuchungen erhalten.

Stichworter: Spundwand; Anker; Verpressstrecke; Tiefe Gleitfuge; Vorspannung;
Steifigkeitsvariation; Analytische und numerische Berechnungen






Abstract

Anchored sheet pile walls are usually installed for construction pits or slopes.
Additionally, they can take sealing functions e.g. for groundwater or rivers. Sheet
pile wall elements are individual trapezoidal steel profiles, which are
jogged/rammed into the ground using suitable equipment. To reach higher
excavation depths as well as economic lengths of the sheet pile walls there is the
possibility of anchoring the sheet pile wall to the surrounding soil by using
anchors. These anchors transfer forces (e.g. arising from earth or water pressure)
over the grouted body into the surrounding soil. It is also possible to pre-stress
these anchors to reduce the wall displacements.

This thesis deals with detailed studies on the theory of the lower slip plane after
Kranz that has developed over the past 80 years.

The investigations include the following points:

a. Extensive literature study (starting from the original publication of Kranz
in December 1939 to current research by Prof. Fellin from 2017).

b. Analytical calculations of selected examples according to Kranz
(calculation using the software package MS Excel).

c. Analytical calculations of these selected examples with the software
package GGU-Retain.

d. Numerical calculations of these selected examples using the software
packages Plaxis 2D, Plaxis 3D and OPTUMG2.

e. Comparisons of these calculations.

Description of occurring effects and failure mechanism.

The results of these calculations are presented in diagrams. Through a clearly
structured thesis, the readers should get a good view into the investigations carried
out.

Keywords: sheet pile wall; anchor; grouted body; lower slip plane; pre-stress
force; stiffness variation; analytical and numerical calculations
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1 Introduction

The anchored support wall is a very effective and economic structure to support
construction pits or slopes. Additionally, to this support function the sheet pile wall
can also take a sealing function. In contrast to an embedded sheet pile wall without
anchoring, the embedded and anchored sheet pile wall allows deeper excavation
depths and, if the anchors are pre-stressed, it has a positive effect on the
displacement behaviour of the wall.

Dr. Egidius Kranz developed in December 1939 a new method to calculate the
anchor length for short anchored sheet pile walls at this time. All common methods
for the calculation of long anchors led to disproportionately long anchors. His
theory of the “Lower Slip Plane” applies to anchored sheet pile walls with non-
pre-stressed anchors and a fixation of the anchor at an anchor wall. At the end of
the 60’s of the last century, more and more grouted anchors were used at
construction sites. Therefore, Ranke and Ostermayer [3] extended the Kranz theory
to grouted and pre-stressed anchors. Over the last 80 years, this theory of the lower
slip plane was often discussed, especially the safety definition, and it has also been
further developed and adapted to be applicable for new construction methods. This
thesis, therefore, deals with an extensive literature study, analytical and numerical
calculations to evaluate the assumptions and mechanisms of this theory.

All calculations were performed with software packages MS Excel (analytical),
GGU-Retain (analytical) and Plaxis 2D, Plaxis 3D and OPTUMG?2 (all numerical).
Evaluations of some selected parameters (e.g. anchor forces, horizontal wall
displacements and the factor of safety (FoS)) are done with diagrams. Results of
the numerical calculation are shown with plots (e.g. deformed sheet pile wall,
plastic points and the failure mechanism).

The key investigations are explained and discussed in this thesis while some
additional calculations and comparison of results are shown in the appendix.
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2 Kranz’s theory of the lower slip plane
[1]
2.1 Motivation for this theory

Dr.-Ing. Egidius Kranz received his incitements for his theory from practicing the
design work for anchored sheet piling quay. This theory was first published in
December 1939.

The main problem was that all common methods at that time for determining the
required anchor length by means of active and passive sliding surfaces, lead to
disproportionately large anchor lengths for deep lying anchors as well as for
embankment walls.

Another problem was, at that time, no basic literature for suitable calculations of
short anchored walls were available. Therefore, he proposed a new calculation
method for determining the required anchor length as well as formulas for the
possible anchor force for cases of short anchoring. In addition, he proved that in
nearly all occurring cases, a sufficient sheet pile wall anchoring with a short anchor
length is possible in contrary to the previously accepted construction method.

2.2 Remarks

Long anchors were designed after the common method at this time (see Fig. 1),
which means, that the active and the passive sliding surface intersect each other at
the soil surface. For short anchorages, this requirement leads to the fact, that the
foot of the anchor wall is enclosed by the active and passive sliding surface (see
Fig. 4). The main task related to the freely supported anchor wall is to find the
least favourable sliding surface, at which the earth’s resistance to be achieved by
anchoring, reaches the smallest value.
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Fig. 1 Common method in case of long anchorages [1]

2.2.1 Assumptions

The formation of sliding surfaces, outgoing from the anchor wall, lead to a rotation
of the sheet pile at one point (lower rotation point) below the excavation level (case
b from Fig. 2). For such a rotation movement of the sheet pile wall, Terzaghi
proposed the classic triangular earth pressure distribution assuming a firm wall and
linear sliding surfaces. Ohde [2] proves a triangular earth pressure distribution for
the wall movement b in Fig. 2 (rotation of the stiff sheet pile wall around the lowest
earth point) for the “Rankine’s theory” as well as for any wall friction angle 6.

Other wall movements (case a from Fig. 2) and elastic deformation of the sheet
pile wall lead in contrast to the linear earth pressure distribution after Terzaghi to
different earth pressure distributions. Ohde [2] states, that a firm wall with other
wall movements, like case a in Fig. 2, lead to a parabolic earth pressure
distribution. If the sheet pile wall is flexible, then much smaller bending moments
occur and smaller ramming depths are necessary but will lead to higher anchor
forces under these load distributions.
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Fig. 2 Earth pressure distribution after Ohde [2]

It should already be pointed out here, that the distribution of the earth pressure on
the sheet pile wall has no influence on the size of the earth resistance, only the size
of the total earth pressure on the sheet pile wall up to the rotation point is decisive
for calculation of the anchor resistance. This means, that the total sliding pressure
Q. in the lower failure plane is decisive for the size of the earth resistance.

2.3 Summarized assumptions
To simplify the solution of this problem, the following assumptions are made:

e a.) The anchored sheet pile wall construction is seen as completely rigid
Neglecting the elastic deformation only lead to a different earth pressure
distribution and there is also no significant influence with the calculation by
using rigid parts.

e b.) Elastic and plastic deformations
Elastic and plastic deformation of the soil through the loading of the anchor
wall are neglected (this assumption does not apply to clay and clayed soils).

e c¢.) Calculation of the anchorage
The procedure is based on the research on the frictional forces in the occurring
sliding planes.

e d.) Ramming depth

It is necessary for the sheet pile wall to be pushed deep enough into the soil
so there’s no risk of soil rupture (passive sliding surface) in front of the base
of the sheet pile wall.
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e e¢.) Anchor wall

The anchor must be sufficient in height so that a pull out of the anchor (plow
through) isn’t possible.

e {.) Sliding surfaces

The sliding surfaces under these described requirements are critical for the
stability consideration. Small wall and anchor movements occur until
equilibrium of the acting and resisting forces is reached at the foot point of
the sheet pile wall. The occurrence of a passive sliding surface must be
avoided because if these movements on the wall exceed a certain value,
failure in the soil happens.

e g.) Rotation of the sheet pile wall

In case of (soil) failure, the sheet pile wall tends to rotate around the foot point
of the sheet pile wall. If this rotation point is fix supported, then the rotational
point is above the foot point of the sheet pile wall because otherwise this
assumption is unfavourable.

2.4 Existing calculation method

2.4.1 Long Anchorage

The calculation method to find the carrying capacity of the anchor uses the classic
earth pressure theory and the requirement, that the anchor wall must be far away
from the sheet pile wall, so that the passive sliding surface does not intersect the
active sliding surface (see Fig. 3). With Eq. (1), the necessary anchor length can
be determined [1].

0

L = H *cot (45+§)+T*cot(45—§) (1)
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Fig.3  Previous calculation method for long anchors at this time [1]

2.4.2 Short Anchorage

The previously mentioned requirement, that the anchor wall must be far away from
the sheet pile wall, lead to complete false results for the anchor lengths in the case
of a short anchoring (see Fig. 4).

Mm«:%- RN
P b
j P -
1
B o s s e o - 2\‘:‘
p .
/ T,
WA N
W7 .
\\ | / o
S

Fig.4  Problems in case of short anchors [1]
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2.4.2.1 The most unfavourable sliding surface

One major point for finding the anchor length is the intersection from the passive
sliding surface starting from the foot of the anchor wall to the active sliding surface
starting from the base of the sheet pile wall. These intersections can occur in any
form and therefore, the question is, which of these occurring intersections lead to
the smallest anchor resistance? To answer this, Dr. Egidius Kranz developed two
valid laws:

o 1%]law

Of all possible sliding surfaces, which are forced by the anchor wall, the line
between the base of the anchor wall and the base of the sheet pile wall, lead
to the smallest earth resistance.

o 2" ]aw

The largest possible anchor retention force P is equal to the difference of all,
in the direction of P falling components of the sliding surface pressures Q,
which act in the active as well as in the passive sliding surface.

If an anchor is designed sufficient long, the sum out of the anchor force and the
components from BDF (see Fig. 5), in relation with A, are smaller than the active
earth pressure E,. The earth pressure distribution is indifferent for the following
observations. An active sliding surface from BC can exceed over BDF, if the force
from ABDF in combination with the earth pressure due to the anchor force is larger
than the earth pressure from ABC. There is no influence on the earth pressure E,
as long as BDF can carry the anchor force A. This mentioned method can also be
used if the system is insufficiently anchored. For the largest anchor force A4y,
which relieves the sheet pile wall, only the force P,,;;,, can be used, which results
from the most unfavourable sliding surface which relieves BDF. The equilibrium
from the force polygon (see Fig. 5) is only possible for ) H=0 and >,V = 0.
.M = 0 is only possible at the “Rankine’s theory”.

Rankine’s theory of the active earth pressure uses following assumptions [40]:
e The soil is homogeneous and isotropic, which means ¢’, ¢’ and y have the

same values everywhere.
e No wall friction (§ = 0) is acting.
e The ground and failure surfaces are straight planes.

e The resultant force acts parallel to the backfill slope.
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Fig. 5 The most unfavourable sliding surface [1]

2.4.2.2 General Solution

For the general solution, the active sliding surface BC (see Fig. 6) and the by the
anchor force curved sliding surface FDKB are considered instead of KCFD. K, the
point of the forced sliding surface, can be assumed in any depth x. From the 2
law, the following EG. (2) follows:

A< Pposs =E, — (EO +E + Ecll) (2)

A, E, and E, are constant values for each investigated value and can be derived
from the soil conditions and with the knowledge of the location and size of the
anchor wall. Therefore, only the values P, E, and E, are changeable with x. P,
can be found if E,. + E reaches a maximum value, but this leads to a complicated
and confusing formula and it’s also difficult to find a clear mathematical solution
because of the multiple possibilities on how to solve this problem (L, T; H, § and

0).
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2.4.2.3 Anchor force P

On, BD and DF the sliding pressures acts as surface pressure q per meter length or
as the resulting force Q of the surface pressure q (see Fig. 7). The anchor force A
is defined by Eq. (3).

A < Byoss = Eq — (Eo + Er) 3

E, can reach positive or negative values, depending if the inclination of the
unfavourable sliding surface v, is smaller or bigger than the soil friction angle .
E, is always bigger than E, + E,, because all possible sliding surfaces behind the
sheet pile wall for the “active sliding surface” results in the maximum earth
pressure. It is only possible that P becomes 0 if the sliding surface caused by the
anchor wall coincides with the active sliding surface of the sheet pile wall. With a
small modification of Eq. (3) it is possible to find the force from the active earth
pressure.

P:Ea_(EO-l_Er)_)Ea:P+(E0+Er) (4)

With Eq. (4) it is possible to see, that the earth pressure E, in the active sliding
surface keep the equilibrium for the anchor force P and the earth pressure E,. + E,
in the forced sliding surface. In fact, that the earth pressure E, is always available,
regardless of whether the sliding surface rises. This means, that the earth pressure
on the sheet pile wall always leads to the same horizontal component E, of the
sliding surface pressure Q.
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E, = Qg *sin (ﬂa - Q) (5)

Eq. (5) shows, that for the calculation of P it is necessary to put in the maximum
value of E,. E, in the sliding surface BC is equal than in AB because
action=reactio. Thus means, that for every other sliding surface than BC, the earth
pressure E, becomes smaller. For the proof of stability, the soil mass ABDF can
be considered as one body without consideration of the anchor force P and the
earth force E,. This proposed method of calculation an anchored sheet pile wall is
also a proof of an embankment failure with curved sliding surfaces due to the fact
that E, and P = A can be seen as internal forces which cancel each other out.
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Fig.7  Sliding surface pressures [1]
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2.4.3 Further Information

2.4.3.1 Possible anchor force vs anchor length

The maximum anchor force can be reached if the length is defined as in Eq. (1). A
larger anchor force cannot be reached by relocation the anchor wall further (see
Fig. 8), because P,,,, s defined as in Eq. (6) and remains the same for lengths over
Lmax- A stronger anchorage is therefore only possibly with a deeper lying anchor
wall.

TZ
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Fig. 8 Variability of the possible anchor force with the anchor length [1]

2.4.3.2  Anchor depth and possible anchor retention force

Sufficient anchoring with a factor of safety (FoS) of 1 or higher is only possible at
a certain depth of the anchor wall (see Fig. 9). If the anchor is located towards the
top of the sheet pile wall, it is conveniently arranged downwards to require the
necessary depth of the anchor wall.



12 2 Kranz’s theory of the lower slip plane [1]

Fig. 9 Variability of the anchor depth and the possible anchor retention force [1]

2.4.3.3 Influence of the driven depth on the earth resistance of the anchor

wall

Kranz has been shown, that there is no significant influence of the driven depth to
the possible anchor force, because the rotation point or the fixed point of the sheet
pile wall is decisive as a starting point of the active sliding surface. The position
of the rotation points depends on the degree of fixation in the soil or rather than
from the possible earth’s resistance. An additional extension of the sheet pile base
over the required fixed length has no influence on the position of the rotation point.

2.4.3.4 Influence of the wall friction angle on the effect of anchoring

The slight curvature of the sliding surface due to the assumption of a wall friction
angle is not considered. Assuming a wall friction angle, this friction angle leads to
a smaller earth pressure on the sheet pile wall. For practical cases, in which the
wall friction angle is 0 < § < g, it is shown, that the required anchor force
decreases more than the possible anchor force (see Fig. 10). If § > 0, the FoS is
increasing. The influence of the wall friction angle on the size of E, or for more
interesting force E, j is very low. When the wall friction angle is not taken into
account, the calculation lies on the safe side because this scenario would fail first.
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Fig. 10  Variability of the wall friction angle on the effect of anchoring [1]

2.4.3.5 Influence of inclined anchors and inclined anchor walls

Anchoring is only possible if the anchor wall lies in a certain depth (mentioned in
chapter 2.4.3.2). A diagonally down directed orientation of the anchor is always
possible whilst a diagonally up directed laying anchor is only possible if the terrain
behind the sheet pile wall rises or for a very low anchorage point (see Fig. 11). The
inclined anchor has no influence on the active earth pressure because the anchor
force is caused by this earth pressure. The earth pressure force E, stays the same
as for a horizontal anchored system. The influence of the vertical introduced force
to the anchor wall on the safety of the anchoring itself has to be checked. This
additional loading or unloading by the vertical anchor force, as well as any
additional load which acts in the forced sliding surface from the anchor wall lead
to an enlargement or to a reduction of the absolute value of E,.. Due to the fact that
E,. can be positive or negative, the influence for the minimal possible anchor force

Pyposs,n can have an increasing or decreasing effect.
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It is possible to define two cases as following:

o V. <p

E, is negative in this case, which means that this force is directed in opposite
direction to the anchor force. A positive force Ay lead to a bigger possible anchor
force Pp,,ss and vice versa.

e v.>0

E, is positive and therefore directed in the same direction as the anchor force
therefore a positive force Ay lead to a smaller anchor force Py, 5, and vice versa.

fall 1

Fig. 11  Variability of inclined anchors and inclined anchor walls [1]

Fig. 12 shows how the forces are directed and if they increase or decrease. You
can see, that the internal friction angle ¢ has a big impact. vE, designates the
increasing of the horizontal force E, of the sliding surface pressure @, as a result
of the additional vertical force V. The influence is shown in Eq. (7). For practical
cases, it is shown that the influence on the possible anchor force, in case of inclined
anchors, is only very small. In the case of high deviations between v, and g, a
strong inclination should be considered in the calculation.

Pposs=Ea_(Er+E0+VEr) (7)
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Fig. 12 Summarized results in case of inclined anchors [1]

According to the present theory, the location of the most unfavourable sliding
surface is independent if the anchor wall is inclined or not. Only the value of E
and E, are influenced, in fact, on the different vertical forces transferred by the
anchor wall. For the most unfavourable sliding surface only the base point of the
anchor wall is decisive. In case the anchor wall weakens, the soil mass behind it
has to slip, therefore it is only possible that the earth’s frictional force can occur
from the top to the bottom (+¢) (see Fig. 13). The maximum earth pressure E,
occurs if +0 = 0. Above DF the slipping earth can slide in any form from F to the
surface. In this case a straight line FJ is chosen which is equal to the “Rankine’s
theory”. This case describes the worst case for the anchor resistance, in fact, the
load of the worst sliding surface BD is not changed and the highest earth pressure
E,, occurs.

Ao Abb. 21.

S &

Fig. 13  Forces and their acting direction in the case of an anchor positioned
diagonally downwards [1]
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The influence of an inclined anchorage and inclined anchor wall increases with the
inclination angle and becomes a maximum for v, > g because then, the inclination
of the anchor and the inclination of the anchor wall add up. For v, < p these effects
partially cancel out each other. A positive inclination of the anchor wall leads to
an enlargement of the possible anchor force and vice versa.

2.4.3.6 Influence of cohesion

The amount of cohesion is constant in each layer and in each direction, which mean
that the cohesion is not a function of the depth. Before the sliding surface fails, the
biggest cohesion force occurs. For the investigation on the influence on the most
unfavourable sliding surface, two cases must be considered:

e The sheet pile wall and the anchor are seen as one structure, which slides
on the passive sliding surface and rotates around the rotation point of the
sheet pile wall without the presence of an active sliding surface (see Fig.
14)
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Fig. 14  Forces and their acting direction in case of using cohesion [1]

Then, the maximal force can be calculated with Eq. (8).

E. = K, xcos (v;) + K, *cos (v,) +K5 *cos (v3) )

E. = c*s; xcos (v;) +c x5, *cos (vy) + ¢ * 53 *cos (v3)

K5 should not be considered in their full capacity because it can reach larger values
than the earth pressure E,. The equation for the possible anchor force with
consideration of the cohesion can be seen in Eq. (9).
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Pposs =E, — (Er + EO) + E, 9)

Since the cohesion E, is constant, it has no influence on the determination of the
unfavourable sliding surface and therefore, the inclination of this surface is
independent of the cohesion.

e In the second case, the active sliding surface between the sheet pile wall
and the anchor wall already exists as failure surface. A cohesive force is not
taken into account for this sliding surface. The values K; and K; from Eq.
(8) are neglected and the cohesion force K, is variable with the inclination
v, of the sliding surface. The possible anchor force P, also change with
respect to the inclination v, without consideration of cohesion. It is also
possible that another connection as BD results in the most unfavourable
sliding surface but because of the difficult determination of the cohesion it
should not be considered for calculation.

2.4.3.7 Multiple anchored sheet pile walls

A multiple anchored wall exists if two or more points of the sheet pile wall are
anchored. The fixation of the anchors in one anchor wall is possible but this could
lead to different wall deflections and therefore, this adds additional uncertainty
(see Fig. 15). The determination of the anchor lengths stays the same as a single
anchored system.

£ - ' - ‘.ﬁ;
ST
A Abb. 24
2

Fig. 15  Example for a multiple anchored sheet pile wall in one anchor wall [1]
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If different anchors are fixed to individual anchor walls, the determination of the
anchor length is relatively simple (see Fig. 16). B, from the upper anchor is

equal to the difference of the occurring horizontal earth pressures from BC and
BDE. P,,ss of the lower anchor is then equal to the difference of the occurring

horizontal sliding surface pressures from BDE and BFG if the inclination of
BFG = o.
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Fig. 16  Example for a multiple anchored sheet pile wall with individual fixation [1]

Another principle for multiple anchored system assumes that the points A, and A4,
have a firm, non-shifting connection on the sheet pile wall and that the formation
of active sliding surfaces through pre-stressing or other external loadings is
avoided (see Fig. 17). Main idea of this method is, that each forced sliding surface
must be able to support the sum of all anchor forces above it.

Abb. 26,

Fig. 17  Example for an often-used construction for multiple anchored sheet pile walls

[1]
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For this case, the calculation of E,. has to be done for each soil layer while the most
unfavourable sliding surface stays the same (see Fig. 18). If ground water is
present in the influenced area of an anchor wall this must be considered in the
calculation. A result of the acting buoyancy force is, that the specific soil weight
y decreases and a reduction of the friction angle g is also often assumed.
Consequently, the possible earth resistance of the anchor wall is reduced. A
significant reduction of the friction angle as well as the specific gravity is not
justified. A water over pressure behind the sheet pile wall is almost always
expected and this force alone has an influence on the sheet pile wall. For the
calculation of the earth resistance of the forced slip surface, the water pressure on
these and on the active sliding surface are in equilibrium, which means that there
1s no additional load.

Fig. 18  Example for changing soil layers with influence of ground water [1]

2.4.3.8 Additional loads and earth resistance of the anchorage

The question of the most unfavourable load position cannot be solved clearly for
short anchors because the slope of the forced sliding surface plays an important
role for the influence of the load. For v,, > g a uniformly distributed load lead to
an increase of the necessary anchor force P, and a decrease of the possible anchor
force P,yss whilst for v, <@ B, as well as P, increases. Therefore, it is
necessary to determine the influence of the load to the possible anchor force B
to find the most unfavourable load position. In case of a recalculation of an
anchored sheet pile wall it is possible to see if v, is smaller or bigger than ¢ and
therefore, the load distribution must be defined after this.

If v, > o follows that E, is positive and thus the calculation must be done with the
full load. If v,- < g E, is negative only the load, which is assumed for E, must be
considered.
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2.4.3.9 About the required safety of the anchorage

In practice, it is common to refine a low safety factor for sheet pile walls. This is
because all unfavourable assumptions are well defined in practice while positive
factors such as the soil cohesion and other facts not taken into consideration. For
anchored sheet pile walls the relationship through the payload induced anchoring
resistance to the resistance from permanent loads is always very small, therefore,
for determination of the necessary anchor length, it is enough to choose at most
1.5 times the necessary anchor force as in Eq. (10).

Pyoss = 1to 1.5 Py (10)
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3 Literature Review
3.1 Ranke/Ostermayer (1968) [3]

At the present time grouted anchors are used to support excavation wall, as uplift
protection and various other purposes. Ranke and Ostermayer said, that the
“Kranz’s theory” with an anchor wall can be analogously used for grouted anchors
and injection piles. The proof of stability must be examined for two failure states,
the “internal (failure at the lower slip plane)” and the “external (embankment
failure)”.

3.1.1 Embankment Failure

An external failure state means a movement of the base of the wall and a failure
mechanism of the whole system along a sliding surface (see Fig. 19).
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Bild 1. Gelindebrud

Fig. 19  Visualization of an embankment failure [3]

3.1.2 Failure at the lower slip plane

In this case, the shear strength in the system wall-soil-anchor is exceeded by which
a slip surface from the anchor foot in direction to the anchored wall is formed,
which cause the wall to tip over (see Fig. 20).
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Bild 2. Bruch in der tiefen Gleitfuge

Fig. 20  Visualization of a failure in the lower slip plane [3]

For the determination of the necessary anchor length, in the normal case the
“internal” proof of the stability in the lower slip plane is decisive.

3.2 Criticism of the procedure after Kranz from

Jelinek/Ostermayer [4], [5]

Jelinek an Ostermayer raise, technical objections related to the assumptions after
Kranz (see chapter 2.4):

The assumption of a curved sliding surface, in this case a “logarithmic
spiral”, would lead to a lower safety than a linear sliding surface assumed
by Kranz.

It is not possible, that the active sliding surface and the passive sliding
surface occur at the same time.

In case that the system fails, a higher earth pressure than the active one
occurs due to tension effects.

The size of the decisive earth pressure coefficient can be found from the
direction of the curved sliding surface. An earth pressure redistribution may
not be accepted because of the massive deformations.

Based on comparative calculation, it was shown, that a sliding surface
which starts from the middle of the grouted body lead to less favourable
values for the usual anchor dimensions, which means that the calculation
lies on the safe side.

The safety definition after Kranz is kept, although the comparison of
“internal” and “external” forces isn’t perfect.

Studies have shown, that for anchors laying close together, the curved

sliding surface moves away from the anchor foot.
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3.3 Model tests according to Jelinek [4] and
Ostermayer [35]

3.3.1 Cofferdam [4]

Normally, the “proof in the lower slip plane” is decisive for the stability. In the
failure state, the shear strength in the system wall-soil-anchor is exceeded (see
chapter 3.1.2), so that shear zones occur and the construction tilt as shown in Fig.
21. The violet line refers to the front of the coffer dam, the red line indicates the
active sliding surface and from there the curved sliding surfaces (green line). If a
curved sliding surface “logarithmic spiral” is chosen, then the obtained decisive
curved sliding surface matches the model well. But in fact, a band of sliding
surfaces occurs in the model which indeed shows, that the soil above the sliding
surface is in plastic conditions.

Bild 5. Maodellversudie an Kastenfangedimmen Bild 6. Modellversudie an Kastenfangedimmen

Fig. 21 Model test on a cofferdam [4]

3.3.2 Anchored wall [5]

This tested model (Fig. 22) consists of a 35 cm high, 80 cm wide wall (violet),
which is rotatably mounted on its foot point between glass plates. As anchoring
body, horizontally lying plates with different lengths and thickness were used, on
which sand was glued (blue). The test was done with two different anchor lengths
(42 cm and 26 cm) and three different anchor bodies (20 cm and 10 cm long with
a thickness of 1.5 mm such as for 4 cm long with a thickness of 10 mm). Besides
this, the bulk density of the sand such as the pre-stress force was varied.
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AR
act. slide plane field

Bild 16, Modellversach mit langem An

= 42 em, a = 20 em,

Fig. 22 Model test with an anchored wall [5]

The direction of the failure surfaces turned out to be independent from the pre-
stress force and nearly independent from the thickness of the anchor. The main
observations were as follows:

e A curved sliding surface is formed, for which a logarithmic spiral (green
line in Fig. 22) can be set from the end of the anchor to the rotation point
of the wall. For long anchors, these sliding surfaces runs flat out below the
anchor, for short anchors the starting point of this spiral can be clearly seen.
With bigger wall deflections two or more sliding surfaces have occurred.

e An active sliding wedge to the rotation point of the wall does not occur,
only there, where the soil can unload namely above the anchor axis. Below
this “neutral axis” with a constant length, a certain “tension” in the soil
occurs. Picture 4 from Fig. 22 shows an active sliding wedge to the rotation
point of the wall, which occurs if the walls tilt and the anchor isn’t fixed to
the wall.

e The soil which lies on the anchor plate is pulled with the plate and therefore
it does not expire any deformation.

e Through the pull away of the soil with the plate, an active sliding surface
area occurs at the end of the plate, whose axis of symmetry is inclined
(yellow lines) due to the fact, that shear stresses occur on the top edge of

the plate.
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3.4 Multiple anchored systems

General assumptions/findings for a single anchored system basically apply as well
for multiple anchored systems. In terms of interacting between the anchors,
additional considerations must be made. Depending on the arrangement of the
anchors, the sliding surfaces develops from the middle point of the grouted body
to the rotation point of the wall.

3.4.1 Case 1 (vy > 0)

For this case, the upper anchor is shorter than the lower one (see Fig. 23), which
is only possible in practical problems if the calculation is done with the earth
pressure distribution after Coulomb and (perhaps) if a water over pressure has to
be taken_into account. The safety of the upper anchor can be found with the sliding
surface bed or respectively from the equilibrium of the soil body abce (see Fig.
23a). Due to the fact that the lower anchor is cut twice, the anchor force A,it is not
included in the force polygon and the safety related to the sliding surface bc results
to the following equation:

_ Ah(bc),poss
bc —
Agp

For this imagined failure condition, it is assumed, that no sliding surface W occur
through the lower anchor. The proof of stability in the lower slip plane W the
anchor force Ay p ) poss 18 taken with the equilibrium from the soil body W (see
Fig. 23b). Because both anchors are cut twice, the sum of anchor forces
(A, and A,) must be set as external force to the calculation and the safety factor
results to:

_ Ah(bf),poss
Tos Ajp + Azp
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Fig. 23  Multiple anchored system - Case 1 [3]

3.4.2 Case 2 (v > p)

This is the typical case with consideration of an earth pressure rearrangement and
with nearly homogeneous soil conditions (see Fig. 24). The upper anchor is longer
than the lower on (Point ¢ in Fig. 24) but the middle point of the grouted body still
lies inside the active sliding wedge f gh, starting from the lower anchor. Therefore,

it is possible, that the proof of both sliding surfaces (bc and bf f) can be done similar
to Case 1 because when considering the slip plane bc, the anchor force A, falls out
and for the investigation of % both anchors are cut once.
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Fig. 24  Multiple anchored system - Case 2 [3]

In this case the upper anchor lies outside of the sliding surface from the lower
anchor (see Fig. 25), the inclination from bc is bigger than from bf f which means
that v; > v,. The safety of the upper anchor can be calculated analogue to case 1.
From the lower anchor, the sliding surfaces m or bfcd can occur and for both
cases a sufficient safety has to be proven. For Wg the upper anchor force A;, from
the investigation of the equilibrium at the soil body abf h, falls out and the safety
definition results to:

_ Ah(bf),poss
™

In case that the sliding surface occur at bfcd the sum of the anchor forces
(A; and A,) must be considered then, the safety definition results to:

Ah(bfc),poss

Mo = Aip + Azp

The values for Ay, ) poss ad Ay fe) poss can be found from Fig. 25c¢. In practice

only the decisive proof is done. That means, that the slip plane W must take the
sum of the anchor forces (4, and A,).

_ Ah(bf),poss
P Ay + Agn

The from the soil body hfce with the unit weight G, taken horizontal force 44, is
neglected.
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Fig. 25 Multiple anchored system - Case 3 [3]

3.4.3 Case 4 (v; < vy)

Fig. 26 shows the case, where the upper anchor is long (v; < v,). This case occurs
if suitable soil layers are very deep and the anchor length is defined primarily by
the required load capacity (see Fig. 26). For the sliding surface bc, starting from
the upper anchor, the sum of the anchor forces (4; and A,) corresponding to Fig.
26a has to be considered in the calculation and the safety results to:

_ Ah(bc),poss

e = Ap + Ayp
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Fig. 26  Multiple anchored system - Case 4 [3]

The arrangement of the struts and anchors does not matter for the calculation.
However, it should be mentioned, that on the soil body above the lower slip plan
only the anchor force but not the strut forces have to be taken into account (see
Fig. 27). If it is possible to construct the lower part of the wall that stiff, that the
active sliding surface cannot occur the proof of stability in the lower slip plane can
be done with “higher” shifted sliding surface. The lower part of the sheet pile wall
than has to be designed with a higher earth pressure coefficient than the active one.



30 3 Literature Review

J' o, mag! Apeny
= ok A

Fig. 27  Arrangement of anchors and stiffeners [3]

3.5 Anchoring at Earth Pressure at Rest

Because of big deformations at failure state, the active limit earth pressure can be
set on the replacement anchor wall as well as on the anchored wall. For walls which
are dimensioned with the earth pressure at rest, a proof of stability must be done
for the case, that the earth pressure as well as the anchor forces are determined
from the active limit state. Only with this approach the proof of stability in the
lower slip plane can be determined correctly. For practical cases a “Safety in the
lower slip plane”, calculated with the earth pressure at rest is used and a safety
factor ofn, = 1.5 will be determined. The necessary safety 7, of the earth pressure
at rest is independent from the geometrical relationship and only a function of the
angle p, 6, 9.
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3.6 Breth (1973) [6]

Grouted anchors become more and more important. Because of the unknown effect
of anchors in clay (pre-stress force, effects on the size and distribution on the
earth’s pressure) extensive measurements were done on a 21 m deep construction
site in “Frankfurter Ton” (see Fig. 28).
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Fig. 28 21 m depth excavation in "Frankfurter Ton" [6]

Three different beams of the trench line were measured. Horizontal and vertical
displacements, the rotation of the head of the beam, forces between the beam and
the waling as well as the outer fibre strain of the beam were measured. Anchor
forces and bending strains, measured on these three beams of the trench line, reveal
local deviation up to + 30 % to the respective mean. This can be seen as effects
from the unsymmetrical arrangement, a non-simultaneous pre-stressing,
irregularities in the excavation and more. After the installation of the grout, the
anchor was pre-stressed to 90 % of the calculated force. The results for the
different locations were as follows:

e Point A: High pre-stress force were introduced to a system with relatively
small excavation depths which subsequently led to a decrease of the anchor
force for the next excavation steps. An increase of the anchor force
subsequently occurred when the excavation reached the clay layer.

e Point B: At first, there was a slight increase of the anchor force, then a faster
increase with progressive excavation depth.

e Point D and F: The anchor forces increase whilst they didn’t change in Point
CandE.
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The achieved pre-stress force was partly considerable below the calculated design
force. Deformation of up to 3 cm into clay occur when point A and B were pre-
stressed. A head deformation of the wall up to 14.5 cm was reached at the final
excavation step in which the wall was nearly moved parallelly. The size and
distribution of the earth pressure largely depends on the pre-stress force and the
excavation depth. Wall deflections and deformation have shown no influence on
the size and distribution of the earth’s pressure, also the excavation and the pre-
stressing of the anchors showed no significant influence. Measurements of the
earth pressure has shown, that at any time, the pressure on the wall due to pre-
stressing was higher than the active earth pressure but with increasing excavation
depth an adjustment to the active one occurs. At the final state, the earth pressure
was nearly the same as calculated after Coulomb without consideration of a wall
friction angle. The location of the earth pressure is defined by the pre-stress force
and shifts down with outgoing excavation. A nearly linear earth pressure
distribution could be measured for the individual construction stages. The pre-
stressing of the lower anchors does lead to a nearly trapezoidal earth pressure
distribution. The pre-stressing of the anchor lead to a pressure rearrangement
which means, that in the upper wall area the earth pressure is while in the lower
part a relaxation takes place. With the knowledge that the wall does not have a
rotation around the head or the foot, but moved parallel essentially, the conjecture
1s confirmed that a shear deformation of the soil happens. A calculation with a
depth increasing shear module will lead to a better agreement with respect to the
calculation of horizontal wall deflections. It is essential to state that the safety
decreases with excavation depth and increases with anchor length.

3.7 Ulrichs (1981) [7]

Big deformations for anchored walls in cohesive soil were often seen in the last
years whilst for non-cohesive soils the deformations are much smaller.
Nevertheless, significant damage occurs at adjacent buildings next to anchored
excavation walls in non-cohesive soils. It is not possible to construct deformation-
free deep excavation walls, even if grouted anchors are used in gravel-sand soils
with a high prestress force and the anchor length is extended up to 5 m compared
to the required length to the proof of stability. Parallel movements up to 1 %o have
to be expected in such soils. Through high steel strains, the deformation reduction
effect through pre-stressing can be lost and therefore, the anchor has to be pre-
stressed higher than the, with the active earth pressure, calculated force. Such high
pre-stress forces reduce the anchor deformation but lead to increasing
deformations in the area of the grouted zone.
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3.8 Heibaum (1987) [8]

Most of the numeric calculations in 2D show significant advantage (fine mesh,
structure remains clear and so on). The missing of the third dimension must be
borne by appropriate idealizations. At this time, no 3D FEM calculations are
known by the author, but Heibaum (1987) thinks it should be a desirable goal. One
problem for a mechanical model is, that the theory of the lower slip plane, which
applies to anchor walls which stands parallel to the excavation wall, becomes
inaccurate for a single anchor (grouted anchor or anchor piles). Therefore, the
Kranz approach can only be used in such a way, that a replacement anchor wall is
placed in the middle of the grouted body but this could also lead to wrong results
for some cases. To investigate such a system for their stress and deformation
behaviour a 2D calculation is done. A 3D calculation is used to study the
interaction between anchors and to investigate the 3D effect. The author makes
some conclusions which are the following:

e Kranz's theory needs to be extended for the use of grouted anchors or
anchor piles.

e The assumption of an imaged replacement anchor wall in the middle of the
grouted body is inaccurate.

e Decisively for the sliding surface angle is the force which is introduced per
each meter of the grouted length and per each meter of the supporting wall
into the soil.

e In case of a steeper inclination of the lower slip plane, the introduced force
behind the failure body stay constant.

e Because of the fact, that the force introduction length is limited, the
minimum possible anchor force is determined for the case, where the anchor
is pulled out in failure state and the active sliding plane occurs.

e The force behind the failure body increases while increasing partial anchor
length behind the lower slip plane.

e For grouted anchors and anchor piles it has no influence on the factor of
safety (FoS), by mean of an economic solution, when the lower slip plane
cut the grouted body.

e For dense non-cohesive soils, an appropriate cohesive soil must be
considered, that in the failure state, a lower friction per meter can be

mobilized and the group effect reduce the anchor force.
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3.9 Brinkgreve, Bakker, Beer (1991) [9]

In structural engineering the factor of safety (FoS) is always defined as the ratio of
the collapse load over the working load. This definition is different for soil bodies
such as road/river embankments and earthen dams because the dominant load is
not directly an external force but most of the force comes from the soil weight. The
Mohr-Coulomb Model is more interested in collapse loads rather than precise
deformation. This elastic-plastic material model is used with implicit integration
in which the Finite Element (FE) analyses involve finite increments of stress and
strains. For a finite element formulation, a soil body subjected to constant gravity
and constant external loads is considered. The used strength reduction procedure
is far from being robust. For some step’s the strength is reduced too much and
therefore precise critical values of tan¢g’ and ¢’ are never obtained.

3.10 Heibaum, Schwab (2003) [10]

For dimensioning of supporting walls, normative regulations are defined for
example in the DIN 1054, 1055, 4085. Another good literature is the EAB and the
EAU. Most of the used global safety factors are based on experience. Partial safety
factors can be applied at the point where they are needed, and uncertainties can be
handled at the point when/where they occur. The new DIN 1054, which appeared
in 2003, uses the partial safety factors on the effects of stresses. For the use of
standard geotechnical software packages, the limitation of modelling is listed as
follows:

e Mostly only horizontal layers are allowed.

e The surface geometry on the active side is often limited to an average slope
inclination.

e On the passive side the geometry is limited with no loading, no irregular or
inclined surface.

e [.oad on the surface is only possible with simple shapes and no horizontal
components.

e No curved water lines are possible and no water is possible for inclined
surface.

e Constructions in the area of the active and passive sliding surfaces are only
possible with large simplifications.

e The stability in the lower slip plane is limited or not possible.
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3.11 Heibaum (2005) [11]

In January 2003 the new DIN 1054 was published with the essential modification
of the partial safety concept. Most of the used partial safety factors in Germany are
based on experience. In addition to precise specifications of safety factors, it is
essential, that EAU as well as the EC7 (ENV 1997-1 2.4.1(2)) emphasize, that in
“Geotechnical and Hydraulic Engineering” it is more important to have soil
outcrops, shear parameters, load approaches, recordings of hydrodynamic effect
and non-consolidation effect with a good support structure with a realistically
model, than an exaggerated calculation.

New rules for an earth-static proof means for the EAU, essentially the vote on the
new DIN 1054 and consideration of the boundary conditions for ground
investigations and the construction. The original plan to put the proof of the lower
slip plane in the DIN 1054 was not implemented. In the meantime, an Appendix
H was taken to the DIN 1054 (“Gelbdruck 2001”) but later it was dropped out.
Instead of this, it is referred to EAB and EAB, which leads to a conflict, that a
normative regulation refers to a non-normative regulation. In the EAU 2004 the
proof of stability in the lower slip plane for each type of anchors is treated in on
place only. The version of 1996 includes hints for anchors and grouted piles whilst
grouted anchors, rammed piles and micro piles were not treated at all. Also,
instructions for the handling of multiple anchored walls were added. While in the
edition 100 of the EAB 1996 the proof of Kranz was preserved. However, in the
edition of the EAU from 1996, by switching to partial safety factors, a new concept
developed, where the calculation was done with design values and an additional
force AT = 0 should be possible. In contrast to the previous procedures an outer
cut was carried and thereby the design values of the earth resistance were
considered.

The fact, that the failure in the lower slip plane is a failure of a soil body speaks
for this safety definition. In consequence to this procedure, the proposal from
Appendix H was considered as suitable option for the new version of the EAU
because there, an outer cut is also used and the shear resistance in the lower slip
plane is chosen as decisive parameter. Due to this fact, that the foot supporting
force is put into the system in a way that an equilibrium between this force and the
active earth pressure in combination with the anchor force occur, the outer and
inner cut lead to the same forces. If the outer cut is used, the peak compressive
force at the wall foot and the wall weight must be taken into account.

For a comparison of these two different approaches, the new method from DIN
1054 (GZ 1b) shows its advantages, where at first all parameters are considered
characteristic and put in balance. In the concept of the DIN 1054-100 design values
were scheduled, although with safety factors, but with consideration if this force
is activated at all. For safety considerations a new force such as AT or a utilization
degree must be introduced.
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Kranz considers the failure of the soil body idealised as a sliding mechanism on a
straight lower slip plane on which the friction angle is full mobilised, which means
that the failure occurs through the maximum possible anchor force. It seems quite
sensible to use the safety factor with the shear resistance from Eq. (11) or the (in
the Appendix H) used definition in respect to the frictional force (Eq. (12)) in the
lower slip plane. Both definitions can be converted into each other (even if their
relation is non-linear it is possible to linearize it).

Ag *yg +Ag * vy < ;’;” (11)
D
R

The fact that two forces are compared and the same partial safety factors y,; and
Yo are applied, the same relation applies to yg, and yg;. yg, must be in the range
of 1.5 to correspond to a y; of 1.1. y; is taken with a value of 1.4 which means,
that this safety definition would lead to longer anchors. Finally, it was decided, to
use the proof after Kranz in the EAB and EAU and mitigate the possible anchor
force with yg,,.

3.12 Schweiger (2005) [12]

FEM is generally accepted as a tool for assessing the serviceability limit state
(SLS) for geotechnical structures whereas the FoS at the ultimate limit state (ULS)
1s more commonly determined by conventional limit equilibrium methods. Design
approaches defined in Eurocode 7 are discussed with respect to their compatibility
with numerical methods. This design approaches differ in the way the partial
factors of safety are applied to soil strength, resistance and different types of loads.
The safety factor resulting from a FEA assuming Mohr-Coulomb failure criterion
can be obtained by reducing the strength parameters incrementally, until no
equilibrium can be found (see Eq. (13)).

tanq)avail Cavail
nfe = = (13)
tanq)failure Cfailure

There are two possibilities to arrive at the FoS:

e The analysis is performed with unfactored parameters where in modelling,
all construction stages are required. Results represents the behaviour for
working load conditions followed by an automatic reduction of the strength
parameters.

e The analysis is performed with factored parameters from outset. Strength

parameters are again reduced in increments, but a new analysis for all
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construction stages is performed for each set of parameters. An FoS can be
obtained for small enough increments. Calculation for the SLS must be

performed in an additional analysis using unfactored design parameters.

3.12.1 Design approaches in Eurocode 7

Eurocode 7 allows three different design approaches DA1 to DA3 (see Table 1)
which differ in the application of the partial safety factors of safety on actions, soil
properties and resistances. For DA 1 two different analyses are allowed. DA1/1 and
DAZ2 require permanent unfavourable actions to be factored by a partial factor of
safety but it is not taken into account because the earth pressure is not an input but
a result of the analysis. DA3 and DAI1/1, are in principal, not a problem for
numerical methods because it simply applies the input of factored strength
parameters whilst for a stage construction problem method 1 and 2 may be applied.
One way to deal with DA2 could be that the analysis is performed in terms of
unfactored strength parameters or the parameters for the soil and the resulting
bending moments, anchor forces and the passive resistance is factored by the
respective partial factor of safety in order to arrive at design values.

Table 1  Partial factors for actions according to EC7.

: Actions v¢
QoG Permanent
approach  favourable " Variable”
Yo Ta

DA1/1 1.35 1.50

DA1/2 1.00 1.30

DAZ2 1_.‘35 1.50

Geot.”: 1.00 1.30

i Struct.*:1.35 1.50

3.13 Schanz (2006) [13]

The influence of the initial state on the results must be checked for a numerical
calculation. A constitutive model should be chosen to a certain “complexity” as
needed but as “easy” as possible. 3D calculations, despite available hardware, are
still the exception in practice and only economically reasonable for complex
problems.

Often used constitutive models are defined as follows:

e Linear-elastic material model

This material model has a linear connection between stresses and strains. A limit
condition for admissible stresses like the Mohr-Coulomb criterion is missing.
Linear-elastic material models are usually part of the linear-elastic and ideal-
plastic material model, but they are usually unsuitable.
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e Constitutive models with changeable modulus of elasticity

Such models work with empiric approaches which describes the non-linear
relationship between stresses and strains. The modulus of elasticity can depend on
the stresses as well as on the strains. Soil stiffness resulting from the changeable
modulus of elasticity can depend on the direction of loading and therefore, such
model is used for a monotony loading like a calculation of settlements.

e Flastic-ideal plastic material law

In such a model, a range of permissible stresses which are limited by a boundary
condition (¢’ and c’) is used. If a stress reaches the boundary, elastic and plastic
strains arise and the plastic behaviour is described by the boundary condition and
the flow rule (dilatancy and contraction). A defined connection between stresses
and strains do not exists. The Mohr-Coulomb criterion is in principle usable for
safety analysis. The Drucker-Prager criterion is not suitable for this because the
shear strength can be overestimated depending on the load path. The dilatancy
angle 1 should always be assumed smaller than the soil friction angle ¢ (non-
associated flow rule). This law is suitable for safety calculations and conditionally
suitable for calculations of deformations without changing of direction. A
recommendation is, that a with depth increasing modulus of elasticity should be
modelled with more layers of a constant stiffness.

e Elastoplastic material model with isotropic hardening (Cam-Clay-Model or
HS-Model)

In this model, plastic strains occur before reaching the boundary condition because
they are coupled to a flow rule. A stress depending elastoplastic stiffness is
formulated. When the yield condition is reached, the stress is on the yield surface
and their size increases with progressive plastic strains, which is called
“hardening”. The Cam-Clay model is suitable for soft, normal consolidated
respectively, for light over consolidated soils where the boundary conditions are
defined after Drucker-Prager. The HS-Model is suitable for a multitude of soils
with Mohr-Coulomb boundary conditions. An elastoplastic material law is usable
for calculation of settlements that include a few changes in direction. The HS-
Model is also suitable for safety analysis and very good for deformation
calculations on excavation steps.

3.14 Heibaum, Herten (2007) [14]

In numeric calculations it’s essential that the contact between the soil and the
grouted body is simulated realistically. In a plane simulation, the grouted body lies
as a “plate in the ground” and the sliding surface isn’t able to cut this plate.
Therefore, the sliding surface is steered to the end of the grouted body, even if
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contact elements are arranged. In the case of a 3D simulation, the sliding surface
1s always steered to the end if there is a fixed connection between the anchor and
soil. The sliding surface itself is curved forward in a 3D simulation and the
intersection between the anchor and this sliding surface depends on the skin
friction of the grouted body and the distance between the anchors. A proof of the
lower slip plane is seen as problematic with an FE-calculation, with regard to the
limit state (predetermined displacements, additional external load on the anchor,
reduction of the shear parameter or increasing of the specific weight ) as well as
the interpretation of the results (can the calculated anchor force be interpreted as
the possible after Kranz?). Previous comparative calculations could not deliver
satisfactory results to this question. The “deterioration” of the soil until the onset
of the limit state conflicts with the EAB and EAU, according to which this proof
is to be performed as a limit state 1b. The softer the system is, the smaller the
distance to the limit state is, hence, what supports the classic plastic approach of
the relatively high safety factor against failure on the lower slip plane.

3.15 Heibaum, Herten (2007) [15]

Geotechnical design is done increasingly by finite element method (FEM) due to
the fact of growing PC-power. The common safety margins given in the standards
are based on certain models and due to the experience, they can’t be applied to
other approaches. Action and effects determined by FEM are applicable in
verification according to DIN 1054 and EN 1997-1, DA2*. Resistances can also
be calculated by FEM, but there is not enough experience to judge the reliability
of such approaches.

Over the years, Germany used the so called “global safety” by which the forces
are compared with strengths. Enough distance between the forces and the strength
was given by a global safety factor, determined empirical, which covers
uncertainties in parameters, where assumptions were made for the calculation as
well as the inviable inaccuracies.

Partial safety factors were established in the DIN 1054 (2005-01) which are
applied at the end of the calculation to the acting forces and resistances. This
chosen partial safety factors are based on experiences and therefore, can only be
applied to the respective proof. With the proof of the global and partial safety
factors after DIN 1054, no statement about the probability of failure is made. One
advantage of the DIN 1054 is, that the proofs are maintained.

On the pages of the European standard EN 1997-1 (2005-10), no uniformity could
be achieved. That is the reason why we have 3 possible design approaches. The
approach that is used the most in Germany is DA2, which has no clear definition,
when the safety factors should be applied. DA3 after the DIN 1054 is only used in
the case of slope stability where the shear parameters are charged with safety
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factors but it is also possible to calculate this slope stability with DA2 after EN
1997-1 as a comparison of forces and resistances in the slip plane.

Meanwhile, the modelling for numeric calculation is defined in DIN 1055-100 and
applies to forces, materials and calculation methods. Furthermore, specifications
are set which can have massive influence on the calculation results. Currently, two
ways are done to interpret the usability of geotechnical constructions [16, S. 628.]:

e Deformation from soil and the structure are calculated with the assumption
that the behaviour at least in a certain area is linear elastic

e On the other side the rupture state is based on stiff plasticity

The awareness, that behind all proofs more or less correct assumptions are used,
has been reflected in the amount of safety factors or it shows the demand of two
proofs. After DIN 1054 10.6.7, in some cases the proof of stability in the lower
slip plane as well as the proof of embankment failure are required.

By usage of a software like FEM a completely different modelling is in the
foreground. First, the soil is seen as continuum and split into elements to allow a
numerical solution. Second, due to the mesh limitation in expansion, the boundary
conditions have a big influence on the results. By usage of the software, it is clear
that safety can only be given using extensive measurements of the structure. ULS
conditions can only be investigated on soil samples and not on the system itself
because equilibrium often isn’t reached.

Deformations can be measured and evaluated during construction. For SLS, it is
widely believed, that the deflection prognoses can be done better with a numeric
calculation. In case of analytic solutions, another result is to be expected in
principle than for numeric calculations because the initial situation and the results
from the calculations differ. Another complication for calculation after DIN 1054
is, that the partial safety factors are applied at different times. Its’s recommended,
that for a calculation with FEM the calculation should be done with characteristic
values and then the effects acted with partial safety factors (DA2*).

In numerical method the slip planes aren’t defined beforehand because it’s not
possible that they can occur in a mesh of continuum elements but nevertheless it’s
possible to see the location of the most unfavourable sliding surface. The
development of shear zones can clearly show with high strains, which are entitled
to be seen as a sliding surface. A decoupling from the failure body as well as from
the undeformed soil does not occur.

The definition of a limit state in numeric calculation is often, that a stress
rearrangement isn 't possible but it does not mean necessarily the failure of the soil.
Applicable rupture conditions and limit values of resistance are very hard not at all
possible to calculate.
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If, for example, an anchored sheet pile wall should be proofed for ULS conditions
following things has to be checked:

Moment of inertia

Passive soil reaction and the embedment depth
Vertical equilibrium

Vertical load capacity

Material strength of the anchor

Pull-out resistance

Stability in the lower slip plane

Slope stability

Hydraulic bearing capacity

Almost all of these proofs are done after DIN 1054 GZ 1B (failure of structural
parts). Slope stability must be checked with GZ 1C and the hydraulic bearing
capacity must be checked with GZ 1A.

3.16 Perau (2007) [17]

The proof of the anchor length was undisputed while the proof of the lower slip
plane with all its extension was often discussed. New discussions emerged because
of the safety definition of the possible anchor force on GZ 1B. It was more
pragmatic than theoretical, because the failure mechanism in the lower slip plane
is “like” an embankment failure which must be proofed in GZ 1C. Such a
pragmatic proof looks more practical but can carry hazards along with it.

The ¢ — ¢ reduction shows characteristics, which prove to be a good method to
find the necessary anchor length:

e a) For short anchors the failure occurs under formation of a slightly enlarged
sliding wedge.

e b) With short anchors the safety factor increases strongly for increasing
anchor length.

e c) With long anchors the safety factor stagnates for increasing anchor

length.

Another advantage of the ¢ — ¢ reduction is, that no failure mechanism must be
assumed and that the proof of embankment failure is taken into account
automatically and therefore it is a consistent proof for different failure mechanism.
The similarity of the ¢ — ¢ reduction as verification procedure for the proof of the
lower slip plane doesn’t come into picture immediately, because of all different
known approaches.
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3.17 Perau (2008) [18]

FEM is previously used for the deformation assessment. The EAB allows the proof
of stability for the entire structure using FEM.

How the anchor force is introduced into the soil, and how this is modelled in a
FEA, is often discussed. The usage of contact elements in this area should be
favoured. Small relative displacements are predicted in this area after pre-stressing
while no reduction of the friction angle of the surrounding soil is to be expected.
The system itself becomes softer in this area which of course have an influence on
the stability.

Currently 3 possibilities (see Fig. 29) of how the contact elements could be
modelled are available:

e Modelling with a geogrid with full compound.
e The contact element is as long as the grouted length.
e The contact element is as long as the grouted length with an overhang of

0.5 m on each side which is a proposed method to reduce singularities.

rfaces

~

Fig. 29  Modelling of the grouted body in the FEM-mesh a) "without" interfaces, b)
interfaces "short", c¢) interfaces "long

The geometry from Fig. 30 was used to clarify the influence of different
parameters on the results.
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Fig. 30  Geometry for a single anchored sheet pile wall [18]
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The results of these investigations are listed below:

e Fine meshes lead to a collapse of the system for very short anchors and the
iteration process to reach equilibrium for short anchors cause some
problems.

e [f an equilibrium was found, the characteristic anchor force and the
horizontal wall displacements are independent from the meshing and the
modelling of the contact elements.

e The calculated anchor force practically does not depend on the chosen
anchor length.

e A calculated wall deflection decreases slightly with the increasing anchor
length.

e In each case, independent from mesh fineness and the modelling of the
interface, the overall stability depends on the anchor length.

e For the calculated FoS, the mesh discretization plays an important role
(lower FoS for finer meshes).

e The way how the grouted body was modelled, occurs as an influence factor

in the background.

2D calculations are, in principle, good approximations but with the limitation, that
the transition zone between the grouted body and the soil cannot be applicably
simulated. A 3D calculation is necessary because the slip surface plane cannot cut
the grouted body.

With increasing distances between the anchors, the deviations between 2D and 3D
become bigger because the failure mechanism deviates from the plane strain
behaviour. EAB and EAU knows this effect and implements this to the proof by

grout

. . . L
reduction of the possible anchor force with the factor —=——

. Independent, of how
Aanchor

big the system related error between 2D and 3D is, there are two ways to correct
this:

e A correction after the 2D calculation can be done in a way that the safety
factor npgy can be reduced independent of the geometric conditions.
e Another way for a correction is to model the anchors shorter than it’s

supposed to be (free anchor length, grouted length or both).



44 3 Literature Review

Conclusions for these corrections are as follows:

e Both variants, namely, the shortening of the free anchor length as well as
the grouted length lead to a significant and plausible reduction of the
calculated safety factors.

e For relatively long anchors, a small reduction of the above-mentioned
length leads to a similar reduction of the safety factors.

e For relatively long anchors, a big reduction of the grouted length has more
influence on the safety factor than the shortening of the free anchor length.

e For anchors that already have a short-grouted body, the possibility to reduce
this length is limited.

A reflection of the uncertainties is listed below:

e Assumptions about loads and construction.

e Lack of knowledge about the strength and shape change characteristic of
the materials.

e Simplified assumptions of the mechanical model.

e Inevitable errors and deviation on the construction site.

e Deteriorations, which occur through aging, weathering and abrasions.

3.18 Perau, Schoen, Hammacher (2008) [19]

For anchored systems which are additionally supported by struts in the head area,
head deflections in the direction of the excavation cannot occur and therefore the
proof after Kranz could lead to uneconomic anchor lengths. On the other hand, it
is obvious that for such a system a minimum anchor length is necessary.

3.18.1 Anchor length at “Cut and Cover method”

The cut and cover method are used in inner city areas to minimize closures and
noise emission in such a way that the excavation walls and the additional primary
columns are constructed, partly excavated and the “cover” is concreted. This cover
has a positive influence on the excavation wall due to the high stiffness and
therefore nearly no deflection is possible. For the calculation of the necessary
anchor length the effect of the strut to the system is unknown (see Fig. 31).

The head deflection itself is a requirement for the proof of stability in the lower
slip plane after DIN 1054 and EAB. Relevant standards and recommendations for
this proof do not contain any explicit regulations for the case of an anchored and
simultaneously stiffened system. Calculations with a widely used and randomly
chosen software shows, that the proof of stability in the lower slip plan is done
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according to the formalism of EAB, the favourable effect of hindrance of
deformation will not be considered which lies on the safe side but it is often
uneconomical.

If we say we will waive this proof for the reason that the lower slip plane could
not occur, can lead to uneconomical results. In this special case, it is unclear if GZ
1 or GZ 2 are sufficient for dimensioning the anchor length.

Fig. 31  Failure mechanism of an anchored sheet pile wall with additional struts [19]

The example from Fig. 32 was calculated and the input parameters were varied.
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Fig. 32  Cross-section of the calculated multiple anchored sheet pile wall [19]

A variation of the free anchor length shows an influence on the wall deflection, the
strut and anchor forces, bending moments of the wall and the earth pressure for the
final construction state. Short anchors lead to higher earth pressures and bigger
wall deflections on the wall as a result, that the anchor force 1s introduced over the
grouted length in the soil and therefore back to the wall (see Fig. 33).
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Fig. 33  Earth pressure distribution for different anchor lengths [19]

When short anchors are used, there is more of a pinching effect of the wall to the
soil than an anchoring effect. High wall loadings can be seen in the calculated
bending moments because for short anchors the hogging moments become
positive. The anchor force hardly depends on the anchor length due to the high pre-
stress force such as the small strain stiffness of the prestressing steel stands and the
low additional anchor strain (see Table 2).

Table 2  Variation of the anchor length and results of the investigated parameters [19]
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4 | 475 [ 522 | 544 | 669 | 52 [2.946[1.315(1.301
6 | 442 | 516 | 532 | 493 | 36 [3.033(1.395|1.424
g | 407 | 517 | 527 | 395 | 28 |2.982[1.499|1.549
10 | 372 | 519 | 524 | 347 | 23 [3.001]|1.572|1.625
12 | 343 | 520 | 521 | 314 | 20 [3.014|1.633|1.654
14 | 319 | 522 | 518 | 303 | 18 [3.053]|1.677|1.679

(* fitr den Endaushub)

For short anchors, Fig. 34 shows, that the failure mechanism, despite obstructed
wall head deflection, is similar to the failure mechanism of the lower slip plane.
The grouted bodies lie within an area with nearly horizontal moving, nearly stiff
body, which was seized by the anchor and moved in the direction of the wall.

For long anchors, Fig. 34 shows, that both anchor lies outside of the moving failure
mechanism and the wall moves like an embankment failure with a rotation around
the head point and also a failure of the passive soil body occurs. The failure
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mechanism itself are like a single stiffened excavation. The position of the grouted
body has practically no influence on the wall.

E
©
I
|
=
o
I
-
E
<t
"
-
Inkrementelle Horizontal-
| Dehnung verschiebung

Fig. 34  Decisive failure mechanism and horizontal deflection [19]

For an average anchor length, the failure mechanism lies between the two before
previously mentioned mechanisms.

3.19 Hettler, Triantafyllidas, Weiienbach (2010) [20]

The active sliding surface, the passive sliding surface and the surface after Rankine
have been confirmed in the past years by model tests and FEM calculation with
the message, that the proof from Kranz [1] could be replaced by an extended site
survey.

In terms of geometric assumptions, the recommendation EB 44 [21] provides the
following:

e The front boundary of the soil body lies in the wall axis for sheet pile walls
and soldier pile walls and the wall in back of the in-situ concrete walls.

e The most unfavourable sliding surface goes from the toe point of the anchor
wall to the theoretical zero point of shear force on the excavation wall which
also applies to walls which can carry external forces or which are embedded
deeper than necessary.

® A check must be done if the soil body between the anchors is presently

involved in the creation of the active sliding surface. This may only be
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assumed when the distance of the anchor wall, anchor plates, tension piles
and grouted anchors is less than half the force introduction length.
e The assumption to set the replacement anchor wall in the middle of the

grouted length only apply for grouted anchors.

For some special cases additional regulations are defined as follows:

e For soldier pile wall, where actually or only mathematically an embedment
into the soil can be waived.

e For stiff walls with high loading from water pressure and an extension of
the wall for buoyance protection to limit flow forces or for sealing the

excavation.

With regard to the geometric assumption, following recommendations from EB 44
[21] applies:

® The variable load Fy,  is the sum of all variable loads which are used for
the determination of E,; , and the anchor force R, .4, (see Fig. 35).

e The variable load Fy; is the sum of all variable loads, which lies in the
remaining area of the surface outgoing from the intersection of the active
sliding surface with the surface to the imagined anchor wall (see Fig. 35).

e For the determination of E,, j always the possible variable load has to be
taken into account (see Fig. 35).

e For grouted anchors and tension piles the wall friction angle is equal to the
surface angle 8, , = f. This means that in case of a horizontal surface the
wall friction angle §,, = 0

e For anchor walls and anchor plates the wall friction angle is defined as

2
5a,k = g‘Pk

a) Krafte am Gleitkérper b) Krafteck (unmaRst&blich)

Fig. 35  System with acting forces and force polygon [20]
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3.20 EAB (2012) [21]

The proof of stability in the lower slip plane after Kranz was developed for a single
anchored system with a free-standing wall, which should mean that the wall is not
embedded in the soil, and non-prestressed anchors which are fixed in anchor walls.
This theory was developed over time and also applies now for the following
conditions:

e For pre-stressed anchors which are designed on the active or the earth
pressure at rest.

e With the extension from Ranke/ Ostermayer (1968) [3] it’s also a very good
approximate solution for possible multiple anchored systems.

e For embedded walls in the soil.

The border at the back of the sliding earth body is defined as follows:

e A vertical plane, outgoing from the anchor wall to the terrain surface.

e For anchor plates, the replacement anchor wall must be placed with an
offset of % a, in front of the anchor plates.

e For grouted anchors in the middle of the grouted length.

In case of a full or partial soil embedment with elastic continuous support the zero
point of the shear force is considered as toe point of the sliding surface.
e The variable load Fj, ;. (see Fig. 35) is the amount of the payloads which
acts on the active sliding surface, with is limited by the angle v, , (see Fig.
36)
e A sliding surface with the angle v, can be decisive for yielding walls with
a forced sliding surface according to payloads and for excavation walls next
to buildings
e The variable load Fj,; has only to be set for v > ¢; with the result that
For = Foix forv < @y and Fy , = Fp1 + Foa forv > ¢y,
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'

Fig. 36  Explanation of the sliding surface angles [21]

In case of multiple anchored systems, the anchor forces, whose force introduction
length is cut by the lower slip plane and by the active sliding surface, can be split
in a force before and after the cut. This can only be done if a uniform distribution
of skin friction is assumed. When the anchors have different inclinations, the
calculation should be done with a mean value of this angle. To get an exact
calculation the sum of the vertical and horizontal anchor forces should be
calculated.

For anchored walls, which are designed for the increased or decreased active earth
pressure or the full earth pressure at rest, the proof of stability in the lower slip
plane can be made with the same rules as for the active earth pressure. In this case
some supplementary rules apply:

e The earth pressure force E,; j is replaced by the force E; .
e The earth pressure force Ejq j is replaced by the force E .
e The partial safety factor for the permanent and the variable design situation
as well as for the resistance may be interpolated linear between the:
O partial safety factors from the temporary situation BS-T for the
approach of the active earth pressure.
O partial safety factors from the permanent situation BS-P for the

approach of the earth pressure at rest.

Anchored walls, which are designed based on the increased active earth pressure
should be designed with the partial safety factors from BS-P.
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3.21 Fellin (2017) [22]

The verification of stability in the lower slip plane is a standard analysis for the
design of anchored retaining walls. Currently the old safety definition after Kranz
[1] is used. This definition could cause some mechanical problems. A direct
verification by comparing the effect of actions with the resistance in the lower slip
plane, which is in line with other verifications according to the design approach 2
(DA2) of Eurocode 7, should be suggested.

The actual used proof of stability in the lower slip plane doesn't fit to the common
proofs in Eurocode. At first the proof of the passive soil resistance is done because
a failure could only occur through a rotation of the wall. Another proof is that the
anchor force can be introduced into the soil over the grouted body without a pull-
out of the anchor. Therefore, failure is only possible wherein the soil between the
anchor and the wall must move in terms of failure with the whole system (see Fig.
37).

Fig. 37  Lower slip plane with lying anchor plates [23]

Goldscheider [24] shows, that soil movements behind the rotating wall kinetically
are only possible with deformed plastic shear zones (see Fig. 38) and not with rigid
sliding bodies and thin shear zones can be represented. The deformation of the
shear zones is based in the solution from Spencer [25]. Goldscheider [24] also
shows, that the statics from the composed shear zone mechanism (see Fig. 38)
formally agree with the calculation using stiff rupture bodies (see Fig. 39).

M

Fig. 38 Composed shear zone mechanism out of plastic deformed shear zone areas
[24], [22]
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Fig. 39 Equivalent system out of rigid rupture bodies [according to [24] with changes]
[22]

Experiments with lying anchor plates (see Fig. 37) [23], [26] as well as in numeric
calculations 16], [17], the lower slip plane runs from the toe point of the wall to
the end of the anchor plate. In spatial problems an in direction to the wall, curved
sliding plane is assumed (see Fig. 40). Additionally, to this fact, the sliding surface
never reaches the end of the anchor in experiments with single anchors. This fact
1s covered in the proof through a replacement of the double curved sliding surface
with a plane level which is pragmatically set until the middle of the grouted body
[27], [21]. Approaches for other anchor types can be found in the EAB [21].

A

Y

Fig. 40 In direction to the wall curved sliding surface [22]

3.21.1 Example by using rigid rupture bodies

By using the outer cut (between the wall and the earth abutment) the acting and
resulting forces from Fig. 41 can be introduced to the calculation. B describes the
force which is equal to the mobilised passive earth pressure E), ,,,0p,, Which, due to
the introduced safety factors is smaller in the proof than the maximum mobilizable
passive earth pressure. The rigid body 1 from Fig. 39 corresponds to the geometry
shear zone 1 from Fig. 38 and can be replaced with a horizontal acting earth
pressure after Rankine. With a cut below the slip plane, the reaction force Q, which
is the resulting force of the maximum mobilizable friction force R, = N * tang
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and the decisive normal force N, is exposed. Q therefore, is inclined with the angle
@ to the surface normal.

Fig. 41 Outer cut: soil body and forces [22]

With the geometry and the acting forces from Fig. 41 it’s possible to draw the force
polygon with the forces G, B, E, and for Q the line of action is known (see Fig.
42). In this case the force polygon isn't closed therefore, it is possible that an
additional force can be acting on the soil body to reach the limit state.

WL Q

Fig. 42 Force polygon with the forces from the outer cut [22]

Another way is to close the force polygon with an additional force Q which,
however is inclined with the mobilizable friction angle ¢,,,, < ¢@. With an
additional tension force this mobilized friction angle is increased to the possible
maximum. This additional tension force AZ is introduced in the direction of the
anchor (see Fig. 43)
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I
€] Qlf
B o

Fig. 43  Force polygon with an additional tension force [22]

If, as in the EAB [21] the cut is done between the wall and the soil body (inner
cut), the anchor force A as well as the active earth pressure E, are exposed (see
Fig. 44). The abutment force B is in equilibrium with these two forces which
means that B = E, + A (see Fig. 45).

Fig. 44  Inner cut: soil body and forces [22]

G Ql

Fig. 45 Force polygon to the inner cut [22]

The additional tension force AZ to reach the limit state stays the same. That also
applies in general [24] because when considering the death load G, of the wall
with a sole reaction Q,,, B =E, + A+ G, + Q,, is in equilibrium with these
forces. Therefore, it doesn’t matter on which site of the wall the cut is done. Due
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to the fact that B is a reaction force from the statics of the retaining wall, for
calculation it’s simpler to use the inner cut.

In the EAB [21], the force polygon is drawn without anchor force [Proof after
Kranz [1]) and the polygon is closed with a force in the direction of the anchor,
which is described as possible anchor force 4,5 = A + AZ (see Fig. 46).

Fig. 46  Force polygon for the inner cut after Kranz [22]

3.21.2 Safety

The failure model as seen in Fig. 41 and Fig. 44 can be seen as a stability problem
for a trapezoidal soil body [28] which should be proofed with GEO-3 (proof of
overall stability) after Eurocode 7 [29]. Therefore, a safety factor has to be used
on the shear parameters and then it has to be checked if the force polygon (Fig. 43
and Fig. 45) with the values to be recalculated and an additional tension force
AZ = 0 can be closed. Because the calculation has to be done once again, the actual
standards EAB [21] and EAU [30] uses GEO-2.

3.21.3 Proof in the lower slip plane

For the proof with GEO-2 after Eurocode 7 the calculation is done with
characteristic values and after EAB [21], a possible characteristic anchor force
Aposs i 1 determined with the force polygon from Fig. 46. The characteristic

anchor force A;, is known from statics. The proof itself is done with design values
(Eq. (14)).

Ad < Aposs,d (14)

The design values are calculated with partial safety factors, in which the design
value of the possible anchor force is calculated with the partial safety factor for the
passive earth resistance yp ;, [31] in order to not introduce further numerical values.
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The degree of utilization is usually defined [28], [31] with Eq. (15)
Ag

Aposs,d

U:

(15)

Here, it becomes clear that this procedure corresponds to the original global safety
definition after Kranz (Eq. (16)).

A
— poss ]6
n=— (16)

This safety definition was introduced for non-pre-stressed anchors with a linear
increasing earth pressure distribution. For permanent loads this follows to Eq. (17).

y = Ag _ YA =VGVR,h
Aposs,d APOSS n (1 7)

)4:3)

Therefore, the previously used safety level (at least formally) is easy to get in the
new safety concept. From Eq. (17) follows in the arithmetic limit state v = 1 (Eq.

(18)):

N =YcVRrn (18)

3.21.4 Problematic points for the proof after Kranz

Following points according to Fellin [22] are seen as problem for a modelling after
Kranz [1]:
e The safety definition of the anchor force, that an internal force in the
investigated system can have no influence on the stability.
e The uses of a possible anchor force in the proof instead of the mechanical
acting resistance in the lower slip plane.
e With this definition of a possible anchor force, a wrong idea may occur, that
the anchor force is limited with the failure of the soil body in the lower slip
plane. The anchor force itself is limited by the pull-out resistance of the

grouted body.
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3.21.5 Alternative proof in the lower slip plane with
reduction of shear parameters (GEO-3)

It would be most understandable to calculate the proof of the lower slip plane with
GEO-3 (loss of the overall stability, reduction of the shear parameters). The failure
body itself is given with the dimensions of the wall and the anchor, which means
that the form itself is independent from soil parameters.

3.21.6 Stresses and resistances in the slip plane

Because the proof actually must done with GEO-2 after Eurocode 7, a comparison
of the stresses and resistances in the slip plane should be done. This direct
comparison is easier to understand than an indirect proof with the anchor force.
The graphic solution for the stresses in the lower slip plane can be seen in Fig. 47.

Fig. 47  Force polygon to the inner cut [22]

The sum of the action G, E,, E, and A is disassembled in a component E parallel
to the slip plane and a component N normal to the slip plane. E acts as stress in the
lower slip plane and R, = N * tang is the part of the friction in resistance.

Actually, there are two possibilities to use the partial safety factors. First, use the
partial safety factors in the stresses as it is done in the actual design approach 2*
(DA 2%*) after DIN. Second, to use it on the action (DA 2) as generally and possibly
in Eurocode.

3.21.7 Design approach 2* (DA 2%)

All on the rupture body acting characteristic horizontal and vertical forces are
summed up. A distinction between permanent and variable force can be done
because different partial safety factors are used for these forces. The characteristic
stresses from the summed actions from the with v inclined slip plane can be seen
in Eq. (19). The force acting normal to the surface is defined in Eq. (20) and the
resistance in the slip plane is defined in Eq. (21).
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E, = sinv *) )V, — cosv *) Hy, (19)
Ny, = cosv *)V,, + sinv *) H,, (20)
Ry = Ny x tang + ¢, * L (21)

3.21.8 Design approach 2 (DA 2)

Characteristic values are converted to design values and then the sum of the
vertical and horizontal forces is calculated. The proof is then the same as in chapter
3.22.7 a can be seen in Eq. (22), Eq. (23) and Eq. (24).

E; = sinv *YV; — cosv *Y H, (22)
N4 = cosv *XV; + sinv *) H, (23)
Cy * L

R, = Ny * tang + 24)

)4:3)

3.21.9 Extensions for more anchor rows

A logical extension of the theory can be done with that on [3] based procedure of
the EAB [21]. That means, that the recommended cuts after the EAB [21] are
introduced at each middle point of a force introduction length. The forces of the
cut anchors are added fully with A or partial with A* depending on if the cut in the
free anchor length or in the force introduction length.

The partial force from the cut, in the force introduction length results from the
assumption of a constant skin friction along this length. As for cuts, the lower slip
plane, the sliding plane of the active sliding wedge, including the behind the wall
(inner cut) must be investigated. Anchor forces from two times the free length cut
anchors cancel each other out as it can find in the proof after EAB [21]. For
Anchors, whose second cut is in the force introduction length only the force P =
A — A" remains in the calculation. For anchors, whose grouted body lies
completely in the sliding body, are cut once and therefore fully set P = A to the
calculation.

That’s the reason why the same forces as P from the EAB [21], chapter 7.3, point
10.b) and c¢). arise for the other anchors. The remaining anchor forces P have to be
considered in the calculation of the sums of horizontal and vertical forces.
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3.21.10 Comparative calculation

To show the influence of different safety approaches, the example C 9.2.9 from
[31] is used (see Fig. 48). The retaining wall has a free height of 8 m and the
arithmetic embedment depth for a free storage in the soil is 1.8 m. The point of
origin for B is in a depth t;, = 1.1 m, the anchor lies in a depth of z, = 1.5 m with
an inclination «= 15 °. [ is defined as the length of the anchor to the focal point
of the grouted body. The soil is defined withy = 17 kN /m?, ¢ = 35°and ¢ = 0.

The inclination of the active earth pressure §, = %go and the part of the earth

pressure above the final excavation is redistributed after EAB. The surface load
p = 10 kN /m? is only set at the proof GEO-2 (after Kranz) in the area between
the active sliding surface v, and the replacement anchor wall if v > ¢, because
otherwise it acts less favourable.

(8] I P wenn wnglnslig I P
2 T
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e ¥
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1 o - ﬁ

Fig. 48 Cross-section of the example from [31]

First a parameter study is done for the temporary design situation BS-T, because
for that y5ype = 1.20 * 1.30 = 1.56~1.5 = Ngyqn, follows from Eq. (18). To
create a better comparison, the minimal anchor lengths were calculated so that the
proof in the lower slip plane leads to v = 1. The results only for permanent loads
can be seen in Fig. 49. It shows clearly, that the proof after DA2* leads to
significantly longer anchor lengths.
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GEO-3
GEOQ-2 It. EAB:2012 (Kranz)
E DIN 1054:2000 (DA 27)

—o— DA 2

Ankerldngs (m)

10 15 20
Ankerneigung (%)

Fig. 49 Length 1 of the anchor as function of the inclination for permanent loads [22]

As a comparison between the methods, the difference between the respective
minimum anchor lengths to the minimal anchor length from GEO-3 are calculated
in % (see Table 3). Positive values mean comparatively longer anchors and
negative values means shorter anchors. For all combinations of input parameters
p=0to10kN/m* , a =0to25°, z, =0.1to 0.2h and ¢ = 33 to 40° the
proof GEO-2 (after Kranz) results in percentage deviations from —1.0 to 2.5 % to
the anchor length from GEO-3. DA2* leads to deviation from 10 to 25.8 % while
the DA2 leads to deviations from -1.9 to 0.6 %.

Table 3 Percentage deviation of the anchor length 1 for permanent loads [22]

BS-P BS-T BS-A
GEO-3 9,23 8,70 843
GEO-2 (Kranz) 9,27 8.76 840
(+04%) | (+#0.7%) | (-0.4%)
DA 2 8,58 858 858
(-7.1%) | (-15%) |(+1.7%)
DA 2+ (E DIN) 10,82 9,88 921
(+17%) | (+14%)  |(+9.2%)

Different results occur for the permanent design situation (BS-P) and for the
exceptional design situation (BS-A) (see Table 3). The anchor lengths after DA2
doesn’t change (compare Table 3 and Table 4) and the difference to the lengths
from GEO-3 are significantly larger than for BS-T. This can be seen with the fact,
that the partial safety factor y , = 1.10 applies to all design situations.
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Table 4 Percentage deviations for the permanent, temporary and exceptional
design situation [22]

BS-P BS-T BS-A
GEO-3 9.23 8,70 843
DA 2 9.46 891 8,58

(+2,4%) (+2.3%) (+1.7%)

By a slight adjustment of the safety factors on yr, = 1.25 for BS-P andyy, =
1.15 for BS-T, the differences shift throughout in a positive range (conservative)
for DA2. The proof of Kranz [1] can also deliver shorter anchors in case of
cohesive soil than the proof after GEO-3 (see Fig. 50).

GEC-3
GE-2 It. EAB:2012 (Kranz)
E DIM 1054:2000 (DA 2°)

= DAz

Ankerldnga (m)

26 27 28 29 30
Reibungswinkel ()

Fig. 50  Anchor length | as function of the inclination angle with a cohesion of ¢=10
kN/m? [22]

3.21.11 Summary of investigations/ studies performed by
Fellin [22]

The geometry for the failure model for the proof in the lower slip plane is well
founded. A discussion should be held with respect to the introduced safety factors.
Currently, the proof used with the possible anchor force is mechanically not correct
and not conforming to all other proofs in the design approaches 2 (DA2) after
Eurocode 7. An indirect proof over the stresses in the lower slip plane with the
anchor force is only superficially simple, but problematic in detail. The example
from chapter 3.21.10 shows, that the anchor lengths calculated with GEO-2, which
is based on the safety definition after Kranz [1], and a proof with DA2 differ only
by a few percent to calculated anchor lengths with GEO-3. A change to the proof
after GEO-3 would be desirable, since it’s obviously an overall stability problem.
Better comparison of the factor of safety would be possible. Another possibility
would be to replace the GEO-2 proof after Kranz with the DA2.
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4 Analytical calculations

After the study of literature, analytical as well as numerical calculations were
performed. Therefore, the example from Perau (2007) [17] was used (see Fig. 51).
At first, an analytic calculation was performed with the help of an Excel Sheet.

+D,DD L = -;:
-2,00 —4dm_

-10,00
Sand
¢ =35°
S e ¥=18 kN/m?

Fig. 51 Calculation example [17]

4.1 Geometry and parameters

Fig. 52 shows the input values as well as some calculated “geometry parameters”,
which are necessary for the proof in the lower slip plane after Kranz [1]. In chapter
4.1.1 the calculation of the unknown parameters is explained. At the top left in Fig.
52 the used colours, used in this Excel Sheet are explained as following:

e Blue field “Input values”
All of this fields require a manual input of the user.

e Orange field “Calculated values”
Orange coloured fields show calculated values and therefore, no input is
necessary.

e (Green field “Verification fulfilled”
If a field is coloured green, then the verification/proof can be successfully
done.

e Red field “Verification not fulfilled”
When a verification/proof can’t be done, then the field is coloured red.

This colouring of the field applies for all in the following subchapter shown Excel
Sheets.
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| if distrik i surface load

Input values | Verification fulfilled
Calculated values | Verification not fulfilled

1.) Geometric parameters and surface loads
H [m] 14,00 B, [m] 8,43
z,[m] 2,00 B[m] 9,85
z[m] 0,00 H; [m] 374
z[m] 10,00 H; [m] 10,26
z;[m] 4,00 Ay 46,17
laneher [M] 800 U, 1] 58,94
lyroua [M] 4,00 L [m] 14,22
lnudate [M] 10,00 a[m] 0,00
o 7] 10,00 b [m] 591
0[] 0,00 c[m] 5,91
Al 0,00 d [m] 0,00
v [° 58,33 e [m] 0,00
a7 23,33 f [m] 0,00
6 area I') 0,00 q [kN/m?] 0,00
o, 7] 0,00 q' [kN/m?)] 0,00
Op1°] =3500 | Gy [kN/m7] 0,00
Lygn [M] 14,00 B [ke/m] 84,00

Fig. 52 Input parameters

4.1.1 Explanation

parameters

and calculation of the geometry

4.1.1.1 Geometric parameters and surface loads

H...Height of the sheet pile wall

Z;...Depth of the anchor

Z,...Depth of the ground water table (calculation without groundwater)

Z5...Final excavation depth

Z4...Embedment depth

Z4:H_Z3

Lanchor - - -Free length of the anchor

lgrout--- Length of the grouted body

Lmiddie--- Length to the middle of the grouted body  Lnigaie = lanchor +

a... Anchor inclination

lgrout
2

a,... Wall inclination on the active side

B... Surface inclination on the active side

8q... Wall friction angle on the active side 6y = %(p

X ... Angle for determination of the earth pressure coefficient K/,

X=Qa+8a+§0
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8arepr--- Wall friction angle for the replacement anchor wall
@, ... Wall inclination angle on the passive side
8,... Wall friction angle on the passive side 6p=—0¢
Ly,an --- Length of the sheet pile wall Lyau = H
B, ... Width of the active sliding wedge on the surface
B, = H +*tan (90 —v,)
B... Horizontal length to the middle of the grouted body
B = L iqdie * €0S (@)
H, ... Height from the surface to the middle of the grouted body
H; = B stan tan (@) + z,
H, ... Height from the middle of the grouted body to the end of the wall
H,=H-H,
v... Angle of the lower slip plane v =arctan (%2)

U, ... Angle of the active sliding surface

cos (¢ — a)

U, = ¢ + arctan

) sinsin (¢ +6,) * cos (a — B)
sind(p —a) + \/sin sin (¢ — B) *cos (a + (Sa)J

B
cos (v)

L... Length of the lower slip plane L=

a... Distance from the wall to the surface load

b... Length of the surface load

c... Total distance from the wall c=a+b

d... Starting depth for the influence of a two-sided limit surface load

d =ax*tan (@)
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e... Total depth for the influence of a two-sided limit surface load
e = c *tan (Uy)
f ... Influenced length on the sheet pile wall due to a two-sided limit surface load
f=e—d
q... Value of a uniform vertical surface load
q'... Value of a two-side limited surface load
Qperm--- Permanent value of the surface load

Iwair--- Unit weight of the sheet pile wall

4.1.1.2 Soil parameters

Table 5 illustrates the soil parameters and the calculation of earth pressure, acting
forces (with their distances) and the anchor forces.

Table 5 Soil parameters and calculation of forces

2.) Soil parameters 3.) Earth pressure 4.) Acting Forces 5.) Geometric distances 6.) Anchor force
2] 35,00 €, 1 [kN/m?] 8,06 Epo [kN/m] 109,96 Io [m] 0,50 B [kN/m] 235,86
c' [kPa] 0,00 e, [kN/m?] 0,00 Ep [kN/m] 91,64 I [m] 5,50 B [KN/m] 0,00
Ko [ 0,244 €,-,3 [kN/m?] 40,32 E, recs [KN/m] 161,28 I, rec [M] 10,00 B, [kN/m] 165,15
Koo' [-] 0,406 e, 4 [kN/m?] 56,45 E, i1 [kN/m] 32,26 I, 41 [M] 10,67 Bg.i [kN/m] 0,00
K, [-] 0,244 €, [kN/m?] 1354,79 E, ez [kN/m] 0,00 l, ez [M] 0,00 Ag i [kN/m] 159,28
K, repl [] 0,271 e,un KN/ 0,00 E, iz [kN/m] 0,00 I, iz [M] 0,00 Ak [kN/m] 0,00
Ky [-] 22,971 e,un [N/ 0,00 W, [kN/m] 0,00 Iy rec [M] 0,00 Agx [KN/m] 28,08
7 [kN/m?] 18,00  |e,,perm [kN/m?] 0,00 W,,; [kN/m] 0,00 Iyt [M] 0,00 Aq, i [kN/m] 0,00
7 [kN/m?] 10,00 w3 [kN/m?] 0,00 E,, [kN/m] 0,00 I, [m] 0,00 Eg ok [KN/m] 395,14
Kon [ 0,224 E,p [kN/m] 201,60 E,.' [kN/m] 0,00 I, [m] 0,00 Eqoni [KN/m] 0,00
Ko rept [-] 0,271 2,/2; [-) 0,20 Eqy perm [KN/m] 0,00 v perm [M] 0,00 Eg i [KN/m] 170,45
Ky -] 18,817 e,, [kN/m?] 18,33 E, . [KN/m] 0,00 Loyar [M] 0,00 Eq o [KN/m] 0,00
Kovn -] 0,224 e, [kN/m?] 21,99 E, [kN/m] 2709,58 I, [m] 10,67 Vg, [kN/m] | 210,29
Kovp' -] 0,224 Vi [kKN/m] 11,76 Vg [kN/m] 0,00

¢’... Effective soil friction angle
c’... Effective cohesion (this Excel-Sheet does not include proofs with cohesion)

K, ... Earth pressure coefficient for a uniform vertical surface load

K " cosa * cosf
= * —
av ¥ " cos (a — )

K,,,... Earth pressure coefficient for a limited surface load

, _sin(Ug— @)
" cos (vg — X)
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K,y ... Active earth pressure coefficient due to soil weight

K - 1 cos (¢ — a)
@ cos (a+6a)* . )
cosa * <J5Ln sin (¢ + 8,) *sin (¢ — /)’))

coscos (@ — ) *cos (a+6,)

Kay repi--- Active earth pressure coefficient due to soil weight on the replacement
anchor wall

1 cos (¢ — a)
*
cos (a + 5a,repl) (\]Sin sin ((P + (Sa,repl) * sin (¢ — ﬁ))
cosa *

Kay,repl =

cos cos (a — ) *cos (a + 8 repr)

K, ... Passive Earth pressure coefficient due to soil weight

p 1 cos (p + a)
v = *
cos (a +6y) (Jsinsin (¢ +6,) *sin (<P+/3)>
cosa *

cos cos (a — f8) *cos (a + &)

y ... Specific weight of the soil

y’... Unit weight buoyance

Kgy ... Horizontal active earth pressure coefficient due to soil weight
Kayn = Kay * cos (ag + 8)

Kay repin--- Horizontal active earth pressure coefficient due to soil weight on the
replacement anchor wall

Kay,repl,h = Kay,repl * oS (aa + (Sa,repl)
Ky ... Horizontal passive Earth pressure coefficient due to soil weight
Kpyn = Kpy * cos (ap + 6,)
Koy ... Horizontal earth pressure coefficient for a uniform vertical surface load

Kav,h = Ky * cos (agq + 64)
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!

av h--- Horizontal earth pressure coefficient for a limited surface load
Kz’w,h = Kgp * cos (ag + 8,)
4.1.1.3 Earth pressure

€ay,h,z1--- Horizontal active earth pressure in the depth of z;

€ayhz1 =V * Koy n * 71
Caynzi = Z2 *V * Kgyn + (21 — 23) xy' * Koy
€ay,h,z2--- Horizontal active earth pressure in the depth of z»
€ayhzz =V * Kayn * 73
€ay,h,z3--- Horizontal active earth pressure in the depth of z3
€ayhzs =V * Kgyn * 73
Cayhzs = Caynzz t (22 —23) *¥' * Koy
€ay,nH--- Horizontal active earth pressure in the depth of H
eayn =V *Kgyn*H
CaynH = Caynzz T Za V' * Koyp
Cayhi = €aynzzt (H—2) *y' * Ky
€ay,h,z4--- Horizontal passive earth pressure in the depth of z4
€pyhza =V * Kpyn * Z3
€py,hza = (za— (H—=2)) *y = Kpyn + (H = 23) %y * Kpy
€avn--- Horizontal active earth pressure due to a uniform surface load
eavn = q * Koy
€qu p--- Horizontal active earth pressure due to a limited surface load
eavn =4 * Ko

€av,perm--- Horizontal active earth pressure due to a permanent uniform surface
load

€av,perm = Qperm * Kavn

W,3... Water pressure in the depth z3 W3 = Z3 * Vuater
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Egy i ... Resulting horizontal earth pressure force to the depth z3

€y * Z
Y,h,z3 3
EaY.h = 2 + eav,perm * Z3

(eay,h,z3 + eay,h,z) * (23 - Zz) eay,h,z *Zy
Egppn = + *
ay,h — 2 2 eav,perm Z3

j—;. .. Relation for the location of the anchor
eny--- Earth pressure redistribution after EAB in dependency on j—: [21]

€no--- Barth pressure redistribution after EAB in dependency on j—: [21]

4.1.1.4 Resulting forces

E}, ... Resulting earth pressure force after redistribution

Z3
Epo = epo * P}

Ep. ... Resulting earth pressure force after redistribution

Z3
Epy = epy * 7

Fig. 53 shows the earth pressure distribution over depth for the active (grey line)
and passive side (red line) as well as the earth pressure redistribution (brown line).
The earth pressure distributions are divided in rectangles and triangles above and
below the final excavation level for the sake of simplicity.

2,00

-25,00 -20,00 -15,00 -10,00 -5,00 ofgo 5,00 0,00 15,00 20,00

-2,00
aa@ueSheet pile wall

—@— Excavation level

= @= Terrain

—@— Active earth pressure

-6,00 —e— Earth pressure redestribution
—e— Passive earth pressure

8,00 —e— Groundwater level

—e— Waterpressure

Uniform Payload

—@— Earth pressure from uniform payload
—e— Limited load

12,00 Earth pressure from limited payload

-16,00

Fig. 53  Earth pressure distribution over depth
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Ea,recl v

Ea,tril cee

Ea,recz v

Ea,triz cee

Resulting earth pressure force (rectangle) below the excavation level
Earect = €ayhzs * Za
Eqrect = €aynzs * (2o — (H = 23))
Resulting earth pressure force (triangle) below the excavation level

_ (eay,h,H - eay,h,z3) * Zy
Ea,tril - 2

_ (eay,h,H - eay,h,z3) * (24 - (H - ZZ))
Ea,tril - 2

Resulting earth pressure force (rectangle) below the excavation level
Eqrecz = €ay,n,z2 * (H—z3)
Resulting earth pressure force (triangle) below the excavation level

(eay,h,H - eay,h,zz) * (H - Zz)
Ea,triz = 2

W, ... Resulting water pressure force (rectangle) below the excavation level

Wiec = Wz * 24

W,,i... Resulting water pressure force (triangle) below the excavation level

(H—z,)
Wi = (H — 23) * Ywater * T
(z3 — 75)

Wiri = Wy * 2

E,,... Resulting earth pressure force due to the uniform surface load

Eow = €qpn * H

Ej,... Resulting earth pressure force due to a limited surface load

T !
Eav_eav,h*f

Eqyperm- .- Resulting earth pressure force due to a permanent uniform surface load

Eav,perm = €ap,perm * H

E gy var--- Resulting earth pressure force due to a variable uniform surface load

Ewvar = €aon * H
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E, ... Resulting passive earth pressure force

_ epy,z4- * Z4
E, =" =
2

Ep = (Z4 - (H - ZZ)) *y *x pr,h + (H - Zz) *y' x pr,h

Z,xy' x K
Ep: 4 *XY py,h
2

Viwau--- Dead load of the sheet pile wall Vipqu = “eliwall.

4.1.1.5 Geometry

The distances for the resulting forces are calculated with respect to the depth z;

[, .. Distance for the resulting redistributed earth pressure force

Z3
lho = 7_ Z

Z3

lho_z_zl

lpy - - Distance for the resulting redistributed earth pressure force

Z3
lhy=23—2; ——

4

lhu=0

lgrec1 --- Distance for the resulting earth pressure force (rectangle)

I _ (2, — 23)
arecl — 2 +23— 2
Zy
la,recl =H—-2z — ?

lg tri1 - Distance for the resulting earth pressure force (triangle)

i (2 * (2, _23)) _

la,tril =1Z3 3 2z

2
la,tril =2z3—2z + g *Zy

lgreca -.. Distance for the resulting earth pressure force (rectangle)

(H—2z,)
2

la,recz =H—-2z —

la,recz =0
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la triz --. Distance for the resulting earth pressure force (triangle)

oy WH—z)

atri2 — 3 Z

la,triz =0

Ly rec --. Distance for the resulting water pressure force (rectangle)

Zy
lw rec H— 7 —Z
lwrec=0

Ly, tri -.. Distance for the resulting water pressure force (triangle)

_ (H—2z)

lw,tri =H-2z 3

_ (23 — z5)
lw,tri =Z3 — 71— T
lq ... Distance for the resulting earth pressure force due to a uniform surface load

H
low=5—2

2
ley=0

lg ... Distance for the resulting earth pressure force due to a limited surface load
d+
léw = ( f) —Z

low =0

lavperm-.. Distance for the resulting earth pressure force due to a permanent
uniform surface load

H

lav,perm =5

2

2z

lav,perm =0

lavvar--- Distance for the resulting earth pressure force due a variable uniform
surface load

H

lav,var =54

2

lav,perm =0
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L, ... Distance for the resulting passive earth pressure force

z
lp =H_?4_Zl
l, = input

It has to be pointed out that the assumption of linear earth pressure distribution is
not realistic. It is emphasized at this point that it is recommended to have the
calculations checked with other software packages such as GGU-Retain [32], to
make a comparison.

4.1.1.6 Soil reaction forces and anchor forces

Bg nx ... Horizontal soil reaction force for permanent loads

Bohr =
Eno*lnotEnu*lnutEareci*larecitEqtrit*latriitEarecz*larec2tEatrit*laritt Wrectlw rectW eri*lw tritEav,per,*lav,perm

p
B nx -.- Horizontal soil reaction force for variable loads

! !
Eav * lav + Eav * lav + Ea,recl * la,recl + Eav,var * lav,var

B =
Q,hk 1

p

Bg k... Vertical soil reaction force for permanent loads
Bevx = Beni * tan (6,)
Bg vk --- Vertical soil reaction force for variable loads
Bovk = Bonk * tan (6,)
Ag nx --. Horizontal anchor force for permanent loads
Agnk = —Benk + Eno + Eny + Eqrect + Eqrin + Egrecz + Eatrit ¥ Weree ¥ Wi + Egyper
Aok --- Horizontal anchor force for variable loads
Agnk = —Bonk + Eaw + Egy + Eqpperm
Ag vk ... Vertical anchor force for permanent loads
Agr = Ag ik * tan (@)
Aok --- Vertical anchor force for variable loads

AQ,V,k = AQ,h,k *tan (a)
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EG ank --- Sum of the horizontal earth pressure forces for permanent loads

Ecank = Benk + Achk

Eg,ank --- Sum of the horizontal earth pressure forces for variable loads

Egank = Bonk + Agnk

EG avx -.- Sum of the vertical earth pressure forces for permanent loads

Egavk = Egank * tan (6,)

Eg,avk --- Sum of the vertical earth pressure forces for variable loads

EQ,a,v,k = EQ,a,h,k *tan (6,)

2.V k... Sum of the vertical acting forces for permanent loads

ZVG,R = Vwau + Ak + Ecavk

2Vo k.. Sum of the vertical acting forces for permanent loads
2Vak = Aguwk + Eqavi
4.1.1.7 Proof of the passive soil reaction

Nearly all required parameters, which are necessary for the following proofs, are
calculated. The proof of the passive soil reaction, the vertical soil reaction and the
proof in the lower slip plane after Kranz are listed in Table 6.

Table 6 Proof of the passive soil reaction, the vertical load transfer and the proof after

Kranz
7.) Passive soil reaction and vertical soil reaction 8.) Lower slip plane
Design Situation BS2 Eg 10k [KN/m] 34,12 Design Situation BS2
Consequence class CC3 Eqa 1k [KN/m] 0,00 Consequence class CC3
Vs [ 1,35 Eank [KN/m] 212,22 V6 -] 1,35
Yo 1 1,5 Eqaank [KN/m] 0,00 Yo [ 1,5
Ve [ 1,4 Gy [kN/m] 1572,65 V. [ 1,4
| By [kN/m] 235,86 - Q, [kN/m] 0,00 - Agpi [kN/m] 159,28 o
Chais:r's'c Eym[kN/ml| 270958 Vi:r;ﬁfet:’" Ea 1k [KN/m] 0,00 Cha:z\cl:"s'c Anpossioperm N/m] 487,54 Vef:;ﬁ?:don
1 0,087 Equa,iwg [KN/m] 0,00 | 0,327
B,,4 [kN/m] 318,41 o Eg a2 [KN/m] 91,54 Agpa[kN/m] 215,02 o
Design level |E,, 1, 4 [kN/m] 1935,41 VefET;;T;on Eqazvk [KN/m] 0,00 Design level | Appossdperm [KN/M] 348,24 Velef]l;?;on
| 0,165 ! 0,617
[ Vax [kN/m] 210,29 o E b perm [KN/M] 292,46 - A, [kN/m] 159,28
Cha:z:tjrlsm By [kN/m] 165,15 Ven:;?:;gz not fprem [ 0,065 Chal;z‘(;:nsm EAhposs,k [kN/m] 0,00
/0] 1,273 Ay poss jperm [KN/m][ 487,54 /0l
Vyq [kN/m] 283,89 o E i var [KN/m] 0,00 Y Aq [kN/m] 113,77
Design level | B, [kN/m] | 117,97 Ve”mﬁ'lce"; not faver [} 0,966 | Design level | S Anoesq (KN/m] 0,00
23! 2,407 Ay poss ar [KN/M] 0,00 /el

Y¢... Partial safety factor for permanent loads

Y- Partial safety factor for variable loads
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Yre-.. Partial safety factor for resistance
Bp, i, ... Characteristic soil reaction forces By = Bonk + Bong
Epy k.- Characteristic passive soil resistance force  E,, . = E,
Bp q... Design soil reaction forces Bha = Beni * Yo + Bonk * Vo
Epy ha--- Design passive soil resistance force Epyhi = %
V, k... Sum of vertical characteristic acting forces
Vo = At Ecavk T Vwau + Aok + Egavk
B, k... Characteristic vertical soil resistance force By = Bgux + Bowk
Vy.a-.. Sum of vertical design acting forces

Vya = (AG,v,k +Egavi + Vwall) *Yg + (AQ,v,k + EQ,a,v,k) *Yo

. . . . B B
B, 4... Design vertical soil resistance force B, g = ~Svktlevk

YRe

The proof of the vertical load transfer can be done in such a way, but the DIN 1054
(2010) allows to replace the vertical component of the soil resistance with the
possible skin friction [22].

4.1.1.8 Proof in the lower slip plane after Kranz

E¢ a1nk--. Earth pressure force on the replacement anchor wall for permanent
loads

EG,a,l,h,k = E Xy * Kay,h,repl * le + qperm * Kay,h,repl * Hl
Eo a1,nk --- Earth pressure force on the replacement anchor wall for variable loads

EQ,a,l,h,k =q* Kay.h,repl * Hy

EG a2k --- Earth pressure force on the sheet pile wall for permanent loads
1 2
Egaonk = E *y * Kay,h * Hy + Qperm * Kay,h * H,
Eg,a2nk --- Earth pressure force on the sheet pile wall for variable loads

Eoaznk = q* Kayn * Hy
Gy. .. Death load of the sliding soil body

B * H,

Gk=(B*H1+ )*V+Qperm*Ba
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Qy ... Payload of the active sliding wedge

Qk=q* B,

Ecaivk = Egaivk = 0 (because of 84,.,=0), Vertical forces through earth
pressure on the replacement anchor wall

EGa2vk-.. Vertical forces through earth pressure on the sheet pile wall for
permanent loads

E¢a2vk = Ecaznk * tan (84)

Eg,a,2vk--- Vertical forces through earth pressure on the sheet pile wall for variable
loads

Egazvk = Egaznk * tan (84)
Ernperm --- Horizontal sliding force in the lower slip plane for permanent forces
Erhperm = (Gk - EG,a,Z,v,k) *tan (¢' —v)
faperm--- Factor for the calculation of the possible anchor force
faperm = 1 +tantan (@) *tan (¢’ —v)
Ap posskperm--- Possible horizontal anchor force for permanent loads

j— !
Ah,poss,k,perm - (EG,a,Z,h,k - EG,a,l,h,k + Erh,perm) *tan (QD - U)

Erp var ... Horizontal sliding force in the lower slip plane for variable forces
Ernperm = (Qk = Egazwx) * tan (9" —v)

favar --- Factor for the calculation of the possible anchor force
fapar = 1 +tan tan (@) *tan (¢’ —v)

Ap poss,dperm --- Possible horizontal anchor force for permanent loads

_ Ah,poss,k,perm
Ah,poss,d,perm -
Ya

Y A;... Horizontal acting anchor force through permanent and variable loads

ZAk =Agnrk T Aok

Y Anpossk--- Possible horizontal acting anchor force through permanent and
variable loads

ZAhposs,k = Ah,poss,k,perm + Ah,poss,k,var
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Y A,... Horizontal design acting anchor force through permanent and variable
loads

Ag =Agni *Ye + Aonk * Yo

Y Anposs,a--- Possible horizontal design anchor force considering permanent and
variable loads

Ak

X
ZA hposs,d = y_

a
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4.1.1.9 Summarized results

The proof of the passive soil resistance in Point 7.) at Table 7 is fulfilled, whilst
the vertical load transfer cannot be proofed in such a way (see EAB [21]). Both
proofs in the lower slip plane, for characteristic and design forces, in Point §8.) at

Table 7 are fulfilled.

Table 7 Complete result of the analytical calculation

Input values

Verification fulfilled

Calculated values

Verification not fulfilled

1.) Geometric parameters and surface loads

H[m] 14,00 B, [m] 8,43
z,[m] 2,00 Bm] 9,85
z,[m] 0,00 H, [m] 3,74
Zy[m] 10,00 H; [m] 10,26
2;[m] 4,00 d[7] 46,17
hanchee [M] 8,00 U, ) 58,94
|y [M] 4,00 L [m] 14,22
|rsaae [M] 10,00 a[m] 0,00
a7 10,00 b [m] 5,91
o ('] 0,00 c[m] 591
(il 0,00 d [m] 0,00
iy 5833 e [m] 0,00
da 1] 23,33 fim] 0,00
Sarep [ 0,00 q [kN/m?] 0,00
o, 0,00 q' [kN/m?] 0,00
65 [ 3500 | g.... [kN/m) 0,00
Loau [m] 14,00 Buan [ke/m] 84,00
2.) Soil parameters 3.) Earth pressure 4.) Acting Forces 5.) Geometric distances 6.) Anchor force
' 35,00 €, nn [KN/m?] 8,06 E,, [kN/m] 109,96 I [m] 0,50 By, [kN/m] 235,86
¢ [kPa] 0,00 e,z [kN/m?] 0,00 E,, [kN/m) 91,64 I, [ 5,50 By [KN/m] 0,00
K, [ 0,244 €, 5 [kN/m?] 40,32 E, .., [KN/m] 161,28 1, rees [M] 10,00 B, [kN/m] 165,15
K, [-] 0,406 e, [kN/m?] 56,45 E, .y [KN/m] 32,26 |, pip [m] 10,67 By, [kN/m] 0,00
K- [ 0,244 €, 1 [KN/m] 1354,79 E, ez [KN/m] 0,00 Ly oz [M] 0,00 Ag i [KN/m] 159,28
Ka- regt [ 0,271 Eun [kNIMF] 0,00 E iz [KN/m] 0,00 liziz [M] 0,00 Aqn [kN/m] 0,00
Ko [ 22,971 eun [kNm] 0,00 W, [kN/m] 0,00 by ree [M] 0,00 Ag,i [kN/m] 28,08
s [kN/m®) 1800 |e,,.... [kN/m?] 0,00 W, [kN/m)] 0,00 Ly [M1] 0,00 Ag,. [kN/m] 0,00
/" [kNfm?] 10,00 W,y [KN/m?] 0,00 E,, [kN/m] 0,00 1., [m] 0,00 Eg,ps [KN/m] 395,14
Ky 1] 0,224 E,., [kN/m] 201,60 E,.' [kN/m] 0,00 I, [m] 0,00 Egans [KN/m] 0,00
Kaneut ] 0,271 2,/2, [1] 020 Eyperm [KN/m] 0,00 by germ [M] 0,00 Egau [kN/m] 170,45
Koon ] 18,817 e, [kN/m?] 18,33 E,, . [KN/m] 0,00 Ly uar [M] 0,00 Eg, o [KN/m] 0,00
Kon [ 0,224 e, [kN/m?] 21,99 E, [kN/m] 2709,58 I, [m] 10,67 2 W, [kN/m] 210,29
Koun' [F] 0,224 Vi [kN/m] 11,76 2 Vg [kN/m] 0,00
7.) Passive soil reaction and vertical soil reaction 8.) Lower slip plane
Design Situation BS2 Egains [KN/m] 34,12 Design Situation B52
Consequence class CC3 Eqain [kN/m] 0,00 Consequence class cc3
7g ] 1,35 Egazns [kN/m] 212,22 7g ] 135
‘a -] e Eqazni [KN/m] 0,00 ‘a [ 15
Vel 14 G, [kN/m] 1572,65 7,11 14
| Bus [kN/m] 235,86 o Q, [kN/m] 0,00 . Agy i [kN/m] 159,28 o
Cha;:::lﬂ isic E,. 0 [kN/m] 2709,58 Vef:TIrﬁT;;on Ea s (KN/m) 0,00 Cha::::nsw oo soorm [KN/] 287,54 Ve':}':m;:)n
il 0,087 Eqpazx [KN/m) 0,00 il 0,327
B, ; [kN/m] 318,41 o Eg oz, [kN/m] 91,54 Ay 5 [kN/m] 215,02 o
Design level [E,, . [kN/m]|  1935,41 Vef:‘l"rﬁf;"" Eavnee N/m] | 0,00 | Design level | Ao, oo (kN/m] | 348,24 V",Em;:’"
Hll 0,165 faai| 0,617
] Vi [kN/m] 210,29 o E i peren [KN/m] 292,46 B LA, [kN/m] 159,28
Cha;::‘l:rmc B, (KN/m] 165,15 Ven::le;‘ltlll.:;: not frmer [ 0,065 Cha:z\c:lnsm Aoy [KN/m] 0,00
wll 1,273 Ay s bowe [KN/m]| 487,54 wll
Wy [kN/m] 283,89 o Eopvar [KNSm] 0,00 L Ag [kN/m] 113,77
Design level | B,, [N/m] | 117,97 "e"fu"lztl'l‘;: not £ ) 0,966 | Design level | “A,_.., (kN/m] 0,00
] 2,407 A g sae [KN/] 0,00 il
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S Analytic calculation with GGU-Retain

The same geometry as in Fig. 51 was calculated with the software GGU-Retain
[32]. Therefore, a variation of the pre-stress force (from 0 kN/m to 200 kN /m)
was done and a calculation, with different free anchor lengths (9, 13 and 30 m)
was performed afterwards. The used input parameters can be found in chapter 5.1.

5.1 Input parameter

5.1.1 System

Fig. 54 shows the system input which is necessary to start a calculation in GGU-
Retain [32]. Input values such as the used standard’s for the geotechnical
dimensioning, the differentiation between the active and passive soil parameters,
the spacing of the anchor, the used standards for steel dimensioning as well as the
type of construction can be handled in this input window.

Systern einstellen o

D stenzatzbezeichnung

Meim

*  Tailsicherhaitzkonzept [EC 7] Info EC 7

(™ Teilsicherheitzkonzept [DIN 1054 2005)
(" Globatsichertheskonzept [DIN 1054 alt]

Allgemein
[T Baugrubs rechits darstelen

Dirnension Bethungsmmadul KM /e )

[T Absolute Hohen venwenden Bez. MHM

[W  Akbive + passive Bodenkennwerte diffenieren ﬂ
v Anker- Stefenabstand vemnwenden =
Spker- Stefenabstand [m) [ 2000 -
w'andneigung

Wandneigung ] oo 7
Stahlbemessung:

& mi ProfilListe 7|
" hehrere Stahlpeofile oder Steckiager ?
[v  Stahlbemessung nach EC 3 ?
[ Grenzkritenum Fnicknachwets: M.Ed / Mer <=0, ?
Betorbemessung

[v Marmalkial charakteistisch ? |

At des Vebaus:

Trageibohkwand | [ Spundwand I

Bohipishimand | Schitzwand |
Aufgeliste Wand | FMlwand |

Famb. 5pundwand
Abbuch

[ Trageshohiwand mit Rahrpeofilen

Fig. 54 System input in GGU-Retain [32]
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5.1.2 Anchor

The input of the anchor is shown in Fig. 55. Following parameters can be used:

e Depth of the anchor, measured from the surface
e Inclination of the anchor
e Anchor length (free length and grouted length)
e  Tensile stiffness EA of the anchor (smeared stiffness over the free
length and the grouted length
e  Height of an anchor wall h AW
e  Length of the grouted body L VP

Anker X
| febg | vor | auiick |  Abbuch | laden |
1 Anker ndem | sortieren | speichem |
7] a
g, Tiete Meigung Lange EA haw LVP  Nachweis  FL GL D
[m] Il (m] [kM] ] (m] it gk [rn] [m] [m]
1 BBl [0 [1200 [sizEq [oo0 400 [iow [@m [o0er

Fig. 55 Input of anchor parameters [32]

5.1.3 Pre-stressing

A pre-stress force can be handled with the input window shown in Fig. 56.

Varspannung e
wol | Zuiilick | Ahbiuch | fiestia
Tiefe Woaspanmung
Anker Mr,
[m] [&N]
1 2.00 [ 200.00]

Fig. 56 Input of a pre-stress force

5.1.4 Sheet pile wall

In GGU-Retain [32], it is possible to select the in practice most common types of
sheet pile walls out of a database (see Fig. 57). This data base includes geometrical
information, strength- and stiffness properties and options related to the steel
grade.
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Spundwande X
Vol | 2uriick | Abbeuch | festig I laden | speichem | sorberen | Ioschen | doppelte loschen | Abrostung smuliersn | Bleche aufschwsiben Aen Datensatz sizaugen |
Gehe zublr:_ | 135 Spundwands dndem | Into Fomnelzeichen | Profil wahien |

Lieferbare Stahlgiiten

h b buf Lf bw  alpha  Wel Wwpl A | (memmmmmme=§ | GP s=s=m=====3 <=5, J0C=>
2 L foml  [oml fom] [mml e [ [ené/m]  [cr/m]  [on#/m]  [ernd/m] ZBole 540 270 200 355 30 430 460 205 275 I/
1 Jana [4eo [7500 [37z [0 [83 [478 [14050 16630 (1320 [zee00 [ MW R K R K F T T
2 fave [ano [moo [3rz 115 [33 [478 [eoo0 [iesio 1470 [3s00 e @R W R W FE T T
3 faos [4m0 [7s00 [354 [105 [a1 [547 [17e00 [20820 (1800 [:w00 e W R W R FFE T OO
4 farm 0 [4aen [m00 [m54 [iz0 [00[s47 [000 (23390 (1650 [44a00 T ie R W R W FE T T
5 [suzm [w70 [ws00 [aeo 130 [35 [s96 [zzv00 [wo00 170 [sm00 e MW W M R RO
6 [auzm  [4s00 [7s00 [a0e0 [145 [02]seE [s000 260 (1880 [smu00 e FFE FFRERFE T OCCC
7 [izizzm 340 [7o00 [wme4 [85 85 [428 [1050 14150 (1230 [1e00 F e W F FFRFFC OCCC
8 [ezizzm [3e0 [700 [0 [65 [65 [35 [12450 100 (1200 [2400 F ik R R R FFTC OCTCC
8 [azzzw [;50 [fo00 [me4 [95 [a5 [428 [1a0s0 [is400 [1®0 [2500 F e MR W W R RO
0 [szizzdonn [3e0 [7o00 [3e4 [0 [n0[e2s [1350 |00 (1400 [#00 Ml B R W R R FE T
1o [azazvm [3s0 [F0 [0 [0 @0 [5 [1:00 [660 [1®0 [2%00 M MR R B RREOC OO
12 [aziaq0 [3e0 [7000 [3%64 [105 [105]428 |14050 [1es50 [1460 |[z21%00 M ie B R R M R R T OO T
13 [z [s450 [700 [0 [35 [35 [95 [13550 6110 10 [2:w00 M FE RFFRFRFEFDC OO
14 [sZazmiono [360 [700 [0 [in0 [100[385 [14050 16770 |1370 |242400 M s B R W R F F T T
15 [ez77 [37@0 [e3;00 [eo [85 [65 [E54 [16850 |15440 1380 [E800 M e M ¥ W K K M T
6 [azi77 [400 [fo00 [2s [65 85 [m12 [vva00 (2270 1300 [®wB00 Fie R R EREEDC OCTCC
17 [azie [0 [ew0 [3E0 [35 [35 [554 [18000 [21040 (1500 |00 M WM W M M M T
18 [szisaoio [a3m0 [ew00 [3eo [0 [wo[s4 [te00 (21980 (1570 [wm00 M e FRF FFRFFEDC OCTCT
19 [szis70 [4200 [7o00 [s2e (a0 [s0 [s12 [teooo [a1e0 [130 [Iwe00 M e R R F R FEF DO
an [azee  [4a90 [e000 [4€8 [65 [65 518 [@400 21360 120 [#300 Mk R R R FFEFIC OCTCC

Fig. 57  Input of common types of sheet pile walls [32]

The results from the proof at the lower slip plane are shown in Fig. 58. Two proofs,
one with permanent and one considering permanent and variable loads, are done.
Ap(g+q),a represents the horizontal acting anchor force due to permanent and
variable loads and Ap,) 4 the horizontal force due to permanent loads.
MOGlAp(g+q),a and M6 glAy 4 4 are the possible anchor forces calculated with the
theory according Kranz [1]. mue(g + q) and mue(g) describes the degree of
utilization calculated with Eq. (15).

Sicherheiten Tiefe Gletfuge »

(k. I oI | zuLk:k|

Arsatzpunkt der Gleffuge im 'Wandbersich = 11.33m

Ahlg.d] = &h(gk] " gammalG) und Ah(geglk = &hlg k) * gammalG) + Ak k) * gammall]
miogl &hg.d) = mogl Al k) / gammalEp) und mogl Ahlg+g).d = mogl Ahig+g) k ¢ gammaEp)
mue = Ausrutzungegrad <= 1.0

Nr Tiele Lange  Ahlg+gld moogl ARgeqld  muelg+a) Aklgld migl&hlg)d  muelg)
[m] [m] [leM] [kM] [ [kM]  [kN] [l

1 2.00 12.00 2585 E325 0410 295 B35 0410 optimieren

Fig. 58 Proof at the lower slip plane

5.2 Results for the variation of the pre-stress force

Fig. 59, Fig. 60 and Fig. 61 shows the results for the variation of the pre-stress
force. The earth pressure redistribution is calculated after EAB 2012 Picture EB
70-1.b [22]. As one can see, the figures include a line with “Calculated values” and
“Corrected” values. These two lines and the related results are explained in the
subchapter 5.2.1. The following figures will also include a “yellow line”. This line
is explained in subchapter 5.2.1.
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5.2.1 What does this deviation of the results mean and how
could we explain this?

When starting the investigation with GGU-Retain [32], the results (the behaviour)
was interpreted incorrectly. By checking the input parameters, for example, the
calculation with a pre-stress force of 200 kN /m was possible but it includes an
error message. This error message states, that the anchor is “under compression”
and the system should be checked carefully. As the manual doesn’t describe this
error message in detail, I contacted the support department of GGU. After a long
discussion with the developer, Prof. Dr.-Ing. Johann BuB3, the explanation to this
problem is as follows:

e The calculated acting anchor force, at the final excavation step, is equal to
the limit force, to which the anchor can be pre-stressed. A pre-stressing over
this force leads to the described error message (and to a completely different
wall behaviour). Prof. BuB3 assured, that the calculations with a pre-stress
force below the acting anchor force are correct and that the effect of higher
pre-stressing forces can only be considered in an FE-calculation. This
statement can be clearly confirmed with the “corrected results” from Fig.
59, Fig. 60 and Fig. 61.

The calculated horizontal anchor force in the range of 265 kN, shown be the before
mentioned “yellow line”, is due the anchor spacing of 2 m equal with a force from
about 132.5 kN /m. Therefore, this “yellow line” indicates in the following the
maximum possible pre-stress force for an analytical calculation. 159.9 kN /m is
the horizontal anchor force from the calculation in chapter 4.1.1.9. This deviation
occurs due to the fact, that the assumption of a linear passive soil resistance is not
correct and the calculated distance is about 1 m smaller than the calculated distance
to reach the same anchor force results as the software.

These results will be compared in chapter 6 with the solution from the numerical
calculation.

One outcome of the result from Fig. 59 is, that the pre-stress force nearly has no
influence on the acting anchor force. This can be explained in a way, that the pre-
stress force isn’t considered in the proof after Kranz [1] to calculate the anchor
force. One can see that, the displacement is completely different with a higher
pre-stress force (see Fig. 60).

The horizontal wall displacements w;, represent the maximal value of the
calculation and therefore, they don’t describe the behaviour of one specific point
of the sheet pile wall.
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Comparison of the acting anchor force to the introduced pre-stress

140
E
= 135
=
3
8
< 130
2 —&@— Calculated values
(8]
i — @ - Corrected values
£ 125
(S}
<

120

0 25 50 75 100 125 150 175 200

Pre-stress force [kN/m]

Fig. 59  Comparison of the acting pre-stress force to the introduced pre-stress force

Obviously, the pre-stress force has a huge influence on the horizontal wall
deflection, which can be seen in Fig. 60. This can also be seen as one reason to use
pre-stressed anchors. The previously mentioned maximum possible pre-stress
force gives of course the smallest wall deflections (whilst the behaviour with
higher pre-stress forces lead to complete false results).

Comparison of the horizontal wall displacements to the pre-stress
force

250

200

[EnY
v
o

100 —@— Calculated values

- @ - Corrected values

Pre-stress focre [kN/m]

(%)
o

10 15 20 25 30 35 40 45

Horizontal wall displacements wy, [mm]

Fig. 60 Comparison of the horizontal wall displacements to the pre-stress force

The degree of utilization 1s defined as the acting anchor force to the maximum
possible anchor force (see Eq. (15)), therefore, the factor of safety (FOS) is the
reciprocal value of the degree of utilization. The slight decrease of the FOS can be
explained with the introduction of an additional force (see Fig. 61).
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Comparison of the FoS to the pre-stress force
2,6

2,55

2,5

FoS[]
N
~
wv

—@— Calculated values

2,4 - @ —Corrected values
2,35

2,3
0 25 50 75 100 125 150 175 200

Pre-stress force [kN/m]

Fig. 61 Comparison of the FOS to the pre-stress force

5.3 Results for the variation of the free anchor length

By entering different values for the free anchor length, the acting anchor force
decreases slightly (see Fig. 62).

Comparison of the acting anchor force to the free anchor length

[y
N
Vo]

=
N
~

[N
N
(2]

123

121 —@— Calculated values

119

Acting anchor force [kN/m]

117

115
9 12 15 18 21 24 27 30

Free anchor length [m]

Fig. 62 Comparison of the acting anchor force to the free anchor length

The significant increase of the horizontal wall displacements as can be seen in Fig.
63 can be explained with the elastic deformation of the free anchor length. With
an increase of this length of course the wall deflections get bigger.
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Comparison of the horizontal wall displacements to the free anchor
35 length
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Fig. 63  Comparison of the horizontal wall displacements to the free anchor length

5.4 How does GGU-Retain calculate deformations?

Do understand how GGU-Retain calculates deformations of the system, a back-
analysis was done using of RuckZuck [33]. At first, the deformation of the sheet
pile wall was calculated with the distribution of bending moments obtained with
RuckZuck [33]. As can be seen in Fig. 64, the bending moments from GGU (blue
line) shows some deviation to the bending moment calculated by RuckZuck (red
line). This 1s due to the fact that the bedding is simulated with a few points in
RuckZuck in comparison to GGU-Retain, where the bedding is continuously.
These occurring deviations are acceptable because this chapter should only
demonstrate the calculation of the deformation. The chosen point to show how it’s
done is the head of the sheet pile wall with a displacement (due to the bending
moment) from w = —7.944 mm (see green line in Fig. 64).
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Fig. 64 From left to right: Bending moments and total displacements of the wall in
GGU-Retain [32], Structural input, bending moments and wall displacements
calculated with RuckZuck [33]

Table 8 Input parameters for the calculation of deformation in GGU-Retain
Parameter Value Remarks
Bl | 2150k | oo ol s i T i
Etoel 2.1 E8 kN/m? | Modulus of stiffness for steel
Agnchor 3.91 cm? Average area of the anchor steel
A 254.77 kN | Acting anchor force
Apre 0 kN Acting pre-stress force
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With the values from Table 8, the deformation (due to the anchor force) can be
calculated as following:

A 25477
anchor 3»91

Tsteel = 7 = 65.16 kN /cm? (25)

Osteer  65.16 % 10*

Eateer = oo rg = 0.0031 (26)

Al = ggp0 % L = 0.0031 * 14 = 0.043 m = 43 mm (27)
Al = Al * cos (@) = 43 *cos (10) = 42.35mm (28)
Wiy =W + Al = —7.944 + 42.35 = 34.41 mm (29)

There are some deviations but this explanation should only demonstrate how the
deformations are calculated (see also above).

The same procedure can be done with consideration of a pre-stress force (see

Table 9). In the GGU-Retain Manual [37] (on page 56 in chapter 7.23) it is
mentioned, that deformations only occur for anchor forces which are higher than
the pre-stress force. However, the calculation can be done analogously, as can be
seen below.

Table 9 Input parameters for the calculation of deformation in GGU-Retain with
consideration of a pre-stress force

Parameter | Value Remarks

Averaged over the free anchor length and the

EAanchor 82150 kN grouted length

Esteel 2.1 E8 kN/m? | Modulus of stiffness for steel

Aanchor 3.91 cm? Average area of the anchor steel
A 263.5 kN Acting anchor force
Apre 200 kN Acting pre-stress force

Remaining force for the calculation of the anchor

Arest 63.5 kN lengthening
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o A 635
steel Aanchor 3:91

= 16,24 kN /cm? (30)

Osteer 16,24 10*

el = F = 5 Tpg " 0.00077 (31)

Al = £,,p0; * L = 0.00077 * 14 = 0.0108 m = 10.8 mm (32)
Al = Al * cos (x) = 10.8 x cos (10) = 10.7 mm (33)
Wior =W+ Al = —=7.944 + 10.7 = 2.76 mm (34)

The total head displacement of the sheet pile wall in GGU-Retain, considering a
pre-stress force result to 3.4 mm

%

Fig. 65  Calculated head displacements with GGU-Retain [32] considering a pre-
stress force
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6 Numerical calculation with Plaxis and
OPTUMG?2 - Example Perau [17]

The example discussed in Perau [17] was also calculated with the software Plaxis
[34] as well as with OPTUMG?2 [35].

6.1 Geometry

The geometry from Fig. 66 and Fig. 67 was modelled as following:

e A soil body which is 50 m in width and 25 m in height (similar to Perau
[17D).

e Two mesh refinement areas with 30x10 m and 17.5x10 m.

e A sheet pile wall (blue line) with positive and negative interfaces.

e The anchor was modelled with a node to node anchor (black line) with an
out of the plane spacing of 2 m.

e The grouted body was modelled with a geogrid (yellow line). Note: Perau
[17] has performed all his calculation with the use of interface elements,

therefore, in chapter 6.6.7, the influence of interfaces was checked.

50 m

'i A
. . 10 m
1 ol[|e
< > 25m
10 m 27.5m
10 m
» 30m > v

Fig. 66 Geometric input in Plaxis
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Fig. 67  Geometric input in OPTUM G2

6.2 Construction stages

To consider construction stages the calculation was defined as follows (see Fig.
68):
e Initial Phase
Calculation of the initial stresses in the system with the K,-procedure
e Sheet pile wall
Installation of the sheet pile wall and activation of the interfaces
e Excavation to 2 m
The excavation steps are done in 2 m steps
e Anchor
Installation of the node to node anchor and the geogrid/Embedded Beams
e Pre-stressing
Pre-stressing of the anchor from 0 to 250 kN/m
Excavation to 4 m
Excavation to 6 m
Excavation to 8 m

Excavation to 10 m

phi-c reduction

Safety analysis of the system using a phi-c reduction (see subchapter 6.5.4)
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Iritial phase [InitialPhase]

Sheet Pile wal [Phass_1]
Excavation to 2m [Phase_2]
Anchor [Phase_3]

Pre-stressing [Phase_4]
Excavation to 4m [Phase_5]
Excavation to 6m [Phase_6]
Excavation to Bm [Phase_7]
Excavation to 10m [Phase_g]
phi-c redution [Phase_g]

T3] 9 (9 9 B9 B9 B B A
BEFEEREEEREE
& W0 W W B G G060 RD M
HEEEHEEHEEEE

Fig. 68 Construction stages

6.3 Meshing

The boundary value problem was meshed with about 1400 (Fig. 69), 5000 (Fig.
70) and 17500 (Fig. 71) 15-noded elements. OptumG?2 [35] uses a mesh adaptivity
and therefore no initial mesh is shown here.

&9
3

b

\/\<>\/>/\/ AT 2
VAV AV VAV AVAVAVAVATATAVAVAVAVAVAVAVAVAVAVAVAVAVAVAY /

Fig. 69 Mesh with about 1400 elements

TAVATAN

AYAVAVAVAVAVAVAVAVAV AN |

AN AV A AN A A AW A AV A VAV VAV AV AV AV AV AVAVAV AV AV AVAV VAV VAV, -

AV AVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAV VAV

Fig. 70  Mesh with about 5000 elements
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Fig. 71 Mesh with about 17500 elements

6.4 Input Parameters

The soil was modelled once with the HS model (see Table 10) and once with the
MC model. All used parameters for both soil models can be seen in Table 10.

Table 10 Input parameters soil for the HS model and the MC model

Soil Parameters - HS model

Vsat = Yunsat = 18 kN /m® E;gf = E;:g = 20 MN /m?
¢’ = 0.1 kN/m? Er¢) = 60 MN/m?
o' =35° Rinter = 0.5 (Wall-Soil
Interaction)
Yp=5° 9, = 0.2
Pref = 100 kPa m=0.5
K = 0.426 R =09
Rinter = 1.0 (between soil and
geogrid)

Soil Parameters - MC model

E' = 29.315MN/m? Y =0.3
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Eq. (38) is just an assumption MC model. The soil stiffness was calculated as
following:

037m =V *d*x K =18 %7 0,426 = 53.676 kN /m® (35)

ref c'+coscos (@) +o3*sinsin (@) 0-5
Eso = Egy * =20+

50 c'xcoscos (@) +Prep*sinsin (@)

(36)

(~0+0.0537*sinsin (35)
~0+0.1*sinsin (35)

0.5
) =14.66 MN/m?

f c'+coscos (@) +o3*sinsin (@) 0.5

re

E, = E, = S = 60 *
c’'xcoscos (¢) +Prep*sinsin (@)

- . 0.5
( 0+0.0537'517%sm (35)) — 43.97 MN/mz
~0+0.1*sinsin (35)

_ Esp+E, 1466 +43.97
N 2 N 2

(37)

!

= 29.315 MN/m?> (38)

For the sheet pile wall, the Larssen 43 profile (idealised) was used and the
parameters of the anchor and the geogrid were also taken from Perau [17] (input
parameters in Table 11).

Table 11 Input parameters for the sheet pile wall, the anchor and the geogrid

Parameters — Sheet pile wall

EA = 4.452E6 kN/m | EI = 73290 kN /m?

M,, = 300 kNm/m Ny, = >

9 =0.2

Parameters — Anchor

EA =75MN/m Ny, = 350 kN /m

Parameters — Geogrid

EA =100 MN/m | N, = 1000 kN/m

When using Embedded Beams, the parameters given in Table 12 are used. The
specific weight y describes the difference between the specific weight of the
Embedded Beam and the soil because in a finite element model, Embedded Beam
Rows are superimposed on a continuum and therefore “overlay” the soil.
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Table 12 Input parameter for the Embedded Beam

Parameters — Embedded Beam — Massive circular beam

Axial skin resistance — linear, constant and layer dependent

E = 6.365E6 kN /m>

y =7 kN/m?

EA =100 MN/m

D=02m

Lspacing =2m

Tskin,start,max =10000r0 kN/m

Tskin,start,end = 1000 or 0 kN/m

Frax = 0 kN

Tskin,total,linear = 2000 kN

Tskin,total,constant = 4000 kN

angle

Tskintotatiayer dependent depends on the overburden pressure and the friction

6.5 Soil models, flow rules and safety analysis

6.5.1 Mohr Coulomb model (MC) [38]

The Mohr Coulomb (MC) model is a linear-elastic perfectly-plastic material model
in combination with a Mohr Coulomb failure criterion. This well-known model is
used as a first approximation of soil behaviour. A constant average stiffness is
estimated for the soil layer. MC requires a total of five parameters which are the

following:

e Young’s modulus E’

e Poissons’ ratio v’

e Effective cohesion ¢’

e Effective friction angle ¢’

e Effective dilatancy angle i’
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6.5.2 Hardening soil model (HS) [38]

This is an advanced model for the simulation of soil behaviour. The model itself is
an elastoplastic model, formulated in the framework of hardening plasticity.
Moreover, the model involves compression hardening to simulate irreversible
compaction of soil under primary compression. Following parameters are needed
for the HS model:

e Reference secant stiffness in standard drained triaxial test E ;gf
ref

e Reference tangent stiffness for primary oedometer loading E

e Reference unloading / reloading stiffness E;if

e Power for stress-level dependency of stiffness m
e Poisson’s ration for unloading/reloading v,,,.

e Effective cohesion ¢’

e Effective friction angle ¢’

e Effective dilatancy angle '

In addition, advanced parameters can be defined but they aren’t listed here.

When performing safety calculations in combination with advanced soil models,
these models will actually behave as a standard Mohr-Coulomb model, since
stress-dependent behaviour and hardening effects are excluded from the analysis.

6.5.3 Associated and non-associated flow rule [39]

It is crucial for the development of the plastic strains to define a flow rule in finite
element analysis. If the stress state reaches the yield surface, irreversible plastic
strains occur and at this point the flow rule defines the direction of the plastic
strains. It is possible to distinguish between an associated (' = ¢') and non-
associated (Y’ < @) flow rule. When performing a Finite Element Analysis with
an associated flow rule, the plastic strain increments are perpendicular to the yield
surface (see Fig. 72). Using the Mohr Coulomb failure criterion, the effective
friction angle ¢’ is equal to the dilatancy angle y'. In practice, the effective
dilatancy angle ¢’ is smaller than the effective friction angle ¢’. When a Finite
Element Analysis is performed with a non-associated flow rule the plastic strains
are perpendicular to the plastic potential, but not to the yield surface.
Consequently, the obtained volumetric strain increment is more realistic.
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Fig. 72 Associated and non-associated flow rule [39]

6.5.4 Saftey Calculation (¢ — c reduction)

The safety analysis is done in a way, that the shear strength parameters tan ¢’ and
¢’ of the soil are successively reduced until failure of the structure occurs. In
principle, the dilatancy angle v is not affected by the ¢ — ¢ reduction. However,
the dilatancy angle can never be larger than the friction angle which means, that if
the friction angle ¢’ has reduced so much that it becomes equal to the dilatancy
angle, any further reduction of the friction angle will lead to the same reduction of
the dilatancy angle.

In Plaxis [34] the total multiplier > Msf is used to define the value of the soil
strength parameters at the given stage in the analysis with Eq. (39):

tanQinput Cinput Swinput Tensile strengthinput
YMsf = put_ _ Cinput  _ put_ _ p (39)

tan@reduced Creduced Su,reduced Tensile strengthyequced

Y Msf is set to 1.0 at the start of a calculation to set all material strengths to their
input value. Msf can be seen as the Factor of Safety (FoS) for the given system.
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6.6 Results

The following investigations have been studied for the example after Perau [17]
and the effects on the anchor force, the maximal horizontal wall displacements and
the factor of safety (FoS) are shown:

e Variation of the pre-stress force
The pre-stress force of the anchor was varied between 0 and 250 kN/m

e Variation of the free anchor length
9, 13 and 30 m are the chosen free anchor lengths to show, that at some
lengths, the FoS does not further increase.

e Variation of the wall-soil interaction factor R;,sr
This investigation should show the influence of the wall friction angle

e (alculation with and without interfaces among the grouted body (Geogrid)
and with Embedded Beam Rows
To clarify the influence of interface elements as well as differences in the
calculation between Geogrids and Embedded Beam Rows.

e FoS for an additional introduced force
An external force was introduced to the system (in this case to the anchor)

until failure was reached.

6.6.1 Variation of the pre-stress force

All the following results in chapter 6.6 are calculated using the mesh with 5000
15-noded elements (Fig. 70), because Perau [17] used about 5000 elements for his
calculations.

Fig. 73 shows results for the acting anchor force compared to the pre-stress force
obtained with the HS model, the MCmodel and the analytical solution from GGU-
Retain. The results according to Perau [17] as well as the re-calculations with
Plaxis [34] indicate very good agreement. An analytic solution with GGU-Retain
indicate anchor forces of about 20 % lower than calculated with FEA but only to
the maximum pre-stress force (see chapter 5.2). On the other side, this calculated
anchor forces with GGU-Retain is lying on the unsafe side (according to these
results). The deviation for a pre-stress force of 100 kN/m look very different and
therefore, some deformation plots and the plastic stress points are shown. The
shown lines from GGU-Retain (“calculated” and “corrected “values are explained
in subchapter 5.2.1.
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Comparison of the acting anchor force to the pre-stress force

N
w
o

E 210
=
= 190 —&— HS-Perau
(]
s HS-Plaxis
T 170 )
29 —&— MC-Plaxis
(S}
& 150 o— —e— MC-OPTUM
Qo o—
% _ @ —®— GGU Retain-calculated values
< 130 g ® b .
hd — ® - GGU-Retain-corrected values

0 20 40 60 80 100 120 140 160 180 200
Pre-stress force [kN/m]

Fig. 73  Comparison of the acting anchor force to the pre-stress force

The wall deflection follows from Fig. 74 and demonstrates, that deflections, which
are calculated analytically, are way too small and clearly underestimate what
happens. The Mohr-Coulomb model (MC), lead to larger wall deflection and the
advanced Hardening Soil model (HS) leads to the highest wall deflection.

Comparison of the horizontal wall displacements to the pre-stress
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Fig. 74  Comparison of the horizontal wall deflection to the pre-stress force

The difference in the FoS between the results obtained with the MC model (see
Fig. 75) can be explained in the way, that OPTUMG?2 [35] uses an associated flow
rule in the safety analysis whilst Plaxis [34] uses a non-associated flow rule.
Because of the mentioned fact from chapter 6.5.2, almost non difference occur
between the FoS for the MC and the HS model. Differences up to 2 % in the re-
calculation with results from Perau can be accepted.
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Comparison of the FoS to the pre-stress force
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Fig. 75 Comparison of the FoS to the pre-stress force

6.6.2 Different plots for a pre-stress force of 100 kN/m

6.6.2.1 Deformed mesh at the final excavation step

Due to the deviations in the results for a pre-stress force of 100 kN/m, three
meaningful plots are chosen to show and to explain these deviations. First, the
deformation plots (see Fig. 76 and Fig. 77) show completely different behaviour
of the sheet pile wall and at the same time, deformations at the MC model (see Fig.
77) are three times bigger than the HS model (see Fig. 76). Differences can be
explained (to some extent) by different stiffness assumptions for each model
(stress-dependent stiffness for the HS model and constant stiffness for the MC
model). These effects, due to different soil stiffness, also lead to the different wall
behaviour.

Deformed mesh |u| (scaled up 20,0 times)
Madmum value = 0,06136 m (Element 177 at Node 5626)

Fig. 76  Deformed mesh HS model
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Deformed mesh |u] (scaled up 5,00 times)
Maximum value = 0, 1903 m (Bement 174 at Node 5695)

Fig. 77 Deformed mesh MC model

6.6.2.2 Plastic points at the final excavation step

Plastic points as in Fig. 78 and Fig. 79 describes stress points in the soil domain
that are in plastic state [38]. Cap points occur when the stress state is equivalent
(or higher) to the preconsolidation stress, i.e. the maximum stress level that has
previously been reached [38]. Hardening points occurs when the stress state
corresponds (or is higher) to the maximum mobilised friction angle that has been
previously reached [38]. Fig. 78 and Fig. 79 shows, that a lot of plasticity occur at
the MC model whilst in the HS model almost no plasticity occurs.

Plastic points (scaled up 0,00 times)
mFaiure point [ Tension cut-off pont
'W Cap point. 4 Cap + hardening point
& Hardening paint ¥ Liquefied paint

Fig. 78 Plastic points HS model
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Plastic points (scaled up 0,00 times)
W Faiure point O Tension cut-off pont

Fig. 79  Plastic points MC model

In practice, these deviatoric strains are often used to show the failure mechanism
as in Fig. 80 and Fig. 81. The failure mechanism in Fig. 80 clearly shows a curved
sliding surface, outgoing from the end of the geogrid to nearly the foot point of the
sheet pile wall. Different to the theory of Kranz [1], the lower slip plane didn’t
start at the middle of the grouted body. Also, the active sliding surface field (as
shown in subchapter 3.3.2) behind the geogrid can be seen in both plots. Interesting
to see is, that at the MC model, no clear sliding surface occurs and the influence
of the active sliding surface field behind the geogrid is much deeper.

Incremental deviatoric strain Ay, (scaled up 500 times)
Masdmum value = 4,255%10 3 (Element 1016 t Node 18260)
Minimum value = 3,504°10% (Element 3867 at Node 136)

Fig. 80  Incremental deviatoric strain Ay, HS model
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102 times)
Maximum value = 0,3778%10 % (Hement 4991 at Node 5970)
Minimum value = 1,140%10°? (Element 2166 at Node 26807)

Fig. 81  Incremental deviatoric strain Ay, MC model

6.6.3 Variation of the free anchor length

An increase of the free anchor length leads to a slight decrease of the acting anchor
force as one can see in Fig. 82. The analytical calculation underestimates the
anchor forces in this case too (compare to Fig. 73). One reason for the differences
in the acting anchor forces between the HS and the MC model can be related to the
assumed soil stiffness E’. Other reasons may be the stress dependent stiffness in
the HS model (compared to a constant soil stiffness in the MC model) and the
deviatoric hardening when using the HS model.

Comparison of the acting anchor force to the free anchor length

180
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=
8 150 —e—HS-Perau
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£ 120 4 —*MCOPTUM
< 110 —8— GGU-Retain-corrected values
100
9 12 15 18 21 24 27 30

Free anchor length [m]

Fig. 82  Comparison of the acting anchor force to the free anchor length
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Compared to the results in Fig. 74, wall deflections, calculated with the MC model,
are higher than for the HS model (see Fig. 83). As mentioned before, the deviations
can be a result from the assumed stiffness and the different stiffness approaches of
each model. The analytical calculation indicates a massive increase of the
deflection with increasing free anchor length. This can be clearly explained by the
elastic lengthening of the anchor (see chapter 5.4).

Comparison of the horizontal wall displacements to the free anchor

35 length

30
E 25
ED 20 HS-Perau
%) . HS-Plaxis
o
S —o— MC-Plaxis
o
< 10 —o— MC-Optum

5 —8— GGU-Retain-corrected values

20 30 40 50 60 70 80 90 100 110

Horizontal wall displacements w,, [mm]

Fig. 83 Comparison of the horizontal wall deflection to the free anchor length

For variable anchor lengths, the FoS indicates nearly no deviation from each other
(see Fig. 84 and mentioned in chapter 6.5.2). Analog to all other calculations, the
FoS, calculated with OPTUMG?2 [35], using an associated flow rule and, therefore,
higher values can be reached.

Comparison of the FoS to the free anchor length
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1,38
1,36
1,34
1,32 HS-Perau
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1,28 / —o— MC-Plaxis
1,26
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1,24

1,22
1,2

FoS (]

5 10 15 20 25 30
Free anchor length [m]

Fig. 84 Comparison of the FoS to the free anchor length
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6.6.4 Different plots for a free anchor length of 30 m

6.6.4.1 Deformed mesh at the final excavation step

The deformation behaviour in this case is nearly the same although in Fig. 85 it is
more pronounced than in Fig. 86. The difference is only about 9% in the maximum
total displacements of the system.

Deformed mesh |u| (scaled up 10,0 times)
Maximum value = 0, 1469 m (Element 225 at Node 9344)

Fig. 85 Deformed mesh HS model

Deformed mesh |u| (scaled up 10,0 times)
Maxmum value = 0,1352 m (Bement 859 at Node 12628)

Fig. 86 Deformed mesh MC model
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6.6.4.2 Plastic points at the final excavation step

These two plots (Fig. 87 and Fig. 88) are a nice example to show of how a system
can also fail with the active sliding wedge. Of course, because of the massive soil
mass in front of the geogrid, it is not possible, that a lower slip plane can occur and
therefore the system fails with the active sliding surface.

Flastic points (scaled up 0,00 times)
W Failure point O Tension cut-off pont
W Cap point # Cap + hardening point
4 Hardening point ¥ Liquefied point

Fig. 87 Plastic points HS model

Plastic points (scaled up 0,00 times)
W Failure point [ Tension cut-off point.

Fig. 88 Plastic points MC model



6 Numerical calculation with Plaxis and OPTUMG?2 - Example Perau [17] 105

6.6.4.3 Incremental deviatoric strains Ay, after the ¢ — ¢ reduction

As already mentioned before, the system fails with the active sliding surface as we
can see in Fig. 89 and Fig. 90.

strain Ay 500 times)
Maximum value = 1,992°10 (Element 5013 at Node 8325)
Minimum value = 2,066%10 % (Hement 2116 at Node 40351)

Fig. 89 Incremental deviatoric strain Ay, HS model

Incremental deviatoric strain Ay, (scaled up 500 times)
Masimum value = 4,589%10 7 (Element 5013 at Node 8325)
Minimum vakie = 0,0680610 % (Element 2496 at Node 39712)

Fig. 90 Incremental deviatoric strain Ay, MC model
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6.6.5 Variation of the wall-soi1l interaction Rinter

To check the influence of the wall-soil interaction value Riner a calculation with
three different values (0.95, 0.5 and 0.3) was done. Riner 1s defined in Eq. (40).

2
tan (8) _ tan (3 * @) 0616 (40)
tan (o) tan (o)

inter —

These values were therefore chosen in that way, to check nearly the whole
bandwidth of this interaction. Firstly, a value from 0.1 (§ = 4 °) was selected, but
it wasn't possible to find a solution in Plaxis (no equilibrium was found).
Therefore, the value was changed to 0.3 to get valid results. The lowest value lead
to the highest anchor forces, the highest wall deflections and consequently of
course to the lowest FOS (see Fig. 91, Fig. 92 and Fig. 93) because nearly all
forces have to be transmitted through the anchor. Consequently, this means, that if
the interaction factor is increased more load is transmitted through the wall. With
the re-calculations of the Perau [17] results with a R;;., = 0.5 the validation of
the used model was done.

Comparison of the acting anchor force to pre-stress force
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N
o
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—e— HS-Plaxis Rinter=0.95
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HS-Perau Rinter=0.5
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o
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Acting anchor force [kN/m]

[N
S
o

120
0 25 50 75 100 125 150 175 200
Pre-stress force [kN/m]

Fig. 91 Comparison of the acting anchor force to the pre-stress force for different soil-
wall interaction values Rinter

A nearly rigid wall-soil interaction leads to the smallest wall deflections because
most of the force is transmitted through the sheet pile wall and deformation
through the smaller anchor forces and the resulting lengthening leads to smaller
wall deflections (see Fig. 91 and Fig. 92).
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Comparison of the horizontal wall displacements to the pre-stress
550 force
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=2
v
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Fig. 92 Comparison of the horizontal wall deflection to the pre-stress force for different
soil-wall interaction values Rinter

A FoS of nearly 1.4 with R;,;. = 0.95 can be explained with the low acting

anchor force and the associated lower risk of occurrence of a lower slip plane (see
Fig. 93).

Comparison of the FoS to the pre-stress force
1,42
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1,22 —
1,2
0 25 50 75 100 125 150 175 200

Pre-stress force [kN/m]

HS-Plaxis Rinter=0.5

Fig. 93 Comparison of the FoS to the pre-stress force for different soil-wall interaction
values Rinter

In principle, a variation of the free anchor length lead to the same results as a
variation of the pre-stress force (Fig. 94, Fig. 95 and Fig. 96). Despite massive
elongation of the free anchor length, the anchor force stays nearly in the same
region. The deviation of the results from Fig. 95 to the results from Perau can’t be
explained after the previous positive of all other results and the validation of the
model itself.
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Comparison of the acting anchor force to the free anchor length
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Fig. 94 Comparison of the acting anchor force to the free anchor length for different
soil-wall interaction values Rinter

Fig. 95 clearly shows the before previous mentioned fact, that at some point of the
free anchor length, no positive influence can’t be reached further and that the wall
displacements increase again. Here too, the deviation compared to the results from
Perau [17] can’t be explained.

Comparison of the horizontal wall displacements to the free anchor
35 length
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E 25
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w20 .
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Q
Z 10 HS-Plaxis Rinter=0.5
—e— HS-Plaxis Rinter=0.3
5
0
40 45 50 55 60 65 70 75 80 85 90
Horizontal wall displacements wy, [mm]

Fig. 95 Comparison of the horizontal wall deflection to the free anchor length for
different soil-wall interaction values Rinter

A further increase of the free anchor length over the “optimized” free anchor length
didn’t lead to an increase of FoS (see Fig. 96). Due to the previously mentioned
fact, most of the load is transmitted through the wall and therefore the high FoS
can be reached for R;;,;0, = 0.95.
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Comparison of the FoS to the free anchor length
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Fig. 96 Comparison of the FoS to the free anchor length for different soil-wall
interaction values Rinter

6.6.6 Different plots for Rjter = 0.95 and Rjpter = 0.3
for a pre-stress force of 100 kN/m

6.6.6.1 Deformed mesh at the final excavation step

This variation of the soil-wall interaction factor R;,;,., clearly lead to a completely
different wall behaviour. While the higher factor leads to an increased load
transmitting through the wall, indicated by the massive deformation of the wall in
Fig. 97, a lower value lead to a higher load transfer at the anchor as it is shown in
Fig. 98 (compare to Fig. 91).

Deformed mesh |u| (scaled up 50,0 times)
Maximum value = 0,04145 m (Bement 3959 at Node 4771)

Fig. 97 Deformed mesh HS model R; . = 0.95
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Deformed mesh |u] (scaled up 20,0 imes)
Maximum value = 0,07705 m (Element 177 at Node 5815)

Fig. 98 Deformed mesh HS model R;;,¢e = 0.3

6.6.6.2 Plastic points at the final excavation step

The higher load transfer through the anchor can slightly be from the end of the
geogrid outgoing plastic points in Fig. 100 while the hardening points behind the
sheet pile wall in Fig. 99 indicate the higher load transfer through the wall.

Plastic points (scaled up 0,00 times)

W Failure point O Tension cut-off pont
¥ Cap point # Cap + hardening point
& Hardening point ¥ Liquefied pont

Fig. 99 Plastic points HS model R;¢., = 0.95
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Plastic points (scaled up 0,00 times)
W Failure point (O Tension cut-off pont
W Cap point # Cap + hardening point
4 Hardening point ¥ Liquefied paint

Fig. 100 Plastic points HS model R; ., = 0.3

6.6.6.3 Incremental deviatoric strains Ay, after the ¢ — ¢ reduction

As already mentioned, the failure mechanism with a lower value of R;;,;,, must be
more pronounced (see Fig. 102) than with a higher value (see Fig. 101).

Incremental deviatoric strain Ay (scaled up 100 times)

Masximum value = 0,01356 (Element 638 at Node 13378)
Mirimum vakie = 3,210°10 % (Hement 1281 at Node 8160)

Fig. 101 Incremental deviatoric strain Ay, HS model R;¢0rr = 0.95
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Incremental deviatoric strain Ay (scaled up 200 times)
Maximum value = 6,189%10 (Bement 324 at Node 9673)
Minimum vakie = 0,04623%10 % (Element 1321 at Node 36795)

Fig. 102 Incremental deviatoric strain Ay, HS model R ¢e;r = 0.3

6.6.7 Calculation with and without interface on the grouted
body (geogrid) and with Embedded Beam Rows

All previous results were calculated with the model from Fig. 66 without using an
interface element on the geogrid. However, Prof. Perau [17] uses interface
elements in all his calculations, therefore, further investigations with interface
elements are done to show if there is any influence on the results.

As we can see in Fig. 103, Fig. 104 and Fig. 105 there is clearly no influence on
the previous results. The main reason for this is, that Plaxis [34] uses the
surrounded soil for the phi-c reduction only if these aren’t clearly defined with
interface elements. Additionally, to this investigation, a calculation with
Embedded Beams Rows (with using of linear, constant and layer dependent skin
friction) were done. With no pre-stress force some local deviation to the results by
using a geogrid occur but with an increase of this force, an adaptation to the
previous results happens (see Fig. 103). This calculation also shows, that it is
completely independent on which type of skin friction is used because they show
no deviation among themselves. A calculation with layer dependent Embedded
Beams wasn’t possible because the soil body collapses on the excavation step to 8
m. One reason for this could be, that the resistance through skin friction depends
on the cohesion and the friction force from the acting load on the grouted body. As
the cohesion is very low (see Table 10) and the overlaying pressure isn’t that high,
the skin friction resistance may not reach the necessary value for the acting anchor
forces.
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Comparison of the acting anchor force to the pre-stress force
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Pre-stress force [kN/m]

Fig. 103 Comparison of the acting anchor force to the pre-stress force for a variation
with and without interfaces as well as for Embedded Beam Rows

Fig. 104 shows the same adaption to the previous results with increasing anchor
force as we’ve seen before. Also, a relatively good validation of the results from
Perau [17] could be reached.

Comparison of the horizontal wall displacements to the pre-stress

220 force
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G 120
e
«n 100
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s 80
¢
o 60
= 40 HS-Plaxis embedded beam
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20
0 —— HS-Plaxis embedded beam
35 40 45 50 55 60 65 70 75 row, constant
Horizontal wall displacementsw,, [mm]

Fig. 104 Comparison of the horizontal wall displacements to the pre-stress force for a
variation with and without interfaces as well as for Embedded Beam Rows

As we can see in Fig. 105 there is nearly a deviation of the FoS no matter which
type of the grouted body is used or if an interface is used.
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Comparison of the FoS to the pre-stress force
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Fig. 105 Comparison of FoS to the pre-stress force for a variation with and without
interfaces as well as for Embedded Beam Rows

6.6.8 Different plots for using geogrid and Embedded
Beam Rows for a pre-stress force of 100 kN/m

6.6.8.1 Deformed mesh at the final excavation step

Using two different types of modelling the grouted body of an anchor, in this case
a geogrid (see Fig. 106) and an Embedded Beam Row (see Fig. 107), nearly makes
no difference on the calculated deformations of the system. Also, the deformation
behaviour of the sheet pile wall is nearly the same.

Deformed mesh |u| (scaled up 20,0 times)
Madmum value = 0,06136 m (Element 177 at Node 5626)

Fig. 106 Deformed mesh HS model with geogrid
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Deformed mesh |u| (scaled up 20,0 times)
Maximum value = 0,05685 m (Element 177 at Node 5815)

Fig. 107 Deformed mesh HS model with Embedded Beam Rows

6.6.8.2 Plastic points at the final excavation step

The plastic points from Fig. 108 and Fig. 109 indicate nearly no differences.

Plastic points (scaled up 0,00 times)
mFaiure point [ Tension cut-off pont
¥ Cap point # Cap + hardening paint
& Hardening paint ¥ Liquefied paint

Fig. 108 Plastic points HS model with geogrid



116 6 Numerical calculation with Plaxis and OPTUMG?2 - Example Perau [17]

[Plastic points (scaled up 0,00 times)
W Failure point [ Tension cut-off pont
¥ Cap point. # Cap + hardening point
A Hardening paint ¥ Liguefied pont

Fig. 109 Plastic points HS model with Embedded Beam Rows
6.6.8.3 Incremental deviatoric strains Ay after the ¢ — ¢ reduction

The failure mechanism for these two modelling approaches are also very similar
(see Fig. 110 and Fig. 111), which is also indicated by the FoS in Fig. 105.

)
Maximum vahue = 4,255°10 3 (Hement 1016 at Node 18260)
Minimum value = 3,504°10° % (Element 3857 at Hode 136)

Fig. 110 Incremental deviatoric strain Ay, HS model with geogrid
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strain Ay 00 times)

Masimum vakie = 3,534%103 (Element 563 at Node 19378)
Minimum value = 6,263%109 (Hement 3543 at Node 22075)

Fig. 111 Incremental deviatoric strain Ay, HS model with Embedded Beam Rows

6.6.9 FoS for an additional introduced force

Analogously to the calculations after Perau [17], an investigation with an
additional outer force F was done (see Fig. 112). The introduction of these forces
can be done in a direct way to the soil body or indirect over the anchor force. Both
cases lead to a relaxation of the anchor force and additional wall deflections. This
additional force was increased until the system reached failure. A possible FoS can
be calculated with the quotient from the additional introduced “possible anchor
force” F plus the anchor force Apy,q;, in this step divided by the acting anchor force
from the final excavation step (Eq. (41)).

Aposs APh9b +F
NrEM = 2 =

(#1)

avail APh8

This procedure seems to be the most obvious transfer of the classic verification
procedure to a Finite Element Analysis (FEA).

AR
| SR
WA TS T
wm Phased "l

| PSSR

Fig. 112 System with an additional outer force [17]
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The results from Perau [17] itself shows a massive influence of the used number
of elements (orange line (1378 elements) and the green line (4566 elements) in
Fig. 113). The performed studies (yellow line (1376 elements) and the blue line
(5200 elements)) could not confirm these results. Not only that the computed
results show no influence on the used number of elements, also a clear decreasing
trend of the FoS can be seen as a consequence of the increasing pre-stress force.
These massive deviations to the results from Perau can’t be explained and need
further research.

Comparison of the FoS for an additional force

2,4
2,2
5 HS-Perau add.force
=18 HS-Plaxis add. Force re-
£ calculation
1,6
—A—HS-Perau add.force
1,4
1,2 —e— HS-Plaxis add. Force re-
L | | calculation
1 f— ye A
0 50 100 150 200 250

Pre-stress force [kN/m]

Fig. 113 Comparison of the FOS for an additional force
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7 Numerical calculation with Plaxis
2D/3D - Example Fellin [22]

Further investigations with Plaxis 2D [34] and Plaxis 3D [36] were done using the
example of Fellin [22] (only using the permanent force of 10 kN/m?, for the
described geometry in Fig. 48).

7.1 Geometry/Meshing in 2D and 3D

7.1.1 Geometry in 2D with geogrid elements

The geometry from Fig. 114 was modelled as following:

e A soil body which is 65 m width and 50 m height.

e One mesh refinement area with 45x35 m.

e A sheet pile wall (blue line) with a positive and negative interface.

e The anchor was modelled with a node to node anchor (black line) with an
out of the plane spacing of 2 m.

e The grouted body was modelled with a geogrid (yellow line).

e Two-limited surface loads with 10 kN/m/m in 2D and 10 kN/m? in 3D.

e The length of the limited load outgoing from the sheet pile wall was

calculated according to [31].

The Geogrid was modelled in 2D and 3D with a length of 2 m because the slip
plane, according to Kranz [1], starts from the middle of the grouted body. For the
models in 2D and 3D, which are using Embedded Beam Rows, the length of these
beams was modelled with the full length of 4 m (Fig. 115).
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Fig. 114 Geometry in 2D with geogrid
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Fig. 115 Geometry in 2D with Embedded Beam Rows



7 Numerical calculation with Plaxis 2D/3D - Example Fellin [22] 121

7.1.2 Geometry in 3D with geogrid, Embedded Beam
Rows and volume elements

In 3D, the geometry was modelled in a similar way as in 2D and only a few
calculations (using geogrid) were done with the geometry of Fig. 117. Afterwards
all calculations were done with the geometry of Fig. 116 because in Fig. 117, the
mesh was too fine and the calculation nearly showed no deviations to the results
using the geometry of Fig. 116.

t
|
|
|

Fig. 116 Geometry in 3D with geogrid and Embedded Beam Rows
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15 m

Fig. 117 Geometry in 3D with geogrid

The geogrid in 3D was modelled as continuous plate as we can see in Fig. 118

Fig. 118 Geometry in 3D (detailed modelling of geogrid)
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The detailed modelling of the Embedded Beam Rows is shown in Fig. 119

Fig. 119 Geometry in 3D (detailed modelling of Embedded Beam Rows)

The geometry when using volume elements (see Fig. 120) is completely the same as in
Fig. 119 only structural elements are shown and explained in Fig. 121.

Fig. 120 Geometry in 3D (detailed modelling of volume elements)
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Such a volume element (as we can see in Fig. 121) is composed of following
elements:

e A cylindrical soil body with a diameter of 0.2 m (grey area)

O Acting as soil body until step 4 of the construction stages is reached (see
chapter 7.2).

O Acting as concrete body (with interface elements) with linear elastic
behaviour (see Table 17).

e A cylindrical soil body with a diameter of 0.4 m (blue area) as a transition
of the concrete body to the soil, acting as soil body at construction stages.
e Another cylindrical soil body with a diameter of 0.8 m (blue area) as a

further transition element, acting as soil body at all construction stages.

5

Fig. 121 Geometry in 3D (structure of the volume elements)
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7.1.3 Meshing in 2D

Analogously to the calculations of Perau [17], the mesh for the 2D calculation has
about 5300 15-noded elements (see Fig. 122).

ATATAYATATAY

o

v

AV VAVAV

Fig. 122 Meshing in 2D with about 5300 elements
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7.1.4 Meshing in 3D

Fig. 123, Fig. 124 and Fig. 125 show the used meshes for the 3D calculations.
About 213000 and 255000 10-noded elements (see Fig. 123 and Fig. 125) were
used for the calculation with Embedded Beams or volume elements. Some
calculations with about 476000 10-noded elements (as in Fig. 124) were performed
by using a geogrid.
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Fig. 123 Meshing in 3D with about 213000 elements (for Embedded Beam Rows)

R

Fig. 124 Meshing in 3D with about 476000 elements (for geogrid)
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Fig. 125 Meshing in 3D with about 255000 elements (for volume elements)

7.2 Construction stages

To consider construction stages the calculation was constructed as following:

e Initial Phase

Calculation of the initial stresses in the system with the K,-procedure

e Sheet pile wall

Installation of the sheet pile wall and activation of the interfaces

e Excavationto2 m

The excavation steps are done in 2 m steps

e Anchor

Installation of the node to node anchor and the geogrid/Embedded Beam

Row and the volume elements

e Pre-stressing (only for calculations where a pre-stress force is considered)

Pre-stressing of the anchor from 0 to 200 kN/m

Excavation to 4 m
Excavation to 6 m

Excavation to 8 m

phi-c reduction

Safety analysis of the system using the common phi-c reduction (see

subchapter 6.5.4)
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7.3 Input parameters 2D/3D

The input parameters for the used constitutive model can be seen in Table 13 and
Table 14.

Table 13 Input parameters soil for the HS model and the MC model (Soil 1)

Soil Parameters - HS model Soil 1

Vsat = Yunsar = 17 kN/m? | ELf = E1¢) = 22.74 MN /m?
¢' = 0 kN/m? Er¢ = 68.23 MN/m>
@' =35° Rinter = 0.616
Yp=0° Oy = 0.2
Pres = 100 kPa m = 0.5
K3 = 0.426 R; = 0.9

Soil Parameters - MC model — Soil 1
E’=30MN/m2 9 =0.3

The stiffness parameters for the HS model are calculated with the same assumption
as in chapter 6.4 (Eq. (42) to Eq. (45)).

O36m =V *d * KJ =17 * 6 % 0,426 = 43,452 kN /m? (42)

E50+3*E50

with B, = 3 % Egg » E' = — Egy = 15 MN/m? (43)

c'*xcoscos (@) +oz*sinsin (¢) 0.5
Eso = Egy * (3 g~ ~ Egy =
c'xcoscos (@) +prerxsinsin (@)

44
Fso = —~ = 22.74 MN /m? 0
05 — o 05 — . /m
¢! +coscos (@) +a3*sinsin (@) (0+0'04345.*s”.1$m (35) )
T+coscos () +pref*sinsin %) 0+40.1+sinsin (35)
, .y 0.5
_ pref c'*coscos () +a3=*sinsin (@) _ Eref _
Evr = Ey" * |3 insi T Fur
c'xcoscos (@) +pref*sinsin (@) (45)
Eyur _ 45

= 68.23 MN/m?

05 — — 05
c’+coscos (@) +az*sinsin (@) (0+0.04345.*sn'15m (35) )
c'«coscos (@) +pref*5insin ) 0+0.1xsinsin (35)
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Table 14 Input parameters soil for the HS model and the MC model (Soil 2)

Soil Parameters - HS model Soil 2

Vsat = Yunsat = 20 kN/m Eref =10 MN/m

E') = 10 MN /m? Er¢ =30 MN/m?

oed —

@ =28° Ripser = 0.616

Y=0° 9, = 0.2

pref 100 kPa m=0.7

K7 = 0.5305 R: = 0.9

¢' =5kN/m?

Soil Parameters - MC model — Soil 2

E’ = 15.07 MN /m? 9 =0.3

The stiffness parameters for the MC model are calculated with

assumption as in chapter 6.4 (Eq. (46) to Eq. (49)).

037m =V *d * KJ' =20 %6 % 0,5305 = 63.66 kN /m”

ref c'xcoscos (@) +oz*sinsin (@) 0.7
Esy = E; =10

c’+coscos (@) +Dreprsinsin (@)

P 0.5
0.0044+0.06366%*sinsin (28)
( — ) = 7.537 MN /m?*
0.0044+0.1«sinsin (28)

ref c'xcoscos (@) +oz*sinsin (@) 0.7
Eur =K r ¥ =30+«

c’+coscos (@) +Dreprsinsin (@)

= 22.611 MN/m?

(0.0044+0.06366*sinsin (28) )0-5
0.0044+0.1«sinsin (28)

Eso + Ey 7537 +22.611
2 N 2

-

= 15.07 MN/m?>

the same

(46)

(47)

(48)

(49)
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Table 15 Input parameters for the sheet pile wall, the anchor and the geogrid

Parameters — Sheet pile wall

EA = 4.452E6 kN/m | EI = 73290 kN /m?

M,; = 300 kNm/m N

pl=>>

9 =0.2

Parameters — Anchor

EA=75MN/m N, =350 kN/m

Parameters — Geogrid

EA =100 MN/m | Ny, = 1000 kN/m

Table 16 Input parameter for the Embedded Beams

Parameters — Embedded Beams — massive circular beam
Axial skin resistance —linear, constant
E = 6.365E6 kN/m2 y=7 kN/m3
EA =100 MN/m D=02m
Lspacing =2m Tskin,start,max = 1000 or 0 kN/m
Tskin,start,end = 1000070 kN/m Fax =0 kN
Tskin,total,linear = 1000 kN Tskin,total,constant = 2000 kN

All calculations using geogrid or Embedded Beams were done with a tensile
stiffness of EA = 100 MN /m (see Table 15 and Table 16). When using volume
elements, the stiffness of the concrete body was chosen to simulate a concrete

quality C25/30. The input parameters for the used volume elements are shown in
Table 17.

Table 17 Input parameter for the volume elements

Parameters — volume elements

Y = 24 kN/m3 E = 31E6 kN/m?

D=02m Y =0.2
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7.4 Analytical calculation (Soil 1)

An analytical calculation of the example after Fellin [22] (see Table 18) shows the
fact, that the proof of the vertical soil reaction can’t be done in that way (see Point
7, Table 18). It is very interesting to see that the proof in the lower slip plane (Point
8, Table 18) can’t be fulfilled for design forces.

Table 18 Summarized results for an analytical calculation of the example after Fellin
[22]

Verific

fulfilled

Verification not fulfilled

Bm] 9,66

H, [m] 4,09
H; [m] 791
iy 39,31
U, I Py
L [m]
-
g [k/m | E
q' [kN/m?] |
| 9 04/ | —
| e tke/ml |
3.) Earth pressure 4.) Acting Forces 6.) Anchor force
< na [KN/MT] 7,95 Eyo [kN/m] 76,24 B [kN/m] 200,31
| e, [kN/m?) 0,00 E,, [kN/m] 63,53 By, [kN/m] 0,00
| e k1) 32,70 E,,.; [KN/m] 130,82 Be. [kN/m] 140,26
| e, kn/m?) 47,94 E,...; [kN/m] 30,46 B, [kN/m] 0,00
| e..... (kN2 1279,52 E,,... [kN/m] 0,00 A [kN/m] 127,63
| eaon tonime) 0,00 E, iz [KN/m] 0,00 Ay [kN/m] | 0,00
| e Lty 0,00 W, [kN/m] 000 | lyulml AgulkN/m] | 34,20
_ |essome tkN/m?) 224 W, [kN/m] 0,00 s [m] | Aq.tkwml [ o000
7 [kN/m?] | w,y [kN/m?] 0,00 E,, [kN/m] 0,00 l,, [m] Eans [KN/m] 327,94
E,., [kN/m] 139,78 E,, [kN/m] 0,00 1, [m] | e.... kn/m) 0,00
Kavhsep [] 0,271 2,/2; 1] 019 E o perm [KN/m] 26,88 lovewn M) | | Ec...tovm) | 14146
Koon [ 18,817 &y, [kN/m?] 15,88 E, s [kN/m] 0,00 e (]| | Equ k/m] 0,00
Koo, [4] 0,224 &, [kN/m?) 19,06 E, [kN/m)] 2559,05 Lim | | ove tewym) | 28886
Koo' -] 0,224 Vi [kN/m] 13,20 LV, [kN/m] | 0,00
7.) Passive soil reaction and vertical soil reaction 8.) Lower slip plane
Design Situation Egu1ns [KN/m] 49,62 Design Situation
Consequence class Eq 1 [KNSm] 0,00 Consequence dass
a1 Eg .z [KN/m] 136,85 7ol
Eqp, o [KN/M] 0,00
s G, [kN/m] 1393,42 AL
. | By [kN/m] 200,31 - Q, [kN/m] 0,00 B A, [kN/m] 127,63 -
ek O] 30 (il O TN e I N
20l 0,078 Eq, 1 [KN/m) 0,00 11 0,666
B, s [kN/m] 270,42 Ve Eg.a2.0 [KN/m] 59,03 Agpa [kN/m] 172,30 VAR
Design level [E, .., [kN/m] 1827,89 fulfilled Epaavx [KN/m] 0,00 Design level | A, .. o . [kN/m] 136,91 not fulfilled
1) 0,148 | 1,258
. | v ey 188,86 - Ephpr [KN/m] 100,57 B LA, [kN/m] 127,63
Charactensic| s, av/m) | aa026 | “erneemen ot T T 0980 | VA [kN/m] 0,00
fi 0] 1,346 L N—— L 0
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Fig. 126 shows the distribution of the passive (red line) and the active (grey
line) earth pressure as well as the earth pressure redistribution (brown line)
after EAB [21]. The surface load is extended to a length of 5.91 m from the
sheet pile wall. This value can be found with the theoretical embedment depth
of 1.8 m and an inclination angle v, = 58.9 °.
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Fig. 126 Earth pressure distributions and distribution due to the payload
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7.5 Analytical calculation (Soil 2)

Changing the soil parameters from the values in Table 13 to the values from Table
14 lead to a strong increase of the anchor force (see point 6, Table 19). This
happens due to the increase of the specific soil weight y and the decrease of the
effective friction angle ¢’, which has an effect on the acting earth pressure. The
calculated anchor force (Point 6, Table 19), couldn’t be confirmed with numerical
results presented in chapter 8 and chapter 11.

Table 19 Summarized results for an analytical calculation of the example after Fellin
[22]

Input values I Verification fulfilled | one-sided limited surface load
Calculated values | Verification not fulfilled
1.) Geometric parameters and surface loads N € .
H (m] 12,00 B, [m] 847 | S P
z,[m] 1,50 B[m] 9,66
2,[m] 0,00 H, [m] 4,00
2,[m] 8,00 H; [m] 7,91
2,[m] 4,00 v 39,31
Jancner [M] 8,00 Ul 54,80
lyews [M] 4,00 L [m] 12,48
Imiaare [M] 10,00 a [m] 0,00
o] 15,00 b [m] 5,91
aal’] 0,00 c[m] 5,91
[N 0,00 d [m] 0,00
y[°] 46,67 e [m] 8,38
dal] 18,67 f [m] 8,38
Garepi [°] 0,00 q [kN/m?] 0,00
ag 7] 0,00 q' [kN/m?] 0,00
A 1] -28,00 Gpam [KN/m?] 10,00
Lo [m] 12,00 Bt [k/m] 110,00
2.) Soll parameters 3.) Earth pressure 4.) Acting Forces 5.) Geometric Distances 6.) Anchor force
£ 2800 e, .. [kN/m?] 12,16 Eno [kN/m] 115,39 Ing [m] 0,50 By [KN/m] 313,59
C' [kPa] 5,00 - [KNfm?] 0,00 Ey, [kN/m] 99,49 Iy [m] 4,50 Bon [kN/m] 0,00
Ky [-] 0,321 - [KN/m?] 51,68 Ey et [KN/m] 206,72 lasecs [m] 8,50 Bg. [kN/m] 166,74
Ko [ 0,455 2, [kN/m?] 76,00 Ea iy [kN/m] 48,64 lasry [m] 9,17 Boyu [kN/m] 0,00
K. [l 0,321 &, [KN/m?] 552,22 E,, ... [kNfm] 0,00 Iy ez ] 0,00 Ag [KNfm] 197,13
Kio e 1] 0,361 eyun [KN/mM7] 0,00 Eu iz [kN/m] 0,00 lyseiz [m] 0,00 Agrs [kN/m] 0,00
K [l 7,818 2,0 (kKN 0,00 W, [kN/m] 0,00 b ree [M] 0,00 Ag i [KN/m] 52,82
* [kN/m?] 20,00 €, nerm KN/M?] 3,04 W, [kN/m] 0,00 [ L] 0,00 Ag s [kN/m] 0,00
7 [kN/m?] 10,00 W, [KN/m?] 0,00 E,, [kN/m] 0,00 Iy, [m] 0,00 Eg 0 [KN/m] 510,72
Kamon ] 0,304 E,- [kN/m] 218,88 E,. [kN/m] 0,00 L' [m] 0,00 Equns [kN/m] 0,00
K aegt [] 0,361 2,/2; [ 0,19 Eyyperm [KN/m) 36,48 laygerm [M] 4,50 Eqas [KN/m] 172,54
Kewon [ 6,903 €y [kN/m?] 24,87 Euyar [KN/] 0,00 laiar [M] 0,00 Eqyys [KN/m] 0,00
Ky [4] 0,304 e, [kN/m?] 29,85 £, [kN/m] 1104,43 I, [m] 9,17 SV, [kN/m] | 238,56
Kaws' [-] 0,224 Vo [kN/m] 13,20 Vq [kN/m] 0,00
7.) Passive soil reaction and vertical soil reaction 8.) Lower slip plane
Design Situation BS2 Eiane [KN/m] 75,15 Design Situation BS2
Consequence dass cc3 Ecyns [KN/m] 0,00 Consequence class cc3
s [ 1.35 Egazns [kN/m] 214,25 s [ 135
Yall 15 Epazns [KN/m] 0,00 Yol e
| 14 Gy [kN/m] 1638,94 Yald 14
| B [N/ 313,59 o Q, [kN/m] 0,00 . Agpx [kN/m] 197,13 o
Cha:::t:nslc £ kN/m) 1108.43 VE,:::;:;” Eu s [KN/m] 0,00 Lnall':f'lETrISIE s [KN/m] 478,03 Vi::;;::;m
0] 0,284 Egaii [KN/m] 0,00 Ll 0,412
B, [kN/m] 423,34 - Equzi [KN/m] 72,38 Agns[kN/m] 266,13 -
Design level [E,.,.[kN/m]| 788,88 Ver::;‘l’;:’“ Eas 20n [KN/m] 0,00 | Design level | A__... o [KN/m] 341,45 V?L::;T::’"
[ 0,537 ] 0,779
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Cha:i:.t;;"m 8., [kN/m] 166,74 VI!rI:;;IIIIl:: not froem 11 0,546 Lha:::;tl'rlsm oo [kN/m) 0,00
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The distribution of earth pressures can be seen in Fig. 127.
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Fig. 127 Earth pressure distributions and distribution due to the payload
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8 Results of numerical studies

The following investigations have been worked out for the example after Fellin
[22]. The maximum horizontal wall displacements and the factor of safety are
shown for:

Variation of the pre-stress force
The pre-stress force of the anchor was varied between 0 and 200 kN/m.
Stiffness variation of the sheet pile wall
The stiffness of the sheet pile wall was varied with the following values:
o E =2.1E7 kN/m?
0 E =21E8kN/m?
o E =2.1E9kN/m?

For each of these investigations, the earth pressure distribution behind the sheet
pile wall is compared to the linear earth pressure distribution and the earth pressure
redistribution after EAB [21].

In the following chapters and in the appendix, the results of following
investigations are shown:

Stiffness variation in 2D and 3D using geogrid (MC model for soil 1)
(chapter 8.1)

Stiffness variation in 2D and 3D using geogrid and a uniform distributed
surface load (MC model for soil 1) (Appendix chapter 11.1)

Stiffness variation in 2D and 3D using Embedded Beam Rows (MC model
for soil 1) (chapter 8.2)

Stiffness variation in 3D using Embedded Beam Rows and volume
elements (MC model for soil 1) (chapter 8.3)

Variation of pre-stress force in 3D using Embedded Beam Rows and
volume elements (MC model for soil 1) (chapter 8.4)

Variation of pre-stress force using 3D volume elements (MC and HS model
for Soil 1) (chapter 8.5)

Stiffness variation using 3D volume elements (MC and HS model for Soil
1) (chapter 8.6)

Variation of pre-stress force using 3D volume elements (MC and HS model
for Soil 2) (chapter 8.7)

Stiffness variation using 3D volume elements (MC and HS model for Soil
2) (chapter 8.8)
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e Variation of pre-stress force using 3D volume elements (MC model for soil
1 and soil 2) (Appendix chapter 11.2)

e Stiffness variation using 3D using volume elements (MC model for soil 1
and soil 2) (Appendix chapter 11.3)

e Variation of pre-stress force using 3D volume elements (HS model for Soil
1 and Soil 2) (Appendix chapter 11.4)

e Stiffness variation using 3D volume elements (HS model for Soil 1 and Soil
2) (Appendix chapter 11.5)

8.1 Stiffness variation of the sheet pile wall in 2D and
3D by using geogrid

First, a comparison between the results in 2D and 3D using a geogrid was
performed (see chapter 7.1.1 and 7.1.3). All studies which are shown in chapter 8
also interpreted. Additional calculation with minor changes (compared to the
examples from chapter 8 or with less importance) are done and shown without
interpretation in the appendix (see chapter 11).

If not mentioned explicitly, all calculations were performed using the MC model
and the soil parameters given in Table 13.

8.1.1 Anchor force at each construction stage

Compared to the analytically calculated anchor force Ag , , = 127.63 kN /m (see
Point 8, Chapter 7.4) the anchor forces calculated numerically in 2D and 3D are
either slightly higher or about 25 % smaller (see Fig. 128, Fig. 129 and Fig. 130).
The stiffer the sheet pile wall, the better agreements are reached between the
anchor forces in 2D and 3D (compare Fig. 128 and Fig. 130). Due to this, different
plots from the 2D and 3D calculations are compared in the subchapter 8.1.6 to
explain the deviations in the anchor force.
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Comparison of the acting anchor force at each construction stage
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Fig. 128 Anchor force at each construction stage (E = 2.1E7 kN /m?)

Comparison of the acting anchor force at each construction stage
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Fig. 129 Anchor force at each construction stage (E = 2.1E8 kN /m?)

Comparison of the acting anchor force at each construction stage
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Fig. 130  Anchor force at each construction stage (E = 2.1E9 kN /m?)
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8.1.2 Horizontal wall displacements wy,

As already mentioned, the used stiffness of the sheet pile wall shows effects on the
anchor force. These effects can also be seen at the deformation behaviour (see Fig.
131, Fig. 132 and Fig. 133). The stiffer the wall, the smaller are the displacements
after each construction stage. Displacements, calculated with 10 times lower steel
stiffness than the steel stiffness, show massive deviations between 2D and 3D
calculations (see Fig. 131 and Fig. 132) whilst deformations, calculated with 10
times bigger steel stiffness, show nearly a perfect agreement. Therefore, deviations
are shown and explained in some plots in the subchapter 8.1.6.

Comparison of the horizontal wall displacements at each construction
stage

Horizontal wall displacements w;, [mm]
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Sheet pile wall_2D_E=2.1E7 kN/m?
Sheet pile wall_3D_E=2.1E7 kN/m?

Excavation depth [

0 N oo L1 A W N L O

Fig. 131 Horizontal wall displacements at each construction stage (E = 2.1E7 kN /m?)

Comparison of the horizontal wall displacements at each construction
stage
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Fig. 132 Horizontal wall displacements at each construction stage (E = 2.1E8 kN /m?)
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Comparison of the horizontal wall displacements at each construction
stage

Horizontal wall displacements wy, [mm]
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9 O©
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Fig. 133 Horizontal wall displacements at each construction stage (E = 2.1E9 kN /m?)

8.1.3 Factors of Safety (FoS)

A comparison of the FoS indicates that a 3D calculation delivers higher FoS (see
Table 20). A very interesting point, is the massive deviation in 2D using the
smallest stiffness of the sheet pile wall while all other stiffnesses nearly show no
influence on the calculated FoS.

Table 20 FoS for all sheet pile wall stiffnesses

Factors of safety (FoS)
Stiffness sheet
pile wall 2D 3D
2.1 E7 kN/m? 1.31 1.49
2.1 E8 kN/m? 1.43 1.49
2.1 E9 kN/m? 1.44 1.50

8.1.4 Earth pressure distribution at the final excavation
stage

The earth pressure distribution on the sheet pile wall was checked 10 cm behind
the wall using a vertical cross section in Plaxis [34]. Therefore, the results from
the 2D and 3D calculation are compared to the active earth pressure and the earth
pressure redistribution after EAB [21] (see Fig. 134, Fig. 135 and Fig. 136). This
was done to see if the assumptions and regulations for an analytical calculation
give similar values. Whilst the earth pressure of the 3D calculation stays in the
region of the active earth pressure above the excavation level, the pressure rises
below this level up to a factor of two to the active earth pressure (see Fig. 134, Fig.
135 and Fig. 136). The results also indicate nearly no influence of the wall
stiffness. The 2D calculations show increased values in a depth of 1.5 m (starting
point of the anchor) as well as a strong dependency on the used wall stiffness. The
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earth pressure distribution in 2D is higher than the earth pressure redistribution
after EAB [21], but almost in the range of the active pressure above the excavation
level. Below the excavation level, the earth pressure increases nearly in the same
way as the distribution from 3D FEA.

Comparison of the acting earth pressure on the sheet pile wall
Earth pressure [kN/m?]
0 10 20 30 40 50 60 70 8 90 100 110 120

0
1
2
3
4 .
; 5 --@-- Active earth pressure
% 6 —@— Earth pressure redestribution
;; 7 —&— Sheet pile wall_2D_E=2.1E7 kN/m?
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Fig. 134 Earth pressure on the sheet pile wall (E = 2.1E7 kN /m?)

Comparison of the acting earth pressure on the sheet pile wall
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Fig. 135 Earth pressure on the sheet pile wall (E = 2.1E8 kN /m?)
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Comparison of the acting earth pressure on the sheet pile wall
Earth pressure [kN/m?]
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Fig. 136 Earth pressure on the sheet pile wall (E = 2.1E9 kN /m?)

8.1.5 Earth pressure distribution after the ¢ — ¢ reduction

For the sake of completeness, the earth pressure distributions on the sheet pile wall
after the ¢ — ¢ reduction are shown in Fig. 137. On the other hand, these plots
show the earth pressure at failure state and if all results are compared to each other,
they are nearly the same, except the 2D calculation with a stiffness of E =
2.1E7 kN /m? (see Fig. 137).

Comparison of the acting earth pressure on the sheet pile wall
Earth pressure [kN/m?]
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Fig. 137 Earth pressure on the sheet pile wall after the ¢ — ¢ reduction for all sheet pile
wall stiffnesses
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8.1.6 Plots

All plots (deformed mesh and plastic points) are shown for the final excavation
stage. The incremental deviatoric strains Ay, are shown after the ¢ — ¢ reduction.

The deformation plots (see Fig. 138 and Fig. 139) reflect the results from Fig. 131.
The wall behaviour is completely different. Additionally, it has to be mentioned,
that only the maximum horizontal wall displacements were evaluated.

A

Total displacements u, (scaled up 50,0 times)
Maximum value = 8,668%10 % m (Hlement 1 at Node 9163)
Minmum value = -0,08953 m (Bement 7 at Node 9850)

Fig. 138 Deformed sheet pile wall in 2D (E = 2.1E7 kN /m?)

Total displacements u,, (scaled up 200 times)
Manimum value = -5,520%10 % m (Element 2387 at Node 2123)

Minimum value = -0,01504 m (Element 1143 at Node 152677)

Fig. 139 Deformed sheet pile wall in 3D (E = 2.1E7 kN /m?)
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The plastic points from Fig. 140 and Fig. 141 show nearly the same amount of
plasticity in the system, only the active sliding field behind the geogrid is more
pronounced in 2D (see Fig. 140).

Plastic points (scaled up 0,00 times)
W Failure point [ Tension cut-off pant.

Fig. 140 Plastic points in 2D (E = 2.1E7 kN /m?)
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Fig. 141 Plastic points in 3D (E = 2.1E7 kN /m?)
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The failure mechanism, plotted with the incremental deviatoric strains Ay, can be
seen in Fig. 142 and Fig. 143. Similar to the theory of Kranz [1], the lower slip
plane, starting from the middle of the grouted body, runs in curved form to the base
of the sheet pile foot.

strain Ay, 500 times)
Masimum value = 5,208%107 (Element 315 at Node 20397)
Minimum vakie = 1,269710% (Element 774 at Node 33780)

Fig. 142 Incremental deviatoric strain Ay, in 2D (E = 2.1E7 kN /m?)

Maximum value = 1,802°10 % (Bement 300117 at Node 1780)
Minimum value = 0,01452%10 % (Element 471278 at Node 101615)

Fig. 143 Incremental deviatoric strain Ay, in 3D (E = 2.1E7 kN /m?)
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8.2 Stiffness variation of the sheet pile wall in 2D and
3D using Embedded Beams

Due to the results from Perau (“Example” in chapter 6.6.7), which show that the
results are similar for a linear or constant skin friction all calculations with
embedded beams are done with a constant skin friction.

8.2.1 Anchor force at each construction stage

Compared to the analytically calculated anchor force Agpj, = 127.63 kKN /m
(Point 8, Chapter 7.4) the anchor forces calculated numerically in 2D and 3D
deviate (see Fig. 144, Fig. 145 and Fig. 146). Compared to the results from chapter
8.1, the results in Fig. 144, Fig. 145 and Fig. 146 are nearly the same. The
deviations in the results, using the wall stiffness E = 2.1E7 kN /m?, are shown
and explained with the plots in chapter 8.2.5.

Comparison of the acting anchor force at each construction stage
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Fig. 144 Anchor force at each construction stage (E = 2.1E7 kN /m?)

Comparison of the acting anchor force at each construction stage
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Fig. 145 Anchor force at each construction stage (E = 2.1E8 kN /m?)
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Comparison of the acting anchor force at each construction stage
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Fig. 146  Anchor force at each construction stage (E = 2.1E9 kN /m?)

8.2.2 Horizontal wall displacements wy,

The deformation behaviour using Embedded Beams shows a similar behaviour
(see Fig. 147, Fig. 148 and Fig. 149). One difference is (compared to the
calculations with a geogrid in chapter 8.1), that the 2D calculations shows some
deviations for all wall stiffnesses.

Comparison of the horizontal wall displacements at each construction
stage

Horizontal wall displacements w;, [mm]
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Fig. 147 Horizontal wall displacements at each construction stage (E = 2.1E7 kN /m?)
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147

Comparison of the horizontal wall displacements at each construction

stage

Horizontal wall displacements w, [mm]

o
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Excavation depth [m]
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—8—Sheet pile wall_2D_E=2.1E8 kN/m?
—e—Sheet pile wall_3D_E=2.1E8 kN/m?

Fig. 148 Horizontal wall displacements at each construction stage (E = 2.1E8 kN /m?)

Comparison of the horizontal wall displacements at each construction

stage

Horizontal wall displacements wy, [mm]

o
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Excavation depth [m]
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—o—Sheet pile wall_2D_E=2.1E9 kN/m?
—&— Sheet pile wall_3D_E=2.1E9 kN/m?

Fig. 149 Horizontal wall displacements at each construction stage (E = 2.1E9 kN /m?)

8.2.3 Factors of Safety (FoS)

The calculated FoS in Table 21 must be interpreted with caution because they were
taken after 200 iteration steps where the maximum was not reached for every
calculation. For example, the FoS with the value of 1.26 raises to a factor of 1.64

using 560 iteration steps (see Fig. 150).

Table 21 FoS for all sheet pile wall stiffnesses

Factors of Safety (FoS)
Stiffness sheet pile 2D 30
wall
2.1 E7 kN/m? 1.26 1.39
2.1 E8 kN/m? 1.65 1.40
2.1 E9 kN/m? 1.64 1.40
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Sl

Fig. 150 Development of Msf with increasing interation steps

8.2.4 Earth pressure distribution at the final excavation
stage

The earth pressure distribution indicate nearly the same behaviour (see Fig. 151,
Fig. 152 and Fig. 153) as the calculation with geogrid (compare to chapter 8.1.4)
namely an increased value in the area of the anchor as well as an increase of the
pressure below the excavation level.

Comparison of the acting earth pressure on the sheet pile wall
Earth pressure [kN/m?]
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Fig. 151 Earth pressure on the sheet pile wall (E = 2.1E7 kN /m?)
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Comparison of the acting earth pressure on the sheet pile wall
Earth pressure [kN/m?]
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Fig. 152 Earth pressure on the sheet pile wall (E = 2.1E8 kN /m?)

Comparison of the acting earth pressure on the sheet pile wall
Earth pressure [kN/m?]
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Fig. 153 Earth pressure on the sheet pile wall (E = 2.1E9 kN /m?)

8.2.5 Plots

The deformation plots (see Fig. 154 and Fig. 155) indicate the same wall behaviour
as the calculation with a geogrid (compare to Fig. 138 and Fig. 139). Also, the
behaviour of the anchor forces (see Fig. 144) is the same as by using a geogrid.
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i

A ‘ I

Total displacements u, (scaled up 50,0 times)
Maximum value = 8,930%10 * m (Element 1 at Node 4481)
Mirsmum value = -0,09042 m (Blement 7 at Node 4735)

Fig. 154 Deformed sheet pile wall in 2D (E = 2.1E7 kN /m?)

Total displacements u,, (scaled up 200 times)
Maximum value = -1,151%10 % m (Bement 42 at Node 748)

Minimum value = -0,01024 m (Bement 171 at Node 75355)

Fig. 155 Deformed sheet pile wall in 3D (E = 2.1E7 kN /m?)

When using a geogrid (see Fig. 140 and Fig. 141), the active sliding plane field
way more pronounced than using Embedded Beams (see Fig. 157 and Fig. 156).
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Plastic points (scaled up 0,00 times)
W Failure point [0 Tension cut-off paint

Fig. 156 Plastic points in 2D (E = 2.1E7 kN /m?)

T AT AT ) £ /

Fig. 157 Plastic points in 3D (E = 2.1E7 kN /m?)

After 200 iteration steps, the 2D calculation indicates a failure mechanism at the
active sliding plane (see Fig. 158) whilst after 600 iterations steps, a failure at the
lower slip plane occurs (see Fig. 159). The 3D calculation shows the beginning of
a failure at the lower slip plane (see Fig. 160). This could also be a reason for the
higher FoS reached in the 2D calculation.
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Ay

Incremental deviatoric strain Ay, (scaled up 1,00°10% times)
Maximum value = 2,20610 3 (Element 1260 at Node 9097)
Minimum vallie = 0,04940°10 % (Bement 1994 at Node 8585)

Fig. 158 Incremental deviatoric strain Ay, in 2D (E = 2.1E7 kN/m?), after 200
iteration steps

Fig. 159 Incremental deviatoric strain Ay, in 2D (E = 2.1E7 kN/m?), after 600
iteration steps
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Fig. 160 Incremental deviatoric strain Ay, in 3D (E = 2.1E7 kN /m?)
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8.3 Stiffness variation of the sheet pile wall - 3D
Embedded Beams vs 3D volume elements

8.3.1 Anchor forces

As one can see in Fig. 161, Fig. 162 and Fig. 163, the anchor forces, using volume
elements and Embedded Beams, show nearly no deviation.

Comparison of the acting anchor force at each construction stage
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Acting anchor force [kN/m]

Om 2m 4m 6m 8m

Excavation depth []

Fig. 161 Anchor force at each construction stage (E = 2.1E7 kN /m?)

Comparison of the acting anchor force at each construction stage
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Fig. 162 Anchor force at each construction stage (E = 2.1E8 kN /m?)
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Comparison of the acting anchor force at each construction stage
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Fig. 163 Anchor force at each construction stage (E = 2.1E9 kN /m?)

8.3.2 Horizontal wall displacements wy,

Despite the similar anchor forces in the calculations (see Fig. 161, Fig. 162 and
Fig. 163), the horizontal wall displacements w;, show deviations (see Fig. 164,
Fig. 165 and Fig. 166), which are nearly the same as obtained from the 2D
calculation with a geogrid (see chapter 8.1). These deviations are shown and
explained with some plots in chapter 8.3.6.

Comparison of the horizontal wall displacements at each construction
stage

Horizontal wall displacements w,, [mm]
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Fig. 164 Horizontal wall displacements at each construction stage (E = 2.1E7 kN /m?)
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Comparison of the horizontal wall displacements at each construction
stage

Horizontal wall displacements w, [mm]
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Fig. 165 Horizontal wall displacements at each construction stage (E = 2.1E8 kN /m?)

Comparison of the horizontal wall displacements at each construction
stage

Horizontal wall displacements wy, [mm]
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Fig. 166 Horizontal wall displacements at each construction stage (E = 2.1E9 kN /m?)

8.3.3 Factors of Safety (FoS)

One reason for the lower FoS using volume elements could be the more realistic
modelling of the grouted body. Although the results indicate no influence of the
chosen wall stiffness (see Table 22).

Table 22 FoS for all sheet pile wall stiffnesses

Factors of Safety (FoS)

Stiffness sheet | 3D - Volume | 3D - Embedded
pile wall Elements Beams

2.1 E7 kN/m? 1.34 1.39

2.1 E8 kN/m? 1.33 1.40

2.1 E9 kN/m? 1.33 1.40
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8.3.4 Earth pressure distribution at the final excavation
stage

The earth pressure distributions from Fig. 167, Fig. 168 and Fig. 169 are nearly
the same, almost independent from the used stiffness of the sheet pile wall.

Comparison of the acting earth pressure on the sheet pile wall
Earth pressure [kN/m?]
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Fig. 167 Earth pressure on the sheet pile wall (E = 2.1E7 kN /m?)

Comparison of the acting earth pressure on the sheet pile wall
Earth pressure [kN/m?]
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Fig. 168 Earth pressure on the sheet pile wall (E = 2.1E8 kN /m?)
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Comparison of the acting earth pressure on the sheet pile wall
Earth pressure [kN/m?]
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Fig. 169 Earth pressure on the sheet pile wall (E = 2.1E9 kN /m?)

8.3.5 Earth pressure distribution after the ¢ — ¢ reduction

Fig. 170 is a nice example to show that the earth pressure at failure state is nearly
the same for all calculations. Only a small deviation for the weakest sheet pile wall
using volume elements can be seen.

Comparison of the acting earth pressure on the sheet pile wall
Earth pressure [kN/m?]
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160
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1 ————3D_E=2.1E9 kN/m?-Embedded Beams
12

Fig. 170 Earth pressure on the sheet pile wall after the ¢ — ¢ reduction for all sheet pile
wall stiffnesses
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8.3.6 Plots

One reason for the higher displacements by using volume elements (see Fig. 172)
could be the more realistic modelling of the grouted body whilst the Embedded
Beams has a very high skin friction resistance and therefore the displacement is
hindered (see Fig. 171) (further investigations are required).

|

Total dnplacements u, (scaled up 200 times)
Masum vale = -1,151°10 0 m (Bement 42 at Node 74)
MU valoe = 0,004 (Bement 171 st hode 75355)

Fig. 171 Deformed sheet pile wall in 3D — Embedded Beams (E = 2.1E7 kN /m?)

3 -~

Total displacements u,, (scaled up 100 times)
Masimum value = -4,275%10 3 m (Element 354 at Node 53985)
Minimum value = -0,02182 m (Bement 179 at Node 74366)

Fig. 172 Deformed sheet pile wall in 3D — volume elements (E = 2.1E7 kN /m?)
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The plastic points from Fig. 173 and Fig. 174 indicate a failure mechanism at the
active sliding surface.
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Fig. 174 Plastic points in 3D — volume elements (E = 2.1E7 kN /m?)
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sliding surface occurs. This might be one reason for the slightly different FoS (see

using Embedded Beams (Fig. 175) whilst in Fig. 176 a failure similar to an active
Table 22).

Differences in the failure mechanism can be found with a kind of lower slip plane

8 Results of numerical studies
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Fig. 175 Incremental deviatoric strain Ay, in 3D — Embedded Beams

Maximum value =0,01688 (Element 223319 at Node 338318)
Minimum vakie = 1,235%107 (Element 102159 at Node 81447)

Fig. 176 Incremental deviatoric strain Ay, in 3D — volume elements
(E = 2.1E7 kN /m?)
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8.4 Variation of pre-stress force - 3D Embedded Beams
vs 3D volume elements

8.4.1 Anchor force

For none or very small pre-stress forces (see Fig. 177 and Fig. 178) the anchor
forces are the same using Embedded Beams and volume elements whilst for a high
pre-stress force (see Fig. 179) the deviation between the results comes to a value
of'about 40 %. The lower anchor force, using Embedded Beams (see Fig. 179) also
lead to lower horizontal wall displacements wy, in Fig. 182.

Comparison of the acting anchor force at each construction stage
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Fig. 177 Anchor force at each construction stage (P = 0 kN /m)

Comparison of the acting anchor force at each construction stage
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Fig. 178 Anchor force at each construction stage (P = 100 kN /m)
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Comparison of the acting anchor force at each construction stage
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Fig. 179 Anchor force at each construction stage (P = 200 kN /m)

8.4.2 Horizontal wall displacements wy,

Once again, it has to be pronounced, that the horizontal wall displacements
describe the maximum value and not the value of one specific chosen point. Whilst
the anchor forces for none or small pre-stress forces are the same (see Fig. 177 and
Fig. 178) the wall behaviour without any pre-stress force show large deviations for
the last excavation stage (see Fig. 180). By use of a pre-stress force, the
displacements as well as the wall behaviour happens agree better than without pre-
stress force(see Fig. 181 and Fig. 182).

Comparison of the horizontal wall displacements at each construction
stage

Horizontal wall displacements w;,, [mm]
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Excavation depth [m]
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Fig. 180 Horizontal wall displacements at each construction stage (P = 0 kN /m)
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Comparison of the horizontal wall displacements at each construction
stage

Horizontal wall displacements w;, [mm]
2 4 6 8 10 12 14

o

3D-Volume Elements-100 kN/m

3D-Embedded Beams-100 kN/m

Excavation depth [m]
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Fig. 181 Horizontal wall displacements at each construction stage (P = 100 kN /m)

Comparison of the horizontal wall displacements at each construction
stage

Horizontal wall displacements w, [mm]
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Excavation depth [m]
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Fig. 182 Horizontal wall displacements at each construction stage (P = 200 kN /m)

8.4.3 Factors of Safety (FoS)

A comparison of the FoS shows no significant changes as we can see in Table 23.
Therefore, the pre-stress force has no significant effect on the FoS.

Table 23 FoS for all pre-stress forces

Factors of Safety (FoS)
3D - Volume | 3D - Embedded

Pre-stress force

Elements Beams
0 kN/m 1.34 1.40
100 kN/m 1.33 1.40

200 kN/m 1.36 1.40
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8.4.4 Earth pressure distribution at the final excavation
stage

A high pre-stress force increases the earth pressure behind the sheet pile (higher
than the active earth pressure) (see Fig. 184 and Fig. 185). Also, the bandwidth of
these earth pressures is relatively small. Without pre-stressing, the earth pressure
1s in the range of the active earth pressure (below the excavation level it rises) (see
Fig. 183). Higher pre-stress forces as in Fig. 184 and Fig. 185 shows an massive
increase of the earth pressure which could be explained by tensioning effects.

Comparison of the acting earth pressure on the sheet pile wall
Earth pressure [kN/m?]
0 10 20 30 40 50 60 70 8 90 100 110 120

0

1

2

3
£ 4 ‘
Z 5 --@-- Active earth pressure
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Fig. 183 Earth pressure on the sheet pile wall (P = 0 kN/m)

Comparison of the acting earth pressure on the sheet pile wall
Earth pressure [kN/m?]
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Fig. 184 Earth pressure on the sheet pile wall (P = 100 kN /m)
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Comparison of the acting earth pressure on the sheet pile wall
Earth pressure [kN/m?]
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Fig. 185 Earth pressure on the sheet pile wall (P = 200 kN /m)

8.4.5 Earth pressure distribution after the ¢ — ¢ reduction

At failure, the earth pressure is higher than the active earth pressure, but no
significant deviations between the calculations occur (see Fig. 186).

Comparison of the acting earth pressure on the sheet pile wall
Earth pressure [kN/m?]
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Fig. 186 Earth pressure on the sheet pile wall after the ¢ — ¢ reduction for all pre-stress
forces
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8.4.6 Plots

The deviations in Fig. 180 are already explained in chapter 8.3.6. Therefore, some
plots are shown in the following to explain the differences in the anchor forces (as
we can see in Fig. 179).

Deformation plots (Fig. 187 and Fig. 188) indicate the same behaviour, only the
maximum value is different. Increasing the pre-stress force decreases the
deviations in the results as one can see in chapter 8.4.2.

Total displacements u,, (scaled up 100 times)
Maximum value = 9,874%10  m (Element 50 at Node 760)
Minimum value = -8,706%10  m (Element 339 at Node 72)

Fig. 187 Deformed sheet pile wall in 3D — Embedded Beams (P = 200 kN /m)

\.-.-

Total displacements u (scaled up 100 times)

Maximum value = 0,01283m (Bement 50 at Node 510)
Minimum value = -9,142°10% m (Blement 349 at Node 40)

Fig. 188 Deformed sheet pile wall in 3D — volume elements (P = 200 kN /m)
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A comparison of the plastic points (see Fig. 189 and Fig. 190) show only little
differences such as the fact that plastic point behind/at the sheet pile wall and the
bigger area influenced by the Embedded Beam in Fig. 189.

Y

Plastic points
W Failure point [ Tension cut-off point

Fig. 189 Plastic points in 3D — Embedded Beams (P = 200 kN /m)
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Fig. 190 Plastic points in 3D — volume elements (P = 200 kN /m)
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The failure mechanism in Fig. 191 and Fig. 192 can be seen as a composition of a
lower slip plane and the active sliding plane. But the FoS in Table 23 indicates,
that there are no big difference.
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Fig. 191 Incremental deviatoric strain Ay, in 3D — Embedded Beams
(P = 200 kN /m)
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8.5 Variation of pre-stress force - 3D volume elements
MC (Soil 1) vs 3D volume elements HS (Soil 1)

8.5.1 Anchor force at each construction stage

Using the HS model (with a stress dependent soil stiffness) (see Table 13) while
comparing it to the MC model (with a constant soil stiffness) (see Table 13) show
a similar trend of the results and nearly no deviation (see Fig. 193, Fig. 194 and
Fig. 195). In Fig. 195 the results of the HS model are shown for a pre-stress force
of P =150 kN/m due to the fact that the FEA showed problems to reach
equilibrium with higher pre-stress forces. The reason for these numerical problems
has not been investigated.

Comparison of the acting anchor force at each construction stage
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Fig. 193 Anchor force at each construction stage (P = 0 kN /m)

Comparison of the acting anchor force at each construction stage
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Fig. 194 Anchor force at each construction stage (P = 100 kN /m)
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Comparison of the acting anchor force at each construction stage
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Acting anchor force [kN/m]
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Excavation depth []

Fig. 195 Anchor force at each construction stage (P = 150/200 kN /m)

8.5.2 Horizontal wall displacements wy,

In comparison to the very good agreements of the anchor forces in Fig. 193, Fig.
194 and Fig. 195, the wall behaviour results are completely different as one can
see in Fig. 196, Fig. 197 and Fig. 198. The best agreement of displacements can
be reached for the highest pre-stress force as one can see in Fig. 197. The big
deviation between the results in Fig. 198 can be explained with the lower pre-stress
force.

Comparison of the horizontal wall displacements at each construction
stage

Horizontal wall displacements wy, [mm]
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—&—3D-Volume Elements-0 kN/m MC

—8—3D-Volume Elements-0 kN/m HS

Excavation depth [m]
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Fig. 196 Horizontal wall displacements at each construction stage (P = 0 kN /m)
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Comparison of the horizontal wall displacements at each construction
stage

Horizontal wall displacements wy, [mm]
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Fig. 197 Horizontal wall displacements at each construction stage (P = 100 kN /m)

Comparison of the horizontal wall displacements at each construction
stage

Horizontal wall displacements w;, [mm]
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—&— 3D-Volume Elements-200 kN/m
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—o— 3D-Volume Elements-150 kN/m HS

Excavation depth [m]
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Fig. 198 Horizontal wall displacements at each construction stage (P = 150/200 kN /
m)

8.5.3 Factors of Safety (FoS)

As one can see in Table 24 the Factors of Safety are very similar, regardless of
which soil model is used.

Table 24 FoS for all pre-stress forces

Factors of Safety (FoS)
Pre-stress 3D - Volume | 3D -Volume

force Elements MC| Elements HS
0 kN/m 1.33 1.32
100 kN/m 1.34 1.36

150/200 kN/m 1.36 1.34
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8.5.4 Earth pressure distribution at the final excavation

stage

Whilst the earth pressure for the HS Model nearly shows a linear increase over
depth in the range of the active earth pressure (see Fig. 199, Fig. 200 and Fig. 201)
and a larger increase below the excavation level, the earth pressure obtained with
the MC model shows more bandwidth and a higher dependency on the pre-stress

force.

Wall depth [m]

Fig. 199
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Wall depth [;

Fig. 200

Comparison of the acting earth pressure on the sheet pile wall
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Comparison of the acting earth pressure on the sheet pile wall
Earth pressure [kN/m?]
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--@--Active earth pressure
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———— 3D-Volume Elements-150 kN/m HS

Fig. 201 Earth pressure on the sheet pile wall (P = 150/200 kN /m)

8.5.5 Earth pressure distribution after the ¢ — ¢ reduction

At failure, the earth pressure is again very similar (see Fig. 202).
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Comparison of the acting earth pressure on the sheet pile wall
Earth pressure [kN/m?]
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3D-Volume Elements-100 kN/m HS
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3D-Volume Elements-150 kN/m HS

Fig. 202 Earth pressure on the sheet pile wall after the ¢ — ¢ reduction for all pre-stress

forces
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8.5.6 Plots

The main differences between the deformation plots of the sheet pile wall (see Fig.
203 and Fig. 204) is, that when using the MC model, the base of the sheet pile wall
shows some translation. When using the HS model, the base point doesn’t
significantly move, then a massive head deformation occurs. Interesting for the
deformation plots (Fig. 203 and Fig. 204) is, that this different behaviour occur for
nearly the same anchor force (see Fig. 193).

Total displacements v, (scaled up 100 times)
Maximum value = -5,058%10 % m {Element 354 at Node 53985)
Minimum value = -0,01938 m (Element 46 at Node 504)

Fig. 203 Deformed sheet pile wall MC model (P = 0 kN /m)

\

Total displacements u,, (scaled up 50,0 times)
Maximum value = 1,276%10 Zm (Element 354 at Node 53985)
Minimum value = -0,03547 m (Element 7 at Mode 47)

Fig. 204 Deformed sheet pile wall HS model (P = 0 kN /m)
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The deviatoric strains (see Fig. 207 and Fig. 208) indicates nearly the same failure
mechanism only some slight differences. This happens through the fact that a
safety analysis, using higher constitutive model, is also done with the MC Failure
criterion.
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8.6 Stiffness variation of the sheet pile wall - 3D volume
elements MC (Soil 1) vs 3D volume elements HS
(Soil 1)

8.6.1 Anchor force at each construction stage

For a variation of the stiffness of the sheet pile wall the results are the same (see
Fig. 209, Fig. 210 and Fig. 211).

Comparison of the acting anchor force at each construction stage
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Fig. 209 Anchor force at each construction stage (E = 2.1E7 kN /m?)

Comparison of the acting anchor force at each construction stage
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Fig. 210  Anchor force at each construction stage (E = 2.1E8 kN /m?)
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Comparison of the acting anchor force at each construction stage
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Fig. 211  Anchor force at each construction stage (E = 2.1E9 kN /m?)

8.6.2 Horizontal wall displacements wy,

In this case, the wall deformation behaviour is the same for different wall
stiffnesses as one can see in Fig. 212, Fig. 213 and Fig. 214.

Comparison of the horizontal wall displacements at each construction
stage

Horizontal wall displacements w;, [mm]
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Fig. 212 Horizontal wall displacements at each construction stage (E = 2.1E7 kN /m?)
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Comparison of the horizontal wall displacements at each construction
stage
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Fig. 213 Horizontal wall displacements at each construction stage (E = 2.1E8 kN /m?)

Comparison of the horizontal wall displacements at each construction
stage
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Fig. 214 Horizontal wall displacements at each construction stage (E = 2.1E9 kN /m?)

8.6.3 Factors of Safety (FoS)

The factor of safety is independent of the wall stiffness and the constitutive model
(see Table 25).

Table 25 FoS for all sheet pile wall stiffnesses

Factors of Safety (FoS)
Stiffness sheet | 3D - Volume 3D - Volume
pile wall Elements MC | Elements HS
2.1 E7 kN/m? 1.34 1.33
2.1 E8 kN/m? 1.33 1.32
2.1 E9 kN/m? 1.33 1.33
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8.6.4 Earth pressure distribution at the final excavation
stage

The results of the HS model from Fig. 215, Fig. 216 and Fig. 217 follows the
active earth pressure above the excavation level which means that enough
deformation to mobilise the active earth pressure can occur. Below the excavation
level at 8 m depth, an increase of the earth pressure occurs, which might be a result
of the sheet pile wall deformation. All in all it can be said, that the results from the
MC model have a wider bandwidth but compared to the results from the HS model
they don’t differ very much (see Fig. 215, Fig. 216 and Fig. 217).

Comparison of the acting earth pressure on the sheet pile wall
Earth pressure [kN/m?]
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140
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--@-- Active earth pressure
—&— Earth pressure redestribution
3D-Volume Elements-E=2.1E7 kN/m? MC

Wall depth [m]

3D-Volume Elements-E=2.1E7 kN/m? HS

Fig. 215 Earth pressure on the sheet pile wall (E = 2.1E7 kN /m?)

Comparison of the acting earth pressure on the sheet pile wall
Earth pressure [kN/m?]
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Fig. 216 Earth pressure on the sheet pile wall (E = 2.1E8 kN /m?)
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Comparison of the acting earth pressure on the sheet pile wall
Earth pressure [kN/m?]
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Fig. 217 Earth pressure on the sheet pile wall (E = 2.1E9 kN /m?)

8.6.5 Earth pressure distribution after the ¢ — ¢ reduction

The earth pressure at failure is slightly above the active earth pressure and the
results show a small bandwidth (see Fig. 218).

Comparison of the acting earth pressure on the sheet pile wall
Earth pressure [kN/m?]
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Fig. 218 Earth pressure on the sheet pile wall after the ¢ — ¢ reduction for all sheet pile
wall stiffnesses
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8.7 Variation of pre-stress force - 3D volume elements
MC (Soil 2) vs 3D volume elements HS (Soil 2)

8.7.1 Anchor forces

Compared to the results, using the parameters of soil 1 (see chapter 8.5.1), the
anchor forces show bigger deviations between the constitutive models (see Fig.
219, Fig. 220 and Fig. 221). The difference in Fig. 221 arises through the different
pre-stress forces used for the HS and the MC model.

Comparison of the acting anchor force at each construction stage
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Fig. 219 Anchor force at each construction stage (P = 0 kN /m)

Comparison of the acting anchor force at each construction stage
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Fig. 220 Anchor force at each construction stage (P = 100 kN /m)
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Comparison of the acting anchor force at each construction stage
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Fig. 221 Anchor force at each construction stage (P = 150/200 kN /m)

8.7.2 Horizontal wall displacements wy,

Compared to the results from chapter 8.5.2, the displacements calculated with the
HS model rises to a very large value for soil 2(see Fig. 222, Fig. 223 and Fig. 224).
The MC Model shows the common wall behaviour, without pre-stressing (see Fig.
222) as well as nearly the same wall behaviour for higher pre-stress forces (see
Fig. 223 and Fig. 224), shown in the chapter before.

Comparison of the horizontal wall displacements at each construction
stage
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Fig. 222 Horizontal wall displacements at each construction stage (P = 0 kN /m)
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Comparison of the horizontal wall displacements at each construction
stage

Horizontal wall displacements wy, [mm]
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Fig. 223 Horizontal wall displacements at each construction stage (P = 100 kN /m)

Comparison of the horizontal wall displacements at each construction
stage
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Fig. 224 Horizontal wall displacements at each construction stage (P = 150/200 kN /
m)

8.7.3 Factors of Safety (FoS)

Due to the fact that higher order soil models use the MC failure criterion on a safety

analyse, the FoS is nearly the same (see Table 26). The used pre-stress force shows
no influence on these calculated values.

Table 26 FoS for all pre-stress forces

Factors of Safety (FoS)
Pre-stress 3D - Volume | 3D -Volume

force Elements MC| Elements HS
0 kN/m 1.21 1.21
100 kN/m 1.21 1.21

150/200 kN/m 1.21 1.22
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8.7.4 Earth pressure distribution at the final excavation
stage

The earth pressure on the sheet pile wall shows the same behaviour as discussed
in chapter 8.5.4 with slightly changed values. One difference to the previously
discussed results is, that for a pre-stressed system the earth pressure using the MC
model reaches higher values (see Fig. 226 and Fig. 227) while the non-pre stressed
system show less differences (see Fig. 225).

Comparison of the acting earth pressure on the sheet pile wall
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Fig. 225 Earth pressure on the sheet pile wall (P = 0 kN/m)

Comparison of the acting earth pressure on the sheet pile wall
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Fig. 226 Earth pressure on the sheet pile wall (P = 100 kN /m)
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Comparison of the acting earth pressure on the sheet pile wall
Earth pressure [kN/m?]
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Fig. 227 Earth pressure on the sheet pile wall (P = 150/200 kN /m)

8.7.5 Earth pressure distribution after the ¢ — ¢ reduction

The earth pressure at failure (see Fig. 228) shows a nearly linear increase over the
depth with a small bandwidth.

Comparison of the acting earth pressure on the sheet pile wall
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Fig. 228 Earth pressure on the sheet pile wall after the ¢ — ¢ reduction for all pre-stress
forces
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8.7.5.1 Plots

The deformation plot (see Fig. 229) indicates, that the soil stiffness is very low
(see Table 14). The rotation point of the sheet pile wall is in the height of the
anchor and the base of the wall can move. In the case of the HS (stress dependent
stiffness), the passive soil resistance isn’t big. As a result of this, a rotation around
the base point occurs which lead to massive wall deflections (see Fig. 230).

Total displacements u,, (scaled up 50,0 times)
Maximun value = 65,432%10 % m (Blement 42 at Node 458)
Mirsmum value = -0,02255 m (Blement 345 at Node 40)

Fig. 229 Deformed sheet pile wall MC model (P = 100 kN /m)

"\‘.

g

Total displacements u, (scaled up 20,0 times)
Maximum value = -1,569*10 > m (Element 1888 at Node 1135)

Minimum value = -0,1315 m (Element 96 at Node 7585)

Fig. 230 Deformed sheet pile wall HS model (P = 100 kN /m)



8 Results of numerical studies 189

One difference between these plots (Fig. 231 and Fig. 232) is the plasticity in front
of the base of the sheet pile wall and the tension cut-off points at the final
excavation step.
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Fig. 231 Plastic points MC model (P = 100 kN /m)
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Fig. 232 Plastic points HS model (P = 100 kN /m)
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8.8 Stiffness variation of the sheet pile wall - 3D volume
elements MC (Soil 2) vs 3D volume elements HS
(Soil 2)

8.8.1 Anchor forces

The anchor forces (independent of the constitutive model) don’t show any
significant changes for different sheet pile wall stiffnesses (see Fig. 235,

Fig. 236 and Fig. 237). Such a behaviour was already discussed in chapter 8.6.1.
The decrease of the soil stiffness, for example in the MC Model, from E' =
30 MN/m? (see Table 13) to E’' = 15.07 MN/m? (see Table 14) doesn’t
significantly affect the anchor force (about 15 % with 80 kN in Fig. 209 compared
to about 93 kN in Fig. 235).

Comparison of the acting anchor force at each construction stage
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Fig. 235  Anchor force at each construction stage (E = 2.1E7 kN /m?)
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Comparison of the acting anchor force at each construction stage
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Fig. 236 Anchor force at each construction stage (E = 2.1E8 kN /m?)

Comparison of the acting anchor force at each construction stage
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Fig. 237 Anchor force at each construction stage (E = 2.1E9 kN /m?)

8.8.2 Horizontal wall displacements wy,

The displacement behaviour as one can see in Fig. 238, Fig. 239 and Fig. 240
indicate the same behaviour as discussed in the last chapters. The high wall
displacements for the HS model (see Fig. 238, Fig. 239 and Fig. 240) might be
explained with the low soil stiffness (stress dependent stiffness).
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Comparison of the horizontal wall displacements at each construction
stage

Horizontal wall displacements wy, [mm]
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Fig. 238 Horizontal wall displacements at each construction stage (E = 2.1E7 kN /m?)

Comparison of the horizontal wall displacements at each construction
stage
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Fig. 239 Horizontal wall displacements at each construction stage (E = 2.1E8 kN /m?)

Comparison of the horizontal wall displacements at each construction
stage
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Fig. 240 Horizontal wall displacements at each construction stage (E = 2.1E9 kN /m?)
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8.8.3 Factors of Safety (FoS)

For both constitutive models, the MC failure criterion is used, and therefore, the
FoS are nearly the same as we can see in Table 27. Also, no influence of the used
stiffness of the sheet pile wall can be seen.

Table 27 FoS for all sheet pile wall stiffnesses

Factors of Safety (FoS)
Stiffness sheet | 3D - Volume 3D - Volume
pile wall Elements MC | Elements HS
2.1 E7 kN/m? 1.20 1.21
2.1 E8 kN/m? 1.21 1.21
2.1 E9 kN/m? 1.21 1.21

8.8.4 Earth pressure distribution at the final excavation
stage

Whilst the earth pressure calculated with the HS model increases almost linear
over depth, with a stronger increase below the excavation level (see Fig. 241, Fig.
242 and Fig. 243) the earth pressure calculated with the MC model shows a wider
bandwidth of the results, especially for the weakest sheet pile wall (see Fig. 241).

Comparison of the acting earth pressure on the sheet pile wall
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Fig. 241 Earth pressure on the sheet pile wall (E = 2.1E7 kN /m?)
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Fig. 242
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Comparison of the acting earth pressure on the sheet pile wall
Earth pressure [kN/m?]
0 20 40 60 8 100 120 140 160 180 200 220

0
1
2
3
4
5 --@-- Active earth pressure
6 —@— Earth pressure redestribution
7 —— 3D-Volume Elements-E=2.1E8 kN/m? MC
8 —— 3D-Volume Elements-E=2.1E8 kN/m? HS
9
10
11
12

Earth pressure on the sheet pile wall (E = 2.1E8 kN /m?)

Comparison of the acting earth pressure on the sheet pile wall
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Fig. 243  Earth pressure on the sheet pile wall (E = 2.1E9 kN /m?)
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8.8.5 Earth pressure distribution after the ¢ — ¢ reduction

With the exception of the sheet pile wall with the lowest stiffness, the earth
pressures at failure are very similar (see Fig. 244).

Comparison of the acting earth pressure on the sheet pile wall
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Fig. 244 Earth pressure on the sheet pile wall after the ¢ — ¢ reduction for all sheet pile
wall stiffnesses

8.8.6 Plots

While the wall displacement for the MC model is a combination of a shift as well
as a rotation around the base point of the wall (see Fig. 245), the displacement for
the HS model results in a rotation around the base point. Therefore, a high head
deflection occurs (see Fig. 246).

H

Total displacements u,, (scaled up 50,0 times)
Maximum value = -0,01682 m (Element 354 at Node 53585)
Mnimum value = -0,04265 m (Element 7 at Node 47)

Fig. 245 Deformed sheet pile wall MC model (E = 2.1E8 kN /m?)



8 Results of numerical studies 197

Total displacements u,, (scaled up 20,0 times)
Maximuen value = 0,1865%10 % m (Element 354 at Node 53985)
Minimum value = -0, 1418 m (Element 7 at Node 47)

Fig. 246 Deformed sheet pile wall HS model (E = 2.1E8 kN /m?)

Both plots of plastic points at the final excavation stage (see Fig. 247 and Fig. 248)
show tension cut-off points at the excavation and in the region of the surface load.
A reason for this might be the massive head displacements of the sheet pile wall.
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Fig. 247 Plastic points MC model (E = 2.1E8 kN /m?)
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Fig. 248 Plastic points HS model (E = 2.1E8 kN /m?)

It is interesting to see that the failure mechanism for the MC Model clearly
indicates a failure at the active sliding plane (see Fig. 249). Whilst the failure
mechanism of the HS Model indicates regions with higher incremental deviatoric
strains Ay, but, it doesn’t show a failure mechanism (see Fig. 250)
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9 Conclusion

Due to the fact that anchored sheet pile walls play an important role for excavation
pits or slopes and the theory of the lower slip plan with all its assumptions,
especially the safety definition, was often discussed over the last 80 years this
thesis deals with investigations (analytical and numerically) to check if the safety
definition as well as the assumed mechanism are justified. To create a general
overview of the situation, a variety of parameters such as the free anchor length,
the pre-stress force, the wall friction angle, a stiffness variation of the sheet pile
wall, as well as different soil conditions were investigated. Additionally, to the
available analytical calculations, numerical investigations were performed. In
order to understand the FEA, the modelling assumptions as well as the input
parameters are explained carefully before the results. Finally, this thesis should
investigate the historical development of Kranz’s theory of the lower slip plane
and should show the effects of the most fundamental parameters for anchored sheet
pile walls.

This thesis shows that the results of analytical calculations show deviations to the
numerical results. The lower slip plane, starting at or near the end of the grouted
body, running in a curved form to a point higher than the base point of the sheet
pile wall, as well as the active sliding plane field behind the force introduction
length could be confirmed in this thesis. Based on the investigations, it is also
justified, that failure occurs at a higher earth pressure than the active.

The results for the parameter variation can be summarized as following:

e Variation of the pre-stress force:
0 Higher pre-stress forces lead to an increase of the anchor force.
O Higher pre-stress forces show positive effects on the wall
displacements and also changes the wall displacements behaviour.
O Higher pre-stress forces nearly show no increasing influence at the
factor of safety (FoS).
O Higher pre-stress forces increase the earth pressure behind the sheet
pile wall.
e Variation of the free anchor length:
O A variation of the free anchor length nearly has no influence on the
pre-stress force.
0 Positive effects on the wall displacements could be reached until a
certain length of the anchor.
O This variation of the free anchor length also shows nearly no

influence on the factor of safety (FoS).
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e Variation of the wall friction angle:
0 High wall friction angles lead to a low anchor force and a higher
factors of safety (FoS) and vice versa.
e Stiffness variation of the sheet pile wall
0 The stiffness of the sheet pile wall influences the anchor force.
o0 Effects on the wall displacements and wall behaviour have also been
shown for different stiffnesses.
O The factor of safety (FoS) is almost independent of the stiffness.
0 The stiffness influences the earth pressure behind the sheet pile wall.
e Variation of the soil parameters
O Influence on the earth pressure and consequently on anchor forces

and the factor of safety (FoS) are shown.

These first investigations presented in this thesis can be used as a basis for a further
thesis, where the behaviour is checked for clay and clayed soils (undrained
conditions), for high rising groundwater conditions as well as for multiple
anchored sheet pile walls. Furthermore, the safety definition after Kranz could be
replaced by the safety definition DA2 according to Eurocode 7 due to the fact that
the main stresses act in the lower slip plane and therefore, the proof should be done
there. An indirect proof with a possible additional anchor force (as Kranz defined
it), seems to be problematic in detail.
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11.1 Stiffness variation of the sheet pile wall in 2D and
3D by using geogrid with a uniform distributed
surface load

The example from chapter 8.1 was also calculated with a uniformly distributed
surface load. A surface load located between the active sliding plane and the
middle of the grouted body, should positively affect the system if v > ¢'.

11.1.1 Anchor forces

Comparison of the acting anchor force at each construction stage
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Fig. 251 Anchor force at each construction stage (E = 2.1E7 kN /m?)

Comparison of the acting anchor force at each construction stage
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Fig. 252 Anchor force at each construction stage (E = 2.1E8 kN /m?)
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Comparison of the acting anchor force at each construction stage
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Fig. 253 Anchor force at each construction stage (E = 2.1E9 kN /m?)

11.1.2 Horizontal wall displacements wy,

Comparison of the horizontal wall displacements at each construction
stage
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Fig. 254 Horizontal wall displacements at each construction stage (E = 2.1E7 kN /m?)
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Comparison of the horizontal wall displacements at each construction

stage
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Fig. 255 Horizontal wall displacements at each construction stage (E = 2.1E8 kN /m?)

Comparison of the horizontal wall displacements at each construction

stage
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Fig. 256 Horizontal wall displacements at each construction stage (E = 2.1E9 kN /m?)

11.1.3 Factors of Safety (FoS)

Table 28 FoS for all sheet pile wall stiffnesses

Factors of Safety (FoS)
Stiffness sheet
pile wall 2D 3D
2.1 E7 kN/m? 1.32 1.53
2.1 E8 kN/m? 1.44 1.53
2.1 E9 kN/m? 1.44 1.53
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11.1.4

Wall depth [m]

Fig. 257

Wall depth [m]

Fig. 258

Earth pressure distribution at the final excavation
stage

Comparison of the acting earth pressure on the sheet pile wall
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Comparison of the acting earth pressure on the sheet pile wall
Earth pressure [kN/m?]

0O 10 20 30 40 50 60 70 80 90 100 110 120 130 140

0
1
2
3
€ 4
= 5 --@-- Active earth pressure
=
2 6 —@— Earth pressure redestribution
©
= 7 —— Sheet pile wall_2D_E=2.1E9 kN/m?
s s —— Sheet pile wall_3D_E=2.1E9 kN/m?
9
10
11
12

Fig. 259 Earth pressure on the sheet pile wall (E = 2.1E9 kN /m?)

11.1.5 Earth pressure distribution after the ¢ — ¢ reduction

Comparison of the acting earth pressure on the sheet pile wall
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Fig. 260 Earth pressure on the sheet pile wall after the ¢ — ¢ reduction for all sheet pile
wall stiffnesses
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11.1.6 Plots

Total displacements u,, (scaled up 50,0 times)
Maximum value = 0,01053 m (Element 1 at Node 9029)
Mirsmum value = -0,09171 m (Blement 7 at Node 9748)

Fig. 261 Deformed sheet pile wall in 2D (E = 2.1E7 kN /m?)

Total displacements u, (scaled up 200 times)
Maximum value = -5,718%10 % m (Element 1213 at Node 71)
Minimum value = -0,01458 m (Bement 710 at Node 154553)

Fig. 262 Deformed sheet pile wall in 3D (E = 2.1E7 kN /m?)
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R

Plastic points (scaled up 0,00 times)
W Fallure point [ Tension cut-off pont

Fig. 263 Plastic points in 2D (E = 2.1E7 kN /m?)

Fig. 264 Plastic points in 3D (E = 2.1E7 kN /m?)
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11.2 Variation of pre-stress force - 3D volume
elements MC (Soil 1) vs 3D volume elements MC
(Soil 2)

11.2.1 Anchor forces

Comparison of the acting anchor force at each construction stage

100
90
80
70

60
50 —— 3D-Volume Elements-0 kN/m MC
40 Soil 1

30
20
10

—e—3D-Volume Elements-0 kN/m MC
Soil 2

Acting anchor force [kN/m]

Om 2m 4m 6m 8m
Excavation depth []

Fig. 265 Anchor force at each construction stage (P = 0 kN /m)

Comparison of the acting anchor force at each construction stage
110
100 /-
90
80
70

60 —a&—3D-Volume Elements-100 kN/m
50 MC Soil 1

40 3D-Volume Elements-100kN/m MC
30 Soil 2
20

10

Acting anchor force [kN/m]

Om 2m 4m 6m 8m

Excavation depth []

Fig. 266 Anchor force at each construction stage (P = 100 kN /m)
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Comparison of the acting anchor force at each construction stage

200
180
160
140

120
100 —&o—3D-Volume Elements-200 kN/m
80 MC Soil 1

60 —e—3D-Volume Elements-200 kN/m
MC Soil 2
40

20

Acting anchor force [kN/m]

o

Om 2m 4m 6m 8m
Excavation depth []

Fig. 267 Anchor force at each construction stage (P = 200 kN /m)

11.2.2 Horizontal wall displacements wy,

Comparison of the horizontal wall displacements at each construction
stage

Horizontal wall displacements w,, [mm]

0 10 20 30 40 50

0

1
E 2 —8—3D-Volume Elements-0 kN/m MC
= Soil 1
a3
2 ——3D-Volume Elements-0 kN/m MC
c 4 Soil 2
k)
© 5
=
u’;é 6

7

8

Fig. 268 Horizontal wall displacements at each construction stage (P = 0 kN /m)
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Comparison of the horizontal wall displacements at each construction

o

Excavation depth [m]

00 N O b W N L O

stage

Horizontal wall displacements w;, [mm]

5 10 15

20 25

3D-Volume Elements-100 kN/m

MC Soil 1

3D-Volume Elements-100 kN/m

MC Soil 2

Fig. 269 Horizontal wall displacements at each construction stage (P = 100 kN /m)

Comparison of the horizontal wall displacements at each construction

o

5

Excavation depth [m]

00 N O U1 A W N P, O

stage

Horizontal wall displacements w;, [mm]

10 15 20

25 30

—&—3D-Volume Elements-200 kN/m

MC Soil 1

—&—3D-Volume Elements-200 kN/m

MC Soil 2

Fig. 270 Horizontal wall displacements at each construction stage (P = 200 kN /m)

11.2.3 Factors of Safety (FoS)

Table 29 FoS for all pre-stress forces

Factors of Safety (FoS)

Pre-stress force 3D - Volume Elements | 3D - Volume Elements
MC Soil 1 MC Soil 2
0 kN/m 1.33 1.21
100 kN/m 1.34 1.21
150/200 kN/m 1.36 1.21
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11.2.4

Wall depth [m]

Earth pressure distribution at the final excavation
stage

Comparison of the acting earth pressure on the sheet pile wall
Earth pressure [kN/m?]

0 10 20 30 40 50 60 70 80 90 100 110 120
0
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4
5
6 ——3D-Volume Elements-0 kN/m MC Soil 1
7 ——3D-Volume Elements-0 kN/m MC Soil 2
8
9
10
11
12

Fig. 271 Earth pressure on the sheet pile wall (P = 0 kN/m)

Wall depth [m]

Comparison of the acting earth pressure on the sheet pile wall
Earth pressure [kN/m?]
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170

0
)
2
RN
4 A
5
6 \ ~—3D-Volume Elements-100 kN/m MC Soil 1
7 3D-Volume Elements-100 kN/m MC Soil 2
8 \
9
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Fig. 272 Earth pressure on the sheet pile wall (P = 100 kN /m)
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Comparison of the acting earth pressure on the sheet pile wall
Earth pressure [kN/m?]

0 10 20 30 40 50 60 70 8 90 100 110 120
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S 6 ——3D-Volume Elements-200 kN/m MC Soil 1
,:; 7 ——3D-Volume Elements-200 kN/m MC Soil 2
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Fig. 273 Earth pressure on the sheet pile wall (P = 200 kN /m)

11.2.5 Earth pressure distribution after the ¢ — ¢ reduction

Comparison of the acting earth pressure on the sheet pile wall
Earth pressure [kN/m?]
0 200 40 60 80 100 120 140 160 180 200

——3D-Volume Elements-0 kN/m MC Soil 1

——3D-Volume Elements-0 kN/m MC Soil 2

—=—3D-Volume Elements-100 kN/m MC Soil 1
3D-Volume Elements-100 kN/m MC Soil 2

Wall depth [m]

O 00 N O U B WN L O

—— 3D-Volume Elements-200 kN/m MC Soil 1
—+—3D-Volume Elements-200 kN/m MC Soil 2

=
=]

=
N

Fig. 274 Earth pressure on the sheet pile wall after the ¢ — ¢ reduction for all pre-stress
forces
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11.2.6 Plots

Total displacements u,, (scaled up 100 times)
Maximum value = 0,01104 m (Bement 50 at Node 510)
Minimum value = -8,447%10 Zm {Element 349 at Node 40)

Fig. 275 Deformed sheet pile wall MC model Soil 1 (P = 100 kN /m)

{ ~

Total daplacements u | (scaled up 50,0 limes )
Maximurn vakue = 6,432710  m [ement 42 ot Mode #38)
Mrmum value = -0,02255 m (Blement 345 at hode 40)

Fig. 276 Deformed sheet pile wall MC model Soil 2 (P = 100 kN /m)
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Plastic points

[ Tension cut-off pont.

W Failure point

ts MC model Soil 1 (P = 100 kN/m)

ic poin

Fig. 277 Plast

ts MC model Soil 2 (P = 100 kN /m)

ic poin

Fig. 278 Plast
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11.3 Stiffness variation of the sheet pile wall - 3D
volume elements MC (Soil 1) vs 3D volume
elements MC (Soil 2)

11.3.1 Anchor forces

Comparison of the acting anchor force at each construction stage

100
90
80
70

60
50 3D-Volume Elements-E=2.1E7
0 kN/m?2 MC Soil 1

30 3D-Volume Elements-E=2.1E7

kN/m?2 MC Soil 2
20

10

Acting anchor force [kN/m]

Om 2m 4m 6m 8m

Excavation depth []

Fig. 279 Anchor force at each construction stage (E = 2.1E7 kN /m?)

Comparison of the acting anchor force at each construction stage

100
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60
50 —&—3D-Volume Elements-E=2.1E8
40 kN/m?2 MC Soil 1

30 —&—3D-Volume Elements-E=2.1E8
kN/m? MC Soil 2

Acting anchor force [kN/m]

20
10

Om 2m 4m 6m 8m

Excavation depth []

Fig. 280 Anchor force at each construction stage (E = 2.1E8 kN /m?)
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Comparison of the acting anchor force at each construction stage

100
90
80
70
60

50 —&—3D-Volume Elements-E=2.1E9
40 kN/m? MC Soil 1

30 —&—3D-Volume Elements-E=2.1E9
kN/m? MC Soil 2
20

10

Acting anchor force [kN/m]

Om 2m 4m 6m 8m
Excavation depth []

Fig. 281 Anchor force at each construction stage (E = 2.1E9 kN /m?)

11.3.2 Horizontal wall displacements wy,

Comparison of the horizontal wall displacements at each construction
stage

Horizontal wall displacements w;, [mm]
0 10 20 30 40 50

——3D-Volume Elements-E=2.1E7
kN/m? MC Soil 1

3D-Volume Elements-E=2.1E7
kN/m?2 MC Soil 2

Excavation depth [m]

00 N oo b W N P O

Fig. 282 Horizontal wall displacements at each construction stage (E = 2.1E7 kN /m?)

Comparison of the horizontal wall displacements at each construction
stage

Horizontal wall displacements w;, [mm]
0 10 20 30 40

—&—3D-Volume Elements-E=2.1E8
kN/m? MC Soil 1

—&—3D-Volume Elements-E=2.1E8
kN/m? MC Soil 2

Excavation depth [m]

0 N O 1 b W N L O

Fig. 283 Horizontal wall displacements at each construction stage (E = 2.1E8 kN /m?)
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Comparison of the horizontal wall displacements at each construction
stage

Horizontal wall displacements w;, [mm]

0 10 20 30 40 50

0

1
€, —e—3D-Volume Elements-E=2.1E9
< kN/m? MC Soil 1
a3
g —o—3D-Volume Elements-E=2.1E9
< 4 kN/m? MC Soil 2
&5
>
Se
w

7

8

Fig. 284 Horizontal wall displacements at each construction stage (E = 2.1E9 kN /m?)

11.3.3 Factors of Safety (FoS)

Table 30 FoS for all sheet pile wall stiffnesses

Factors of Safety (FoS)

Stiffness Sheet pile| 3D - Volume Elements 3D - Volume Elements
wall MC Soil 1 MC Soil 2
2.1 E7 kN/m? 1.34 1.20
2.1 E8 kN/m? 1.33 1.21
2.1 E9 kN/m? 1.33 1.21

11.3.4 Earth pressure distribution at the final excavation
stage

Comparison of the acting earth pressure on the sheet pile wall
Earth pressure [kN/m?]
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160

3D-Volume Elements-E=2.1E7 kN/m?
MC Soil 1

00 N O UL WN R O

Wall depth [m]

3D-Volume Elements-E=2.1E7 kN/m?
MC Soil 2

BoR e
N P O L

Fig. 285 Earth pressure on the sheet pile wall (E = 2.1E7 kN /m?)
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Comparison of the acting earth pressure on the sheet pile wall
Earth pressure [kN/m?]
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170
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E 4
= 5 ——3D-Volume Elements-E=2.1E8 kN/m?
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% 7 ——3D-Volume Elements-E=2.1E8 kN/m?
= 3 MC Soil 2

9
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Fig. 286 Earth pressure on the sheet pile wall (E = 2.1E8 kN /m?)

Comparison of the acting earth pressure on the sheet pile wall
Earth pressure [kN/m?]

0O 10 20 30 40 50 60 70 80 90 100 110 120 130 140

0
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= 3 MC Soil 2
9
10
11
12 —_—

Fig. 287 Earth pressure on the sheet pile wall (E = 2.1E9 kN /m?)
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11.3.5

Wall depth [m]

O 00 N O Ul B WN = O

Earth pressure distribution after the ¢ — ¢ reduction

Comparison of the acting earth pressure on the sheet pile wall
Earth pressure [kN/m?]
0 200 40 60 8 100 120 140 160 180 200

——3D-Volume Elements-E=2.1E7 kN/m?
MC Soil 1

3D-Volume Elements-E=2.1E7 kN/m?
MC Soil 2

——3D-Volume Elements-E=2.1E8 kN/m?
MC Soil 1

——3D-Volume Elements-E=2.1E8 kN/m?
MC Soil 2

——3D-Volume Elements-E=2.1E9 kN/m?
MC Soil 1

e
= O

——3D-Volume Elements-E=2.1E9 kN/m?
MC Soil 2

[
N

Fig. 288 Earth pressure on the sheet pile wall after the ¢ — ¢ reduction for all sheet

pile wall stiffnesses

11.3.6 Plots

Fig. 289

Total displacements u, (scaled up 100 times)
Maximum value = -5,055=10 2 m (Element 354 at Node 53935)
Minimum value = -0,01938 m (Element 46 at Node 504)

Deformed sheet pile MC model Soil 1 (E = 2.1E8 kN /m?)
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Total displacements u  (scaled up 50,0 times)
Mandimum value = -0,01632 m (Blement 354 at Node 53985)
Mnimum value = -0,04265 m (Element 7 at Node 47)

Fig. 290 Deformed sheet pile MC model Soil 2 (E = 2.1E8 kN /m?)

..........‘unl

Plastic points.
W Fallure point O Tension cut-off pont

Fig. 291 Plastic points MC model Soil 1(E = 2.1E8 kN /m?)
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DS

0 Tenson aut-off pont

W Fakse port

Fig. 292 Plastic points MC model Soil 2(E = 2.1E8 kN /m?)
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11.4 Variation of pre-stress force - 3D volume
elements HS (Soil 1) vs 3D volume elements HS
(Soil 2)

11.4.1 Anchor forces

Comparison of the acting anchor force at each construction stage

100
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80
70

60
50 —@— 3D-Volume Elements-0 kN/m HS
40 Soil 1

30 ——3D-Volume Elements-0 kN/m HS

Soil 2
20

10

Acting anchor force [kN/m]

Om 2m 4m 6m 8m

Excavation depth []

Fig. 293 Anchor force at each construction stage (P = 0 kN /m)

Comparison of the acting anchor force at each construction stage
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50 —4—3D-Volume Elements-100 kN/m HS
40 Soil 1

30 3D-Volume Elements-100kN/m HS

Soil 2
20

10

Acting anchor force [kN/m]

Om 2m 4m 6m 8m

Excavation depth []

Fig. 294 Anchor force at each construction stage (P = 100 kN /m)
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Comparison of the acting anchor force at each construction stage
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50 —&—3D-Volume Elements-150 kN/m HS
40 Soil 1

30 ——3D-Volume Elements-150 kN/m HS
Soil 2
20
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Acting anchor force [kN/m]

Om 2m 4m 6m 8m
Excavation depth []

Fig. 295 Anchor force at each construction stage (P = 150 kN /m)

11.4.2 Horizontal wall displacements wy,

Comparison of the horizontal wall displacements at each construction
stage

Horizontal wall displacements wy, [mm]

0 50 100 150
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1
é 2 —@—3D-Volume Elements-0 kN/m HS
< Soil 1
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2 —@— 3D-Volume Elements-0 kN/m HS
c 4 Soil 2
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w© 5
>
Se
w

7

8

Fig. 296 Horizontal wall displacements at each construction stage (P = 0 kN /m)
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Comparison of the horizontal wall displacements at each construction
stage

Horizontal wall displacements wy, [mm]

0 20 40 60 80 100 120 140

0

1
E 2 3D-Volume Elements-100 kN/m HS
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a3
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Fig. 297 Horizontal wall displacements at each construction stage (P = 100 kN /m)

Comparison of the horizontal wall displacements at each construction
stage

Horizontal wall displacements wy, [mm]

0 50 100 150
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Fig. 298 Horizontal wall displacements at each construction stage (P = 150 kN /m)

11.4.3 Factors of Safety (FoS)

Table 31 FoS for all pre-stress forces

Factors of Safety (FoS)
3D - Volume 3D - Volume Elements

Pre-stress force

Elements HS Soil 1 HS Soil 2
0 kN/m 1.32 1.21
100 kN/m 1.33 1.21

150/200 kN/m 1.33 1.21
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11.4.4

Fig. 299

Wall depth [m]

Wall depth [m]

Earth pressure distribution at the final excavation
stage

Comparison of the acting earth pressure on the sheet pile wall
Earth pressure [kN/m?]
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Earth pressure on the sheet pile wall (P = 0 kN /m)

Comparison of the acting earth pressure on the sheet pile wall
Earth pressure [kN/m?]
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Fig. 300 Earth pressure on the sheet pile wall (P = 100 kN /m)
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Fig. 301

11.4.5

Wall depth [m]

Wall depth [m]

O 00 N O U WN L O

Comparison of the acting earth pressure on the sheet pile wall
Earth pressure [kN/m?]
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Earth pressure on the sheet pile wall (P = 150 kN /m)

Earth pressure distribution after the ¢ — ¢ reduction

Comparison of the acting earth pressure on the sheet pile wall
Earth pressure [kN/m?]
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Fig. 302 Earth pressure on the sheet pile wall after the ¢ — ¢ reduction for all pre-

stress forces
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11.4.6 Plots

Total displacements u,, (scaled up 100 times)
Maximum value = 0,51?9'1.0'3 m (Element 354 at Node 53985)

Mnimum value = -0,01811 m (Element 7 at Node 47)

Fig. 303 Deformed sheet pile wall HS model Soil 1 (P = 100 kN /m)

S—

Total displacements u, (scaled up 20,0 times)
Maximum value -o,ms'm"mm: 354 at Node 53985)
Mirimum value = -0, 1418 m (Blement 7 at Node 47)

Fig. 304 Deformed sheet pile wall HS model Soil 2 (P = 100 kN /m)
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I

v ek bbb

W Failure point [ Tension cut-off pont.
¥ Cap point # Cap + hardening point
A Hardening point ¥ Liquefied point

Fig. 305 Plastic points HS model Soil 1 (P = 100 kN /m)

i,

O Tension cut-off pont
W Cap pont * Cap + hardering pont
A Harderng pont W Uiguesied pont

Fig. 306 Plastic points HS model Soil 2 (P = 100 kN /m)
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11.5 Stiffness variation of the sheet pile wall - 3D
volume elements HS (Soil 1) vs 3D volume elements
HS (Soil 2)

11.5.1 Anchor forces

Comparison of the acting anchor force at each construction stage
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Fig. 307 Anchor force at each construction stage (E = 2.1E7 kN /m?)

Comparison of the acting anchor force at each construction stage
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Fig. 308 Anchor force at each construction stage (E = 2.1E8 kN /m?)
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Comparison of the acting anchor force at each construction stage
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Fig. 309 Anchor force at each construction stage (E = 2.1E9 kN /m?)

11.5.2 Horizontal wall displacements wy,

Comparison of the horizontal wall displacements at each construction
stage

Horizontal wall displacements wy, [mm]

0 20 40 60 80 100 120 140

0

1
£ 2 —4&—3D-Volume Elements-E=2.1E7
s kN/m? HS Soil 1
a3
L 3D-Volume Elements-E=2.1E7
c4 kN/m? HS Soil 2
®5
=
5 6

7

8

Fig. 310 Horizontal wall displacements at each construction stage (E = 2.1E7 kN /m?)
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Comparison of the horizontal wall displacements at each construction
stage

Horizontal wall displacements w;, [mm]
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Fig. 311 Horizontal wall displacements at each construction stage (E = 2.1E8 kN /m?)

Comparison of the horizontal wall displacements at each construction
stage

Horizontal wall displacements wy, [mm]
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Fig. 312 Horizontal wall displacements at each construction stage (E = 2.1E9 kN /m?)

11.5.3 Factors of Safety (FoS)

Table 32 FoS for all sheet pile wall stiffnesses

Factors of Safety (FoS)
Stiffness Sheet 3D - Volume 3D - Volume
pile wall Elements HS Soil 1| Elements HS Soil 2
2.1 E7 kN/m? 1.33 1.21
2.1 E8 kN/m? 1.32 1.21
2.1 E9 kN/m? 1.33 1.21
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11.5.4

Wall depth [m]

Earth pressure distribution at the final excavation
stage

Comparison of the acting earth pressure on the sheet pile wall
Earth pressure [kN/m?]
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Fig. 313 Earth pressure on the sheet pile wall (E = 2.1E7 kN /m?)

Wall depth [m]

Comparison of the acting earth pressure on the sheet pile wall
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Fig. 314 Earth pressure on the sheet pile wall (E = 2.1E8 kN /m?)
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Comparison of the acting earth pressure on the sheet pile wall
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Fig. 315 Earth pressure on the sheet pile wall (E = 2.1E9 kN /m?)

11.5.5 Earth pressure distribution after the ¢ — ¢ reduction

Comparison of the acting earth pressure on the sheet pile wall
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Fig. 316 Earth pressure on the sheet pile wall after the ¢ — ¢ reduction for all sheet pile

wall stiffnesses
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11.5.6 Plots

Total displacements u  (scaled up 50,0 times)
Maximum value = 1,276*10 > m (Element 354 at Node 53985)
Minimum value = -0,03547 m (Element 7 at Node 47)

Fig. 317 Deformed sheet pile HS model Soil 1 (E = 2.1E8 kN /m?)

—

Total displacements u, (scaled up 20,0 times)
Maximum vaiue -D,ms'm"m{ﬁumt:nnmdesms)
Mnimum value = -0, 1418 m (Bement 7 at Node 47)

Fig. 318 Deformed sheet pile HS model Soil 2 (E = 2.1E8 kN /m?)
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W Failure point. 0 Tension cut-off pont
¥ Cap point # Cap + hardening point
A Hardening point ¥ Liquefied pont
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Fig. 320 Deformed sheet pile HS model Soil 2 (E = 2.1E8 kN /m?)
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