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Preface

This edition follows in the footsteps of the well-known and universally acclaimed book Spund-
wand-Handbuch Berechnungen by Klaus Lupnitz dating from 1977. The preface to that
book contained the following words: “This edition of the Sheet Piling Handbook is intended
to provide an outline of the fundamentals and analysis options for the design of sheet piling
structures. The theory is mentioned only where this is essential for understanding.”

A revision has now become necessary because the state of the art has moved on considerably
over the past 30 years. Changes have been brought about by the latest recommendations of the
Committee for Waterfront Structures (EAU 2004), the new edition of DIN 1054 with the latest
modifications from 2005, and the recently published recommendations of the Committee for
Excavations (EAB 2006). Common to all of these is the new safety philosophy based on the
partial safety factors concept.

In particular, the sample calculations enable users to become quickly familiar with the new
standards and recommendations. The Sheet Piling Handbook should continue to serve as a
standard work of reference for engineering students and practising engineers.

I should like to thank Jan Diihrkop, Hans Hiigel, Steffen Kinzler, Florian K&nig and Klaus-
Peter Mahutka for their assistance. This book was produced in close cooperation with the
staff of ThyssenKrupp GfT Bautechnik, and I should like to thank Messrs. Drees, Stiiber,
Kubani, Potchen, Haase, Liitkenhaus, Schletz and Schmidt of ThyssenKrupp GfT Bautechnik
plus Messrs. Petry and Billecke of HSP.

Philip Thrift from Hannover produced the English translation.

Hamburg, July 2008

Jiirgen Grabe
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Nomenclature

Greek symbols

« Reduction coefficient; factor for adapting embedment depth; angle of wall
6] Slope of ground

Ae Change in earth pressure ordinate

Ah Difference in hydraulic head

At Driving allowance

Aw Hydrostatic pressure difference

o Angle of wall friction

0ij Deformation at point ¢ due to action j

7 Adjustment factor

y Unit weight

~ Averaged unit weight

v Submerged unit weight of soil

Vi Saturated unit weight of soil

Yuw Unit weight of water

Yo Partial safety factor for coefficient of friction tan ¢
Ya Partial safety factor for resistance of grout

vB Partial safety factor for pull-out resistance of flexible reinforcing elements
Yeu Partial safety factor for cohesion of undrained soil
Ve Partial safety factor for cohesion

XI



XII

YE0g
YEp
VG dst
VG, stb
VG
VGr
gle
YH
M

TN

YPc
VPt

TP

YQ,dst
7Q

Yz

Pd

Ps

NOMENCLATURE

Partial safety factor for permanent actions due to steady-state earth pressure
Partial safety factor for passive earth pressure

Partial safety factor for unfavourable permanent loads at limit state LS 1A
Partial safety factor for favourable permanent loads at limit state LS 1A
Partial safety factor for resistance to sliding

Partial safety factor for resistance to ground failure

Partial safety factor for general permanent actions

Partial safety factor for actions due to flow

Partial safety factor for material strength

Partial safety factor for the pull-out resistance of the steel tension member of a grouted
anchor

Partial safety factor for pile compression resistance during pile loading test
Partial safety factor for pile tension resistance during pile loading test

Partial safety factor for pile resistance to tension and compression based on empirical
values

Partial safety factor for unfavourable variable actions at limit state LS 1A
Partial safety factor for unfavourable variable actions
Partial safety factor for tension piles

Wavelength

Wavelength of surface wave

Degree of utilisation

Compressibility coefficient

Exciting frequency

Compressibility exponent

Oven-dry density

Particle density

Stress

Vertical stress in soil



NOMENCLATURE

ol Effective vertical stress in soil
T Shear stress

Ti—0 Degree of fixity

€ Compression

€ Angle of end tangent

Eu Minimum elongation at failure
® Angle of friction

Oy Undrained angle of friction

U Angle of slip plane

13 Length component

Latin symbols

a
aa
Ay

Ak,emist

Aposs

vl

Cfu

Cfv

Crv

Length
Anchor spacing

Bearing area

Energy absorption capacity of a dolphin

Possible anchor force when verifying lower slip plane

Cross-sectional area

Resultant reaction

Cohesion force; factor for method of driving; BLUM equivalent force

XIII

Cohesion; ground wave propagation velocity; change in load below point of zero

loading; spring constant for design of elastic dolphins

Compression coefficient

Undrained shear strength in vane shear test
Maximum shear resistance in vane shear test
Horizontal component of BLUM equivalent force

Residual shear resistance in vane shear test
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Cy

Emin

ph,mob

Jro1
Jfu
fy

NOMENCLATURE

Undrained cohesion

In situ density

Degree of damping

Thickness of stratum

Particle diameter for 60% or 10% passing through sieve
Elastic modulus

Resultant earth pressure force

Earth pressure ordinate

Minimum earth pressure ordinate

Void ratio

Design value for general action effect

Modulus of compressibility

Mobilised three-dimensional passive earth pressure
Three-dimensional passive earth pressure

Ordinate of three-dimensional earth pressure
Frequency

Horizontal deflection of dolphin at the level of the point of force application
Maximum dolphin deformation

Dynamic force

Static force

Skin friction in cone penetrometer test

Hydrodynamic pressure

Force of ship impact

Stress in steel tension member at 0.1% permanent strain
Tensile strength

Yield strength

Weight



NOMENCLATURE

D?‘QD‘Q

hsum

o N |

o~ o~
<

=

Nio

e

du

Acceleration due to gravity

Hydraulic head

Height

Depth ordinate when determining embedment length of dolphins
Vertical seepage path

Cantilever length of dolphin

Total length of dolphin

Second moment of area

Hydraulic gradient

Consistency index

Relative in situ density

Plasticity index

Coefficient of active earth pressure
Averaged coefficient of active earth pressure
Coefficient of permeability

Length

Minimum anchoring length

Bending moment

Mass; factor after BLUM

Normal force

Porosity; number of potential lines; factor after BLUM
Number of blows per 10 cm penetration
Force; power

Variable ground surcharge

Shear force; reaction due to friction

Toe resistance for cone penetrometer test

Unconfined compressive strength



XVI NOMENCLATURE

qs Skin friction

R Distance to source of vibration

Ry Design value for general resistance

Ry Friction ratio

Ry Material resistance

Ry Toe resistance

Tu Distance between centre of gravity of eccentric mass and centre of rotation

Hydrodynamic force

T Shear force

t Embedment depth; time

U Perimeter of cross-section; uniformity coefficient; force due to hydrostatic pressure
u Point of zero load

v Flow velocity

v Amplitude of oscillation velocity

V General vertical force

w Water content; energy of a source of vibration; hydrostatic pressure
w’ Rotation

wr, Water content at liquid limit

wp Water content at plastic limit

Wy Excess hydrostatic pressure

W, Moment of resistance

x Variable after BLUM

A Tensile strength of anchor

z Depth

2g Geodesic head

Zp Hydraulic head

2y Velocity head



NOMENCLATURE

Indices

0 steady-state pressure

a active

c due to cohesion

d design value

h horizontal component
g due to permanent loads
k characteristic value

P due to variable loads

P passive

H due to horizontal line load
V due to vertical line load
v vertical component
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Chapter 1

Introduction

The history of sheet piling goes back to the beginning of the last century. The book Ein Produkt
erobert die Welt — 100 Jahre Stahlspundwand aus Dortmund (A product conquers the world —
100 years of sheet pile walls from Dortmund) describes the success story of sheet piling. The
story is closely linked with Tryggve Larssen, government building surveyor in Bremen, who
invented the sheet pile wall made from rolled sections with a channel-shaped cross-section. In
1902 the so-called LARSSEN sheet piles — known as such from this date onwards — were used
as a waterfront structure at Hohentorshafen in Bremen — and are still doing their job to this day!

Since then, LARSSEN sheet piles have been manufactured in the rolling mill of HOESCH
Spundwand und Profil GmbH.

Over the years, ongoing developments in steel grades, section shapes and driving techniques
have led to a wide range of applications for sheet piling. The applications include securing ex-
cavations, waterfront structures, foundations, bridge abutments, noise abatement walls, highway
structures, cuttings, landfill and contaminated ground enclosures, and flood protection schemes.

The main engineering advantages of sheet pile walls over other types of wall are:

o the extremely favourable ratio of steel cross-section to moment of resistance,
e their suitability for almost all soil types,

e their suitability for use in water,

o the fast progress on site,

e the ability to carry loads immediately,

o the option of extracting and reusing the sections,

o their easy combination with other rolled sections,

e the option of staggered embedment depths,

o the low water permeability, if necessary using sealed interlocks, and

e there is no need for excavations.
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Thanks to the aforementioned engineering advantages, plus their functionality, variability and
economy, sheet pile walls have become widely acknowledged and frequently used components
in civil and structural engineering projects worldwide.

Chapter 2 provides an overview of the most common sections and interlocks. Detailed infor-
mation about the HSP sections available can be found in the Sheet Piling Handbook published
by ThyssenKrupp GfT Bautechnik. This chapter also includes information on the relevant steel
properties, the stress-strain behaviour, steel grade designations, suitability for welding and cor-
rosion. The main driving techniques with their advantages and disadvantages are outlined, and
publications containing further information are mentioned.

Chapter 3 describes briefly the field and laboratory investigations required when considering the
use of sheet piling and includes the characteristic soil parameters from EAU 2004 as a guide.
Of course, the publications referred to plus the valid standards and directives must be taken into
account.

Geotechnics must always take account of the effects of water. Chapter 4 therefore explains the
basics of water flows, hydrostatic and hydrodynamic pressures, and hydraulic ground failure.

Chapter 5 deals with earth pressure. Reference is made to the classic earth pressure theory of
Coulomb, the calculation of earth pressures according to current recommendations and stan-
dards, the consideration of special boundary conditions and earth pressure redistribution. Earth
pressure calculations are explained by means of examples.

Chapter 6 first outlines the safety concept according to DIN 1054:2005-01 and EAU 2004,
which is based on the partial safety factor concept of Eurocode 7. The special feature in the
calculation of sheet pile walls is that the earth pressure can act as both action and resistance.
First of all, the engineer chooses the structural system for the sheet pile wall, e.g. sheet pile wall
with one row of anchors, fixed in the ground. The required length of the sheet piles, the anchor
forces and the actions on the cross-section necessary for the design are then determined from
the equilibrium and support conditions. The calculation and design procedure are explained by
means of simple examples.

Chapter 7 provides an overview of current types of anchors, e.g. anchor piles, grouted anchors,
tie rods and retractable raking piles. The most important methods of analysis are explained
using two examples.

DIN 1054:2005-01 also requires a serviceability analysis (limit state LS 2). The principal op-
tions here are the method using the modulus of subgrade reaction (please refer to the Recom-
mendations of the Committee for Excavations, EAB 2006), and the Finite Element Method
(FEM). The latter has in the meantime become firmly established in practice thanks to the
availability of ever-better computer programs. The experiences gained with FEM and recom-
mendations for its use in the design of retaining wall structures can be found in chapter 8. An
example explains the principal steps entailed in the modelling work and the interpretation of the
results.

Chapter 9 deals with dolphins.

The choice of section depends not only on the design, but also on the transport and the method
of driving the section into the subsoil, the corrosion requirements and, possibly, multiple use
considerations. Chapter 10 provides helpful information in this respect.

All that remains to be said at this point is that this sheet piling manual can offer only a brief,



incomplete insight into the current state of the art regarding the engineering, design and con-
struction of sheet pile walls. No claim is made with respect to correctness and completeness;
ThyssenKrupp GfT Bautechnik will be pleased to receive notification of any omissions and
corrections.
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Chapter 2

Sheet pile walls

2.1 Sections and interlocks

Fig. 2.1 shows a steel sheet pile wall made from LARSSEN U-sections and a wall made from
Z-sections with off-centre interlocks.

Figure 2.1: Steel sheet pile walls made from U-sections (left) and Z-sections (right) plus details
of their interlocks

Straight-web sections (Fig. 2.2) have a high interlock strength for accommodating tensile forces.
Applications include, for example, cellular cofferdams.

@ Cy

—~—

Figure 2.2: Steel sheet pile wall made from straight-web sections plus detail of interlock

The interlocks of a sheet pile join together the individual piles to form a complete wall. As
the interlocks of U-sections lie on the neutral axis and hence coincide with the maximum shear
stresses, the full moment of resistance may only be used in the case of welded or crimped in-
terlocks. When using welded/crimped interlocks, the maximum permissible bending moment
is two to three times that of a single sheet pile.
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The driving work calls for a certain amount of play in the interlocks and so these joints be-
tween the sheet piles are not watertight. Owing to their convoluted form, however, water seep-
ing through the joint does have to negotiate a relatively long path. Ultra-fine particles in the
soil accumulate in the interlocks over time, which results in a “self-sealing” effect, which is
augmented by corrosion. According to EAU 2004 section 8.1.20.3 (R 117), in walls standing
in water this natural sealing process can be assisted by installing environmentally compatible
synthetic seals. If a sheet pile wall is required to be especially watertight, the interlocks can be
filled with a permanently plastic compound or fitted with a preformed polyurethane interlock
seal. The materials used exhibit high ageing and weathering resistance plus good resistance to
water, seawater and, if necessary, acids and alkalis. Polyurethane interlock seals are factory-
fitted to the interlocks of multiple piles and the joints threaded on site are sealed with further
preformed polyurethane seals.

Interlocks can be sealed with bituminous materials to achieve a watertight joint. Such mater-
ials can be applied in the works or on site. The watertightness is achieved according to the
displacement principle: excess sealant is forced out of the interlock when threading the next
pile.

Driving the sheet piles with an impact hammer places less load on the seals because the move-
ment takes place in one direction only. The load on polyurethane seals in piles driven by vibra-
tion is greater because of the friction and the associated temperature rise. The permeability of a
sheet pile wall joint can be estimated using DIN EN 12063 appendix E.

Welding the interlocks achieves a completely watertight sheet pile wall. In the case of mul-
tiple piles, the interlocks are factory-welded, which means that only the remaining interlocks
between groups of sheet piles have to be welded on site. Such joints must be cleaned and dried
before welding.

Sheet pile walls can also be sealed by hammering in wooden wedges, which then swell when
in water. Rubber or plastic cords together with a caulking compound with swelling and setting
properties can also be used.

When a sheet pile no longer interlocks properly with its neighbour, this is known as declutching.
Interlock damage cannot be ruled out completely even with careful driving. EAU 2004 section
8.1.13.2 (R 105) recommends checking for declutching to increase the reliability of sheet pile
walls. Visual inspections can be carried out for the part of the sheet pile wall still visible after
driving, but signal transmitters must be used for those parts of the wall that are buried or below
the waterline, and especially in those cases where a high watertightness is critical, e.g. enclo-
sures to landfill or contaminated land.

Fig. 2.3 shows various combination sheet steel pile walls made from single or double PSp pile
sections with intermediate panels.

In such structures the sheet pile walls transfer the loads due to earth and water pressure to the
piles, and this enables heavily loaded retaining walls, e.g. quay walls, to be built.
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PZi intermediate pile section

Intermediate‘sheet pile (LARSSEN triple‘ pile section)

SZB
Stiffeners T
|/ i LARSSEN box pile i
STB

s,s = System dimension, intermediate sheet piles
st = System dimension, main pile sections

LARSSEN ftriple sheet pile

Main pile
(tubular steel pile)

Figure 2.3: Examples of combination steel sheet pile walls
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2.2 Properties of steel

Steel is a homogeneous building material whose load-deformation behaviour is characterised by
an elastic portion and considerable plastic reserves. In addition, there is its favourable strength-
to-weight ratio. The tensile strength of steel ranges from 300 N/mm? for simple mild steels up
to 2000 N/mm? for prestressing steels.

2.2.1 Stress-strain behaviour

Fig. 2.4 shows a representative stress-strain diagram for steel. The elastic range depends on the
grade of steel. The elastic modulus is the same for all types of steel: Fy.e; = 210 000 N/mm?.
The yield strength f, is the value at which the stress remains constant or drops or exhibits a
permanent strain of 0.2% after removing the load. If the load is increased further, a maximum
stress is reached, which is designated the tensile strength f,. Generally speaking, an increase
in the strength involves a decrease in the deformation capacity of the steel.

Stress 4

fu

fy- N

Strain

Figure 2.4: Representative stress-strain diagram for steel

The resistance of a sheet pile wall has to be verified according to DIN EN 1993-5. The method
of analysis is based on the partial safety factor concept. The design value of the internal forces
Sq must be compared with the design value of the section’s resistance [4:

Sq < Ry (2.1)

The design value of the internal forces depends on DIN 1054 or DIN EN 1997-1 (see also
chapter 6). When determining the design value of the section’s resistance R, the yield strength
f, must be reduced by the partial safety factor v,; = 1.1 according to DIN EN 1993-5.

2.2.2 Designation of steel grades

Hot-rolled steel sheet piles must comply with DIN EN 10248. Table 2.1 lists various hot-rolled
steel grades for sheet piles; steel grades S 270 GP and S 355 GP are generally used. The choice
of steel grade depends on structural aspects, the method of driving selected, the embedment
depth and the ground conditions.
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Table 2.1: Steel grades for hot-rolled steel sheet piles and their characteristic mechanical prop-
erties to DIN EN 10248-1

Steel grade | Min. tensile strength | Min. yield strength | Min. elongation at failure
fu[N/mm?] [y [IN/mm?] eyl %]
S 240 GP 340 240 26
S 270 GP 410 270 24
S 320 GP 440 320 23
S 355 GP 480 355 22
S 390 GP 490 390 20
S 430 GP 510 430 19

The characteristic mechanical properties of cold-worked steel sheet piles according to DIN
EN 10249-1 are shown in table 2.2. These sheet piles are used, for example, when a lightweight
section is required or for trench sheeting.

Table 2.2: Steel grades for cold-worked steel sheet piles and their characteristic mechanical
properties to DIN EN 10249-1

Steel grade | Min. tensile strength | Min. yield strength | Min. elongation at failure
fu[N/mm?] fyp IN/mm?] £,[%]
S 235JR 340 235 26
S 275JR 410 275 22
S 355J0C 490 355 22

2.2.3 Suitability for welding

Welding involves fusing together two identical or very similar steels to form one homogenous
component, and this is done by melting them together at their interface through liquefaction or
plastic deformation. This can be carried out with or without the addition of another material.
Arc welding is a very common method (manual metal-arc welding, shielded metal-arc welding).
In this method an electric arc is generated between an electrode, which supplies the welding
material, and the component. The suitability for welding depends not only on the material, but
also on its shape, the dimensions and the fabrication conditions. Killed steels should generally
be preferred.

According to EAU 2004 section 8.1.6.4 (R 67), and taking into account general welding speci-
fications, arc welding can be used for all the grades of steel used for sheet piles. The building
authority approvals must be adhered to for high-strength steel grades S 390 GP and S 430 GP.
In addition, the carbon equivalent CEV should not exceed the value for steel grade S 355 to
DIN EN 10025 table 4 if welding is to be employed.

Furthermore, EAU 2004 section 8.1.6.4 (R 67) recommends using fully killed steels of the
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J2 G3 or K2 G3 groups to DIN EN 10025 in special cases, e.g. where plastic deformation due
to heavy driving is expected, at low temperatures, in three-dimensional stress conditions and
when the loads are principally dynamic, because of the better resistance to embrittlement and
ageing required. Welding electrodes conforming to DIN EN 499, DIN EN 756 and DIN EN 440
or the specification of the supplier should be selected. According to EAU 2004 section 8.1.18.2
(R 99), basic electrodes or filler materials with a high basicity should generally be used.

Table 2.3 provides general information about the selection of suitable electrodes according to
DIN EN 499.

Table 2.3: Welding electrodes for manual metal-arc welding to DIN EN 499 for steel grades
S 240 GP to S 355 GP

Applications Welding electrode/ | Properties
standard designation

Site welding: e.g. E420RC 11 Rutile/cellulose-coated electrode. For
welding of interlocks most applications. Particularly suitable
in non-ideal position for tack welds; good gap-filling ability;

welding positions: w,h,s,q,i,f
Factory and site E380RA 12 Rutile/acid-coated electrode with fine-
welding: butt and drop-type material transition.
fillet welds Particularly suitable for fillet welds,

acute angles and rusty workpieces; high
current-carrying performance;
welding positions: w,h,s,q,l

Factory and site E 42 5 BA32 HS Basic-covered electrode with high demands
welding: heavily loaded on toughness and crack prevention; good
welds in structures welding properties in non-ideal positions;
with risk of cracking; welding positions: w,h,s,q,l

butt and fillet welds

2.2.4 Corrosion and service life

The service life of a sheet piling structure is to a large extent dependent on the natural process
of corrosion. Corrosion is the reaction of the steel to oxygen and the associated formation
of iron oxide. Therefore, a continuous weakening of the sheet piling cross-section necessary
for the stability of the wall takes place over several years. This weakening must be taken
into account when analysing the serviceability and the ultimate load capacity. For corrosion
in the atmosphere, i.e. without the effects of water or splashing water, a corrosion rate of
approx. 0.01 mm/a is low. Also very low is the corrosion rate (on both sides) of sheet pile walls
embedded in natural soils, which is also approx. 0.01 mm/a (EAU 2004 section 8.1.8.3, R 35).
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The reason for this is the exclusion of oxygen. The same corrosion rate can be expected on
sheet pile walls backfilled with sand. However, in this case it must be ensured that the troughs
of the sections are filled completely with sand. A coating with a high protective effect forms in
calcareous water and soils with a calcium carbonate content. Aggressive soils, e.g. humus, or
aggressive groundwater should not be allowed to come into contact with the surface of a sheet
pile wall. Furthermore, corrosion of the sheet piling can be promoted by bacteria in the soil.

Considerably more severe corrosion can be expected in hydraulic structures, which is, however,
not evenly distributed over the full height of the structure. Fig. 2.5, in accordance with EAU
2004 section 8.1.8 (R 35), illustrates the corrosion zones using the North Sea and Baltic Sea
as examples. The greatest weakening of the wall thickness and hence the resistance of the
component takes place in the low water zone. When designing a sheet pile wall, care should be
taken to ensure that the maximum bending moments do not occur at the same level as the main
COITrosion zones.

NORTH SEA BALTIC SEA”
Wall thickness Height zone Wall thickness Height zone
Splashing '
water zone ) Splashing
(Spwa) 2 water zone
; (Spw2)
Intertidal zone . € 7
(WW2) I
T Low water zone
: (LWz)
Low water zone T
(LWz)
Permanent
p : immersion zone
) erm_anent (UW2)
: immersion zone
" bottom W) ! bottom
: hvd n v

Valso applicable to inland waters

Figure 2.5: Qualitative diagram of the corrosion zones for steel sheet piling using the North
Sea and Baltic Sea as examples (EAU 2004)

EAU 2004 includes diagrams in section 8.1.8.3 (R 35) with which the weakening of the wall
thickness due to corrosion can be calculated (Fig. 2.6). Using these diagrams, sheet pile walls
can be designed for the mean and maximum losses in wall thickness if no wall thickness mea-
surements are available from neighbouring structures. The areas shaded grey in the diagrams
represent the scatter for structures investigated hitherto. To avoid uneconomic forms of con-
struction, EAU 2004 recommends using the measurements above the regression curves only
when local experience renders this necessary. For structures located in briny water, i.e. in areas
in which freshwater mixes with seawater, the reduction in wall thickness can be interpolated
from the diagrams for seawater and freshwater.

According to current knowledge, adding a coating to the sheet piles can delay the onset of



12 CHAPTER 2. SHEET PILE WALLS

10 10
a) Mean values b) Maximum values
~ 8 ~ 8
g g
E 6 £ 6-
2 e
1§ 4 - -§ 4 - LWz
x UWz + SpWz x UWz + SpWz
2 2
LWz
0 B I I I I I 0 I I I I I
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Service life [years] Service life [years]
20 20
a) Mean values b) Maximum values
16 16
~ ~
g g
& 12 - £ 12 - LWz
> o)
S g - S g - SpWz
§ UWz, WWz, SpWz é
4 LWz 4 Wwz + UWz
0 I I I I I 0 I I I I I
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Service life [years] Service life [years]

Figure 2.6: Decrease in thickness of sheet pile walls in freshwater (top) and seawater (bottom)
due to corrosion (EAU 2004)
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corrosion by more than 20 years. One way of virtually eliminating corrosion below the waterline
is to employ an electrolytic method in the form of a sacrificial anode. Another way of achieving
protection against corrosion is to overdesign the sections, but in this case an economic analysis
must be carried out first.

2.3 Driving sheet pile walls

Sheet pile walls can be threaded into precut trenches, or pressed, impact-driven or vibrated into
position. Threading and pressing do not involve any knocks or shocks, which is a complete
contrast to impact driving and vibration methods. In difficult soils, the driving can be eased by
pre-drilling, water-jetting, pre-blasting or even by replacing the soil.

When driving sheet pile walls, it is possible for the sheet piles to start leaning forwards or
backwards with respect to the direction of driving (Fig. 2.7). Forward lean is caused by friction
in the interlocks and by compaction of the soil while driving the previous sheet pile. The driving
force is transferred to the pile concentrically, but the reaction forces are distributed unevenly
across the sheet pile. Backward lean can occur in dense soils if the previous sheet pile has
loosened the soil. To prevent leaning of sheet piles, they should be held in a guide frame or
trestle. Vertical alignment during driving can be impaired by obstacles in the soil or hard strata
at unfavourable angles.

Backward lean Forward lean

RYZOANN

X

,//\T\/T//\T\//)\//\B\\/\/X//\‘X RS2 //T//T/\]\///]”//T/\T//]*//\/k\///«/

Driving direction Driving direction

Figure 2.7: Sheet pile sections exhibiting backward lean (left) and forward lean (right)

2.3.1 Threading piles into precut trenches

This method can be used in almost any soil. To do this, a trench must be excavated or holes
drilled in the ground first, which are then filled with a suspension. If necessary, the sheet piles
can be subsequently driven to their full depth.
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2.3.2 Pressing

Pressing is used primarily when there are severe restrictions placed on noise and vibration. This
is mostly the case in residential districts, very close to existing buildings and on embankments.
In contrast to driving using impact hammers and vibration techniques, the sheet piles are simply
forced into the ground using hydraulic pressure. Noise and vibration are therefore kept to a
minimum. We distinguish between pressing plant supported from a crane, plant guided by a
leader and plant supported on the heads of piles already driven.

In the first method, a crane lifts the pressing plant onto a group of piles which are then pressed
into the ground by means of hydraulic cylinders (Fig. 2.8). To do this, the hydraulic cylinders
are clamped to each individual sheet pile. At first, the self-weight of the pressing plant and the
sheet piles themselves act as the reaction to the pressing force. As the sheet piles are driven
further into the ground, it is increasingly the skin friction that provides the reaction. Both U-
and Z-sections can be pressed, and the method can also be used to extract sheet piles.

Pressing
ij frame

Hydraulic
| I I O . | ] cylinder

=d= = T T T Pressing
N # force
~ 2000 kN

VAN Clamp fixing

Sheet pile

Figure 2.8: Pile-pressing using crane-supported pressing plant (BUJA, 2001)

The leader-guided method (Fig. 2.9) works similarly to the crane-supported method. However,
the setup is lighter. Owing to the relatively low pressing forces, the leader-guided method is
primarily used for lightweight sections and in loose to medium-dense soils.

Leader

Leader guide__

A Hydraulic cylinder

L ~ Cylinder travel 450 mm
~ Compressive force 600 kN
~ Tensile force 380 kN

1 "
— 1 11

(;Iamp fixjgg

Sheet pile

Figure 2.9: Pile-pressing using the leader-guided method (BuJA, 2001)
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Fig. 2.10 shows the principle of pile-pressing with plant supported on the sheet piles already
driven. In this method, only a single sheet pile is pressed into the ground in each pressing
operation. The self-weight and the sheet piles already driven provide the reaction. The pressing
plant moves forward on the wall itself to each next pressing position as the wall progresses.
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1 Clamp fixing for pile being driven Compressive force:  max. 1500 kN
2 Pressing unit Tensile force: max. 1500 kN
4 Saddle Travel: 1000 mm
5 Spreader Operating pressure: ~ max. 380 bar
6 Clamp fixings for reaction piles Inclination angle: +66°
7 Rear support Rear reaction force:  max. 1300 kN
Driving speed: 4-16 cm/s

Extracting speed: 4-25cm/s

Figure 2.10: Pile-supported pressing system Silent Piler

2.3.3 Impact driving

Impact driving involves driving the sheet piles into the ground with a succession of hammer-
blows (Fig. 2.11). A timber driving cap is usually placed between the hammer and the sheet
pile. We distinguish between slow- and rapid-action systems. Slow-action plant such as drop
hammers and diesel hammers is primarily used in cohesive soils so that the ensuing pore water
pressure has time to dissipate between the individual blows. In a drop hammer, a weight is
lifted mechanically and then allowed to fall from a height 4. Modern drop hammers operate
hydraulically. The number of blows can be set as required between 24 and 32 blows per minute.
The drop height of a diesel hammer is determined by the explosion of a diesel fuel/air mixture
in a cylinder. Depending on the type of hammer, the weight is either allowed to drop freely onto
the driving cap or instead the weight can be braked on its upward travel by an air buffer and then
accelerated on its downward travel by a spring. Using this latter technique, 60—100 blows per
minute are possible, whereas with the non-accelerated hammer the figure is only 36—60 blows
per minute. Rapid-action hammers are characterised by their high number of blows per minute:
between 100 and 400. However, the driving weight is correspondingly lighter. Rapid-action
hammers are driven by compressed air and the weight is accelerated as it falls.

The head of the sheet pile can be overstressed during impact driving if the hammer is too small
or the resistance of the ground is too great. Possible remedies are to strengthen the head or use a
larger hammer. In the case of a high ground resistance, excessive driving force or an incorrectly
attached driving cap, the pile can buckle below the point of impact. To avoid this, use thicker
sections or loosen the ground beforehand.
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Figure 2.11: Principle of impact driving

2.3.4 Vibratory driving

Vibratory driving is based on the harmonic excitation of the sheet pile. This causes a redis-
tribution of the soil and reduces the friction between soil and sheet pile, also the toe resistance.
Local liquefaction of the soil may also take place at the boundary layer between sheet pile and
soil, and this also leads to a decrease in the driving resistance. One advantage of vibration is
that the same plant can be used for driving and also for extracting sheet piles.

The harmonic excitation is generated by eccentric weights in the vibrator (Fig. 2.12). The
isolator prevents the oscillations being transmitted to the pile-driving plant as the eccentric
weights rotate. The sheet pile is loaded by a static force due to the self-weight of the vibrator
and, if necessary, by an additional leader-guided prestressing force. The maximum centrifugal
force F is

Fy = myr, 02 (2.2)

In this equation, m,, is the mass of the eccentric weights, r, is the distance of the centre of
gravity of the eccentric weights to the point of rotation, and (2 is the exciter frequency. The
product of m,, and r,, is also known as a static moment.

Vibrators can be mounted on the head of the sheet pile, suspended from an excavator or crane
or also guided by leaders. Vibrators are driven hydraulically and with modern vibrators it is
possible, for a constant centrifugal force, to adjust the frequency, and hence the static moment,
to suit the soil properties in order to achieve optimum driving progress.
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Figure 2.12: Principle of vibratory driving

The acceleration and braking of the eccentric weights is critical in vibratory driving because
in doing so they pass through the low frequencies and thus excite the natural frequencies of
buildings (approx. 1-5 Hz) and suspended floors (approx. 8—15 Hz). These days, vibrators are
therefore in the position of being able to accept the maximum r.p.m. initially and then generate a
variable (from zero to maximum) imbalance moment by rotating the eccentric weights. Further-
more, there are systems that permit online monitoring of the oscillation velocities at measuring
points close by. The vibrator operator, in conjunction with variable imbalance, is therefore in
the position of being able to react to unacceptably high oscillation velocities by changing the
imbalance amplitude or frequency.

2.3.5 Vibrations and settlement

The use of impact driving and vibratory driving causes ground vibrations that propagate in the
subsoil. Besides possibly causing damage to neighbouring buildings through vibrations, there
may be a risk of compacting the soil at some distance from the sheet pile, which can lead to
settlement. This risk is particularly problematic in the case of long-term, repetitive vibration
effects on buildings founded on loosely packed, uniform sands and silts. Liquefaction of the
soil is another risk: the build-up of pore water pressure due to dynamic actions causes the soil
to lose its shear strength briefly and hence its bearing capacity. Impact driving causes vibrations
in the ground which, however, quickly dissipate after each blow.

Vibrations in the ground propagate in the form of different types of waves. Fig. 2.13 shows
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the wave types recognised in elastodynamics. We distinguish between body waves (compres-
sion and shear waves) and surface waves (Rayleigh waves). In stratified soils, additional shear
waves, called Love waves after A.E.H. Love, occur at the boundaries between the strata.

Circular footing

0.5 T €5
—

' :'-Relative
amplitude

— Direction of propagation
<= Movement of particles

Figure 2.13: Propagation of vibrations in an elastic half space (WOODS, 1968)

Excessive vibrations can damage buildings. If the source of the vibrations is near ground level,
the propagation of the vibrations in the ground is primarily by way of Rayleigh waves. Accord-
ing to DIN 4150-1, the decrease in the oscillation velocity amplitude v [mm/s] in the far-field
can be estimated using the following equation:

v=1 {%} : exp[—a(R — Ry)] (2.3)

where

vp; = amplitude of oscillation velocity in mm/s at distance R;

R, =reference distance in m

R = distance from source

n = an exponent that depends on type of wave, source geometry and type of vibration
a =decay coefficient in m™', a ~ 27D/

D = degree of damping

A =critical wavelength inm, A\ = ¢/ f

¢ = wave propagation velocity in m/s

f =frequency in Hz
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Table 2.4: Guide values for oscillation velocity which can be used to assess the effects of tran-
sient vibrations on structures according to DIN 4150-3

Guide values for maximum oscillation velocity v; in mm/s

Line Type of building Foundation Topmost floor
frequencies level, horizontal
1-10 Hz | 10-50 Hz | 50-100 Hz*) |  all frequencies
1 Commercial, industrial 20 20 to 40 40 to 50 40

and similarly
constructed buildings

2 | Residential buildings 5 S5to 15 15 to 20 15
and other buildings
with similar
construction and/or
uses

3 Buildings that owing 3 3t08 8to 10 8
to their particular
sensitivity to
vibration cannot be
classed under those

buildings of lines 1
and 2 and are
particularly worthy of
conservation (e.g.
protected by
preservation orders)

*) The guide values for 100 Hz may be used as a minimum for frequencies > 100 Hz.

The reference distance R; is the distance of the transition of the unrestricted wave propagation
(far-field) from the complex processes in the immediate vicinity of the source of vibration (near-
field). It is defined by:

Ry — g Y (2.4)

where a = dimension of vibration source parallel to direction of propagation, and A, = wave-
length of surface wave.

Table 2.4 contains guide values for maximum oscillation velocity amplitudes which can be used
to assess the effects of transient vibrations on structures according to DIN 4150-3.

DIN ENV 1993-5 includes an equation for predicting the maximum oscillation velocity ampli-



20 CHAPTER 2. SHEET PILE WALLS

tude of a particle during impact and vibratory driving:

AL 2.5)

r
where

C = afactor to allow for the method of driving and the ground conditions according to
table C.1, DIN ENV 1993-5 (these values based on measurements are also listed in table 2.5)
r =radial distance from source in m, where » > 5 m

w = source energy in Joule

In the case of impact driving, the energy per blow can be taken from data sheets, or in the case
of drop hammers it can be calculated using w = mgh. When using vibratory driving, the energy
per revolution can be estimated from the power P of the vibrator in W and the frequency f in
Hz using the following equation:

P

w=— (2.6)
f
Table 2.5: Typical values for factor C to DIN ENV 1993-5
Driving Ground conditions Factor C
method ineq. 2.5
Impact driving Very stiff cohesive soils, dense grainy 1.0
soils, rock; backfilling with large
boulders.
Stiff cohesive soils, medium-dense grainy 0.75
soils, compacted backfilling.
Soft cohesive soils, loose grainy soils, 0.5
loosely fill, soils with organic
constituents.
Vibratory driving for all ground conditions 0.7

In order to avoid causing settlement of neighbouring buildings, DIN 4150-3 includes advice
on the clearances to be maintained when using vibratory techniques to drive sheet piles into
homogeneous non-cohesive soils. Fig. 2.14 shows the clearance to be maintained between
sheet pile walls and existing buildings as recommended by DIN 4150-3. Accordingly, an angle
of at least 30°, in groundwater 45°, from the vertical should be maintained between base of
sheet piling and building foundation.

The driving method parameters and variables linked with the ground conditions are not included
in this. Studies by GRABE & MAHUTKA (2005) reveal that settlement depends on the exciting
frequency and the soil strata. As the process of dynamically induced settlement has not been
fully researched, DIN 4150-3 recommends consulting a geotechnical engineer.
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Figure 2.14: Schematic diagram of clearances between sheet piling and buildings according to
DIN 4150-3, without groundwater (left) and with groundwater (right)
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Chapter 3

Subsoil

In order to guarantee the safe and economic execution of a construction project, soil investiga-
tions are necessary. The nature and scope of the soil investigations depend on the geotechnical
categories according to DIN EN 1997-1:2005-10, and DIN 4020:2003-09 provides information
on the scope of the explorations. Soil investigations are divided into field (in situ) and labora-
tory tests.

The following is intended to provide an overview of field and laboratory tests that serve as the
basis for the design and installation of sheet pile walls and combined walls. Table 3.1 pro-
vides an overview of the various target variables of investigation measures. It also shows which
variables can be determined with which tests.

Table 3.1: Target variables of investigation measures

Target variable/ Method

soil parameter Field test | Lab. test
Sequence of strata 3.1.1 3.2.1
Groundwater X -
Soil type - 3.2.1+3.2.3
Obstacles 3.1.3 -

In situ density Ip, D 3.1.2 3.2.2
Consistency Io - 323
Water content w - X
Shear parameters 0, Cy Doy Cy 3.1.2 3.2.5
Deformation behaviour FEg, Co,Cyg, ¢y, cq 3.1.2 324
Unit weight ol - 3.2.2
Overconsolidation ratio OCR - 324

When using material laws of better quality (see chapter 8), it is necessary to specify not only
the laboratory test results assessed by the specialist in the soil investigation report, but also to
include complete test curves.

23
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3.1 Field tests

3.1.1 Boreholes

Boreholes are used to obtain soil samples from greater depths. The boring method is chosen to
suit the subsoil. When the sides of the borehole are unstable or exhibit little stability (e.g. in
saturated sands), methods with casings are used, but in stable strata (e.g. cohesive, stiff soils),
casings may be unnecessary. In the normal case, class 2 samples and in favourable conditions
class 1 samples to DIN 4021:1990-10 can be obtained from the ground. In heavily stratified
soils, it is advisable to carry out the boring and acquisition of samples in fixed casings to DIN
4020:2003-09, as so-called liner or core samples. If the sequence of strata is known and the
strata are relatively thick, obtaining special samples in steel tubes about 25 cm long represents
an economic alternative to core samples. The tubes are pressed or driven into the base of the
borehole and subsequently withdrawn. This also results in class 1 and 2 samples, which, for
example, are necessary for determining the shear parameters in laboratory tests (see section
3.2.5). Like with all soil samples, the soil should be taken from a representative area of the
stratum; sampling at the boundaries between strata should be avoided. If the soil samples are
used for determining shear parameters or the coefficient of compressibility, a tube or liner with a
diameter of at least 100 mm is advisable. Samples should generally be protected against drying
out.

The presence of any groundwater should be recorded as the boring work proceeds. Every bore-
hole can be widened for measuring the groundwater level.

3.1.2 Penetrometer tests

Penetrometer tests are indirect methods of exploration which are used in addition to boreholes
as part of more extensive soil investigations. Penetrometer tests are carried out at least down
to the depth of the principal boreholes. For calibration purposes, a penetrometer test should be
carried out in the direct proximity of a principal borehole.

Cone penetration tests

Cone penetration tests should be carried out according to DIN 4094-1:2002-06. The toe re-
sistance q., the local skin friction fg and, if applicable, the pore water pressure v are mea-
sured using a cone, which is pressed vertically into the subsoil. The friction ratio is defined as
R; = fs/q.. The angle of friction ¢', the undrained cohesion ¢, and the in situ density D or
Ip can be derived with the help of empirical methods according to DIN 4094-1:2002-06. A
modulus of compressibility Fg irrespective of the stress can be estimated by using the OHDE
method.

Es=v-p,|(cs+0.5-Ac.) /pa” (3.1)
where v : compressibility coefficient
v=1761gq.+ 113 (soil group SE) for 5 < ¢. < 30

v=4631gq. — 13 (soil group SW) for 5 < ¢. < 30



3.1. FIELD TESTS 25

v=1521gq.+ 50 (soil groups TL, TM) for 0.6 < ¢, < 3.5
w : compressibility exponent w = 0.5 for non-cohesive soils
w = 0.6 for cohesive soils
Pa : atmospheric pressure
Oi : overburden stress at depth z

Ao, :increase in vertical stress at depth z due to construction measures

The driving guidelines of HSP HOESCH Spundwand und Profil GmbH specify a relationship
between toe resistance ¢. and in situ density D or relative density /p which is based on experi-
ence.

Table 3.2: Estimation of in situ density of non-cohesive soils from cone or dynamic penetration
tests (extract from RAMMFIBEL FUR STAHLSPUNDBOHLEN)

In situ density | Cone penetration test (CPT) | Dynamic penetration test (DPH)
¢. in MN/m? Ny

very loose 2.5 -

loose 2.5-7.5 3

medium dense 7.5-15 3-15

dense 15-25 15-30

very dense > 25 > 30

Fig. 3.1 shows a typical result of a cone penetration test and the associated soil exploration.
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Figure 3.1: Example of a CPT
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Dynamic penetration tests

In the dynamic penetration test, a cone with defined dimensions is driven into the subsoil
with a constant driving energy and the number of blows /Ny, required for 10 cm penetration are
recorded. Various methods (DPL, DPM, DPH, DPG), hammer weights and drop heights are
described in DIN 4094-3:2002-01.

Vane shear tests

The vane shear test to DIN 4094-4:2002-01 is suitable for soft, cohesive and non-stony soils.
The vane is pressed into a soft stratum, either directly or at the base of a borehole, and subse-
quently rotated with a defined speed between 0.1° /s and 0.5° /s. The maximum torque M, is
measured while doing this. Afterwards, at least 10 shearing processes are carried out at a speed
of 10°/s and the residual torque determined from this. The maximum shear resistance c;,, the
residual shear resistance c,, and the undrained shear strength cy,, can be determined from these
measurements.

Pressuremeter tests

In the pressuremeter test, the borehole is widened over a small area and the force required and
the resulting deformation are determined (DIN 4094-5:2001-06). The modulus of compress-
ibility Fg of the soil can be derived from this measurement.

3.1.3 Geophysical measurements

The use of geophysical exploration methods can be helpful in some projects. These include
seismic and thermal techniques, radiometry, gravimetry, geoelectrics, georadar, geomagnetics
and electromagnetics.

3.1.4 Assessment of penetration resistance

Easy driving can be expected with loosely layered sands and gravels, also soft, cohesive soils.
Heavy driving frequently occurs in densely layered sands or gravels, also stiff, cohesive soils
and rock. Generally speaking, the penetration resistance is higher with dry soils than with damp
or saturated soils.

Sands and gravels with rounded grains and soft, cohesive soils are suitable for vibratory driving;
non-plastic soils with angular grains or cohesive soils with a stiff consistency are less suitable.
Non-cohesive soils with a uniform, fine granular structure can be compacted to such an extent
during vibratory driving that penetration becomes impossible. In such cases driving aids should
be employed.
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3.2 Laboratory tests

3.2.1 Granulometric composition

The granulometric composition specifies the relative proportions by weight of various particle
sizes in the soil. A sieve analysis is carried out for particle diameters > 0.06 mm, a sedimen-
tation or hydrometer analysis for particle sizes smaller than approx. 0.1 mm. A soil can be
classified as a clay, silt, sand or gravel according to the grading curve. Mixed-particle soils are
designated according to their principal soil type. Soils that are essentially influenced by their
physical properties are known as non-plastic or granular. Soils are termed cohesive when their
soil mechanics properties are essentially dependent on the electrochemical forces between the
particles, and clay minerals are particularly prevalent here. The average gradient of the grading
curve indicates whether the soil has a uniform or non-uniform composition. The uniformity
coefficient U is defined as

U= dso (3.2)

dio

where dgo designates the particle diameter for 60% passing through the sieve, djq the corres-
ponding designation for 10%. Soils with U < 5 are uniform, 5 < U < 15 non-uniform, and
U > 15 extremely non-uniform.

3.2.2 Determining unit weight and in situ density

It is necessary to know the unit weight for the earth pressure analyses. The unit weight describes
the ratio of the soil self-weight to the volume and is determined using the methods given in DIN
18125. The void ratio e and the porosity n for a soil can be calculated from the unit weight and
the water content:

e=" _qorn=1-"2 (3.3)

Pd Ps
In non-cohesive soils, these variables can be used to determine the in situ density D or the
relative density Ip of the soil in its natural state. To do this, the determination of the in situ

density for the loosest and densest states is carried out on samples in the laboratory according
to DIN 18126:1996-11, which results in the following:

Nmaz — N

D= (3.4)
Nmaz — Nmin
where n,,,, : Porosity for loosest state
Nmin - Porosity for densest state
n  : Porosity in natural state
e —e
Ip=-—=22% - (3.5)

Cmaz — Cmin
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where e,,,, : Void ratio for loosest state
emin - Void ratio for densest state
e : Void ratio in natural state

The designation of the in situ density can be taken from table 3.3.

Table 3.3: Designation of in situ densities

Designation D Ip
very loose 0-0.15 -
loose 0.15-0.3 | 0-0.33
medium dense | 0.3-0.5 | 0.33-0.66
dense 0.5-0.7 | 0.66-1.0
very dense 0.7-1.0 -

The in situ density can also be derived from dynamic and cone penetration tests (see section
3.1.2). Typical values for attainable and necessary in situ densities of non-cohesive soils are
given in EAU 2004 sections 1.5 (R 71), 1.6 (R 175) and 1.7 (R 178).

3.2.3 Consistency

The consistency (deformability) of cohesive soils essentially depends on the water content. As
the water content falls, so the consistency of the soil is described as fluid, very soft, soft, stiff,
semi-firm, firm. The water contents at the transitions between fluid to plastic (liquid limit wy,),
plastic to stiff (plastic limit wp) and semi-firm to firm (shrinkage limit wg) were defined by
ATTERBERG in tests.

The plasticity index /p describes the sensitivity of a soil to changes in its water content:

[p = wy —Wp (36)

The larger the [p value, the greater is the plastic range of the soil and the less the consistency
varies for changes in the water content. The consistency index I includes the natural water

content of the soil. The consistency of a soil is defined by this (see table 3.4):
I, = r Y (3.7)

wr —wp

The consistency limits w;, and wp plus the plasticity index /p are characteristic for cohesive

Table 3.4: Designation of cohesive soils in relation to their consistency

Designation 1o

very soft I <0.5
soft 05<1-<0.75
stiff 0.75<I-<1.0
firm Ic>1.0

soils and are helpful for classifying such soils (see Fig. 3.2).
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Figure 3.2: Plasticity diagram to DIN

3.2.4 Unconfined compression

18196:2006-06

29

The unconfined compression test imitates the load-deformation behaviour of a soil. It is the
most important parameter and supplies the modulus of compressibility s or the coefficient
of compressibility C.. of a soil. In the unconfined compression test, the undisturbed or prepared
soil sample is placed in a ring (normally 70 mm dia.) which prevents radial deformation of the
sample. The sample is subsequently compressed in the axial direction in several loading steps
and the axial deformation measured. In doing so, at least the primary consolidation should be
waited for per loading step. The values measured are plotted on a stress—compression graph
(see Fig. 3.3) or stress—void ratio graph. As the stress—compression ratio of a soil, in contrast
to steel, is non-linear, it must be ensured that the modulus of compressibility is determined for
a stress range to which the soil is actually subjected in the field.
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Figure 3.3: Stress—compression graph for an unconfined compression test

3.2.5 Shear parameters

The determination of the shear parameters is carried out in the laboratory with the direct shear
test (also called the shear box test) or the triaxial test according to DIN 18137. Both tests
require at least 3 to 5 individual tests to be carried out with different consolidation stresses so
that a shear line after COULOMB can be drawn.

T = c+ o tanp (COULOMB boundary condition) (3.8)

We distinguish between the shear parameters of the dry soil (¢, c) and those of the saturated
soil. In saturated soils, the pore water pressure u reduces the total stresses 0’ = o — u. Here, o’
is the effective stress and the shear parameters of the saturated soil are called the effective shear
parameters ¢, .

In the direct shear test, the undisturbed or prepared sample is placed in a square or circular box
and subsequently consolidated under a vertical stress oy . The shear box is divided horizontally:
one part of the cell is fixed, the other slid horizontally (see Fig. 3.4). This shears the sample
along a given shear plane. The force required to do this is measured and via the shear surface
converted directly into a shear stress 7. The deformations in the horizontal direction, but also
in the vertical direction, are recorded in order to assess the expansion or contraction behaviour
of the sample. The results are plotted on a o—7 diagram as a straight line. The gradient of the
straight line corresponds to the angle of friction ¢ or the effective angle of friction ¢, the point
of intersection with the axis indicates the cohesion ¢ or the effective cohesion ¢'.

Samples of cohesive test material should be of class 1 quality to DIN 4021:1990-10. A mini-
mum sample diameter of 70 mm is generally necessary.

The triaxial compression test is carried out on a cylindrical sample with a sample height-to-
diameter ratio of 2 to 2.5. In the apparatus, the sample is subjected to an axially symmetrical
stress state. Therefore, only axial stress o and radial stress 0o = o3 are distinguished. Fig. 3.5
shows the principle of the test setup. The test is divided into three phases:
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Sample

Figure 3.4: Shear box test

e Saturation: The sample is generally fully saturated. Water can flow through the sample
in an axial direction for this. A saturation pressure of at least 3 bar guarantees that the air
in the pores dissolves in the water.

e Consolidation: The sample is consolidated by increasing the pressure around the sample.
This can transfer the sample to the stress state to which it was subjected when in the
ground. The change in volume of the sample can be determined from the quantity of pore
water forced out.

e Shearing off: After completing the consolidation, the sample is sheared off by slowly
increasing the axial stress o,. The limit state is reached when the axial stress reaches a
maximum value. If a peak does not form, the value is read off at a vertical compression of
g1 = 20%. The shearing process can be carried out on the drained or undrained sample.
In the undrained test, the pore water pressure v is measured and the effective stresses
0} = 01 —u and o} = 03 — u used for the evaluation.

The test is carried out with at least three different cell pressures 0o = o3 and the shear pa-
rameters ¢’ and ¢’ are determined from the maximum stresses obtained for ¢ according to the
MOHR-COULOMB boundary condition. The triaxial compression test also requires class 1 sam-
ples. The cross-sectional area of samples from fine-grained soils should be at least 10 cm?, and
coarse-grained soils require a minimum sample diameter of 10 cm.

We distinguish shear tests according to the method and the parameters that can be derived from
them:

e Consolidated, drained test (D test): The sample can absorb or release water without
hindrance during the entire duration of the test. A very slow shearing speed must therefore
be selected. The test supplies the effective shear parameters ' and ¢’ at a limit state with
unhindered volume changes.

e Consolidated, undrained test (CU test): The shearing process is carried out with self-
contained drainage. The test supplies the shear parameters ¢’ and ¢’ at a limit state with
hindered volume changes.
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e Unconsolidated, undrained test (UU test): The sample is not consolidated and is sheared
off with a self-contained drainage line. The test supplies the shear parameters ¢, and ¢,
at a limit state with constant water content. These values are primarily important for the
initial stability.

e Uniaxial compression test: In the uniaxial compression test to DIN 18136:2003-11, a
cylindrical sample is sheared off under an axial stress o,. The radial stresses are oy =
o3 = 0. The test supplies the uniaxial compressive strength ¢,,, from which the undrained
cohesion ¢, = ¢, /2 can be derived.

Non-cohesive soil is cohesionless in the fully saturated or dry condition. Partially saturated
soils, however, exhibit an apparent cohesion due to capillary action, which increases the shear
strength of the soil. According to EAB 2006 section 2.2 (R 2), this capillary cohesion may be
taken into account if it is guaranteed that this cannot be lost through drying out or complete
flooding, e.g. due to arise in the groundwater level. Empirical values for capillary cohesion c,
are given in EAB 2006 appendix A3.

3.3 Soil parameters

The characteristic values of resistances and actions are required for the analyses to
DIN 1054:2005-01. According to EAB 2006 section 2.2 (R 2), they should be defined on the
safe side of the average value of the results of field or laboratory tests. The difference from the
average value can be low here (representative samples) but may also be large (flawed database
or inconsistent subsoil). DIN 4020:2003-09 should always be used for defining the characteris-
tic variables. If a variation coefficient Vi; > 0.1 results during the statistical evaluation of the
field and laboratory tests, upper and lower values for the soil parameters must be specified. The
following boundary conditions result for the individual soil parameters:

~ The unit weight may be defined as an average value if the loadbearing structure shows
little sensitivity to changes in the permanent actions. If it is sensitive, especially with
respect to buoyancy, uplift and hydraulic ground failure, upper and lower values are
required for the unit weight. Any vertical flow through the soil strata must be taken into
account.

" The shear strength is specified by means of the lower characteristic values. Pos-
sible clefts, hairline cracks, inclusions, distortions or inclined boundaries between strata
should be taken into account. According to EAU 2004 section 1.1 (R 9), the angle
of friction for dense soils may be increased by up to 10% with respect to the triaxial
compression test in the case of long waterfront structures.

¢’ The cohesion of cohesive soils may only be taken into account when the consistency is
soft at least.

cu, ¢ If no investigations are carried out into the dissipation behaviour of the pore water pres-
sure in the case of cohesive soil strata, calculations should be carried out with ¢, and ¢,
for the initial state, and ¢’ and ¢’ for the final state.
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Es The modulus of compressibility Eg, as a three-dimensional variable, should be defined
as a cautious estimate of the average value.

Table 3.5 contains empirical values for soil parameters according to EAU 2004 section 1.1
(R 9), which are on the safe side and may be used as characteristic values in the meaning of
DIN 1054:2005-01. Without an analysis, the low strength values should be assumed for natural
sands and the soft consistency values for cohesive soils.



Table 3.5: Characteristic values of soil parameters (empirical values) to EAU 2004

No.| 1 2 3 4 5 6 7 IE 9 10
1 | Soil type Soil Pene- | Strength Unit Compressibility?) | Shear parame- Shear Perme-
group tration | or con- | weight Initial ters of drained para- ability
to DIN | resist- | sistency in loading®) soil meter of | factor
18196 ance initial state Eg = undrained
VeOat(0/0at)?® soil
qc B ’Yl Ve We 802; C; Cu,k ky,
2 MN/m? kN/m?| kN/m? o kN/m?| kN/m? | m/s
3 | Gravel, uniform GE <75 low 16.0 | 8.5 400 0.6 30.0-32.5 21071
UY <6 | 7.5-15 | medium 17.0 | 9.5 900 0.4 32.5-37.5 to
> 15 high 18.0 10.5 35.0-40.0 1-1072
4 | Gravel, GW,Gl | <75 low 16.5 | 9.0 400 0.7 30.0-32.5 1-10-2
non-uniform or 6 < 052 7.5-15 | medium 18.0 10.5 1100 0.5 32.5-37.5 to
gap grading <15 > 15 high 19.5 12.0 35.0-40.0 1-10°6
5 | Gravel, GW,Gl | <75 low 170 | 9.5 400 0.7 30.0-32.5 1-102
non-uniform or U >15 | 7.5-15 | medium 19.0 11.5 1200 0.5 32.5-37.5 to
gap grading > 15 high 21.0 13.5 35.0-40.0 11076
6 | Sandy gravel GU,GT | <75 low 170 | 9.5 400 0.7 30.0-32.5 1-107°
with 7.5-15 | medium 19.0 11.5 | 800 0.6 32.5-37.5 to
d <0.06 mm < 15% > 15 high 21.0 13.5 1200 0.5 35.0-40.0 1-10°6
7 | Gravel-sand-fine GU,GT | <175 low 16.5 | 9.0 150 0.9 30.0-32.5 1-1077
grain mixture with 7.5-15 | medium 18.0 10.5 | 275 0.8 32.5-37.5 to
d <0.06 mm > 15% >15 | high 19.5 | 12.0 | 400 0.7 35.0-40.0 11071
8 | Sand, uniform SE <75 low 160 | 8.5 250 0.75 30.0-32.5 5-1073
grading
Coarse sand UY <6 | 7.5-15 | medium 170 | 9.5 475 0.60 32.5-37.5 to
> 15 high 18.0 10.5 | 700 0.55 35.0-40.0 1-107*
9 Sand, uniform SE <75 low 16.0 8.5 150 0.75 30.0-32.5 11074
grading
Fine sand UY <6 7.5-15 | medium 170 | 9.5 225 0.65 32.5-37.5 to
> 15 high 18.0 10.5 | 300 0.60 35.0-40.0 21075
10 | Sand, non-uniform SW,SI <75 low 16,5 | 9.0 200 0.70 30.0-32.5 5-107%
or gap grading 6<UY | 7515 | medium 18.0 10.5 | 400 0.60 32.5-37.5 to
<15 > 15 high 19.5 12.0 | 600 0.55 35.0-40.0 21075
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No.| 1 2 3 4 5 6 7 8 9 10

11 | Sand, non-uniform SW, SI <75 low 170 | 9.5 200 0.70 30.0-32.5 1-107%
or gap grading UY >15 | 7.5-15 | medium 19.0 11.5 | 400 0.60 32.5-37.5 to

>15 high 21.0 13.5 | 600 0.55 35.0-40.0 1-107°

12 | Sand, SU,ST | <75 low 16.0 | 8.5 150 0.80 30.0-32.5 2107

d <0.06 mm < 15% 7.5-15 | medium 170 | 9.5 350 0.70 32.5-37.5 to
>15 high 18.0 10.5 | 500 0.65 35.0-40.0 51077

13 | Sand, SU,ST | <75 | low 165 (9.0 |50 0.90 | 30.0-32.5 2:107°

d <0.06mm > 15% 7.5-15 | medium 18.0 10.5 | 250 0.75 32.5-37.5 to
>15 high 19.5 12.0 35.0-40.0 11079

14 | Inorganic UL soft 175 9.0 0 5-60 1-107°
cohesive soils with stiff 18.5 10.0 | 40 0.80 27.5-32.5 | 2-5 20-150 to
low plasticity semi-firm | 19.5 11.0 | 110 0.60 5-10 | 50-300 1-1077
(wy, < 35%)

15 | Inorganic UM soft 16.5 8.5 0 5-60 2-10°°
cohesive soils with stiff 18.0 |95 30 0.90 25.0-30.0 | 5-10 | 20-150 to
medium plasticity semi-firm | 19.5 10.5 70 0.70 10-15 | 50-300 1-1079
(50% > wr, > 35%)

16 | Inorganic TL soft 19.0 | 9.0 20 1.0 0 5-60 1-1077
cohesive soils with stiff 20.0 10.0 | 50 0.90 25.0-30.0 | 5-10 | 20-150 to
low plasticity semi-firm | 21.0 11.0 10-15 | 50-300 21077
(wy, < 35%)

17 | Inorganic ™ soft 18.5 8.5 10 1.0 5-10 | 5-60 5-1078
cohesive soils with stiff 195 |95 30 0.95 22.5-27.5 | 10-15 | 20-150 to
medium plasticity semi-firm | 20.5 | 10.5 15-20 | 50-300 | 1-10710

(50% > wr, > 35%)

9¢
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Nr.| 1 2 3 4 5 6 7 8 9 10
18 | Inorganic TA soft 175 |75 6 1.0 5-15 | 5-60 1-107°
cohesive soils with stiff 185 | 85 20 1.0 20.0-25.0 | 10-20 | 20-150 | to
high plasticity semi-firm | 19.5 | 9.5 15-25 | 50-300 | 1-1071!
(wy, > 50%)
19 | Organic silt, ou very soft 140 |40 5 1.00 0 2-<15 1-1079
organic clay and soft 155 |55 20 0.85 17.5-22.5 | 2-5 5-60 to
oT stiff 170 | 7.0 5-10 | 20-150 | 1-1071!
20 | Peat?) HN, HZ very soft | 10.5 |05 5) 5) 5) 5) 5) 1-107°
soft 11.0 1.0 to
stiff 120 |20 1-10-8
semi-firm 13.0 3.0
21 | Mud® F verysoft | 125 |25 |4 1.0 6) 0 <6 11077
Digested sludge soft 16.0 | 6.0 15 0.9 0 6-60 1-107°
Notes:

1) Code letters for primary and secondary components:

G gravel U silt O organic inclusions F mud S sand T clay H peat (humus)
Code letters for characteristic physical soil parameters:
Farticle size distribution: Plastic properties: Degree of decomposition for peat:
W well-graded particle size distribution L  low plasticity N  not or hardly decomposed
E uniform particle size distribution M  medium plasticity 7. decomposed
I gap-graded particle size distribution A high plasticity
2) v,: stiffness factor, empirical parameter we: empirical parameter
o: load in kN/m? 042 atmospheric pressure (= 100 kN/m?)
3

v, values for repeated load up to 10 times higher, w, tends towards 1

U uniformity coefficient

The scatters of the values for compressibility and the shear parameters for peat are so extreme that it is not possible to specify empirical values.
The effective angle of friction of fully consolidated mud can attain very high values, but the value corresponding to the true degree of consolidation
always governs, which can be determined reliably by means of laboratory tests.

)
4)
5)
6)
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Chapter 4

Groundwater

If a sheet pile structure is located in open water or in groundwater, then a hydrostatic pressure
acts on the sheet piling from both sides. If the water levels on either side of the sheet piling
can be at different levels, then an excess hydrostatic pressure caused by the difference in the
hydrostatic pressures on both sides of the wall must be taken into account. The magnitude of
the excess hydrostatic pressure depends on the water level fluctuations on both sides of the sheet
piling, the flow conditions and possibly the existence of any drainage systems.

4.1 The basics of hydrostatic and hydrodynamic pressure

4.1.1 Hydraulic head

Water always flows from places with high hydraulic energy to places with lower hydraulic
energy. The hydraulic energy is generally expressed as a hydraulic head h. It is calculated
according to BERNOULLI from the geodesic head z, with respect to a defined reference head
chosen at random, the pressure head z, = w/~,, and the velocity head z, = v?/(2g) as follows:

1)2

w
h=z,+—+ — 4.1
Zg o 2g ( )

The flow velocity v is generally low, which means that the velocity head can be neglected.

The pressure head z, is the quotient of the hydrostatic pressure w and the unit weight of water
Yw- The hydrostatic pressure can be illustrated by the water level that becomes established in a
standpipe z, (Fig. 4.1), irrespective of whether open water or groundwater is involved. In the
latter case, the hydrostatic pressure w is also called the pore water pressure.

In stationary, unconfined groundwater, the pore water pressure at depth z below the water level
IS w = z -, (hydrostatic pressure distribution). In this case the pressure head z, is equal to the
depth below the water level. Confined groundwater is present when the pore water pressure is
greater than z - ,,, i.e. when the pressure head is greater than the depth below the water level.

In flowing groundwater, the distribution of the pore water pressure is calculated by determining
the hydraulic gradient or by constructing a flow net.

39
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Figure 4.1: Hydrostatic pressure in terms of height of water in standpipe

4.1.2 Permeability law after DARCY

According to DARCY, the flow velocity v of the groundwater is proportional to the difference
in the hydraulic head Ah along the flow path Al.

—k— =k-q 4.2
v=Fhyg ’ (4.2)
Here, v designates the rate of filtration that specifies the throughflow () per unit area A. The
proportionality factor £ is called the permeability coefficient, or simply permeability, and in the
first place depends on the particle size of the soil. Typical permeabilities of various soils are
listed in section 3.3.

The quotient Ah/Al is designated the hydraulic gradient 7 and is a measure of the hydrody-
namic pressure fs.

fo=i T (4.3)

In flow conditions, the pore water pressure distribution deviates from the hydrostatic pressure
distribution. The sign of the hydraulic gradient depends on the direction of flow.
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Figure 4.2: Water flowing through a soil sample

N

4.2 Excess hydrostatic pressure

4.2.1 Calculating the excess hydrostatic pressure

41

In sheet pile walls with different water levels on either side, the excess hydrostatic pressure
is included in the sheet piling calculation as a characteristic action. The excess hydrostatic
pressure w,, at depth z of the sheet pile wall is calculated from the difference in the hydrostatic
pressures on the two sides (Fig. 4.3).

wy(z) =

Ah

h,

Section

Impermeable stratum

wT‘(z) - wl('Z) = hr(z) *Yw T hl(z) *Yw

Hydrostatic
pressure

\/ hl"YW \/ hl"YW \/Ah"‘{W\/
A A A A

hre yw

Excess hydrostatic
pressure

f—

Wy = Ah- vy

Figure 4.3: Excess hydrostatic pressure assumptions for a wall in stationary water

(4.4)
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If we neglect the flow around the sheet pile wall, e.g. if the sheet pile wall is embedded in an
impermeable stratum, the result is an excess hydrostatic pressure with a triangular distribution
in the region of the one-sided hydrostatic load and a constant load in the lower region down to
the base of the sheet piling.

4.2.2 Critical water levels

The calculation of the critical external water and groundwater levels requires a long-term anal-
ysis of the geological and hydrological conditions. The groundwater level behind the sheet pile
wall is mainly characterised by the soil strata and the construction of the wall. In tidal regions,
there is a relationship between the groundwater level and the tides where permeable soils are
present.

If there is a considerable flow of groundwater behind the sheet pile wall, a build-up can occur
at the sheet pile wall. The length of the planned sheet piling structure should also be considered
in this case because a long structure hinders the flow of the groundwater around the ends of the
structure, which leads to a steep rise in the groundwater level behind the sheet pile wall.

For calculating the water levels, EAU 2004 section 4.2 specifies typical values for certain bound-
ary conditions such as water level fluctuations and drainage options (Figs. 4.4 and 4.5). The
critical loading case should be determined according to EAU 2004 section 5.4 (E18), or DIN
1054:2005 section 6.3.3.

4.3 Taking account of groundwater flows

4.3.1 The effect of groundwater flows on hydrostatic and earth pressures

If the base of the sheet pile wall is not embedded in an impermeable stratum, groundwater can
flow under the sheet piling structure. Proper planning and design of sheet pile walls located in
groundwater flows calls for a knowledge of the effects of the flowing groundwater.

As the groundwater flows from regions of high hydraulic head to regions with a lower head,
the hydrodynamic pressure is directed downwards on the excess hydrostatic pressure side and
upwards on the opposite side. This means that the hydrostatic pressure on the excess hydrostatic
pressure side is lower and that on the opposite side higher than the hydrostatic pressure.

The hydrodynamic pressure also acts on the granular structure of the soil: it increases the effec-
tive particle-to-particle stresses on the excess hydrostatic pressure side and decreases them on
the opposite side. This means that the active earth pressure on the excess hydrostatic pressure
side is increased, and the passive earth pressure on the opposite side is decreased (see section
5.7.6).

Taking into account the groundwater flows has a beneficial effect on the excess hydrostatic
pressure and a detrimental effect on the passive earth pressure. Whether on the whole a more
favourable or less favourable influence prevails, must be investigated in each individual case.

Generally, there are three ways of considering the hydrostatic pressure on a wall in flowing
groundwater:
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Non-tidal area

Situation Figure Loading cases according to R 18
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Figure 4.4: Excess hydrostatic pressure at waterfront structures for permeable soils in non-tidal
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Figure 4.5: Excess hydrostatic pressure at waterfront structures for permeable soils in tidal
areas according to EAU 2004 section 4.2
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1. Ignore the flow and assume the excess hydrostatic pressure according to section 4.2.
2. Perform calculations with the help of a flow net.

3. Perform calculations with the help of an approximation method assuming modified unit
weights.

In the majority of cases it is sufficient to ignore the groundwater flow and assume the excess
hydrostatic pressure according to section 4.2. If high excess hydrostatic pressures are present,
then more accurate flow net calculations are advisable in the case of stratified soils with different
permeabilities. In addition, an accurate investigation of the flow conditions is necessary for
verifying resistance to hydraulic ground failure (section 4.4), especially in the case of large
water level differences and strata with low permeability near the surface on the passive earth
pressure side.

4.3.2 Flow net

The drop in the pore water pressure from regions with high hydraulic energy to regions with
lower hydraulic energy is expressed by the potential equation:

O?h  0*h  O*h
Ox? + Oy * 022 0 (4.5)
The solution of this differential equation, i.e. the function A(z,y, z), supplies the distribution
of the pore water pressure. The differential equation can be solved numerically, e.g. with the
finite element method or the finite differences method. In the special case of a laminar flow
and homogeneous soil, a graphical method is suitable, which is often sufficient for practical
engineering purposes.

In this method, the solution is presented in two sets of curves that intersect at right-angles and
whose mesh sizes exhibit a constant ratio and form a so-called flow net (Fig. 4.6). One set
of curves constitutes the flow lines representing the paths of the individual water molecules.
Perpendicular to these are the equipotential lines. The water level in a standpipe is the same at
each point on the same equipotential line.

The construction of a flow net and the calculation of the hydrostatic pressures can be seen in the
example shown in Fig. 4.6.

When constructing a flow net, the system boundaries must be defined first. Impermeable bound-
aries and curved unconfined water levels (seepage paths) form the perimeter flow lines. Hori-
zontal groundwater levels and watercourse beds form the boundary equipotential lines with
constant standpipe level.

The flow net is constructed according to the following criteria:

e Flow lines and potential lines are always at right-angles to each other.

e The flow lines pass through the cross-sectional area available; at constrictions they are
closer together, at widenings further apart.
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Figure 4.6: Flow net and resultant excess hydrostatic pressure
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e The equipotential lines are constructed in such a way that together with the flow lines
they form squares with curved borders; the accuracy can be checked by drawing inscribed
circles.

Between each pair of equipotential lines there is a potential difference, i.e. a difference in the
standpipe levels, which is

Ah — n (4.6)
n

where h is the difference in the water levels and n is the number of equipotential lines (see Fig.
4.6). The pressure drop per equipotential line is equal for each potential field and is calculated
from

Aw, = Ah - vy, 4.7)

The hydrostatic pressure w,, acting on the sheet pile wall is obtained by subtracting the sum of
the pressure drops Aw from the hydrostatic pressure wp,q,:

Wy = Whydr — DAW = 2+ Yy — Ny - AR - (4.8)

where 71, = number of potential fields starting from the boundary equipotential line.

4.3.3 Approximate method assuming modified unit weights

If the flow around the sheet pile wall is essentially vertical, the influence of the flow can be
taken into account approximately according to EAU 2004 section 2.9 (R 114) by modifying the
unit weights of the water and the soil. The results achieved in this way deviate only marginally
from the more accurate values obtained with a flow net.

In this approach, it is first necessary to establish the hydraulic gradient on both sides of the wall:

A
lg = 0.7 Ah (4.9)

he + \/ha - Iy

—0.7-Ah
_ (4.10)

i = — 0 =
! hy + \/ha - By
where

ia = hydraulic gradient on active earth pressure side

hydraulic gradient on passive earth pressure side

difference in water levels

vertical seepage path on active earth pressure side via which a drop in poten-

tial takes place

h = vertical seepage path on passive earth pressure side via which a drop in po-
tential takes place

= >
8 >
no
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The unit weight of the water on the active earth pressure side influenced by a flow is reduced
by the amount ¢, - 7,,, whereas the unit weight of the soil is increased by the same amount. On
the passive pressure side, on the other hand, the unit weight of the water influenced by a flow
is increased by the amount ¢, - y,,, whereas the unit weight of the soil is reduced by the same
amount.

For the purpose of comparison, the calculation of the hydrostatic pressure distribution with the
flow net in section 4.3.2 is repeated here with the approximation method (Fig. 4.7).

o e Hydrostatic pressure Excess hydrostatic pressure
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£
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Figure 4.7: Determining the excess hydrostatic pressure with the approximate method

4.3.4 Flow around a sheet pile wall in stratified subsoil

With a permeability ratio of & /ky > 5 between two strata, the pressure drop can be assumed to
take place in the stratum of low permeability only. What this means for the flow net is that the
equipotential lines are drawn closer together in the stratum of low permeability. In a stratum of
low permeability in which the permeability value £ is 10 times smaller than the other strata, the
ratio of the sides of the flow net mesh is 10:1, in contrast to a side ratio of 1:1 in the other strata.

A simpler option for taking into account different permeabilities is to assume an exclusively
vertical groundwater flow. In this case the hydraulic gradient ¢; for every individual stratum ¢
can be determined in relation to the respective stratum thickness d; and permeability k;. To do
this, it is first necessary to determine the total permeability ks, of the system in the sense of a
series of resistances (Fig. 4.8).

d

4 411
> 1(di/ki) @10

ksum -
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Figure 4.8: Vertical drop in excess hydrostatic pressures in stratified subsoil

The hydraulic gradient for every stratum can be calculated owing to the equal flow velocity in
all strata by using

i = Ksum “lsum (4.12)
ki
This approach is only permissible when the vertical groundwater flow through the individual
strata prevails over a horizontal flow through the water-bearing strata. Furthermore, the strata
of low permeability must exhibit an adequate horizontal spread because otherwise a flow around
these strata becomes established instead of a throughflow.

Alternatively, the excess hydrostatic pressure can also be determined with the help of the ap-
proximation method given in section 4.3.3. In this case only the impermeable strata, in which a
pressure drop takes place, are counted as the seepage paths h, and h,,.

4.4 Hydraulic ground failure

If there are large differences in the water levels on the two sides of the sheet pile wall, e.g. in a
dewatered excavation or a quay structure at low water, a limit state condition can occur due to
the flow under the base of the sheet piling. An upward hydrodynamic pressure S’ then prevails
on the passive earth pressure side. If this hydrodynamic pressure is greater than the effective
self-weight G’ of the body of soil in front of the base of the sheet pile wall, a hydraulic ground
failure takes place. In this situation, the soil swells up and a mixture of water and soil infiltrates
into the excavation.

Trials have shown that the uplift of the soil for a wall with embedment depth ¢ occurs over a
width of approx. t/2 from the wall (Fig. 4.9). Therefore, in order to determine the factor of
safety against hydraulic ground failure, the vertical force equilibrium in a body of soil with di-
mensions ¢-t/2 is considered on the passive earth pressure side. Hydraulic ground failure occurs
when the weight of this body of soil is less than the vertical component of the hydrodynamic
pressure in this area.

o < Gl et (4.13)
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where

Si. = characteristic value of hydrodynamic pressure in the body of soil in which the
flow occurs

Y = partial safety factor for hydrodynamic pressure (LS 1A, DIN 1054:2005, Tab. 2)

G, = characteristic value of weight of the body of soil in which the flow occurs under
buoyancy

Ya,stv = partial safety factor for favourable permanent actions (LS 1A, DIN 1054:
2005, Tab. 2)

The hydrodynamic pressure can be calculated with the help of a flow net. To do this, the excess
hydrostatic pressure prevailing over the underwater level w,, = n - Ah -, is first applied to the
intersections with the equipotential lines at a horizontal joint starting at the base of the sheet pile
wall. The average excess hydrostatic pressure w,,,, over the width ¢/2 starting from the wall is
now read off at depth ¢. This excess hydrostatic pressure must decrease within the area of the
hydraulic ground failure up to the water level and generate the required hydrodynamic pressure

L= 1)2 - w, (4.14)

The hydrodynamic pressure can also be approximated using the equation Sj, =t - t/2 - i, - Y,
where 14, is calculated with the approximation equation 4.9.

Special attention has to be given to the corners of excavations because this is where the flow
from two sides is concentrated in a small area, and there is a higher risk of hydraulic ground
failure. During the driving of sheet pile walls, care should be taken to ensure that declutching
of the interlocks is avoided because this shortens the flow path and consequently increases the
hydrodynamic pressure locally.

The factor of safety against hydraulic ground failure can be improved by increasing the embed-
ment depth of the sheet pile wall, e.g. by driving it into an impermeable stratum.
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Chapter 5

Earth pressure

5.1 General

The soil in front of and behind a retaining wall exerts a lateral pressure on the wall known as
earth pressure. In contrast to the hydrostatic pressure, the earth pressure is not exclusively
dependent on the depth below the surface, but instead also to a large extent on the nature and
magnitude of the lateral movement of the wall and hence on the yielding and stiffness properties
of the wall. Another difference with respect to hydrostatic pressure, which with p = z - v, is
identical in all directions at a depth z below the water level, is that in the soil the lateral earth
pressure stresses differ from the vertical stresses.

The vertical stresses due to the self-weight of the soil, for undisturbed flat ground, can be
calculated with the simple equation o, = z - v, where z is the depth below the ground surface
and v the unit weight of the soil. Above the water level, the bulk unit weight of the soil is
effective, whereas below the water level the submerged unit weight ' = ~,. — ~,, together with
the saturated unit weight -y, are used (Fig. 5.1). Depending on the wall movement, the earth
pressure can be either greater or less than the associated vertical stress.

The earth pressure at a certain point on a wall at a depth 2 is known as the earth pressure ordinate
e(z). The earth pressure acting over the height of a wall produces a force known as the resultant
earth pressure force or simply the resultant earth pressure £. The relationship between earth
pressure and vertical stresses is described by the earth pressure coefficient /. Consequently,
the earth pressure e at depth z due to the self-weight of the soil for a homogeneous soil is

e(z) =0, - K=z-7-K (5.1)
and the resultant earth pressure £ due to the self-weight of the soil on a wall of height h is

1 1
E:e(z:h)é-hzﬁ-y-h2~K (5.2)
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Figure 5.1: Comparison between hydrostatic pressure, vertical stresses in the soil and classic
earth pressure distribution
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5.2 Limit and intermediate values of earth pressure

If a wall backfilled with soil is rigid and immovable, then the so-called steady-state earth pres-
sure Fj acts on the wall. This is equivalent to the lateral pressure acting in an undisturbed
soil.

If the wall yields and moves away from the soil, then the soil can relax laterally. The earth pres-
sure drops as the movement of the wall increases, until it reaches a minimum. This minimum is
known as the active earth pressure F, (Fig. 5.2 a).

If the wall is pressed against the soil, the earth pressure increases. After a sufficient amount
of wall movement, which is greater than that required to reach the active earth pressure, the
maximum value of the earth pressure is reached, which is known as the passive earth pressure
E, (Fig. 5.2'b).

-S
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LI o -

|
|
[
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|

ﬁ?rl’

a) active b) passive

Figure 5.2: Active and passive earth pressures

Different earth pressures become established in the soil because of the internal shear strength
of the soil, which is mobilised when the wall moves and opposes the respective movement.
The different magnitudes of the earth pressure are described by the different earth pressure
coefficients K,, Ky and /.

The active and passive earth pressure states are known as limit states in which the soil fails
along a shear plane (also known as a slip plane) (Fig. 5.2). These states are therefore important
for analysing the ultimate limit state.

The active earth pressure becomes established after a wall movement of about 1/1000th of the
height of the wall. On the other hand, the passive earth pressure is not reached until a much
greater displacement of about 5-10% of the height of the wall is reached (Fig. 5.3).

5.2.1 Active earth pressure after COULOMB

Consider the case of a retaining wall at the active limit state with the following conditions (see
Fig. 5.4):

e The wall stands in a non-cohesive, homogeneous soil.

e The wall moves away from the body of soil until it forms a straight slip plane rising from
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Figure 5.3: Mobilising the active and passive earth pressures

the base of the wall at an angle ¥ to a horizontal line (slip plane angle) on which a rigid
wedge of soil slips down.

e The wall is vertical (a=0).
e The surface of the ground is horizontal (5=0).
e The wall is smooth, i.e. the angle of wall friction § between wall and soil is 0.

The weight of the wedge of soil is G = %7h2 / tan ). The weight G, the active earth pressure F,,
and the internal force () at the slip plane act on the wedge of soil. The internal force () is made
up of the normal force /V acting perpendicular to the slip plane and the shear force 7" mobilised
parallel to the slip plane. The shear force 7" acts in the opposite direction to the wedge of soil
and at the limit state is equal to 7" = N tan . Therefore, () acts at an angle ¢ with respect
to the perpendicular to the slip plane and in the opposite direction to the movement. All three
forces are in equilibrium and therefore form a closed polygon of forces.

Figure 5.4: Wedge of soil and polygon of forces for active earth pressure after COULOMB

From the polygon of forces it follows that

1 tan(Jd —
E,=G - tan(d) — ¢) = 5%&% (5.3)
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According to COULOMB, the slip plane angle that becomes established is the one for which
the active earth pressure is a maximum. Therefore, applying the condition dE,/d¥ = 0, the
critical slip plane angle is

9 =45+ /2 (5.4)

and the critical active earth pressure is

1

E, = 27h2Ka (5.5)

where K, is the so-called active earth pressure coefficient (for « = § = § = 0), where

_ l—singp

= 5.6
1+singp (56)

K, = tan? (45 — g)

If the soil has no shear strength (¢=0), K, would be equal to 1. In this case the active earth
pressure would be equal to the hydrostatic pressure %’th of a fluid with unit weight ~.

5.2.2 Passive earth pressure after COULOMB

Similary to the derivation of the active earth pressure, the passive earth pressure [, and the
associated critical slip plane angle can be determined for the case of the retaining wall being
pressed against the body of soil (see Fig. 5.5).

The internal force () at the slip plane is in this case inclined in the other direction with respect
to the perpendicular to the slip plane.

S+

Figure 5.5: Wedge of soil and polygon of forces for passive earth pressure after COULOMB

In this case, it follows from the polygon of forces that

1 tan(v +
E, =G tan(d + @) = §fyh2t(aTﬁ¢) (5.7)

The slip plane angle 1) that becomes established in this case is such that the passive earth pres-
sure is a minimum. Using dF/dY = 0, the critical slip plane angle is

9, = 45° — /2 (5.8)
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and the critical passive earth pressure is

1
B, = 0K, (5.9)

where K, is is the so-called passive earth pressure coefficient (for o« = 3 = 6 = 0) where

K, = tan? (45 +2 (5.10)

)_ 1+sinep
2

1 —singy

5.2.3 Steady-state earth pressure

The steady-state earth pressure is the earth pressure acting on an immovable vertical wall. For
a non-preloaded soil, the steady-state earth pressure was calculated approximately by JAKY as

1
Ey = §7h2K0 (5.11)
where
Ky~ 1—siny (5.12)

for an angle of friction of 25° < ¢ < 35°.

For a soil preloaded with o ,, a part of the horizontal stress remains in the soil as a locked-in
stress after relieving to o, e.g. also upon compacting the backfilled soil. In this case the earth
pressure acting on the wall can be estimated from

Ko~ (1 —sing)y\/o../0. (5.13)

The steady-state earth pressure should be used instead of the active earth pressure when the wall
is rigid and immovable.

A more accurate calculation of the steady-state earth pressure can be found in DIN 4085:2007
section 6.4.

5.2.4 Intermediate earth pressure values

If the yielding of a retaining wall structure is not sufficient to relieve the steady-state earth
pressure to the active limit state, an earth pressure approach must be chosen that lies between
the steady-state earth pressure and the active earth pressure. This can happen, for example, with
a propped excavation enclosure or a retaining structure with prestressed ground anchors.

This approach is known as enhanced active earth pressure. The magnitude of this can be calcu-
lated from

E,=p-E,+(1—p)- Ey (5.14)

The factor p is chosen between O and 1 depending on the yielding of the retaining structure.
DIN 4085:2007 tables A.2 and A.3 provide guidance on choosing .
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Correspondingly, there is a so-called reduced passive earth pressure for the passive case. This
lies between the steady-state earth pressure and the passive earth pressure and is used when
the movement of the wall towards the soil is not sufficient to mobilise the full passive earth
pressure.

5.2.5 Further methods for determining the resultant earth pressure
Straight slip planes

In the case of complex boundary conditions, e.g. local surcharges or inhomogeneous ground, it
is not possible to calculate the active and passive earth pressures analytically using COULOMB.
Instead, the earth pressure can be determined graphically by varying the angle of the slip
plane ¥.

The commonest graphic methods were developed by CULMANN and ENGESSER. Both meth-
ods are based on the assumption of a straight slip plane and varying the angle of the slip plane in
steps, with the forces acting in the wedge of soil being calculated for every step and combined
in a polygon of forces. The critical slip plane angle is the one that produces the greatest earth
pressure.

The CULMANN method is mainly used for non-uniform ground, inconstant surcharges and
stratified soils. The ENGESSER method is mainly used in the case of additional forces acting
in the area.

Curved and discontinuous slip planes

The assumption of a straight slip plane according to COULOMB represents a simplification
which is not entirely free from contradictions. Assuming a straight slip plane means that the
moment equilibrium at the wedge of soil cannot be satisfied when considering an angle of wall
friction 0. Curved slip planes (slip circles) really have been observed in many trials. However,
it is also known that assuming a straight slip plane for calculating the active earth pressure
results in only a small error and so the use of a straight slip plane is generally adequate.

By contrast, the discrepancy can be considerably greater in the case of the passive earth pres-
sure. For high angles of friction in particular, the assumption of a straight slip plane leads to
excessive passive earth pressures that do not become established in practice. The passive earth
pressure should therefore be calculated with a curved or discontinuous slip plane. Many differ-
ent approaches can be used which all lead to different passive earth pressures. The commonest
methods of calculation are described below.

KREY (1936) calculated the active and passive earth pressure forces assuming a circular slip
plane. In this case the wall together with the body of soil behind rotates about a point at a high
level (Fig. 5.6a). The centre and radius of the slip plane must be varied until the passive earth
pressure is a minimum.

GUDEHUS (1980) divided the soil behind the wall into several rigid bodies which can be
displaced relative to one another along straight slip planes (multiple-body failure mechanisms).
A translational movement of the wall is assumed here (Fig. 5.6b). The direction of the shear
forces at the slip planes result from the relative displacement of the rigid bodies and the wall.
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The passive earth pressure is determined from the force polygons of the individual rigid bodies.
Here, too, the coordinates of the nodes must be varied until a minimum passive earth pressure
is attained.

CAQUOT & KERISEL (1948) used a failure body in the form of a logarithmic spiral (Fig.
5.6¢).

DIN 4085:2007 uses the failure model of SOKOLOVSKY/PREGL for calculating the passive
earth pressure. This model is not based on a kinematic failure mechanism, but instead on

the method of characteristic curves (Fig. 5.6d). It supplies similar results to the approach of
CAQUOT & KERISEL.

Eph ph
—- —-

m

a) KREY b) GUDEHUS
(kinematic) (kinematic)
E
Eph |7 ph
c) CAQUOT/KERISEL d) SOKOLOVSKY/PREGL
(log. spiral) (method of characteristic curves)

Figure 5.6: Slip planes at the passive limit state after a) KREY, b) GUDEHUS, c¢)
CAQUOT/KERISEL, d) SOKOLOVSKY/PREGL

5.3 Earth pressure distribution

COULOMB’s earth pressure theory is based on a kinematic method with rigid failure bodies
and says nothing about the distribution of the earth pressure over the height of the wall.

In contrast to this, RANKINE assumes a static approach. His approach is not based on a
discrete slip plane, but rather on the assumption that the principal stresses satisfy the Mohr-
Coulomb limit condition throughout the wedge of soil under investigation (see Fig. 5.7). Here,
too, the boundary conditions &« = 3 = d = 0 apply. Such a stress state is known as a failure
surface.

From Fig. 5.7 it can be seen that two horizontal limit stresses exist for one vertical stress o.
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Figure 5.7: MOHR’s circles of stress and failure surface after RANKINE

The minimum limit stress o, corresponds to the active earth pressure e,, and the maximum
. , .
limit stress o7, to the passive pressure ¢,,.

Using Mohr’s circles of stress, the horizontal stresses can be calculated from

1 g
Oxmin = Uzﬂ = VZKa = €4 (515)
’ 1+sinep
and
14 singp
r,maxr — . - K, = 5.16
e, 1 —sing TRy = G ( )

From this it can be seen that according to RANKINE, the earth pressure due to the self-weight
of the soil increases linearly with the depth z.

By integrating the horizontal stresses over the height, we get the resultant active earth pressure

1
E, = §»yz2Ka (5.17)

and the resultant passive earth pressure

1
E, = §fyz2Kp (5.18)
Therefore, for the same boundary conditions, the resultant active or passive earth pressures are

equal to those of the COULOMB method.

A failure surface like the one assumed here is achieved only for a rotation of the wall about its
base for the active case and only with a translation of the wall for the passive case (see Fig. 5.8).
Only for these cases do the active or passive earth pressures due to the self-weight of the soil
increase linearly with the depth.

Other wall movements do not produce a triangular earth pressure distribution because the de-
formations required to mobilise the active or passive earth pressure do not occur in certain
areas or an arching or bridging effect occurs in the soil. Generally, the earth pressures in these
cases are nevertheless initially calculated assuming a triangular distribution and subsequently
redistributed while retaining the magnitude of the resultant earth pressure (see section 5.8).
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Figure 5.8: Wall movement with a linear earth pressure distribution

5.4 Calculating the earth pressure due to self-weight

5.4.1 Wall friction angle

Generally, the wall is not completely smooth, which means that a wall friction angle 5 # 0
between the wall and the soil is established. This is mobilised when the wall and soil move in
relation to each other (Fig. 5.9). Here, J is the angle between the direction of application of the
active or passive earth pressure and a line perpendicular to the surface of the wall.

Assuming a straight slip plane, the wall friction angle in sheet piling structures may be assumed
to lie within the limits 6,/, = £2/3¢ on the active and passive sides. If a curved slip plane is
assumed for the passive earth pressure, the wall friction angle must be increased to J, = ¢
according to EAU 2004 section 8.2.4.2 . Normally, , > 0 and 9,, < 0 because the active wedge
of soil moves downwards with respect to the wall and the passive wedge of soil upwards.

It is easy to see that the wall friction angle can change the forces in the polygon of forces (see
Figs. 5.4 and 5.5) considerably. In particular, the passive earth pressure increases drastically in
the case of a negative wall friction angle 9, < 0.

o+

Ea

§ Oa+

e
=7

p

Passive earth pressure side \ Active earth pressure side

a_

Figure 5.9: Definition of signs for earth pressure
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5.4.2 Active and passive earth pressure coefficients for soil self-weight

The coefficients for the active pressure due to self-weight resulting from the COULOMB method
are valid only for the special case of « = 3 = § = 0. Such conditions occur only rarely, as
has been shown already by assuming a wall friction angle. Further, a sloping ground surface
(8 # 0) and an inclined wall (« # 0) have a considerable influence on the active and passive
earth pressures. As an extension of COULOMB’s theory, MULLER-BRESLAU therefore set
up the following for calculating the active and passive earth pressure coefficients due to the
soil self-weight for a # 0, 5 # 0 and ¢ # 0, assuming a straight slip plane:

cos’ (¢ — )

Kogn = . . S (5.19)
cos? |1+ 2letiamte )|
cos? (¢ + a
Kpgn = (p+0) (5.20)

2
2 _ ./ sin(e=dp) sin(p+0)
cos™a |:1 \/cos(afﬁ) Cos(a+§p)J

These are the horizontal earth pressure coefficients for calculating the horizontal components
(index h) of the resultant active and passive earth pressures (index a and p respectively) due to
the soil self-weight (index g)

1
Bagh/vah = 570" Kaghpan (521)
and the corresponding horizontal earth pressure ordinates

Cagh/pgh = VI - Kagh/pgh (5.22)

The MULLER-BRESLAU equation is based on assuming a straight slip plane. However, in
the zone of passive earth pressure, curved slip planes are realistic for angles of friction ¢ > 30°
(see section 5.2.5). Table 5.1 lists active and passive earth pressure coefficients K,,, and
Kpgn according to DIN 4085:2007. The active earth pressure coefficients here are determined
with straight slip planes according to MULLER-BRESLAU, and the passive earth pressure
coefficients with curved slip planes according to SOKOLOWSKY/PREGL.

Due to the wall friction angle ¢ and a possible wall inclination «, the earth pressure no longer
acts horizontally (see Fig. 5.10). It thus gains a vertical component (Fig. 5.10). The vertical
earth pressure component £, can be calculated from

Eov/pw = Eanyph - tan(d,/p + a) (5.23)

depending on the horizontal component F,.

Generally, a high wall friction angle has a favourable effect on the loadbearing behaviour be-
cause this reduces the active earth pressure coefficient, and the passive earth pressure coefficient
increases considerably in the case of a large angle of friction . Therefore, the vertical equilib-
rium XV = 0 of the system should be checked to see whether the wall friction angle assumed
really can be mobilised on the passive earth pressure side (see section 6.7.1). If necessary, the
wall friction angle should be reduced accordingly.
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Table 5.1: Active and passive earth pressure coefficients to DIN 4085:2007
© Jé] Kagh Kp_qh Kach Kpch
6=0 2/3p | 6=0 —1/3p —1/2¢0 —2/3¢ | 6=0 2/3¢p | 6=0 —1/3p —1/2¢p —2/3¢p
—20 || 040 0.34 | 0.87 1.00 1.06 111 1.08 095 | 252 2.59 2.61 2.62
—10 || 044 037 | 1.38 1.57 1.67 1.76 1.23 107 | 268  3.04 3.19 3.33
20 0 049 043 | 204 233 2.47 2.61 140 118 | 2.86  3.23 3.40 3.55
10 0.57 051 | 2.48 2.83 3.00 3.16 158  1.29 | 3.24  3.67 3.86 4.03
20 0.88 0.88 | 297  3.40 3.60 3.80 1.77 140 | 3.68  4.17 4.38 4.58
—20 || 0.37 0.30 | 0.96 1.13 1.21 1.30 1.04 091 | 256  2.98 3.17 3.34
—10 || 040 034 | 1.51 1.78 1.92 2.05 118 101 | 277  3.23 3.43 3.62
225 | 0 045 038 | 224 264 2.84 3.03 1.3 111 | 299  3.49 3.71 3.91
10 051 045 | 2.78 3.28 3.52 3.76 150 120 | 3.46  4.03 4.29 4.52
20 0.66  0.62 | 3.40  4.01 4.31 4.60 1.66 129 | 4.00  4.66 4.96 5.22
—25 |[ 0.32 026 | 081 1.00 1.09 1.17 093 082 | 247 2098 3.20 3.41
—20 || 034 0.28 | 1.05 1.29 1.41 1.52 .00 087 | 259  3.12 3.36 3.57
—10 || 037 031 | 1.66 2.03 2,22 2.40 113 096 | 2.85 3.44 3.70 3.93
25 0 041  0.35 | 2.46 3.01 3.29 3.56 1.27  1.04 | 314  3.78 4.07 4.33
10 0.46 040 | 3.12 3.82 4.16 4.50 142 112 | 3.69 445 4.79 5.09
20 057 052 | 3.90  4.77 5.20 5.63 1.57 119 | 4.35 5.24 5.64 6.00
25 0.82 0.82 | 434 530 5.79 6.26 1.64 122 | 4.72 5.68 6.12 6.50
—25 | 029 0.24 | 0.90 1.14 1.27 1.39 0.90 0.78 | 247  3.08 3.36 3.60
—20 || 031 025 | 1.16 1.48 1.64 1.80 0.96 0.83 | 2.61 3.26 3.56 3.82
—10 || 033 0.28 | 1.83 2.33 2.59 2.83 1.09 091 | 293  3.66 3.99 4.29
275 | 0 037 031 | 272 3.46 3.83 4.20 1.21 098 | 3.30  4.12 4.49 4.82
10 0.42 036 | 3.51 4.47 4.96 5.43 134 1.05 | 3.95 4.94 5.38 5.78
20 0.50 045 | 447  5.69 6.31 6.92 147 110 | 474  5.92 6.45 6.93
25 0.60 0.55 | 5.03 6.40 7.09 7.78 154  1.13 | 519  6.48 7.06 7.59
30 || 026 021 | 075 0.99 1.12 1.24 080 071 | 220 297 3.28 3.56
—20 || 028 0.23 | 1.28 1.70 1.92 2.14 092 079 | 263  3.41 3.76 4.08
—10 || 030 025 | 2.02 2.69 3.03 3.37 1.04 086 | 3.02 3.91 4.32 4.69
30 0 0.33 0.28 | 3.00 3.98 4.50 5.00 115 092 | 346  4.49 4.97 5.39
10 0.37 032 | 3.96 5.26 5.94 6.61 127 098 | 424 550 6.07 6.59
20 0.44 039 | 5.15 6.84 7.72 8.59 139  1.02 | 518  6.73 7.43 8.06
30 0.75  0.75 | 6.60 8.77 9.89 11.01 | 150 1.05 | 6.34  8.23 9.09 9.86
—30 || 023 0.19 | 0.83 1.15 1.32 1.49 0.77 068 | 223  3.02 3.38 3.70
—20 || 025 021 | 1.42 1.97 2197 2.57 088 075 | 263  3.55 3.98 4.36
—10 || 028 023 | 2224  3.12 3.58 4.05 099 0.8l | 3.10  4.18 4.69 5.14
325 | 0 030 025 | 332 462 5.31 6.00 1.10 087 | 3.65 4.93 5.52 6.05
10 0.34 0.28 | 4.48 6.23 7.16 8.10 1.20 091 | 4.55 6.16 6.90 7.56
20 039 034 | 594 826 9.50 1074 | 1.30 094 | 5.69 7.69 8.61 9.44
30 052 049 | 7.76 1079 1241  14.03 | 140 096 | 7.10  9.60 10.76  11.80
—35 | 0.20 0.16 | 0.67 098 1.15 1.32 0.69 0.62 | 1.96  2.77 3.15 3.49
—30 || 021 017 | 0.92 1.34 1.57 1.81 0.74  0.65 | 216  3.05 3.47 3.84
—20 || 023 019 | 158 2.30 2.70 3.10 0.85 071 | 2.62 3.70 4.20 4.66
—10 || 025 020 | 2.49 3.64 4.26 4.90 0.95 077 | 317  4.48 5.09 5.64
35 0 027 022 | 3.69 5.39 6.32 7.26 1.04 081 | 384 543 6.17 6.83
10 0.30 0.25 | 5.08 7.42 8.70 10.00 | 1.13  0.85 | 4.91 6.93 7.88 8.73
20 034 030 | 688 1004 1177 1353 | 1.22 087 | 626 885 10.06  11.14
30 044 039 | 915 1337 1567 1801 | 1.31 088 | 800  11.30  12.84  14.23
35 0.67 0.67 | 1050 15.34¢  17.99  20.67 | 1.34 088 | 9.04 12,77 1451  16.08
=35 || 0.19 0.15 | 0.75 1.15 1.37 1.61 0.67 059 | 1.86 2.7 3.17 3.55
—30 || 019 0.5 | 1.02 1.57 1.88 2.20 071  0.62 | 2.08  3.07 3.54 3.97
—20 || 021 017 | 1.76 2.71 3.24 3.79 081 0.68 | 2.60  3.84 4.43 4.96
—10 || 022 018 | 277 427 5.11 5.97 0.90 072 | 324 480 5.54 6.20
375 | 0 024 020 | 4.11 6.33 7.58 8.86 0.99 0.76 | 4.06  6.00 6.92 7.75
10 027 022 | 578 8.90 10.66 1246 | 1.07  0.79 | 5.30 7.84 9.05 10.14
20 030 0.26 | 7.98 12290 1470 17.19 | 115 081 | 6.93  10.25  11.83  13.25
30 0.37 0.33 | 10.83 1667  19.95 2332 | 122 081 | 9.06 1340 1546  17.32
35 045 042 | 1254 19.30  23.10  27.01 | 1.25 081 | 10.36 1532  17.68  19.80
—40 || 0.16 0.13 | 0.59 0.95 117 1.39 059 054 | 153 237 2.78 3.15
-30 || 017 014 | 1.14 1.86 2.28 2.71 0.68 059 | 1.98  3.07 3.60 4.07
—20 || 019 015 | 1.97  3.20 3.91 4.66 0.77 0.64 | 256  3.97 4.66 5.27
—10 || 020 0.16 | 3.10 5.05 6.17 7.35 0.85 0.68 | 3.31 5.15 6.03 6.83
40 0 022 0.18 | 4.60 7.48 9.15 10.89 | 093 071 | 429  6.66 7.81 8.84
10 024 020 | 661 1075  13.15 1565 | 1.01  0.73 | 5.75 8.93 1047  11.85
20 027 023 | 930 1513 1851 2203 | 1.07 074 | 7.70  11.97  14.03  15.88
30 0.32 028 | 12.86 2092 2559 3045 | 113  0.74 | 10.33 16.04 1880  21.29
40 059 059 | 1749 2845  34.80 4142 | 1.17 072 | 13.84 2150 2520  28.53
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s

Figure 5.10: Vertical and horizontal components for earth pressure

5.4.3 Slip plane angle

The critical slip plane angle 9 is required for some calculations. Taking the MULLER-BRESLAU
equation as a basis and assuming a straight slip plane, the critical slip plane angle is calculated
from

B 1 sin(d, + @) cos(f — )

Y, = ¢ + arccot [tan(go —a)+ cos(p— o) \/sin(go — 5) cos(0, + ) (5.24)
- 1 sin(d, — ¢) cos(f — )

¥, = —p + arccot [tan(ap +a)+ o \/sin(—gp ~ B)cos(3, + o) (5.25)

In the case of more complex boundary conditions caused by additional loads or changes in
ground level or an angle of friction ¢ > 30° on the passive earth pressure side, the critical slip
plane may need to be determined using a graphical method, or a curved or discontinuous slip
plane may have to be assumed.

For the special case of a vertical wall and a flat ground surface, the slip plane angle ) can be
taken from table 5.2.

5.5 Calculating the earth pressure in cohesive soils

In soils with friction and cohesion, the cohesive force
C=l-c (5.26)

also acts at the slip plane; [ designates the length of the slip plane and ¢ the cohesion of the soil.
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Table 5.2: Slip plane angle ¥ for o = 3 =
Va Uy
¢ |0=20|0=42¢|6==0|6=-2¢p

15° 52.5° 47.0° 37.5° 28.2°
17.5° | 53.8° 48.5° 36.3° 26.6°
20° 55.0° 50.0° 35.0° 24.9°
22.5° | 56.3° 51.5° 33.8° 23.2°
25° 57.5° 53.0° 32.5° 21.5°
27.5° | 58.8° 54.5° 31.3° 19.8°
30° 60.0° 56.0° 30.0° 18.1°
32.5°| 61.3° 57.5° - -
35° 62.5° 58.9° - -

5.5.1 Cohesion on the active earth pressure side

For the boundary conditions according to COULOMB (a = (§ = § = 0), the resultant active
earth pressure according to Fig. 5.11, also taking into account cohesion, is

1 _
Ezz — —’}/h2tan(19 90)

1
5 i ch [tan(d — ) + —— (5.27)

tan v

The extreme condition d £ /dY = 0 supplies the known critical slip plane angle which, irrespec-
tive of c, is

Uy =45+ ¢/2 (5.28)

Therefore, the resultant earth pressure due to self-weight and cohesion is
1
E, = §7h2 K, —2chv K, (5.29)

where K, is calculated using eq. 5.6 after COULOMB. The two earth pressure components due
to self-weight and cohesion act as independent sums.

The cohesion reduces the active earth pressure. Cohesion should therefore only be assumed
when drying-out or freezing of the soil can be ruled out. The earth pressure component due to
cohesion is distributed uniformly over the wall.

For the general case of o # 0,3 # 0 and ¢ # 0, the critical slip plane angle under the action
of cohesion changes only marginally. Therefore, according to DIN 4085:2007, the horizontal
component of the earth pressure component due to cohesion is

Cach = —C* Ko (5.30)

where

2 cos(a— f3) - cosp - cos(a + d,)
[1+sin(e +a+ 9, — B)] - cosa

Kacn = (5.31)
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System Earth pressure Polygon
distribution of forces

Figure 5.11: Active earth pressure with cohesion

Cohesion therefore reduces the resultant earth pressure for a section of wall of height / by the
value

Each =c-h- Kach (532)

Typical values for K., are given in table 5.1.

For the boundary conditions according to COULOMB (o = 3 = § = 0), the earth pressure
coefficient is simplified to

Kaen = 2/ Kogn (5.33)

and is therefore the same approach as with COULOMB (see eq. 5.29).

Near the ground surface, considering the cohesion can lead to very small or negative earth
pressures. In this case, a minimum earth pressure should be applied, and the value should not
fall below this. The minimum earth pressure corresponds to the earth pressure that results from
assuming a shear strength of ¢ = 40° and ¢ = 0 due to the self-weight of the soil (Fig. 5.12).
The maximum value due to the minimum earth pressure e,,;, and a permanent earth pressure
taking into account the cohesion ey, + €40, must be applied at every depth.

5.5.2 Cohesion on the passive earth pressure side
For the boundary conditions according to COULOMB (a = = § = 0), the resultant passive
earth pressure according to Fig. 5.13, also taking into account cohesion, is

1
E,= 5wﬂKp +2chy/ K, (5.34)

where K, is calculated using eq. 5.10.

By assuming cohesion, the passive earth pressure increases by a component distributed uni-
formly over the depth.
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e Kagh =0.33
e = Kach = 1.15
s O 8 o Kah,min = 0.22
y=18 kN/m Ee
£ ¢=30" 4 £2 Gagh=7-h-Kagh =18-10-0.33
2 CIRORNM™ .28 = 59.4 kN/m?
\\\ each='C'Kagh =-10-1.15
=-11.5 kN/m2
, €ah.min |, €amn="7Y" h - Kahmin =18-10-0.22
s €agh ¥ =39.6 kN/m?
Figure 5.12: Applying a minimum earth pressure
System Earth pressure Polygon
distribution of forces
" J
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Figure 5.13: Passive earth pressure with cohesion
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For the general case of o # 0, 3 # 0 and § # 0, the method of SOKOLOVSKY/PREGL with a
curved slip plane is used when taking cohesion into account. The horizontal component of the
earth pressure component due to cohesion is

€pch = C - Kpch (535)

where K, 1s taken from DIN 4085:2007 (see table 5.1). Cohesion increases the resultant
passive earth pressure over a section of wall of height i by the value

Epery =+ h+ Kpep (5.36)

5.6 Earth pressure due to unconfined surcharges

A load per unit area p is regarded as unconfined when it extends from the retaining structure to
beyond the point where the critical slip plane intersects the ground surface (Fig. 5.14). On the
other side of the wedge of soil, the load has no further effect on the wall.

€agh =Y -h-Kagh
h €aph = p- Kaph

Ua

L €agh fapt!l/

A

Figure 5.14: Unconfined surcharge

The additional horizontal active earth pressure due to such a surcharge p fora = 3 = 0 is

C€aph = P Kaph =p- Kagh (537)

where K, is calculated using eq. 5.19.
For the case of o # 0 and /3 # 0, the expression is expanded to

cosa - cos 3
cos(a — 3)

The unconfined surcharge therefore generates a uniformly distributed earth pressure on the wall
in the case of homogeneous soils. The resultant horizontal earth pressure component is therefore

€aph = D Kaph =p- : Kagh (538)

Eaph = €aph * h (539)
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System Earth pressure ordinates eagn
09
v~ =18 kN/m?3
20 || aw ?=3% Kagh= 0.22
Ty =11 kN/md
¢ =35 Kagh= 0.22
5 =2/30 agn=
0 69-0.22 =15.18
12 KN/ 69-0.28 = 19.32
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=30 Kagh= 0.28
5 =2/3¢ agn=
8.0 105-0.28 = 29.40

Figure 5.15: Earth pressure with changing soil strata

In the absence of any specific surcharges acting on the ground surface, a general, uniformly
distributed load of p = 10 kN/m? is assumed to act on the ground surface behind the retaining
wall. This load should be classed as a permanent action.

The corresponding conditions apply to surcharges on the passive earth pressure side. Here,
however, the surcharge should be applied only if it can be regarded as permanent.

5.7 Considering special boundary conditions

5.7.1 Stratified soils

It is quite usual to find several soil strata with different soil parameters in front of and behind a
retaining wall. For such stratified soils, the earth pressure ordinates are calculated as follows

ean(2) = 0(2) Kagh — ¢ - Kaen (5.40)
and
epn(2) = 0(2)Kpg, + ¢ - Kpen (5.41)

The corresponding vertical stress o, at depth 2 is calculated from the total weight of the soil
(7, - h;) in the overlying strata ¢ plus any permanent, unconfined surcharges p.

From this approach it follows that inconstancies occur in the earth pressure diagram at the
boundaries between the strata (Fig. 5.15). If the unit weight v of the soil changes, the result is
a kink in the earth pressure distribution because o, increases differently with the depth. This is
also the case at the level of the groundwater table because the bulk unit weight v acts above the
groundwater table and the effective submerged unit weight +' below. If the shear parameter ¢ or
 changes at the boundary between strata, the result is a step in the earth pressure distribution.
The value of c is entered directly into the cohesion term and ¢ via the earth pressure coefficient.



5.7. CONSIDERING SPECIAL BOUNDARY CONDITIONS 71

5.7.2 Confined surcharges

Confined surcharges on the ground surface or due to foundations behind the sheet pile wall
cause local, additional earth pressures on the wall. These additional pressures may be deter-
mined independently of the earth pressure due to the self-weight of the soil, provided the load is
not larger than the self-weight of the wedge of soil assumed (DIN 4085:2007). If this condition
is not satisfied, the slip plane assumed changes substantially. In this case the system should
be considered as a whole with all loading influences and the resultant earth pressure calculated
via a suitably adapted slip plane. This can be carried out, for example, with CULMANN’s
graphical method or with the help of multiple-body failure mechanisms (see section 5.2.5).

The following cases are valid for loads less than the self-weight of the wedge of soil assumed.

Generally, when describing the extent of a confined vertical load, the angle of friction ¢ and the
slip plane angle ©J are used as the upper and lower bounds for projecting the load onto the wall.

Strip and line loads

For confined strip or line loads (Fig. 5.16), the additional earth pressure is calculated similarly
to eq. 5.3 but also taking into account the angle of wall friction 9:

sin(dq — @) - cos(a + 6)

Ewn=V -Kyn=V
vh v cos(Uy, —av— 0 — )

(5.42)

where V is either a line load parallel to the sheet pile wall or a strip load V' = b - p with width b
and magnitude p.

The load spreads out at the angles ¢ and ¢ to the wall. Various approaches can be used for as-
sessing the distribution of the earth pressure, which are given in EAB 2006 and DIN 4085:2007.
The usual approaches are illustrated in Fig. 5.16. In the majority of cases, a constant distribu-
tion of the earth pressure over the height of the spread is sufficient. If the spread of the load
reaches below the base of the wall, only that part of the earth pressure that actually acts on the
wall is used in the calculations.

If, in addition, a horizontal thrust (e.g. from a foundation) is also present, this load can be
considered separately from the vertical load. The horizontal earth pressure due to a horizontal
force is

~cos(Uq — ) - cos(a + 6)

Eogn=H  -Kogn=H
i e cos(Uy, —av— 6 — )

(5.43)

Point loads

In the case of a load confined on all sides V' (e.g. pad foundation), a spread of 45° can be
assumed on plan (Fig. 5.17). The earth pressure due to such a distributed load V"’ can then be
determined like a strip load.
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Figure 5.16: Earth pressure for line loads (top) and strip loads (bottom)

5.7.3 Stepped ground surface

If the surcharge on the active earth pressure side increases in steps, e.g. due to a stepped
embankment or a change in ground level, this change in the load is also reflected in the earth
pressure on the wall (Fig. 5.18).

According to an approximation by JENNE, the earth pressure lies within the limits given by the
assumptions that, on the one hand, the ground is level at the top of the wall and, on the other,
the ground above the embankment extends as far as the wall. The transition between the two
earth pressure levels takes place within the upper bound at the angle ¢ (line of embankment),
starting from the base of the embankment, and the lower bound at the angle v (line of rupture),
starting from the top of the embankment, or also from the base of the embankment if, for exam-
ple, cohesion causes the embankment to be steeper than ¢). The earth pressure between the two
bounds may be obtained through linear interpolation.

5.7.4 Earth pressure relief

In quay and waterfront structures, a relieving platform can be built to reduce the earth pressure
on the sheet pile wall. The earth pressure distribution below such a relieving platform can be
calculated similarly to section 5.7.3. Again, the line of the embankment or line of rupture start-
ing from the rear of the platform can be used as the upper and lower bounds respectively of the
transition zone.
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h1

Eavh=V"Kavh

|r=|+23.

V' =V, I_
[+2a

Figure 5.17: Earth pressure due to surcharge confined on all four sides
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Figure 5.18: Determining the earth pressure approximately for a stepped embankment
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Figure 5.19: The use of a relieving platform

5.7.5 Earth pressure due to compaction

If the soil behind a sheet pile wall is backfilled in layers and subsequently compacted, the earth
pressure on the wall at a certain depth below the surface of the backfill can exceed the active
earth pressure due to self-weight in some circumstances.

DIN 4085:2007 provides design suggestions for applying the compaction pressure depending
on the type of compaction (rolling or vibration) and the magnitude of the earth pressure (active
earth pressure or steady-state earth pressure).

If the surface is subsequently loaded, e.g. by further layers of fill, the earth pressure due to
compaction remains effective only to the extent that it exceeds the earth pressure due to addi-
tional loads. From this it follows that in the majority of cases only the earth pressure due to
compaction in the upper layers needs to be considered.

5.7.6 Groundwater

The presence of groundwater in front of or behind the sheet pile wall has a direct effect on the
earth pressure.

In stationary water, the buoyancy force of the groundwater acting on the granular structure
reduces the effective unit weight of the soil such that only its submerged unit weight + is
effective. The active and passive earth pressures are therefore reduced.

If the groundwater flows around the sheet pile wall, then hydrodynamic pressures generate
additional forces that act on the granular structure of the soil. The hydrodynamic pressure
fs = i - 7, (see section 4.3) increases the effective stresses on the side where the water flows
downwards (normally the active earth pressure side) and reduces the effective stresses on the
side where the water flows upwards (normally the passive earth pressure side).

The exact calculation procedure is illustrated with an example in Fig. 5.20. This is the same ex-
ample as that in section 4.3. There, the intention was to illustrate the effect of the hydrodynamic
pressure on the hydrostatic pressure, whereas here it is the effect on the active earth pressure.
This can be calculated either with the help of a flow net or the approximation equation 4.9.
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Figure 5.20: Influence of hydrodynamic pressure on active and passive earth pressures
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5.7.7 Three-dimensional earth pressure

Quay structures are frequently built as combined sheet pile walls consisting of loadbearing piles
and infill piles. In this arrangement, the infill piles are often not driven as deep as the loadbearing
piles. The passive earth pressure in the region below the infill piles can only be mobilised by
the loadbearing piles. Every one of these generates a three-dimensional earth pressure figure
which, depending on the spacing of the loadbearing piles, can remain separate or can overlap.
In the extreme case, the overlapping is so great that the loadbearing piles can be calculated as a
continuous wall. DIN 4085:2007 section 6.5.2 contains further information on calculating the
three-dimensional passive earth pressure.

5.8 Earth pressure redistribution

The classic earth pressure distribution only occurs for the active earth pressure with a rotation of
the wall about its base. In the case of unpropped cantilever retaining walls fixed in the ground,
a classic pressure distribution is to be expected. In the case of stiffened or anchored walls,
the stiffening elements and anchors act as supports that prevent free rotation. As a result of
this, the earth pressure redistributes corresponding to the support points. On the passive earth
pressure side, the classic distribution of the earth pressure occurs only in the case of a parallel
displacement of the wall. When taking into account a redistribution of the active or passive
earth pressure, the active or passive earth pressure determined in the classic way is redistributed
according to the movement of the wall to be expected, whereby the total value of the resultant
earth pressure normally remains the same.

DIN 4085:2007 provides guidance on the distribution of the active and passive earth pressure
for various types of wall movement (Fig. 5.21).

EAB 2006 provides information on the earth pressure redistribution for anchored and stiffened
excavation enclosures. In this case, the number and position of the stiffening elements are
particularly important. Fig. 5.22 shows the redistribution figures for sheet pile walls with one
support.

' ! '
hk-f—> €ho hy €ho T h €ho T
T =12 Hp2 Tk_’ =1.5:eny H/2
H H H
H/2 { H/2 {
€hu l
a) Supported at b) Supported at ¢) Supported at
hix < 0.2'H 0.1'"H<hg<0.2'H 0.2'H < hx < 0.3-H

Figure 5.22: Earth pressure redistribution to EAB 2006 for single supports
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Figure 5.21: Earth pressure redistribution to DIN 4085:2007
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Figure 5.23: Earth pressure redistribution to EAU 2004
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EAU 2004 contains earth pressure redistribution figures for anchored waterfront structures
which also take into account whether the structure is built on land or in water (Fig. 5.23).
On land, the ground in front of the sheet pile wall is excavated so that the earth pressure redis-
tributes towards the anchor position as the excavation proceeds. In water, the ground behind the
wall is backfilled in layers so that only a minimal redistribution of earth pressure takes place.
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5.9 Examples of earth pressure calculations
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Example 5.2

Earth pressure calculation with strip load and earth pressure redistribution

Sketch of system: 2.0 ,20
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Example 5.3  Earth pressure calculation with line load
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Example 5.4  Earth pressure calculation with relieving platform
Sketch of system:
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Chapter 6

Design of sheet pile walls

6.1 General

Various design methods have proved worthwhile for the structural analysis of sheet piling
structures. There are methods based on classic active/passive earth pressure theory, idealisation
of the subsoil through elastic-plastic spring models, and ultimate load approaches.

Sheet pile walls belong to the class of wall-type retaining structures whose design is covered by
section 10 of DIN 1054:2005-01. DIN 1054 is an overriding standard that provides a general
format for all analyses. The establishment of actions, resistances, calculation procedures and
construction is covered by the specialist standards and recommendations of the German Society
for Geotechnics (DGGT).

In accordance with the current state of the art, sheet piling structures are calculated and dimen-
sioned with the help of computers these days. It is nevertheless essential for the design engineer
to have a sound knowledge of the various methods of calculation, either for the purpose of
checking the computer calculations or for carrying out quick and simple preliminary designs.

6.2 Safety concept

6.2.1 Geotechnical categories

According to DIN 1054:2005-01 and also DIN 4020:2003-09, geotechnical structures are placed
in one of the three geotechnical categories (GC) (see table 6.1) with respect to requirements
concerning the scope and quality of geotechnical investigations, design and supervision.

This classification must be carried out at the start of the planning phase, but can be revised at
any time should any of the boundary conditions change. Further gradations of the geotechnical
categories into individual subcategories is also possible.
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Table 6.1: Geotechnical categories (GC)
Category | Recommendations for inclusion ‘ Assessment of stability
GC 1 - simple subsoil conditions Assessment based on empirical
- low requirements values, a geotechnical expert is
- up to 2.0 m high in horizontal, unloaded ground only required in cases of doubt.
- trench sheeting to DIN 4120:2002-10/5.
- standard trench sheeting to DIN 4124:2002-10/5.2,7.3
GC2 - moderate requirements Numerical safety analysis, a re-
port by a geotechnical expert
should be available.
GC3 - difficult subsoil conditions Numerous geotechnical find-
- high requirements ings required for the assess-
- close to structures vulnerable to displacement ment, the assistance of a
- active earth pressure exceeds steady-state earth pressure geotechnical expert before,
- increase in strains/displacements over time during and after construction is
- confined groundwater necessary.

6.2.2 Limit states

According to DIN 1054:2005-01, the limit states are divided into

e Ultimate limit state (LS 1), which means

— Limit state of loss of support safety (LS 1A)
Failure of the structure due to loss of equilibrium without collapse

— Limit state of failure of structures and components (LS 1B)
Collapse of the structure due to failure in the structure or in the supporting subsoil

— Limit state of loss of overall stability (LS 1C)
Collapse of the subsoil due to failure in the subsoil

and

e Serviceability limit state (LS 2)

The state which, if exceeded, means full use of the structure is no longer possible.

6.2.3 Loading cases

The loading cases result from the combinations of actions in conjunction with the safety classes.

e Combinations of actions

— Standard combination CA 1
— Rare combination CA 2

— Exceptional combination CA 3
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e Safety classes for resistances

— SC 1: conditions related to the functional life of the structure

— SC 2: conditions during construction

— SC 3: conditions occurring just once or probably never during the functional life of
the structure

e [oading cases

— LC I: permanent design situation (CA 1 in conjunction with SC 1)

— LC 2: temporary design situation (CA 2 in conjunction with SC 1, or CA 1 in
conjunction with SC 2)

— LC 3: exceptional design situation (CA 3 in conjunction with SC 2, or CA 2 in
conjunction with SC 3)

6.2.4 Partial safety factors

The partial safety factors for actions, action effects and resistances according to DIN 1054:2005-
01 are given in tables 6.2 and 6.3.

Table 6.2: Partial safety factors for actions and action effects to DIN 1054:2005-01

Action Symbol Loading case
LC1|LC2[LC3

LS 1A: limit state of loss of support safety

Favourable permanent actions VG, sth 090 | 090 | 0.95
Unfavourable permanent actions VG, dst 1.00 1.00 1.00
Hydrodynamic force in favourable subsoil YH 1.35 | 1.30 | 1.20
Hydrodynamic force in unfavourable subsoil YH 1.80 1.60 1.35
Unfavourable variable actions YQ,dst 1.50 1.30 1.00
LS 1B: limit state of failure of structures and components

General permanent actions’ ote 1.35 | 1.20 | 1.00
Permanent actions due to steady-state earth pressure YEOg 1.20 | 1.10 1.00
Unfavourable variable actions Y9 1.50 1.30 1.00
LS 1C: limit state of loss of overall stability

Permanent actions Y& 1.00 | 1.00 1.00
Unfavourable variable actions Y0 1.30 | 1.20 | 1.00

LS 2: serviceability limit state
Y = 1.00 for permanent actions

g = 1.00 for variable actions

Lincluding permanent and variable hydrostatic pressure
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Table 6.3: Partial safety factors for resistances to DIN 1054:2005-01

Resistance Symbol Loading case
LC1|LC2|LC3

LS 1B: limit state of failure of structures and components

Soil resistances

Passive earth pressure and ground failure resistance YEp, Yar | 1.40 1.30 1.20
Sliding resistance Yai 1.10 | 1.10 | 1.10
Pile resistances

Pile compression resistance under test load YPe 1.20 1.20 1.20
Pile tension resistance under test load VPt 1.30 1.30 1.30
5;113 er:smtance in tension and compression based on empirical o 140 | 140 | 140
Grouted anchor resistances

Resistance of steel tension member Y 1.15 | 115 | 1.15
Pull-out resistance of grout YA 1.10 | 1.10 | 1.10
Resistances of flexible reinforcing elements

Material resistance of reinforcement B ‘ 1.40 ‘ 1.30 ‘ 1.20
LS 1C: limit state of loss of overall stability

Shear strength

Friction angle tan ¢’ of drained soil Vo1 You 1.25 1.15 1.10

Cohesion ¢’ of drained soil and shear strength ¢, of undrained

soil Yes Yeu 1.25 1.15 1.10

Pull-out resistances

Ground or rock anchors, tension piles YN, Vz 1.40 1.30 | 1.20
Grout of grouted anchors YA 1.10 | 1.10 | 1.10
Flexible reinforcing elements VB 140 | 1.30 | 1.20

6.2.5 Analysis format

According to DIN 1054:2005-01, the limit state condition

Y EBa<) R (6.1)

must be satisfied in all analyses for LS 1.

In this equation, F (effect) stands for the actions resulting from the force or deformation vari-
ables acting on the structure, and R (resistance) for the internal forces or stresses in or on the
structure or in the subsoil as a result of the strength or stiffness of the building materials or
the subsoil. The index d (design) indicates that the inequality must be satisfied for the design
values.
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6.2.6 Further factors

According to EAU 2004, the stability analyses should be as simple as possible in structural
terms with clearly defined paths for transferring the loads and forces. In the course of the
analyses, there should be a clear breakdown with respect to the following points (EAU 2004
section 0.3):

e Details of the use of the structure

e Drawings of the structure with all planned dimensions

e Description of the structure

e Design value of bottom depth

e Characteristic values of all actions

e Soil strata and associated characteristic soil parameters

e Critical unconfined water levels plus associated groundwater levels
e Combinations of actions, or rather loading cases

e Partial safety factors required/applied

e Intended building materials and their strengths or resistance values
e Details of critical building conditions

e Description and reasons for intended verification procedures

e Details of publications referred to and other aids

6.3 Actions and action effects

Sheet piling structures are in the first instance loaded by hydrostatic and earth pressures. The
calculation of these variables is dealt with in chapters 4 and 5, and is also addressed in WEISSEN-
BACH (2003).

6.3.1 Earth pressure

The design of sheet pile walls is carried out for limit state LS 1B. As described in section 6.2, the
action effects due to characteristic actions are determined and converted into design variables
by multiplying with the corresponding partial safety factors from table 6.2, which take into
account the nature of the respective action. The characteristic parameters of the soil are used to
calculate the earth pressure as a characteristic action specific to earthworks.
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6.3.2 Action effects due to earth pressure

The action effects resulting from earth pressure must always be assessed according to the per-
manent and variable components. According to the concept of partial safety factors, for limit
state LS 1B the characteristic action effects are not increased by the partial safety factors for the
specific action until they are compared with the respective resistances at the limit state condi-
tions according to DIN 1054:2005-01, whereas the resistances are correspondingly reduced.

6.3.3 Hydrostatic pressure

When defining the hydrostatic pressure critical for the design, it is necessary to perform an
accurate assessment of possible water levels during the construction period and lifetime of the
structure plus the associated probabilities of occurrence. When determining the characteristic
hydrostatic pressure, both maximum and minimum water levels must be defined and investi-
gated.

In contrast to the earth pressure, for which the action effects due to active and passive earth
pressures are determined separately, in the case of hydrostatic pressure the component acting
on the passive earth pressure side is also considered as an action. The structural calculations
can therefore be simplified by considering merely the resultant hydrostatic pressure. According
to DIN 1054:2005 section 10.3.2, the hydrostatic pressure should generally be increased by the
partial safety factor -y for permanent actions.

6.4 Resistances

6.4.1 Passive earth pressure

The passive earth pressure, just like the active earth pressure, is dependent on deformations.
Fig. 5.3 clearly shows that a very large wall displacement is required to activate the full passive
earth pressure F,p, 1. So it follows that if the full characteristic passive earth pressure is used in
the analysis for LS 1B, large deformations in the passive earth pressure zone must be accepted.
This should be assessed with respect to the serviceability.

In order to circumvent this problem, DIN 1054:2005-01 section 10.6.3(4) includes the option of
reducing the characteristic passive earth pressure by an adjustment factor » < 1.0. However,
this reduction factor certainly does not replace the reduction by the partial safety factor vg,,
which means that

Epnda =1+ Epng / VEp (6.2)

6.4.2 Component resistances

The characteristic material resistances R,, ;, and the partial safety factors 7, for the individual
components of a sheet piling structure, e.g. sheet pile sections, walings, struts, can be found in
the respective standards for those constructions.
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Merely the design of anchorages using grouted anchors is regulated explicitly in chapter 9 of
DIN 1054:2005-01 with respect to pull-out resistance and material failure. The partial safety
factors for grouted anchors are also to be found in DIN 1054:2005-01 (see table 6.3).

6.5 Structural systems

The basis of the structural calculations is a realistic, idealised representation of the sys-
tem. Owing to the complex soil-structure interaction, the loading on the sheet pile wall is
directly dependent on the deformation behaviour of those two components. The deformation
behaviour of the wall depends, on the one hand, on the support conditions at the base of the
wall, and, on the other, on possible struts or anchors supporting the wall above the founding
level (WEISSENBACH, 1985).

In terms of the support conditions at the theoretical base of the wall, we distinguish between
simply supported, partially fixed and fully fixed walls.

In terms of possible support, besides unsupported walls, those with single or multiple supports
may need to be considered.

Generally, it can be said that for an equal depth of excavation and an identical number of struts
or anchors, greater embedment depths are necessary for fully fixed walls when compared with
simply supported walls, but that this results in lower internal forces, wall deformations and an-
chor forces. Walls with partial fixity at the base lie somewhere between the simply supported
and fully fixed forms with respect to the stresses and strains. The decision concerning the sup-
port condition at the base of the wall is made by the design engineer based on the requirements
of the respective construction project.

The deformation behaviour of simply supported and fixed walls is fundamentally different.
For a fixed wall, a rotation about its theoretical base is assumed, whereas for a simply sup-
ported wall, a parallel displacement of the base of the wall is assumed. Fig. 6.1 shows the
displacements on which the design is based and their corresponding stress distributions.

Fully fixed wall Simply supported wall

Wall deformation / Anticipated stress distribution Wall deformation / Anticipated stress distribution

Figure 6.1: Wall movement and stress distribution depending on support conditions, WEISSEN-
BACH (2001)

The method according to BLUM has become established in practice for the analysis of fixity in
the soil (BLUM, 1931). In this method, the zone below the base of the excavation is idealised
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by a triangular passive earth pressure diagram and an equivalent force at the theoretical base
of the wall. The true distribution of the passive earth pressure below the theoretical base C is
taken into account by adding an allowance to the calculated theoretical embedment depth.

a,
N,

v

b3

———
e

Figure 6.2: System idealisation after BLUM, WEISSENBACH (2001)

By introducing a pinned support C at the theoretical base of the wall F, it is possible to carry out
the structural calculations according to the rules of structural analysis for any type of system.

The support conditions are guaranteed by way of specific force or deformation boundary con-
ditions at the base of the wall.

The simple support in the soil is the minimum embedment length possible at which failure of
the sheet pile wall due to horizontal displacement of the base of the wall is prevented. A simply
supported condition in the soil is present when the reaction () at the base support is 0, i.e. for
the case of equilibrium between the active and passive forces. The associated embedment depth
is designated with ¢,. From the structural viewpoint, struts or anchors are essential for simply
supported walls.

Full fixity is present when a further increase in the embedment depth does not bring about any
further change in the loadbearing behaviour of the wall because no wall deformations take place
below the theoretical depth necessary for full fixity and the steady-state earth pressure acts on
both sides of the wall. Full fixity in the soil is achieved when the inclination of the tangent to the
base of the wall is w = 0 at the theoretical base of the wall. The associated embedment depth
is designated with t.. Walls fully fixed in the soil do not necessarily require struts or anchors.

If the embedment depth lies between that for simple support in the soil ¢, and that for full fixity
t., then we speak of partial fixity of the sheet pile wall in the soil. In the case of partial fixity,
neither the end tangent inclination w’. nor the equivalent transverse force () are equal to 0.
Struts or anchors are not essential from the structural viewpoint, but are advisable in order to
limit deformations.

According to EAU 2004, a wall with partial fixity is defined by the end tangent angle €. This
lies between O for full fixity and ¢,,,, for a simple support. The degree of fixity 7;_g is defined
in EAU 2004 as

gmaz

Mg = 100-(1— c ) (%) (6.3)

The associated embedment depth is designated with ¢, | depending on the degree of fixity.

If the degree of fixity is greater than 0, the wall has partial or full fixity, and so the calculated
theoretical embedment length of the wall must be increased by the so-called driving allowance,
which in reality takes into account the application of the equivalent reaction C' at the base of
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the wall (see Fig. 6.2). According to EAU 2004 section 8.2.9, for fully fixed walls this can be
simplified to

li-0
At = — 6.4
5 (6.4)

where

t1_o  calculated theoretical embedment depth

A more accurate calculation of the driving allowance is given by the further development of
the approach after LACKNER according to EAU 2004 section 8.2.9 (LACKNER, 1950):

A > Chd Ve (6.5)

T EprCik
where

Ch.a % design value of equivalent force at base of wall after BLUM

YEp partial safety factor for passive earth pressure according to table 6.3

epho,k  Characteristic value of passive earth pressure ordinate at the depth of the point of
application of equivalent force C'

If the approach after LACKNER is used for calculating the driving allowance, the condition

T1-0
T=0 . 4 0

At > Aty = on (6.6)

where

Ti—o  degree of fixity of sheet pile wall at base support according to eq. 6.3
t1_o  calculated theoretical embedment depth

must be checked and, if necessary, At must be adjusted.

Whereas eq. 6.5 takes into account the partial fixity via the equivalent force C' after BLUM,
partial fixity cannot be taken into account with eq. 6.4.

The driving allowance required increases, just like the equivalent force C', from O for a simple
support at the base to the maximum value for full fixity at the base, with the intermediate values
representing partial fixity. In addition to the aforementioned methods of calculation, the final
driving depth can also be determined with

t=a- t1,0 (67)
where

« factor according to table 6.4
ti_o calculated theoretical embedment depth
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after BLUM (1931).

Wall = - o

type ] = R R AN R R
low excess higher excess very large or purely
hydrostatic pressure | hydrostatic pressure | excess hydrostatic pressure
Not anchored 1.20 1.30 1.40 — 1.60
Anchored, with
’ 1.10 1.15 1.20 — 1.30
fixed base
| finchored, with 1.05 1.10 1.15 — 1.20
simply supported base

Table 6.4: Factor « for a rough determination of the driving depth taking into account § = :l:%gp,
Sheet Piling Handbook (1977)

Fig. 6.3 shows the relationships between embedment length, internal forces and wall rotation
graphically.

If the aforementioned boundary conditions for the base of the wall are known, it is possible to
calculate the embedment length of the wall necessary for the support conditions to be chosen in
each situation from the static equilibrium. In simple cases, the equilibrium conditions can be
solved with the help of nomograms. It is also possible to determine the embedment depth by
iteration, until in the end the desired boundary conditions are created at the base of the wall.

Increasing the embedment length beyond ¢, has no effect on the calculation of the wall in terms
of statics because at depths below ¢, no further actions, or resistances, due to earth pressure can
be mobilised. The earth pressure acting on both sides of the wall is mutually exclusive. Figures
less than ¢, are not possible because such cases do not result in static equilibrium.

The structural calculations and the determination of internal forces are always carried out based
on the theoretical embedment depth, and any driving allowance possible is ignored.
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System Bending Shear Rotations
and deformations moments forces
o |
/
//
Simply supported, /
anchored/propped wall /
I
]
I
1
\
\
Q=0 w' =0
\|
s
— —

~
~
~
~
~
N\
N

Partially fixed,
anchored/propped wall

TR
\ Q=0 w' =0
\
£
2
S AN AN AN AN ]
%
/
/
/
Fully fixed, /
anchored/propped wall ~ /

F

c

-—

Figure 6.3: Internal forces plus deformation or force boundary condition at base of wall for
various support conditions
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6.6 Structural calculations

6.6.1 Fully fixed wall without anchors

Contrary to the force or deformation boundary condition for the base of the wall described in
section 6.5, when calculating the embedment length of the fully fixed wall without anchors, it
is sufficient to consider the static equilibrium. As all active and passive forces result from earth
pressure, the embedment length required is exactly that for which moment equilibrium about
the base of the wall is achieved. The equilibrium of the horizontal forces which is still necessary
is achieved through equivalent force C, which likewise acts at the base of the wall.

In order to achieve equilibrium, the sum of all moments about the base of the wall /' due to the
actions multiplied by the partial safety factors must be equal to O:

> MP=0 (6.8)

The desired embedment length ¢z follows from eq. 6.8.
Equivalent force C' is subsequently calculated from

> H=0 (6.9)

When calculating the system with a frame program, it is necessary to assume fixity at the ini-
tially unknown base. The embedment depth required is the length for which the fixity moment
at the base of the wall is 0.

In structural terms, both approaches for ¢t = ¢ are equivalent.

Analytical calculation of embedment depth

By entering the embedment depth ¢ as a variable, the sum of the moments about the base of the
wall becomes a function of the embedment depth ¢. Equilibrium is achieved for

S M) =0 (6.10)
From the moment equilibrium for the case illustrated in Fig. 6.4, it follows that
Z MF (t) = 7" Z Eagh,k,i : (t + haz) + 7Q - Z anh,k,i ' (t + ha,z)

1
I Z Epgh i - taz’ =0 (6.11)
’YEp
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Section Loading diagrams
P
i
h
—_ Enph,k
‘t *
0 T
o Mr =0 I
>v §>FlﬁC
due to self-weight due to loads

Figure 6.4: Loads and support conditions for a fully fixed sheet pile wall without anchors

The solution of this equation supplies the unknown embedment depth ¢ for a fully fixed wall
without anchors, as explained in example 6.1.
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Example 6.1  Analytical calculation of embedment depth for a fully fixed wall without

anchors

Sketch of system:

p=20 kN/m?2
(thereof 10 kN/m? to be applied as permanent load to DIN 1054:2005)

T T T T
U

€aghk + €achk

3.1

=18 kN/m?
=275

v=19 kN/m?
¢=25
¢ =15 kN/m?

o 87
RN 50 98

A R

Y/v =18/10 kN/m® |50
©=35" [N

The actions due to earth and hydrostatic pressure as a result of permanent and variable loads were already
determined in example 5.1.

It follows that
S MF(t) = 135-[5-31-1-(t+32)+5-87-1-(t+33) +
+5-11.9-2- (t+12) +5-145-1- (t+ 2)
+185- 5 +22. ¢ |
{3.1-
—-L 7260 -

5.0-2- (t+2%)
$-185-1-(t+ %)

2
2

1
2
+

+1.50 - 1-(t+35)+35-2-(t+2)+22-1-(t+0.5)+2.2-

% =0 (see eq. 6.10)

t3 —1.735t2 — 8.776 t — 14.652

The embedment length required is obtained by solving the equations for ¢.

= t1 =445m ( to

1.36 +1.214

t3=-136—-1217 )

The driving allowance At required to resist the equivalent force C' is calculated (simplified) according to BLUM

(see eq. 6.4) as At = 4'545 = 0.89 m or according to LACKNER (see eq. 6.5) as At = 1452'3(1)'4 =0.62m >
0.45m = 415

=5 = Atyrn.
The total length of the section is therefore [ = h +t + At = 4.0 + 4.45 + 0.62 = 9.07 m.

10

Calculating the embedment depth with the help of nomograms after BLUM

Eq. 6.11 can be considerably simplified if the separation of actions and resistances called for

by DIN 1054:2005-01 is abandoned and the design values for the different actions are superim-
posed to form a resultant load.

If it is also assumed that there is no further stratification of the subsoil below the point of zero

load wu of the superimposed design values for actions and resistances, then the situation is as
shown in Fig. 6.5.
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Section Superimposed loading Bending
diagrams due to design loads moments

B

Figure 6.5: Simplified system for the analytical calculation of a sheet pile wall without anchors

Apart from the partial safety factors, this system corresponds to that on which BLUM based his
calculations. From the sum of the moments about the base F

c
Qo4 (ho + ) — 5 Qoq-7° =0 (6.12)
where
1
c=7- <— - Kpn — G- Kah) (6.13)
’YEp

Rewriting eq. 6.12 results in

6 6
z3 = - Qoa- T+ o Mo 4 (6.14)

By substituting

6 6

—Qoag=m and - Moyg=n (6.15)

c c
eq. 6.14 can be rewritten as

2 =mz+n (6.16)
The point of zero load  is calculated from

a =0
U = M (6.17)
C

This equation can be solved with the help of the nomogram in table 6.6 (BLUM, 1950).
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Am nA
2 X 3
oA [’}
20 40
— 5
B 35
15 o 30
___— 45 ph — VG Kah)
B 25

10 20
6 h
m=—-
5 mUoke
h h
n=—-) Qohy= =) My
;L 'Y/'KT ;L
5 10
Condition: 3 —mxr—n=0
:
0 0 max M = My + 0.385- Qg - v/m

Table 6.6: Nomogram for determining the embedment depth of a fixed wall without anchors
(BLuM, 1950)

The point of zero shear is positioned at

T, = \/2'?07‘1 (6.18)

The maximum bending moment is

C
Muaza = Qo,d(ho+:cg)—6-x22 or (6.19)
Mupaza = Mo+ 0.385- Qoav/m (6.20)

A condition for the calculation after BLUM is a linear increase in the resultant load below the
point of zero load w.
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If this condition is not satisfied, the method can still be used by using the weighted mean values
v, Kpy and K, for the parameters v, K, and K, for an initial estimate of the embedment
depth (see Fig. 6.6).

AN ° °o K ant
UT E b Kph
N - — - - - = - - = o
X1
Aﬁ - - s
X i
X2 ::7*: K anz
_ :i e K phe
LT Atf ,,,,,,,,,,,, -
Figure 6.6: Stratification of subsoil below point of zero load u
The following applies:
5 = V1Tt Y2 T2
T+ T2
e  Kapg w1+ Kapg - 22
ah —
T+ T2
— Kpni o1+ Kppo - 2o
Ky, =
T+ T2

The assumed embedment depth should be compared with the result of the calculation after
BLUM and corrected iteratively if necessary.

The calculation of a fully fixed wall without anchors with the help of the nomograms after
BLUM is explained in example 6.2.
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Example 6.2  Calculation of embedment depth for a fully fixed wall without anchors with
the help of the nomograms after BLUM

Sketch of system:

p=20 kN/m?
(thereof 10 kN/m? to be applied as permanent load to DIN 1054:2005)
kN

‘ €aghk + achk [m] aphic [
+0.0 m
NSNS USNSUSUNSU SIS

y=18 KN/m? 3.1
-1.0m ¢=27.5

y=19 kN/m3

=25 35

8=2/3¢'|.3.0m ¢ =15 kN/m2

v/y=18/10 kN/m3
=35

=

The actions due to earth and hydrostatic pressure as a result of permanent and variable loads were already
determined in example 5.1.

From the ordinates of the resultant loading area it follows that (see eq. 6.13, 6.17)

7.26 18.5-1.354+2.2-1.5
=10 —- —0.22-1.35 | =48.9 &Y = =0.
c=10 (1.4 0 35) 8.9 X u 50 0.58 m
According to table 6.6 it follows that
Q = 135-(3-1.0-(31+87)+1-20-(5.0+11.9)+1-1.0- (14.5 + 18.5)

+2-0.58-18.5) +1.5- (3.1+2-3.5+2.2- (14 0.58)) = 80.6 £

My = 135-(%L-(0.58+ 1)+ 87 .(0.58 +212) +5-(0.58+ 1) +11.9- (0.58 + 2)
+142.(0.58 + 2) + 82 . (0.58 + %) + 82 . 0.58%) + 1.5 (3.1- (0.58 + 3.5)
4352 (0.58 4 2) 4 2.2 @517 ):164.1kN
6 6

mo o= Qo= o5 80.6 = 9.90 m?

no= =5 1641 =2014m

T oe¢ YT 189 B

The nomogram in Fig. 6.6 yields x = 3.88 m and hence an embedment depth ¢ = z + u = 3.88 4+ 0.58 =
4.46 m. The driving allowance At required to resist the equivalent force C'is calculated (simplified) according
to BLUM (see eq. 6.4) as At = 435 = 0.89 m and according to LACKNER (see eq. 6.5) as At = 143204 —
0.62m > 0.46 m = %26 = Atairy.

The total length of the section is therefore [ = h 4+t + At = 4.0 + 4.46 + 0.62 = 9.08 m.

Calculating the embedment depth by way of iteration

The embedment depth required for a wall can also be determined iteratively. In this case the
moment equilibrium about the base of the wall, assuming the design values of the actions and
resistances, is calculated for a given embedment depth according to eq. 6.8. If the moment in
the mathematically positive direction of rotation is greater than 0, the embedment depth must
be increased; if the sum is less than 0, the embedment depth must be reduced.
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The calculation should be repeated until the desired embedment depth is obtained with sufficient

accuracy.

Here, the embedment depth should always be estimated on the safe side with M <.

The iterative calculation of a fully fixed wall without anchors is explained in example 6.3.

Example 6.3
anchors

Iterative calculation of embedment depth for a fully fixed wall without

Sketch of system:

p=20 kN/m?
(thereof 10 kN/m? to be applied as permanent load to DIN 1054:2005)

S S Y S N
S S S A A A

+0.0 m

kN
o +0uns [2]

m
3.1

y=18 kN/m? 31
0=275"

-1.0m

y=19 KN/m? . N
9=25" Se S 35
¢ =15 kN/m? > .

/7= 18/10 KN/ms 14.5
eank  |40m 9=35"

determined in example 5.1.

The actions due to earth and hydrostatic pressure as a result of permanent and variable loads were already

The embedment depth can now be determined with the help of iteration. The sum of all the moments due to the
actions and resistances about the base of the wall multiplied by the partial safety factors > M¥ (see eq. 6.10)
is calculated for a chosen embedment depth and the embedment depth is varied until the sum is equal to O.

4.45 m.
The graphic solution also results in £ = 4.45 m.

0.45m = % = AtyIn.

A
. ; G R M
Iteration step
m kNm 200 +
3.00 | -240.9
4.00 | -109.7 ‘ ‘ ‘ ‘ ‘ :
3 500 | 189.1 I 2 3 4 6
’ ’ ’ -200 +
n 4.45 ~0

Following a sufficient number of iteration steps, the embedment depth in this example finally amounts to

The driving allowance At required to resist the equivalent force C' is calculated (simplified) according to BLUM
(see eq. 6.4) as At = %25 = 0.89 m and according to LACKNER (see eq. 6.5) as At = 143204 — .62 m >

323.0

The total length of the section is therefore [ = h + ¢ + At = 4.0 + 4.45 + 0.62 = 9.07 m.

6.6.2 Simply supported wall with one row of anchors

The force boundary conditions at the base of the wall shown in Fig. 6.3 are used for the calcu-
lation of a simply supported wall with one row of anchors.

The reaction Q" at the base of the wall must be equal to O:

QF =0

(6.21)
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Analytical calculation of embedment depth

By entering the embedment depth ¢ as a variable, the reaction at the base of the wall becomes a
function of the embedment depth ¢. The embedment depth required is the one for which

QY (t)=0 (6.22)

Applying eq. 6.22, the following is true for the moment equilibrium about the point of applica-
tion of the anchor A

> MA(t) =0 (6.23)
For the case as shown in Fig. 6.7, eq. 6.23 is rewritten as
1
Z MA(t) = 7g- Z Eoghei - li + 7 - Z Eaghkyi - li — 7— Z Epng -1
Ep
= 0 (6.24)
Section Loading diagrams

-
-
[
-
-
-

>VI
Q
e
h
— Euph,k
t Epgh,k
Q=0
due to self-weight due to loads

Figure 6.7: Loads and support conditions for a simply supported sheet pile wall with one row
of anchors

Solving this equation supplies the unknown embedment depth ¢ for a simply supported wall
with one row of anchors.
The following example illustrates the method of calculation:
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Example 6.4  Analytical calculation of embedment depth for a simply supported wall
with one row of anchors

Sketch of system:

p2=30 kN/m?
20m
20m p1=10 kN/m2
l l l l l l l l l €agh + €ach [%] €aph %
4 t1sm A00m
-1.5 m\\\ ﬁ 3 1.15m
~7 20mr Y/y=18/8 kN/m?3 ~~
— -2.97 m_|/) ‘; . ©=30 = 297m
40m 56° - 11.3
H Y= 9 kN/m3
5.73m | Ak 53° ¢=25 -5.73m
5=2/3¢ |-7.0m ¢ =10 kN/m2?
epgh =10 kN/me
Y/ 7 Z| 9-0m ¢=325
<
5460'0 !
F

The effects of earth and hydrostatic pressure due to permanent and variable loads were already calculated in
example 5.2.

Depending on the embedment length of the wall, the sum of all moments about the point of application of the
anchor is

S MA®M) = 1.35-[136-9- (3 —15)+5-47-9- (%2~ 15)
+273 -t (9—15+5) + 52587 (9—-25+ )]
+1.5-[3-11.3-1.82- (1.15+ 2 - 1.82 — 1.5)
+3-11.3-2.76 - (2.97 4 § - 2.76 — 1.5)]

i4 [L.60-t- (9—-1.5+2t)] =0 (see eq. 6.23)

—13.16 > — 129.63 t* + 276.41 t + 693.43
The embedment length required is obtained by solving the equation for ¢.
= t; =3.00m ( ty=—11.30 t3=—155 )

It is not necessary to add an allowance to the calculated theoretical embedment length.
The total length of the section is therefore | = h +¢ =9.0 + 3.0 = 12.0 m.

Calculating the embedment depth with the help of nomograms after BLUM

Eq. 6.24 can be considerably simplified if the separation of actions and resistances called for
by DIN 1054:2005-01 is abandoned and the design values for the different actions are superim-
posed to form a resultant load.

If it is also assumed that there is no further stratification of the subsoil below the point of zero

load u (see eq. 6.17) for the superimposed design values for actions and resistances, then the
situation is as shown in Fig. 6.8.
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Section Superimposed loading Bending
diagrams due to design loads moments

mer M,

Figure 6.8: Equivalent system after BLUM for the analytical calculation of a simply supported
sheet pile wall with one row of anchors

The anchor force is calculated from the sum of all horizontal forces according to

+1
C
A:ZP—§-ZE2 (6.25)

—lo

The sum of the moments about the centre of gravity of the superimposed passive earth pressure
triangle is

A(l+— x) ZP( —a+2 x) (6.26)

—lo

By inserting eq. 6.25 into eq. 6.26, it follows that

+1
> P-a

C 2 _l0
€ 2o 6.27
2" Ty (21

If z = £ - [, this means that

€2 (26 +3) z3 Z P.a= (6.28)

—lo

Eq. 6.28 is solved with the help of the nomogram shown in table 6.10.

The calculated theoretical embedment depth should be increased according to table 6.4, espe-
cially in the case of high loads due to excess hydrostatic pressure. The driving depth required is
then given by

t=a-(u+x) (6.29)

The calculation is explained in example 6.5.
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1
K, = — Ky, —7c  Kan
ﬁYEp

6

TR, B

+1
> P-a

—lo

Condition: 263 +362 —m =0

K, - 2?2

+1
A=y P-—"

710

el

Practical
reading zone

M

105

0.35

0.3

0.25

0.2

0.15

0.1

Table 6.10: Nomogram for determining the embedment depth of a simply supported wall with
one row of anchors (BLUM, 1950)
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Example 6.5 Calculation of embedment depth for a simply supported wall with one row
of anchors with the help of the nomograms after BLUM

Sketch of system: P2=30 kN/m?
20
20m p1=10 kN/m?
1 i 1 | l l l 1 l eagh + each [K1] eaph [12]
4 -15m  A00m 8
R EOTORE. '
A5mN 115 m
-2.0m Yy =18/8 kN/m® TEomT
= 297m /) /4. 9=30 — 297.m
40m|_/0=56"" 113
" =9 KN/m®
5.73m | Ay 53° ¢=25 -5.73m!

5=2/3¢ |70m ¢ =10 kN/m?

epgh =10 kN/me

7| 9-0m =325 ui
_Q“\ _r--
»= C.--"7
F -

The effects of earth and hydrostatic pressure due to permanent and variable loads were already calculated in
example 5.2.

The increase c in the resultant load below the point of zero load plus the position u of the point of zero load,
taking into account the partial safety factors, are (see eq. 6.13, 6.17)

. 27.3-1.
c=10- <61(Z)—0.25-1.35> = 39.5 KXY _ 2731385

-~ U= 305 =0.933 m

The values for columns 2 and 5 in the following table are determined from the loaded area shown in the sketch
of the system and the resulting loads P,  are multiplied by the appropriate partial safety factors.

n Py i vGa/7Q P, a4 Aanp an Phg-an Qn.d Qn,d - Aan My, 4 Remarks

— | kN/m - kN/m m m kN kN/m kNm/m kNm/m -
(1] 2 [ 3 [ 4 [ 5 ] 6] 7 I 9 [ w0 | n

1 20.99 135 | 2833 | %70 | o4 21.05 0.00 0.00 0.00

8 0.38 1.50 057 | 29| 012 007 | 83 1775 1775

A - | resag | 012 - T 2890 337 21.12 Ma

2 22.16 135 | 2092 | %76 | 076 064 | 13654 103.31 82.19

9 9.90 150 | 1ass | %] 000 1338 | 10662 1539 97.58

3 23.34 135 | a1st | 0] 206 7100 | 176 124.37 22195

10 | 1559 150 | 23.39 ?;3 2.39 55.90 22:;2 53222 izgg;

4 24.51 135 | 3309 | U0 | 376 124.29 378 s vs603 |

5 25.69 135 | 34.68 : 5.26 182.26 : : - S,d

6 26.86 135 | 36.26 ::(5)2 6.76 244.98 :Zg:?(; :‘7‘8:; ? ?ZZ:?Z

7 12.74 135 | 17.20 7.81 134.36

0.62 -84.37 -52.50 116.28

[ ] \ | 24981 | \ | 82779 | \ \ \ \

The auxiliary value m after BLUM can be determined with the help of the sum of the values in column 7.

6

— % g9r8-021
"= 3958437

The value £ = 0.25 is obtained with m from the nomogram in table 6.10 or by solving eq. 6.28. This results
inz=¢-1=025-843 =207Tmandt =z +u = 2.07 4 0.93 = 3.00 m. It is not necessary to add an
allowance to the calculated theoretical embedment length.

The anchor force A, is obtained from eq. 6.25 as

39.5

+1
Ag=) P- g -2 =249.81 — - 2.07° = 165.44 KX

—lo
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Calculating the embedment depth by way of iteration

The horizontal reaction at the base of the wall Q¥ is determined for a given embedment depth
assuming the design values for actions and resistances. If this force is greater than O in the
direction of the positive axis, the embedment depth must be reduced; if the sum is less than 0,
it should be increased.

The calculation should be repeated until the desired embedment depth is obtained with sufficient
accuracy.

Here, the embedment depth should always be estimated on the safe side with Q¥ > 0.

Example 6.6 Iterative calculation of the embedment depth for a simply supported wall
with one row of anchors

Sketch of system: p2=30 kN/m?
2.0
5 20m p1=10 kN/m2
l l l l l l l l €agh + €ach [%] €aph %
I -1.16m +0.0m

#
-1.5 m\\\
-2.0m Y/y=18/8 kN/m3

= 297 m_ |/ ~g\ . 9=230 —
-40m 56"

1.3

¥ =9 kN/md
H 573m | A\ 53° 0=25'
§=2/3¢ [-7.0m ¢ =10 kN/m2
€pgh v =10 kN/m3

-9.0m ¢ =325
S
<«
b,60-01 t
F

The effects of earth and hydrostatic pressure due to permanent and variable loads were already calculated in
example 5.2 and are presumed to be known at this point.

The embedment depth can now be determined with the help of iteration. The horizontal reaction at the base of
the wall due to the actions and resistances multiplied by the partial safety factors (see eq. 6.22) is calculated for
a chosen embedment depth and the embedment depth is varied until the sum is equal to 0.

Iteration step

2.00 | -65.5 50
3.00 | -0.6 0
3 3.01 | 0.8 —~50

: : ~100

n 300 | =0 -150

Following a sufficient number of iteration steps, the embedment depth in this example finally amounts to
3.00 m.

The graphic solution also results in £ = 3.00 m.

It is not necessary to add an allowance to the calculated theoretical embedment length.

The total length of the section is therefore [ = 9.0 + 3.0 = 12.0 m.
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6.6.3 Fully fixed wall with one row of anchors
Analytical calculation of embedment depth

By entering the embedment depth ¢ as a variable, the rotation of the wall at the base becomes a
function of the embedment depth ¢. The embedment depth required is the one for which

W' F () =0 (6:30)

Fig. 6.9 shows possible loading arrangements on the wall for determining the respective resul-
tant rotation at the base for the general case.

AN AN
TQI Tﬂt Epé Aﬁ EL
| P,
h 1 h
P lo
t - t
N 4% S —ﬁ

Figure 6.9: Load applied below (left) and above (right) the anchorage

If the trapezoidal load acts in the zone between the point of application of the anchor and the
support at the base as shown in Fig. 6.9/left, the theoretical rotation of the theoretical base of
the wall is
Elsy = 360.1(1(1__%_@ [20p1 - [ (P +hP+a®) + 1y (h-t—a-t—a-h)]
+10py - [4ly - (t-h—t-a—h-a)+ 1y (K*+a® +°)]
=3p-(4-13=3-5-l+2-15-1, +15)
+20ps - [ll-(t-h—t-a—h-a)+l2-(t2+h2—|—a2)}
+10ps - [li- (WP + 12 +a®) +4ly - (t-h—t-a—h-a)]
—3po- (4-B+3-5-L+2-5 - lb+1})] (6.31)

If the trapezoidal load acts above the point of application of the anchor as shown in Fig.
6.9/right, the theoretical rotation of the base of the wall is according to eq. 6.32:

(lQ—ll)(CL—h—t)
36

The embedment depth ¢ required for a fully fixed wall with one row of anchors is obtained by

solving for the condition

Elw' "(t) =Y Els1; =0 (6.33)

EIb§y = [p1 (Ba — 21y — 1I3) + pa (3a — 1y — 215)] (6.32)
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This procedure is illustrated in example 6.7.

Example 6.7  Analytical calculation of embedment depth for a fully fixed wall with one
row of anchors

Sketch of system:

T p2=30 kN/m?
2.0m
v 20m p1=10 kN/m2

I A S RO "

¢ asm  A00m
15 mg%mf?552%5@2“52%582%552255522;532%5 1.15m
2.0 m| yy=18/8kN/m?3 ~7
— 297m [) ~Y/~ ¢=30 = -2.97 m
40m| /0=56" " 1.3
" 7= 9 kKN/m®
573m | 53 =25 573m
5=2/30 7.0m ¢ =10 kN/m2
epgh =10 kN/m?
AT ~|90m  ¢=325
&)
<
r>,609 t
F

The effects of earth and hydrostatic pressure due to permanent and variable loads were already calculated in
example 5.2.

The sum of the rotations at the base according to eq. 6.31 and 6.32 supplies the equation required for determi-
ning the embedment length ¢ of the wall:

rFE_

w' P = —1.75 1% — 38.06 t* — 154.63 t* 4 922.17 t* + 3467.14 ¢ + 6629.73 = 0
The embedment length required is obtained by solving the equation for ¢.

= t1 =4.93m ( ty=-1.50+1.76: ts = —1.50 4+ 1.76: )
( ty=-11.81—-1.92 ts = —11.81 +1.92i )

The driving allowance At required for resisting the equivalent force C' is calculated (simplified) according to
BLUM (see eq. 6.4) as At = £23 = 0.99 m and according to LACKNER (see eq. 6.5) as At = 183004 —

296.3
0.51m > 0.49m = 42 = Aty yy.

The total length is therefore ] = h +t + At = 9.0 + 4.93 + 0.51 = 14.44 m.

Calculating the embedment depth with the help of nomograms after BLUM

The active earth pressure is divided into individual loads. The limitations of this method already
mentioned in section 6.6.1 still apply here.

See Fig. 6.10 for system and designations.
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Section Superimposed loading Bending
diagrams due to design loads moments

e

Figure 6.10: Equivalent system after BLUM for the analytical calculation of a fully fixed sheet
pile wall with one row of anchors

The sheet pile wall is fixed in the subsoil at depth x below the point of zero load u (see eq. 6.17).
From the equilibrium condition Y M = 0 about the base F, it follows that the anchor force is

o 1
L {XO:P,’Z[(Zan)jLa;]+20:pn[(l+n)—an]—g-m?’} (6.34)

:H—:E

Corresponding to Figs. 6.11 and 6.12, the deflection at the point of anchorage is calculated
from the partial loads such as anchor force, active earth pressure above and below anchor plus
passive earth pressure.

Load Bending moment Deflection Load Bending moment Deflection
Sag
4 oy
—pt :
{t+x) "'n
Fo 7 | . Hf.l' ~Gn)e iy
F*.r-q,-,.
™=
|_.|l.[,f+ﬂ| [ =) :‘hr-sr,j
i .’ f-’ I'.J 0 "
Bag = = gAY {EP [(1ex)sap]e Spe = 0 22 [2009x- 30, (141700}
¥
IS[(i+x)-an]- t_;'__ ]'

Figure 6.11: Deflection influences part 1, Sheet Piling Handbook (1977)
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frﬂrJ ];
g \
- —{'hr + 5ixt)

=) 28 [2(142)"+ 30, (14)7 ] o

Figure 6.12: Deflection influences part 2, Sheet Piling Handbook (1977)

At the point of anchorage, the sum of all deflections must be equal to O:

Y 6.=0 = (I+a) (an i~ Fl-a )

~> P,-ab - @ - (201%2° + 251" + 82°) (6.35)
By substituting = £ - [ we obtain
(0.8 +256+20)=(1+8&> m—n (6.36)
where
6 6 +1
—_ / / —_
m=— (an an—ZPn.an> mzlzp a (6.37)
—to
(6.38)

Eq. (6.36) is solved with the help of the nomogram shown in table 6.14 (BLUM, 1950).
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Table 6.14: Nomogram for determinin
of anchors (BLUM, 1950)
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Practical
reading zone

Kr:,y_Ep'Kph_/yG'Kah
m:ﬁ JjOP-a
nzw(% S_ZP'CLS
Condition:

0.865 4+ 2.5¢4 4 263
—mé% —2méE —m+n
”
QK

'y-KT-x3
6(l1+x)

1

+I +1
—loP_l+:E —lop.a_

g the embedment depth of a fully fixed wall with one row

The anchor force is calculated by rewriting eq. 6.34 as follows:

+1

ZPa

,lo

1
l+x

+1
A:ZP— —

,lo

The calculation is explained in exampl

6(+x)

3
er (6.39)

e 6.8.
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Example 6.8 Calculation of embedment depth for a fully fixed wall with one row of
anchors with the help of the nomograms after BLUM

Sketch of system:

20m p2=30 kN/m?
20m p1=10 kN/m?
l l l l l l l l 1 €aghk + €ach,k [%] €aghk [%NQ]
o~ 415m *0.0m
15 m§ % Z 1.15m 8
-2.0m vy =18/8 kN/m3 ~7 50
= 297 m [/ ‘§~ .. ©=30 = 182 orm
40m 56" > 11.3
H y=9 kN/m? 276 p
5.73m 53° ©=25 -5.73m
5=213¢ |-7.0m ¢ =10 kN/m2
v=10 kN/m?
-9.0m = :
 SLLSZSSZY ¢=325 oy =0 mi 273
t c=39_.50__3]__--“" B
e - :

The effects of earth and hydrostatic pressure due to permanent and variable loads were already calculated in
example 5.2.

The values for columns 2, 3 and 6 are determined from the loaded area shown in the sketch of the system and
the resulting loads P, ;, are multiplied by the appropriate partial safety factors. The auxiliary values m and n
according to BLUM are calculated with the help of the sums of columns 7 and 8. If the design value of anchor
force Ay is known, columns 9 to 11 can be completed.

n P, Y6 /7Q P4 Aanp, an Py,g-an | Pyg- ad Qn,d Qn,d - Dan M, q Remarks
— | kN/m - kN/m m m kN kNm? kN/m kNm/m kNm/m -
(1] 2 ] 3 [ 4 [ 5 ] 6] 7 8 R 10 | u | n
1 20.99 135 | 2833 | %70 | om 21.05 -11.62 0.00 0.00 0.00
8 0.38 1.50 057 %9 | on2 -0.07 000 | 283 4775 1775
A - " | lao0g | 012 - B T 2890 337 21.12 My
2 22.16 135 | 2902 | %70 | o076 22.64 1296 | 12038 91.08 69.96
9 9.90 150 | 1485 | %M 090 13.38 10.86 90.46 13.06 83.02
3 23.34 135 | 31s1 | 0] 206 71.09 361.89 7561 10247 185.49
10 | 1559 150 | 2330 | O3] 230 55.90 319.33 44.10 390 191.39
4 24.51 135 | 3300 | M| 376 124.29 1753.46 20.71 28.29 21968 | Mg.a
5 25.69 135 | 3468 | 0| 526 182.26 s034.45 | 1238 1857 20111
6 26.86 135 | 3626 1(5) (6) 6.76 24498 | 11180.12 ggg ;22 2 lzgé 2
7 12.74 135 | 17.20 7.81 134.36 8197.99
0.62 -100.53 -62.56 -19.99
(> ] \ | 24981 | \ | 82779 | 26859.44 | \ \

According to BLUM, the auxiliary variables m and n are given by eq. 6.37 and 6.38:

-827.79 =0.21 n -26871.06 = 0.10

"= 395.8.433 = 3958435

The value £ = 0.47 is obtained with m and n from the nomogram in table 6.14 or by solving eq. 6.36.
Thisresultsinz =¢-1=047-843 =401 mandt =2 +u =4.01+0.93 =4.94 m.
Anchor force A, is obtained from equation 6.39 as

827.79  39.5-4.002

Ay =249.81 — — = 149.28 kN

I 124 6-124 /m

The driving allowance At required to resist the equivalent force C' is calculated (simplified) according to BLUM
(see eq. 6.4) as At = % = 0.99 m and according to LACKNER (see eq. 6.5) as At = 102892:},)‘4 =0.51m >
0.49m = 493 AtM[N.

10
The total length is therefore | = h +¢ + At = 9.0 + 4.94 4+ 0.51 = 14.45 m.
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Calculating the embedment depth by way of iteration

The rotation of the wall at the base w’ " is determined according to eq. 6.30 for a given em-
bedment depth assuming the design values for actions and resistances. If the rotation in the
mathematically positive direction is greater than 0, the embedment depth must be reduced; if
the sum is less than 0, the embedment depth must be increased.

The calculation should be repeated until the desired embedment depth is reached with sufficient
accuracy.

Here, the embedment depth should always be estimated on the safe side with w’ " > 0. Please
note that the rotation at the base is dependent on the bending stiffness of the section. A bending
stiffness of 1 £ N'm? has been chosen for this example.

Example 6.9 Iterative calculation of the embedment depth for a fully fixed wall with one
row of anchors

Sketch of system: p2=30 kN/m?
2.0
20m p1=10 kN/m2
l l l l l l l l l €agh + €ach [% €aph [%]
4 -115m *00m
-1.5m 1.15m,
2.0 m| Yy=18/8 kKN/m?
= 297m /) "~ 9=30 = 2.97.m|
-4.0m 56"~ 1.3
H v=9 kN/m?
5.78m | Ay 53 ¢ =25 5.73m
5=2/3p |7.0m ¢ =10 kN/m?
epgh y=10 kN/m?
-9.0m ¢ =325
)
<«
b,6°~0\: t
F

The effects of earth and hydrostatic pressure due to permanent and variable loads were already calculated in
example 5.2 and are presumed to be known at this point.

The embedment depth can now be determined with the help of iteration. The rotation at the base of the wall
due to the actions and resistances multiplied by the partial safety factors is calculated for a chosen embedment
depth and the embedment depth is varied until the sum is equal to O.

t w/ F
Iteration step
m mRad
4.00 | 600.8
2 5.00 | -63.1
490 | 27.1
n 493 ~0

Following a sufficient number of iteration steps, the embedment depth in this example finally amounts to

4.93 m.
The graphic solution also results in ¢ = 4.93 m.
The driving allowance At required to resist the equivalent force C' is calculated (simplified) according to BLUM

(see eq. 6.4) as At = % = 0.99 m and according to LACKNER (see eq. 6.5) as At = 102%2::1,)'4 =0.51m >

0.49m = 4i%3 = AtM[N.

The total length is therefore [ = h +t + At = 9.0 +4.94 + 0.51 = 14.45 m.
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6.6.4 Partially fixed wall with one row of anchors

The embedment depth required for a partially fixed wall depends on the degree of fixity 7,
chosen. Conversely, the degree of fixity can be calculated for a given length of wall.

The embedment lengths of partially fixed walls should be determined by analytical or iterative
means; a BLUM evaluation for different degrees of fixity is not available.

As the maximum rotation at the base ¢,,,, is required for calculating the degree of fixity
according to eq. 6.3, it is first necessary to perform a preliminary calculation for the embedment
depth of the wall simply supported in the soil and then determine the rotation at the base for this
embedment length. This then corresponds to €.

Analytical calculation of embedment depth

By entering the embedment depth ¢ as a variable, the rotation of the wall at the base becomes a
function of the embedment depth ¢. The embedment depth required is the one for which

w'F(t) =w.r (6.40)

T1—-0

Eq. 6.31 and 6.32 still apply for the different rotation components. The embedment length
t required for a partially fixed wall with one row of anchors is obtained by solving for the
condition

w F(t) =Y Elsi; = w,) (6.41)

T1—-0

This procedure is illustrated in example 6.10 for a wall with 50% fixity.
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Example 6.10 Analytical calculation of embedment depth for a partially fixed wall with
one row of anchors

Sketch of system: p2=30 kN/m2
20m
20m p1=10 kN/m2
l l l l l l l l l €agh + €ach [%] €aph %
4~ asm 00m
-1.5 m\\\ ﬁ 3 1.15m
~7 -2.0mp Y/y=18/8 kN/m?3 ~~
— 297 m /@) ‘; . ©=30 = 2.97.m
40m 56° - 11.3
. 7= 9 kN/m?
5.73m | Ak 53° ¢=25 -5.73m
5=2/3¢ |-7.0m ¢ =10 kN/m2?
epgh =10 kN/m?
7 Z| 9-0m ¢=325"
e
5460'0 :
F

The effects of earth and hydrostatic pressure due to permanent and variable loads were already calculated in
example 5.2.

The rotation at the base of the simply supported wall is 840.34 mRad, the rotation at the base of the wall with
50% fixity to be determined according to eq. 6.3 is 420.17 mRad.

For the sum of all base rotations depending on the embedment length ¢ of the wall, the evaluation of eq. 6.31
and 6.32 results in

widy, = —1.75t° — 38.06 t* — 154.63 t* + 922.17 t* + 2626.88 t + 327.78 = 0
The embedment length required is obtained by solving the equation for ¢.

= t1=436m ( ty=—11.83+0.21i ty=—11.83+0.21i )
( ty=-0.13 ts=—-226 )

The driving allowance At required to resist the equivalent force C' is calculated (simplified) according to BLUM

(see eq. 6.4) as At = 4'% = 0.87 m and according to LACKNER (see eq. 6.5) as At = 63681'_154 =0.37Tm >

0.28 m = 43650% — Aty
The total length is therefore [ = h +t + At = 9.0 + 4.36 + 0.37 = 13.73 m.
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Calculating the embedment depth by way of iteration

The rotation of the wall at the base w’ " is determined for a given embedment depth. If this
rotation in the mathematically positive direction is greater than the desired rotation for the
chosen degree of fixity, the embedment depth must be reduced; if the sum is less, the embedment
depth must be increased.

The calculation should be repeated until the desired embedment depth is reached with sufficient
accuracy.

Here, the embedment depth should always be estimated on the safe side with w’ " > 0. Please
note that the rotation at the base is dependent on the bending stiffness of the section. A bending
stiffness of 1 kN'm? has been chosen for this example.

Example 6.11 Iterative calculation of the embedment depth for a partially fixed wall with
one row of anchors

Sketch of system: pe=30 kN/m2
2.0
20m p1=10 kN/m?
l l l l l l l l l €agh + ach [% eaph [%]
& 1sm 00m
-1.5m : 1.15m,
2.0 m) Yy =18/8 kN/m?

= 297m B T/ 0=30 i
-40m 15;; 56"

H v =9 kN/m3
-5.73 m A 53° 0= 25° rom
5=2/3¢ |-7.0m ¢ =10 kN/m2
€pgh =10 kN/m?

-9.0m ¢ =325
R
<
b,609: t
F

The effects of earth and hydrostatic pressure due to permanent and variable loads were already calculated in
example 5.2.

The rotation at the base of the simply supported wall is 840.34 mRad, the rotation at the base of the wall with
50% fixity to be determined according to eq. 6.3 is 420.17 mRad.

The embedment depth can now be determined with the help of iteration. Here, too, the desired value is the base
rotation chosen to suit the degree of fixity.

A W F

. t w' ¥ 1500 +
Iteration step i
m mRad 1000 £
420 | 507.2 :

2 4.50 332.2

3 4.30 453.6

n 436 | ~420.1

Following a sufficient number of iteration steps, the embedment depth in this example finally amounts to
4.36 m.

The graphic solution also results in £ = 4.36 m.

The driving allowance At required to resist the equivalent force C' is calculated (simplified) according to BLUM
(see eq. 6.4) as At = %3¢ = 0.87 m and according to LACKNER (see eq. 6.5) as At = 89814 — 0.37m >
0.28 m = L3630% — Aty .

The total length is therefore | = h + ¢ + At = 9.0 + 4.36 + 0.37 = 13.73 m.
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6.6.5 Walls with different support conditions at the base and more than
one row of anchors

Walls with more than one row of anchors can be calculated as described above by using iden-
tical boundary conditions. Establishing the embedment depth is carried out via the force or
deformation boundary condition at the base of the wall according to section 6.5.

It should be pointed out that owing to the static indeterminacy, the analytical solution involves
considerably more work when more than one row of anchors is employed. Nomograms for
calculating both simply supported and fully fixed walls with two rows of anchors can be found
in the literature (HOFFMANN, 1977) together with accompanying explanations.

It is worthwhile employing a computer for sheet piling structures with more than one row of
anchors. Design programs specifically for foundations calculate the required embedment length
automatically depending on the chosen support conditions for the section. Any frame program
can be used to calculate the embedment length by means of iteration.

For the purposes of preliminary design, several rows of anchors can be approximated to one
row.

6.7 Analyses for the ultimate limit state

In order to carry out analyses according to DIN 1054:2005-01, it is first necessary to determine
the embedment depth of the wall as described above.

6.7.1 Failure of earth resistance
Requirements of DIN 1054:2005-01

According to DIN 1054:2005-01 section 10.6.3, for wall-type retaining structures whose stabil-
ity is achieved partly or wholly from passive earth pressure forces, it is necessary to prove that
the structure is embedded sufficiently deep in the soil in order to rule out failure by principally
horizontal displacement or rotation at the ultimate limit state.

An adequate margin of safety is assured when the limit state condition
Bha < Eppa (6.42)

where

By 4  design value of horizontal component of resultant reaction

E,nq  design value of horizontal component of passive earth pressure

is satisfied.
The designations from eq. 6.42 are shown once again in the following figure.
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Pk < 10 KN/m2 ak
A, | b Aok
N AN
H €agh,k €aqhk
cf Gh,k%\ Ban,

OpGh,k OpQh k

Figure 6.13: Lateral soil reaction for analysing the earth resistance (WEISSENBACH, 2003)

It is also necessary to verify that corresponding to the condition

Vi =Y Vij> By (6.43)
where

Vi vertical component of relevant downward characteristic actions

B, upward vertical force of characteristic reaction

the negative wall friction angle J, on which the calculation of the passive earth pressure is
based agrees with the equilibrium condition V' = 0.

The verification in practice

Eq. 6.42 requires a breakdown of the mobilised soil reaction according to the respective actions
as shown schematically in Fig. 6.13. This breakdown is carried out via the proportional rotation
at the base of the wall due to the individual characteristic loads for the embedment depth
corresponding to a simple support in the soil.

Applying the various characteristic actions results in the characteristic rotations at the base of
the wall wg, ., we. 4> Wy, 4 - - - separately for each action. The total rotation at the base of the
wall for the design situation corresponds to the sum of all proportional base rotations multiplied
by the partial safety factors:

/

Weym,d = w,Gi,k “Ya + w/Qi,k “Q + w/Hi,k “YH * - (644)

Assuming that the soil reaction, which in this case causes a rotation of the base of the wall in
the opposite direction to the actions, is distributed with the same proportions as the rotation, the
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proportional mobilised passive earth pressure is

/
w-.
ik
Bhki = Bhksum* ——— = Bhksum " €ik (6.45)
sum,d
where
Bh,k,sum — Lph,d (646)

for all further loads correspondingly. The distribution of the respective mobilised passive earth
pressure is related to the distribution of the soil reaction and is designated in the following with
Oi,hk-
After calculating the individual components B}, ;. ;, the value of B}, 4 sum can be determined by
adding together the individual components multiplied by the appropriate partial safety factors,
and the verification carried out according to equation 6.42.

Example 6.12 Verification of earth resistance according to DIN 1054:2005-01 section
10.6.3

The analysis of failure of the earth resistance is carried out for the system shown in example 6.10 and 6.11.
When determining the embedment depth in those examples, 50% partial fixity was called for.

First of all, the rotations of the base of the sheet pile wall are calculated separately according to actions. The
rotations in the example resulting from the structural calculations are

w/G,k = 15.93mRad
1.30 mRad

I
wq k

The total rotation for the design is therefore

/ o ’ /
Wo sum — Wqgk G + Wy k" TQ
= 15.93-1.35+1.30-1.50
= 23.46 mRad (see eq. 6.44)

The proportional loss of passive earth pressure is calculated via the € ratios

we 15.93
p— 7’ = —— . 2
G,k W 2346 67.92%
wy 1.30
Q.k
. P = — . 4
FQk w! 2346 ~ 204

a,sum

The proportions o of the mobilised earth resistance can now be calculated according to these ratios and the
resultants By, ; j, determined.

Bharx = FEpha-egr=407.09-0.6792 = 276.49 % (see eq. 6.45)
Bhok = Epna-eqgr=407.09-0.0554 = 22.55 K (see eq. 6.45)

These forces are entered directly into the verification of the earth resistance, where the following applies

Bha < Epha
Bh,G,d + Bh,Q,d =276.49-1.35+2255-1.5 < Eph,d
407.09 < 407.09 (see eq. 6.42)
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Verifying the vertical component of the reaction

According to DIN 1054:2005-01 section 10.6.5 (5), it is necessary to verify that corresponding
to the condition

Vi =Y Vij> By (6.47)
where

Vi vertical component of relevant downward characteristic actions

B,  upward vertical component of characteristic reaction

the negative angle of inclination J,; on which the calculation of the passive earth pressure
is based agrees with the equilibrium condition V' = 0. The minimum characteristic total
vertical action effect 1}, must be at least equal to the upward vertical component B, ;, of the
characteristic soil reaction B}, to be mobilised.

This analysis uses the same wall friction angles as for the calculation of the active and passive
earth pressures. Vertical force components V, ; due to variable effects () may only be used
in equilibrium condition 6.47 if they have an unfavourable effect, i.e. cause significant soil
reaction components B3, ;. The analysis can be simplified by considering the variable loads
for the mobilised characteristic soil reaction and ignoring them on the side of the actions; this
approach lies on the safe side. If the influence of the variable actions is unclear, the analysis
should be carried out for permanent loads and for a combination of permanent and variable
loads.

In the course of calculating walls with full or partial fixity in the soil, EAU 2004 permits half the
vertical component of equivalent force Cj, to be included in the sum of the downward actions
> Vi.i- The inclination of this equivalent force should, however, lie within the limits —%gpg <
ook < %% measured from a perpendicular line. As a rule, however, d¢, = 0 should be used.

Fig. 6.14 shows the forces to be considered.

a) L4
&
I
! &
Rou)!
I L Pea
1 pn
Aoa
;“ F K
E -
) Eh. E‘ru End

Figure 6.14: Vertical force equilibrium for the wall (ZIEGLER, 2005)
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The following characteristic vertical force components occur:

e due to the permanent vertical actions at the top of the wall

Vor = Pox (6.48)
e due to the anchor force A, ; miv = Acor — Aguk
Vavk = Av e mIN (6.49)

e due to the active earth pressure F,;, for n strata down to the theoretical base of the wall F’

Viank = 3 (Banjon - ta1 5 1) (6.50)
e due to the equivalent force C}, j,
Voo = 5+ Chy - tande, (6.51)
The characteristic upward component B, ;, of the soil reaction By, is calculated

e due to the soil reaction By, for ¢ strata down to the theoretical base of the wall F’

vak = ‘Z (Bh,k:,i - tan 517,]6,2') — % . Ch,k - tan (5177]@1:’) (652)

If the verification of the negative wall friction angle cannot be satisfied, the negative wall
friction angle should be reduced to such an extent that eq. 6.47 can be satisfied. Please note
that altering 0, also alters the passive earth pressure, and it is usually necessary to recalculate
the embedment depth in these cases.

The analysis is explained below by way of an example.



6.7. ANALYSES FOR THE ULTIMATE LIMIT STATE 123

Example 6.13 Verification of passive wall friction angle 6, to DIN 1054:2005-01 section
10.6.3 (5)

Verification of the mobilisation of the negative angle of friction ¢, is carried out for the system shown in
example 6.10 and 6.11. When determining the embedment depth in those examples, 50% partial fixity was
called for.

The simplified verification is carried out for the wall friction angle §,, on which the calculation of the passive
earth pressure is based. This means that the variable actions due to () are considered in the mobilised soil
reaction, but neglected on the side of the actions. The individual characteristic vertical force components are
calculated below.

Vegr = 13.7-1.05=14.44 5N
Vavr = 94.7-tan30° = 54.65 X

50° 65°
Vane = (BEEH5T) . 4. tan20° + (L274103) .3.tan7 + (1Z:3418.3) Lo tan 3

n (%) -4.36 - tan 62

= 108.05 &

The characteristic upward component of the soil reaction is

o

By = (276.5 + 22.6) - tan 62 —118.8 %
Entered into eq. 6.47, this results in

Vi=> Vij=1444+ 5465+ 108.05 = 177.14 > 1188 = B, ,

i.e. the wall friction angle §,, selected can be mobilised.

Following the verification of the earth resistance, knowledge of the distribution of the mobilised
passive earth pressure enables the final structural calculations to be performed.

Fig. 6.15 shows the results of the structural calculations for the example.
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The internal forces and reactions obtained from the structural calculations are used as the basis
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Figure 6.15: Results of structural calculations for sheet pile wall

for the following examples.
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6.7.2 Subsidence of components

DIN 1054:2005-01 section 10.6.6 calls for verification that wall-type retaining structures do not
subside into the ground as a result of action effects parallel to the wall. An adequate margin
of safety against subsidence is assured when the limit state condition

Va=>Y Vai < Ry (6.53)
where
Va design value of vertical action effects at base of wall
Ry design value of resistance of wall in axial direction

is satisfied.

The design value of the downward vertical force V; includes the individual components of the
following actions as a result of

e maximum vertical actions P at the top of the wall

Vpa = Z (Veer v+ Veor 1) (6.54)

e maximum anchor force components A,

Vava = Z (Vaver - va + Vavor - 70) (6.55)

e active earth pressure £, with n strata down to the theoretical base of the wall F’

VEav,d = Z (VEah,G,n,k ‘Yo + VEav,Q,n,k : ”YQ) (6.56)

e cquivalent force C'

Vewd = Z (5 Vewar 76 + 5 - Vovar - 70) (6.57)
The design value of the axial resistance is

> Riks

TP

Ryq= (6.58)

The partial safety factor vp from table 6.3 is yp = 1.4 for all loading cases, provided the
resistance components were determined from empirical values. If test loads are applied to the
loadbearing sheet pile wall elements and there is sufficiently accurate information available
about the effective resistance I?; j, the partial safety factor can be reduced to yp. = 1.2.



126 CHAPTER 6. DESIGN OF SHEET PILE WALLS

The individual partial resistances are calculated based on

o the base resistance due to the end-bearing pressure gy i,
Ry = Api - Qo (6.59)
e the mobilised soil reaction B;, with r strata down to the theoretical base of the wall F
Ripyr = Z (Ve.grk + VB,ork) (6.60)

o the wall friction resistance of equivalent force C, for negative angles d¢

Ricvk =Y (3 Vevar + 3 - Vovan) (6.61)
e the skin resistance due to skin friction g, j,
Rls,k = As,k * sk (662)

According to EAU 2004 section 8.2.11, details about the value of the end-bearing pressure
v, to be assumed and the associated embedment depth required are to be specified by the
geotechnical engineer. The bearing area of a sheet pile wall depends on the plug formation
around the base of the wall, which can be improved by welding steel flats and/or sections to the
base of the wall if required. When using box-type sections, the end-bearing pressure g ;, may
be applied to the area enclosed by the wall cross-section. When using trough-type sections with
an average web spacing > 400 mm, the bearing area should be reduced. The following equation
has proved useful for calculating the effective bearing area for such cases:

Ay =n- A where n=6—8 (6.63)

More accurate approaches to the calculation of the effective area can be found in WEISSENBACH
(2001), which are based on studies by RADOMSKI.

The skin resistance /7, may only be assumed when lengthening the sheet pile wall beyond
the theoretical embedment depth and then only for the additional length of wall. The wall fric-
tion resistances B, and (), ; and the active earth pressure components £,  already become
effective in the zone above the theoretical embedment depth.
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Example 6.14 Analysis of subsidence of components to DIN 1054:2005-01 section 10.6.6

The analysis of subsidence of components is carried out for the system shown in example 6.10 and 6.11. When
determining the embedment depth in those examples, 50% partial fixity was called for.
The individual design values of the vertical force components are calculated below.

Viga = 13.7-1.05-1.35=19.5 %Y

Vava = (95.5-1.35+19.2-1.5) - tan30° = 91.1 &N

[(13.6—515.7) .4 -tan 20° + (15.742-17.3) .3 tan % + (17.3—518.3) .9 . tan %

VEav,d

+ (234305) . 4,36 tan 65| 135 = 157.5

The characteristic values for partial resistances R,; are calculated assuming an end-bearing pressure of gy ;, =
5 MN/m?.

Calculation of the wall bearing area to be assumed:

Take a HOESCH 1605 section with web spacing > 400 mm, i.e. assuming the enclosing envelope as the
bearing area is not justified. Instead, to be on the safe side, the bearing area is calculated according to eq. 6.63
where n = 6:

Ap =6-136.3 = 0.08178 2
Therefore, the characteristic values for partial resistances Rj; are as follows:

Rupr = 0.08178-5000 = 408.9 XN

m

2-32.5°

(276.5 + 22.6) - tan =118.8 &X

Ri Bo.k

Entering these into eq. 6.53 results in

408.9 4 118.8

Vi=> Vai=19.5+91.1+157.5 = 268.0 < 377.0 = v

= Bv,d

Therefore the section has been verified and the embedment depth of 4.75 m is adequate.

6.7.3 Material failure of components

Verification of the loadbearing capacity of the steel sheet pile section can be carried out
via an elastic analysis of the permissible stress. This corresponds to the EAB method for
excavations and the EAU method for waterfront structures. However, current research into the
determination of the ultimate load capacity I24; of steel sheet piles at the ultimate limit state
enables the advantages of plastic design to be exploited for sheet pile walls as well.

Information on the plastic method of analysis can be found in KALLE, (2005) and DIN V ENV
1993-5 (1998).
Example 6.15 shows the design for the elastic-elastic case to DIN 18800 (1990).
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Example 6.15 Simplified analysis of material failure of sheet pile wall to DIN 18800-1
(1990)

The analysis of material failure of the sheet pile wall is carried out for the system shown in example 6.10 and
6.11.
From the structural calculations we get the following actions:

due to permanent | due to variable | design

loads loads value

Resultant anchor force A [kN/m] 109.3 23.1 182.2
Horizontal equivalent force C [kN/m] 91.6 10.6 139.3
Bending moment M, . [kNm/m] 162.7 27.9 248.7
Normal force N,z [kN /m] -68.9 -11.5 -1104

Requirements for the material resistances can be found in the respective standards.

Select: HOESCH 1605 section
steel grade S 240 GP, min. yield strength f,, , = 240 N/mm?

Partial safety factor to DIN 18800: yym = 1.10

For simplicity, the comparative stress analysis for the maximum design loads M,,,,, and N, is carried out,
the shear stress analysis will be neglected.

The limit condition to DIN 1054:2005-01 is rewritten for the limit condition regulated in the standard. In the
case of verifying the sheet pile wall section

Eq < Ruma becomes 04 < fya
The following applies
M N, 248.7-10%  110.5 ok
— | Rar 4 mar ) = 1645} <2185 = “&2
7= 1w, A, ‘ 1600 ' 1363 m? =S T

The analysis is satisfied; the degree of utilisation of the section amounting to ;1 = 75% may be optimised if
required.

6.8 Analysis for the serviceability limit state

According to DIN 1054:2005-01, the serviceability limit state is the state of a structure in
which the conditions specified for the use of the structure are exceeded. In this context, DIN
1054:2005-01 advises verifying the serviceability of wall-type retaining structures for the case
that neighbouring buildings, pipes and cables, other installations or traffic areas could be at risk,

e.g.

e due to large displacements with a low stiffness of the supporting soil in front of a wall-
type retaining structure,

e due to displacement and overturning of a block of soil held together with ground anchors,

e when an earth pressure higher than the active earth pressure is expected.
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DIN 1054:2005-01 section 6.1.3 also states the following: “The interaction of subsoil and struc-
ture is to be taken into account if the stiffness of the structure in conjunction with the stiffness
of the subsoil causes a considerable redistribution of the forces transferred to the soil.” Further-
more, the DIN standard states that serviceability is to be verified with the characteristic actions
and resistances. In doing so, the same structural system shall apply as was used for determin-
ing the internal forces or action affects at limit state LS 1B, and variable actions shall only be
taken into account if they cause irreversible displacements or deformations. The DIN standard
does not mention any particular method of calculation in conjunction with the verification of
serviceability.

With respect to the use of methods of calculation for taking into account the soil-structure in-
teraction, EC7 comments: “...problems of soil-structure interaction analyses should use stress-
strain relationships for ground and structural materials and stress states in the ground that are
sufficiently representative, for the limit state considered, to give a safe result”.

Verification of serviceability for wall-type retaining structures can be carried out with the coef-
ficient of subgrade reaction method or the finite element method (FEM); see, for example,
the excavation recommendations of WEISSENBACH (2003). FEM offers the advantage of a
comprehensive modelling of the soil-structure interaction because the material behaviour of
structures and soils plus the force transfer to the soil-structure boundary surfaces can be taken
into account.

Like in other civil engineering disciplines, FEM has become a standard approach in the veri-
fication of serviceability for geotechnical structures. One reason for this is the user-friendly
software, another is the progress in the field of material models for soils. However, it should be
remembered that in comparison to structural problems, geotechnical problems are based on a
much less secure database.

The use of FEM for retaining wall structures is covered in chapter 8.

6.9 Overall stability

The overall stability of changes of level in the terrain in the meaning of an embankment or step
in the ground is dealt with in DIN 1054:2005-01, with reference to E DIN 4084. An allocation
to geotechnical categories is also necessary for this verification.

For a sheet pile structure, an adequate margin of safety against ground failure is assured when
the failure mechanisms possible with this type of wall and the possible critical construction
conditions do not exceed the limit state conditions according to E DIN 4084 with the partial
safety factors for limit state LS 1C given in table 6.3:

E; < Ry (6.64)

where

Ey design value of resultant action effect parallel to slip plane, or design value of mo-
ment of actions about the centre of the slip circle

Ry design value of resistance parallel to slip plane, or design value of moment of resis-
tances about the centre of the slip circle
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The actions and resistances are calculated as follows:

Eq = Y (Gai+ Qaq)-sind; + > M, (6.65)
G, i — Uqg; b))t i+ Cid b
Ry = T.Z( di ¥ Qi — tas - b) -1an Pas F i (6.66)
- cos¥; + pu - tan g, - sinv;
with the design values of the shear parameters
t
tan g = A P Cqg = G (6.67)
Yo Ve

The calculation is carried out iteratively by choosing a degree of utilisation for ; and recalcu-
lating according to

- (6.68)

!

E DIN 4084 explains how to take account of the loadbearing effect of tension members,
anchors and piles when checking the overall stability.

See Fig. 6.23 for the general geometrical definition of the aforementioned variables.

Er-sing

Legend

1 Slip circle divided into slices %-

2 Groundwater level B W ST

3 Outer water level e . 1 5
4 Non-permanent loading M T | __ ﬂ @5__
5  Stratum boundary i i Li

6 Numbering of slices 123 iifin (\D (ﬁ

Table 6.23: Example of slip circle and division into slices
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Example 6.16 Verification of overall stability of sheet pile wall to DIN 1054:2005-01 / E
DIN 4084

Verification of an adequate margin of safety against ground failure is carried out for the system shown in
example 6.10 and 6.11. The centre of the slip circle is to be determined iteratively so that the critical slip circle
with the smallest margin of safety is considered.

Sketch of system: 14m
4.6m , 56m ’ 0.4m
i
Coordinates ay = 20 kN/m2
X =-20m g, = 10 kN/m2
m ] K
= 0.0m
Ym [
AV § . Jeor
\ 6 «gizgfys s T o
v
9.0m 5 oo ]
- 25°
25m 5.0m 5.35m 4 o 10 kN/m? 3.0m
y 2 "\ 2
i | 2
b
2 5.55m
2308 \ 2 . ¥ = 10 kN/ '
= me
- 3 =325 y
2.35'm
1.55m
0.45m —

According to E DIN 4084, the method of slices after BISHOP should be used for calculating the margin of
safety against failure of the ground in stratified soils. In doing so, the slip circle should be formed as accurately
as possible by polygonal slices with vertical contact faces. In this example, 7 slices have been chosen.

The vertical loads plus the geometry are then determined for each slice, and with the help of eq. 6.66 and 6.67
the variables E; and M, are determined according to eq. 6.64.

i Gri | va | Qri | 7o | Gai+ Qd; ) l ©Ya cq Eq Ry

— | kN/m | — | kN/m | — EN/m ° m ° kN/m? | kN/m | kN/m
1] 2 [ 3] 4 [5] 6 7 [ s[ 9| 10 [ 11 [ 12 ]
1 28.8 | 1.0 00|13 28.8 | -42.6 | 3.4 | 27.0 0.0 -263 446
2 173.8 | 1.0 00| 13 173.8 | -25.2 | 55 | 27.0 0.0 | -1036 1957
3 260.8 | 1.0 00| 1.3 260.8 -48 | 54| 27.0 0.0 -306 1973
4 7009 | 1.0 400 | 1.3 752.9 18.6 | 49 | 27.0 0.0 3362 4667
5 653.8 | 1.0 00|13 653.8 447 | 79 | 27.0 0.0 6438 4025
6 105.7 | 1.0 00| 1.3 105.7 | 65.0 | 3.3 | 20.5 8.0 1341 1202
7 164 | 1.0 00| 1.3 16.4 84.3 | 4.0 | 24.8 0.0 228 157
2] [ [ [ ] | 9766 | 14427 |

The anchor force was neglected in the slip circle calculation because its line of action passes approximately
through the centre of the slip circle.
The margin of safety against ground failure calculated iteratively results in

and so verification of overall stability is therefore satisfied.
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Chapter 7

Ground anchors

7.1 Types of ground anchors

Irrespective of the type of ground anchors, we distinguish between two basic anchor functions:
temporary anchors with a maximum service life of two years, and permanent anchors which
first and foremost must satisfy higher demands regarding corrosion protection.

Ground anchor types are classified as follows with respect to their form of construction:

e Round steel tie rods (laid in the ground) with anchor wall/plate

Grouted anchors to DIN EN 1537

Driven anchor piles

Driven pile with grouted skin

Vibratory-driven grouted pile

Micropiles (diameter < 300 mm)

Jet-grouted piles

Retractable raking piles

7.1.1 Round steel tie rods

Round steel tie rods consist of tension bars that are laid horizontally in the ground and terminate
at an anchor wall or anchor plate. The loadbearing capacity of these anchors may be limited
by the passive earth pressure that can be mobilised in front of the anchor wall/plate. Both the
threaded and the plain parts of the tie rod must be checked. For practical reasons, the tie rods
should not be smaller than 1 1/2 in. Please refer to EAU 2004 sections 8.2.6.3 (R 20) and 9.2.3.3
for further information.
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7.1.2 Grouted anchors

Grouted anchors consist of a steel tension bar surrounded by a layer of injected grout. The
tensile forces are either transferred continuously from the tie rod to the grout (composite anchor)
or they are transferred via a pressure pipe embedded in the injected grout (duplex anchor). Both
systems transfer the forces into the soil by way of skin friction. The steel tension bar must be
able to deform freely in a sleeve so that the grouted anchor can be prestressed. Threaded bars
or wire tendons can be used as the tension members.

Grouted anchors are normally installed by drilling with or without water-jetting. The sleeve is
inserted to the right depth and the steel tension member installed. As the sleeve is withdrawn,
the cement mortar is injected under pressure. Above the intended layer of grout, the drilled hole
is cleared of mortar and filled in order to avoid a force “short-circuit” between the wall and the
layer of grout. A special re-injection process can be used to break apart a layer of grout that has
already hardened and press it against the soil, which enables much higher skin friction values
to be mobilised. Grouted anchors are covered by DIN EN 1537.

7.1.3 Driven anchor piles

Various steel sections and precast concrete piles can be used as anchor piles. Anchor piles carry
the tensile forces on their surface by way of skin friction. They are frequently encountered in
quay wall structures in which high tensile forces occur (see Fig. 7.1). In such cases, steel piles
enable a straightforward welded connection between pile and retaining wall structure.

Driven piles at shallow angles are guided by leaders. Slow-action hammers are preferred to
rapid-action devices (EAU 2004 section 9.5.2). In the case of raking anchor piles, settlement
due to backfilling, relieving excavations or the installation of further piles behind the sheet pile
wall can lead to loads at an angle to the axis of the pile. The additional deformations cause an
increase in the stresses in the pile which in some circumstances means that the maximum axial
force may not occur at the head of the pile but instead behind the sheet pile wall (see MARD-
FELDT, 2006). This must be taken into account when designing the piles and the connection to
the wall. For further information regarding the design and driving of piles, please refer to EAU
2004 section 9.5 (R 16).

7.1.4 Driven pile with grouted skin

The driven pile with grouted skin consists of a steel section with a special driving shoe which
cuts a prismatic void in the soil during driving. Cement mortar is injected into this at the same
time as driving. This creates a bond between pile, cement and soil which enables skin friction
values to be achieved that are 3 to 5 times higher than a non-grouted pile (EAU 2004 section
9.2.1.3).

7.1.5 Vibratory-driven grouted pile

The toe of the vibratory-driven grouted pile, a steel H-section, is widened with welded web and
flange plates. As the pile is vibrated into the ground, these displacement elements create a void
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equal in size to the thickness of the plates, into which a cement suspension is injected in order
to increase the skin friction of the pile. Please refer to EAU 2004 section 9.2.1.4 for further
information.
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Figure 7.1: Driven anchor piles, CT IV container terminal, Bremerhaven

7.1.6 Micropiles (diameter < 300 mm)

The term micropile covers various non-prestressed pile types with a small diameter which trans-
fer the tensile forces into the soil by way of skin friction. These include, for example, self-boring
micropiles to DIN 4128 or DIN EN 14199, tubular grouted piles, grouted in situ concrete piles
and composite piles. The self-boring micropile is constructed like a ground anchor, with the
full length of the pile embedded in mortar, which improves the corrosion protection.

In the case of the TITAN micropile to DIN EN 14199, which belongs to the group of tubular
grouted piles, a ribbed steel tube serves as tension member, lost drilling rod and injection pipe.
The tip of the rod includes a radial jet with which the soil can be cut away and at the same time
filled with mortar. It is not necessary to install the tension member and withdraw the casing
with this system. In soft soils, ground with a high water table or weathered rock, where the
drilled hole would collapse, a casing is unnecessary because a bentonite slurry can be used to
keep the hole open. This increases the efficiency of the installation work by about 2 to 3 times
over the method with a casing in the hole.

The dynamic injection of cement slurry directly after drilling results in a mechanical interlock
between layer of grout and soil. The good shear bond means that only minor deformations of
the pile head ensue under service loads. EAU 2004 section 9.2.2 contains further information.
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7.1.7 Jet-grouted piles

Jet-grouted piles are bored piles with an enlarged toe. A steel section acts as the tension member.
At the base of the pile, the soil is cut away with a high-pressure water jet and mixed with mortar.

7.1.8 Retractable raking piles

Retractable raking piles are used behind quay walls built in water. A steel section welded
to an anchor plate forms the tension element. The connection between the head of the pile
and the wall still permits rotation. The pile is fixed to the wall while suspended from a crane
and subsequently lowered into place, rotating about its fixing point. The resistance of this
construction is first activated upon backfilling the wall and is made up of the horizontal passive
earth pressure plus the vertical soil weight acting on the anchor plate. EAU 2004 section 9.2.3.1
contains further information.

7.2 Loadbearing capacity

The loadbearing capacity of a ground anchor is mainly determined by the force transfer between
anchor and soil. This is achieved either by enlarging the anchor, e.g. by means of an anchor
plate (tie rod, retractable raking pile) or a body of grout (jet-grouted piles) or via skin friction
(driven pile, micropile, grouted anchor, pile with grouted skin). The loadbearing capacity of
horizontal round steel ties can be calculated from the maximum passive earth pressure that can
be mobilised in front of the anchor wall before failure of the anchoring soil occurs. The pull-
out resistance is much higher with systems installed at a steeper angle (retractable raking pile,
jet-grouted pile). Resistances of 4 to 5 MN can be achieved with jet-grouted piles.

The pull-out resistance of piles that carry their loads via skin friction depends on the effec-
tive surface area and the activated skin friction. For displacement piles to EAU 2004 section
9.4 (R 27), the latter can be estimated from the tables in DIN 1054:2005-01 appendix C for
preliminary designs where CPT results are available. Empirical values for the skin friction of
grouted micropiles are given in appendix D of DIN 1054:2005-01, depending on the type of
soil. According to DIN 1054:2005-01, the pull-out resistance should be determined by a suit-
ability test. OSTERMAYER (1997) has compiled empirical values for grouted anchors which
can be used for preliminary design purposes. Fig. 7.2 shows these according to type of soil and
force transfer length /5. Depending on their size, TITAN micropiles can carry service loads of
100 to 1500 kN; they can accommodate tensile or compressive forces.

7.3 Design

When designing ground anchors for sheet pile walls, the following analyses are always required:
e Design against failure of the anchor materials (internal stability)
e Design against pull-out of the anchor from the soil

e Design against uplift (stability of total system)
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e Design against failure of the anchoring soil (for horizontal anchors with anchor wall)
e Design for adequate anchorage length (analysis of the lower slip plane)

e Design for serviceability

7.3.1 Design against material failure

The design against material failure is carried out according to the standard for the respective type
of anchor or the building authority approval. It is essential to verify that the design value for
the actions F; is less than or equal to the design value of the material resistance 2y; 4. When
checking the internal load-carrying capacity, in many cases it is not the failure load of the
tension member that is critical, but rather the cracking of the layer of grout, which guarantees
protection against corrosion. The permissible stress in the tension member is therefore reduced.
For grouted anchors, 7y 4 is calculated, for example, as follows:

Ryrg = As - ft01k (7.1)
M

where f; 1 : characteristic stress of steel tension member at 0.1%
permanent strain
Ag  : cross-sectional area of steel tension member
vya . partial safety factor to DIN 1054:2005-01 table 3
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Figure 7.2: Empirical values for the ultimate load of grouted anchors in non-cohesive soils
and skin friction values for anchors in cohesive soils, a) with grouted skin, and b)
without grouted skin (OSTERMAYER, 1997)
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Example 7.1  Design against material failure — grouted anchor

The design against material failure is explained for the anchor of the system shown in example 6.10 or 6.11.
The anchor force in the axial direction (o = 30°) is

Acr e+ Aok 7o =109.3-1.35+23.1- 1.5 = 182.2kN/m = Ay

The chosen anchor spacing a 4 is 3 m.
Design value for actions:

Eqg = Aj-aa=182.2-3 =1546.6 kN
A tubular grouted pile is to be used.
Diameter of grout: dyy =20 cm

Tension member: threaded tube d, /d; 52/26 mm, Ag i, = 1337 mm?

Check similar to grouted anchors to DIN 1054:2005-01:

fro1x = 550 N/mm? (manufacturer’s information)
Es < As- frosk _ Ryra (see eq. 7.1)
Y™
550
546.6 kN < 1337 115 = 639.4 kN

The design against material failure of round steel ties and waling bolts can be carried out accord-

ing to EAU 2004 section 8

.2.6.3 (R 20) or DIN EN 1993-5:1998. In this method, the ultimate

limit state for material resistance is considered separately for the threaded and plain parts of the
bar and a notch factor must be allowed for. The resistance is calculated as follows:

Ryra = min [Fyg ra; Fy; gyl (7.2)
fy k fy k
F = Agpart - = = Aghart -~ 1.3
tg,Rd hoft " haft* 110 (7.3)
fua k fua k
9 = k- Acore - =~ = 0.55 - Acore - : 7.4
tt,Rd t Yt 195 (7.4)

mit Agppe @ cross-sectional area in shaft zone

Aore : core cross-sectional area in threaded zone

fyr :yield stress

fuar : tensile strength

Yamo - partial safety factor to DIN EN 1993-5 for shaft zone
Yup - ditto, but for threaded zone

k; : notch factor

The notch factor £, = 0.8 given in DIN EN 1993-5:1998 is reduced to k; = 0.55 for the
threaded part. This takes into account any additional loads during installation of the anchor.
The additional analyses for serviceability required by DIN EN 1993-5:1998 can therefore be

omitted.
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Example 7.2  Design against material failure — round steel tie rod

The design against material failure is explained for the anchor of the system shown in example 6.10 or 7.6.
Design value for actions from example 7.1 (o« = 30°) for anchor inclination = 3.8° and anchor spacing
ay = 3.6m:

cos 30

Zg = FE; = 182.2-
d d cos 3.8

3.6 = 569.3 kN
A round steel tie rod is to be used as an anchor.

Round steel tie rod with upset ends and rolled thread

Steel grade: S 355 JO

2 3/4 in-52 where Agpqft = 21.2 cm? and Agppe = 28.8 cm?
Check according to EAU 2004 section 8.2.6.3 (R 20):

35.5

Figra = 21.2- 110 = 684.2 kN (see eq. 7.3)
« 48.0
ttra — 0.55-288- Top = 608.3 kN (see eq. 7.4)
E; < Rpq=min [thﬁd; Ft’;,Rd] (see eq. 7.2)
569.3 kN < min [684.2; 608.3] = 608.3 kN

7.3.2 Pull-out resistance

Designing against pull-out of the anchor involves checking whether the design value of the
actions F; can be transferred from the anchor to the soil. The pull-out resistance of an anchor
is determined by one or more loading tests. DIN EN 1537:2001-01 applies for grouted anchors.
The characteristic value for pull-out resistance 7, is determined from the loading tests in
conjunction with a scatter factor. Alternatively, the pull-out resistance of anchor piles and
micropiles can also be determined via empirical values from comparable loading tests or the
general empirical values in DIN 1054:2005-01 appendix D. The anchorage length [, required
for structural purposes is calculated by dividing the design value for the anchor force A, by the
design value for the skin friction 7}.

In the case of grouted anchors, the pull-out resistance should be determined from so-called
suitability tests. The maximum test load depends on whether the anchor is to be installed as a
temporary or permanent component. The pull-out resistance in a single test is that force causing
a creep ks = 2 mm.
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Example 7.3  Pull-out resistance

‘ 13.37 m ‘

f T

Earth pressure redistribution to p1=10 kN/m?2

EAU 2004 (built on land) l l l l l l l l l

e1
13 69agh+ eéCh ¥ +0.0 m 3.3
' -1.5m 1 8.5
| 2.0 m I YWY =18/8kN/mM® < 150
e — 30" —_ T .
l ¢ A &E
15.7 -4.0mjt ) 20.5
H LY =9 kN/m? | 12.7

1 ¢=25 . Kl E54.

17.3 -7.0m || c=10 kN/m2 . 23.8

: ! | 66.7 \26.7
18.3 -9.0m| v =10 kN/me S <
27.3 RO |\ ¢ =32.5° 9.22m 334
| -
i ! e
oY=
-12.09m |-~
35.0 mie
-13.8m

The pull-out resistance given here is for the anchor in example 6.10 or 7.1. The minimum anchorage length [,.
is required. In this case only the sand stratum can be used to carry the load.
Design value of resistance:
Skin friction from empirical values in DIN 1054:2005-01 appendix D: g1 = 150 kN/m?
Ad Ad YP 546.6 - 1.4

I, = 24— - —8.12
Ts  qup-m-d 150 -7-02 m

An anchorage length of 8.5 m in the sand stratum is selected. The total length of the anchor is 19.5 m.
Note: When calculating the total length of anchor required, the analysis at the lower slip plane (see section
7.3.5) is often critical!

7.3.3 Design against uplift

It must be guaranteed that the anchor is not lifted together with the soil clinging to it. Design
against uplift is especially important for groups of anchors at a steep angle. The analysis and
the geometry of the body of soil hanging on the anchor is dealt with in DIN 1054:2005-01.

7.3.4 Design against failure of the anchoring soil

The design against failure of the anchoring soil should be carried out in accordance with EAU
2004 section 8.4.9.7 (R 10) for horizontal or slightly inclined anchors with anchor plates. It
must be shown that the design value of the resisting horizontal forces from underside of anchor
plate to ground level is greater than or equal to the horizontal design forces acting due to anchor
force, earth pressure and, possibly, excess hydrostatic pressure. Imposed loads may only be
considered in an unfavourable position (i.e. behind the anchor plate). Fig. 7.3 shows the failure
body and the forces applied schematically. The passive earth pressure in front of the anchor
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plate may only be assumed for an angle of inclination that encloses the sum of all forces acting
perpendicular (> V = 0).

____________ L

N / A
DRNN G*: /
SN — -
Zy~— =™ Eand
Eph,d\

Zd + Eah,d < Eph,d

Figure 7.3: Design against failure of the anchoring soil

Example 7.4  Design against failure of the anchoring soil

The design against failure of the anchoring soil is explained for the anchor of the system shown in example
6.10 or 7.2.
Horizontal component of actions related to an anchor inclination o = 3.8°:

Zpaqg = 182.2-cos30 = 157.8 kN/m

Active earth pressure on anchor plate due to self-weight and imposed loads (6, = 2/3¢):
See example 7.6 for earth pressure distribution.

1 1
Bk = 520 (28+129)+ 520 (129 +17.4) = 46.0kN/m

Passive earth pressure in front of anchor plate due to self-weight, where 6p = 0 and K4, = 3.0:

eponk(0.0) = 0kN/m’
epghk(—2.0) = 2.0-18-3.0 = 108 kN/m?
epgh k(—4.0) = 108 +2.0-8-3.0 = 156 kN/m?
1 1
Eppp = 5:20-108+5-20- (108 + 156) = 372.0 kN/m
Verification:

Zha+ Eanag < Epng
372.0
15784+ 135460 < ==
219.9 < 265.7

Analysis of vertical forces:

> V=0

2
Zhq-tana — Eyp, g - tan (3<p>

= 157.8-tan3.8 —1.35-46.0 - tan (;30)
= 10.5—-22.6 =—12.1kN/m

The component points downwards and can be carried by the end-bearing pressure.
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7.3.5 Verification of stability at the lower slip plane

The anchorage length should be chosen such that the body of soil affected by the ground
anchor cannot slide down a lower slip plane. The analysis is based on the model idealisation
that the force transfer from the anchor causes a body of soil to form behind the wall. In the
analysis, the maximum possible shear resistance at the lower slip plane is exploited, whereas
the base support is not fully activated. The characteristic anchor force A, j, is the anchor force
that can be resisted by this body of soil when exploiting the shear resistance at the lower slip
plane to the full. In the method according to KRANZ, the body of soil is bounded by the ground
level, a section behind the retaining wall down to point /', from there along the lower slip plane
to point D and then back to ground level. Fig. 7.4 shows the body of soil and the internal forces
for a system with horizontal anchor plus anchor plate. A, 1, is determined graphically via the
polygon of forces shown in the figure. Point F' designates the theoretical base of the sheet pile

Imposed loads
: Uy Era Ao
A Cram
o . I
1 |
1 Slip plane for active earth | ¥ J 'I':'i
H pressure, [
Anchor G f
) ]
Gy |
Cow
LY
IJ‘I
-
' ot
'\-Ii " il

Figure 7.4: Verification of stability at the lower slip plane to EAU 2004, section 8.4.9 (R 10)

wall. In the case of a simply supported wall, this corresponds to the true base of the sheet piling,
but in the case of a fixed-base sheet pile wall, it can be assumed to lie at the point of zero shear
in the zone of fixity. The position of point F' can be taken from the structural calculations for
the sheet pile wall. Point D is defined depending on the type of anchor. With an anchor plate, it
lies at the lower edge of the plate (see Fig. 7.4). With tension piles and grouted anchors, point
D is located in the middle of the theoretical minimum anchorage length [, required (see section
7.3.2), which starts at the base of the pile (see Fig. 7.5). An equivalent wall is assumed from
here up to ground level. Active earth pressures acting on this wall are applied with §,= 0. In
the case of grouted anchors, the length of the grout is assumed to be equal to /.. If the anchor
spacing a 4 is greater than [, /2, the possible anchor force A, , must be reduced by the factor
l./(2a4). An equivalent wall is also assumed when using individual anchor plates. According
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to EAU 2004 section 8.4.9.6 (R 10), this is located at a distance 1/2 - a in front of the anchor
plates, where a is the clear distance between the plates. In stratified soil, the body of soil is

Imposed loads
R R [TAL LD
e ._.I'.-'_-l'_.r:_iq‘:‘-.l'_.-'_.l':i,ll:.l'--_J&-:.,a:!r,.i_f.ﬂ-_}'_.-:_{.-’,a:. 3
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Figure 7.5: Verification of stability at the lower slip plane for piles and grouted anchors to EAU
2004, section 8.4.9 (R 10)

divided into several segments by imaginary perpendicular separating joints that pass through
the points where the lower slip plane intersects with the boundaries of the strata. EAU 2004
section 8.4.9 (R 10) contains further information. The following internal forces are required for
the analysis:

G|, total characteristic weight of body of soil, plus imposed loads if applicable

E), characteristic active earth pressure acting on retaining wall £, j, anchor plate or equiva-
lent wall £ j,

Uy, characteristic hydrostatic pressure acting on retaining wall U, j, lower slip plane Uy, an-
chor plate or equivalent wall Uy 4,

C}. characteristic shear force at the lower slip plane due to cohesion

Q@ characteristic resultant force at the lower slip plane due to normal force and maximum
possible friction (inclined at ¢ to a line perpendicular to slip plane)

A}, characteristic anchor force due to permanent A¢ ;, and variable actions Ag



7.3. DESIGN 145

If Qi is not determined graphically by means of a polygon of forces, the horizontal component
Q.1 for the segments ¢ can be calculated as follows (U, = U = Uy, = 0):

Qnki = Coszr;(:o_l J ?a) [(Gri = Copi — Eyi) cosa — (Cppi + Eny) sinal (7.5)
in the front segment using Eyi=~+Euwk
Eni=~+Eumk
in the middle segment E,i=FEp; =0
in the rear segment E,i=—Ek
Eni=—FEing

The possible anchor force A, 1 is then calculated theoretically from the equilibrium of forces
in the horizontal direction as follows:

1
cos

Aposs,k -

N Eahk — Erng + Z Qi + Z Ch,k,z’] (7.6)

The analysis of stability at the lower slip plane must be carried out for both permanent and
variable loads, and in the case of the second analysis the variable actions may be considered
only in unfavourable positions. Imposed loads are therefore included in G only if the slip
plane angle ¥ is greater than ¢y. Stability is assured when

Aposs,k:

Agr Ve < (7.7)
’YEp
where A, . is calculated from the polygon of forces with permanent loads, and
A 0SS
Ay e+ Aqu g < 2=t (7.8)
VEp

where A, 1, 18 calculated from the polygon of forces with permanent and variable loads.

Where more than one row of anchors intersects the lower slip plane, please refer to EAU 2004
section 8.4.9.9 (R 10).
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Example 7.5  Verification of stability at the lower slip plane for a sheet pile wall with
grouted anchors

Verification of the lower slip plane is carried out for example 6.10 or 7.3.

1. Defining the body of soil:

Point I’ lies at the point of zero shear, which according to the structural calculations is at level -12.09 m. Point
D is located [, /2 = 8.12/2 = 4.06 m from the base of the anchor at a depth of 9.22 m below ground level.
A vertical equivalent wall extends from point D up to ground level. The slip plane angle ¥ is calculated to be
12.1°. For further dimensions, see sketch.

2. Active earth pressure behind sheet pile wall:

The earth pressure distribution was determined in example 6.10 or 6.11 (see sketch). In this case only the earth
pressure due to permanent loads is required for checking the lower slip plane because the variable loads have a
beneficial effect. The missing earth pressure ordinate at level -12.09 m and the resultants from the redistributed
earth pressure diagram produce the following:

ean(—12.09) = 27.3+3.09-10-0.25 = 35.0 kN/m?
13.6 + 15.7 2
Ef,k = (4~0~ ;) /cos (3 . 30) = 62.4 kN/m
15.7 + 17. 2
EF. = (3.0~57;73> /cos (3-25) = 51.8 kN/m
17.3 + 18. 27. . 2
Ej. = (2-73;8?#3.09-73;35% /cos <3-32.5> = 142.0 kN/m

3. Earth pressure acting on equivalent wall:

The earth pressure acts perpendicular to the equivalent wall (§ = 0).

Backfill: K4, =0.33; clay with sea-silt: K,q5, =0.41, Kycp = 1.27; sand: Kyg, = 0.30
That results in the following earth pressure ordinates:

Level | Active earth pressure Cohesion Permanent load

Cagh.k [KN/m?] Cach.k [KN/M?] | eqpn i [KN/m?]
0 0 0 33
-2 11.9 0 33
-4 17.2 0 33
-4 21.3 -12.7 4.1
-4.5 23.1 -12.7 4.1
-7 324 -12.7 4.1
-7 23.7 0 3.0
-9.22 304 0 3.0

Resultant acting on equivalent wall due to permanent actions:

. 15.2 15.2 4- 20. 12. 23. 26. 4
Evr = 2~33+2 > +2- > ;05+3~ 7—; 38+2.22'767;_33

= 175.6 kN/m
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4. Weight of body of soil:

G, = 134-(2-1842-8+3-9+222-10+

5. Draw the polygon of forces and determine A, i

E1k

permanent loads only:

Apossi = B575kN/m
Apossk =575-3 = 1725kN

l;/2=4.06m >3 m = a4 — no need to reduce A,oss

6. Verification:

1725
3-109.3-1.35 < WS (see eq. 7.7)

442.7kN < 1232.1kN

The verification for permanent and variable loads is not required because the variable load acts beneficially on

Aposs,i» and Ay in this case is less than Ajoss 1/ VEp-

12.09 —9.22

2

10) = 1544.9 kN/m
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Example 7.6

Verification of stability at the lower slip plane for a sheet pile wall with
round steel tie rods

223

35.0

Verification of the lower slip plane is carried out for example 6.10 or 7.4.

1. Defining the wedge of soil:

Point D is located at the base of the equivalent anchor wall at a depth of 4.5 m. The equivalent wall is located
1/2 - a = 0.9 m in front of the anchor plates. The slip plane angle ¥ is calculated to be 28.3°. The length
selected for the round steel tie rod is 15.0 m. For further dimensions, see sketch.

2. Active earth pressure behind sheet pile wall:

The earth pressure distribution was determined in example 6.10 or 6.11 (see sketch). In this case only the earth
pressure due to permanent loads is required for checking the lower slip plane because the variable loads have a
beneficial effect. The earth pressure is determined without excess hydrostatic pressure.

Eonk

Eav,k

L,=15.0-1/2:1.80=14.1 m
selected: 15.0 m

p1=10 kKN/m?

v v
2.8 . +0.0m 3.3
-1.5m o 1
~7 _2.0m'1<& : 7 1 15.2
= Ly =18/8KkN/MY o | — E, \
! o 2 G T
40m|_©=30 ’ ! ’ ! D! 127 \ 205
! <
H1 g, Jliv=10kNme + : +, . 14.5
2 Wlp=25 L C Anchor plate
-7.0m | e E.g. L603 DR
1Y = 9 kN/m? -7 =3m
29.0m|¢=325 P \Q1 S; 13-.86%
W&W/\T:C=1OKN//Gﬁf a=18m
I -7
I Q2
-12.09 m 'Ff,\%zs.s“
-13.8m

2. 12. 12. 17.4 11. 20. 22. .
Q.O.Mﬁ_g.o.ﬂ .O.M_,_aog.w
2 2 2 2
15.7 4+ 30.3 4+ 48.2 + 145.8
240.0 kKN/m

15.7 - tan (;30) +30.3 - tan <§30) +48.2 - tan <§25> + 145.8 - tan (232.5>

5.7+ 11.0 +14.4 + 57.9
90.0 kN/m

3. Earth pressure acting on equivalent wall:

The earth pressure acts perpendicular to the equivalent wall (6 = 0).
Backfill: K4, = 0.33; clay with sea-silt: K,q, =0.41, Ky, = 1.27
See example 7.5 for earth pressure ordinates.

3.3+ 15.2 15.2 4+ 20.5 5 1274+ 14.5

E = 92 N . =61.0k
1h,k B) D) B 61.0 kN/m
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4. Weight of body of soil:
The body of soil is divided into 2 segments to match the soil strata; p; must be considered if ¢ < 9.

7.0—-45 7.0—-45
Gkn = ————(20-1842.0-8405-94+ ————-9+10) = 361.2kN/m
’ tan 28.3
12.09 — 7. 12.09 — 7.
Gro = 1209-7.0 2.0-18+2.O-8+3.0-9+M'10 = 987.4 kN/m
’ tan 28.3 2

5. Cohesion at the lower slip plane:

Cyr1 = 10-(7.0—4.5) = 25.0 kN/m
25.0
. = ———— =46.4kN
Ch1 tan 28.3 6 /m
Ck 2 = 0 kN/m

6. Friction forces at the lower slip plane according to eq. 7.5:

sin(25 — 28.3) .
= . 1.2 -25)- .8 —(46.4 1. 3.8] = —19.5 kN/

Qh k1 cos(25 —28.3—3.9) [(36 ) - cos3 (46.4 4 61.0) sin 3.8] 5 kN/m
sin(32.5 — 28.3)

cos(32.5 — 28.3 — 3.8)

Qh k2

- [(987.4 — 90.0) - cos 3.8 — (240.0) sin 3.8] = 64.4 kN/m

7. Verification:

1
Apossi g - (240.0 — 61.0 — 19.5 4 64.4 + 46.4) = 270.9kN/m  (scc eq. 7.6)

cos 30

A, = A, - .

d Gk cos 3.8 e
— 1003 30 35— 1981 kN/im
cos 3.8
270.9
1281 kN/m < i = 193.5 kN/m (see eq. 7.7)

The verification for permanent and variable loads is not required because the variable load acts beneficially on
Aposs,i and Ag in this case is also less than Ap,oss 1/ VEp-

cos 30
cos 3.8

Ay = (AG,k “Yag + Aka . ’}/Q) . = 158.1 kN/m < 193.5 kN/m

7.3.6 Design for serviceability

When designing for serviceability it is important to show that an anchor under load is not
subjected to excessive deformations. This is carried out on the basis of a test loading. It is es-
pecially important to make sure that individual anchors are not subjected to significantly more
severe deformations than other anchors. Verification calls for the characteristic resistance R j,
associated with a characteristic deformation s to be determined from the load-deformation
curve of the anchor. The characteristic resistance must be greater than or equal to the character-
istic loads Es .

In the case of grouted anchors, the serviceability of an individual anchor is validated by means
of an acceptance test to DIN EN 1537:2001-01.
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7.4 Testing

The suitability of anchors should always be checked in a loading test. Grouted anchors must sat-
isfy special requirements, which means proving their suitability by testing at least three anchors.
In addition, every anchor undergoes an acceptance test. After the test, the grouted anchors are
generally defined with respect to their prestressing force. DIN EN 1537:2001-01 describes the
execution of loading tests.

7.5 Construction details

The hinged connection of an anchor to a trough-type sheet pile wall is carried out on the centre-
of-gravity axis in the trough, especially on walls with interlocks. In the case of combined sheet
pile walls, the web of the loadbearing pile offers the best connection options. The connection
via a capping beam at the top of the sheet pile wall is another option primarily suited to smaller
tension piles and lightweight sheet pile walls. With threaded anchors there is the additional
option of a connection with a washer plate, hinged splice plate and nut. In order to avoid having
to install an anchor at every trough, a horizontal waling of steel or reinforced concrete can be
provided to spread the load. This should be positioned on the land side in the case of quay
structures, and on the excavation side in the case of excavation enclosures in order to guarantee
easy removal.

Anchors can be installed before or after erecting the sheet pile wall. Maintaining the intended
position of the anchor, which is necessary to achieve an accurate connection, is easier to estab-
lish when installing the anchors afterwards. Anchor piles can be driven through an opening cut
in the sheet pile wall, for instance. Figs. 7.6 to 7.8 show possible anchor-sheet pile connection
details.
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Figure 7.6: Hinged connection of a steel anchor pile to heavy sheet piling by means of a hinge
pin to EAU 2004 section 8.4.14.4
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Figure 7.7: Hinged connection of a driven grouted anchor pile to heavy sheet piling to EAU
2004 section 8.4.14.4
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Figure 7.8: Hinged connection of a steel anchor pile to combined steel sheet piling with single
bearing piles by means of a hinge pin to EAU 2004 section 8.4.14.4
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Chapter 8

Using FEM for the design of sheet piling
structures

8.1 Possibilities and limitations

Like analytical methods of computation, FEM involves modelling errors due to deviations
of the physical-mathematical equivalent problem from the initial problem plus data errors
due to deviations in the chosen values of the initial parameters of the finite element model
from the real values. And like other discretisation methods, FEM also involves procedural
errors (numerical errors) due to the deviation of the solution of the discretised problem from
the solution of the continuum problem plus rounding errors due to the deviation of the solution
with exact numerical values from the solution with approximated numerical values (computer
arithmetic).

8.2 Recommendations regarding the wuse of FEM in
geotechnics

Since 1991 the “Numerics in Geotechnics” working group has published four sets of recom-
mendations (in German only) for the use of FEM in geotechnics:

e Set 1 — General recommendations for modelling (Meifiner, 1991)
e Set 2 — Modelling recommendations for underground tunnels (MeiB3ner, 1996)
e Set 3 — Modelling recommendations for excavations (Meifner, 2002)

e Set 4 — Recommendations for material models for soils, modelling for serviceability ana-
lyses, stability and groundwater (Schanz, 2006)

In EAB recommendation R 103, WEISSENBACH (2003) speaks about the use of FEM within
the scope of the new DIN 1054. Further recommendations regarding modelling can also be
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found in POTTS ET AL. (2002). A description of various sources of errors and corresponding
error effects when using FEM in geotechnics is given, for example, in (HUGEL 2004/2005).

Recommendations for reducing procedural errors can be obtained from general textbooks on
FEM, especially for non-linear problems, e.g. in (WRIGGERS, 2001) or (BATHE, 2002).

8.2.1 Adyvice on the use of FEM for retaining walls
2D/3D problem

Retaining wall structures are generally simulated with 2D equivalent models for FEM purposes
(which is, of course, not possible with distinctly 3D problems such as the corners of excava-
tions). Resolved structures such as struts, anchors, staggered sheet pile walls or bearing pile
walls can be taken into account approximately in the 2D equivalent model but assuming equiv-
alent stiffnesses related to a 1 m length of wall. Every individual case must be checked to
ensure that the equivalent structure does not exhibit any unrealistic properties. Examples of this
are: 2D equivalent anchors may not relieve the earth pressure acting on the retaining wall, 2D
equivalent walls for staggered sheet pile walls may not be impermeable at the level of the stag-
gered pile ends, 2D equivalent walls for bearing pile walls may not mobilise any unrealistically
large passive earth pressures. It is not always clear whether all the deformations and stresses
calculated with the 2D equivalent model are on the safe side; see (HUGEL, 2004), for example.

Examples of complex 3D analyses of sheet piling structures can be found in (BOLEY ET AL.,
2004) and (MARDFELDT, 2006).

Generalisation of the subsoil

Soil strata and groundwater conditions should be generalised in the finite element model de-
pending on the database. However, when doing so, it must be ensured that the mechanical and
hydraulic behaviour of the finite element model is comparable with the initial problem.

Subsoil segment and boundary conditions

The size of the subsoil segment should be specified such that the boundaries do not have any
significant effect on the deformations at the point of load transfer or such that the boundary
conditions are known. Estimates of the dimensions necessary can be found in (MEISSNER,
2002) for the case of excavations.

Geometric non-linearity

Retaining wall structures are generally designed to be so stiff that finite element analyses may
be based on geometric linearity. In the case of a yielding earth resistance and/or yielding an-
chorage, comparative analyses can be used to check whether geometric non-linearity needs to
be taken into consideration.
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Modelling of sheet pile walls

Sheet pile walls are usually discretised with structural elements (beam or shell elements). This
type of discretisation can lead to problems if under vertical loading a significant part of the load
is carried via the base of the wall. In the case of individual sections, an extension of interface
elements can be taken into consideration at the base of the wall so that the sheet piling section
can penetrate into the ground and no unrealistic stress peaks can occur in the body of soil below
the base of the wall — see recommendation E4-15 in (SCHANZ, 2006). In the case of combined
sheet pile walls under vertical loading where significant bearing pressures are mobilised, a
bearing pressure can be modelled with the help of a stiff transverse beam at the base of the wall
(MEISSNER, 2002).

In the case of a staggered sheet pile wall, the 2D equivalent model must take into account the
fact that the base of the equivalent wall is permeable.

Where possible, the force transfer between sheet pile wall and soil should be modelled with
interface elements or by way of kinematic contact formulation. This guarantees that no tensile
stresses are transferred along the sheet pile/soil boundary surfaces and that, with corresponding
action effects, irreversible sliding between sheet pile wall and soil can take place. Bilinear
contact and friction principles are used for this in the simplest case.

Modelling of struts and anchors

Struts and anchors are usually discretised with structural elements (bar or beam elements). In
2D equivalent models, the strain stiffness £'A is related to 1 m of sheet pile wall. The bending
stiffness E'1 of stiffeners should be dealt with similarly. On the other hand, the bending stiffness
of equivalent anchors should be neglected so that the earth pressure acting on the sheet pile wall
is not relieved in the 2D equivalent model.

The anchor/soil boundary surfaces are not normally discretised with contact elements. If this
method is used, however, a lower wall friction angle 6 must be guaranteed so that a comparable
anchor pull-out resistance is established in the 3D problem and in the 2D equivalent model
(the surface area of the 2D equivalent anchor is considerably larger than that of an individual
anchor).

Material models for soils

The choice of the material models for soils is limited in some finite element programs. The
material models of the “linear elastic, ideal plastic” category can lead to incorrect predictions
in the case of retaining wall structures — see, for example, (HUGEL, 2005), (VERMEER &
WEHNERT, 2005) and recommendation E3-4 in (SCHANZ, 2006). The use of high-quality
elastoplastic or hypoplastic material models is called for which can at least describe the main
phenomena of the mechanical behaviour of soils:

e stiffnesses not dependent on pressure,
o different stiffnesses for unloading and reloading,

e shear behaviour for drained and undrained conditions,
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e dilatancy behaviour.

For a detailed explanation of the main phenomena of the mechanical behaviour of soils, see,
for example, (HERLE & MASIN, 2005) or (SCHANZ, 2006). High-quality material models may
even be necessary during the feasibility studies for sheet piling structures.

Initial state of soil

A steady-state earth pressure (K j-state) is normally assumed. This is, however, linked to var-
ious conditions (HUGEL, 2004). It should not be forgotten that the steady-state earth pressure
coefficient Ky depends on the loading history of the soil. Initial values for pore water pressures
and excess pore water pressures can be determined from in situ measurements. Initial values for
the in situ density of the soil can be specified by penetrometer tests or, in the case of high-quality
material models, in conformity with their compression law.

Simulating construction processes

The majority of published finite element projects do not include any simulation of the instal-
lation of the sheet pile wall, but instead the corresponding elements are activated in their final
position in the finite element model. This technique is often referred to as wished-in-place. The
changes to state variables and stresses and strains in structures due to the construction process
are therefore ignored. However, these may be relevant, especially where problems with small
deformations occur (HUGEL, 1996; VON WOLFFERSDORFF, 1997).

Currently, the simulation of the construction process 1s restricted to university facilities because
only they have the necessary hardware and software. In practice the construction processes are
usually not simulated.

8.3 Example of application

8.3.1 Initial problem

The quay structure already considered in examples 6.10 and 6.11 (sheet pile wall plus tubular
grouted anchors) will be used for this example (see Fig. 8.1). The quay structure is to be
constructed from the land side.

The system dimensions are as for the structural calculations given in examples 6.10 and 6.11
for a partially fixed sheet pile wall. A deformation forecast for the structure is to be generated
with the help of a 2D finite element model. To do this, the commercially available finite element
program PLAXIS Professional, version 8.2-8 in this example, will be used.

There are no neighbouring structures in this case. With the help of the finite element analysis,
the serviceability of the ground surface on the land side for traffic is to be checked and the
displacement of the sheet pile wall assessed in this context.
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Figure 8.1: Initial problem — quay structure
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8.3.2 Modelling
Subsoil segment and boundary conditions

The subsoil segment is specified according to the recommendations of (MEISSNER, 2002) as
71 x 41 m (see Fig. 8.2). The following boundary conditions are specified for the granular
structure and the groundwater (see Fig. 8.2):

e Displacements are specified for the bottom and lateral boundaries (Dirichlet boundary
condition), the ground surface is unstressed (Neumann boundary condition).

e The pore water pressure u = 0 at the level of the water table (Dirichlet boundary con-
dition), the hydraulic head 2 = const. at the bottom and lateral boundaries (Dirichlet
boundary condition).

Modelling the body of soil

The body of soil is discretised using 6-node continuum elements with quadratic displacement
assumption and a linear assumption for the pore water pressure. The mechanical behaviour of
the soil is modelled with the “Hardening Soil Model” implemented in PLAXIS.

It should be mentioned at this point that the “Hardening Soil Model” does not describe how the
stiffnesses and strengths are dependent on the void ratio and hence does not describe the decon-
solidation exhibited by dense, non-cohesive soils and preloaded cohesive soils. The following
limitations of the model are pointed out here even though they are not critical for this particular
boundary value problem:

e When using the “Hardening Soil Model” for undrained analyses, like with other ma-
terial models it should be remembered that the cohesion of the undrained soil ¢, is not
a material parameter, but instead is calculated from the material model. This can lead
to discrepancies with ¢, values obtained from soil investigations. In order to carry out
finite element analyses with given c, values, various procedures are possible, see, for ex-
ample, (MEISSNER, 1991) or (VERMEER & WEHNERT, 2005). The choice of a particular
method should be made in consultation with the geotechnical engineer.

e The inherent anisotropy of soils is not modelled.
e The viscosity of cohesive soils is not taken into account.

e As the model only models the isotropic solidification, it cannot be used for problems with
cyclic actions.

Please refer to the PLAXIS manual and (SCHANZ, 1998) in order to identify the parameters
for the “Hardening Soil Model”. The sets of parameters chosen with characteristic soil param-
eters are listed in table 8.1. The unit weights and shear parameters have been taken from ex-
amples 6.10 and 6.11, missing parameters have been estimated. In practice, the material model
and corresponding soil parameters should be specified in consultation with the geotechnical
engineer so that no discrepancies ensue between his model of the soil and the finite element
model.
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Figure 8.2: FE model with dimensions and boundary conditions for the final state
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Parameter Unit Fill Clay w. sea-silt | Sand
¥ [kN/m?] 18 19 20
~ [kN/m?] 8 9 10
pref [kN/m?] 100 100 100
E;:j [kN/m?] | 7000 2000 30 000
m -] 0.5 1.0 0.5
Eggf [kN/m?] | 7000 2000 30 000
Eret [kN/m?] | 21 000 6000 90 000
Vur -] 0.2 0.2 0.2
% [°] 30.0 25.0 32.5
c [kN/m?] 0 10.0 0

P [°] 0 0 2.5

Table 8.1: Set of parameters chosen for the “Hardening Soil Model” in PLAXIS

Modelling the sheet pile wall

The HOESCH 1605 sheet pile wall section is discretised with 3-node beam elements assuming
a quadratic displacement. A linear elastic behaviour is assumed for the sheet pile wall. Using
the section properties from appendix A, we get the following system parameters:

E = 2.1-10% kN/m?

A = 1.363-102m?/m FA = 2862 300kN/m
I = 28-107*m%m EI = 58800kNm?/m
G = 1.05kN/m/m

The sheet pile/soil boundary surface is discretised with interface elements. The wall friction
angle for the steel/soil boundary surface is given as 6 = 2¢/3. In order to achieve a realistic
bond between base of wall and body of soil, the interface elements are extended 2 m into the
body of soil. However, 6 = ¢ applies for these interface elements.

Modelling the anchors

The tubular grouted anchors (19.5 m long, d = 20 cm OD, cross-sectional area of steel tendon
A, = 1337 mm?) positioned at a horizontal spacing of 3.0 m are discretised approximately in
the 2D equivalent model by means of beam elements. In order to prevent the equivalent anchor
plate relieving the active earth pressure, its bending stiffness is given as EI = 1 kNm?/m. Using
A, =1.337-10°m? and E, = 2.1 - 10® kKN/m?, the strain stiffness of an individual anchor is
calculated approximately as:

FA~ E,A, =2.1-10°-1.337-107 = 280 770 kN
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A strain stiffness related to 1 m should be assumed for the 2D equivalent model:

EA 280770

- — 93 590 kN/
a, 3.0 m

Interface elements are omitted along the anchor/soil boundary surface because the 2D equivalent
model contains an unrealistically large surface area, which can lead to an overestimate of the
anchor’s pull-out resistance. If interface elements are taken into account, the corresponding
wall friction angle must be adjusted so that the individual anchors and the 2D equivalent anchor
plate provide a pull-out resistance of similar magnitude.

Degree of discretisation

The degree of discretisation should be specified in combination with the cut-off tolerance for
the equilibrium iteration such that the global total error in the finite element analysis does not
exceed a given error tolerance. (HUGEL, 2004) includes a corresponding sample analysis for a
comparable retaining wall structure. Based on this, a sufficiently accurate combination of de-
gree of discretisation (see Fig. 8.2) and cut-off tolerance for the equilibrium iteration amounting
to F,/F. = 0.01 (F,: out-of-balance force, F,: external force) is assumed for this system.

Loading history

The following states are considered (see Fig. 8.3):

0 Initial state: As the stratum boundaries, the ground surface and the water table are hor-
izontal, a steady-state earth pressure situation (/{,-state) can be assumed. The effective
stresses and the pore water pressure are then calculated:

Ground level

Zgroundwater z

o, = / vdz + / v dz

Zground
Zground Zgroundwater
/ — I / Groundwater
o = o, =Ky
e vy =z == level
z
, Zgroundwater
GZZ
u = Yo dZ
Zgroundwater ; 6, Z
G xx Yy
X

In this case the steady-state earth pressure coefficient K for initial loading is given:
Koy=1—sinp

In the initial state, all structures in and on the ground plus all surcharges are deactivated
in the finite element model.

1 Steel sheet pile wall installed (wished-in-place).
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Excavation on water side down to —1.5 m.
Tubular grouted anchors installed (wished-in-place).

Excavation on water side down to —9.00 m (corresponds to serviceability state for LC 1
with p = 0).

Permanent surcharge p activated (corresponds to serviceability state for LC 1 with
p = 10 kN/m?).

Additional variable surcharge ¢ activated (corresponds to serviceability state for LC 2
with p = 10 kN/m? and g = 30 kN/m?).

Variable surcharge ¢ deactivated (check whether ¢ causes irreversible deformations).

8.3.3 Results

Selected results from the finite element analyses are given in table 8.2 and in Figs. 8.4 to 8.7.
These can be summarised as follows:

e Loading: In state 7 the finite element analysis indicates irreversible deformations due to

the variable load q. According to DIN 1054:2005-01, the variable load should therefore be
taken into account when checking the serviceability of the structure in the finite element
model.

o Earth pressure distribution: As expected, at the serviceability limit state the passive

earth pressure is lower than that given by the calculations in example 5.2 owing to the
flexibility of the retaining wall. The active earth pressure is greater in the finite element
analysis (see Fig. 8.6).

Support at base of wall: The moment distributions calculated confirm that with an em-
bedment depth of 4.8 m in the soil, the base of the sheet pile wall is partially fixed (see
Figs. 8.5 and 8.6).

e Deformations: As expected, the deformations of the sheet pile wall correspond to a flex-

ible installation, the anchors yield. The large wall displacement causes corresponding
settlement of the ground surface on the land side, a maximum inclination of approx. 1:80
occurs (see Fig. 8.7). During the construction phase, the deformations do not represent
a problem for quay structures. When in service, the depression caused by the settlement
can be compensated for by backfilling so that the area is trafficable, e.g. for stacking
containers.

Other possible issues for this boundary value problem might be the long-term behaviour of the
quay structure due to other actions, the change in the water table over time and viscous processes
in the stratum of clay with sea-silt. To do this, the finite element model described here would
need to be adjusted with respect to the material model and the identification of parameters.
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0 Initial state
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1 Sheet pile wall installed

2 Excavation down to -1.50 m

3 Tubular grouted anchor installed
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Figure 8.3: Construction situations when simulating the loading history in PLAXIS
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Loading step Loading case Sheet pile wall Anchor
Nmax Mmax Nmax
[KN/m] [kNm/m] | [kN/m]

25.8 19.6 -

LC1,p=0kN/m? ¢ = 0 kN/m? 135.8 187.9 119.5
LC1,p=10kN/m? ¢ = 0 kN/m? 179.7 239.7 162.4
LC2,p=10kN/m? ¢ =30kN/m? | 216.6 274.3 201.0

(@) NNV, TN )

Table 8.2: Calculated maximum internal forces in sheet pile wall and anchor

Soil profile Earth pressure Bending moments Horizontal displacement

Ux,max = 06 cm
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%

Figure 8.4: Calculated earth pressure, bending moment and horizontal displacement diagrams
for state 2
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Soil profile Earth pressure Bending moments Horizontal displacement

103.5 kN/Tﬁ uxA =24 cm
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Figure 8.5: Calculated earth pressure, bending moment and horizontal displacement diagrams
for state 4 (LC 1,p=0,q = 0)
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Figure 8.6: Calculated earth pressure, bending moment and horizontal displacement diagrams
for state 6 (LC 2, p = 10, ¢ = 30)
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Chapter 9

Dolphins

9.1 General

Dolphins are required in waterways and ports for various tasks: as berthing or mooring dol-
phins. Their various functions require an analysis of different actions. Berthing dolphins must
be designed for the impact of ships, mooring dolphins are subjected to the pull of mooring lines,
wind loads and hydrodynamic pressures.

Dolphins can consist of single piles or groups of piles, the latter usually being met with in
the form of lightweight timber piles in old structures. In the form of single piles, steel tubes
or compound sections assembled from sheet piles, e.g. LARSSEN steel sheet piles, are to be
recommended.

9.2 Loads

The critical design loads for dolphins result from the impact of ships during berthing manoeu-
vres or the pull on the mooring lines of ships. The latter effect is made up of ship movements
due to currents, wind, waves or ice. Berthing dolphins are designed for the ship impact loading
case with a force Fs, such that the berthing energy can be converted into deformation work in
the dolphin. The energy absorption capacity A; .., of a dolphin is calculated from the ship
impact force Fg and the horizontal deflection f of the dolphin at the level of application of the
force:

Ak,exist - 1/2 . FS,k : .f (91)

The available energy absorption capacity Ay, ..is¢ of a dolphin should be selected such that it
is greater than or equal to the required energy absorption capacity A. The required energy
absorption capacity A describes the component of the kinetic energy of the ship that must be
absorbed by the dolphin. This is calculated using the mass, length, speed, turning speed and
displacement of the ship, the spacing of the dolphins and the clearance under the keel. An exact
description of how to calculate the required energy absorption capacity can be found in EAU
2004 section 13.3 (R 128).

Subjected to the critical impact action Fls, the design value of the steel stresses may not exceed
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the yield strength f, in the case of berthing dolphins. For mooring dolphins, the design value of
the steel stresses due to line pull, wind loads and water pressure may be equal to the maximum
steel stress f,.

9.3 Determining the passive earth pressure

The passive earth pressure is calculated as a three-dimensional passive earth pressure £, from
the components due to the self-weight of the soil, cohesion and a possible bottom surcharge
according to DIN 4085:2007.

Eok = Epghs + Epene + Eppk 9.2)

The three-dimensional stress state is calculated assuming dolphin equivalent widths depending
on the depth and the nature of the loading. In doing so, we distinguish between “near the
surface” and “low position”. Fig. 9.1 illustrates the approach using the three-dimensional
passive earth pressure variables. In cohesive soils, the undrained shear parameters ¢, and c,
must be used owing to the rapid loading. The BLUM equivalent force C' is calculated from

Water level —"
e

5 Tk =—

Harbour bottom
or river bed

h_-h Sand: 4, ;

Figure 9.1: Applying the three-dimensional passive earth pressure and equivalent force C' in
stratified soil (EAU 2004)

the difference between the mobilised three-dimensional passive earth pressure and the forces
applied while neglecting the effect of the active earth pressure. This force may be inclined at
an angle of up to 6, = +2/3y to a line perpendicular to the dolphin, whereby the condition
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>V = 0 must always be satisfied.

Chk = Eppnor = Y Fiki 9.3)
Z Fp i : sum of actions
wh.mob - Mobilised three-dimensional passive earth pressure
= Eni/(q - vep)
Yo,Vep : partial safety factors for actions and passive earth pressure

The additional embedment depth At is calculated as follows:

1
At =3 Chi-vq- zfp (9.4)

ph,k
/ . o« e . . .
epnr - ordinate of characteristic three-dimensional active earth

pressure at the level of equivalent force C' (see Fig. 9.1)

DIN 4085:2007 and EAU 2004 section 13.1 (R 69) contain further information for calculating
the passive earth pressure.

Example 9.1  Verification of load-carrying capacity at limit state LS 1B
T rr—> Dolphin:
Fo= 300 kN single pile LV 603 without plates
~ Section properties:
- Wy=W;=7830 cm?
h,=6m ly=1,= 383900 cm*
g = 259 kg/m
D =980 mm
t/s=97/8.2mm
U = 3.4 m (perimeter)
RGRSTSG NG A= 7490 cm? (enclosed area)
Ag= 330 cm? (steel cross-section)
i ) S A
h A |
Y'=10 kN/m3 " B . i
— ago E ' ! D
¢=35 Phk I
I
Chk N N \\ i /4/ Y
Dt eph.k -
x = ]
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Passive three-dimensional active earth pressure for non-cohesive soils:

2

;h = 7/'?'Kpgh'D£J
2
where Kpg, = 7.3 to DIN 4085:2007 for ¢ = 35°, 0 = _§<‘0
Dl = 0.55(1+2-tanp)VD-hfor D <03-h

Iterative determination of i from moment equilibrium about the point of application of C'. Point of application
of E;h,mob = E;h/(’YQ : ’VEp) at h/4.

h? h
Y M=0 = y'-?-Kpgh-0.55(1+2-tan¢)\/D-h/(7Q-WEP)-Z—Fh,k-(hmz)
—h = 5.54m
T, = 3449.2kN

Partial safety factors vg and g, to EAU 2004 section 13.1.1 (R 69). Characteristic equivalent force C}, j, to
EAU 2004 section 13.1.2 (R 69):

C’hk = ;h,mob - F}hk - E;h/(’YQ ' ’YEP) - Fhak'
3449.2
= —_— = 1 . . .
12118 300 = 2199.4 kN (see eq. 9.3)

Determining the driving allowance:

ek = 7 Kpgnh-055(1+2-tang)VD - h = 1244.8 kN/m
1 1.15
At = —--21994-1.2- =1.22 3 .94
t 5 99 19148 m (see eq. 9.4)
hsym = h+ At=5.54+ 1.22 =6.76 m, select: 7 m

Check >V (7 = 150 kN/m? is used for skin friction):

! ZV = g- (hsum + hZ) + (A - AS) hsum "7/ +Oh,k 'tan(2/3 : <P)
self-weight of dolphin + soil Cy k
+U - hsum 'TﬁET;h tan(2/390)
_—  —- -

r

skin friction Er
pv

= 259 (7.0 4 6.0) + (7490 — 330)/100% - 7.0 - 10 4 2199.4 - tan(2/3 - 35°)
+3.4-7.0-150 — 3449.2 - tan(2/3 - 35°) = 3114.7 > 0

— Verification satisfied!

9.4 Spring constants

When designing and calculating elastic berthing dolphins and heavy-duty fenders for the berths
of large vessels, specifying the spring constant is especially important. The spring constant ¢
describes the ratio of the applied load F' to the resulting deformation f in the line of action of
the force.
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_F (9.5)

The dolphin converts the berthing energy of the ship into deformation work. The spring constant
specifies the maximum impact forces or deflections of the energy absorption capacity necessary
for accommodating the loads. The spring constant should be adapted to the requirements for
each dolphin design case. Stiff mooring lines, for example, call for stiff fenders, soft mooring
lines and soft fenders. With a given maximum dolphin deformation maxf and given energy
absorption capacity A, the minimum spring stiffness is

2-A

W (9.6)

Cmin =

The maximum spring stiffness is limited by the maximum impact force Fs that can be accom-
modated:
£

pu— .7
Cnas = 5 9.7)

Fig. 9.2 shows the magnitude of the spring constant in relation to the energy absorption capacity
and the impact force. In the normal case, ¢ should be selected such that it lies in the shaded
area and as close as possible to the curve for ¢ = 1000 kN/m. EAU 2004 section 13.2 (R 111)
contains further information.

Impact force [kN]
Fg

i i i A i
S0 500 MO I000 MG 1%0 MG 000
Energy absorption capacity A [kNm]

5D S0

Figure 9.2: Spring constant ¢ and deflection f for berthing dolphins in relation to energy ab-
sorption capacity A and impact force Fis (EAU 2004)
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Chapter 10

Choosing pile sections

The following criteria are generally relevant when choosing pile sections:

1. Dimensions required according to DIN 1054:2005-01 for ultimate limit state (LS 1) and
serviceability limit state (LS 2)
Chapters 6 and 7 show how to determine the relevant dimensions and moments of re-
sistance of sheet piling structures and anchors. Verification of serviceability limit state
requirements is dealt with in chapter 8.

2. Adequate moment of resistance for transport and installation of sheet pile wall
Proper support is important during handling on the building site, e.g. attachment of crane
slings, because otherwise inadmissible deformation of the sheet pile prior to driving can
occur which is not the fault of the fabricator. Furthermore, driving by means of pressing,
impact hammer and vibration places severe loads on the pile in some situations. These
loads depend on:

e the length of the pile,

o the flexibility and position of the pile guides,

e the method of driving plus the chosen driving parameters (mass and drop height of
impact hammer), vibration parameters (amplitude of eccentric weights, frequency,
static preload), pressing force in comparison to weight of section,

e prior deformation of the sheet pile caused by transport,

e the subsoil, especially type of soil, density in the case of non-plastic soils, consis-
tency in the case of cohesive soils, natural obstacles such as rocks plus inclined,
hard bearing strata, man-made obstacles such as existing works, and

e deviations of the adjacent sections and piles (and their interlocks) already driven.

Owing to the multitude of aforementioned influencing factors, the section is mainly spe-
cified based on experience. Reference manuals for the driving of sheet piles offer help
and advice in this respect.

3. Adequate material thicknesses taking account of intended service life and expected rate
of corrosion
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Section 2.2.4 includes empirical values for average corrosion rates which enable an ad-
equate section thickness to be selected depending on the intended service life. It should
be remembered that the zone with the highest corrosion rate does not necessarily coin-
cide with the point of maximum structural loading. If conditions are unfavourable or
additional protection is required, active or passive corrosion protection measures can be
specified instead of a heavier section.

4. If applicable, planned multiple use of the sheet pile walls taking into account the afore-
mentioned aspects

The choice of steel grade (see section 2.2) essentially depends on the desired steel properties,
e.g. with respect to suitability for welding.

For driving and economic reasons, sheet piles are sometimes driven to different depths within
the same wall according to R 41 of EAU 2004. A value of 1 m is customary for the so-called
stagger dimension, and experience shows that a structural analysis of the longer sheet piles is
then unnecessary. Please refer to EAU 2004 for further details.

The commonest sections are listed in the appendix. Detailed information can be found in
the Sheet Piling Handbook published by ThyssenKrupp GfT Bautechnik. And the staff at
ThyssenKrupp GfT Bautechnik will be pleased to help you should you require any further
information.
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Appendix A

Section tables for preliminary design

LARSSEN sections

Section Weight Second Back Web Wall Section
modulus moment thickness  thickness  height width
of inertia

W L t s h b

cm’/m cm’/ kg/m® kg/m cm'/m

Wall Single pile  Wall Single pile Wall mm mm mm mm
LARSSEN sections
LARSSEN 755 2000 580 127.5 95.6 45000 1.7 10.0 450 750
LARSSEN 703 1210 414 96.4 67.5 24200 9.5 8.0 400 700
LARSSEN 703 K 1300 426 103.0 72.1 25950 10.0 9.0 400 700
LARSSEN 703 10/10 ? 1340 437 108.0 75.6 26800 10.0 10.0 400 700
LARSSEN 704 1600 529 115.0 80.5 35200 10.2 9.5 440 700
LARSSEN 600 510 130 94.0 56.4 3825 95 9.5 150 600
LARSSEN 600 K 540 133 99.0 59.4 4050 10.0 10.0 150 600
LARSSEN 601 745 251 78.0 46.8 11520 7.5 6.4 310 600
LARSSEN 602 830 265 89.0 53.4 12870 8.2 8.0 310 600
LARSSEN 603 1200 330 108.0 64.8 18600 9.7 8.2 310 600
LARSSEN 603 K 1240 340 1135 68.1 19220 10.0 9.0 310 600
LARSSEN 603 10/10° 1260 350 116.0 69.6 19530 10.0 10.0 310 600
LARSSEN 604 n 1600 415 123.0 73.8 30400 10.0 9.0 380 600
LARSSEN 605 2020 520 139.2 83.5 42420 12.5 9.0 420 600
LARSSEN 605 K 2030 537 1445 86.7 42630 12.2 10.0 420 600
LARSSEN 606 n 2500 605 157.0 94.2 54375 14.4 9.2 435 600
LARSSEN 607 n 3200 649 190.0 114.0 72320 19.0 10.6 452 600
LARSSEN 22 10/10? 1300 369 130.0 65.0 22100 10.0 10.0 340 500
LARSSEN 23 2000 527 155.0 715 42000 115 10.0 420 500
LARSSEN 24 2500 547 175.0 875 52500 15.6 10.0 420 500
LARSSEN 24/12 2550 560 185.4 92.7 53610 15.6 120 420 500
LARSSEN 25 3040 562 206.0 103.0 63840 20.0 115 420 500
LARSSEN 43 1660 483 166.0 83.0 34900 12.0 12.0 420 500
LARSSEN 430 6450 - 23457 83.0 241800 12.0 120 750 708%

1) The section modulus values of the LARSSEN sections may only be
used in structural calculations if at least every second interlock in the
wall is crimped to absorb shear forces.

2) Wall assembly fabricated from LARSSEN 43 sections. Where quad pile
assemblies are supplied, allowance must be made for the weight of the weld
seams and reinforcements.

3) Rolling/delivery on request only.

4) With the use of quadruple piles b = 1416 mm

LARSSEN sections, HOESCH sections and UNION straight web sections
available in lengths from 30 m to 36 m on request.

The basis for billing is the weight of the single pile (kg/m).
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LARSSEN rolled-up and rolled-down sections

Section Weight Second Back Web Wall Section
modulus moment thickness  thickness  height width
of inertia

WY ly t S h b

am’/m - em¥/ kgm’  kg/m cm'/m

Wall Single pile  Wall Single pile ~ Wall mm mm mm mm
LARSSEN sections Rolled-down sections -
LARSSEN 755 -05 1920 573 124 93.0 43200 11.2 9.7 450 750
LARSSEN 703 -05 1150 408 93 65.1 23000 9.0 7.7 400 700
LARSSEN 703 K —
LARSSEN 703 10/10 ¥ —
LARSSEN 704 -05 1530 523 1114 780 33660 9.7 9.2 440 700
LARSSEN 600 -05 480 124 900 534 3600 9.0 9.1 150 600
LARSSEN 600 K -
LARSSEN 601 —
LARSSEN 602 -05 790 254 855 513 12245 7.7 7.6 310 600
LARSSEN 603 -05 1150 320 1045 627 17825 9.2 79 310 600
LARSSEN 603 K -05 1190 335 1095  65.7 18445 9.5 8.7 310 600
LARSSEN 603 10/10? —
LARSSEN 604 n -05 1540 415 1195 717 29260 9.5 8.8 380 600
LARSSEN 605 -0.5 1950 515 1355 813 40950 12.0 8.8 420 600
LARSSEN 605 K —
LARSSEN 606 n -05 2410 585 1537 922 52420 13.9 9.0 435 600
LARSSEN 607 n -0.5 3130 671 1865 1119 70740 18.5 10.4 452 600
LARSSEN 22 10/10 ® —
LARSSEN 23 -05 1930 539 1516 758 40530 11.0 98 420 500
LARSSEN 24 -05 2440 542 1716 858 51240 15.1 98 420 500
LARSSEN 24/12 —
LARSSEN 25 -0.5 2980 625 2026 1013 62580 19.5 113 420 500
LARSSEN 43 —
LARSSEN 430 —

Rolled-up sections +

LARSSEN 755 +05 2060 586 1315 986 46350 12.2 10.3 450 750
LARSSEN 703 +05 1270 433 1000 70.0 25400 10.0 8.3 400 700

LARSSEN 703 K —
LARSSEN 703 10/10 ¥ —

LARSSEN 704 +05 1670 548 1186  83.0 36740 10.7 98 440 700
LARSSEN 600 +0.5 540 132 990 594 4050 10.0 9.9 150 600
LARSSEN 600 K S

LARSSEN 601 +05 790 246 818 491 12245 8.0 6.8 310 600
LARSSEN 602 +05 880 264 925 555 13640 8.7 8.4 310 600
LARSSEN 603 +0.5 1250 340 1115 669 19375 10.2 8.5 310 600
LARSSEN 603 K +05 1290 343 1165 699 19995 105 9.3 310 600
LARSSEN 603 10/10? —

LARSSEN 604 n +05 1667 1 1265 759 31675 10.5 9.2 380 600
LARSSEN 605 +0.5 2090 525 1425 855 43890 13.0 9.2 420 600
LARSSEN 605 K B

LARSSEN 606 n +05 2570 610 1605  96.3 55900 14.9 9.4 435 600
LARSSEN 607 n +0.5 3270 681 1935 116.1 73900 19.5 10.8 452 600
LARSSEN 22 10/10 *

LARSSEN 23 +05 2070 551 1586 793 43470 12.0 10.2 420 500
LARSSEN 24 +0.5 2560 581 1786 893 53760 16.1 10.2 420 500
LARSSEN 24/12 —

LARSSEN 25 +05 3100 626 2096 1048 65100 20.5 11.7 420 500
LARSSEN 43 —

LARSSEN 430 —

Footnotes as for LARSSEN sections.



HOESCH sections, UNION straight-web sections
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Section Weight Second Back Web Wall Section
modulus moment thickness  thickness  height width
of inertia

Wy I t s h b

cm’/m cm’/ kg/m? kg/m cm'/m

Wall Single pile  Wall Single pile Wall mm mm mm mm
HOESCH sections (LARSSEN interlock)
HOESCH 1706 1700 1148 1108 74.8 32300 8.7 8.4 380 675
HOESCH 1806 1800 1215 1175 79.3 34200 95 9.3 380 675
HOESCH 1856 K 1860 1256 123.7 83.5 35340 10.1 10.0 380 675
HOESCH 1906 1900 1283 1263 85.3 36200 104 10.3 380 675
HOESCH 2506 2500 1687 1429 9.5 53750 12.0 109 430 675
HOESCH 2606 2600 1755 1499 101.2 55900 12.7 117 430 675
HOESCH 2706 2700 1823 157.2 106.1 58050 13.4 12.5 430 675
HOESCH sections (finger-and-socket interlock)
HOESCH 1105 1100 628 101.0 58.1 14300 8.8 8.8 260 575
HOESCH 1205 1140 655 107.0 61.5 14820 95 95 260 575
HOESCH 1205 K 1200 690 1125 64.7 15600 10.2 10.2 260 575
HOESCH 1255 1250 719 118.0 67.9 16250 10.8 10.8 260 575
HOESCH 1605 1600 920 107.0 61.5 28000 9.2 8.1 350 575
HOESCH 1655 1650 949 1119 64.3 28870 9.6 8.5 350 575
HOESCH 1705 1720 989 116.0 66.7 30100 10.0 9.0 350 575
HOESCH 1705 K 1700 978 117.0 67.3 29750 95 95 350 575
HOESCH 1755 1750 1006 1208 69.5 30625 104 9.5 350 575
HOESCH 1805 1800 1035 125.0 719 31500 10.8 99 350 575
HOESCH 2305 2320 1334 1423 818 40600 115 8.4 350 575
HOESCH 2405 2400 1380 148.0 85.1 42000 121 9.0 350 575
HOESCH 2505 2480 1426 152.0 87.4 43400 12,5 9.5 350 575
HOESCH 2555 K 2540 1460 155.0 89.1 44450 12.8 10.0 350 575
HOESCH 2555 2550 1466 158.1 90.9 44625 13.0 10.0 350 575
HOESCH 2605 2600 1495 162.3 93.3 45500 13.3 10.3 350 575
HOESCH 3406 3420 2308 166.1 112.1 82940 13.5 10.8 485 675
HOESCH 3506 3500 2363 1717 115.9 84880 14.0 11.4 485 675
HOESCH 3606 3600 2430 177.0 119.5 87300 14.5 12.0 485 675
HOESCH 3706 3700 2497 183.9 124.1 89730 15.1 12.7 485 675
HOESCH 3806 3780 2552 188.4 127.2 91665 15.5 13.2 485 675
UNION straight-web sections
FL511 90 45 136.0 68.0 350 11.0 - 88 500
FL 512 90 45 1420 71.0 360 120 - 88 500
FL512.77 92 46 146.8 73.4 360 12.7 - 88 500

Footnotes as for LARSSEN sections.
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PEINE steel piles, PEINE sheet pile walls

PEINE steel piles Section Weight | Dimensions Perimeter Cross-section Axis y-y Axis z-z
PSt Section  Flange Web  Flange Total Out- | Steel  Out-
depth  width thickness thickness line line
h b s 4 I, w, i LW
kg/m | mm mm mm  mm  mm | cm cm cm’ cm’ cm* cm’ cm cm' cm’ cm

300/ 80 803 | 3050 3050 90 139 92 | 181 128 | 102 938 | 18440 1209 134 | 6050 397  7.69
300/ 85 854 | 3060 3060 100 144 97 | 182 129 | 109 944 | 19492 1274 134 | 6416 419  7.68
s u 300/ 95 954 3080 3080 120 154 107 | 183 129 | 122 957 | 21575 1401 133 | 7122 462  7.66
— Z T 300/106 | 106.0 |310.0 3100 140 164 118 | 184 131 | 135 970 | 23767 1533 133 | 7906 510  7.66

370/107 | 107.0 |366.0 379.0 90 1562 120 | 225 157 | 136 1402 | 36489 1994 164 | 13176 695  9.84
[ B 370/116 | 1160 |366.0 3820 120 152 120 | 226 158 | 148 1415 | 38148 2085 16.0 | 13827 724  9.66
l 370/122 | 122.0 |3700 3800 100 172 140 | 225 158 | 165 1422 | 42274 2285 165 | 15192 800  9.89
— 370132 | 1320 |369.4 3837 137 169 138 | 227 159 | 168 1434 | 43594 2360 16.1 | 15790 823  9.69
370/153 | 153.0 |3740 3860 160 192 16.1 | 229 161 | 195 1462 | 51212 2739  16.2 | 18555 961  9.75

400/100 | 1000 |3920 3790 100 132 10.0 | 230 162 | 127 1501 | 37668 1922 172 | 11380 601  9.45

400/119 | 119.0 | 3960 3810 120 152 120 | 231 163 | 151 1525 | 44969 2271 17.3 | 13568 712  9.48

Ly 4007127 | 127.0 |400.0 3800 110 172 140 | 231 164 | 162 1536 | 50469 2523  17.6 | 15210 801  9.69
i 4007175 | 176.0 |4080 3870 180 212 182 | 235 168 | 224 1597 | 68363 3351  17.5 | 20748 1072  9.63
! 500/108 | 108.0 |4920 3790 100 132 10.0 | 250 182 | 137 1880 | 61745 2510 21.2 | 11381 601  9.10
500/136 | 136.0 | 5000 3800 11.0 17.2 140 | 251 184 | 173 1916 | 81947 3278  21.8 | 15211 801 9.38

500/158 | 1580 |506.0 3810 120 202 17.0 | 253 185 | 201 1944 | 97895 3869 221 | 18179 954  9.50

500/177 | 177.0 |511.0 3820 130 227 19.6 | 254 186 | 226 1968 | 111837 4377 223 | 20774 1088  9.59

6005/159 | 159.0 |592.0 4600 125 173 12.0 | 300 218 | 203 2737 |130820 4420 254 | 23174 1008 10.70

600/188 | 188.0 |600.0 4600 140 212 140 | 301 220 | 239 2774 | 158226 5274 257 | 26886 1169 10.60

PEINE sheet piling Section | Section Weight Width Depth | Perimeter Coating sur- | Cross-section Second moment Radius of Distance
PSp” | modulus face on one of inertia gyration from
W, W, b h Total ~ Outline | side inclusive | Steel  Outline | I, IL Iy i edge
of locking bars €
om’ em’ | kg/m mm o mm cm cm m’/m cm’ cm? cm* cm' cm cm cm
370 2285 800 | 122 380 370 225 158 0.39 155 1422 42274 15192 | 165 99 18.5
400 2523 801 127 380 400 231 164 0.39 162 1536 50469 15210 | 176 9.7 20.0
500 3278 801 136 380 500 251 184 0.39 173 1916 81947 15211 | 218 94 25.0
600 5274 1169 | 188 460 600 301 220 0.47 239 2774 |158226 26886 | 25.7  10.6 30.0
p 606 5847 1262 | 204 460 606 301 220 0.47 260 2795 |177170 29035 | 26.1  10.6 303
) ‘ 700 6353 1169 | 199 460 700 321 240 0.47 253 3234 |222343 26889 | 296  10.3 35.0
| | 706 7028 1262 | 215 460 706 321 240 0.47 274 3255 248090 29037 | 30.1 103 35.3
T I T 800 7980 1216 | 221 460 800 339 260 0.47 281 3694 (319198 27973 | 33.7  10.0 40.0
i i e{ 806 8754 1310 | 237 460 806 339 260 0.47 302 3715 (352788 30122 | 342 100 40.3
900 9221 1216 | 232 460 900 359 280 0.47 295 4154 414958 27975 | 375 97 45.0
‘_:__J 906 10098 1310 | 248 460 906 359 280 0.47 316 4175 457433 30124 | 38.1 9.8 45.3
1000 {10509 1216 | 243 460 1000 379 300 0.47 309 4614 |525471 27978 | 412 95 50.0
1006 11489 1310 | 259 460 1006 379 300 0.47 330 4635 |577873 30126 | 41.9 96 50.3
Iy 1001 11912 1317 | 267 460 1000 377 300 0.47 340 4614 595586 30302 | 41.9 94 50.0
WyP = 1013 12521 1369 | 277 460 1004 377 300 0.47 353 4627 (628532 31495 | 422 94 50.2
eP 1016 12882 1411 | 283 460 1006 377 300 0.47 361 4635 647988 32450 | 424 95 50.3
1016S |13872 1509 | 300 460 1012 377 300 0.47 382 4656 701909 34711 | 429 95 50.6
1017 |14705 1593 | 314 460 1017 377 300 0.47 400 4674 |747730 36630 | 43.2 9.6 50.9
1030 15815 1596 | 351 460 1030 378 303 0.47 447 4739 814488 36712 | 427 9.1 51.5
1035S |16656 1680 | 365 460 1035 378 303 0.47 464 4757 861951 38632 | 43.1 9.1 51.8

1) In steel grades up to S 355 GP, all PSp sections can be assigned to Class 2 in accordance with the ENV 1993-5 classification.



PEINE P locking bar
z

PEINE interlocks, PEINE intermediate sections

Locking Section

bar modulus

P W, W,
cm’ cm’
28 19.3

Weight

kg/m
18.4

Dimensions

h b S
mm mm mm

63.8 67 14

Perimeter
total

35.4

Cross-

section

cm?
23.5

185

Second moment Distance
of inertia from edge
I, I, a,

cm* cm* mm

91.7 65.2 32.8

For driving in heavy soils, a special interlock for foot reinforcement can be used. This is attached to the foot of the PZ intermediate sections over
a length of 300 to 500 mm. Dead weight 30.1 kg/m, cross-sectional area 38.3 cm’.

PEINE PZ Section  Form Weight Dimensions Perimeter ~ Cross- Coating Section Distance
intermeditate Pz total section  area” moment from edge
sections of inertia
a b © t/s H A I, ey
521 67512 kg/m mm mm mm mm mm m cm’ m/m cm* cm
[ 1350 | 610" 23 175 152 296 304 10 270 3.35 223 3.19 23400 15.0
PZi 610 and PZi 612 612" 23 195 152 296 304 12 272 3.35 249 3.19 25820 14.9
B ety wn | ‘ 675-12 23 209 142 410 246 12 312 37 266 3.53 34640 16.8
| NP2 610" 21 138 152 296 304 10 2170 2.95 176 2.95 16740 14.8
BN A 612" 21 158 152 296 304 12 2172 2.95 202 2.95 19030 14.9
, 675-12 21 172 142 410 246 12 312 3.27 219 3.29 27360 16.8
7 Form 21 1
f%;ff: — 1) Rolling/delivery on request only. 2) Excl. internal surface of free interlock. Coating on both sides.
Weights and section moduli of
composite PEINE sheet pile walls.
Weights Section moduli
When calculating the m? weight of When calculating the static values Ip= Moment of inertia of

composite sheet piling, the ratio of the
different lengths has to be taken into
account.

The true m? weight of the wall, related
to the structurally required length of the
PSp bearing piles, can be read from the
tables for the lengths given in %.

Intermediate values can be interpolated.

for composite sheet piling, the

loadbearing capacity of the indivi-

dual piling elements is taken into
account in accordance with their

moment of inertia:

B Ip+IZW
y~ a
_ Ip+IZW
Y oace
_ Iyt
Wy‘ =P W‘

a-ep

EP/ep' =

PSp piles in cm*
Moment of inertia of
PZ piles in cm*
Spacing of PSp piles
inm

Edge spacing of neutral
axis in cm (related to
pile / interlock steel
outer edge)

The section moduli W, W,' and
the moment of inertia Jg are
stated in the following tables.
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Selection from
the complete range

APPENDIX A. SECTION TABLES FOR PRELIMINARY DESIGN

Combined PEINE sheet pile walls

Section

Combination 10/23

PEINE PSp single piles
with intermediate piles
PZ 610 and 612

|[«——— 1200 —|

Water side
PSp PZi 610/612
—— L hyik —_—

al

- L

= a -

hy; = 226 mm

Selection from
the complete range

Combination 22/23

PEINE PSp double piles
with intermediate piles
PZ 610 und 612

~——1200—|
Water side

PSp PZi 610/612
) hyi &

S it

|5 —a -

hy; = 226 mm

Selection from
the complete range

Combination C 23

PEINE box pile wall

=B > B = Water side
P & 'S T

_p

PSp

370
400
500
600
606
700
706
800
806
900
906
1000
1006
1001
1013
1016
1016 S
1017
1030
1035 S

Section

PSp

370
400
500
600
606
700
706
800
806
900
906
1000
1006
1001
1013
1016
1016 S
1017
1030
1035 S

Section

PSp

370
400
500
600
606
700
706
800
806
900
906

System
width

1.60
1.60
1.60
1.68
1.68
1.68
1.68
1.68
1.68
1.68
1.68
1.68
1.68
1.68
1.68
1.68
1.68
1.68
1.68
1.68

System
width

2.00
2.00
2.00
2.16
2.16
2.16
2.16
2.16
2.16
2.16
2.16
2.16
2.16
2.16
2.16
2.16
2.16
2.16
2.16
2.16

Width

B

m

0.398
0.398
0.398
0.478
0.478
0.478
0.478
0.478
0.478
0.478

0.478

Second
moment
of inertia
Ly
cm‘/m
41100
46230
65930
108240
119530
146450
161800
204180
224190
261240
286560
327100
358330
368890
388520
400120
432250
459560
499340
527630

Second
moment
of inertia
Ii
cm‘/m
62590
72190
109110
177830
195410
244460
268350
342540
373700
440700
480100
553620
602230
618660
649220
667270
717290
760460
824380
867410

Section
moulus
W, W,/
cm’/m cm’/m
2230
2320 -
2640
3610 -
3950
4190 -
4590
5110 -
5570
5810 -
6330
6550 -
7130
7380 -
7740
7960 -
8550
9040 -
9700
10200 -
Section
moulus
W, w,,
cm’/m cm’/m
3390 2820
3610 3040
4370 3800
5930 5270
6450 5790
6990 6310
7610 6930
8570 7830
9280 8550
9800 9040
10600 9850
11080 10300
11980 11210
12380 11510
12940 12080
13270 12420
14180 13350
14960 14070
16010 15010
16770 15920

Weight Cross

section

kg/m? cm’/m

376 478

389 495

411 523

451 574

485 617

474 603

508 647

519 661

554 705

542 691

577 734

Dead weight in relation to PSp length
PZ length as % of PSp length

PZ 610 PZ 612

60% 100% 60%  100%
kg/m*  kg/m*  kg/m’*  kg/m’
142 186 149 198
145 189 153 202
151 195 158 207
174 216 182 228
184 226 191 238
181 223 188 235
191 232 198 244
194 236 201 248
204 246 211 257
201 242 208 254
210 252 218 264
207 249 214 261
217 259 224 271
222 263 229 275
228 269 235 281
231 273 238 285
241 283 248 295
250 291 257 303
272 313 2179 325
280 322 287 333

Dead weight in relation to PSp length
PZ length as % of PSp length

PZ 610 Pz 612
60%  100% 60 % 100 %
kg/m*  kg/m*  kg/m*  kg/m’
193 228 199 238
199 234 205 244
207 242 213 252
240 272 246 282
255 288 261 297
250 283 256 292
265 298 271 307
270 303 276 312
286 318 291 327
281 313 286 322
296 328 301 338
291 323 296 333
306 338 312 348
313 346 319 355
323 355 328 365
328 361 334 370
344 376 349 386
357 389 362 399
391 423 397 433
404 436 410 446
Second Section
moment modulus
of inertia
1, W, W,/
cm‘/m cm’/m cm’/m
137550 7000 5880
163270 7700 6550
262250 9930 8690
398380 12730 11370
438080 13910 12540
556420 15280 13850
610370 16660 15230
786680 18960 17390
857040 20550 18990
1018230 21850 20220
1107200 23650 22030

The grey coloured interlocks serve as guide interlocks and are not fitted over the entire length.

Coating
area

Water side
m’/m
1.24
1.24
1.24
1.23
1.23
1.23
1.23
1.23
1.23
1.23
1.23
1.23
1.23
1.23
1.23
1.23
1.23
1.23
1.23
1.23

Coating
area

Water side
m’/m
1.22
1.22
1.22
1.20
1.20
1.20
1.20
1.20
1.20
1.20
1.20
1.20
1.20
1.20
1.20
1.20
1.20
1.20
1.20
1.20

Coating
area

Water side
m¥/m
1.11
1.11
1.11
1.11
1.11
1.11
1.11
1.11
1.11
1.11
1.11
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Combined PEINE sheet pile walls

Selection from Section System Second Section Dead weight in relation to PSp length | Coating
the complete range width moment moulus PZ length as % of PSp length area
of inertia PZ 675-12
Combination 10/23 PSp a Iy Wy Wy‘ 60 % 100 % Water side
m cm‘/m cm’/m cm’/m kg/m? kg/m? m?’/m
370 1.75 44010 2380 - 141 189 1.23
400 1.75 48700 2440 - 145 192 1.23
PEINE PSp single piles 500 1.75 66700 2670 - 149 197 1.23
with intermediate piles 600 1.83 105510 3520 - 171 217 1.22
PZ675-12 606 183 115880 3830 - 180 226 122
DY 700 1.83 140590 4020 - 177 223 1.22
. ‘ ozt 675,12 ‘ Water side 706 1.83 154670 4390 - 186 232 1.22
T " n‘: - T 800 1.83 193570 4840 - 189 235 1.22
y 3 y 806 1.83 211950 5260 - 198 244 1.22
900 1.83 245960 5470 - 195 241 1.22
= === 906 1.83 269190 5950 - 204 250 1.22
= : 5 1000 1.83 306410 6130 - 201 247 1.22
hazzes 1006 1.83 335080 6670 - 210 256 1.22
1001 1.83 344770 6900 - 215 260 1.22
1013 1.83 362790 7230 - 220 266 1.22
1016 1.83 373430 7430 - 224 269 1.22
1016 S 1.83 402930 7970 - 233 278 1.22
1017 1.83 428000 8420 - 240 286 1.22
1030 1.83 464520 9020 - 260 306 1.22
1035 S 1.83 490480 9480 - 268 314 1.22
Selection from Section System Second Section Dead weight in relation to PSp length | Coating
the complete range width moment moulus PZ length as % of PSp length area
of inertia PZ 675-12
Combination 22/23 PSp a Iy Wy Wy‘ 60 % 100 % Water side
m cm‘/m cm’/m cm/m kg/m? kg/m? m’/m
370 2.15 63450 3430 2860 189 228 1.21
400 2.15 72380 3620 3050 194 233 1.21
PEINE PSp double piles 500 2.15 106720 4270 3720 202 241 1.21
with intermediate piles 600 2.31 171140 5710 5080 233 269 1.19
PZ675-12 606 231 187570 6200 5560 247 284 1.19
-~ 1350 700 2.31 233440 6670 6030 243 279 1.19
psp - G,S_j Water side 706 231 255770 7250 6610 257 293 1.19
T N =™ T 800 231 325140 8130 7440 262 298 1.19
vt Ly 806 2.31 354270 8800 8100 276 312 1.19
900 231 416910 9270 8560 271 307 1.19
- 2 - 906 2.31 453740 10020 9310 285 322 1.19
R 1000 231 522480 10450 9730 281 317 1.19
! 1006 2.31 567930 11300 10570 295 331 1.19
1001 2.31 583290 11670 10860 302 338 1.19
1013 2.31 611870 12190 11390 311 347 1.19
1016 2.31 628740 12500 11700 316 352 1.19
1016 S 2.31 675510 13350 12570 330 367 1.19
1017 2.31 715870 14080 13250 343 379 1.19
1030 2.31 775630 15070 14120 374 411 1.19
1035 S 2.31 815860 15770 14970 387 423 1.19
Selection from Section Width Weight Cross Second Section Coating
the complete range section moment modulus area
of inertia
Combination C 23 PSp B ! W, W,/ Water side
m kg/m? cm?/m cm‘/m cm’/m cm’/m m?/m
1000 0.478 565 720 1284310 24840 23160 1.11
PEINE box pile wall 1006 0.478 599 764 1394060 26860 25180 111
b e B e Waterside 1001 0.478 616 785 1431170 27750 25870 1.11
L e e - 1013 0.478 638 812 1918570 37100 34720 1.11
1016 0.478 650 828 1500180 27150 27900 1.11
y 1016 S 0.478 685 872 1653800 31800 29980 1.11
j i 1017 0.478 714 910 1751940 33560 31620 1.19
f L 1030 0.478 791 1008 1898470 35990 33780 1.19
e - : 1035 S 0.478 820 1045 1994450 37670 35810 1.19

The grey coloured interlocks serve as guide interlocks and are not fitted over the entire length.
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Round steel tie rods
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190 APPENDIX B. ROUND STEEL TIE RODS

Round steel tie rods to EAU 2004
Tie Rods - with rolled threads

nominal inch 1% 1% 2 2 Vs 2 2% 3] 3 3 3%
diameter D mm 38 45 50 57 63 70 75 83 90 95
o Al _ 1) _ _ _
with upset ends T} B o K K
L I
R ASF 600 361 486 598 812 1025 1120 1393 1750 2029 2329
de S 460 220 297 392 496 626 752 911 1071 1259 1442
S 355 196 265 349 442 558 670 812 954 1122 1285
dshat (MM) 35 41 38 45 50 52 58 65 70 75
dcore (MmM) 32.7 37.9 43.6 491 55.4 60.6 66.9 72.5 78.9 84.4
dfiank (Mm) 35.4 41.2 47.2 53.1 59.4 65.2 71.6 77.6 83.9 89.8
I (mm) 190 190 220 220 250 250 270 270 270 270
kg/m 7.6 10.4 8.9 12.5 15.4 16.7 20.7 245 30.2 34.7
O:l: g ee;
without upset ends ©
| = variable 2 1000 | = variable > 1000
Ry " ASF 600 361 486 641 812 1025 1231 1492 1752 2061 2360
kN S 355/S 460 see above (thread governs)
d (mm) 35 41 47 53 59 65 71 77 83 89
kg/m 7.6 10.4 13.6 17.3 21.5 26.1 31.1 36.6 42.5 48.8
[T [ ] —_ s1)) _
eye tie rod ® il \ 3|\ e
B S—
a (mm) 72 85 105 110 125 135 155 165 180 190
Bhole (Mm) 34 40 50 53 60 66 73 78 83 88
Bport (Mmm) 32 38 48 50 57 63 70 75 80 85
¢ (mm) 25 30 33 39 42 47 50 55 60 63
k (mm) 50 60 70 75 85 90 105 110 120 130
) | )
o _ 5l <L _ _ 7,,:@
T-head tie rod @/\ | / = {
|b/2
b
a (mm) 100 100 110 115 125 135 145 160 180
b (mm) 38 40 50 55 60 60 70 70 75
head (kg) 1.9 2.9 3.6 4.5 5.7 6.7 8.8 10.8 12.0
d = D for length under 4.00 m R permissible design resistance Ry
Aghatt: cross-sectional area at shaft
Asension: tensile stress area calculated with (deore + diiank)/2
fyk: yield stress: S 355 = 355 N/mm?2/ S 460 = 460 N/mm2/ ASF 600 = 580 N/mm?2
fuak: tensile stress: S 355 = 490 N/mm?2/ S 460 = 550 N/mm?2/ ASF 600 = 900 N/mm?2
YMo: partial safety factor to DIN EN 1993-5 for anchor shaft with 1.10
Y\ ditto, but for threaded segment with 1.25

ki : notch factor to EAU 2004 R20 with 0.55



Round steel tie rods to EAU 2004

Tie rods - with rolled threads

191

nominal inch 4 4 Ya 4 4% 5 5 5 5% 6
diameter D mm 100 110 115 120 125 130 140 145 150
= Hil _ st V) _ _ _
with upset ends TG i=) K K
S — I R
R ASF 600 2650 2853 3354 3737 4141 4566 5011 5477 5963
de S 460 1662 1882 2130 2376 2651 2927 3229 3531 3873
S 355 1480 1676 1897 2117 2362 2608 2877 3146 3451
d (mm) 80 83 90 95 100 105 110 115 120
dcore (MmM) 90.8 96.7 103.0 108.8 115.1 121.0 127.2 133.0 139.6
dfiank (Mm) 96.2 102.3 108.7 114.8 121.1 127.2 133.5 139.6 145.9
I (mm) 270 270 270 270 270 270 270 270 270
kg/m 39.5 425 49.9 55.6 61.7 68.0 74.6 81.5 88.8
QI _ _ )y B _ _
without upset ends i (f
Ry R ASF 600 2719 3079 3485 3887 4338 4790 5285 5778 6338
kN S 355/ S 460 see above (thread governs)
d (mm) 96 102 108 114 121 127 133 139 145
kg/m 56.8 64.1 71.9 80.1 90.3 99.4 109.1 119.1 129.6
o [SIT ] 35 E _ o
eye tie rod il ‘ ©
k
a (mm) 210 230 240 255 280 275 290 300 310
Bhole (Mmm) 93 98 103 113 118 123 128 133 143
Bpoit (mm) 90 95 100 110 115 120 125 130 140
¢ (mm) 66 72 75 80 85 90 95 100 105
k (mm) 135 165 175 180 190 195 205 205 230
1\
of 1 V| 51 BQL _ I __Ja
n ° ©
T-head tie rod @/\
|b/2
b
a (mm) 185 190 205 220 235 235 245 260 270
b (mm) 75 80 90 90 95 100 130 135 140
head (kg) 14.4 17.8 19.7 23.8 26.1 29.0 30.0 35.0 40.0

d = D for length under 4.00 m

Analysis format Z4 < Ry for the limit state condition of loadbearing capacity to DIN EN 1993-5

" permissible design resistance Ry

Zd:
Rd:

design value for anchor force Zy = Zgx X va + Zak X Ya
design resistance of anchor Rg = Min [Figrq ; F trdl
Fig,rd = Ashatt X fyk / Ymo

Ftt,Rd =Ky X Agension X fual,k / YMb
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K-state, 158 earth pressure due to unconfined surcharge, 69

active and passive earth pressure coefficients earth pressure in cohesive soil, 65
after MULLER-BRESLAU, 63 earth pressure in flowing groundwater, 74

active and passive earth pressure coefficients earth pressure in stratified soil, 70
to DIN 4085, 63 earth pressure redistribution, 76

active earth pressure, 55 elastic-elastic, 127

adjustment factor for passive earth pressure, 88 end-bearing pressure, 126

analysis of wall friction angle, 119 energy absorption capacity, 169

anchorage length, 143 equipotential lines, 45

backward lean, 13 equivalent force, 90

bearing area, 126 excess hydrostatic pressure, 41

body waves, 18 failure mechanism, 129

borehole, 24 failure of passive earth pressure, 118

coefficient of subgrade reaction method, 129  finite element method, 129

cold-worked steel sheet piles, 9 flow around sheet pile wall, 42

compression test, unconfined, 29 flow net, 45

cone penetration test, 24 forward lean, 13

consistency, 28 frame program, 94

corrosion, 10 full fixity, 90

corrosion zones, 11 geotechnical category, 83

critical construction condition, 129 geotechnical engineer, 126

data errors, 155 granulometric composition, 27

declutching, 6 ground anchor types, 133

deformation behaviour of wall, 89 ground vibrations, 17

degree of fixity, 90 hot-rolled steel sheet piles, 8

direct shear test, 30 hydraulic gradient, 40

dolphin, 169 hydraulic ground failure, 49

driving allowance, 91 hydraulic head, 39

dynamic penetration test, 26 hydrostatic pressure, 39

earth pressure, 53 impact driving, 15

earth pressure calculation after COULOMB, in situ density, 27
55 interlock seal, 6

earth pressure calculation after RANKINE, 60 interlocks, 5

earth pressure due to compaction, 74 internal load-carrying capacity, anchor, 137

earth pressure due to confined surcharge, 71 iteration, 92
earth pressure due to stepped ground surface, limit state, 84
72 limit state condition, 86

192
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loadbearing effect of tension members, 130

loading case, 84

lower slip plane, 143

material failure of components, 127

material models, 157

material resistance, 88

mobilised passive earth pressure, 120

mobilised soil reaction, 119

modelling errors, 155

modulus of compressibility, 29

nomogram, 92

overall stability, 129

partial fixity, 90

partial safety factor, 85

passive earth pressure, 55

passive earth pressure in cohesive soil, 67

passive earth pressure with curved slip plane,
59

penetrometer test, 24

plastic-plastic, 127

plug formation, 126

point of zero load, 96

pore water pressure, 39

preliminary design, 118

pressing, 14

procedural errors, 155

properties of steel, 8

pull-out resistance, 140

reduction in wall friction angle, 122

relieving platform, 72

rotation at the base, 115, 119

rotation components, 115

rounding errors, 155

serviceability, 88

serviceability limit state, 128

serviceability, anchor, 149

settlement, 17

shear parameters, 30

simple support, 90

skin resistance, 126

slip plane angle, 65

soil investigations, 23

soil parameters, 33

soil reaction, 119

spring constant, 172

stability analysis, 87

static equilibrium, 92

static indeterminacy, 118
steady-state earth pressure, 58
steel grades, 8

structural analysis, 83
structural calculations, 89
subsidence of components, 125
support conditions, 90

support conditions at base of wall, 89
surface waves, 18

tensile strength, 8
three-dimensional earth pressure, 76
triaxial compression test, 30
vane shear test, 26

vibrations, 17

vibratory driving, 16

waling, 150

wall friction angle, 62
welding, 9

wished-in-place, 158

yield strength, 8

193



ThyssenKrupp GfT Bautechnik GmbH

P.0. Box 10 22 53, 45022 Essen, Germany
Altendorfer Strasse 120, 45143 Essen, Germany
Phone; +49 201 188-2313

Fax: +49 201 18B8-2333
bautechnik@thyssenkrupp.com

www. tkgftbautechnik.com

Export

Altendorfer Strasse 120, 45143 Essen, Germany
Phone: +49 201 188-3991

Fax: +49 201 188-3974
export-bautechnik@thyssenkrupp.com

Eastern Europe

Altendorfer Strasse 120, 45143 Essen, Germany
Phone: +49 201 188-2703

Fax: +49 201 188-3730
osteuropa-bautechnik@thyssenkrupp.com

=

e = TEET = [



