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ABSTRACT

This study reviews the theories and modelling methods of the interaction between soil and
the embedded sheet pile structure covering the various responses and performance of both materials
under various conditions. Interaction between soil and the embedded sheet pile structure is important
considering the complex and indeterminate behaviour of both materials which results in non-linear
structural deformation. The study affirms the importance of numerical computational tools in
resolving the complex nature of interaction between soil and sheet-pile. Also, the study considers the
contribution of various soil parameters in the interaction and the extent of response in terms of
behavioure. deformation, stress distribution etc. It is found that the true behaviour and magnitude of
deformation and stress distribution is generally dependent on the model and design technique chosen
and all these in general contribute to the overall performance of both the soil and sheet pile wall.

Keyword: Interaction, Soil, Sheet-pile
1.0 INTRODUCTION

Indebt study and proper understanding of the complex nature of soil-sheet pile interaction is
of great importance for improved design considering the associated non-linear contact behaviour.
This non-linear and complex behaviour places much challenges in smooth-running of analysis of
interaction between the soil and the embedded structure; in this case, sheet pile wall. Neglect to this
interaction complexity has generally led to so much assumptions and near-exactness solution
associated with conventional design of sheet pile walls.Some of these challenges include;

. Prediction of actual deformation.
. Over-conservativeness in design.
o Inaccuracy in stress and pressure distribution.
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o Neglect to non-linearity behavior of soil.
. Inconsistency in answer resulting to quandary and uncertainty.

The need to proffer solution to these challenges in design of sheet pile and proper prediction
of performance has been the area of interest among researchers (Omer, 2012).

However, varieties of conventional design methods have been in use till date. These includes
the fixed and free earth support method based on limiting equilibrium technique commonly found in
standard codes such asEuroCode 7 (BS EN 1997), British Standard 8002 (BS 8002:1994) etc. with
availability of several factors to carter for this assumption; but then, the real physical situations are
not still well captured.

In this respect, an improved and higher computational technique is undeniably required to
ensure a better design of sheet pile walls. The application of Finite Element Methods (FEM) in
studying the interaction between soil and the sheet pile structure has been successfully employed in
similar situations in previous studies and researches (Ebo, 2014). The use of FEM in soil-structure
interaction studies have been in practice for years with great success starting from its first application
by Clough (1969).

The FEM is generally accepted as a convenient and well established technique for solving
complex engineering problems in civil, geotechnical, nuclear, mechanical engineering and other
general sciences. Over time, tremendous advancements have been made in the past 25 years both in
mathematical formulations and generalization of FEM used to solve field problems in various
engineering analysis (Barkanov, 2001).

The ability of the computational FEM to provide smooth tools to run comprehensive and all
inclusive analysis of sheet pile performance in soil in which it is embedded has given acceptable
results of the interaction between both materials which includes stress distribution, sliding and
overturning effect, deformation, ground movements, dewatering due to construction activities etc.
This has made the FEM a widely accepted approach for studyingsoil-sheet pile interaction (Ebo,
2014).

Hence, adequate interaction performance of the interface between soil and sheet pile requires
novel integration of material properties modelling for both contacting materials, compatibility model
development, and robust interfacial interaction techniques (Olubanwo, 2013). This whole process
entails the use of the proper material properties, on the right model development, and in the right
way.

In this respect, the interaction between the two materials can be adequately accounted for,
together with the unequivocal effects of their non-linear behaviour. Further, accounting for the
contributions of various soil properties in FEM generally gives rise to improved result compare to
the theoretical methods / assumptions employed in the conventional design methods. The benefits of
the improved method are enormous, ranging from reliability and cost-effectiveness which are the
primary objectives of engineering designs. Overall, numerical analysis readily provides alternatives
to overcome difficult and time consuming analytical problems especially in geotechnical designs
(MacDonald 2011).

However, in spite of the enormous benefits accruing from application of this technique,
proper application, indebt understanding of the FEM remains a challenge to design engineers, as
wrong and inadequate understanding of the behaviour of the members may lead to deceitful results
which would result to error in design (Ebo, 2014).

The overall aim of this research is to review various theories and modelling methods for
studying soil-pile interaction, with focus on the structural behaviour in terms of stress and strain
distribution, deformation, stability and structural integrity of sheet pile wall.
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2.0 REVIEW OF THEORIES AND MODELLING METHODS

In solving soil-structure interaction, application of a more pragmatic approach is of
importance other than just ensuring separation of the soil and sheet pile wall at loading. Application
of numerical analysis by use of FEM is undeniably the most advanced tool for carrying out analysis
of the interaction between soil and sheet pile taking into account both their material and geometric
nonlinearities (Jahromi, 2009).

The applications of FEM have gained exponential rise in all engineering branches as well as
in applied sciences; and in recent time, is undeniably the most used numerical method in both civil
and geotechnical engineering and still gaining widespread popularity in other disciplines
(Zienkiewicz and Taylor 1989).

The present day applications of FEM in geotechnics are reported to have originated from
academic researchers from Northern America and Europe. Research in this line of subject has been
on the increase over the years by several scholars (Richard 2003). Various model types are presently
in use with previous successful application in study of soil-structure interaction. These are discussed
below.

2.1 Model types

Various kinds of soil — sheet pile models and techniques are presently in use, predominantly,
the Mohr-Coulomb model and cap model with each of the models having advantages and associated
limitations depending on the application (Mohammad et al., 2012).
A brief comparison of various soil models which have been in existence and used for various
research works includes:

2.1.1 Mohr-Coulomb model:

The Mohr-Coulomb failure criterion takes into consideration the effects of stresses on the
strength of soil when the equation (1) shown below is satisfied, i.e. the stress at any point in the
material satisfies the equation;

T=c- gtang (1)

Where,p and crepresent the angle of friction and cohesion of the soil respectively.
The Mohr-Coulomb criterion in principal stress term is generally given by:

%(51 — )= _%(51 + o,)sing + c(cosg)

2)

However, in the principal stress space, the Mohr-Coulomb yield criterion exists in the form of a
hexagonal cone with an invariant form as shown in equation (3) and Figure 1.

fl = *;_- sing — J%ﬂ- sind sing + *'.-U_EWSE - C[CGEQJJ

3)
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Figure 2.1: Principal stress space of Mohr-Coulomb failure criteria (Beekman et al 2000)

Figure 1 above shows the Mohr-Coulomb principle stress failure criteria with a
representation of the various parameters arranged in space. Another function of interest is the plastic
potential form which takes the same form as the yield function and can be presented in the Mohr-
Coulomb criterion by the replacement of the angle of friction, 8 by dilatancy angle, y in the yield
function; this is given by equation 4:

—
_h siny) — ||Jr—‘sin85imﬂ + ij_zr:ﬂsﬂ — c(cos)
3 A 3 €))

Where the dilatancy angle, ¥ is used to model the dilatative plastic volumetric increments
which comes into play in dense soils as exists in some of the soil strata. However, in real life
situations, soil is incapable of sustaining much tensile stress, an act that can be stated by tension cut-
off which can be represented with the functionsf;, f3, f, and the maximum tensile stress, T given in
equation 5 (Goldscheider 1984):

f=0-Th=0-Tf=0-T
5)

The Drucker-Prager model is a simplification of the Mohr-Coulomb model with a
replacement of the hexagonal shape of the failure cone in Figure 1 with the simplified cone shown in
Figure 2.2. The Drucker-Prager model shares same advantages and limitations with the Mohr-
Coulomb model but is the most preferred due to its simplification and available in most recent FE
packages such as ANSYS (Zhao et al 2008).

The Drucker-Prager plasticity is applicable to granular materials such as soils with its yield
surface dependent on von Mises expression:

_ Gegr
F=3fa, + 7%
(6)

Where o,, = material yield, g,, = von Mises stress, f = material constant.
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5]

Figure 2.2: Drucker-Prager principle stress space (Leddin 2011)

2.1.2 Cap model

This is a form of soil constitutive model of the plasticity kind based on the concept of
continuum mechanics and critical state expressed in terms of three-dimensional stress state. It is
expressed in form of a dilative failure surface, f;, contractive yield cap surface, f,, each represented
by the expressions:

I'_ - F —
=L+ ve Al — 6, — a=0 (7)

Where,[, a, ¥ and Orepresent the material parameters with the quantity (a@ — y) used in material
cohesive strength measurement.

fo= R, + (L, —C)* - R =0 ®

Where, R is shape factor, the other parameters are as defined in Figure 2.3.

iz

‘ Drucker-Prager | g

|
|
|
= —L |1
X
Figure 2.3: Cap model yield surface (Desai and Siriwardane, 1984)

3.0 CONVENTIONAL DESIGN THEORIES OF SHEET PILES

Several theories are in existence for determination of pressure distribution used for the design
of sheet pile. The most prominent of these theories includes the Coulomb and Rankine theories with
both made up of equations developed with fundamental assumptions that the retained soil is
homogenous, drained and cohesionless (Barnes, 2010).
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3.1 Coulomb Theory

The fundamental principle of the Coulomb’s theory is the creation of a failure surface of soil
in a flat orientation and produces a slippage plane with appropriateness of the assumption preferably
applicable to active cases with significant errors encountered when used for the passive case. Other
important hypothesis of the theory includes assumptions on the homogeneity of the soil, fulfilment of
the Mohr-Coulomb failure criterion in the slippage plane, and the presence of soil angle of friction.
Another important requirement of the method includes adequate rotation/yielding of the wall for full
engagement of all the shear strength, equilibrium of wedges at failure. A fundamental difference of
the active and passive cases in this method includes formation of a high limit wedge to ensure
engagement of the highest thrust while in the passive case, the wedge with provision of
minimum/low thrust is formed.

Hence, with the above assumptions for soils in drained conditions, homogenous and
cohesionless, linear earth pressure law for the active case is put into consideration using the relation;

g, = k,yZ o)

Where o3, = horizontal pressure, y = unit weight of soil, Z = height, k, = coefficient of active
pressure represented with the equation;

k= sin® (a+ @)
a NP _5}[|5inlz+ﬂ.5ln[3-ﬁj
A + cosla-8)cos (a+f)
(10)

Where a = angle of inclination of the wall with the horizontal.
@ = angle of friction of the soil.
p = angle of inclination of the ground behind the wall.
& = angle of friction between the soil and wall (Barnes 2010).
A typical diagram of the Coulomb’s wedge analysis showing the various angles as inclined is
shown in Figure3.1.

Figure 3.1: Coulomb wedge analysis showing the various angles (Barnes, 2010)
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It is evident from the Figure3.1 that the direction of the thrust is dependent on the angle of
internal friction, § with its magnitude calculated with consideration to equilibrium of forces at
failure.

The Coulomb theory is known for its slight conservativeness and most appropriate for active
cases and inappropriate for passive cases especially in situations of high § and @ values, hence
resulting to a critical condition for the sheet pile wall.

3.2 Rankine theory

The fundamental hypothesis of the Rankine theory is the condition of the soil still within
Rankine limit state which is a stress state of plastic equilibrium with failure surfaces in two
directions. Here the passive case involves more volume of the soil wedge than in the active case as
shown in the Figure3.2.

a B
Figure 3.2: Rankine failure wedges (a) Passive limit state (b) Active limit state (Alejo 2013)

This takes place when the soil has attained the Mohr-Coulomb failure criterion represented
with the equation:

T=c+ otand (11)

Where 1 = shear stress, ¢ = cohesive stress, 0 = normal stress, @ = angle of friction.
The failure criterion is hereby represented by Figure 3.3, showing the Mohr’s circle and the
Mohr-Coulomb failure envelope.

Th

Mohr Coulomb failure envelope
T=C+G tand

Figure 3.3: Mohr Coulomb failure envelope (Whitelow, 2001)

However, for the above criterion under the Rankine theory two frictional angles are required
for the soil to fail at active and passive limit states respectively, this is shown in Figure3.4.
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Figure 3.4: Mohr-Coulomb failure criterion (Alejo 2013)

In Figure 3.4, for the active state, the horizontal stress g,and the vertical stress g,, represent
the minor stress, ozand o;major stress, respectively. The active and passive stresses can be
calculated with the following equations:

— 2 :
6, = 0,K, — 2cy/K, (Active case) )

L ! _ M !
0, = 0,K, —2c,/K, (Passive case) )

Where K, = tan® [g — ?j
K, = tan’ T %j]

In general, the Rankine theory is slightly conservative, adequate for active state and
inadequate for passive state.

4.0 SHEET PILE WALLS AND DESIGN METHODS

Several design methods of sheet pile wall have been in existence either for cantilever or
anchored sheet pile, with all establishing equilibrium of horizontal forces and moments so as to
identify the failure state and applying appropriate safety factors. The design methods are described
briefly below.

4.1 Cantilever Walls

For this case, the reaction force acts at the base of the wall and allows for stability where an
increase in embedment depth results to increased reaction in the opposite direction, but is not a
guarantee for stability as shown in Figure 4.1.
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h Earth pressure

if—

d Reaction (passive)
_...

Reaction (passive)
if—

I
=

Figure 4.1: Net pressure for a cantilever wall (Alejo 2013)

It is evident from Figure4.1 that stability depends on the adequacy of embedment below the
dredge line. Three main methods for design of cantilevered walls include; full, simplified and
gradual method.

4.1.1 Full method
This involves the assumption that the active and passive limit states are reached at the back

and in front of the wall respectively with a sudden jump in the earth pressure distribution as shown in
Figure 4.2. The full method of design is popularly used in the UK.

Y AN AN

Ka

dZi Ka 2 Kp

Figure 4.2: Earth pressure distribution for full method (Alejo 2013)

4.1.2 Simplified method
This involves a simplification of the full method due to its high complexity by replacing the
earth pressure below the rotation point by a point load at point O as shown below:
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N AN AN AN AN

A AN A\%

{ Resultant

1 -

0)
Figure 4.3: Simplified earth pressure (Alejo, 2013)

The simplification generally results in a reduction in embedded depth d, from the one
obtained from the full method; this is corrected by a 20% to 40% increase of the d value i.e. using
embedded depth ranging between 1.2d and 1.4d (Das, 2004).

4.1.3 Gradual method

Krey developed the method in 1932, later Bowles in 1988 reviewed the method which is
based on considering a transition zone where there is a change in the direction of the net earth
pressure i.e. at the point of rotation and assumed to be linear (Skrabl, 2006). This method is mostly
used in U.S.A and is shown in Figure4.4.

Z

LI TT L=

d Kp-Ka

P —

-
]
—_—

| —]

b y(h+d)Kp - ydKa

Figure 4.4: Net pressure for gradual method (Skrabl, 2006)

4.2 Anchored wall

Equilibrium can be actualized for the anchored wall type without putting the passive pressure
at the bottom of the wall into consideration due tothe presence of anchor. Its main advantage over
cantilever wall is possibility of embedded depth reduction which gives a more profitable structure;
this is shown in Figure 4.5.
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A

Anchor force

———--
h

Earth pressure
—ee

d Reaction (passive)

——

Figure 4.5: Net pressure distribution in anchored walls (Alejo, 2013)

The main methods used in design of anchored walls include; free and fixed earth support
methods and are illustrated below (Das, 2004).

4.2.1 Free earth support method

This involves an assumed sufficiency of movements on the embedded region of the wall to
mobilize both passive and active thrust at the front and behind the wall respectively with the bottom
free to move. The embedment depth is obtained by using equilibrium satisfaction for both the active
and passive pressures and anchor force (Alejo 2013); this is shown in Figure 4.6.

L

dl .
O

Figure 4.6: Pressure distribution for free earth support method (Das, 2004)

4.2.2 Fixed earth support method

For this method, the earth pressure distribution takes the form of a cantilever with the wall
exhibiting the behaviour of a built-in beam exposed to bending moments and requires determining
the point of zero net pressure (Das 2004). This is shown in Figure4.7.
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_F_ il
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Figure 4.7: Earth pressure distribution for fixed earth support method(Alejo, 2013)

! Resultant

The above methods of sheet-pile design are currently in use and are applicable to the relevant

standards such as the EuroCode 7 (BS EN 1997) and British Standard 8002 (BS 8002:1994) which
use the serviceability and ultimate limit state procedure and consideration with factors for design of
various site and material properties and conditions.However, no firm guideline exists for determining
acceptable deflection of a sheet pile wall, but deflection ranging from 25mm to 127mm is generally
acceptable (Techical supplement 14R 2007).

5.0

CONCLUSIONS

As have been reviewed on this paper, the following conclusions can be drawn;

The true behaviour and magnitude of deformation, stress distribution etc. is dependent on
model and design technique chosen and all these in general contribute to the overall
performance of both the soil and sheet pile wall.

No firm guideline exists currently in relevant design standards of sheet-piles for determining
the acceptable deflection of a sheet pile wall.

Much of the drawbacks associated with conventional analytical and design methods can be
overcome using computational FEM of analysis / design by ensuring proper model creation,
assigning sufficient material properties, choosing the right failure model, and ensuring that the
solution captures the full geometric and material nonlinearities of the deformed configuration.
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