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For the case with no slippage at the interface
_(1=-2v)C-1)

1

a2—

as =

(d-2v)}C+1)

(1-2v)(1— C)F——(l 20)2C +2

[G-2v)+(@- 2v)C]F+(5—8v+6v )C+6 8v

l+a- 2v)C]F——(1 -2v)2C -2

[B-2v)+(- 2v)C]F+(5—8v+6v )C+6 8v

For the case with free slippage on the interface

_(A=2v)XC-1)
' a-2v)XC+1)
2F+1-2v
a=——
2F+5-6v
2F -1
ag=———
2F +5-6v
D : Diameter of the cylinder
t : Cylinder thickness
R : Cylinder radius
T : Shear stress
v : Poisson’s ratio for medium
v, : Poisson’s ratio for material in cylinder wall
E, : Young’s modulus for material in cylinder wall
M : One-dimensional modulus of medium
o, : Radial stress
O, : Tangential stress

(2.41)
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p : Applied vertical boundary pressure

k : Coefficient relating vertical and horizontal stress
r,3,z : Cylindrical coordinates

u : Radial displacement in medium

v : Tangential displacement

Hoeg also realised that the density of the soil may be reduced in the vicinity of the pipe. To
take into account such a case, he defined a modified compressibility ratio (C), which

replaces the compressibility ratio (C) in the previous equations.

C,,,=C+( A )(M) L (2.42)
R+h\M)1-v

M’ : The one-dimensional modulus of the loose material

h : The thickness of the loose material

2.1.11 Viscoelastic solution by Chua and Lytton

The deformation properties of the soils and pipe materials, such as thermoplastic pipes,
change with time and stress. PVC pipes are known to creep under constant stress and relax
under constant strain (Masada, 1996). Chua and Lytton (1989) proposed a viscoelastic
solution including the time dependence of the deflections, stresses and strains in the pipe/soil
system. Their study is based on the linear elastic solution of Hoeg (1968) and modified by
Galili and Shmulevish (1988) to include the effect of bedding. The transformation of the
elastic solution of Hoeg to viscoelastic is obtained by replacing the compressibility and

flexibility factors with the following terms:

i)mM (- m)(g)
c=—;--11 _(2: ,.l T 2.43)
v V™
[(5?) E, {1 m)J
(1-v,)
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(2.44)

: Time elapsed in minutes

~

m : Exponent of power law for soil

m, : Exponent of power law for pipe material

M,  :Relaxation modulus of soil

T : Pipe wall thickness

T . :Gammafunction [(n)= f e -x" . dx C(n+1)=n*T(n)

In the solution of Chua and Lytton (1989), it is assumed that there is full adhesion of the soil
to the outer wall of the pipe. The solution indicates that the additional deflection caused by

the soil sliding around the pipe is minimal.

2.1.12 Finite element analysis

The finite elemenf method is 2 mathematical solution originaly developed to solve complex
structural systems. The technique is also very useful in the geotechnical field. Moreover, it
is successfully used in other areas such as fluid mechanics, thermodynamics, ground water

flow, aerodynamics, etc.

As the name implies, the finite element method involves the discretization of a continuum in
finite elements. The elements may be one, two or three dimensions and are only connected at
their nodes. Shape functions relates the displacements in the elements and along the element
boundaries to the nodal displacements. External loads or the self-weight of the element may
cause displacements. In addition, prescribed displacements must be specified at the

boundary of the system.
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Once the continuum is idealised and the boundary conditions are specified, an analysis is
performed using the stiffness method. The stiffness method of analysis consists of
equilibrium equations, which are solved for unknown nodal displacements. The equilibrium
equations, in matrix form, consists of a stiffness matrix [K] that relates the nodal
displacements {d} to the nodal forces {f}. The stiffness matrix is a function of the geometry
and the properties of materials. The displacements found using the equilibrium equations can

then be used to evaluate the element stresses and strains.

In the special case of soil-structure interaction mechanics, the stress-strain behaviour of the
clements is non-linear. In order to accommodate the non-linear stress-strain properties, the

solution procedure must follow the stress condition incrementally.

Finite element analysis has been proven to be very useful in the analysis of buried structures.
Therefore, finite element programs are now available on the market. Each of them has its
advantages depending on the problem. Some of these programs are PLAXIS, which is used
in this thesis, PIPES, which is a version of SAP (Wilson, 1971) modified by the Utah State
University researchers for the analysis of flexible pipe, CANDE (Culvert Analysis and
Design) (Allgood, 1976) (Katona, 1980), which is the most widely used in the U.S., SPIDA
(Heger, Liepins, Selig, 1985), which is used for the analysis of rigid concrete pipes and some
others such as ABAQUS (1998), ADINA and SIGMA/W.

2.2 Failure modes for flexible pipes

Buried pipe failures occur in several modes, which are related to the performance limit of a
specific product. It is said that a performance limit has been reached when a capability of a
product is exceeded. For plastic pipes, performance limits are directly related to stress,
strain, deflection or buckling. There are eight failure modes applicable to plastic pipes:
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2.2.1 Wall crushing

This type of failure occurs when a very stiff pipe is embedded in a very stiff material at a
great depth. It is characterised by a localised yielding at the pipe’s springline as shown in
Figure 2.15. The ring compression stress has a major contribution to this failure mode

(Moser, 1990):
PD

Ring compression = 2"—A 2.45)
P, : Vertical soil pressure
D : Pipe’s diameter
A : Pipe thickness per unit length

The bending stress at the springline can also influence this performance limit (Moser, 1990):

Bending stress = A/I;/Z (2.46)
M : Bending moment per unit length
t : Wall thickness
I : Moment of inertia of wall cross section per unit length-

Note that the wall crushing is usually a performance limit for rigid or brittle pipe product.

.

e e e e #

Figure 2.15: Wall crushing at the pipe’s springline. The dashed line represents the undeformed pipe.
(Moser, 1990)
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2.2.2 Wall buckling

This failure mode occurs when the pipe has a low stiffness. The pressure around the pipe or
the vacuum inside the pipe causes the pipe to buckle, as shown in Figure 2.16. Kienow and
Prevost (1989) calculated the minimum pipe stiffness required to prevent buckling. For a
long tube in plane strain, subjected to a hydrostatic pressure, the critical buckling pressure is

(Moser, 1990)

EP
TR @47

: Critical buckling pressure

: Young’s modulus of the pipe material
: Pipe’s radius

: Poisson’s ratio of the pipe material

: Wall thickness

"‘<Nm50

Meyerhof and Baike (1963) developed the following formula for computing the critical

buckling pressure:

E" (EI
P = 2 1 — V2 (F) (2.48)

E’ : Soil modulus

Wall buckling

Figure 2.16: Localised wall buckling. The dashed line represents the undeformed pipe. (Moser, 1990)
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2.2.3 Over-defiection

The deflection is a design parameter for flexible pipe. A safety factor is added to the
maximum deflection of the pipe, and that controls the design deflection limits. For instance,
PVC pipe will not undergo reversal curvature until about thirty percent deflections (Spangler,
1941). Thus, engineers generally consider a 7.5 percent deflection limit, as recommended in
ASTM D 3034. Some products have deflection limits to limit bending stresses or strains.
Figure 2.17 illustrates the ring deflection and the reversal of curvature due to over-deflection.

2.2.4 Normal and shear strain

Strain is related to deflection, then a highly filled plastic pipe,- which is more brittle, or a
pressurised plastic pipe, can have installation design controlled by strain. Moser (1990)

proposed the following equations to evaluate the strains:

Bending strain £ = 6(L L4
DA D
Ay : Measured change in vertical diameter
Ring compression Strain g, = 5D
2tE
3 . . . PD
Hoop strain (caused by tensile stress in the pipe wall) £, = 5E

Poisson’s circumferencial strain & =—v*(Longitudinal _strain)

(2.49)

(2.50)

(2.51)

(2.52)
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Figure 2.17: Ring deflection and reversal of curvature due to over-deflection (Moser, 1990)

2.2.5 Longitudinal stresses

Thermal expansion and longitudinal bending can produce longitudinal stresses. First, plastic
pipes are usually susceptible to temperature change. The frictional resistance, caused by the
ground around a buried pipe, restrains the contraction or expansion movements of thie pipe
and may result in a circumferential break. Figure 2.18 illustrates this phenomenon. Second,
as illustrated in Figure 2.19, poor bedding, swelling clay or frost load may produce high
longitudinal bending stress and result in circumferential breaks (Rajani et al., 1995).
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increase in normal
load due to frost action l

frost load circular or circumferential break

Figure 2.19: Bending or flexural failure (Rajani, Zhan, Kuraoka, 1995).
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2.2.6 Shear loading

Forces, which produce shear loading, can be highly variable and difficult to quantify (Moser,
1990). As a result, these forces must be minimised by a proper installation. Some major
causes of shear loading are differential settlements of structures to which the pipe is

connected, erosion of the soil below the pipe and three-root growth pressure.

2.2.7 Fatigue
Pipe materials will fail at a lower stress if a buried pipe undergoes cyclic stresses (Moser,
1990). Such cyclic stresses may be produced by water hammers or by the traffic loads.

2.3 Investigation of soil-structure interface behaviour

Many problems in geotechnical engineering involve interactions between two materials.
Soil-structure interaction takes place in a thin layer of soil, which is called the interface.
Examples of systems that involve interfaces are sheet pile walls, piles, foundations and
ﬁnderground pipes. When such systems are subjected to loads, the interface may deform
following different modes such as slippage and debounding.

It is important to model the soil-structure interface accurately in order to obtain a realistic
solution to any kind of soil-structure interaction problem. The research conducied in recent
years has shown the influence of interfaces on overall structural response. Constitutive
models for the characterisation of the behaviour of interfaces include factors such as

adhesion, friction, roughness, irreversible deformations, hardening and softening.

For the determination of the parameters involved in a constitutive model, it is necessary to
develop appropriate laboratory apparatuses and field test devices. Devices used for interface
testing are the direct shear type, the annular shear type, the ring torsion type and the simple
shear type. In the present research, a three-dimensional computer controlled interface
apparatus using the direct- shear type was used, which is briefly described in a subsequent

chapter.
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2.3.1 Interface behaviour

Shear strength
The interface shear strength parameters are important in stability analyses of practical
engineering problems. The Coulomb’s law of friction defines the friction between two

materials by the following equation:

F=u-N (2.53)

Where F is the frictional force required to produce a relative displacement at the contact
surface, x is the coefficient of friction and N is the normal load between the two materials.
The initial force required to initiate motion is higher than the force required to maintain
sliding. This implies that there are two coefficients of friction. The static coefficient of
friction if related to the initial displacement and the kinetic coefficient of friction is related to
the subseciuent sliding. The static coefficient of friction is greater and it is the major concerm
in this report. After adding the adhesion, c;, and rearranging the equation in terms of shear
stress, normal stress and angle of friction, the Coulomb’s failure criterion is obtained.

T, =¢ + (a‘,,),. tan @, . 2.549)
In this equation, 7 and o; are the shear stress and the normal stress at failure along the contact
surface and ¢, is the interface angle of friction. Figure 2.20 illustrates the failure envelope
defined by the Coulomb’s failure criterion, where &is the slope of the failure envelope and c;

is the intercept with the shear stress axis.

TA

a >

>

Cn

Figure 2.20: Failure envelope determined by the Coulomb’s failure criterion
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The parameters that influence the shear strength of an interface in a condition of constant

normal stress and monotonic shearing are

e Type of surface material

* Roughness of the surface

e Composition of soil

" Relative density of the soil

* QGrain size distribution of the soil
e Magnitude of normal stress

* Rate of shearing

Potyondy (1961) performed interface tests with a direct shear type device and recognised the
importance of these parameters. Uesugi and Kishida (1986), using a simple shear apparatus,
pointed out that the coefficient of friction between steel and air-dried sand increases with the
surface roughness and the angularity of the sand grains. They also found that the effect of
normal stress and mean grain size on the interface angle of friction is not significant.

Stress-displacement relations
For realistic analysis of soil-structure systems, the stress-displacement relations are

necessary. Stress-displacement relations are obtained from four parameters measured with
the interface test apparatus: normal stress, (oW, shear stress, t, , volume change, v, and shear

displacement, u.

Using the three-dimensional interface test device, C3DSSI, Fakharian (1996) reported that
the roughness of the surface significantly influences the peak and residual shear strengths.
He observed that the peak stress is more pronounced for rough surfaces. In addition, the
volume change indicated some initial compression for smooth surface and small dilation after

initial compression for rough surface.

Observations of interface test results indicate that the relation between the shear stress and

the tangential displacement at the contact surface is not linear. Shear deformation in sand is
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the major factor of tangential displacements when the shear stress is below the maximum
value. After yielding of the interface, sliding displacements occur at the contact surface
while the shear deformation in the soil mass is almost unaffected (Fu, 1998).

Other observation by Fakharian (1996) is that the rate of shearing had no effect on the stress-
displacement relations and volume change behaviour of a sand/steel interface. However,
Fakharian (1996) did not test interfaces for a wide range of rates.

Cyclic loading
In addition to the parameters mentioned previously, other parameters also influence the

behaviour of an interface subjected to cyclic loading:

¢ Amplitude of displacement

¢ Frequency

° Number of cycles

¢ Boundary conditions such as soil container type in laboratory testing of interfaces

Desai et al. (1985) reported cyclic test results using a direct shear type device. They
observed that for cohesionless soils the interface response stiffens or hardens with the
number of cycles. Moreover, they observed that the maximum shear stress caused by cyclic
loading are influenced by the displacement amplitudes and rates. Fakharian (1996)
undertook two-way displacements controlled cyclic tests and observed that “...the interface
may fail and soften even at tangential displacement amplitude less than that required to

mobilise the maximum shear stress in monotonic tests.”

2.3.2 Modelling of soil-structure interaction

The accuracy of the results of numerical modelling of soil-structure interaction depends on
the constitutive law used to simulate the behaviour of the interface. In the early years of
numerical modelling, the rigid-perfectly plastic Coulomb law was considered adequate.

However, the comparisons between experience and modelling were not successful.
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Figure 2.21: Perfectly plastic model: a) Rigid-perfectly plastic b) Elastic-perfectly plastic

Consequently, researchers found out that the interface undergoes a complete change in
structure during a shearing load. This major change is due to the localised compression or
dilation of granular material and also due to degradation of the friction at large
displacements. The rigid-perfectly plastic and the elastic-perfectly plastic models using
Coulomb’s law are poor in the simulation of the normal displacements, the non-recoverable
deformations before failure and the post peak behaviour of interfaces (F igure 2.21).

Non-linear elastic model simulates the behaviour of interfaces more realistically. Ramberg
and Osgood proposed a curve fitting procedure for description of stress-strain curves. The
model considers the unloading/reloading process, but does not include the theory of plasticity
for the calculation of displacements (Desai et al., 1985). Also, the model does not account

for the normal displacement in the interface.

Ghaboussi and Wilson (1973) include the theory of plasticity in the modelling of interfaces.
They applied the cap plastic model to Joints in rock shown in Figure 2.22. This particular
model uses a perfectly plastic yield surface to limit shear stresses and a strain hardening cap
to control dilatancy. The component of normal strain and shear strain can then be divided
into elastic and plastic parts and represent a wide range of interface properties such as the

contraction and dilatancy.
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Figure 2.22: Application of capped plasticity model (Ghaboussi and Wilson, 1973)

Other elasto-plastic constitutive models were developed by Boulon and Nova, and Desai and
Fishman as mentioned by Fakharian ( 1996)
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2.4 Experimental and numerical studies by Mohri and Kawabata

Mohri and Kawabata (1995) conducted both experimental and numerical studies related to
the behaviour of a low stiffness pipe buried in the ground. A large diameter pipe is used in
the field test. The numerical analysis includes the simulation of construction process such as

compaction.

They showed that the surrounding ground, the construction method and various properties of
the backfill material have a major influence on the stresses, the deformation and the
settlement of the pipe in the ground. The present study makes use of the Mohri and
Kawabata work as described in Chapters 6 and 7.

2.4.1 Field test

Figure 2.23 shows a longitudinal cross section of the field test. The natural ground consists
of Kanto loam and the ground water table is relatively stable at 4-m depth. The pipeline
tested is made up of three pipes connected for a total length of 18-m (4.5-m, 9.0-m, 4.5-m).
The distance from the crown to the ground surface, or the overburden, is 1.8-m.

Figure 2.23: Longitudinal cross section

As shown on Figure 2.24, the bed is 0.3-m thick of compacted crushed gravel (0-25-mm)
placed on natural ground. The embedment material for the pipe is also made up of crushed
stone compacted by an 80 kg tamper, which was moved back and forth twice, in layers of
0.3-m thick up to 0.3-m over the crown. The backfill material above the embedment material
was Kanto loam. The physical properties of the Kanto loam and the crushed gravel are
presented in Table 2.6 and characteristics of the pipe are presented in Table 2.7.
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Figure 2.24: Cross section
Table 2.6: Physical properties of Kanto loam
Kanto loam Crushed gravel
ps (g/cm’) 2.957 2.853
® (%) 103.1 34
o, (%) 133.2 -
Table 2.7: Pipe characteristics
Type of pipe FRP
Inside diameter (D) 1500-mm
Wall thickness (t) 15.5-mm
Elastic modulus (E,) 28.1 GN/m*
Ring stiffness (EpIp/Dz3) 2.56 kN/m per unit length
Pipe diameter from wall centres, D, 1515.5-mm
Moment of inertia I, 310.32-mm" per unit length

To measure the pipe behaviour, displacement gauges were installed across the diameter of
the central pipe section. The deformations after each construction step were measured.
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Twelve strain gauges were attached at intervals of thirty degrees to the inner pipe
circumference. Finally, earth pressure cells were installed at the pipe crown and springline.

2.4.2 Compaction analysis

Flexible pipe uses the passive side fill pressure to sustain loads. Therefore, the compaction
of the side fills is important to restrain the deformation of the pipe. In the case of a low
stiffness pipe, the effect of the compaction is so large that the pattern of pipe deformation can
be decided in the early stages of backfilling.

In order to undertake a static numerical analysis, it was necessary to evaluate the compacting
energy in terms of loads applied to the backfill. Mohri and Kawabata determined the load
applied to the compaction surface by the 80-kg tamper on the basis of the measured tamper

acceleration.

Mohri and Kawabata observed that there is a hyperbolic relationship between compaction
energy and compacted soil density. They conducted an experiment on a 15-m” surface of

crushed gravel. The results are illustrated in Figure 2.25.
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Figure 2.25: Relation between number of impacts and density
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The compaction is affected by the impact that the tamper produces as it falls. Mohri and
Kawabata installed an accelerometer to the bottom plate of the tampemr and measured the
acceleration of vibration. The results are shown in F igure 2.26 and 2.27_ It is observed that
the acceleration increase as the compaction of the backfill progresses. Thee static load applied
to the surface of compaction is calculated by the following equation wising the measured

average acceleration. Table 2.8 presents the calculated values of the equivalent static load

and stress.

-18

Aoceleration a (@)
BGomods

2
Yime (v)

o, = L _ma (2.55)
4 4
o, : Pressure of tamper
P, : Load of tamper
m : Mass of tamper
a : Average acceleration
Ar : Tamper soil contact area
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Table 2.8: Values for the calculation of the static load

Characteristics Measured values
Mass of tamper m (kg) 80
Frequency (blow/s) 12
Acceleration (G) 17
Load for one blow P, (kN) 13.6
Pressure for one blow o;, (kPa) 174

2.4.3 Numerical analysis of Mohri and Kawabata

The numerical analysis consists of a nonlinear finite element analysis of stresses and
deformations taking into account the construction stages. The analysis is based on a plane
strain model with the initial stress condition calculated before excavation in the natural
ground. The compaction process is considered in terms of residual strain in the backfill
caused by loading and unloading by the number of effective blows. During the cbmpaction
of each layer, a prescribed displacement for restraining vertical movement was set at the
bottom of the layer being compacted. Thus, the compaction load was not transmitted deeper

than 0.3-m (Fukuoka et al., 1987).

Three analyses were undertaken. Analysis 1 considers the load evaluated from the measured
tamper acceleration. Analysis 2 considers only the construction process. Finally, Analysis 3
is a general finite element analysis at the completion of the backfill.

Mohri and Kawabata used a finite element program that allows using rectangular quadratic-
order (8-nodes) elements. Joint elements (6 nodes) were used for the interface between the

pipe and the backfill. The Variable Moduli model of Nelson (Nelson and Baron, 1971) was
used to represent the nonlinear soil characteristics of the backfill and the natural ground. The

input parameters for the model are presented in Table 2.8.
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Table 2.9: Input parameters of the Variable Moduli model.

Parameters |Kanto Loam | Crushed Gr. | Parameters Kanto Loam | Crushed Gr.
G, (MN/m?®) 2.028 1262 |K, (MN/m?) 3.436 22

Gou (MN/m”) 5.631 1.696 Kou (MN/m?) 1.533 5.449
Gor (MN/m?) 6.785 4.088  |K, (MN/m®) 3.628 6.977
7, -126.2 2573  |K; (MN/m?) -33.669 -31.967
P 122.3 8734 K. 132.47 288.58
7., 42227 -50.69 K, 19.78 74.56

% 49.79 16.66 K> (MN/m?) 26005 19.396
Vi 27.15 5.85

7 166.61 43.70

2.4.5 Results

The deflections of the pipe obtained from the field test and the finite element analysis are
lllustrated in Figure 2.28. From the field test results, it is observed that the process of
compaction and backfilling to the pipe crown significantly influences the behaviour of a
buried low stiffness pipe, but after that it remains almost unaffected by the backfill from the
crown to the ground surface. In addition, the deformation shows stability on a long-term

basis.

The FE analysis taking into account the compaction process simulated fairly well the
behaviour of the pipe. However, Analysis 1 gave a vertical deflection 70% higher than the
measured value in the process of backfilling up to the pipe crown. Analysis 2 did not
produce the actual pipe deformation. In both analyses, the flattening mode by backfilling
from the crown to the ground surface was greater than the measured value. In the case of the
third analysis, it was impossible to predict the behaviour of the pipe.
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Figure 2.28: Change of deflection of pipe

Figure 2.29 shows the variation of vertical and horizontal pressure with time in the field test.
It is observed that the vertical pressure on the crown is greéter than the horizontal earth
pressure at the springline. Moreover, the vertical pressure on the crown is 1.25 times that of
overburden pressure or prism load (YH). These observations are unusual for flexible pipes.
Mohri and Kawabata explained high value of the vertical pressure by the increase of the
apparent relative stiffness of the pipe, because the pipe deflection due to the backfill above

the pipe crown did not increase so much.

The earth pressures from the FE analysis are shown in Figure 2.30 at two stages: Backfilling
up to the pipe crown (Stage 9) and backfilling up to the ground surface (Stage 15). Itis
observed that the stresses are high and discontinuous due to the residual strain in the backfill.
As measured in the field test, the vertical pressure upon the crown is higher than the prism
load. The Analysis 2 presents a smoother earth pressure distribution and the vertical pressure
is again higher than the prism load.
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Figure 2.30: Distribution of earth pressure around the pipe
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2.5 Discussion

The Marston’s load theory gives realistic results and it is still used in the current practice.
The theory accounts for the shearing forces between the native soil and the backfill in a
trench installation and between the soil directly above the pipe and the side fill in an
embankment installation. It is assumed that the shear planes are vertical and that the ratio of
active lateral pressure to vertical pressure is expressed by the Rankine’s ratio, K,. These
assumptions are subjected to discussion. For instance, there is no proof that the horizontal
stress acting on the vertical planes are the active Rankine pressure, and that the shear planes

are always vertical.

Spangler derived its Jowa formula in order to predict the deflection of flexible pipes. He
assumed that a flexible pipe deflects elliptically and that the Marston’s load theory applies.
Therefore, he made additional assumptions. If the ratio of soil stiffness to pipe stiffness is
high, then the deformation of the pipe may be rectangular instead of elliptical. Moreover,
Watkms determined that the constant of proportionality of Spangler could not be a true
property of the soil. As a result, Watkins deﬁned the modulus of soil reaction, £'. The
modulus of soil reaction of Watkins should not be a constant. It varies with the depth of soil
over the pipe, the size of the pipe, the stiffness of the pipe relative to the soil, the trench
width, the soil type, the compaction density, etc.

Hoég’s method assumes that the soil behaves like an elastic material, which is isotropic and
homogeneous. This is an unrealistic assumption because the soil behaviour is always non-
linear. In addition, the Hoeg’s method does not take into account the installation practice.

The finite element method seems to be the most realistic method in predicting the
deformations of buried pipes because it avoids several assumptions that have been made in
the development of analytical methods. It also allows the consideration of construction
stages in complex trench configurations and to simulate complex loading patterns. However,
the accuracy of the results depends on the soil models available.
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CHAPTER 3
PLAXIS: FINITE ELEMENT CODE FOR THE ANALYSIS OF SOIL
MECHANICS AND ROCK MECHANICS PROBLEMS

PLAXIS is a finite element code specifically developed for the analysis of geotechnical
problems such as the settlement of foundations, the stability of slopes, or the deformation of
buried structures. PLAXIS stands for PLAne strain and AXISymmetric analysis, two
idealizations cdmmonly used in geotechnical engineering. The plane strain idealization is
used for structures having a constant cross section over a significant length. This
characteristic simplifies the problem because it is assumed that the displacements
perpendicular to the cross-section are zero. The axisymmetric model is used for problems
that are symmetrical relative to a central axis. This idealization simplifies the problem by
assuming the deformation and the stress state identical in any radial direction. Geotechnical
problems involve non-linear and time-dependent behaviour of soils that can only be handled
by advanced constitutive models. PLAXIS integrates some well known constitutive models
that can deal with such complex analysis, as well as pore pressure in multi-phase materials.
In addition, PLAXIS can model the interaction between a structure and soil. A brief
summary of all the features is given below. A special attention is devoted to the interface
feature.

3.1 Review of the features

3.1.1 Graphical input of geometry

The version 7 of PLAXIS includes a computer assisted drawing program. This drawing
program is convenient and allows the possibility to model a wide variety of geometry.
Applied loads, prescribed displacements and structural members can be directly added to the

geometry in the drawing area.

3.1.2 Automatic mesh generation
Precious time is saved by the automatic mesh generation of finite elements. This feature
allows the automatic generation of a random mesh of triangular elements There is an option

available to refine the mesh where the displacement and stress are concentrated.
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3.1.3 High order continuum elements

Two types of triangular elements are available in PLAXIS. The standard quadratique 6-node
element gives good results. However, the cubic 15-node element is even more accurate and
gives a smooth distribution of stresses in the soil. It might be advantageous to use the 6-node
element in problems with very large number of elements, since this element type is less

computer-time consuming.

3.1.4 Soil models

As it is mentioned before, PLAXIS includes some advanced constitutive models, as well as
some simple models. The simplest model is the well-known Mohr-Coulomb model. This
model gives a good approximation of the ultimate load for simple problems. For more
complex problems, involving time-dependent behaviour or unloading-reloading residual
strain, more advanced models are necessary. The Soft-Soil model, which is based on the
Cam-Clay model (Schofield and Wroth, 1968), is efficient to analyse the behaviour of
normally consolidated soft soils. Secondary compression can also be modelled. For stiffer
soils, the Hardening Soil model of Schanz (PLAXIS, 1998), which .is based on the
Hyperbolic model (Duncan and Chang, 1970), gives good results. A detailed presentation of
the Hardening Soil Model is presented in Chapter S.

3.1.5 Beam elements

A beam in PLAXIS is “a structural object used to model slender structures in the ground with
a significant flexural rigidity and normal stiffness.” The beam element can include three or
five nodes depending on the type of elements previously chosen. Each node has three
degrees of freedom. There are two degrees of freedom related to the displacement, and one
related to the rotation. It is also possible to simulate the development of a plastic kinge when
the maximum bending moment or maximum axial force is reached. The weight of the beam
can be taken into account. However, care must be exercised in order to obtain accurate
values. In the formulation of PLAXIS, beams are syperimposed as a continuum and
therefore “overlap™ the soil. It is then necessary to subtract the unit weight of the soil from
the unit weight of the beam.
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The sign convention in PLAXIS is shown on the diagrams below:

Shear:

Moment: - +

3.1.6 Automatic load stepping

This feature allows to optimise the step size to get an efficient calculation process. Load
increments that are too small would require many steps, and the computer-time could be
excessive. Nevertheless, too large increments would require an excessive number of iteration
to reach equilibrium, and the solution could even diverge. The automatic load stepping

procedure from the user manual of PLAXIS is presented below.

L. If the solution reaches equilibrium within a number of iterations that is less than the
desired minimum control parameter, then the calculation step is assumed to be too small.
In this case, the size of the load increment is multiplied by two and further iterations are
applied to reach equilibrium.

2. If the solution fails to converge within a desired maximum number of iterations, then the
calculation step is assumed to be too large. In this case, the size of the increment is
reduced by a factor of two and the iteration procedure is continued.

3. If the number of required iterations lies between the desired minimum and the desired
maximum, then the size of the load increment is assumed to be satisfactory. After the
iterations are complete, the next calculation step begins. The initial size of this

calculation step is made equal to the size of the previous successful step.
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3.1.7 Staged construction
This procedure is important to get the most realistic results. The staged construction feature

simulates the construction, excavation, and backfill processes by changing the properties of
soil clusters and structural elements during the calculation. For example, soil clusters, which
are part of the geometry, are switched off to simulate the excavation. Structural elements can

also be switched off.

3.1.8 Updated Lagrangian analysis
PLAXIS is equipped with a special option for large displacement problems. The updated

Lagrangian analysis continuously updates the mesh during the calculation. This option was
not used in the finite element analysis of the pipes in this research work. -

3.1.9 Presentation of the results

The results in PLAXIS are presented graphically following different format. First, a view of
the deformed mesh is presented. Second, it is possible to visualise the total, incremental,
horizontal and vertical deformations by vectors, contour lines, or shaded areas. Third, the
effective and total stresses are shown in the form of principal stresses, mean contour lines, or
mean shaded areas. It is possible to visualise deformations, bending 'moments, shear stresses
and normal stresses for structural and interface element. Underground water flow and pore

pressure outputs are also available.

In addition, PLAXIS includes a special curve program to visualise load or time versus
displacement, and stress-strain diagrams. This information is particularly useful to analyse

local behaviour of soils.

3.2 Interface
The formulation of interface element in PLAXIS uses an elasto-plastic model. The model is

governed by the Coulomb failure criterion, which differentiate between plastic and elastic

behaviour. Elastic displacement occur when the shear stress is lower than (c,); tang, +c,,

where o, is the normal stress acting on the interface, @, is the friction angle of the interface
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and c, is the adhesion of the interface. Plastic displacement occurs when the shear stress is

equal to o, tang, +c,.

The pérameters @,and c, are determined from the properties of the soil. Usually, the strength
of the interface is less than the strength of the soil. Therefore, a reduction factor is applied to
the friction angle and the cohesion of the soil resulting in the properties of the interface.
However, the reduction factor does not apply to the dilation angle w,of the interface. The
dilation angle of the interface is set to zero if the reduction factor is smaller than 1, otherwise,

it is equal to the dilation angle of the soil.

The magnitude of the elastic relative displacement perpendlcular and parallel to the interface

is determined by the following equations:

ati
Eead.i

Elastic gap = Elastic slip = %

Where E.q; is the one-dimensional compression modulus of the interface, G; is the shear
modulus of the interface, and t; is the virtual thickness of the interface. In the user manual of
PLAXIS, the virtual thickness is described as: “.._an Imaginary dimension used to obtain the
material properties of the interface... defined as the virtual thickness factor times the average
element size.” The average element size depends on the degree of refinement applied with
the automatic mesh generation. The default value of the virtual thickness factor is 1. The
one-dimensional compression modulus is determined by the following equations:

Gl = Rinterstoll Vf = 045

l-v
Ents =26, =

Riner : Reduction factor

Vi : Poisson’s ratio
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CHAPTER 4
EXPERIMENTAL OBSERVATIONS ON STONE DUST / POLYVINYLE
CHLORIDE (PVC) INTERFACE

Direct shear type interface tests were performed on soil-Polyvinyle Chloride (PVC) pipe
surfaces to study pipe-to-soil friction. The C3DI (Cyclic three-dimensional testing of
interfaces) apparatus (Fakharian and Evgin, 1996) was the test device. Soil was stone dust,
which is a type of soil widely emncountered in the current practice of buried plastic pipe
installation. The major goal of these tests was to study the shear strength of an interface
between PVC pipe and stone dust and formulate reasonable pipe-to-soil friction parameters.
These parameters were then used im a finite element analysis.

4.1 Description of the apparatus
The C3DI computer controlled appparatus was developed by Fakharian and Evgin (1996) to
study the behaviour of interfaces between sand and steel. A schematic view of the apparatus
is illustrated in Figure 4.1. The capabilities of the apparatus are the following:

® Direct and simple shear types off test

® Displacement or load controlled in three directions

® Monotonic or cyclic loading at warious loading rates

¢ Circular or elliptical stress path «on the interface plane

¢ Constant normal stress or constant normal stiffness boundary conditions

® Separating the sliding displacemsent at the interface from the shear deformation in the soil

mass

The apparatus consists of a reaction frame that can withstand a vertical or horizontal load up
to 25 kN. The actuators used for applying the normal and tangential loads have each a
capacity of 10 kN. A pneumatic actuator is mounted on the top of the frame to apply the
normal load. Two stepper motors are fixed to the bottom of the frame to apply the tangential
load through an X-Y loading table. Load cells with an accuracy of 5-N monitor the loads and
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linear variable displacement transducers (LVDTs) with an accuracy of 0.002-mm monitor the
displacements in the X, Y and Z directions. The direct shear box is a hollow aluminium box,
25-mm thick, with an inside area of 100-mm x 100-mm.

Figure 4.1: Schematic view of the C3DI apparatus

4.2 Materials characteristics

4.2.1 Soils

Two types of stone dust were used as soil samples throughout this study. Both types of soil
are classified as “ Well-Graded Gravel with Silt” using the Unified Soil Classification
System, ASTM D2487-93, “Classification of Soil for Engineering Purposes”. These crushed
soils are composed of mechanically crushed limestone. In order to differentiate the two types
of soil, they will be designated as stone dust and crushed stone throughout the thesis.

The physical characteristics of the stone dust and the crushed stone are presented in Table
4.1. The minimum and maximum unit weights were determined following the procedure of
ASTM D 4254. The grain size distributions obtained from a sieve analysis are illustrated in
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Figures 4.2 and 4.3. The stress-strain curves of the soils as determined by triaxial tests are
illustrated in Figures 4.4 through 4.9. The results of the triaxial tests are also used to define
the failure envelopes presented in Figures 4.10 and 4.11. The stress-strain curves and the

strength parameters correspond to a relative density between 85% and 98%.

Table 4.1: Properties of stone dust and crushed stone

Soil type Mean Maximum Minimum Water Friction angle
grain size | unit weight | unit weight content "
Dso (mm) | ypi (RN/M®) | yipax (KN/m?) © % |
Stone dust 14 20.2 16.1 Ot4 45.1
Crushed Stone 23 204 153 0.4 41.1

4.2.2 Structural material
The present analysis deal with the interaction between Polyvinyle Chloride (PVC) pipes and
backfill material, that is the crushed stone. It was not possible to obtain PVC plates made of
exactly the same material of PVC pipe. However, a different grade of PVC plates were

commercially available. Plates used in the tests had a surface area of 900 cm? and a

thickness of 3 mm. The properties of those plates are presented in Table 4.2.

Table 4.2: Properties of Polyvinyle chloride (PVC) under normal impact

Property Test method: ASTM | Type 1: Normal impact

Tensile strength (kPa) D638 53917
Modulus of elasticity (kPa) D638 2 826 850
Elongation (ultimate) (%) D638 60
Hardness-Rockwell (R scale) D785 1.5

Flexural strength (kPa) D790 88 252
Compressive strength (kPa) D695 76 532

Shear strength (kPa) D732 55089

Vicat softening temperature (°C) D1525 83
Coefficient of linear expansion (cm/cm/°C) D696 5.8x 107
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4.3 Procedure

4.3.1 Sample preparation .

The soil was carefully placed in the direct shear box, which was fixed at the centre of a PVC
plate, avoiding segregation. Then, the sample was vibrated about ten seconds with a mass of
28 kg on top of the soil sample. The tests were performed with dense soil samples in order to
simulate a compacted embedment around a buried PVC pipe. A suction device is usually
used to level the top of soil samples before it was placed in the interface apparatus.
However, this method was not successful with a type of soil with large grain sizes such as 5
mm. As an alternative, a thin coarse sand layer was added on top of the sample. This layer
was then leveled off at the final height by the suction device. This avoided concentration of
stresses at the contact surface. The relative density of the crushed stone and the stone dust
was about ninety percent. The unit weight of the coarse sand was 12.92 kN/m’ in its loosest

state.

4.3.2 Test procedure

The PVC plate with the direct shear box was fixed to the loading table in the interface
apparatus. Then, the loading piston was moved downward to touch the sand surface. At this
point, the LVDTs were installed in order to measure the initial compression of the soil
sample when the load is applied. The direct shear box was unlocked after configuring the
LVDTs, the load celis and the sequence of the test. Finally, the normal load was applied and
the initial normal displacement was measured. Before starting the test, all LVDTs were set
to zero. The output parameters are automatically recorded and displayed by the computer.

Monotonic and cyclic two-way tests were performed in order to evaluate the effect of the
normal stresses and the number of cycles on the roughness of a PVC surface. The constant
normal stresses ranged from 100 kPa to 500 kPa. In addition to the coefficient of friction and
the friction angle of interfaces, the relation of the shear strength to the number of cycles, the
normal stress and the roughness of the PVC surface were considered. All tests were
displacement controlled at 5-mm. The maximum displacement in each direction was 5 mm
to ensure that the tests were conducted well beyond the peak strength.
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The roughness of the PVC surfaces were determined at five points, in the X and Y directions,
as shown in Figure 4.12. An average of measurements at these five points is the value
reported in this study. The device used to measure the roughness is the T500 tester made by
the German Company Hommel. The T500 surface measuring instrument is a device of
accuracy class 1 (Hommel user guide, 1998). It permits mobile recording of roughness
values and transfers these to a computer for further processing. Figure 4.13 presents an
example of the output of the software. The roughness parameter (Ra) from the tester is
defined as “the arithmetic mean of the profile deviation of the filtered roughness profile from
the centre line within the measuring length, /m”, and it is illustrated in F igure 4.14. Table 4.3
presents the configuration of the device.

The upper portion of the Figure 4.13 displays the surface profile. It is possible to display
three different types of profiles: the total profile, the waviness profile and the roughness
profile (Figure 4.15). These profiles are differentiated on the basis of wavelength.
Undulations with a relatively long wavelength are represented by the waviness profile, and
undulations with a much shorter wavelength are represented by the roughness profile. The
total profile combines the effect of both the waviness and the roughness profile.

Table 4.3: Conﬁgurétion of the Hommel T500 device

Parameter Value
Stroke length (L,) 15-mm
Cut off length (L.) 2.5-mm
Measurement range (Filt) MBI (+20-um to —60-um)
Type of profile (Prof) Total profile
Unit of measurement (Unit) Metric
Vertical magnification (Vv) 13
Measurement length (Im) 15-mm
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4.4 Test results

4.4.1 Surface Roughness versus Constant Normal Stress

Figure 4.16 shows that the PVC surfaces were damaged an increasing amount during
shearing as the normal stress increased. The roughness of a PVC plate along the direction of
the shear test and sheared with a normal stress of 300 kPa is 0.65, while the roughness with a
normal stress of 100 kPa is 0.33. It is also observed that the roughness of a PVC plate is
significantly higher in the direction perpendicular to the direction of shearing than the
roughness along the direction of shearing.

4.4.2 Surface Roughness versus Number of Cycle

PVC plates were further damaged as the number of cycles increased. Figure 4.17 illustrates
the results of eight cyclic tests where the roughness was measured after each test. Each test
consisted of one cycle, which is defined as an -interface sheared back and forth. The
roughness seems to reach a constant value after six cycles. However, more tests should be

done to clearly establish this threshold.

4.4.3 Shear Strength versus Surface Roughness
Figure 4.18 shows that the maximum shear stress stayed constant although the surface
roughness increased. It is most likely that the roughness values are so small that small

changes in the roughness values do not affect the shear strength.

4.4.4 Shear Strength versus Normal Stress

Four interface tests at constant normal stresses of 100, 200, 300 and 500 were performed. As
shown in Figure 4.19, the shear strength increased linearly with increasing normal stress.
The slope of the curve was about 29° passing through the origin. Thus, there is no apparent
adhesion at the interface between soil and PVC.

'4.4.5 Shear Strength versus Number of Cycle
Figure 4.20 presents the results of a shear test involving 18 cycles with a constant normal

stress of 200 kPa. The shear strength of the interface decreased as the number of loading

cycles increased. As it was shown in Figure 4.18, variations in surface roughness for
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relatively smooth PVC surfaces do not significantly influence the shear strength. Thus, the
reduction of the shear strength during cyclic loading is due to changes in the soil structure. A
simple shear type interface apparatus would be a better device than the direct shear apparatus

to evaluate the deformation in the soil mass.

4.4.6 Shear Strength versus Relative Density

The graph of shear strength as a function of relative densities is given in Figure 4.21. In
general, the shear strength seems to increase as the relative density increases. The scatter in
the values may be related to the method of levelling the samples with a layer of sand. It was
difficult to have a constant thickness of sand and that may have influenced the determination
of relative densities. In addition, there was some variations in the density of soil samples

densified using a shaking table.

4.4.7 Friction Angle of the Interface

The friction angle of the interface between a PVC plate and the crushed stone varied from
27.9° to 32.1°. These values are about 70-75% of the internal friction angle of the crushed
stone. In the case of the stone dust, the friction angle of the interface varied from 28.6° to
29.4°. These values are about 60-65% of the internal friction angle of the stone dust. The
coefficient of friction varied from 0.53 to 0.63 for the crushed stone and from 0.55 to 0.57 for
the stone dust. The normal stress did not influence the friction parameters. The same
behaviour was observed by Uesugi and Kishida (1986) and by Fakharian (1996).

4.5 Field observation

The city of Gatineau has constructed a water distribution system for a future development.
The level of the future street has been modified a few years after the installation.
Consequently, the 450-mm PVC pipes have been withdrawn from the soil.

This operation allowed me to look at the roughness and the degradation of the pipe caused by
the compaction of the backfill. Crushed stone with a maximum grain size of 20 mm was
used as backfill material. Usually, crushed stone is used when there is an appreciable slope
in the pipe. Unlike the sand, the crushed stone will not be washed away by the water flow
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under the pipe. In order to obtain a good compaction around the pipe without damaging it,
construction crew compacted the bedding and the embedment below the springline with 300-
mm soil layers. The backfill was placed up to 300 mm above the crown in one step, and then

the compaction was completed.

The surface of the pipes seemed to be smooth, although there were some significant damage
caused by the machinery, which was used to withdraw the pipes. The roughness of the pipes
in the longitudinal direction varied from 0.72 to 3.4 The roughness in the circumferencial
direction varied from 1.26 to 1.9. . It was difficult to obtain very reliable measurements
because of the shape of the pipe. However, it could be observed that the pipe was scratched

in the longitudinal direction and in the circumferential direction.

Figure 4.2: PVC 450-mm pipes withdrawn from the ground

4.6 Discussion

Pipe-to-soil interface shear strength is an important characteristic in the design of water
distribution systems. Especially for northern countries, where plastic pipes are subjected to
considerable movements in the ground due to temperature changes. Interface shear strength

is also a major concern in the design of thrust restraint systems. Kennedy et al. (1990) stated

69



that the value of the interface shear strength depends on the soil type, the moisture content,
the soil compaction and the surface roughness. In the light of the present study, the interface
shear strength depends on the compaction of the soil, but does not seem to be affected
significantly by the surface roughness. The shearing did not increase the roughness values
large enough to make a diﬂ'erenée in the shear strength. In addition, field observations at one
site showed that a PVC pipe surface was not significantly damaged when the pipe was
backfilled with sand or a granular material with maximum grain size of 20-mm.

The proportionality constant relating the adhesion of the PVC/crushed stone interface and the
cohesion of the crushed stone is found to be zero. In the case of the friction angle, the
proportionality constant was found to be 67%. These values are used as reference for input
parameters. in an analysis of buried plastic pipes using the PLAXIS finite element code.

Kennedy et al. (1990) demonstrated that the moisture content has a major effect on the shear
strength of an interface. Therefore, further studies should be undertaken to investigate the
behaviour of interfaces between crushed stone and PVC plates under various moisture

contents using simple shear type interface apparatus.
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Figure 4.13: Location of roughness measurements on a PVC surface
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: Coordinate in the surface
y : Height of the surface measured above the mean level

Figure 4.15: Definition of the roughness parameter Ra (Williams, J.A., 1994)

82




(b)/\—/__\
@AMV VAN SN

Figure 4.16: a) Total profile b) waviness profile c) roughness profile

83



(X) 1el18s8 g —~0—|
(A) senojpuadiag — o —

ose

0oe

02

S8JBLINS DA U0 Ssaujs [euLiou ay) o} aAljeja) ssauybnos aoepng:; |y ainb|4

(ed)) sseng jeuuoN JursUOY

002

051

ool

«© ot < «
o o o o
(ey) sseuyBnoy

™~
o

80

60

84



e 0 ssal
d 00T 4O SS8As [BULIOU JUBISUOD € Yym posesys SOBHNS JAd € U0 8[0Ad o Jequinu ey o} sAlee: sseuybno. adeyng :g| ' einbiy

91949 jo Jequiny

o

((X) Ieljesed) jelwoukiog — — —

((A) Jeinojpusdiag) [BJLUOUA|C e
(A seinojpusdiey —@—
{X) islieed 0

O Lt

0

-6

S0

(ey) ssauybnoy

85



"Bd> 00T 40 SS8IS [EWIOU JUBISUOD B YiIM PaIBaYS B3BUNS DA BU) JO $$8ULYBN0J 8} 0} eAlE|al SSBIIS JBBYS WNWIXEN 6 Y ainb)4

(ey) ssauybnoy
6 4 _ Gl I G0 0

{ 1 | ! om

06
7]
-3
2
-
7]
g
¢ E;
x
L 2 Y —o— 3
) S

- 0L

oclL

86



'SS3}S |eLUIOU SA SSallS Jeays 0zZ'p aInb)4 %

(ed%) ssexng jeusion Juesuoy
009 009 ooy 00¢ 00¢ o] 0

0s

00l

o
wn
-~

S
(ed) yiBuanys seaysg

o
w0
N

ooe

0S¢

ooy



8l

‘B 00T 4O SSaUIS [BULIOU JUBISUOD B Y)M 3194 JO JaquInU U 0} aAneja) yibuaus seays Jo abelany :1z'y ainbig

gl 14

4

]9/ jo Jaqunp

ol

8

801

417

4%

147

@
(ed)) pbuans seays

8l

1743

(44

8

o0



66

¥6

£6

(%) Ansuap anpejay

6 ]

06

A\isuap sApejal jo uofiouoy ui yibuess Jesyg :ZT'¥ 8inbi4

68

88

L8

98

\|

86

001

<ol

vol

901

(ed)) yiBuans seayg

©
o
-—

0Ll

cli

147

(=)
o0



CHAPTER 5
MODELING OF SOIL BEHAVIOUR

The finite element method is a useful method to analyse the behaviour of a buried flexible
pipe. A soil model, which simulates the behaviour of a certain type of soil, has to be
specified in order to proceed with the analysis. The soil model available in PLAXIS, which
represents most adequately the behaviour of the Kanto loam and the crushed stone, is the
Hardening-Soil model. Hence, the Hardening-Soil model is explained in detail in the present
chapter. The Variable Moduli model is also explained in detail because the input parameters,
used in the Hardening-Soil model, are taken from the analysis of Mohri and Kawabata (1995)
using the Variable Moduli model.

5.1 The Hardening-Soil Model (PLAXIS, 1998)

The Hardening-Soil model is an advanced soil model, included in PLAXIS, taking into
account the hardening behaviour of soil and using a non-associated flow rule. In order to
understand the hardening behaviour and the non-associated flow rule, it is important to
review some principles of the plasticity theory. First, soils undergo elastic and plastic
deformations when sheared. If a state of stress were below a yield surface, then the
deformations would be only elastic or recoverable. However, if the states of stress were
equal or higher than the yield surface, then the deformations would be elastic and plastic. A
certain amount of the deformation would be unrecoverable. Second, a flow rule relates the
direction of the vector of plastic strain increment to the yield surface. According to an
associated flow rule, a vector of plastic strain increment is normal to the yield surface. On
the other hand, a non-associated flow rule involves a vector of plastic strain increment that is
not normal to the yield surface. Hardening behaviour happens when the yield surface
increase in size as the soil undergoes plastic straining. In other words, after
unloading/reloading, the soil would yield at a higher stress level than the previous stress
level, which caused yielding. A hardening law relates the magnitude of the plastic strain to
the magnitude of the increment of stress.
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The Mohr-Coulomb model is useful to solve simple problems, or problems with very limited
information about the characteristics of a soil. However, it is not realistic and does not
represent the behaviour of the soil at different states of stress very well. The Mohr-Coulomb
model is also called an elastic-perfectly-plastic model, because the strain of the soil can only
be elastic before the yield surface or perfectly plastic when the states of stress traverse the
yield surface. It is then impossible to model the hardening bebaviour of soils. Figure 5.1
shows test results put into an idealised form using the Mohr-Coulomb model.

LaA LAl
|& I&m‘ola‘ald!‘
' 3 7T 9
—
: > o) ~ &

‘v e,
4
280 ¥ | >
fan @
—> e, (2 '\/ > &
=1
(@) o
9, Axial stress e, Axial strain
o3 Constant confining pressure e, Volumetric strain

Figure 5.1: The Mohr-Coulomb’s model (PLAXIS User Guide, 1998).

The Cam-clay model, also include in PLAXIS, was originally developed for soft clays. The
model was subsequently modified by Roscoe and Burland (1968). A clearly written
description of the Cam-clay model can be found in Atkinson and Bransby (1978).

The Hardening-Soil model can simulate the behaviour of both soft soils and stiff soils
(PLAXIS, 1998). The model uses the theory of plasticity, includes soil dilatancy, has a non-
associated flow rule, and introduces a yield cap for isotropic compression. The basic

characteristics of the model are:
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e Stress dependent stiffness according to a power law.
® Plastic straining due to primary deviatoric loading.
¢ Plastic straining due to primary compression.

¢ Elastic unloading/reloading condition.

¢ Failure according to Mohr-Coulomb theory.

5.1.1 Hyperbolic relationship for standard drained triaxial test

Generally speaking, the Hardening-Soil model is based on the well-known Hyperbolic model
by Duncan and Chang (1970). It is then useful to establish first the hyperbolic relationship
for standard drained triaxial test before getting into the details of the Hardening-Soil model.

The soil behaviour over a wide range of stresses is non-linear, inelastic, and dependent upon
the magnitude of the confining pressure. Kondner (1963) found that the non-linear stress-
strain curve of both clay and sand might be approximated by a hyperbolic curve with a high
degree of accuracy. The stress-strain relationship, in a standard drained triaxial test, tends to

yield a curve described by the following equation and shown in Figure 6.2:

! q
'2E, ( 4 J 4
9,
Q= : Asymptotic value of the shear strength = gr/ Rs.
q : Deviatoric stress
qr : Ultimate deviatoric stress
2sin
g, =(ccotp -0, )220 (5.2)
l-sing
Eso : The confining stress dependent stiffness modulus for primary loading.
to—o
E. =E7 ceotp-o; 53
oo (ccotcp-i—p”f (5:3)

Eso™ : Reference stiffness modulus corresponding to the reference confining pressure p"7. In

PLAXIS, the default value of p"% is 100 kPa.

o3 :Minor principal stress
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m A parameter for stress dependency of soils. Stiffer soils are simulated with a high
value of m. Janbu reports values of m around 0.5 for Norwegian sands and silts

(PLAXIS, 1998).

q, __asymptote

q' _ =TT failure line
o Esw
o 1

Eor
g ______
[~ ]
1
o
5
3
L
axial strain  -¢ 1

Figure 5.2: Hyperbolic stress-strain curve (PLAXIS, 1998).

For unloading/reloading stress paths, another stress-dependent stiffness modulus is used:

E —g™ ccotp — o "
T Lecotp+ p

(5.4)

Ew: The reference Young’s modulus for unloading and reloading, corresponding to the

reference pressure p™~.

5.1.2 Approximation of Hyperbola by the Hardening-Soil Model

The Hardening-Soil model is described in this section. The stress-strain behaviour of soils in

standard drained triaxial tests is considered. A yield function of the following form is used:

f=f-v,

£ is a function of stresses as given below.

(5.5)



Ferir2 2 5.6)

9s
Yp 1s a function of plastic strains
7, =-st ~5f) (5.7

where &/ is the plastic volumetric strain.

In the case of stiff soils, the value of the volumetric plastic strain is usually very small.
Therefore, y, can be approximated as v, =—2&f (PLAXIS, 1998).

Primary loading of a standard drained triaxial test implies that the yield function /= 0, or
rP=f. Substituting the equation 5.6 and 5.7 in this relation gives:

1 - 1 q q
~—f= - 5.8
2f 2E, (l q ) E, 8

In contrast to the plastic strains, the elastic strains develop in both primary loading and
unloading/reloading. For stress path with o3 =06, = constant, the Young’s modulus for
unloading/reloading is constant and the elastic strains are given by the following equations:

_g[ :é —g; :—33‘ =—Vm_é (5.9)

Vur: Poisson’s ratio

Note that the strain in the first stage of isotropic compression is considered elastic according
to Hooke’s law, and it is not included in Equation 5.9. The axial strain is given by the

addition of the elastic component and the plastic component as shown in the next equation:

—& =—& —&f = 1 9 (5.10)

2E, (l—i)
9.
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Equation 5.10 is the hyperbolic equation described before. The Hardening-Soil model
produces hyperbolic stress-strain curves for standard drained triaxial tests.

5.1.3 Plastic Volumetric Strain for Triaxial State of Stress
The Hardening-Soil model involves a non-associated flow rule relating an increment of

volumetric plastic strain to an increment of axial plastic strain:
&7 =siny, p* (5.11)

Wm:  Mobilised dilation angle

siny,, = ——om S0Py (5.12)
1-sing, sing_,

®.: Material constant representing the critical state friction angle, and being independent

of the density.
®.: Mobilised friction angle

sing,, =— 1= (5.13)
o] +0; —2ccotp

These equations correspond to the stress-dilatancy theory by Rowe (PLAXIS, 1998). This

theory implies that the maternial contracts for small stress ratios (¢,,, <¢w) and dilates for
high stress ratios (p,, > ®.,). The value of @, can be computed from the previous equations
if the user provides input data on the ultimate friction angle and the ultimate dilatancy angle:

sing —siny (5.14)
1-singsiny

sing,_, =
5.1.4 Parameters for the Hardening-Soil Model
Failure parameters:
c : Cohesion [kN/m?’]
) : Angle of internal friction [°]
v :Angle of dilatancy [°]
Soil deformation parameters:
Es™ : Secant modulus in standard drained triaxial tests [kN/m?]
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Eced™': Tangent modulus for primary oedometer loading [kKN/m?]

m  : Power for stress-level dependency of tangent modulus [dimensionless]
Advanced parameters:

Ex."™ : Unloading/Reloading modulus (default E,,™ = 3E;,"f) [KN/m?]

Vur I Poisson’s ratio for unloading/reloading (default v, = 0.2) [-]

p™ : Reference stress for modulus (default p™ = 100) [kN/m?]

K, : K,-value for normal consolidation (default K" = 1-sin ¢) [-]

R¢  :Failure ratio q¢/q, (default Re= 0.9) [-]

Ctension - Tensile strength (default Giension = O stress units) [kN/m?]

Cincrement: INCrease of cohesion with depth (default Cipcremen: = 0) [kKN/m?]

The modulus in standard drained triaxial tests is not related to the modulus for primary
oedometer loading. The user has to input these parameters independently. The tangent

modulus for one-dimensional compression is given by the following equation and

represented in Figure 5.3:
ccotp —o) "
E  =EY| —"—L 3.15
oed “d(ccotw +p"fj (.19)

r
EZ,: Tangent modulus at a vertical stress of — o, .

-0 4r

~&1
Figure 5.3: One-dimensional compression stress-strain curve (PLAXIS User Guide, 1998).
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PLAXIS includes a dilatancy cut-off option controlled by an initial void ratio and a
maximum void ratio. Extensively sheared soil cannot dilate indefinitely; therefore, a
dilatancy cut-off set the dilation angle to zero when the maximum void ratio is reached.
Figure 5.4 shows a volumetric strain-axial strain curve for standard triaxial test including a
dilatancy cut-off. The void ratio is related to the volumetric strain by the following

relationship: _
—(e, —&m™)= (1"'_3) (5.16)
1+e,
gy is positive for dilatancy.

Figure 5.4: Volumetric strain-axial strain curve for standard triaxial test including a dilatancy cut-off
(PLAXIS, 1998).

5.1.5 Yield Surface in Hardening-Soil Model.

The yield condition £ = 0, at a constant hardening parameter v,, defines a yield surface.
Successive yield surfaces at different constant hardening parameter are shown in Figure 5.5.
These yield surfaces explain the plastic strain occurring in deviatoric loading. However, they
do not explain the plastic volumetric strain measured in isotropic compression. Another
yield surface is then defined to close the elastic region in the direction of isotopic
compression. This second yield surface is called the cap yield surface, and it makes possible
the formulation of a mode! with independent input of the secant modulus in standard drained
triaxial tests (Eso™) and the tangent modulus for primary oedometer loading (Eoed™). Eso™F
controls the plastic strains associated to the shear yield surface, and E..s" controls the plastic

strains associated with the cap yield surface.
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dwvigforic slress

Figure 5.5: Successive yield surfaces for various constant values of the hardening parameter e

(PLAXIS, 1998).

The definition of the cap yield surface is similar to the equation of an ellipse:

~2
fc=Z—2+p2—pf, (5.17)
a : Cap parameter related to K, and defining the aspect ratio of the ellipse.
P :—(oc1+o2+03)/3
Py : Isotropic pre-consolidation stress determining the magnitude of the yield cap or the
ellipse. This parameter is provided by the PLAXIS initial stresses procedure.

: Special stress measure for deviatoric stress = o1-H6~1)c>—803

Q)

& : (3+sin¢)/(3—sind)

The special stress measure for deviatoric stress yields §=-(o, —o;)for triaxial
compression, and yields 7 = -5 (q, —o7;) for triaxial extension. In addition, a hardening law

relating p, to volumetric cap strain £,7° defines the yield cap:

m+l
£ =—ﬁ-( prffj (5.18)
m+1{ p

B : Cap parameter related to the tangent modulus for primary oedometer loading.
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The ellipse is used both as a yield surface and as a plastic potential surface:
l_ﬂ(pp) pP (5'19)

. .
EF === =
oo 2p kp"f p"f

Figure 5.6 shows the two yield surfaces in a g — pplane, and figure 6.7 shows the surfaces in

principal stress space.

1
'
\

=

Pp

p-

AT

"\!\1(/

shear yield aurface

Figure 5.7: Yield surface and cap yield surface in principal stress space in the Hardening-Soil model

(PLAXIS, 1998).
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5.2 Variable Moduli Model of Nelson and Baron

The variable moduli model of Nelson and Baron (1971) is a mathematical model that does
not contain an explicit yield surface. It has a bulk and a shear modulus, which are functions
of the invariants of the stress and/or strain tensors. The following equations describe the

model in terms of incremental stress-strain relations:

S5 =2Gé; (5.20)
p=3Ke (5.21)
S, : Deviatoric stress increments
é; : Deviatoric strain increments
: Mean stress increment

p

€ : Mean strain increment
G : Shear modulus

K : Bulk modulus

The assumptions made in the Variable Moduli model are that the material is isotropic, both
the shear and the bulk modulus depend upon the stress and/or strain invariants, the strains are

small, and the loading is quasi-static.

5.2.1 Combined Stress-Strain Variable Moduli Model
The initial loading of the combined stress-strain Variable Moduli model is defined by a bulk
modulus, which is a function of the mean strain, and a shear modulus, which is a function of

two stress invariants. These relations are:

K=K(e)=K, +K,e+K,e (5.22)
G=G(p.J,)=G,+y,-p+¥i{J, (5.23)

p= (0'l +20, )/ 3: Mean stress

NEA : Square root of the second invariant of deviatoric stress state
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ViV : Constants
K,.K . K, : Constants

e : Mean strain

Equation 5.21 shows that the bulk modulus refers to the mean incremental pressure and mean
incremental strain. According to equation 5.23, with Y1 positive and y» negative, the material
hardens in shear with increasing pressure and softens with increasing shear stress. The

pressure may be obtain by direct integration of equation (5 21):

p= j‘ “3K(E)dE=3K e +§Klez +K,e? (5.24)

5.2.2 Uniaxial Strain
By using stress symmetry and that two of the principal strain rates become zero, the uniaxial

strain may be expressed:

_a;a', =3K +4G =3[K,, +Kle+K2e2]+4k;o +;qp+Z-\/J;] | (5.25)
e

A =—‘§sl =§(a[ ~p)

Substituting equation (5.24) into equation (5.25):

%—2‘/3 7o, =(3K, +4Go)+3[4Ko(y, -?Z},K,Je +3[21<l [}q —-2‘/5_1)+K2Je2
e

V3—
+4K2(71—771 e’
(5.26)

Using the initial condition that stress and strain become zero simultaneously, the solution for

stress as a function of strain is found by integrating equation (5.26):
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\/-_1 ¥E [Ko +2\/37l +(2\/§;’T )? :,}[1 e 3},[6)]
243 V3—) K\ Bk B s e L2
_{ " K"(yl— 2 n}-ﬁ[ 3y J}e { ARG M

1 71 kl 2
_2K [, 3
B2
(5.27)

From equation (5.27), the slope of the stress-strain curve at any point, or the tangent modulus
is:

4oy __J4. 20 K,
o {3G,,+ ‘B?l[Ko+2 = ‘m )]}kxp(zJ" &)

- 2K° }/-ﬁ? _LK.*.KZ —_ 2K1 }/-ﬁ}/— +_2ﬁ.K E,
AR I Wy e (e e
_ 24, 7—‘5782

Jg;l' 1 2 I |1

(5.28)
5.2.4 Triaxial Stress

In the case of triaxial stress, the second invariant of the stress deviator is related to the stress
difference by:

=L L o)

(5.29)
The strain deviator e; is found by integration:
dSl 1 d 6
= (5.30)
I E3G0+0'3(271_V371)+§(}’1+V371)
The strain deviator e; is obtained as a function of the stresses o1 and 63, since e; = 0 when
01 = 03!
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e =1 413G, +°’3(2J’x _V37’1)+°'l(7! * “37’1) (5.31)
l Y +V3n 3G, +7:03)

From equation (5.23), the maximum stress deviator may be written as:

3(Go '*"}’10'3) (5.32)

(0'1 _63 )max =

The slope of the triaxial stress-strain curve is:

doy _ 9KG E | (5.33)
de, 3K+G

The measured strain Ag; is related to the strain deviator €1, the mean strain e, and the initial

(hydrostatic) mean strain e, by:

Ag =e +e—e, (5.34)

5.3 Application of the Variable Moduli Model

Mohri and Kawabata (1995) used the Variable Moduli Model in their numerical analysis. It
would have been easier to use directly the Variable Moduli Model for the present analysis;
However, the PLAXIS finite element code does not include this model. As stated before, the
Hardening-Soil Model available in PLAXIS is used in this study. The soil parameters
needed for the Hardening-Soil Model are determined from the stress-strain curves calculated
in the present study by using the Variable Moduli Model and the model parameters provided

by Mohri and Kawabata.

Kanto loam is the native soil, and it is defined by the Japanese unified soil classification
system as inorganic silt. The backfill material, which replaces the native soil around the
buried pipe, is a crushed granular material up to 25 mm in size. Table 5.1 below presents the
parameters for the Variable Moduli Model as published by Mohri and Kawabata (1995):

103



Table 5.1: Input parameters for the Variable Moduli model provided by Mohri and Kawabata (1995).

Parameters | Kanto Loam | Crushed Gr. [Parameters | Kanto Loam | Crushed Gr.
G, (MN/m?) 2.028 1.262 K, (MN/m?) 3.436 22

Gou (MN/m®) 5.631 1.696 Kou (MN/m®) 1.533 5.449
Gor (MN/m?) 6.785 4.088 Kor (MN/m®) 3.628 6.977

7, -126.2 -25.73 K; (MN/m?) -33.669 -31.967
Viu 1223 87.34 Kiu 132.47 288.58
7., -422.27 -50.69  |Ki. 19.78 74.56

7 49.79 16.66 K, (MN/m?) 26005 19.396
Ve 27.15 5.85

7 166.61 43.70

Three triaxial drained tests for each type of soil are simulated at a confining pressure of 100,
200 and 300 kPa. Stress-strain curves are shown in Figures 5.8, 5.9, 5.10, and give the value
of the secant modulus (Es).
unloading/reloading modulus (Ex™), can be visualised in Figures 5.17 and 5.18. Volumetric
strain-axial strain curves are shown in Figures 5.11 and 5.12. The simulations also allow the
possibility of finding a failure envelope by drawing Mohr circles at failure (F igures 5.13 and
5.14) for each test, and then calculate a friction angle (¢) and a cohesion value (c).
Moreover, Figure 5.15 and 5.16 show a simulation of oedometer tests. The tangent modulus
for primary oedometer loading (Ea) is calculated from these graphs. All graphs are
produced using ten increments of load. Table 5.2 shows the parameters calculated from the
Variable Moduli Model and used in the Hardening-Soil model:

Unloading/reloading stress-strain curves, which show the
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Table 5.2: Parameters calculated from the Variable Moduii model and used in the Hardening-Soil
model.

Parameters Kanto Loam Crushed Stone
Friction angle ¢ (°) 17.9 282

Dilation angle v (°) 0.0 0.0

Cohesion ¢ (kPa) 13.1 40.8

Eso™ (kPa) 11 554.9 5602.8

Eoed™ (kPa) 15192.7 17 554.3

Eu™ (kPa) 23 760.0 20930.2

The Variable Moduli model gives low values for the friction angles for both Kanto loam and
crushed stone. The cohesion is abnormally high for the crushed stone. It is impossible to use
the cohesion equal to zero for the crushed stone, which would be more realistic, because the
friction angle is too low and the Hardening-Soil model would simulate an excess of plastic
deformations. Considering the experimental results given in Chapter 3, a higher friction
angle and a lower value for cohesion would be more realistic for the crushed stone. However,
the present values, taken from the Variable Moduli model with the input parameters of Mohri
and Kawabata, give acceptable results in the finite element analysis.
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CHAPTER 6
TWO-DIMENSIONAL FINITE ELEMENT ANALYSES

6.1 Finite element analysis of a 1500 mm FRP pipe

Mohri and Kawabata (1995) demonstrated that a numerical analysis of a large buried flexible
pipe must consider the stages of construction and the compaction process. Nevertheless, the
effect of interface elements in their analysis was not pointed out. Two-dimensional finite
clement analyses with and without interface elements will then provide some information
about the usefulness of the interface elements in the analysis of buried flexible pipes. First,
an attempt is made to reproduce the results of Mohri and Kawabata using the PLAXIS finite
element code for soil and rock. Basic features of the software are diséussed in a previous
chapter. General settings, input parameters, and results of the analysis are presented herein
in detail. Second, the importance of interface elements, which are located between the pipe
and the soil, is demonstrated by a comparison of analysis with and without interface

elements.

6.1.1 General Settings and Boundary Conditions

Plane strain model
The goal of the analysis is to predict the deflection and the stress distribution of a buried

flexible pipe, considering the stages of construction and the compaction of the backfill
material. For this type of analysis the pipe will be subjected to loads that act only in the x
and y direction, and that the cross-sectional area including the pipe and the backfill material
is constant along an indefinite length in the z direction. These characteristics allow assuming
the state of strain normal to the x-y plane ¢, and the shear strains Yxz and vy, to be zero. This
state of strain, called plane strain, simplify the calculation and it is the model used for this

analysis.

Elements
In the present analysis, the fifteen-node triangular element is selected in order to get the most
accurate results. This type of element provides a fourth order interpolation involving twelve

Gauss points.
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Geometry
The total area of the problem studied has to be wide enough to ensure that the displacements

at the extreme boundaries would be nearly zero. A pipeline installed in a ditch has a
symmetrical geometry; therefore, it would be more convenient to basé the analysis on one
half of the problem. An area of thirty meters wide by fifteen meters deep is large enough to
avoid any effect of the boundaries on the displacements of the pipe. In the first analysis
(PipeAnalysis1), the horizontal displacements at the ground surface are almost zero at about
fifteen meters from the centre of the ditch. For the purpose of accelerating the calculation,
the area of the third analysis (PipeAnalysis3) is chosen to be twenty meters wide by ten

meters deep. The dimensions are shown in F igures 6.2 and 6.3.

In order to simulate a staged construction project and define different layers of soil, the
trench has to be divided in several horizontal layers. Based on the results of Fukuoka (1987),
the compaction effect using a tamper does not extend more than about 300 mm (Mohri and
Kawabata, 1995). Therefore, it is realistic to define a thickness of 300 mm for each layer that
has to be backfilled including the bedding. The depth of the ditch is 3.6 meters, providing a
cover of 1.8 meters over a pipe with a diameter of 1.5 meters. The stages of construction and

a cross section of the geometry of the trench are shown below (Table 6.1 and Figure 6.1).

Table 6.1: Stage of construction

Stage Stage of construction H (m)

1 Natural Ground 15.0

2 Excavation, Kanto Loam 15.0-13.5
3 Excavation, Kanto Loam 13.5-12.45
4 Excavation, Kanto Loam 12.45-114
5 Bedding, Crushed Stone 11.7

6 Pipe -

7 Backfill and Compaction, Crushed Stone 12.0

8 Backfill and Compaction, Crushed Stone 12.45

9 Backfill, Crushed Stone 12.9

10 Backfill, Crushed Stone 13.2
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11 Backfill, Crushed Stone 13.5
12 Backfill, Kanto Loam 13.8
13 Backfill, Kanto Loam 14.4
14 Backfill, Kanto Loam 15.0

16

14

W_n&_a;h.ab.in.L_n&_

Figure 6.1: Cross section (Dimensions in meter)

Pipe

Curved beams represent the pipe in the ground. These beams are real plate in the out-of-
plane direction and can therefore be used to adequately model the pipe. Five-node beam
elements, with eight stress points, are used together with the fifteen-node soil elements.
PLAXIS allows beam deflection due to shearing as well as bending moment. Care must be
taken with the sign convention in PLAXIS. The sign convention is presented in a previous

chapter.

Mesh Generation

Mesh generation in finite element software is often cumbersome. F ortunately, PLAXIS
automatically creates a random mesh. An option is available to refine the mesh where stress
concentration and large deformations occur. In the case of a buried pipe analysis, the mesh is

refined in the trench, where most of the stress change and deformation occur.
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Standard Fixities
The standard fixities include a horizontal displacement equal to zero for the extreme x-

coordinates of the total geometry, a vertical and horizontal displacement equal to zero for the
lowest y-coordinate of the total geometry, and a rotation equal to zero for beams that extend
to the boundary of the geometry. These rules apply for most geotechnical problems, and they
perfectly fit to the present problem.

Traction
Two-load systems are applied in order to simulate the compaction of the backfill around the

pipe. The first traction is applied at the haunch of the pipe, or 0.6 meters from the bottom of
the trench, and the second at the springline of the pipe, or 1.05 meters from the bottom of the
trench. The compaction is expressed in the same way as in the Mohri and Kawabata’s paper.
A static load of 174 kPa is applied and removed 11 times for each load systems, and they do
not act simultaneously. The compaction simulation is not a usual operation with PLAXIS,
and it creates some instability in the calculations. Thus, there are some limitations in the

selection of parameters such as the interface reduction factor.

Mohri and Kawabata simulated the compaction in 10 layers of 0.3 meters. PLAXIS does not
allow more than two load systems, then the compaction are only applied at the most critical
levels. This is still realistic because in the current practice, from the city of Gatineau, they do
not compact from the springline to 0.3 meters over the pipe’s crown. The purpose of this
method is to avoid damaging the pipe and to reduce the deformation caused by the
compaction process. However, the compaction of the backfill over 0.3 meter from the pipe’s
crown is not simulated in the present analysis, and that has definitely an effect on the

deflections of the pipe.

Displécement
As mentioned previously, Fukuoka (1995) shows that the effect of compaction by a tamper

does not extend more than 0.3 meters below the level being compacted (Mohri and
Kawabata, 1995). In order to reproduce the same effect in the finite element analysis, a
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boundary condition for restraining the vertical displacement is set at the bottom of the ditch.
It would have been more realistic to set another vertical displacement restriction on the
geometry line below the second load system, but PLAXIS does not allow that. It would not
be possible to activate the first traction load because prescribed displacements have priority
over traction loads. Mohri and Kawabata were able to restrain the transmission of the
compaction effect under every layer being compacted. This can explain some of the
differences between their results and those of the present analysis.

Interface Elements

Interface elements are needed around the pipe to model the mteractlon between the soil and
the pipe material. The roughness of the interface is modelled by choosmg a suitable value
for the strength reduction factor. This factor relates the friction angle and the adhesion of the
interface to the friction angle and the cohesion of the soil. When using the fifteen-node soil

element, five pairs of nodes and five stress points define the interface element.

An abrupt change in soil conditions may lead to high values of stress and strain. It is
possible that finite element analysis using ordinary elements would not produce realistic
results for stresses and strains at these locations. This phenomenon may be solved by the
addition of interface elements that will enhance the flexibility of the mesh. In an analysis of
buried pipeline considering compaction, an abrupt change in soil conditions occurs between
the layer of soil being compacted and the side of the trench. The high values of stress and
strain generated would cause the soil to fail if interface elements are not added. Thus,
interface elements were added between the backfill material and the side of the trench. The
best results were obtained with the interface added in the crushed stone with a reduction
factor of 0.67. Input parameters for interface elements are related to the type of soil where
they are located. Hence, the reduction factor is the same for all the interface elements in a
specific type of soil. In this case, the reduction factor for the interface between the backfill
and the side of the trench is the same as the reduction factor of 0.67 for the interface between
the pipe and the backfill material. Several unsuccessful trials have been made in order to
dissociate the two types of interface. They generated some instability causing the iteration

procedure to fail.
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Phreatic line
The water table is four meters below the soil surface and is relatively stable. It does not have

an effect on the stress distribution around the pipe.

6.1.2 Input Parameters .
Application of the Variable Moduli Model and Determination of the Parameters for
the Hardening Soil Model

Stress-strain curves for standard drained triaxial tests have been produced using the Variable
Moduli model, and the parameters given in the paper of Mohri and Kawabata. Three primary
loading curves at a confining pressure of 100, 200 and 300 kPa have been generated for the
Kanto Loam and the Crushed Stone type of soil, and are presented in the chapter about soil
models. These curves allow finding the failure envelope, as presented in a Chapter 5, and
therefore obtaining the strength parameters such as friction angle and cohesion. The friction
angles for Kanto Loam and Crushed Stone are 17.86° and 28.19° respectively, and the
cohesion values are 13.13 and 40.61 kPa respectively. These values seem to be abnormal;
however, they provide comparable calculated deformations in the finite element analysis

using the Hardening-Soil model.

The primary deviatoric loading curve at a confining pressure of 100 kPa is needed for the
determination of an important parameter for the Hardening Soil Model. This parameter is the

reference modulus E/7 corresponding to a confining reference pressure of 100 kPa, and is

defined by a slope of a segment passing by the origin and the point on the stress-strain curve
where 50% of the failure value is reached. It is also called secant modulus, and it is found to
be 11554 kPa for the Kanto Loam, and 5602 kPa for the Crushed Stone.

Because the friction angles of the Kanto Loam and the Crushed Stone are below 30°, the
dilation angles are realistically assumed to be zero (PLAXIS, 1998). The volumetric strain
versus axial strain curves from the variable moduli model show that the soil samples have
only undergone compression as shown in Chapter 5. Also, the results obtained from the
analysis of the stone dust, used for the interface tests, show that the magnitude of the dilation
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angle is y = ¢ —30° . These results support the assumption of the dilation angle of zero for
the Kanto Loam and the Crushed Stone.

Unloading and reloading curves have also been produced. However, the default value of the
reference Young’s modulus for unloading and reloading £77 in PLAXIS, corresponding to

the reference pressure of 100 kPa, is used. The default elastic unloading/reloading modulus
is equal to 3E77 .

The tangent stiffness for primary oedometer loading E7Z, is chosen to be equal to the secant

modulus in standard drained triaxial test EZ/ . This is the default set up of PLAXIS. The
values found from the Variable Moduli model are presented in the Soil Model’s chapter.

The PLAXIS user manual recommends a value of m = 0.5 for stress-level dependency of
stiffness used in the hardening soil model. All the other settings such as the Poisson’s ratio
for unloading-reloading, K, value for normal consolidation (based on Jacky’s formula, 1-
sing), and the failure ratio Ry are set to the default value. A summary of the input parameters

is presented in Table 6.2 shown below.

Table 6.2: Summary of the input parameters for the Hardening Soil Model

Parameters Kanto Loam Crushed Stone

Unit weight, ye, (KN/m’) 12.27 1635

Wet unit weight, yue (KN/m®) 13.72 20.08
Friction angle, ¢° 17.86 28.19
Cohesion, ¢ (kPa) * 13.13 40.61
Dilation angle, ° 0.0 0.0
Secant modulus E7Y (kPa) 11 632.08 5604.86
Primary compression modulus £77, (kPa) 11 632.08 5604.86
Elastic unloading/reloading modulus £77 (kPa) 34 896.24 16 814 4
Stress-level dependency, m 0.5 0.5
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Failure ratio, Ry 09 0.9
Poisson’s ratio for unloading/reloading, v 0.2 0.2
K, (1-sin ¢) 0.693 0.528
Pipe Material

The pipe used in this analysis is an FRP (fibre reinforced plastic) pipe. The characteristics of
the pipe are given in the summary of the Mohri and Kawabata’s paper. PLAXIS use curved
beam elements based on the Mindlin’s theory (Plaxis, 1998) to simulate a pipe. The input
parameters for the beam elements are:

e Normal stiffhess, EA

e Flexural rigidity, EI

® Equivalent thickness, dg
e Weight, W

® Poisson’s ratio, v

The weight of the beam, or the FRP pipe, is not considered in this analysis. From the user

manual of PLAXIS, the beam thickness d. is calculated from d,= 12% . The Poisson’s

ratio is set to an arbitrary value of 0.3. Table 6.3 shows the input parameters of the pipe
material.
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Table 6.3: Input parameters of the pipe material.

Parameters FRP Pipe
Normal stiffness, EA (kN/m) 435 550
Flexural Rigidity, EI (kNm*/m) 8.37
Equivalent thickness, d, (m) 0.0152
Weight, W (kN/m?) ‘ 0.0
Poisson’s ratio, v 0.3
Interface strength

Interface tests have been conducted on PVC surfaces with stone dust. The results show that
the friction angle of the interface is about 30% less than the friction angle of the soil itself.
There is no proof that it would be the same for the fibre reinforced plastic surface. However,
it is realistic to assume that the interface reduction factor of 0.67 for the PVC would be in the
same order for the FRP.

The results of the interface experiments also show that the adhesion of the soil on the PVC
surface is close to zero. The graph of the normal stress versus the maximum shear stress is a
straight line starting from the origin. Although it is realistic to assume that the adhesion is
zero for the FRP/crushed stone interface, it is not possible to set a reduction factor for the
adhesion different than the reduction factor for the friction angle. Therefore, the adhesion
has the value of the cohesion of the soil multiplied by the same reduction factor as for the

friction angle.

6.1.3 Types of Analysis

Three different types of analyses have been done. The first analysis is a complete analysis
including interface elements, staged construction, and compaction simulation. The second
analysis did not include the interface elements in order to find out their effect on the
deflection, the stress distribution around the pipe and in the pipe material. The third analysis
includes only the stage construction with interface elements. These three analyses allowed
the simulation and reproduction of the experimental and numerical results of Mohri and

125



Kawabata, as well as the evaluation of the effect of the interface elements on the numerical

results.

6.1.4 Calculation

PLAXIS offers the possibility to choose different types of calculation. The most suitable type
for the present analyses is the Plastic Calculation, because the analyses include elastic-
plastic behaviour. The Load Advancement Ultimate Level algorithm within PLAXIS is the
second option to choose. It determines the step size automatically, and terminates the

calculation when the following criteria are satisfied:

¢ The maximum specified number of additional calculation steps has been applied.
® The total specified load has been applied.

® A collapse load has been reached. Collapse is assumed when the applied load reduces in

magnitude in two successive calculation steps.

Table 6.4 below shows the calculation phases used to simulate the staged censtruction and
the compaction process in Analysis 1 (PipeAnalysis1).

Table 6.4: Calculation phases for the analysis one.

No. Phase Loading input First step | Last step
0 Initial phase - 0 0
1 Excavation 1 Staged Construction 1 2
2 Excavation 2 Staged Construction 3 6
3 Excavation 3 Staged Construction 7 7
4 Bedding, Crushed Stone Staged Construction 8 11
5 Pipe Staged Construction 12 12
6 Backfill, Crushed Stone Staged Construction 13 13
7 Compaction A Total Multipliers | " 14 16
28 Unloading A Total Multipliers 61 63
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29 Backfill, Crushed Stone Staged Construction 64 64

30 Compaction B Total Multipliers 65 68

51 Unloading B Total Multipliers 152 158
52 Backfill, Crushed Stone Staged Construction 159 159
53 Backfill, Crushed Stone Staged Construction 160 160
54 Backfill, Crushed Stone Staged Construction 161 162
55 Backfill, Kanto Loam Staged Construction 163 163
56 Backfill, Kanto Loam Staged Construction 164 164
57 Backfill, Kanto Loam Staged Construction ) 165 166-
6.1.5 Resuits

The compaction in PLAXIS is simulated by the residual strain resulting from the
unloading/reloading process. Figure 6.4 shows the deformations of the ground caused by the
c_:onstruction stages. The solide lines indicate the original mesh and the red lines correspond
to the deformed state. These deformations are significant and cannot be neglected in an

analysis of a buried flexible pipe.

Pipe Deflection
The results of the Analysis 1 and 3 shown in Figure 6.5 follow exactly the same trendl as the

numerical results of Mohri and Kawabata. The pipe elongated because of the compac:tion of
the side fills and then it deflected because of the earth pressure over the pipe’s crowm. The
elongation is defined as an increase in the vertical or horizontal diameter of the pipe a:nd the
deflection is defined as a decrease in vertical or horizontal diameter. The elongatiosns are
considered positive and the deflections are considered negative. In Analysis 1, the
clongation reached a peak of 17.9-mm when the backfill was at the the crown, ancl then
decreased to 12.9 mm when the backfill reached the ground surface. In the case «of the
horizontal diameter, it deflected to a final value of ~14 mm. It reached a peak of —18. 7 mm
when the backfill was at 1.43 m from the bed, and then started to increase because ©f the
overburden pressure. The FRP pipe, in the field experiment of Mohri and Kawaabata,
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elongated vertically for about 12.5 mm, and deflected horizontally for about -10.5 mm at the
completion of the backfill.

The behaviour of the pipe in Analysis 3, without the simulation of the compaction, can be
summurized as follow. There was elongation of the vertical diameter followed by a
deflection caused by the earth pressure on the pipe’s crown. However, the overall values of
deflections and elongations in Analysis 3 are very small and the pipe enters a flattening
mode. Thus, this method did not reproduce the experimental curve very well. The
conclusion of Mohri and Kawabata, which confirmed that it is important to consider the
compaction process in the analysis of a buried flexible pipe, is verified.

The output from the analysis without interface elements (Analysis 2) shows a vertical
elongation about 30% greater than the analysis with interface elements. The vertical
elongation reached a peak of 20.7 mm at the crown, and then decreased to 16.9 mm. The
horizontal deflection reached a peak of —22.2 mm, and then decreased to —18.35 mm. The
final horizontal deflection was again about 30% higher than that of Analysis 1. As a result,
the analysis without interface elefnents did not predict the behaviour of a buried flexible pipe

adequately.

Stresses

The fibre-reinforced-plastic (FRP) pipe is represented by curved beams. From the final
construction stage in Analysis 1, it is observed that the FRP pipe carries a negative bending
moment of —0.196 kNm/m at the crown and —0.426 kNm/m at the invert, and a positive
bending moment of 0.460 kKNm/m at the springline. These results with those of normal
forces and shear forces are presented graphically in Figures 6.6, 6.7, and 6.8. The highest
bending moment of 0.551 kNm/m, in Analysis 1, was generated at the springline during the
compaction simulation. The maximum shear force of 1.961 kN/m is located at the haunch of
the pipe and was also generated during the compaction simulation. Moreover, the maximum
compressive normal force of -17.8 kN/m is located at the invert, and obtained at the
completion of the backfill. Figures 6.9, 6.10, and 6.11, show the total displacement, the
normal stress and the shear stress in the interface between the pipe and the crushed stone.
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Analysis 2 shows the effect of interface elements. Without interface elements, the maximum
compressive normal force at the completion of the backfill is 'now at the springline, and the
value is 40% higher than the analysis with interface elements. The maximum bending
moment is 20% higher, and it is also obtained during the compaction process. The shear
forces are distributed slightly differently because of the changes in earth pressure
distribution.

The distribution of stresses in the ground in Analysis 1 shown in Figure 6.12 is typical for a
flexible pipe. The normal effective stresses applied on the pipe are illustrated in Figure 6.16.
The stress at the crown is relatively low (14 kPa), and arching effect is observed. There is a
concentration of stress, in the order of —28 kPa, at the springline. A stress of about —23 kPa
is found at the invert of the pipe, and decreased down to —20 kPa toward the haunch of the
pipe where the compaction simulation tended to reduce the normal pressure on the pipe. The
maximum earth pressure was about —80 kPa at the springline during the compaction process.
A comparison between the results of Analysis 1 and Analysis 2 shows that the normal
effective stress in the analysis without interface elements (Analysis 2) was lower at the
invert, but significantly higher everywhere else. The mean earth pressure distributions are
illustrated in Figures 6.12 through 6.15. In addition, Figures 6.17 and 6.18 present the earth
pressure distribution in the same way as Mohri and Kawabata. Therefore, it is easier to

" compare the results.

6.1.6 Discussion
In the light of the numerical results, it can be stated that the interface elements have a

significant influence on the deformations of the pipe, the stresses generated in the pipe and
the stresses in the ground surrounding the pipe. The final calculated deformations of the pipe
In Analysis 1 are closer to the experimental curve than the results of Analysis 2. It is
observed that the first step of the compaction simulation produced a smalier vertical
elongation and horizontal deflection in the case without interface. This is related to the
interface elements attached to the beam elements and generating tension limiting vertical
elongations and horizontal deflections. On the other hand, the absence of interface elements
generated an increase of earth pressure at the pipe’s haunch during the second step of the
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compaction simulation. This may explain the higher vertical elongation and horizontal
deflection in Analysis 2. The pipe’s deformations in both analysis are approximately the
same when backfilling above the springline.

The arching effect described by Marston does not take into consideration the effect of the
friction of the backfill material on the pipe’s surface. Marston relates the arching effect to
the relative movement of the backfill directly above the pipe with respect to the soil on both
sides of the trench. The rigidity of the pipe and the density of the backfill have a
considerable effect on the arching. For instance, a loose soil placed above a pipe will settle
more than the side fills. The friction between the side fills and the loose soil will reduce the
total load applied on top of the pipe resulting in arching. However, the numerical analysis
with interface elements generated a greater arching in the ground than the analysis without
interface elements. The relative movements of the interface elements on the side of the pipe
may have relaxed the stresses at the pipe’s crown. It is difficult to draw a conclusion from

this result because the variations of the soil density were not taken into account throughout

the study.

The state of stresses in the FRP pipe shown in F igures 6.6 through 6.8 indicate that the pipe
was subjected to negative bending moments at the invert and at the crown, and to
compressive normal stresses. The higher values obtained in the case without interface
elements (Analysis 2) were caused by the soil elements directly connected to the structural
clements. Interface elements allow the soil elements to slip, or separate, from the pipe
surface when the shear stresses and the normal stresses in the interface reach a threshold.
Analysis 2 does not include interface elements and then the stresses in the ground are directly
transferred to the pipe increasing the normal stresses and the bending moments.

The interface elements have also an effect on the earth pressure distribution. The use of

interface elements reduces the normal effective stress on the pipe by more than 50% at the |
springline. However, it increases the normal effective stress by 30% at the pipe’s invert.
These results are shown in Figure 6.16. The slip displacements of the crushed stone along
the pipe during the compaction simulation may result in high residual strains below the pipe
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and increase the normal effective stress. It is observed in F igures 6.9 and 6.11 that the soil
moved from the side of the pipe toward the invert. Analysis 1 seems to reproduce the
compaction problem of the haunch encountered in the field. Gap displacements occur at the

haunch of the pipe creating relatively low normal effective stress and reducing the support of
the pipe. That may also explain the high stress at the invert.

The results of Analysis 1 are comparable to those of Mohri and Kawabata (1995). Mohri and
Kawabata obtained higher deformation of the pipe and stresses in the ground, but they
simulated the compaction for every layer of 0.3-m from the bottom to the top of the trench.
This procedure increases the vertical elongations and horizontal deflections due to
construction stages. In addition, the prescribed displacement, 0.3-m below the layer of soil
being compacted, caused some fluctuations in the earth pressure distribution as shown in
Figure 2.30. Generally, the distributions of earth pressure are similar, but Mohri and
Kawabata obtained higher results and higher extreme values in the results than those
obtained in Analysis 1 and 2. Figures 6.17 and 6.18 illustrate the earth pressure distribution
in the same way as shown in F igure 2.30 reproduced from the paper of Mohri and Kawabata.
The vertical and horizontal earth pressures measured in the field test did not completely agree
with the normal effective stress distribution obtained in the finite element analysis. The
compaction of the backfill above the i)ipe, its relatively low height and the non-oval
deformation of the FRP pipe may have caused the high vertical earth pressure of 32 kPa and
the low horizontal earth pressure of 20 kPa measured by Mohri and Kawabata (1995).

6.2 Finite element analyses of a 900 mm PVC pipe

The analyses were carried out for a smooth PVC pipe, which is a type of pipe commonly
used in practice for water distribution systems. The input data required for interfaces in the
finite element analyses were determined from the interface experiments using the interface
testing device C3DI (Fakharian and Evgin, 1996). There is no experimental data to compare
the deflections. It is assumed that the finite element results are close to the reality. The first
objective of these analyses is to compare the behaviour of the FRP pipe used in Mohri and
Kawabata’s work and a PVC pipe, which is stiffer and smaller. The second objective is to
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determine the effect of the interface reduction factor on the pipe deformation and the earth
pressure distribution around the pipe.

6.2.1 Type of Analysis and Input Parameters

Analyses with interface reduction factors varying from 0.5 to 1.0 were conducted. These
analyses are used to evaluate the effect of the interface strength on the deformation of the
pipe and on the earth pressure distribution around the pipe. The characteristics of the PVC
pipe are presented in Table 6.5 (IPEX Products). Although the width of the trench is smaller
for the analysis with the 900-mm PVC pipe, the depth of soil cover is still 1.8 meters in order
to be able to compare the results with the FRP pipe analysis. Moreover the compaction
simulation, the soil parameters and the procedure of the analysis were the same as in the
analysis based on Mohri and Kawabata’s paper presented in chapter 6. Note that interface
elements between the backfill and the native soil were not essential in the present analyses.

Figure 6.19 illustrates the trench schematically.

Table 6.5: PVC Pipe Characteristics

Parameter Value
Type IPEX Centurion, Pressure Pipe
D: Nominal Diameter (mm) 900
E: Elastic Modulus (GPa) 2.76
DR: Dimension Ratio DR25S
t: Thickness (mm) 389
A: Area (mm?) 389
I: Moment of inertia (mm"/mm) 4905.32
EI: Flexural Rigidity (kNm?/m) 13.53
EA: Axial Stiffness (kN/m) 107 364.0

The soil properties are highly dependent on the state of compaction (Boscardin et al., 1990).
In the analyses presented in this thesis, the soil propetties should vary throughout the
compaction simulation. However, varying the soil properties during the calculation process
brought instability in the calculation. It is then impossible to include this important
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characteristic of the soils into the present analyses. This drawback might explain the over
estimation of the deflection compared to the experimental values of Mohri and Kawabata.

6.2.2 Resuits

Deflections of the pipe

The deformations of the PVC pipe, in the range of 5-mm, were much smaller than the
deformations of the FRP pipe. This observation is quite normal considering that the PVC
pipe is 40% smaller and that its flexural rigidity, EI, is about 40% higher. On the other hand,
the behaviour of both the FRP and the PVC pipes under the applied loads was similar, as
shown in Figures 6.20 and 6.5. Vertical elongation occurred during the compaction
simulation and then decreased when backfilling from the pipe’s crown up to the ground
surface. Figure 6.20 also illustrates that the influence of the interface reduction factor on the
deformation of the pipe was not significant. In fact, the vertical elongations and the
horizontal deflections were almost the same in the four analyses using interface reduction
factors of 0.5, 0.67, 0.85 and 1.0. The deformations in the interface with a reduction factor of
0.5 and 1.0 are presented in Figures 6.21 and 6.22. As it is expected, the total deformations
are higher in the case of the weaker interface. The interface is particularly deformed at the
haunch of the pipe

Stress distribution in the ground

It appears that the interface reduction factors have an effect on the normal effective stress
distribution. The normal effective stress at the pipe’s crown was about -14 kPa at the
completion of the backfill with an interface reduction factor of 0.5. This stress was increased
to -19 kPa with an interface reduction factor of 1.0. A similar behaviour is observed at the
invert of the pipe. The normal effective stress varied from -11 kPa to -16 kPa as illustrated in
Figures 6.23 and 6.24. There is a slight increase of the normal effective stress at the
springline, which is about —40 kPa, but not as significant as the differences observed at the
crown and at the invert. The mean effective stress distributions are illustrated in F igures 6.25
and 6.26. Figures 6.27 through 6.30 show the variation of shear and normal effective stresses
in the interface caused by the variations in interface strength. Again, the analyses with
higher interface reduction factors produced higher stresses.
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6.2.3 Discussion
The interface strength has an influence on the normal effective stresses applied on the buried

PVC pipe. However, the deformation of the pipe did not reflect this increase of stress. The
overburden pressure may be too low to generate loads that would have a considerable effect
on the deformation of the pipe related to the interface strength. Figure 6.25 shows that the
relative earth movements along the top of the pipe relax the pressure at the pipe’s crown.
This phenomenon is increased as the interface reduction factor, or the interface strength, is

decreased.
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Figure 6.6: Normal forces in the FRP pipe at the final stage in Analysis 1
Extreme axial force: -17.80 kN/m (See chapter 5 for the sign convention)

Figure 6.7: Shear forces in the FRP pipe at the final stage in Analysis 1
Extreme shear force: 1.60 kN/m (See chapter 5 for the sign convention)
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Figure 6.8:Bending moments in the FRP pipe at the final stage in Analysis 1
Extreme bending moment: 459.81E10 kNm/m (See chapter 5 for the sign convention)

Figure 6.9: Total deformation in the interface at the final stage
Extreme total displacement: -24.02E10°m
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Figure 6.10: Normal stresses in the interface at the final stage
Extreme effective normal stress: -37.40 kN/m? (See chapter 5 for the sign convention)

Figure 6.11: Shear stresses in the interface at the final stage
Extreme shear stress: -17.26 kN/m” (See chapter 5 for the sign convention)
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5 kPa

#8 kPa

24 kPa

55 kPa

Figure 6.17: Earth pressure distribution around the FRP pipe at the completion of the

backfill in Analysis 1

60 kPa
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Figure 6.18: Earth pressure distribution around the FRP pipe at the completion of the

backfill in Analysis 2

59 kPa
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Figure 6.21: Total deformation in the interface at the completion of the backfill with a
reduction factor of 1.0. Extreme total displacement: -9.9E10°m

Figure 6.22: Total deformation in the interface at the completion of the backfill with a
reduction factor of 0.5. Extreme total displacement: -13.37E10°m

151



(ed%) 0} pue G'0 40 Jojoey uojionpes oomt.mE_ ue yim adid ga4 8y} punoJe suolnqinsip ssels BAlIO8YS |BULION '€£Z'9 8nb)4

0’14 8did JAJ = =

G044 8didOAd =@ -

152



90BJIaJul UE YIA “Y[iyoeq 3} Jo uoneldwos ays e ‘adid HA g Y1 punoe uonnqUIsIp in

¢8'0 JO 10308} UOnONpaI
ssaxd yueq :7°9 amnJig

153



ue ynm sisAjeue a3 ur ‘fjiyyoeq ay) jo uonarduioo ay1 18 ‘adid DA J ay3 punore ainssaxd

'6°0 JO 10308] UOLONPAL 998}I9jUI
Yuea Jo uonnquusiq :sz'9 aindiyg

154



Figure 6.26: Shear stress in the interface at the completion of the backfill with a reduction
factor of 1.0. Extreme shear stress: -4.66 kN/m> (See chapter 5 for the sign convention)

Figure 6.27: Shear stress in the interface at the completion of the backfill with a reduction
factor of 0.5. Extreme shear stress: -2.06 kN/m? (See chapter S for the sign convention)
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Figure 6.28: Effective normal stresses in the interface at the completion of the backfill

with a reduction factor of 1.0. Mean effective normal stress: -20 kPa (See chapter.5 for
the sign convention)

Figure 6.29: Effective normal stresses in the interface at the completion of the backfill

with a reduction factor of 0.5. Mean effective stress: -15 kPa (See chapter 5 for the sign
convention)
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CHAPTER 7
EVALUATION OF CURRENT ANALYTICAL METHODS

The results of the theoretical deformations of the FRP pipe and the PVC pipe are presented in
this section. The elastic solution by Hoég, the modified Towa formula of Watkins and the
modified Jowa formula of Greenwood and Lang are used to predict the deformations. The
results are compared with those of the finite element analyses and the field experiment of
Mohri and Kawabata in the case of the FRP pipe. The prism load is used as vertical applied
loads in the three methods.

7.1 The modified lowa formula of Watkins

The parameters used in the modified Iowa formula are

e D :10

* K :0.096 (90°

e ¥ :075m(FRP); 045m (PVC)

e EI :8908kNm%*m (FRP), 13.53 kN/m¥m (PVC)
* E' :13790 kPa (Howards, 1977)

* y1 :2331 kPa (Prism load)

* AX/AY:0.913 (Spangler, 1941)

The modified Iowa formula of Watkins gave acceptable results for the deflection of the pipe
when backfilling above the pipe’s crown. However, this method did not consider the initial
vertical elongation of the pipe caused by the compaction of the side fills. Table 7.1 presents
the results. If the initial vertical elongations and the initial horizontal deflections of the pipes
are subtracted from the total deformations, the results are comparable. In the case of the FRP
pipe, the experimental results of Mohri and Kawabata give a horizontal elongation of 2.5 and
a vertical deflection of —1.75, which are close to the predictions by the Watkins’ formula. In
the case of the PVC pipe, the adjusted FE results give a horizontal elongation of 1.672 and a
vertical deflection of —1.951.
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Table 7.1: Deformations, in mm, of the pipe predicted by the Watkins’ Iowa formula

Type of Watkins’ formula FE Analysis Field experiment
pipe AX AY AX AY AX AY
FRP 26 2.8 -14.0 12.9 -10.5 12.5
PVC 23 2.5 -4.7 2.8 - -

7.2 The modified lowa formula of Greenwood and Lang

The pipe-soil interaction coefficient, the Leonhardt relationship and the initial ovalization are
added to the modified Iowa formula in order to provide more accurate predictions of the pipe
deformations. The inclusion of the pipe-soil interaction coefficient and the Leonhardt
relationship into the formula reduced the clongations and the deflections given by the
standard modified Iowa formula. The results are presented in Table 7.2. Note that an
arbitrary initial ovalization of 1.0% for the FRP pipe and 0.5% for the PVC pipe have been
chosen. The value proposed by Greenwood and Lang (1990) does not reflect the initial
ovalization obtained in the field experiment of Mohri and Kawabata (1995) and in the FE
analysis with the PVC pipe.

The pipe-soil interaction coefficients are
e 1.13 for the FRP pipe
e 1.82 for the PVC pipe

The Leonhardt factors are
e 1.28 for the FRP pipe
® 1.25 for the PVC pipe

Table 7.2: Deformations, in mm, of the pipe predicted by the modified lowa formula of Greenwood
and Lang

Type of G. and L. formula FE Analysis Field experiment
pipe AX AY AX AY AX AY
FRP -13.2 13.0 -14.0 12.9 -10.5 12.5
PVC -3.4 33 4.7 2.8 - -

158



7.3 The elastic solution of Héeg

The elastic solution of Héeg does not take into account the initial ovalization, but it allows
computing pipe deformations with or without free slippage ét the interface. In addition,
stresses and displacements are available at any point around the pipe. Table 7.3 presents the
deformation predictions, and Figures 7.1 and 7.2 present the normal stress predictions. The
table considers only the deformation of the pipes when backfilled above the crown.

The parameters used in the equations are
e p :2331kPa

e k£ :0528

e Rr :1

e v :02

e v. :03

e M :5605kPa

e E. :28050MPa (FRP); 2760 MPa (PVC)
e D :1.516 m(FRP) 0.972 m (PVC)

e ¢ :0.0155m(FRP) 0.0389 m (PVC)

Table 7.3: Deformations, in mm, of the pipe predicted by the elastic solution of Hoéeg

Pipe | Freeslippage | No slippage | FE interface | FE no interface | Field exp.
AX AY AX AY AX AY AX AY AX | AY
FRP | 49 -5.0 23 24 47 -5.0 4.0 -3.8 25 | -1.8
PVC | 25 -2.6 1.1 -1.3 1.7 -2.0 - - - -

7.4 Discussion

Although the modified Iowa formula of Watkins did not consider the initial ovalization, it
gave a fairly good prediction of the horizontal elongation caused by the overburden pressure
in the field experiment with the FRP pipe. There was a slight difference in the prediction of
the vertical deflection due the non-elliptical deformation of the pipe. The standard ratio
AX /AY from Spanglér’s experiments is 0.913. However, the field measurements gave a
deformation ratio of 1.4. In the case of the PVC pipe, it is only possible to compare the
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results with the FE analysis. The modified Iowa formula estimated a higher deformation by
about 0.06% of the diameter, which is very small. Generally, the Marston-Spangler theory
gave acceptable results, and the FE analysis tends to overestimate.

The additions of Greenwood and Lang (1990) made the deformations readily comparable
with the field measurements and the FE analysis. This formula overestimates the
deformation of the FRP pipe by about 0.17% of the diameter, which is considered good. The
prediction for the PVC pipe is about 0.14% of the diameter compared to the FE analysis.
Again, differences were caused by the non-elliptical deformations. The pipe-soil interaction
coefficient is a function of the diameter and the flexural rigidity of the pipe. An increase of
the diameter and a decrease of the flexural rigidity result in an increase of the horizontal
elongation of the pipe. Regarding the Leonhardt relationship, an increase of the ratio of the
embedment modulus to the native soil modulus and the ratio of the trench width to the pipe

diameter result in an increase of the horizontal elongation of the pipe.

The solution of Hoeg is based on the elastic theory and implies assumptions that simplify the
analysis. The soil material is assumed linearly elastic, isotropic and homogenous. The loads
applied on the pipe are symmetrical with respect to the horizontal axis and the vertical axis.
The horizontal load is also dependent on the coefficient relating the vertical load to the
horizontal load. The boundaries are assumed to be at least one pipe diameter away from the
buried pipe. The mathematical solution is expressed in terms of the compressibility ratio, C,
and the flexibility ratio, . The compressibility ratio relates the compressibility of the pipe
material to that of a solid soil cylinder. This ratio is very small in the current study; thus, it
did not have a major effect. The flexibility ratio relates the flexibility of the pipe material to
the compressibility of a solid soil cylinder. The flexibility ratio influenced the displacements

and the stresses of the pipe.

The predictions of the FRP pipe deformations using the Hoeg’s solution with free slippage
are very close to that of the FE analysis with interface elements. Therefore, this method
tends to overestimate the deformation of the pipe measured in the field experiment by about
15%. The results without slippage at the interface are more representative of the field test
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results. Calculated results are also about 15% lower than the predictions using the FE
method without interface elements. In the case of the PVC pipe, the estimations are about

5% higher than that of the FE analysis.

As shown in Figures 8.1 and 8.2, the normal stress distribution using the Hoég solution did
not reflect the distribution using the FE analysis. The compaction simulation in the FE
analysis, which considerably influenced the stress distributions, may cause this difference.
Moreover, the normal stress distributions in the analysis by Héeg and the present analysis did
not reflect the results obtained in the field experiment of Mohri and Kawabata (see Figure

6.29).
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CHAPTER 8
SUMMARY AND CONCLUSIONS

The behaviour of a buried Fiber Reinforced Plastic (FRP) pipe and a buried Poly Vinyl
Chloride (PVC) pipe, with diameters of 1500-mm and 900-mm respectively, were analysed
with the PLAXIS finite element code and with some analytical methods. The analyses were
based on the field experiment and numerical analysis of Mohri and Kawabata (1995)

presented in the literature review.

The literature review identified the most frequently used analytical methods to analyse buried
flexible pipes. These methods are the Marston (1913) theory, the Iowa formula by Spangler
(1941), the modified Iowa formula by Watkins (1958), the modified fowa formula by
Greenwood and Lang (1990), the elastic solution by Burns and Richard (1964), the elastic
solution by Hoeg (1968), the viscoelastic solution by Chua and Lytton (1989) and the finite
element method. The finite element method is proven to be superior because of its capability
to consider non-linear soil behaviour, non-homogeneous backfill material and stages of
construction. In addition, the literature review presented the failure modes of flexible pipes
and an investigation on soil-structure interface behaviour.

An experimental program was undertaken on a PVC-Stone dust interface using the Cyclic
Three-Dimensional Interface (C3DI) device (Fakarhian and Evgin, 1996). It was found that
the shear strength of the interface is not significantly influenced by the surface roughness of
the PVC surface with the normal stress varing from 100 to 300 kPa. However, the shear
strength tended to decrease as the number of cycles increased. The results also showed that
there is no adhesion at the PVC-Stone dust interface and that the ratio of the interface friction
angle to the soil friction angle is about 0.67. Further studies should be done to analyse the
behaviour of different kinds of soils under various moisture content, and under constant

normal stresses below 100 kPa.

Two numerical analyses were performed on a Fiber Reinforced Plastic (FRP) pipe in order to
point out the effect of interface elements on the numerical results. The first analysis included
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interface elements and gave a good approximation of the deformations of the pipe in the field
experiment of Mohri and Kawabata (1995). The second analysis did not include interface
elements. Consequently, the vertical elongation was 30% greater. The interface elements
have a significant influence on the deformations of the pipe when backfilling from the
bedding to the crown. However, they did not seem to influence the deformation of the pipe
during backfilling from the the crown to the ground surface.

The finite element analyses on the FRP pipe showed that the interface elements have also an
influence on the earth pressure distribution around the pipe and the forces in the pipe wall. In
the analsysi without interface elements, there was an increase of 40% of the normal force in
the pipe, and an increase of 20% of the bending moment at the springline. Arching effect
was observed in both analyses. However, it was more pronounced in the analysis with
interface due to the relative movement of the backfill along the pipe wall. An increase of
earth pressure of 50% at the springline, and a decrease of 50% at the invert were observed in
the case of the analysis where the soil elements were directly connected to the beam
elements. The earth pressure calculated and measured by Mohri and Kawabata (1995) were
higher than the results obtained in the present analysis. The PLAXIS finite element code
should be improved in order to simulate the compaction more adequately. The method used
in this thesis caused some iteration problems. In addition, it would be useful and more

realistic to be able to modify the soil properties throughout an analysis.

The analyses on the PVC pipe measured the influence of the interface shear strength on the
deformation of the pipe, and on the earth pressure distribution around the pipe. It was
observed that the reduction of the interface shear strength by 50% did not influence the
deformation of the pipe. However, the weaker interface caused a decrease of 26% of the
earth pressure at the crown, and 30% at the invert. Further study should be undertaken on the

effect of the interface shear strength on a deep buried flexible pipe.
The analytical methods used to predict the behaviour of the FRP and the PVC pipe were the
modified Iowa formula by Watkins (1958) and Grenwood and Lang (1990), and the elastic

solution of Hoeg (1968). The Watkins’ modified Towa formula gave results somewhat close
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to the field experiment of Mohri and Kawabata (1995) if the deformation due to the stages of
construction are not taken into account. Moreover, it is assumed in the Iowa formula that the
pipe deforms as an ellipse, which is not the case for low stiffness pipe. The modification
brought by Greenwood and Lang (1990) made the results more readily comparable with
those of the field experiment because it takes into account the stages of construction. The
predictions overestimated the horizontal deflection by about 25%. The elastic solution of
Hoeg (1968) with no slippage at the interface provided good approximations of the field
experiment. The analysis with free slippage overestimated the horizontal deflection by
almost 100%. This analytical solution does not consider the stages of construction.
Therefore, the results of the earth pressure distribution are not comparable with the finite

element analyses and the field experiment.
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APPENDIX
DATA OF THE INTERFACE TESTS

First series of tests

Test #A

Type of test: Monotonic test in the Y direction
Boundary condition: Constant normal stress
Soil sample: New stone dust

Plate: Scratched PVC

Roughness (Ra): Y: 0.574 ym X:0.334 um
on = 100 kPa

Initial normal displacement: -0.62 mm
Maximum shear stress: -54.5 kPa

Normal displacement: Z: -0.16 mm

Relative density of the soil sample: 81.57 %
Friction angle of the interface o;: 28.6°
Coefficient of friction: 0.55

Test #B

Type of test: Monotonic test in the Y direction
Boundary condition: Constant normal stress
Soil sample: New stone dust

Plate: Scratched PVC

Roughness (Ra): Y: 0.88 um X:0.65 um
on =300 kPa

Initial normal displacement: -0.87 mm
Maximum shear stress: 169.5 kPa

Normal displacement: Z: 0.09 mm
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Relative density: 97.25 %
Friction angle of the interface g;: 29.5°
Coefficient of friction: 0.57

Test #C

Type of test: Monotonic test in the Y direction
Boundary condition: Constant normal stress
Soil sample: New stone dust

Plate: Scratched PVC

Roughness (Ra): Y: 1.454 ym X:1.516
G, = 500 kPa

Initial normal displacement: - mm

Maximum shear stress: -281.9 kPa

Norma! displacement: Z: -0.47 mm

Relative density: 93.0 %

Friction angle of the interface g;: 29 4°
Coefficient of friction: 0.56

Second series of tests ( + / - are the direction of the test as shown in Figure 8.12)

Test #1

Type of test: Cyclic test in the X direction
Boundary condition: Constant normal stress
Soil sample: New crushed stone

Plate: New PVC

Roughness (Ra): 0.0 yum

G, =200 kPa
Initial normal displacement: -0.69 mm
Maximum shear stress: X+:106.6 kPa

X-:-118.8 kPa
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Normal displacement: Z:-0.09 mm Z:-0.22 mm
Relative density: 87.64 %

Friction angle of the interface ¢;: 30.7°

Coefficient of friction: 0.59

Test #2

Type of test: Cyclic test in the X direction
Boundary condition: Constant normal stress
Soil sample: New crushed stone

Plate: Scratched PVC from the previous test
Roughness (Ra): X: 0.492 um Y:0.75 um

on = 200 kPa

Initial normal displacement: -0.69 mm

Maximum shear stress: X+:108.6 kPa X-:-107.3 kPa
Normal displacement: Z:-0.12 mm ’ Z:-0.3 mm

Relative density: 94.37 %
Friction angle of the interface g;: 28.5°
Coefficient of friction: 0.54

Test #3

Type of test: Cyclic test in the X direction
Boundary condition: Constant normal stress

Soil sample: New crushed stone

Plate: From the previous test

Roughness (Ra): X: 0.852 um Y:0.886 um

Gn =200 kPa

Initial normal displacement: -0.8 mm

Maximum shear stress: X+:100.5 kPa X-:-115.4 kPa
Normal displacement: Z:-0.08 mm Z:-0.22 mm
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Relative density: 88.6 %
Friction angle of the interface g;: 30°
Coefficient of friction: 0.58

Test #4

Type of test: Cyclic test in the X direction
Boundary condition: Constant normal stress
Soil sample: New crushed stone

Plate: From the previous test

Roughness (Ra): X: 1.37 um 0.956 um
on =200 kPa

Initial normal displacement: -0.86 mm
Maximum shear stress: X+:107.3 kPa
Normal displacement: Z:-0.14 mm
Relative density: 84.24 %

Friction angle of the interface ;- 28.7°
Coefficient of friction: 0.55

Test #5

Type of test: Cyclic test in the X direction
Boundary condition: Constant normal stress
Soil sample: New crushed stone

Plate: From the previous test

Roughness (Ra): X: 1.082 um Y:1.396 um

On = 200 kPa

- Initial normal displacement: -0.65 mm
Maximum shear stress: X+:108.0 kPa
Normal displacement: Z:-0.09 mm

- Relative density: 93.35 %

X-:-109.3 kPa
Z:-0.3 mm

X-:-112.7 kPa
Z:-0.22 mm
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Friction angle of the interface o;: 29.4°
Coefficient of friction: 0.56

Test #6

Type of test: Cyclic test in the X direction
Boundary condition: Constant normal stress
Soil sample: New crushed stone

Plate: From the previous test

Roughness (Ra): X: 0.99 ym Y: 1.568 um
On =200 kPa

Initial normal displacement: -0.86 mm
Maximurmn shear stress: X+:105.9 kPa
Normal displacement: Z:-0.07 mm
Relative density: 91.08 %

Friction angle of the interface o;: 27.9°
Cocfficient of friction: 0.53

X-:-203.1 kPa
Z:-0.22 mm

Comment: For this test, I did zero the load cell X1 for the second part of the cycle. That
explains the high shear stress value of -203.1 kPa. A load cell computes the load from the

strain increment between an interval of time. In this particular case, there is tension in the

cell during the first part of the cycle. At the beginning of the second part, or when the

plate

going back to the starting point, the load cell will still read tension from the strain gage, and
then the tension will start to reduce and get into the compression phase. However, if the
value of the load cell is zeroed after the first part, the strain gages will compute the increment

from zero. Therefore, the load cell will indicate compression even if there is still tension in

the load cell.

Test #7
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Type of test: Cyclic test in the X direction
Boundary condition: Constant normal stress

Soil sample: New crushed stone

Plate: From the previous test

Roughness (Ra): X: 1.154 um Y:2244 ym
Gn =200 kPa

Initial normal displacement: -0.82 mm

Maximum shear stress: X+:102.6 kPa X-:118.8 kPa
Normal displacement: Z:-0.07 mm Z:-0.22 mm
Relative density: 86.81 %

Friction angle of the interface g;: 30.7°

Coefficient of friction: 0.59

Test #8

Type of test: Cyclic test in the Y direction

Boundary condition: Constant normal stress

Soil sample: New crushed stone

Plate: From the previous test

Roughness (Ra): X: 1.158 um Y:2.346 um

On = 200 kPa

Initial normal displacement: -0.75 mm

Maximum shear stress: Y+:-106.2 kPa Y-: 114.4 kPa

Normal displacement: Z:0.05 mm Z:-0.31 mm

Relative density: 86.61 %
Friction angle of the- interface o;: 29.8°
Coefficient of friction: 0.57

Test #9

Type of test: Cyclic test in the X direction

X+:108.6 kPa
Z:-0.37 kPa
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Boundary condition: Constant normal stress
Soil sample: New crushed stone
Plate: New PVC

Roughness (Ra): 0.0 pm

on =200 kPa

Initial normal displacement: -0.61 mm_

Maximum shear stress: X+:112.0 kPa X-:125.5kPa
Normal displacement: Z:-0.07 mam Z:-0.22 mm

Relative density: 92.61 %
Friction angle of the interface g;: 32.1°
Coefficient of friction: 0.63

Comment: The displacements were mot constant. It may be due to the installation of the
LVDTs. However, the phenomenon did not happen in the next tests.

Test #10

Type of test: Cyclic test in the X directi-on
Boundary condition: Constant normal stress
Soil sample: Same as the test #9

Plate: Scratched PVC from the test #9

on = 200 kPa
Maximum shear stress: X+:114.0 kPa X-:-121.5 kPa
Normal displacement: Z:-0.31 mam Z:-0.39 mm

Friction angle of the interface g;: 31.3°
Coefficient of friction: 0.61

Comment: There is an increase in the shear stress at the end of the test in both directions.

Test #11

Type of test: Cyclic test in the X directiom
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Boundary condition: Constant normal stress
Soil sample: Same as the previous test
Plate: Same as the previous test

oL, =200 kPa
Maximum shear stress: X+:112.7 kPa
Normal displacement: Z:-0.43 mm

Friction angle of the interface g;: 30.7°
Coefficient of friction: 0.59

Test #12

Type of test: Cyclic test in the X direction
Boundary condition: Constant normal stress
Soil sample: Same as the previous test

Plate: Same as the previous test

G, =200 kPa
Maximum shear stress: X+:109.3 kPa
Normal displacement: Z:-0.51 mm

Friction angle of the interface o;;: 30.4°
Coefficient of friction: 0.59

Test #13

Type of test: Cyclic test in the X direction
Boundary condition: Constant normal stress
Soil sample: Same as the previous test

Plate: Same as the previous test

Gn = 200 kPa
Maximum shear stress: X+:114.0 kPa
Normal displacement: Z: -56 mm

Friction angle of the interface g;: 30.0°

X-:-118.8 kPa
Z:-0.48 mm

X-:-1174 kPa
Z:-0.53 mm

X-:-115.4 kPa
Z:-0.58 mm
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CoefTicient of friction: 0.58

Test #14

Type of test: Cyclic test in the X direction
Boundary condition: Constant normal stress
Soil sample: Same as the previous test

Plate: Same as the previous test

o, =200 kPa
Maximum shear stress: X+:108.6 kPa
Normal displacement: Z:-0.6 mm

Friction angle of the interface &;: 29.6°
Coefficient of friction: 0.57

Test #15

Type of test: Cyclic test in the X direction
Boundary condition: Constant normal stress
Soil sample: Same as the previous test

Plate: Same as the previous test

on =200 kPa
Maximum shear stress: X+:107.3 kPa
Normal displacement: Z:-0.63 mm

Friction angle of the interface o;: 29.4°
Coefficient of friction: 0.56
Test #16

Type of test: Cyclic test in the X direction
Boundary condition: Constant normal stress

X-:-113.4 kPa
Z: -0.62 mm

X-:-112.7 kPa
Z:-0.63 mm
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Soil sample: Same as the previous test
Plate: Same as the previous test

G» = 200 kPa
Maximum shear stress: X+:108.6 kPa
Normal displacement: Z:-0.65 mm

Friction angle of the interface g;: 29.4°
Coefficient of friction: 0.56

Test #17

Type of test: Cyclic test in the X direction
Boundary condition: Constant normal stress
Soil sample: Same as the previous test
Plate: Same as the previous test

Roughness (Ra): X: 1.37 Y:2.346

On = 200 kPa ,

Maximum shear stress: X+:106.6 kPa
Normal displacement: Z: -0.68 mm
Friction angle of the interface o;: 29.1°
Coefficient of friction: 0.56

X-:-112.7 kPa
Z:-0.66 mm

X-:-111.3 kPa
Z:-0.68 mm
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Figure A.1: Initial surface roughness at point 1Y (See Figure 8.12) of the PVC plate sheared
with a constant normal stress of 100 kPa in test A.
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Figure A.2: Initial surface roughness at point 1Y (See Figure 8.12) of the PVC plate sheared
with a constant normal stress of 300 kPa in test B.
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Figure A 3: Initial surface roughness at point 1Y (See Figure 8.12) of the PVC plate sheared
with a constant normal stress of 500 kPa in test C.
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Figure A_4: Initial surface roughness at point 1Y (See Figure 8.12) of the PVC plate sheared
with a constant normal stress of 200 kPa in test #2.
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Figure A.7: Initial surface roughness at point 1Y (See Figure 8.12) of the PVC plate
sheared with a constant normal stress of 200 kPa in test #4.
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Figure A.8: Initial surface roughness at point 1Y (See Figure 8.12) of the PVC plate
sheared with a constant normal stress of 200 kPa in test #5 .
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Figure A.11: Initial surface roughness at point 1X (See Figure 8.12) of the PVC plate tested
with a constant normal stress of 200 kPa in test #6.
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Figure A.12: Initial surface roughness at point 1Y (See Figure 8.12) of the PVC plate sheared
with a constant normal stress of 200 kPa in test #7
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Figure A.13: Initial surface roughness at point 1X (See Figure 8. 12) of the PVC plate tested
with a constant normal stress of 200 kPa in test #7.
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Figure A.14: Initial surface roughness at point 1Y (See Figure 8.12) of the PVC plate sheared
with a constant normal stress of 200 kPa in test #8
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Figure A.15: Initial surface roughness at point 1X (See Figure 8.12) of the PVC plate tested
with a constant normal stress of 200 kPa in test #8.
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Figure A.16: Surface roughness at point 1Y (See Figure 8.12) of the PVC plate sheared with
a constant normal stress of 200 kPa in test #9
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