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Abstract. The integral bridge abutment, as a special type of retaining wall, is subject to cyclic displacement, which is due
to the daily and seasonal temperature variations. The frame of this type of bridges is rigid and jointless. This requires that
the slab of the bridge to be longitudinally continuous without expansion joints. This causes cyclic displacement to be im-
posed to the backfill material of integral bridge abutment. It should be pointed out that the omission of expansion joints
helps to provide a fluent traffic and a reduction in maintenance and repair of the bridges. To investigate the impact of cy-
clic displacement on the loose backfill soil behaviour, an innovative laboratory retaining wall model has been designed
and constructed to imitate the cyclic behaviour of backfill granular material. In addition, a numerical model, based on fi-
nite element method, has been developed to interpret the experimental results. This model was calibrated using the labora-
tory test data. The results indicate that the passive pressure, except for low amplitude displacement, escalates with pro-
gressive number of cycles and its distribution is not linear, which is due to the forming arch.
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Introduction

Integral bridges abutment are jointless bridges where the
superstructure is connected with the abutment. The rigid
connection enables the abutment and superstructure to act
as a single structural unit. This is due to the removal of
expansion joints in the slab of integral bridges. This type
of joints is widely used in the slab of traditional bridges
(Khodair, Hassiotis 2005). The expansion joints in tradi-
tional bridges are the main reason for damages. Evalua-
tion of cost maintenance, confirmed the joint removal in
these bridges. (Marques Lima, de Brito 2009; Wallbank
1989; Ahn et al. 2011; Charuchaimontri et al. 2008). The
consequence of the joint removal is that the bridge deck
to be continuous. The daily and seasonal variations of
temperature result in thermal expansion and contraction
of deck (Arsoy 2000; Duncan, Arsoy 2003; Kim, Laman
2010a). This, in turn, results in imposition of cyclic hori-
zontal displacements to the backfill soil of the abutments
(Darley efal. 1998; Dicleli, Albhaisi 2004; Hoppe,
Gomez 1996).

Figure 1 shows imposition of cyclic movement to
the integral bridge deck to the wall abutment. If the ambi-
ent temperature and coefficient of thermal expansion of
the bridge are J;;p and « respectively, the change in the
length of the bridge, d,, can be calculated as (Dicleli,
Albhaisi 2004; Emerson 1977):
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Fig. 1. Imposition of cyclic movement of integral bridge deck to
the wall abutment
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in which L is the length of bridge deck (Fig. 1).

In practices, the soil at the back of the bridge abut-
ment would resist against deck elongation. The actual
bridge deck elongation is, therefore, less than d,. Dicleli
(2000) showed that the actual bridge deck elongation, d,
could be calculated as (Fig. 1):
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d=d,—-d,, 2)

in this relation d. is the amount of deck contraction due to
the backfill material resistance (Dicleli 2000). Obviously,
d, is depended to the bridge axial stiffness. However, the
effect of backfill soil resistance on behaviour of the
abutment wall movement is mostly neglected (Alizadeh
et al. 2010).

The integral bridge abutments are generally ana-
lysed in plane strain condition. This assumption is rea-
sonable since the abutment wing walls provide restraint
of the soil transversely. If any out-of-plane deformation
occurs, a plane strain analysis will overestimate the earth
pressure (Phillip ef al. 2010). Figure 2 shows the sche-
matic view of an integral bridge abutment.
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Fig. 2. A schematic view of integral bridges abutment

In spite of a lot of numerical and experimental
works in passive pressure evaluation, the behaviour of
this type of bridges has not already been well defined
(Dicleli, Erhan 2010; Erhan, Dicleli 2009; Fang et al.
1994, 2002; Fang, Ishibashi 1986; James, Bransby 1970;
Kim, Laman 2010b; Noorzaei et al. 2010).

A wide range of experimental research deals with
investigation on the induced lateral earth pressure due to
the cyclic movement of bridge deck (Barker, Carder
2001, 2000; Broms, Ingleson 1971, 1972; Card, Carder
1993; Horvath 2000; Sanford, Elgaaly 1993; Springman
et al. 1996; Thomson 1999; Tsang ef al. 2002).

Springman et al. (1996), for example, performed a
series of tests on a smooth and rigid wall. The wall of
their laboratory model was able to rotate about a hinge
located at its bottom. The induced stress on the face of the
wall was measured using the miniature pressure transduc-
er. Their results indicate an increase in lateral earth pres-
sure due to the cyclic movement. They also performed
more tests to investigate the effect of wall rigidity on the
pressure escalation. They recommended different magni-
tudes of the lateral earth pressure coefficients for rigid
and flexible walls. The results indicate this coefficient for
rigid wall is greater than that for flexible wall.

Barker and Carder (2001) performed in-situ tests in
which pressure escalation behind a bridge abutment was
measured. The length of the bridge was 40 m and lateral
movement and stress behind the bridge abutment were
evaluated. They observed a trend of the pressure increase
during daily and seasonal temperature variations. Again,
they evaluated stress variations of two bridges abutment.

257

The pressure and movement of the abutments were rec-
orded during construction and the first year of operation.
The results indicate that lateral earth pressure during con-
struction, which was around at rest pressure, increased
gradually afterwards. More investigations indicate that
the lateral earth pressure distribution is not linear and
reaches its maximum value near to the middle of abut-
ment (Barker, Carder 2000).

England and Bolouri-Bazaz (1995) indicate that
stress increases with depth initially and decreases gradu-
ally in the region adjacent to the wall bottom. This phe-
nomenon can be well interpreted by forming arch in this
region. The stress reduction due to the arching effect has
been reported by many other researchers (Chen et al.
2011; Paik, Salgado 2003; Roberts 2010).

1. Research significance

The main objective of this research is to investigate the
influences of cyclic displacement on the behaviour of
sandy soil behind the abutment bridge. The present re-
search has been mainly divided into two parts:
1) An adoption a numerical model to predict the pres-
sure distribution on the face of a retaining wall, sub-
ject to the cyclic displacement. The finite element
approach has been adopted to predict the perfor-
mance of the backfill material and the lateral pres-
sure escalation on the wall face;
2) Development a laboratory retaining wall model in
order to validate the numerical model results. In ad-
dition, the strategies adopted by the Authors to carry
out and interpret laboratory test results are included.
To achieve the above objectives, the Authors de-
signed a laboratory wall model. Since the integral bridge
abutments are generally analysed in plane strain condition
and in practice, the abutment is mostly built in reinforced
concrete, it is relatively rigid (Alizadeh et al. 2010). This
is the reason that the retaining wall model was designed
in such a way to maintain the plane strain condition. In
addition, the wall itself was made from hard plastic and
stiffened by backing alloys, to increase its rigidity. This
facilitated to apply cyclic movement to the backfill mate-
rial. In addition, the previous research clearly indicates
that the effect of seasonal temperature variations and
combination of daily-seasonal temperature variations are
approximately identical (England et al. 2000). This is the
reason that the temperature combination has not been
considered in the present study.

The specifications of the laboratory model are pre-
sented in the following sections.

2. Backfill material properties

Firooz-Kouh sand with a similar gradient, texture and
colour to Leighton Buzzard sand, was used in the current
research. This sand was poured into the experimental
device from a constant drop height of 100 mm. Figure 3
shows the Firooz-Kouh gradient.
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Fig. 3. Particle size distribution of Firooz-Kouh sand

The friction angle (¢) of this sand and friction angle
between sand and wall using Triaxial and Direct Shear
tests respectively (ASTM D4767, D3080). Due to the
smoothed face of the wall, the friction angle between the
walls and sand, which was measured by Direct Shear
device, was very low and nearly to zero. The specifica-
tions of backfill material are gathered in Table 1.

Table 1. Specifications of Firooz-Kouh sand

Unit weight v 13.92 (KN/m’)
Friction angle ) 32.5°
Cohesion C 0 (KN/m?)
Elasticity modulus E 1.64x10* (kN/m?)
Specific gravity Gy 2.71
Relative density D, 27+2%
Poisson’s ratio 0.3

3. Numerical model

To investigate the behaviour of sandy soil behind the
bridge abutment, the Authors have developed a numerical
model. The following section is a brief description of the
numerical model.

3.1. Model specifications

The length and height of the developed numerical model
were considered 1900 mm and 800 mm respectively. The
numerical model dimensions were the same as in the
experimental device, which has been described in the
next section. Figure 4 illustrates the developed finite ele-
ment numerical model in the present research.
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Fig. 4. Finite element numerical model

The hinge, around which the wall rotates, is located
100 mm above the bottom of the wall. The finite element,
as a numerical method, was used to investigate the effects
of cyclic displacement on the backfill material of the
retaining walls.

3.2. Soil modelling

Soil is a complicated material, which behaves non-
linearly and often shows anisotropic and time dependent
behaviour when subjected to stress. Various constitutive
models have been proposed by several researchers to
describe this nonlinearity behaviour. Several researchers
discuss different models such as Mohr-Coulumb, Druck-
er-Prager, Duncan-Chang, Cam Clay, Soft Soil and Hard-
ening Soil.

Olmo Segovia (2006) studied the behaviour of back-
fill material behind a steel box culvert. He indicated that
in integral bridge abutments, the Mohr-Coulumb model in
comparison with hardening model provides better corre-
spondence to the field measurements. In addition, many
researchers have used Mohr-Coulumb model for analysis
of integral bridge abutments (Banks et al. 2008; Carlstedt
2008). It is evident that the hardening soil model may
lead to more accurately results, but more parameters are
required and makes it complicated.

The Mohr-Coulumb is an implicit model with five
parameters, which can be easily and accurately deter-
mined in soil lab. In general, stress state, the model’s
stress-strain behaves linearly in the elastic range, with
two defining parameters from Hooke’s law (E and v). In
addition, there are two parameters, which define the fail-
ure criteria (the friction angle, ¢, and cohesion, c¢) and a
dilatancy angle, . which to describe the flow rule. The
dilatancy angle (y) is normally used in cohesion-less
materials and is dependent on the relative density and
friction angle of the soil. For a soil material with friction
angle greater than 30°, the soil tends to dilate at small
strain conditions. The dilatancy used in the numerical
model is therefore considered approximately equal to ¢-
30° (Bolton 1986).

3.3. Model formulation

In plane strain, one deals with a situation in which the
deformation of the structure in two directions, say the x
and z coordinate directions, is large in comparison with
the third directions (y-coordinate). In other words the
geometry of the structure is in such a way that the defor-
mation in one direction is essentially zero or very small
and negligible. One of the important practical applica-
tions of this situation occurs in the analysis of integral
bridge abutment (Phillip ez al. 2010).

In the formulation of material model in plane strain
condition, the stress and strain tensors must be modified.
The stress tensor can be represented by a matrix with nine
components. Since the stress tensor is symmetric, i.e.

Gy =0y, Oy, =0, and 6., =0, it involves only six

components:
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Similarly, the strain tensor is symmetric, it involves only
six components, i.e.:

™|

= (gxx Syy €. Y){}/ Yy: Y =x )T . (5)
Again in plane strain condition:

Based on the above formulation the proposed model
has been modified for plane strain condition.

In this model, according to the classical theory of
plasticity, the total strain can be decomposed into elastic
and plastic parts when the stress state reaches the yield
surface, i.e.:

{de} ={de®} +{deP} . @)

The Hooke’s law relates the stress and elastic strain in-
crements as follows:

{do} =[E£°{de’}, ®)
by using of Eqn (7) and Eqn (8) we have:
{do} =[E°]({de} —{deP}). (€)]

In general, the plastic strain increment is written as fol-
lowing the normality rule:

{deP} = \{og/oc} . (10)

where: A is a scalar plastic multiplier that can be calculat-
ed by Forward Euler’s method (Smith, Griffiths 1998);
and g is the plastic potential function. According to For-
ward Euler’s method and Mohr-Coulumb model:

__ {of/ooylE°]
{0f |6} [E€1{0g/oc}

Substitute Eqn (11) and Eqn (10) into Eqn (9):

(ds} . (11)

[E€1{0g/0c}{0f /oc}[E°]
{0f oo} [E€1{0g oo}

where £ is yield function and g is plastic potential func-
tion.

It is appreciated that the Mohr-Coulumb is elastic
perfectly plastic. This model is applicable for the first
loading. For the second and subsequent cycles, the mesh
is updated and the stiffness matrix is progressively modi-
fied. This model, in turn, is therefore updated which
means that the model may be considered as a non-linear
one.

It is well known that the stiffness of real soils de-
pends significantly on the stress level. This means that the
stiffness, which is generally referred as deformation
modulus, can increases with depth. In the developed nu-

{do;} =([Ee]— ]{ds} . (12)
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merical model, it is possible to specify a stiffness that
varies with depth. Since the height of the laboratory mod-
el is short, the magnitude of deformation modulus has
been considered constant.

3.4. Computational algorithm

This numerical model is a 2-D finite element program
designed to solve plane strain problems. The Figure 5
shows schematically the flow chart of the FE developed

code.
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Fig. 5. A schematic flow chart for numerical model

Total stress-strain

‘Update deformation mesh|

This program discreteness the soil mass and em-
ploys triangular element with 6 and 15-nodes. This code
has a simple mesh generator to define the distribution of
elements for each problem. The program provides soil,
wall and interface elements.

Since in the laboratory model, the wall is completely
rigid, it must be considered in the numerical model as
well. To maintain wall rigidity, a linear displacement was
applied to the wall in the numerical model. The applied
displacement (which is equal to d/2), varies linearly from
the top to the bottom of the wall. This means the applied
displacement reaches to zero at the hinge (Fig. 1). This
ensures that no nonlinear deformation occurs in the wall
element in the model, i.e. the wall remains totally rigid.
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For soil-structural interaction situation, such as re-
taining wall, relative deformation of wall with respect to
the soil must be properly modelled. A continuum element
which satisfies deformation compatibility between soil
and structure should be considered in the numerical mod-
el. An interface element is used to model this situation.
Many methods including use of thin continuum element,
linkage element, Hybrid method and zero or finite thick-
ness element have been proposed to model discontinuous
behaviour at the soil-structure interface (Potts,
Zdravkovic’ 2001). However, the zero or finite thickness
method has been employed in the current research. These
elements allow defining reduced/increased strength pa-
rameters between the two different types of elements.
Thin rectangular interface element with six nodes was
used between soils and structural elements. The interface
element had a zero thickness in the finite element formu-
lation. However, a small virtual thickness was assigned to
the interface element, which was used to define the mate-
rial properties of the interface. The material properties of
the interface element were the same as those of surround-
ing soil elements, except that a strength reduction factor
(Riner), defined as the ratio of the interface strength to the
shear strength of surrounding soils, was used for the inter-
face element.

The properties of interface element are calculated
from the soil properties, i.e.:

¢, =R

i inter Csoil »

(13)
)

In general, for real soil-structure interaction the in-
terface is weaker and more flexible than associated soil
layer, which means that value of Rj,.. should be less
than 1 (Das 2002). However, since the interface is con-
sidered smooth, this parameter has been set to be as low
as possible, 0.1.

tan; = Ripi,, tan ¢,y Standy,;; -

4. Specifications of the experimental device

The dimensions of the experimental device are 400 mm
wide and 850 mm high, allowing soil depth up to 800 mm
to be filled. The length of the apparatus is long enough to
allow the rupture surface to be formed wholly. Based on
the maximum friction angle of the backfill sand which
measured as ¢ = 40° and assuming plane rupture surface
with angle of 45+ ¢/2 with respect to vertical and
H =700 mm, the length of the apparatus, L, has been
calculated as:

L=H.tan(45+¢/2)~1500 mm. (15)

Since the rupture surface is not completely plane
and tends to be curvature, the length of the laboratory
model is increased to 1900 mm. The frame of the model
wall was made from steel. In addition, the rigid retaining
wall itself was made from hard plastic material and stiff-
ened by backing alloys, to increase its rigidity. This pre-
vents deformity when applying load. The wall could ro-
tate about its toe by a hinge, which was installed in
100 mm, measured from the bottom of the apparatus res-
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ervoir bed. This resulted in up to 700 mm soil depth to be
contributed in test. The top wall displacement is achieved
by the aid of mechanical motor. The driving shaft of the
motor provides inward and outward displacement to sim-
ulate cyclic displacement.

Soil stress measurements were made on the face of
the wall using the pressure transducer with flat dia-
phragm, which was very sensitive to the lateral soil pres-
sure. Six pressure transducers, PT1 to PT6, are installed
at the height of H =20, 30, 40, 50, 60 and 70 cm meas-
ured from the bed of the sand reservoir (Fig. 6). In addi-
tion, in order to observe the soil deformation during the
test, both longitudinal sides of the apparatus were made
from the thick (10 mm) glass panel. In addition, the hori-
zontal movements of the wall were captured; using two
LVDTs installed at the top and the middle of the wall.
This facilitated to measure the horizontal movement of
the wall and to control its rigidity during the test. The
reading of these LVDTs in all tests showed no wall bend-
ing occurred. Figure 6 illustrates a schematic presentation
of the apparatus.

Frame Retaining Wall
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Fig. 6. A schematic view of the retaining wall model apparatus

Furthermore, shown in Figure 7 is a general view of
the laboratory retaining wall model. As stated earlier, in
practice, the behaviour of the integral bridge abutment is
in plane strain condition. To maintain this condition in the
laboratory model, the glassy sidewalls (wing walls in
practice) were fixed inside a frame. This prevented the
lateral movement of sidewalls. It, in turns, results in plane
strain conditions to be maintained.

Fig. 7. A general view of the laboratory model apparatus

5. Test program

In the present research, a wide range of experimental tests
has been carried out. The main purpose of these tests was
to validate the numerical model results. Table 2 summa-
rizes the details of all tests.
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Table 2. The test program

No. of d2  d/(2H) Velocity Period Maximum

test (mm) (%) (mm/s) (s) number of

series Cycles
0.015 533

1 0.20  0.029 0.075 10.6 120
0.15 5.3
0.015 1333

2 0.50 0.071 0.075 26.6 80
0.15 133
0.015 266.6

3 1.00  0.029 0.075 533 80
0.15 26.6
0.015 466.6

4 1.75  0.029 0.075 933 80
0.15 46.6
0.015 653.3

5 245  0.029 0.075 130.6 50
0.15 65.3
0.015 1733.3

6 6.50  0.029 0.075 346.6 50
0.15 173.3

In this table, the magnitudes of displacement, rota-
tion, velocity of top wall movement, period and maxi-
mum number of cycles are gathered.

/2 (nm)

/2 (mm)

1 cycle

() ()

Active (away from the wall) Passive (towards the wall)

Fig. 8. The time-history of the applied displacement

In addition, the time-history of the applied dis-
placement is illustrated in Figure 8.

The following sections describe the effects of the
different velocity of wall movement, the magnitude of
wall rotation and the number of cycles on the lateral pas-
sive pressure.

6. Test results

Based on the test program (Table 2) the experimental test
results together with the numerical analysis are presented
in the following sections.

6.1. Effect of velocity magnitude

In this Section, the effect of different velocity of the top
of the wall movement on the lateral passive pressure in
the numerical model is investigated. The rate of move-
ment are including v=0.015, 0.075 and 0.15 mm/s. To
evaluate the numerical model results, cyclic tests were

also conducted using the laboratory wall model, with
various wall rotation including (d/2),.x= 0.2, 0.5, 1, 1.75,
2.45 and 6.5 mm (d/2 is top of the wall movement in
passive condition; see Fig. 1). The six-pressure transducer
installed on the wall face measured the stress escalation.
Figures 9 and 10 show comparative the passive pressure
escalation just for the first cycle for the numerical and
laboratory models respectively. As shown, the rate of
wall movement has no significant effect on the passive
pressure magnitude. This may be due to the very low
amplitude of velocity. In practice, of course, as we know,
the rate of retaining wall abutment of the integral bridges
is much less than these magnitudes (Darley et al. 1998). It
should be pointed, carrying the tests in the laboratory
with real velocity as in practice, takes a long time. Again,
it emphasizes that the wall movement velocity has no
significant effect on the magnitudes of passive earth pres-
sure. It is worth mentioning that in a specific wall rota-
tion, [e.g. (d/2)max = 2.45 mm], and in identical cycle, say
cycle 50, no significant difference between velocity of
v=0.015, 0.075 and 0.15 mm/s was observed. This is the
reason that data are shown just for the first inward
movement of the wall.

Furthermore, illustrated in Figure 11 is the compari-
son among the computed passive earth pressures from the
numerical model and the captured data from the laborato-
ry model just for the wall movement velocity of v=
0.075 mm/s (the first cycle). Satisfactory agreement be-
tween the predicted and measured wall response was
obtained.

As shown, the rate of wall movement has no signifi-
cant effect on the passive pressure magnitude. This is the
reason that the results reported here are just for the wall
movement velocity of v=0.075 mm/s.

6.2. Effect of wall rotation

The focus in the current section is on the magnitude of
wall rotation on the lateral passive pressure. For the pur-
pose, the top of the wall was horizontally pushed inward
(passive condition) and pulled backward to the initial
vertical condition and further to active condition and
repeatedly. A wide range of the wall rotation, starting
from vertical position, was considered to cover most
practical situations, including (d/2)y. = 0.2, 0.5, 1, 1.75,
2.45 and 6.5 mm, equivalent to the wall rotation (d/2H) of
0.029, 0.071, 0.143, 0.25, 0.35 and 0.929% respectively.
Theses value are selected in such a way to match with
practical values and other researchers tests (Lock 2002).
Figure 11 depicts the induced lateral passive earth
pressure on the face of the wall for the numerical and
laboratory test models. The results are shown only for the
first cycle. Comparison of the numerical analysis and
experimental data shows about 10 percent deviation,
which seems to be acceptable. The difference between the
numerical and experimental results may be due to the
assumptions considered in the numerical model. In the
present research, for example, the soil behavioural which
has been modelled with well known Mohr-Coulumb cri-
terion, is considered to be as elastic perfectly plastic. The
soil behaviour, however, does not exactly coincide with
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the model assumptions, which are essentially simplified.
To explain the results more precisely, the numerical anal-
ysis results together with the pressure at rest (k, = 1—sind)
and passive conditions (based on the Coulumb Theory),
i.e. k, and k, conditions are gathered in the Figure 12.
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Fig. 9. The effect of the wall movement velocity on the passive earth pressure (numerical model)
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Fig. 10. The effect of the wall movement velocity on the passive earth pressure (experimental model)
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—With increasing wall rotation amplitude, the magni-
tude of passive pressure increases and its distribu-
tion changes from liner to non-linear regime. In ad-
dition, the location of maximum pressure moves
gradually from the top of the wall towards the lower
region. In this case, the passive pressure distribution
can be divided two parts, above and below the max-
imum point;

—For (d/2)pax = | mm (namely medium rotation), dis-
tribution pressure in the above part lies between at
rest condition and passive condition (based on the
Coulumb Theory), and the below parts tends to de-
crease;

—For (d2)pax = 1.75, 2.45 and 6.5 mm (namely large
rotation), distribution of passive pressure in the
above part coincides well with the passive condition
(based on the Coulumb Theory). The below parts,
however, tends to decrease and deviate gradually
from the Coulumb Theory curve. This phenomenon
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suggests a different behavior of sand in these two
parts. It seems in the above part, sand behaves as a
plastic material, which is thought to be due to the
large amplitude of wall displacement. A decline in
passive pressure in the bottom part, however, is the
result of forming arch between the wall and material
(Tsang et al. 2002);

—It can be deduced that the magnitude of passive
pressure is not constant and depends to the magni-
tude of wall rotation. In practical, it is not conven-
ience to use Coulumb Theory for lateral earth pres-
sure evaluation.

6.3. Effect of number of cycles

Finally, the influence of number of cycles on the lateral
earth passive pressure is investigated. The results of the
numerical model, is shown in Figure 13. The test was
terminated when no significant changes in the magnitude
and distribution regime of passive pressure were ob-
served. The number of cycles, listed in Table 2.

The numerical results (Fig. 13) indicate a trend of
the increase in passive pressure with increasing number
of cycles. A comparison between the numerical and ex-
perimental results which are shown only for the
(dI2)max=2.45 and 6.5 mm (Fig. 14), indicates a good
agreement between numerical analysis and test data.

The most important following points can be deduced
from the results (Fig. 13):

—For small rotation of the wall [(d/2)u—= 0.2 and
0.5 mm], the magnitude and regime of passive pres-
sure are essentially independent of the number of
cycles. This must be due to the elastic behavior of
material and no destruction of the initial fabric of
backfill material and no reduction in the initial voids
ratio;

—For medium and large rotation of wall [(d/2)pa = 1,
1.75, 2.45 and 6.5 mm], the magnitude of passive
pressure increases with sequentially increasing
number of cycles, but its rate decrease, so that after
a limited number of cycles, the magnitude of passive
pressure remains roughly constant. Additionally
with increasing number of cycles, pressure on the
bottom part of the wall and near the hinge decreases.
This reduction in pressure is due to the increasing
arch effect;

—Figure 12 clearly indicates that the magnitude of
passive pressure in the first cycle lies between pres-
sure at rest and passive condition. In addition, with
increasing number of cycles the magnitude of pas-
sive pressure increases, i.e. the applied pressure to
the wall maybe even becomes larger than passive
pressure evaluated by Coulumb Theory.

7. Estimation of arch zone

As shown in Figure 12, when the wall is pushed inward to
the fully passive condition, with the increase in the wall
rotation amplitude, the passive pressure reaches to a max-
imum value after which decreases gradually. This clearly
indicates a decrease in the surcharge, i.e. a decrease in
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vertical stress in the bottom part. This reduction is due to
the forming arch between the wall and material, which
results in the bottom the wall; lateral passive pressure
decreases as well. If the wall starts to move back, formed
arch most suddenly to be destroyed, and the vertical stress
and horizontal pressure in turn, must be increased.

To investigate the process of arch formation, the
variations of the passive pressure and different magni-
tudes of wall rotation are illustrated in Figure 15. In this
section, the wall starts from at rest condition (vertical
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position), then wall is pushed inward to the fully passive
condition [(d/2)ma = 0.2, 0.5, 1.0, 1.75, 2.45 and 6.5 mm].
It is then pulled back to the fully active condition and
returned to the initial position. This is generally referred
to one cycle. The data taken from six pressure transduc-
ers, PT1 to PT6 (Fig. 6) are shown in Figure 15. It should
be noted that captured data are pertained to the first half
of a cycle, i.e. from at rest to passive condition and just

after retuning back.
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The following points can be deduced from Figure 15:

—When the wall rotation is relatively small, say
(d/2)max= 0.2 and 0.5 mm, the soil behaves essential-
ly elastic. The reason is that when the wall moves
back, no significant change is observed in the induced
lateral pressure, i.e. pressure remains at rest condi-
tion, and no passive condition is created;

—For medium rotation, say (d/2)y. = 1 mm (medium
rotation), with moving back the wall, no significant
increase in induced lateral pressure is observed. This
indicates no arch has been formed (Fig. 15). How-
ever, it was previously observed (Fig. 12) that the
pressure distribution has a maximum value, after which
decreases gradually. This phenomenon will be dis-
cussed in more details later;

—For large rotation, say (d/2)max = 1.75, 2.45 and
6.5 mm, the passive pressure distribution is similar
to those for medium rotation. However, when the
wall resumes to move back, pressure in transducers
PT1 to PT4 [for (d/2)yax= 1.75 mm] and PT1 to PT3
[for (d/2) pmax = 2.45 mm] and finally just PT1 [for
(d/2)max= 6.5 mm] is increased and no significant
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increase for the rest other pressure transducers is ob-
served. This means that with moving back the wall,
the forming arch is destroyed, which results in an
increase in vertical stress. This, in turns, causes the
lateral pressure to increase as well. In addition, it
can be deduced that with increasing wall rotation
amplitude, the height of the arch zone moves down.
It is thought that if wall rotation increases further,
(which is out of the working range of the laboratory
model) fully passive condition is reached, i.e. the
forming arch is (total) destroyed. It is necessary to
mention that the results of some other cycles were
similar to those of the first cycle; and this is the rea-
son only the first cycle results are reported.

8. Discussion

The proposed numerical model in the Section 3 was again
employed to clarify the experimental results. The elastic
constitutive model (instead of the Mohr—Coulumb), how-
ever, was used to model the stress—strain behaviour of
soils. The required parameters for this model are tabulated
in Table 1 (E,v). The magnitudes top of the wall were the
same as for the laboratory test model, i.e. (d/2)yx = 0.2,
0.5, 1, 1.75, 2.45 and 6.5 mm. Figure 16 illustrates the
numerical analysis results. In addition, included in this
figure are the experimental results together with the pres-
sure at rest and passive condition (k, and k; respectively).
The most important points are as follows:

—For the wall rotation of (d/2),.x = 0.2 and 0.5 mm,
the pressure distribution for laboratory test is per-
fectly linear, and approximately equal to at rest
pressure (k, conditions);

—For the wall rotation of (d/2),,.x = 1 mm, the induced
pressure is totally non-liner. In this case, the pres-
sure at the top region of the wall is less than passive
condition. In the bottom region, however, the pres-
sure distribution well coincides with elastic behav-
iour [(d/2)pmax = 1 mm]. This means that the behav-
iour of material in this region for this magnitude of
wall rotation is elastic. In other words, the observed
reduction in pressure is due to the elastic behaviour
and not forming arch;

—For the wall rotation of (d/2),.x = 1.75, 2.45 and
6.5 mm, the induced pressure at the top region of the
wall is tended to reach the passive pressure condi-
tion, but in the bottom region, it is not well coincid-
ed with elastic behavior [(d/2)ma = 1.75, 2.45 and
6.5 mm]. In other words, the reduced pressure is
mainly due to the arch effect.

Conclusions

The present research focuses mainly on the evaluation of
interaction between soil and structure for integral bridge. A
retaining wall laboratory model has been designed and con-
structed to imitate the cyclic behaviour of granular material
behind bridge abutment. The research covers both experi-
mental observations and numerical analysis results. The
main conclusions of the research are outlined as follows:
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—The different velocity of the top of the wall move-
ment in the range of this research has no significant
effect on the induced lateral earth pressure. This
means that the velocity of daily and seasonal
movement (which are very low relatively to the se-
lected range in this research) has no significant ef-

fects on the results;

—For medium and large rotation [(d/2)y. = 1, 1.75,
2.45 and 6.5 mm], with increasing wall rotation am-
plitude, the magnitude of passive pressure increases.
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In addition, the location of maximum pressure
moves gradually from the top of the wall towards
the lower region;

—For medium and large rotation [(d/2)ma = 1, 1.75,
2.45 and 6.5 mm], the passive pressure increases
with sequentially increasing number of cycles, but
its rate decreases. Therefore, that after of a limited
number of cycles the magnitude of passive pressure
remains roughly constant;
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results with &, and k, conditions

—For small rotation [(d/2)max = 0.2, 0.5 mm], the pres-
sure distribution is almost linear, and approximately
equal to the at rest pressure. However, with increas-
ing wall rotation amplitude, in addition to pressure
increase, the passive pressure distribution regime
changes from liner to non-linear regime;

—For medium rotation [(d/2)n. = 1 mm], the induced
pressure on the top region of the wall lies between
pressure at rest and passive condition. In the bottom
region, the pressure gradually decreases. This reduc-
tion in pressure is thought to be due to the elastic
behavior of material and not arch phenomena;

—For large rotation [(d2)mx = 1.75, 2.45 and
6.5 mm], the induced pressure on the top region of
the wall matches well with passive condition and in
the bottom region the pressure gradually decreases,
which is mainly due to the arch formation;

—For large rotation [(d/2)mx = 1.75, 2.45 and
6.5 mm], with increasing number of cycles and am-
plitude, pressure on the bottom part of the wall and
near the hinge decreases. This is due to the increas-
ing effect of arching formation, i.e. the forming arch
becomes stiffer and stiffer during success cycles;

—With increasing wall rotation amplitude, the magni-
tude of passive pressure increases. In addition, the
location of maximum pressure moves gradually
from the top of the wall towards the lower region. It
can be deduced that with increasing wall movement
amplitude, the height of the arch zone moves down;

—Finally, it can be concluded that the magnitude of
passive pressure in integral bridge abutment is very
different from that evaluated by Coulumb Theory.
For bridges with small wall rotation, the induced
pressure is in the range of at-rest condition. For
large rotation, however it may exceed from passive
pressure based on the Coulumb Theory. This means
that the design of this bridge with classic theory
leads to overestimate or underestimate design,
which is sometimes high risk in these projects.
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