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ABSTRACT: The behavior of a full scale test reinforced wall/embankment on
Bangkok clay has been predicted by finite element method. In the numerical mod-
elling, two aspects have been emphasized: (1) selecting proper soil/reinforcement
interface properties according to the relative displacement pattern (direct shear or
pullout) of upper and lower interface elements between soil and reinforcement; and
(2) simulating the actual construction process by updating the node coordinates
including those of the wall or embankment elements above the current construction
level which ensures that the applied fill thickness simulate the actual field value.
Finite element results were compared with the field data in terms of excess pore
pressures, settlements, lateral displacements, tension forces in the reinforcements,
and base pressures. It was found that the foundation settlements and the wall face
lateral displacement were predicted reasonably well. In addition, the predicted pore
pressures, tension forces in reinforcements, foundation lateral displacements, and
embankment base pressures agreed fairly with measured values. Several influence
factors, such as permeability variation of the foundation soil and compaction effects
of embankment fill have also been investigated. Furthermore, some of the difficiencies
in finite element modelling are also discussed.

INTRODUCTION

For the last two decades, extensive researches and investigations have been
carried out to understand the behavior and mechanisms of the reinforced earth
structures. The behavior of the reinforced walls and embankments on soft ground
have been analyzed by several investigators using finite element methods (e.g. Hird
and Pyrah, 1990; Adib et al, 1990). However, the accuracy of the finite element
analysis mainly depends on the accuracy of the models used and the correctness of
the parameters inputted into the models. Although different soil models, such as
nonlinear hyperbolic and modified Cam clay, have been used to represent the
stress/strain behavior of the soils, the soil/reinforcement interface properties and
actual construction process are not properly simulated. All these factors influence the

ability of using finite element method to predict the behavior of reinforced
wall/embankment on soft ground.

The most important parameters controlling the performance of the reinforced
earth structure, among others, are the soil/reinforcement interface properties. The
interface properties are usually determined by direct shear or pullout tests. However,
for grid reinforcements, the different soil/reinforcement interaction modes (direct
shear or pullout) yields different interface properties. In order to properly simulate
the soil/reinforcement interaction behavior, it should be considered in the numerical

modelling to use different properties for different interaction mode (Rowe and
Mylleville, 1988).
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In finite element analysis, the wall or embankment load is applied by one of the
following methods: (1) by increasing of the gravity of the whole or part of wall or
embankment elements; and (2) by placing a new layer of wall or embankment ele-
ments. For the case of embankment construction, if the incremental load is applied
by increasing the gravity of the whole embankment, in the beginning, the center part
of the embankment is loaded more, while the area near the toe is loaded less than the
actual value. Furthermore, the stiffness of the embankment may not be modelled
properly. However, if the incremental load is applied by applying a new layer of
elements, the node coordinates of the embankment elements above the current con-
struction level must be updated to account for the deformation during the construction
process. Otherwise, the applied total fill thickness will be more than the actual value
especially in the case of embankment on soft ground. Most computer programs used
for analyzing the behavior of embankment on soft ground do not treat this factor well.
The original CRISP program (Britto and Gunn, 1987) did not consider this factor,
and the CESAR program (Magnan and Kattan, 1989) assumed that the mechanical
properties of the embankment fill elements exist from the beginning even when the
element gravity load is not applied.

In this paper, the concepts of considering the different soil/reinforcement
interaction modes and simulating the actual construction process are presented first.
A full scale test reinforced embankment is then analyzed by the proposed finite
element method. Consequently, the finite element results are compared with the field
data. Finally, some of the difficulties in finite element modeling are discussed.

NUMERICAL MODELLING
General Aspects

The reinforced wall/embankment on soft ground system has been modelled by
finite element method under plane strain condition. All the elements are formulated
as isoparameteric elements. Discrete material approach is used to model the reinforced
wall/embankment on soft ground system so that the properties and responses of the
soil/reinforcement interaction can be directly quantified. The face panel of reinforced
wall is modelled by 3-node beam elements with axial, shear and bending stiffness.
The reinforcement is modelled by 3-node bar elements. The soil/reinforcement and
soil/wall face interfaces are modelled by 6-node zero thickness joint elements. The
soil elements are modelled by 8 or 6-node solid elements with or without pore pressure
degree of freedoms. Finally, nodal links are used at the free end of reinforcement to
allow realistic vertical stress condition (Collin, 1986).

Several soil behavior models are employed in the analysis. The behavior of the
soft foundation soil is controlled by modified Camclay model (Roscoe and Burland,
1968). The linear elastic/perfect plastic model is used to model the heavily over-
consolidated clay, and the yielding is controlled by Mohr-Coulomb criterion. The
backfill soil is modelled by hyperbolic constitutive model (Duncan et al, 1980). The
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compaction operation is modelled by bi-linear hysteretic loading/unloading model
(Duncan and Seed, 1986). The consolidation process of soft ground is simulated by
coupled consolidation theory (Biot, 1941).

In modelling the soil/reinforcement interface behavior, two interaction modes
are considered, namely: pullout and direct shear modes. The hyperbolic shear
stress/shear displacement model (Clough and Duncan, 1971) is used to represent
direct shear interaction mode. Pullout resistance of grid reinforcement consists of
skin friction in the longitudinal members and bearing resistance in the transverse
members. The skin friction is modelled by linear elastic-perfect plastic model and
the pullout bearing resistance is simulated by a hyperbolic bearing resistance model
which is only valid for grid reinforcements (Chai, 1992). The techniques of selecting
proper interface properties and simulating the actual construction procedure are
briefly discussed below.

Modelling Different Soil/Reinforcement Interaction Modes

Soil/reinforcement interaction mode can either be direct shear or pullout. For
grid reinforcement, these two different interaction modes will yield different interface
strength and deformation parameters. The interface elements above and below
reinforcement work as pair elements and the direct shear (the same sign of shear
stresses) and pullout (different sign of shear stresses) soil/reinforcement interaction
modes are automatically adopted according to their relative shear displacement
pattern.

Pullout of reinforcement especially the grid reinforcement from the soil is a truly
three-dimensional problem and it can only be approximately modelled in a two-
dimensional analysis. It is assumed that the pullout resistance is uniformly distributed
over the entire interface areas. Pullout interface shear stiffness consists of stiffness
from skin friction resistance, k, stiffness from passive bearing resistance, ki,
respectively. The total equivalent tangential shear stiffness k; is the sum of k and

sp*
k,=ks+k, 1)
For both direct shear and pullout interaction modes, when the normal stress at the

interface is in tension, a very small (e.g. 100 kN/m’) normal and shear stiffness are
assigned to allow the opening and slippage at interface.

Simulating the Actual Construction Process
The actual embankment construction is carried out by placing and compacting
the fill material layer by layer. Therefore, in finite element analysis, the incremental

load should be applied by placement of embankment elements one layer after another.
In analyzing the problems, such as embankment on soft ground, the large deformation

409



phenomenon can be considered by updating the node coordinates during the incre-
mental analysis. In this case where considerable deformation occurs during the
construction process, the coordinates of the wall or embankment elements above
current construction level are also corrected based on the following assumptions: (a)
the original vertical lines are kept at vertical direction, and the horizontal lines
remained straight; (b) the incremental displacements of the nodes above current
construction top surface are linearly interpolated from the displacements of the two
end nodes of current construction top surface according to their x-coordinates (hor-
izontal direction). This operation ensures that the applied fill thickness is the same
as the actual value and, thus, the actual construction process is most closely simulated.

TEST REINFORCED EMBANKMENT AND INPUT PARAMETERS

Test Reinforced Embankment

The full scale welded steel grid reinforced test embankment was constructed on
the campus of Asian Institute of Technology (AIT). The original embankment was
5.8 m (19.5 feet) above the existing ground surface with about 26.0 m (87 feet) base
length. It has three sloping faces with 1:1 slope and one vertical front face (wall).
The welded wire mats used in the test wall/lembankment system consisted of
W4.5(6.1mm) x W3.5(5.4mm) galvanized welded steel wire mesh with 152mm x
228mm (6x9 inches) grid openings in the longitudinal and transverse directions,
respectively. The length of reinforcement was 5 m and the vertical spacing between
the reinforcements was 0.45 m. The cross-sectional view of the embankment is shown
in Fig. 1a, b. The subsoil profile at the site consists of the topmost 2.0 m thick layer
of dark-brown weathered clay overlying a blackish-grey soft clay layer which extends
to a depth of about 8 m below the existing ground. The soft clay layer is underlain
by a stiff clay layer. A typical subsoil profile together with the general soil properties
at this site is depicted in Fig. 2. The finite element mesh and the boundary conditions
are shown in Fig. 3. The bar and beam elements are indicated by darker solid line.
For clarity, the interface elements are not shown in the mesh. The horizontal
boundaries were selected far enough from the reinforced embankment, so as to have
negligible influence on the structure response. The vertical fixed boundary was

selected at 12 m depth because as can be seen in Fig. 2 at this depth, the subsoil is
very stiff.

Model Parameters

The linear elastic-perfectly plastic model parameters for topmost 1.0 m thick
weathered clay layer and modified Camclay parameters for soft to medium stiff clay
layers are shown in Table 1. The parameters were determined based on actual test
data (Balasubramaniam et al, 1978; Asakami, 1989) and some of them are shown in
Fig. 4. Since there is uncertainty of the permeability of the foundation soil, 3 sets of
permeabilities, namely: high, middle, and low permeabilities, were determined based
on existing information (Ahmed, 1977; Bergado, 1990) and indicated also in Table
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1. The top 2 m weathered clay is overconsolidated with an average overconsolidation
ratio (OCR) of 5 and the underlying soil layers are slightly overconsolidated with an
average OCR of 1.2.

The hyperbolic, non-linear elastic soil model parameters for compacted lateritic
fill material (middle section of the embankment) are tabulated in Table 2, which were
determined based on triaxial unconsolidated undrained (UU) test results (Bergado et
al, 1988) and followed the technique established by Duncan et al (1980).

The interface hyperbolic direct shear model parameters were determined from
direct shear test results of the fill material (Macatol, 1990). The adopted parameters
were: friction angle, ¢, of 32.5 degrees, cohesion, C, of 60 kPa, shear stiffness number,
k,, of 10500, shear stiffness exponent, n,, of 0.72, and failure ratio, R, of 0.85. The
skin friction parameters between reinforcement frictional surface and lateritic soil
were determined from test results of Shivashankar (1991) with adhesion of 50 kPa,
skin friction angle of 9 degrees. The spacing between the grid reinforcement bearing
member was 225 mm and the diameter of the bearing member was 5.4 mm. For both
direct shear and pullout models, the normal stiffness of the interface was defined as
107 kN/m? for compression case and 10> kN/m? for tension case.

For welded wire reinforcement including the wall face, the Young’s modulus
was 2.0 - 10°kPa and the cross-sectional area of longitudinal bar per meter width was

180 mm?®. For the reinforcement, the yielding stress was 6.0 - 10°. For the wall face,

the shear modulus was 8.3 - 10 kPa, and the moment of inertia of cross sectional area
was 45 mm* which was the sum of the moment of inertia of individual bars within

1.0 m width. The shear and normal stiffness for nodal link were assigned as 1.5 - 10*
kN/m and 5.0 - 10° kN/m, respectively, for the current problem.

The parameters adopted for hysteretic compaction model (Duncan and Seed,
1986) were: at-rest lateral earth pressure coefficient, k,, of 0.55, friction component

of limiting coefficient of at-rest lateral earth pressure, £, ,, of 2.21, cohesion under

dynamic load, C,, of 50 kPa, at-rest lateral earth pressure coefficient for unloading
and reloading, ky, of 0.15, and softening depth of 0.4 m. Considering light compactor
(i.e. Ingersollrand, D 23) and the factor that there was about 0.3 m gap between wall
face and the soil being compacted which was later filled up during the placement of
next reinforcement layer, the peak compaction induced lateral stress profiles used in
the analysis are shown in Fig. 5. The effect of the compaction operation on soft ground
soil was ignored.
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Finite Element Analysis

The wall/fembankment above the ground surface was simulated by 13 incre-
mental layers. Foreach layer, the gravity force was applied by two increments. Totally
6 analyses have been conducted. The first three of analyses were using 3 sets of the
permeabilities listed in Table 1, respectively. Analysis number 4 used middle per-
meability but with compaction effect. Both analyses numbers 5 and 6 were conducted
with two different options of varying the permeability during the loading and
consolidation process. For analysis number 5 (varied I), the permeability was varied

with the formula proposed by Taylor (1948) and verified by the Tavenas et al (1983)
as follows:

k = ko 10[—(¢0—¢y0ﬂ (2)
where ¢, is the initial void ratio; e is the void ratio at the condition under consideration;
k is the permeability; k, is the initial permeability; and c, is constant, which is equal
to 0.5 e, (Tavenas et al, 1983). The initial value of permeability was the middle
permeability.

For analysis number 6 (varied II), the permeability variation was also controlled
by Eq. 2. However, the values of permeability of the soft soil were different before
and after yield with much higher value before yield (Tavenas and Leroueil, 1980). In
this analysis, before the soil yield (yielding is controlled by modified Camclay model),
the high permeability values (Table 1) were used and after the soil yielded, the per-
meability values of 1/5 of the values before the yield were adopted, i.e. low perme-
ability in Table 1. A computer program named CRISP-AIT which was developed by
modifying the CRISP computer program (Britto and Gunn, 1987), was used for the
analyses. All the analyses were consolidation analyses.

PREDICTED RESULTS AND COMPARISON WITH FIELD DATA

Since the prediction is class C type prediction (Lambe, 1973), the predicted
results are presented together with the field data. The data included excess pore
pressures, vertical settlements, wall face and subsoil lateral displacements, tension
forces in the reinforcements, and the wall/embankment base pressures. The finite
element results obtained by using middle permeability with compaction effect that
are mainly used as predicted values. The results of using high and low permeabilities
(Table 1) did not predict the field data well. For the sake of clarity they are omitted
from the presentation. However, some of the results from varied permeability analyses

and using the middle permeability without compaction effect are also included for
discussion.
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Excess Pore Pressures

For predicting the excess pore pressure, the key parameter is the permeability
of the subsoil. Figures 6 and 7 show the typical predicted excess pore pressure
variations with different assumptions of the foundation permeability together with
the field data at piezometer points 4 m and 7 m below the ground surface. The
agreement between predicted and measured data is fairly good. From the figures, it
can be seen that all the analyses overpredicted the excess pore pressure at the end of
construction. However, the varied permeability analyses predict the excess pore
pressure dissipation process better. For analysis 6 (varied II), the soil elements under
the embankment yielded at an early stage of construction (OCR=1.2) and after
yielding, the soil permeability was varied with the initial value of low permeability
(Table 1). However, the soil elements away from the embankment may not yield in
the whole construction process, and thus, still possess with high value ot permeability.
The overall effect is that the predicted excess pore pressures are higher than those
obtained using middle permeability (Table 1) at end of construction and closer to the
value of using middle permeability at later stages of consolidatior:.

Settlements

The predicted and measured surface settlements under the center point of
reinforced mass are compared in Fig. 8. The locations of settlement plate is also shown
by the key sketch in the figure. It can be seen that the predicted values have remarkable
agreement with measured data. However, the varied permeability analyses yielded
higher settlement rate at the early stage of construction and lower settlement rate
during the consolidation process.

The settlement profile on the cross-sectional lines on the ground surface is plotted
in Fig. 9. The comparisons are given for both immediately after construction and one
yedr after construction conditions. From the figure, it can be seen that the agreement
between the predicted and measured data are reasonably good. Unfortunately, there
are no measured data for foundation heave. The predicted maximum foundation heave
infront of the wall face is 125 mm immediately after construction. One year after
construction, it reduced to 62 mm. As mentioned previously, the varied permeability
analysis (varied II) allows the variation of the permeability in the horizontal direction
with high value for the soil elements away from the embankment loading area, and
the subsequent predicted value of heave is less than that of the constant permeability
analysis. For example, at end of construction, the maximum heave is 110 mm. This
tendency seems more closer to field behavior, since most finite element analyses using

constant permeability overpredicted the foundation heave (e.g. Magnan and Kattan,
1989). |
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Lateral Displacements

Lateral displacement is one of the most difficult items to predict. Figure 10 is
the comparison of predicted and measured lateral displacement profiles for both end
of construction and 7 months after construction cases. For lateral displacements in
the foundation soils, the measured data up to 7 months after construction only reach
down to 3 m depth because the inclinometer probe could not be inserted into the
deformed casing below 3 m depth. At the end of construction, the predicted wall face
lateral displacements agreed well with the measured data. However, the predicted
subsoil lateral displacements are twice as large as that of measured data. At’7 months
after construction, the predicted subsoil and wall face lateral displacements reasonably
agreed with the measured values. However, at the top of the wall face, the predicted
values are less than the measured ones and the predicted maximum subsoil lateral
displacements are still larger than the field data. It also can be seen that compaction
effect increased wall face lateral displacement by about 10% at end of construction

even with the light compactor. This effect became less significant at one year after
construction,

The time-lateral displacement relationship is shown in Fig. 11 for two points,
namely: (a) top of the wall face and (b) 3 m below the original ground surface where
maximum lateral displacement occurred in the foundation. For the top of the wall
face, the discrepancy between the predicted and the measured values appears at 3
months after the construction (August 20, 1989). At that time the measured data
showed an increased rate of lateral displacements, it was probably due to the
occurrence of heavy rainfall because there was a sudden ground water level increase
at that time (Bergado et al, 1991). For the point under the wall face and 3 m below
original ground surface, the discrepancy between the predicted and the measured
lateral displacements mostly occurred during the construction period. After con-
struction, both the predicted and the measured lateral displacements show small
increment rate. There are two reasons for the differences obtained between the
measured lateral displacements and those predicted by the finite element analyses,
namel: (1) the deficiency of the analytical method (Poulos, 1972); and (2) the
influe ice of inclinometer casing stiffness which may result in relative displacements
betwe :n the soil and the casing because it is difficult for casing to freely follow the
"S" sk ape deformation pattern (see Fig. 10).

Tensio.» Forces in Reinforcements

The predicted maximum tension forces in reinforcements at immediately after
construction and one year after construction are shown in Fig, 12, together with the
measured data at immediately after construction. Also shown are the active and at-rest
earth pressure lines without considering the cohesion in drawing the active earth
pressure line. The agreement between predicted and field data for immediately after
construction case is quite good. The data are presented in terms of per meter width
and per reinforcement layer (0.45 m). The measured data one year after construction
was not included because of too much scatter. Both the predicted and measured data
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showed that at the end of construction, the maximum tension forces in the rein-
forcements at the top half of the wall are much larger than k, line. At the middle wall
height, the data are’closer to the k, line. At the bottom of the wall, the data are much
higher than k_ line again. For reinforced wall on soft ground, under the wall loading,
the soft soil tends to squeeze out of the wall/embankment base which causes large
relative movement between the reinforcement and the soil. Therefore, large tension
force can be developed in the reinforcements. The maximum tension forces in the
reinforcements increased during the foundation soil consolidation process. At the
top half of the wall, the maximum reinforcement tension forces after one year of
construction are twice as large as those immediately after construction due to the large
lateral displacement of the wall face. The figure also shows that the compaction effect
may cause the tension force in reinforcement at the top of the wall increase signifi-
cantly.

The tension force distributions along the reinforcements for instrumented mats
are shown in Fig. 13. Generally speaking, the agreement between the predicted and
measured data forimmediate after construction case is fair. The reinforcement tension
force distribution pattern was strongly influenced by the interaction between the
reinforced wall/embankment mass and soft foundation soil. The foundation differ-
ential settlement cause the bending effect on the reinforced mass, i.e. top in com-
pression and bottom in tension. So that the length of the reinforcement in tension is
short in upper part of the wall. The figure also shows that the location of maximum
tension force is very close to the wall face (less than 1.0 m) except at the base rein-
forcement layer.

Wall/Embankment Base Pressures

The base pressure is an important item for design of reinforced wall and
embankment on soft ground because it controls the safety factor of bearing capacity
of the foundation. Figure 14 shows the predicted and measured total earth pressures
at the base of the reinforced mass. The comparison is not very good, but it is quali-
tatively sufficient. From vertical force equilibrium point of view, the measured data
was reiatively low even considering the stress spreading due to the foundation
settlement. Nevertheless, there are two points that can be made from the predicted
total base pressure distribution. Firstly, the predicted earth pressure distribution is
more likely trapezoidal pattern, even though there is a stress concentration under the
wall face. Secondly, during the foundation consolidation process, there is a reduction
in the total base pressure, and an increase in stress concentration under the wall face.
This is because of during the foundation consolidation process, the reinforced mass
sinks into the ground, and the vertical load is distributed into a larger horizontal area.
At the same time, the overturning movement of the reinforced mass also increased
due to the differential settlement. The overall effect is the increased stress concen-
tration under the wall face and the reduction of the base pressure at other locations.
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DIFFICULTIES IN PREDICTION
Difficulties Related to Determine the Input Parameters

As mentioned previously, the correctness of finite element results depends
largely on both the constitutive model and the value of model parameters used.
Although most of the model parameters can be determined from high quality labo-
ratory test results with confidence, some parameters, such as soft soil permeability,
are very difficult to determine. The laboratory permeability test can be subjected to
error resulting from the size of sample, temperature, and the large difference between
the hydraulic gradient in the field and in the laboratory. For Bangkok clay, as reported
by Bergado et al (1990), the laboratory test values underestimated the field perme-
ability significantly. Field permeability measurements such as the piezometer method
can be affected by the clogging of the filters and disturbance of the soil during the
equipment installation.

The values derived from back analysis of existing case histories are of great help
for determining the actual permeability values. For Bangkok clay, the values of field
permeability are about 10 to 30 times of the corresponding laboratory test data.
Another point is the variation of the permeability. This factor has been noticed long
time back (e.g. Taylor, 1948). In order to precisely predict the behavior of the
embankment on soft ground, it is necessary to consider the variation of the perme-
ability with the yielding and the change the void ratio of the soil.

Difficulties in Modelling

The stress/strain behavior of the soil is influenced by several factors, such as
elasto-plastic behavior, nonhomogeniety, anisotropy, and structure of the soil, the
stress path followed by the soil, etc. Even the sophisticated soil model, such as the
modified Camclay model cannot consider all these factors. At present, the settlement
can be predicted reasonably well, but the agreement between predicted and measured
lateral displacements is fair to poor. This phenomenon had been discussed by Poulos
(1972) who cited such reasons as: the effect of Poisson’s ratio, anisotropy, and
nonhomogeniety which appeared to be most significant factors. Normally, the
maximum lateral displacement occurs at the vicinity of the embankment toe, where
considerable principal stress rotation occurs during the embankment construction.
Most of the above mentioned factors cannot be properly modelled and some of them

are still not well understood, such as the effect of the principal stress rotation on the
behavior of soil.

CONCLUSIONS

.. The finite element modelling techniques presented in this paper improved the
ability of finite element method to predict the behavior of the reinforced earth structure
on soft ground. The modelling demonstrates that the soil/reinforcement interaction
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properties can be properly selected according to the relative displacement pattern
between soil and reinforcement (direct shear or pullout), and the construction process
can be most closely simulated.

Comparing the predicted and measured data indicates that the performance of
the reinforced embankment on soft ground can be predicted by finite element method
by selecting the foundation permeability based on back analyzed values from case
histories and by considering the compaction effect on the embankment fill. It has
been found that the predicted foundation settlements and wall face lateral displace-
ments agreed reasonably well with the field data, and the agreement between predicted
excess pore pressures, tension force in reinforcements, foundation lateral
displacements, and embankment base pressures is fair. It was also observed that using
constant permeability cannot precisely simulate the excess pore pressure variation,
Regarding the discrepancy between the predicted and measured foundation lateral
displacement, two reasons are cited as follows: (1) the deficiency of the analytical

method, and (2) the measured data might be influenced by inclinometer casing
stiffness.
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Table 1. Soil Parameters of Bangkok Clay

- Soil Layer
Parameter Symbol 1 2 3 4 5
Depth, (m) 0-1 1-2 2-6 6-8 8-12
Kappa K 0.04 0.11 0.07 0.04
Lambda A 0.18 0.51 0.31 0.18
Slope M 1.1 09 0.95 1.1
Gamma (P’=1 kPa) r 3.0 5.12 40 29
Poisson’s Ratio v 0.25 0.25 0.30 0.30 0.25
Modulus, (kPa) E 4000
Friction Angle, (°) ¢’ 29.0
Cohesion, (kPa) C 29.0
Unit Weight, (kN/m?) Y 17.5 17.5 15 16.5 175
Horizontal High (k| 694 69.4 10.4 104 69.4
Permeability Middle {k,{ 34.7 347 5.2 52 34.7
(m/sec), (10°®) Low |k,| 139 139 2.1 2.1 13.9
Vertical High |k,| 347 34.7 52 52 34.7
Permeability Middle |k, 174 174 2.6 2.6 174
(m/sec), (10°%) Low |k, 6.9 6.9 1.0 1.0 6.9
NOTE: High: k, = 50 times of estimated average test value;
Middle: k, = 25 times of estimated average test value;
Low: k, = 10 times of estimated average test value.
Horizontal permeability is always 2 times of the vertical value.
Table 2. Hyperbolic Soil Parameters Used for Lateritic Backfill Material
Para- | Cohesion | Friction | Modulus | Modulus | Failure Bulk Bulk Unit
meter Angle | Number | Exponent| Ratio |Modulus | Modulus | Wei ght
Number | Exponent
C (kPa) | ¢,() k n R, k, m  [y,(kN/m’)
Value 60 325 1078 0.24 0.96 1050 0.24 20.0

419



INSTRUMENTED SECTION FOR

o
i !
W4.5x W35, 6"x9" y i | A
S5xW35, 6"x o 2:44m, o taml :
(0.5 m x 0.225m) MESHES \ NV
i
—
——— -
D(K‘E!,‘: 1
K ——
S —_—
—iho o=
L N
7
GROUND Y-y Sa——
g | i 1
I
———570m ———e—4.88 m —=f— 4.88 m j+—4.88 m —Dle—— 5,70 m ———
SECTION 1 ! secron ! SECTION Ml
be—————CLAYEY SAND e~ LATERITIC ~®#———— WEATHERED CLAY ~—————
SN ~ SOl ! -
a-J
(a) Longitudinal-Section View
503 m _0.6im
e * § _‘ Wbl -
)y ™
- —— ot .
045 m 13
O045m L o _ '3
0.45m 12
e -
570 m
11 )
et & . 4 o
_10
—r—i — 3 .
Ny LEVEL .. e e W45 x W3S, 629" (0.45m x 0.225m
-0:45m 1 ’ N - "} LATERS (TYPICAL)

NOTE : MAT NOS. | TO 7 ARE INSTRUMENTED
MAT NOS. 8 TO 14 ARE NOT INSTRUMENTED

(b) Cross-Section View

Fig. 1 Cross-sectional view of the test reinforced wall/embankment

420



ATTERBERG LIMITS AND UMT WEIGHT VANE SHEAR STRENGTH CONE RESISTANCE
SO LAYERS NATURAL WATER CONTENT (%N (kN/m’) rPo kPa
IP 49 ..O DP I0.0 l? '16 l‘lf 2[0 3‘0 4.0 201(” 40‘00 SOPO 8000
BROWN TO REDOISH
| { BROWN WEATHERED
LAY
2 O @g————0
o0————1e—0
3 or———0
O———e~0
4
e ——
SED WOOD AND SANDY o————t—0
SEAMS
g 6 O O
> O——O
E T4 o—e—0
a
s
9
10-{LteHT oRay sTIFF cLay {PL ¥ LL o TEsT ot
° s STries
12
13
Fig. 2 Index properties, vane shear strengths and Dutch cone resistances of the subsoil
at test site
Ve Reinforcement
- A\
Sm
\ 3"
N
D N
O
¢
e
D
ey R WS < N7 C§

Fig.3.  Finite element mesh used for AIT test reinforced wall/embankment

421



7 d o oa " .
-2 .o e 0 .
a
- (-] om L]
—~ 4 a" *
E - - o0 A
- ~67 i
xI o 2
- - ° _ N
G
Q _8- -] - ¢ .
-10+ a0 -
- 124 »
o saaas HORIZONT/ )
b sones ;aC%AVALUE [ TTYY) %C?J)AVN_UE seses TEST DATA LYy %Tm Vi
_14 LAEA A ll]llllllllll|l|l‘lllll|lll' LI T TSIy FyrrrorT 7Ty Illl]llllellf?ElD'leAlLlulEIl LALLLL | |llmm_¢-w"'$'v_'mr§rfm
0.0 1.0 2.0 30 0 2.0 0 100 200 1 10 100 1000
VOID RATIO, o COEFTICIENT OF COMPRESSIBLITY, Cc ALAMAL PAST CONSOLIMTION PRESSURE, WPe PERMEABIUITY, m/sec. (107%)

Fig.4. Void ratio, compressibility index, past maximum vertical pressure, and labora-
tory permeability of the Bangkok clay

0.0 5
J x,=05m —_ % :0
1 (ZoNED) _ — 7 (ZONE 1)
-
05 - ad q = 25 kN/m
. 1 X
& ] X1 i m
T .
— —1.0 4 I [
ol N I CONSIDERING THE FLEXIBLE WALL
] FACE, THE COMPACTION INDUCED
LIOJ 1 TERAL STRESS IS NOT DOUBLED.
Ji
. z
-1.5 4
1
3 —__ 0-0.8 m BEHIND WALL FACE
] — _ FREE FIELD CONDITION
] BOUSSINESQ SOLUTION
_2.0 llll]lIll]lllllllll'llllll lll1l]'l||lllllilllllllllliT]lIr
0 5 10 15 20 25 30

PEAK COMPACTION INDUCED [ATERAL STRESS, kPa

Fig.5. Maximum compaction induced lateral earth pressures

422



68 END OF CONSTRUCTION — MIDDLE k
Ol |, . — — VARIED k 2I?
T.d VARIED k (If)
\ eeeee MEASURED

\ EMBANKMENT

N 4 m

HYDRAULIC
PIEZOMETER, HP6

Seen
-

4 MIDLE k, k, = 25+kg = I
o|ll‘lllllI]ll1TTllll]llllllIll[llllIllll[!llTIllll
0 100 200 300 400 500
ELAPSED TIME, DAYS
Fig.6.  Predicted and measured excess pore pressure variation at piezometer point HP6
58
4  END OF CONSTRUCTION —— MIDDLE k
o 527 N . — — VARIED k I?
X4 N e VARIED k (i)
I seeee MEASURED
LLI 44 — ] [y
m -
D 40—
m -
) 36—
L]
gf_ 32 EMBANKMENT
% 20l
Qe N e 7m
U) -t
N 18 PIEZOMETER, HPS
2 12~
A, o
P e T it
0 lllllllllllllllllll|l|lllllll|lIIlllTI]]lllllllll
0 100 200 300 400 500
ELAPSED TIME, DAYS
Fig. 7. Predicted and measured excess pore pressure variation at piezometer point HPS

423



VERTICAL SETTLEMENT, mm

VERTICAL SETTLEMENT, mm

o

S 8 8 8 & &8 8 8 8
Legaedeovalovestoaaatbigratlonnt

g

SENENRENNSNINENNERINEEE

8

MIDLE k, k, = 25wk,

2y

! END OF CONSTRUCTION

—__ MIDDLE k
VARIED k |?

— _ VARIED k (i)

sseee MEASURED

EMBANKMENT\,

SURFACE_SETTLEMENT
PLATE, S5

Fig. 8.

100

l]l'llllll|lll|l|lll|llllllll|[lllllllll]lllllll

300
ELAPSED TIME, DAYS
Typical predicted and measured settlement curves

400 500

— —— o

ON (M)

EMBANKMENT \

Al

Fig. 9.

TT I TTT T

VT TrT T Trra

0 20 30
HORIZONTAL DISTANCE, m

lllllllll[llllllllT

40

Predicted and measured surface settlement profiles

424



LATERAL

e

ELEVATION RELATIVE TO ORIGINAL GROUND SURFACE, m
1
1

-{te

=

o
aaaas MEASURED END OF CONSTRUCTION
snses MEASURED 7 MONTHS AFTER CONSTRUCTION

-13

IllllI'll[l"l]ll‘lllllllYll"llIlllTr‘]"'l‘llll
1 400

o 200 300
LATERAL DISPLACEMENT, mm

Fig. 10.  Lateral displacement profiles

g
1

..
N
=1

[

—

4/

1
—

END OF CONSTRUCTION

— - — — — o
— m— o—

3 m BELOW THE ORIGINAL
GROUND SURFACE

oo cmossette - & -

TOP OF THE WALL

jaAaAL MEASURED TOP
eseee MEASURED 3 m DEPTH

CALCULATED TOP (N0.1t
— — CALCULATED 3 m D (NO.1)

0

40—/
O‘Mlllllll]”llllnl“ll

Fig.

100 200 300

ELAPSED TIME, DAY

TrerTTyry Yy vy rT T I rTrrrrTrrrry

400

11. Maximum lateral displacement curves

425

500

T
o B



SUOINQLUSIP 9010 UOISUS) JUSWIOIOFUIDY  “€] "84 sorgo1d 9210] UOISUS) JuSWIAdIOJULSI WIRWIXE]N 7T 81

w uo<.._ TIVM 3HL EOE moz<hm_o w/ Ny EqumEz.wm NI NOISN3L WNNIXYN

14 [ ] oT
____._____._______n__..h__-.rvr_l-_.n.____..__.___ 0 .-.._.__.-b..____hb\-.-_-.__.._._ -

W/NJ ‘NOILVAT1 IN3IN¥3IJI0 1V
IN3N30HO04NIZY NI 30804 NOISNIL

® Py ¢ T br—————.

®
QIUNSVIN ?w
@ivingivd (9, L oy
) ALY JIVGINN sesed
0) NOLONAUISNOD ALY MYZA i
(9) NOUDMUISNOD ALY AVICENN —

W "I0V44NS ANNO¥UO TVNIOINO 3IHL 3A08V TIVM 3HL 40 LH9IFH

426



kPa

170

190

(0.45 m BELOW GROUND SURFACE)

TOTAL VERTICAL PRESSURE

200

—— END OF CONSTRUCTION ‘S )r
—~ — 1 YEAR AAFTER CONSTRUCTION (C)
asaad END OF CONSTRUCTION éTl)
"0001 YEAR AFTER CONSTRUCTION (M)

|
| WALL FACE s CALCULATED

Fig. 14.

i

|
lllllllIIllllllllll[lllllllllllllllTllT

DISTANCE FROM THE WALL FACE m

Predicted and measured total embankment base pressure

427




