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Abstract

A numerical examination of the behaviour of an 8 m high geosynthetic reinforced soil wall
constructed on a layered foundation stratum is described. The foundation consists of a 0.8 m
hard crust, underlain by 2.95m of soft loam (sandy/silty) and then 1.3 m of stiff clay. Below
the clay is 1.75m of fine sand underlain by a layer of clayey/fine sand extending to a depth
below 10m. The wall was constructed with 16 segmented concrete facing blocks, a sandy
backfill material with 30% fines and 11 layers of geogrid reinforcement 6 m long. Five
additional, one metre long layers of reinforcement were used between the 6 m long layers
within the upper 5 m of the wall to improve the local stability of the facing blocks. The analysis
examines the effect of uncertainty regarding the drained and undrained strength of the loam
foundation material, its stiffness, the thickness of this soft layer and its position with respect to
the bottom of the wall on the calculated behaviour and compares the calculated and observed
behaviour. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The behaviour of geosynthetic reinforced soil walls constructed on a rigid
foundation has been extensively investigated both experimentally and theoretically in
the past and many current design criteria’s are based partly on this research
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(Bathurst et al., 1988, 1989; Bathurst and Benjamin, 1990; Karpurapu and Bathurst,
1992; Wu, 1992a, b; Ho, 1993; Rowe and Ho, 1993, 1996; Bathurst and Simac, 1994;
Michalowski, 1998; Helwany et al., 1999; Porbaha et al., 2000). However, the
behaviour of these reinforced soil walls (also called mechanically stabilized walls or
MSWs) constructed on soft or yielding foundations has received only limited
attention (Bell et al., 1983; Schmertmann et al., 1989; Bergado et al., 1991, 1994;
Chou, 1992; Palmeria and Monte, 1997; Otani et al., 1998) and many questions still
remain as to the performance and response of these soil structures. It has been
previously reported that a yielding foundation can cause an increase in the lateral
displacement of the wall facing and the strain in the layers of reinforcement near the
bottom of the wall (Palmeria and Monte, 1997; Schmertmann et al., 1989; Chou,
1992). However, the overall behaviour of a MSW constructed on a yielding
foundation, including a review of the vertical stress and displacement at the base of
the wall, the horizontal stress behind the wall facing and the strain pattern in the
reinforcement, has not been examined. This paper investigates the short-term
behaviour of a reinforced soil wall constructed on a yielding foundation and analyses
the key factors influencing the wall behaviour. The response calculated using a finite
element (FE) analysis is compared to the observed behaviour.

The field case investigated was a full-scale test wall constructed at the Public
Works Research Institute (PWRI) in Japan (Ochiai and Fukuda, 1996; Nakajima
et al., 1996; PWRI, 1997; Tsukada et al., 1998) in the Kanto region of Japan. The
8m high wall had a concrete block facing and was reinforced with 11 layers of
geosynthetic grid reinforcement 6 m long (see Fig. 1). Five additional, one metre
long, layers of reinforcement were used between the 6 m long layers within the upper
5m of the wall to improve the local stability of the facing blocks. The backfill was
sand with approximately 30% fines (silty clay). As shown in Fig. 1, the foundation
consisted of a 0.8 m thick stiff crust over 2.95m of soft Kanto loam (sandy silt) over
1.3 m of stiff clay over 1.75 m of fine sand underlain by a layers of clay, fine sand and
clayey fine sand extending to a depth of 9.6 m below the base of the wall. Below these
layers were various layers of stiff mixed sands. The watertable was at an approximate
depth of 4.0 m below the surface of the ground.

A prefabricated concrete key was used at the base of the facing blocks. This was
used for alignment purposes only and served no structural purpose. A concrete
footing protection block was cast at the toe of the wall at the early stages of
construction to prevent the base of the wall from significantly pushing out.

2. Numerical model

A version of the finite element program AFENA (Carter and Balaam, 1990),
modified to account for the modelling of reinforced soil walls, was used to conduct
the numerical analysis reported herein. The field case was idealized as two-
dimensional and a plane-strain analysis was performed. It is acknowledged that this
two-dimensional idealization represents an approximation since the wall involves
some three-dimensional geometry with a slope perpendicular to the facing at either
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Fig. 1. Cross-section of wall (adapted from PWRI 1997).

end of the wall face (see Fig. 2). However, a two-dimensional analysis was considered
to be reasonable for modelling the central section of the wall. A short-term analysis
was conducted for the construction of the wall with each soil material being
modelled as either drained or undrained depending on its characteristics.

The finite element mesh used 1697 eight noded isoparametric elements to model
the soil, concrete and footing block (see Fig. 3), and 1117 interface elements were
used between the soil and other materials. The reinforcement was modelled using
417 linear bar elements. The concrete and footing block were treated as elastic
materials. An elasto-plastic stress—strain model with a Mohr—Coulomb failure
criterion was adopted both for the continuum elements used for the soil and the
interface elements between the various materials, as described by Rowe and
Soderman (1987). The interface elements are modelled with a stiff spring in each
of the shear and normal directions until slip occurred, at which point deformation
could occur along the interface and the normal and shear stresses satisfied a
Mohr—Coulomb failure criterion. The construction analysis of the wall was
conducted layer-by-layer following the sequence described by PWRI (1997).
Compaction stresses induced during construction were not accounted for in the
analysis.

A limit-equilibrium analysis was conducted to assess the global stability of the wall
and foundation. It was found that the deepest point of the slip surface extended to
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Fig. 2. Front elevation of wall (adapted from PWRI 1997).
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approximately the middle of the loam layer. Therefore, the foundation was modelled
to a total depth of 10 m to ensure an adequate distance from the assumed rough/rigid
bottom boundary condition, to the zone of influence due to the construction of the

wall.
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The right and left boundaries were modelled as smooth rigid for this plane-strain
problem. The distance in front of and behind the wall was varied in order to establish
the effect of the location of this boundary on the calculated behaviour of the wall. It
was found that the response of the wall became insensitive to the location of the
boundaries at the front of the wall when this boundary was located 10m (or more)
from the wall face.

The reports (Ochiai and Fukuda, 1996; Nakajima et al., 1996; PWRI, 1997;
Tsukada et al., 1998) describing the field test did not clearly define the surface
conditions behind the reinforced soil block. From these reports, it was unclear as to
whether the 1:1.5 slope that starts 4m behind the reinforced soil mass continues to
the elevation of the bottom of the wall or whether it levels out or changes part way
down the slope (see Fig. 1). A numerical study was conducted by varying the extent
of the slope from zero (no slope) to a complete slope extending to the bottom of the
wall (full slope). It was found that the length of the slope had no significant effect on
the calculated behaviour of the wall and was therefore far enough away from the
reinforced soil block as to have no significant effect on the results. For the analyses
reported herein, the slope was extended to a distance of 15m from the back of the
facing blocks as shown in Fig. 3.

3. Model parameters

The various model parameters are given in Table 1. All material properties were
based on reported values (Ochiai and Fukuda, 1996; PWRI, 1997) unless indicated
otherwise below. The initial geo-static stress condition in the foundation was based
on the unit weight of the soil and the effective coefficient of lateral earth pressure at
rest (Ky') for each layer. The values of Ky’ and Poisson’s ratio for the foundation
layers were based on empirical correlations with the friction angle of the layer and
took into account the over-consolidated nature of the soil using the approach given
by Kulhawy and Mayne (1990).

The Young’s modulus, E, of all soil parameters, except the stiff clay, was assumed
to be given by Janbu’s equation E= K(g3)" (Janbu, 1963) where the values of K and n
were selected based on correlations (Duncan et al., 1980) with the reported soil
properties. The stiff clay was assumed to act as a totally saturated, undrained layer
with a constant undrained Young’s modulus. This undrained modulus was based on
an empirical correlation (Kulhawy and Mayne, 1990) accounting for the over-
consolidated nature of the clay and its measured plasticity index and undrained shear
strength.

It was assumed that the concrete key and footing block were constructed using
concrete with a compressive strength (f”.) of 30 MPa. Based on this value, the
Young’s modulus was taken according to the empirical correlation EC:4500\/]"’C
from the Canadian Portland Cement Association (1995) and the shear strength of
the material was assumed to be 15 MPa. In fact, since the concrete is much stronger
and stiffer than the soil materials, the precise values are not especially important and



Table 1

Soil model parameters

Parameter ¢’ Cohesion Poisson’s Ky Janbu ‘n’ Janbu ‘K’ Young’s Dilation
(deg.) () (kPa)* ratio (v) (—) (—) (—) (—) modulus (MPa)?* angle (deg.)

Reinforced soil wall

Backfill 29 1 and 3 0.34 0.52 0.8 50 N/A 0.0
Facing blocks N/AP 30,000 0.15 0.17 N/A® N/AP 9800 N/A®
Concrete key and footing block N/A® 30,000 0.15 0.17 N/A® N/A® 24,000 N/A®
Gravel at base of wall 45 0 0.23 0.29 0.7 900 N/A 15.0

Gravel behind face 45 5 0.23 0.29 0.7 1800 N/A 15.0

Geosynthetic 0 29.4¢ N/A® N/A® N/A® N/A® 9804 N/A

Foundation

Crust 35.5 40 0.26 0.74 0.2 1750 N/A® 3.0

Loam 35.5 11 0.26 0.74 0.6 200 N/A® 3.0

Stiff clay 0 64° 0.49 1.10 N/A® N/A® 9.630 5.0

Fine sand 30 0 0.35 0.89 0.55 765 N/A® 0.0

Clay/Sand 30 10 0.35 0.89 0.3 320 N/A® 0.0

#Unless otherwise noted below.

®N/A—not applicable.

¢ Allowable strength in kN/m in tension only.
9 Axial stiffness in kN/m width.

¢Undrained shear strength.
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the results of the analysis would not change if the compressive strength and Young’s
modulus were either higher or lower within the likely range.

It was reported that the backfill consisted of 30% silty and clay particles and
unsaturated with the upper portion of the wall having a lower water content and
degree of saturation. Based on the work of Fredlund et al. (1995) and Oberg and
Sallfors (1995), which showed an increase in the apparent cohesion of a material due
to its unsaturated nature, the cohesion intercepts in the bottom and top of the wall
were assumed to be 1 and 3 kPa, respectively. The effect of the unsaturated nature of
the backfill was only considered in as far as it affected the shear strength of the soil.

It is difficult to determine an approximate dilation angle, ¥, for any of the soils
based on the limited known information. The dilation angle of all soil materials was
assumed to be given by Bolton’s equation ¥’ = (¢' — ¢.,)/0.8 (Bolton, 1986) where
the value of the constant volume friction angle (¢, ) was assumed to be 33° (Table 1).
Except for a slight decrease in the vertical stress at the toe of the wall, the results of
an analysis accounting for this dilation were not significantly different from those of
a similar analysis assuming no dilation. This small decrease in stress may be have
been due to an increase in the stiffness of the gravel at the base of the wall that was
confined by the stiff crust and the wall itself and had the highest dilation angle of 15°.
The overall analysis and the results presented subsequently assume no dilation.

The crushed stone materials at the base of the wall and behind the wall facing were
given different strength and stiffness values to account for the effect of the additional
confinement from the reinforcement. It has been shown that the reinforcement of
granular soils with geosynthetic material can give rise to an apparent cohesion and
increase in stiffness of the granular material (Gorlé and Thijs, 1989; Cazzuffi et al.,
1993) relative to the unreinforced material. For example, a gravel material reinforced
with geogrid reinforcement, similar to that used in this case, had an apparent
cohesion of 22kPa and an increase in secant stiffness modulus (due to the
reinforcement) of approximately 8% for strain values above 5% (Cazzuffi et al.,
1993). There was no noticeable increase in stiffness for strain values less then 5%. In
the case being examined, the reinforcement was spaced at 0.5 m between the gravel
layers and the strain in the reinforcement did not exceed 2%. The local effect was
assumed to give rise to an approximate cohesion of 5kPa and, on average, a
doubling of the stiffness along the back of the facing relative to the gravel at the base
of the wall. Although the observed strains (2%) were lower than the 5% limit
presented by Cazzuffi et al. (1993), the higher strength and stiffness assumed in the
gravel behind the wall face lead to horizontal stresses predicted closer to the
observed behaviour behind the facing.

Little has been reported about the crust above the loam other than that it was a
stiff material with a Young’s modulus of 97 MPa (PWRI, 1997) and the published
data indicates that the crust consisted of material similar to the loam. Therefore, it
was assumed that the crust was a desiccated section of the underlying loam material,
and hence, the same friction angle was used for the crust. Due to the desiccated
nature of the soil it was assumed that the crust was somewhat fractured and that this
fracturing caused the crust to behave in a drained manner. The value of the Poisson’s
ratio for the crust was based on an empirical correlation with the friction angle using
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an approach given by Kulhawy and Mayne (1990). The approximate value of Kj was
a little more difficult to estimate when attempting to account for the desiccated
nature of the soil. The K| could range from 0.74 (same as the loam) to 2.5
(accounting for over-consolidation) as per Kulhawy and Mayne (1990). A
parametric study was conducted to examine the effect of varying the K| value of
the crust and it was found that only the deformation at the base of the wall was
noticeably affected. The decrease in settlement at the base caused by increasing the
K value was due in part to the increase in the stiffness of the soil materials governed
by Janbu’s equation (as given above). Even with a K value of 2.5, the stiffness of the
loam could be adjusted within an acceptable reported stiffness range to achieve
agreement with the observed behaviour. This adjustment did achieve good
agreement with the deformation at the toe of the wall, however, there was an
increase in the overall deformation below the wall as compared to the results for K|,
equal to 0.74. It was subsequently assumed that the value was the same as the loam
layer below it (0.74), since this gave results close to those observed. The crust was
given a cohesion value to reflect some increase in strength due to drying, but also
allowing for the effect of desiccation on the operational strength as described by
Stark and Duncan (1991) and Day and Axten (1989). This increase in the
operational strength can be quite significant for some material (Stark and Duncan,
1991) and it was found that an apparent cohesion value of 40 kPa for the crust was
the minimum value before excessive deformation, which did not agree with the
observed behaviour, was predicted.

The Kanto loam is a volcanic ash loam that was significantly softer than the soil
above and below it and consisted of about 74% silt size particles. It has been
reported (Japanese Geotechnical Society, 1974), that this material has a relatively
high hydraulic conductivity (10~*-~10~°m/s), which may have allowed a significant
amount of consolidation settlement to occur during the construction phase. This
hypothesis is consistent with the nature of observed settlements during and
immediately following the construction of the wall and therefore, it was assumed
that the loam behaved in a drained manner.

The material properties for the geogrid reinforcement were taken from the
reported data (Ochiai and Fukuda, 1996; PWRI, 1997). The connection between the
wall and the reinforcement was made in the field by alternately threading steel
reinforcement bars through the holes at the end of the geogrid reinforcement sheets.
The steel bars and attached geogrid reinforcement were then placed over the top of a
second set of steel reinforcement bars that were cast into the back of the wall facing
blocks and bent 90° up. For the numerical model, it was assumed that the
geosynthetic would fail before the connection and that the backfill would always be
moving down past the wall facing panels and therefore the connection would not slip
off the top of the bent steel bar and be loose. It was also assumed that the steel poles
threaded through the reinforcement sheets could move slightly although the
reinforcement bars cast into the wall face and therefore there was no stiffness in
the vertical direction of the connection. It is difficult to determine how the
connections were actually made and were acting in the field. Some of the connections
may have been able to slide up the reinforcement bar (low joint stiffness) and others
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Table 2

Interface parameters

Interface materials: (Material 1/Material 2) Friction angle: (deg.)*
Backfill/Reinforcement 29/45°
Backfill/Facing 37.5¢
Backfill/Foundation 234

Facing/Facing 30/22

Facing/Key 30

Key/Foundation 364

#Unless otherwise noted below.

®Interface friction angle of 45° used for drainage gravel.

Listed as 19°, but found otherwise (see text).

dTaken as 80% of maximum friction angle of the weakest material
along the interface.

may be sliding into the bend of the bar (high joint stiffness). A parametric study was
performed for these two cases and it was found that there was little difference
between the two results. Therefore, the joints used to model the connections between
the wall face and the geosynthetic layers were not allowed to fail and were given high
stiffness in the horizontal direction and very little stiffness in the vertical direction.

The various interface friction angles are given in Table 2. All friction angles were
based on reported values unless indicated otherwise below. The interface friction
angle between the facing blocks was reported as both 30° and 22°. No significant
difference was found when comparing the results from the analyses using both
angles. The interface parameters for the key/foundation and backfill/foundation
interfaces were based on 80% of the crust and backfill friction angles, respectively.
These values were chosen since they were the weaker of the two materials in contact
with each other and reduced to 80% to reflect a reasonable reduction in interface
strength. The angle of friction between the facing and the backfill gravel was found
to give the best results within the range of 30—45°. This range corresponds to an
interface angle between %¢" and ¢’ (¢’ =friction angle) of the gravel. These high
interface friction angles are consistent with those reported in other case studies
(Bathurst and Simac, 1994). This range and the results of the analysis are discussed
in detail in the next section.

4. Comparison of observed and calculated behaviour

The results from the FE analysis, using the above parameters, will be compared to
the reported observations from the full-scale test wall (PWRI, 1997). As discussed
above, it was found that the analysis gave the best results with facing/backfill
interface friction angles between 30° and 45° and corresponding to interface values
between 2 ¢" and ¢'. The results of the analyses using these friction angles, plus the
results of an analysis with a facing/backfill interface friction angle of 37.5°,
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representing the average of the range, are presented below. In the following sections,
the deformations at the face and along the base of the wall, the stress along the base
of the wall and behind the facing blocks and the strains in various layers of
reinforcement were all calculated and compared. All observed data was taken at the
time of the end of construction, when the wall was at the full height of 8 m and no
significant long-term behaviour had occurred. It should be noted that there is
uncertainty associated with many of the parameters used in this study. However,
based on the limited data available from the site, the parameters used are considered
to represent the best estimate of the in situ soil conditions.

4.1. Deformation and horizontal stress at the wall facing

The calculated and observed deformations at the front of the facing (see Fig. 4)
show very encouraging agreement although the deformation was slightly over
predicted at the top and bottom of the wall. The wall deformed with a parabolic
shape. The maximum displacement occurred at the approximate mid-point of the
wall. The jagged shape of the calculated lateral displacement in the upper half of the
wall is a consequence of the slight movement of the segmental blocks past one
another in the analysis and the exaggerated horizontal scale of Fig. 4. The calculated
horizontal displacements were insensitive to the value of the facing/backfill friction
angle adopted in the analysis over the range examined because no significant slippage
occurred between wall facing and backfill for any of the interface friction angles.

The observed horizontal stress against the back of the wall face was well below the
Rankine active pressure conditions calculated for either the backfill material or the
drainage gravel. Although this general observation is not uncommon for MSWs
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Fig. 4. Comparison of observed and calculated lateral facing deformation.
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Fig. 5. Comparison of observed and calculated horizontal stress against back of facing.

since other studies have reported horizontal stresses behind the facing that were less
than the predicted active earth pressure (Berg et al., 1986; Ho, 1993; Bathurst and
Simac, 1994), the pattern of the stress distribution (see Fig. 5) is not consistent with
earlier observations and appears somewhat questionable. The results from the FE
analysis for three different assumed interface friction angles are shown in Fig. 5. It
can be seen that the results fall between the active and at-rest earth pressure
conditions for the drainage gravel, with the higher interface friction angle of 45°
yielding the lowest horizontal pressure, closest to the observed pressures.

Andrawes and Saad (1999) reported that a vertical compressible layer between the
facing and the backfill material could significantly reduce the horizontal stress acting
against the back of the facing. Analyses were performed to identify whether the
stiffness of the gravel had been overestimated. It was found that although decreasing
the stiffness of the gravel layer behind the wall facing did decrease the pressure
behind the facing to below the Ka line, the corresponding deformations and stresses
at the base of the wall did not agree with the observed results (see Figs. 6 and 7). It
was concluded that this was not the explanation for the difference between the
predicted and observed horizontal stresses in the lower part of the wall. In another
attempt to model the observed low horizontal stress behind the facing, the stiffness of
the facing and the interface friction angle between them was decreased. Again, this
did not correctly model the full behaviour of the wall.

The observed low horizontal stresses against the wall face could not be reproduced
by adjusting the gravel stiffness, the facing stiffness or the facing/backfill interface
angles. While it is acknowledged that there may be some other physical explanation
that was not captured in the model, it is also considered more likely that there was
some error associated with the pressure gauges used to obtain the observed data.
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This error may have been due to the location and installation of the pressure gauges
on the wall face or in the readings themselves. The gauges were located very close to
the connection point of the reinforcement to the wall face and there may have been
significant arching and reinforcing effects that occurred at these connections that
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could cause the measured results to be unrepresentative.
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4.2. Deformation and vertical stress at base of wall

The deformations along the surface of the foundation are shown in Fig. 6. The
observed and calculated deformations compared well except for the slight difference
in front of the wall face. Although the discrepancy was small it was, nevertheless,
examined in the parametric study presented below. The study examined the effects of
varying the distance from the front of the wall facing to the left boundary, as well as
the deformation properties of the loam layer, including anisotropy.

The variation in the calculated displacement along the base of the wall was
attributed to the effect of the different stiffness values of the various materials along
the base. The deformation was highest at the front toe of the wall. This arose because
a portion of the self-weight pressure from the backfill was transferred from the
reinforcing and gravel to the wall facing and the wall also rotated slightly increasing
the pressure at the toe relative to the heel. This rotation can be seen, highly
exaggerated by the distorted scales, in Fig. 6 as the ‘spike’ in the deformation at the
front of the wall.

The observed vertical stresses from the full-scale test wall were less than the self-
weight of the wall. This effect was likely due to stress redistribution within the
reinforced soil wall. One of the other major features of the vertical stress distribution
at the base was the increase in stress at the toe and the decrease in stress towards the
heel of the concrete key. As indicated earlier, this is attributed primarily to the
rotation of the facing and concrete key, which gave rise to the higher stresses and
deformations at the toe. There was a decrease in vertical stress behind the wall due to
the transfer of some of the vertical load to the facing as a result of the combined
effects of the reinforcement and shear between the backfill and wall face. A similar
behaviour (decrease in stress towards the facing) has been observed in other reported
cases (Berg et al., 1986, Bathurst et al., 1989; Bathurst and Benjamin, 1990; Allen
et al., 1992; Bathurst and Simac, 1994; Ochiai and Fukuda, 1996) and was coupled
with an increase in pressure at the toe in a few of these cases (Ochiai and Fukuda,
1996; Allen et al., 1992).

The calculated vertical stress along the base of the wall compared reasonable
well with the observed behaviour (see Fig. 7) in terms of the general trend, although
the magnitude may have been over-estimated somewhat. The decrease in stress
towards the toe, along with the increase in stress at the toe was clearly visible. From
Fig. 7, it can also be seen that the stress distribution with an interface friction
angle of 30° between the backfill and facing gave results different from the interface
friction angle of 45°. The results from the analysis with an interface angle of 30°
gave a distribution of vertical stress bencath the wall that was not consistent
with those observed. This was due to partial slip along the interface surface. The
interface friction angle of 45° gave a result closer to the observed stress behaviour
beneath the wall, without any slippage along the interface. From this, it would
appear that an interface friction angle of 45° gives better agreement between the
calculated and observed results for the vertical stress at the base of the wall.
However, the results of the strains in the reinforcement layers must also be
considered as discussed below.
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4.3. Strain in reinforcement

The reinforcement strains were measured at five levels above the base of the
wall: 0.65, 1.65, 3.65, 5.65 and 7.65m. In each case there was an increase in the
strains towards the wall facing, which may be related to the horizontal
pressure measured against the back of the wall face. This increase in strain towards
the facing has been seen in both laboratory and field studies (Bathurst and Simac,
1994; Krieger et al.,, 1994; Bergado et al., 1994) where the horizontal stress
against the wall facing was also low. The measured strains were all below 1.5%
(10.0kN/m in terms of tensile force) and thus well below the design strength
of 29.4kN/m. The observed and calculated results are shown in Fig. 8. The
predicted strains agreed reasonably well with the observed values for the bottom
three layers and were slightly higher for the top two layers. This slight over-
prediction in strain in the top layers may be attributed to removal of slack in the
reinforcement grids in the full-scale wall (PWRI, 1997), as well as error in the
measured strain gauges.

It has been reported (Aleksandrov et al., 1988; Brachman, 1999) that the strain
measurements for geosynthetic materials have an error associated with the stiffening
effect of the strain gauge and, in many cases, are lower than the actual strain. This
error is associated with the local reinforcement effect of the foil or wire strain gauge
attached to the softer reinforcement material. A correction factor of 1.5 was assumed
to be a reasonable value and commonly used in these cases (Aleksandrov et al., 1988;
Brachman, 1999). This increase in strain is shown in Fig. 8 as the higher observed
strain line (Observed x 1.5).

The strain results from the interface angle of 30° agreed more closely with the
observed behaviour in the lower reinforcement layers than that obtained for the
higher interface friction angles. All assumed interface angles showed fairly similar
results, except for the drop in strain close to the wall facing in the lower two layers
for the two higher interface friction angles that does not agree with the observed
behaviour. Therefore, an interface friction angle of 30° was closer to the observed
results in this case.

4.4. Summary and conclusions of model wall behaviour

It has been shown that the results of the FE analyses generally compare well with
the observed behaviour of the full-scale wall, with a few exceptions. It has been
shown that the interface friction angle between the backfill and wall facing had the
most noticeable effect on the vertical stress at the toe of the wall and the strains in the
reinforcement. The vertical stress was more accurately estimated by the no-slip
condition from a friction angle of 45°. The strain in the reinforcement was best
estimated by an interface friction angle of 30°, which gave closer results to the
observed behaviour in the lower reinforcement layers. It can be concluded that the
interface friction angle between the backfill and the wall has a noticeable impact on
the vertical stress at the base of the wall and on the strain at the end of the lower
reinforcement layers and is somewhere within the range of 30—45° for this case.
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Fig. 8. Comparison of observed and calculated reinforcement strain.

401

In general, the behaviour of the wall seems to agree with the concept that the loads
within the walls are shared with the reinforcement and facing (Bathurst and Simac,
1994). This caused an increase in the deformation and stress at the toe, as well as a
decrease in the horizontal pressure against the wall face. The observed strains in the
wall all increased towards the facing and were all below the working strain level. For
reasons of simplicity and comparison, an average interface friction angle of 37.5°
between the facing and backfill material was used for each analysis in the parametric

study that follows.
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5. Parametric study

A parametric study was conducted to investigate the effect of different
characteristics of the soft loam material in the foundation strata. The study was
conducted by varying one loam parameter at a time while keeping all other values
constant. The various results were then compared to the original baseline case
(facing/backfill interface angle of 37.5°). The study examined the effects of varying
the drained and undrained strength of the loam, its stiffness, the thickness of the
layer and its position with respect to the bottom of the wall. Additional analyses
were conducted to examine the effects of varying the distance from the front of the
wall face to the far boundary and the results obtained for a yielding foundation
compared with those obtained on a rigid foundation.

5.1. Rigid foundation

Since MSWs are normally constructed on a competent foundation, an analysis
was conducted to examine how the behaviour of the wall might have been expected
to differ had it been built on a rigid foundation. A rough/rigid boundary was placed
at the base of the wall and the analysis was conducted with all the wall parameters
the same as previous analysis. The general results of the analysis showed that there
was significantly less plasticity in the backfill, which behaved essentially elastically
during construction, compared to the baseline condition with the compressible
foundation. The concrete facing and drainage gravel at the front of the wall
interacted together to support the soil mass.

Figs. 9 and 10 show the calculated lateral deformation and horizontal stress at the
facing. The maximum horizontal deformation of the wall facing calculated for a rigid
base was significantly lower than the baseline results (layered foundation as
discussed earlier) and the point of maximum lateral movement occurred higher up
the wall (see Fig. 9). The reduction in lateral deformation was, in part, due to lack of
movement at the base of the wall since it was restrained at the boundary. The
majority of the soil plasticity occurred in the upper section of the wall and this
contributed to the larger deformations in this area.

The horizontal pressure in this case was calculated in the sand directly behind the
drainage gravel. This was done because it was found that the concrete facing and
gravel primarily act together as the wall facing. For the rigid base case, the calculated
horizontal stress in the backfill approximately followed Rankine’s active condition in
the top half of the wall, increased towards the base, and then decreased at the very
bottom of the wall (see Fig. 10). For the yielding base case, the calculated horizontal
stresses were similar to the rigid base case in the top half of the wall, but then they
decreased to less than the active condition towards the base. In both cases, the
horizontal stresses corresponded to the lateral displacements of the wall face. In the
rigid foundation case, the top half of the wall was behaving under active conditions,
while an approximate at-rest condition occurred towards the bottom since it was
restrained at the base. For the yielding foundation case, the lateral movement of the
entire wall face corresponded to the approximate active stress state acting behind it.
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The vertical stress at the base of the wall followed a similar pattern as the base-
line case, except around the toe of the wall. The calculated stress for a rigid
foundation was noticeably lower (6%) at the toe than for the baseline case with a
compressible foundation. This decrease in stress was likely due to the stress
redistribution and rotation at the toe of the wall caused by the rough/rigid
foundation at the base.
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The strains in the reinforcement layers were lower than the baseline case at all
levels (see Fig. 11) due to stress redistribution in the wall and the decrease in lateral
deformation. Compression (negative strain) was found in the two lower measured
layers of reinforcement for the rigid case.

5.2. Boundary distance

It was found that extending the distance from the front of the wall face to the far
boundary initially from 10 to 60 and 75m had some effect on the behaviour at the
base and front of the wall, but little other effect. The predicted vertical displacement
along the top of the foundation, in front of the wall, was found to better conform
with the observed behaviour when the boundary was moved out and the analysis
better captured the small ‘hump’ at the toe of the wall (see Fig. 12). Moving the
boundary also gave rise to a slight increase in the horizontal displacement of the wall
facing, but had little effect on vertical stresses at the base of the wall. The increase in
the displacement of the wall face was associated with the slight increase in vertical
displacement at the toe of the wall. It can be seen that there was little difference in
extending the boundary from 60 to 75m and therefore, 60 m was found to be an
adequate distance to the boundary.

The elastic deformation properties of the loam were also studied to examine their
effect on the behaviour of the wall. The Poisson’s ratio of the loam was increased
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Fig. 12. Vertical deformation at surface of foundation for modified loam parameters with boundary
at 60m.

from the initial estimate of 0.26-0.35 (within the accepted range for this loam
material). This change resulted in the predicted vertical displacements at the top of
the foundation being slightly closer to the observed behaviour of the wall than the
initial analysis (Fig. 12). It was also found that modelling the loam as an elastic
cross-anisotropic material with a horizontal Poisson’s ratio of 0.26 and a vertical
Poisson’s ratio of 0.3 resulted in a vertical deformation slightly closer to the
observed behaviour then the initial analysis (Fig. 12). These results show that,
for the loam, the initial estimate of the Poisson’s ratio may be slightly low and
there may have been some intrinsic anisotropic behaviour that had not been
reported.

5.3. Variation in drained shear strength

The loam had reasonably high drained shear strength values, with a reported
apparent cohesion of 11kPa and a friction angle of 35.5°. For a parametric
assessment, the cohesion (¢’) was set to zero and friction angles (¢') of 20° and 28°
were examined. The original baseline case (¢’ =11 kPa and ¢’ =35.5°) was used in the
comparison and represents the highest strength of the loam. A number of other
strength related variables are also examined in the following subsections and results
for all these cases are shown in Figs. 13-16.

Decreasing the drained strength of the loam caused an increase in the lateral
displacement of the wall face (see Fig. 13). The horizontal stress at the back of the
wall face was relatively unchanged, as were the calculated strains in the
reinforcement, except for the lowest layer (0.65m) (see Fig. 15) where there was an
increase in strain. Thus, the lowest layer of the reinforcement was most sensitive to
changes in the strength of the loam in the foundation. As well as the increase in the
lateral displacement of the facing due to decreasing the strength, there was also an
increase in the vertical displacement at the toe (see Fig. 16). The stresses at the toe of
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the wall decreased slightly with the decrease in strength, likely due to stress
redistribution.

5.4. Variation in undrained shear strength

A review of the undrained strength of the loam was conducted to study its effects
on the wall’s behaviour. Although the loam appears to have behaved as a drained
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layer, there are many cases where a highly compressible layer is primarily clay and
acts in an undrained manner under short-term conditions. Undrained
strengths of 30 and 40kPa were examined. It was found that decreasing the
undrained strength caused an increase in the deformation of both the facing and the
toe of the wall (see Figs. 13 and 16). The horizontal stress against the back of the wall
and the strains in the reinforcement were relatively unchanged. This was again with

shear
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the exception of the lowest measured layer of reinforcement, which showed a slight
increase in strain (see Fig. 15).

5.5. Variation of loam stiffness

Although the loam was not particularly stiff, it was of interest to study how the
wall may have behaved if the loam had a stiffness of half the baseline conditions
examined earlier. Decreasing the loam stiffness only slightly increased the
deformation at the face of the wall as compared to the baseline case, but as it
might be expected, it significantly increased the settlement at the base (see Figs. 14
and 16). There was a slight decrease in the vertical stress at the toe of the wall and the
strains in the reinforcement layers and the horizontal stresses behind the wall were
unaffected by the change in loam stiffness.

5.6. Variation of position of loam below wall

A study was conducted to investigate the effects of the position of the loam layer
beneath the base of the wall. The loam was initially located 0.8 m below the base of
the wall. The position was varied from directly below the wall (0 m) to a position
of 2.0m below the wall’s base while its thickness was kept constant (2.95m). The
results showed that as the loam layer was located deeper below the base of the wall,
both the maximum deformation of the wall face and the settlement at the base of the
wall decreased (see Figs. 14 and 16). Changing the position of the loam had
no significant effect on the vertical stress at the base of the wall or the horizontal
stress against the back of the wall facing. However, an increase in the strain in
the reinforcement in the lower half of the wall was seen when the loam was closer to
the base of the wall, as seen in the lowest layer of reinforcement in Fig. 15. This
increase in strain was likely due to stress redistribution caused by the compressible
layer being closer to the base of the wall. Thus, the further the wall was located from
the soft layer, the more the wall behaved like it was constructed on a rigid
foundation.

5.7. Conclusions of parametric study

A comparison between the behaviour of a wall with a slightly compressible
foundation and a rigid foundation was conducted and showed that, in general, the
behaviour can be significantly different. As might be expected, a more compressible
foundation can lead to an increase in the deformation at the base of the wall.
However, it was also found that construction of a MSW on a soft foundation could
cause an increase in the lateral deformation of the wall face, of approximately 150%
in this case. As well, it can cause a slight increase in the vertical stress at the toe of the
wall and more importantly, an increase in the strains of all measured reinforcement
layers. In this case, the strains increased between 80% and over 350%. This
behaviour reported herein agrees well with other case studies that show a soft
foundation can cause an increase in the facing deformation and strain in the lower
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reinforcement layers (Schmertmann et al., 1989; Chou, 1992; Palmeria and Monte,
1997).

A parametric study was also used to examine the effects of the properties of the
weakest foundation layer. It was concluded that decreasing the strength of
the loam material caused an increase in the lateral displacement of the wall face
at the mid-point and an increase in the vertical displacement at the toe. As
well, the decrease in strength did cause an increase in the strain measured from the
lowest measured reinforcement layer. These increases could be due to stress
redistribution in the wall.

Decreasing the stiffness of the loam layer caused an increase in the deformation at
the base and along the facing of the wall. When the compressible layer was relatively
strong, increasing the thickness of the loam layer only affected the settlement at the
base of the wall and had no other significant effects on the overall behaviour of the
wall.

The position of the soft layer with respect to the base of the wall had a significant
effect on its behaviour. When the layer was located close to the base of the wall, the
deformations at the face and base of the wall increased, as well as the strains in the
reinforcement in the bottom half of the wall. This increase in deformation and strain
could have a significant effect on the stability of the wall.

Finally, it was shown that none of the parameters studied in this analysis had any
significant effect on the horizontal stress along the back of the facing blocks.
Therefore, as one would expect, it can be concluded that the horizontal stress was
governed by internal wall parameters and was not significantly affected by the
foundation conditions. However, it has been shown that the properties of
the drainage material used behind the wall facing can have a significant effect
on the behaviour of the wall.

6. Summary and conclusions

A finite element analysis of an experimental full-scale geosynthetic reinforced soil
wall has been reported. It was found that the calculated behaviour compared
reasonablly well with the observed behaviour of the full-scale wall, with a few
exceptions. The interface friction angle between the backfill and wall facing was
inferred to be somewhere within the range of interface friction angles of 30-45° for
this case.

In general, the behaviour of the wall was consistent with expectations with respect
to load distribution, deformation and stress at the toe, horizontal pressure against
the wall face and the observed strains in the reinforcement.

It has been shown that for the case of a geosynthetic reinforced soil wall
constructed on a yielding foundation, the stiffness and strength of the foundation
can have a significant effect on the wall’s behaviour. A highly compressible and weak
foundation layer can significantly increase the deformations at the wall’s face and
base, the strains in the reinforcement layers and, to a lesser extent, the vertical
stresses at the toe of the wall, compared to a rigid foundation. The only parameter
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that was not significantly affected by the stiffness or strength of the foundation was
the horizontal stresses behind the wall facing.
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