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Abstract

There has recently been an increase in the use of geosynthetic reinforced soil structures to

support bridge abutments and approach roads in place of traditional pile supports. In this

respect, reinforced soil walls offer a cost effective alternative to, and have been found to reduce

the ‘‘bridge bump’’ effect associated with, pile supported abutments. The paper focuses on the

numerical analysis of a hypothetical 6m high geosynthetic reinforced soil wall supporting a

bridge abutment and approach road constructed on a 10m thick yielding clayey soil deposit.

The results of the numerical analysis are compared to current design methodologies to

examine the effect of the yielding soil foundation on the behaviour of the wall and abutment.

The study includes the examination of both the internal and external stability of the wall, and

focuses on methods of improving the external stability.
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1. Introduction

There has recently been an increase of interest in the construction of reinforced
soil retaining walls to supporting bridge abutments in place of traditional pile
foundations. Two of the main reasons for the increased interest are the reduction in
overall cost of the project and the reduction, or potential elimination, of ‘‘bridge
bumps’’ which arises from differential settlement between a traditional pile
supported abutment and the approach road (Abu-Hejleh et al., 2002; Helwany
et al., 2003).
The majority of recent investigations of the use of geosynthetic (Adams, 2000;

Bloomfield et al., 2001; Esta, 2001; Uchimura et al., 2001; Abu-Hejleh et al., 2002;
Helwany et al., 2003) and steel (Troung et al., 2001) reinforced soil structures for
road and bridge abutment applications were founded on competent materials and
performed well under the applied loading conditions. However, there has been very
limited research into the behaviour of reinforced soil bridge abutments constructed
on time-dependent yielding foundation deposits.
A number of walls (Bloomfield et al., 2001) have been constructed on low shear

strength/compressible soil deposits where additional measures were taken to improve
the external stability and decrease the potential for large settlement. These measures
included the use of staged construction, pre-loading and surcharge loading, in
conjunction with the use of vertical drains. Given adequate time, this allowed
consolidation to occur before and during wall construction, thus increasing the
undrained shear strength and short-term external stability, and allowed consolida-
tion settlements to occur before the end of construction in order to decrease the
overall end of construction settlements. In addition to these considerations, a high
strength geogrid layer was used at the base of one wall to increase the external
stability. It was found that all of the walls performed well despite the adverse
foundation conditions. Finally, it has been shown by numerical investigation
(Helwany et al., 2003) that the performance of a reinforced soil bridge abutment can
be significantly affected by the behaviour of the foundation soil deposit.
Therefore, it was of interest to investigate the behaviour of a geosynthetic

reinforced soil wall and bridge abutment constructed on a viscoplastic foundation
soil and, in particular, to examine the effects of yielding on the behaviour of the
structure. To this end, a bridge abutment and approach road were assumed to act at
the top of a typical reinforced soil wall with two different loading scenarios: the first
considered the abutment and road dead loads alone; and the second included a
sustained traffic load in addition to the dead loads (Fig. 1). In order to examine the
effect of significant yielding in the foundation soil during and after the additional
loads were applied, but not external failure, the two loading cases were selected such
that they decreased the external factors of safety below the minimum values required
by the National Concrete Masonry Association (National Concrete Masonry
Association (NCMA), 1996), but had a factor of safety greater than unity.
The primary objective of this study is to examine the short- and long-term effects

of increasing the foundation yielding, due to the additional loading associated with a
bridge abutment and sustained traffic, on the behaviour of a reinforced soil wall. A
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Fig. 1. Cross-section of typical wall with bridge abutment and approach road loads.
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secondary objective is to examine the implications of this behaviour with respect to
current design methodologies (National Concrete Masonry Association (NCMA),
1996) in terms of both stability and deformations, and to investigate the effect of
increasing the length and stiffness of the bottom reinforcement layer on the external
stability of the wall.
2. Numerical model

A version of the finite-element (FE) program AFENA originally developed by
Carter and Balaam (1990) and modified as noted below to account for both the
modelling of geosynthetic reinforced soil walls and viscoplastic clay behaviour was
used to conduct the numerical analyses reported herein. The soil retaining wall was
examined under two-dimensional (plane strain) conditions consistent with normal
design assumptions (Canadian Foundation Engineering Manual (CFEM), 1992;
Federal Highway Administration (FHWA), 1996; National Concrete Masonry
Association (NCMA), 1996). The finite-element mesh used 4335 eight noded
isoparametric elements to model the soil, masonry and concrete, 288 linear bar
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elements (with no significant compressive or bending strength) to model the
reinforcement and 1390 interface elements were used between the various materials
(Fig. 2). The initial geostatic stress conditions in the foundation were based on the
unit weight and effective coefficient of lateral earth pressure at rest (K0) for the soil.
The viscoplastic model adopted for the continuum elements used for the clay

foundation combined an elliptical cap yield surface (Chen and Mizuno, 1990) and a
Drucker–Prager failure criterion with Perzyna’s (1963) over-stress model and fully
coupled Biot (1941) type consolidation (Rowe and Hinchberger, 1998).
An elasto-plastic stress–strain model with a Mohr–Coulomb failure criterion was

adopted for the continuum elements used for the coarse-grained soils, masonry
facing and concrete key. Young’s modulus, E; of the granular soils was assumed to
be non-linear and given by Janbu’s (1963) equation expressed in the form

E

Pa
¼ K

s3
Pa

� �n

; (1)

where s3 is the minor principle stress, Pa is the atmospheric pressure (e.g. 101.3 kPa),
the values of K and n were selected based on correlations (Duncan et al., 1980) with
the assumed soil properties. To deal with the case of low s3; a minimum stiffness was
assumed equal to KðPaÞ

n; since at no times would the stiffness of the confined coarse-
grained materials be close to zero in this study. The masonry and concrete materials
were assumed to be purely elastic materials.
Rigid–plastic interface elements, as described by Rowe and Soderman (1987), were

used to model the behaviour between the various materials. A Mohr–Coulomb
failure criterion was used to model failure at interfaces.
The model adopted had been previously used to successfully describe the

behaviour of a full-scale reinforced soil wall (Rowe and Skinner, 2001), the
geosynthetic reinforced Sackville test embankment (Rowe and Hinchberger, 1998),
and in the numerical analysis of reinforced embankments constructed on viscoplastic
foundation soils (Li and Rowe, 1999; Li, 2000).
The wall construction was simulated layer-by-layer and it was assumed that the

wall and abutment construction occurred over 24 and 122 day periods, respectively.
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The additional sustained traffic load was applied as a linearly increasing load over an
assumed 6 h period at which point it remained constant with time. Although traffic
loads are normally considered as transient live loads, in this case it represented an
additional sustained load equivalent to constant traffic on the bridge. The non-linear
and time-dependent analysis of the wall and abutment construction, abutment
loading and subsequent consolidation behaviour was performed in sufficiently small
increments to ensure numerical stability of the solution and to minimize numerical
errors (Skinner, 2002).
A limit-equilibrium analysis was conducted to ensure adequate distance between

the bottom rough/rigid and right lateral smooth/rigid boundaries and the primary
zone of influence of the wall, modelled at distances of 10m from the base of the wall
and 24m from the top edge of the wall face, respectively. The distance to the left
lateral smooth/rigid boundary was assumed to be at least ten times the initial length
of the reinforcement to minimize boundary effects as discussed by Rowe and Skinner
(2001). Finally, the top and bottom of the clay layer were assumed to be zero excess
pore pressure seepage boundaries.
3. Model parameters and design considerations

3.1. Design and description of wall with abutment loads

The wall was designed based on the current NCMA working stress design code
(National Concrete Masonry Association (NCMA), 1996) for segmental walls. This
approach specifically considers a segmental wall facing and is based on Coulomb’s
active earth pressure theory. The wall was designed to a height of 6m with ten layers
of 4m long knitted polyester (PET) geogrid. The facing was assumed to be
constructed from 40 masonry-facing blocks (e.g. Pisa II blocks from Unilocks) each
having an infilled unit weight of 21.8 kN/m3 and a natural setback of 20mm due to
interlocking shear keys. The wall was embedded 0.3m (Fig. 1). A prefabricated
concrete key and gravel layer were used at the toe and base of the wall, respectively.
The concrete key acted as a levelling surface for face alignment only and served no
structural purpose. The thin (0.15m) layer of gravel at the base of the reinforced wall
and around the key acted as a level surface for construction of the wall and the top
drainage boundary for the clay foundation below the wall. The watertable was
assumed to be located at the top of the clay foundation. The block/block and block/
reinforcement interface parameters are given in Table 1.
The allowable reinforcement tensile strength was assumed to be 20.4 kN/m

(Geotechnical Fabrics Report (GFR), 1999 for Stratagrid 200) and accounted for the
ultimate and creep limited tensile strength of the geogrid, and additional strength
reductions due to installation damage and durability as indicated in Table 1. The
geogrid secant tensile stiffness, J; was taken to be 400 kN/m based on ASTM
Standard D 4595 (1998) and Bathurst (2000). The polyester geogrid was assumed to
have limited susceptibility to creep deformation (Koerner, 1990).
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Table 1

Geosynthetic material properties

Material property Test methodology Value

Ultimate tensile strength (kN/m) ASTM Standard D 4595, 1998 39.7

Creep tensile strength (kN/m) ASTM Standard D 5262, 1998 24.6a

Allowable tensile strength (kN/m) GRI GG4, 1991 20.4b

Tensile stiffness, ‘J’ (kN/m) ASTM Standard D 4595, 1998 400

aCreep reduction factor ¼ 1.61.
bInstallation reduction factor ¼ 1.05, durability reduction factor ¼ 1.15 and overall reduction

factor ¼ 1.0.

Table 2

Sand and drainage gravel material parameters

Characteristic Sand backfill Drainage gravel

Unit weight (kN/m3) 20 20

Friction angle (deg) 35 45

Dilation angle (deg) 6 12.5

Poisson’s ratio, n 0.3 0.35

Coefficient of earth pressure at rest, K0 0.4 0.3

Janbu K and n 460, 0.5 900, 0.7
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The reinforced and retained backfill were assumed to be the same cohesionless
sand and the drainage layer at the base of the wall was assumed to be cohesionless
gravel. The unit weight, friction and dilation angles, and other assumed parameters
for the sand and gravel are given in Table 2. All parameters were taken from the
range of typical values for these materials (Craig, 1992; Holtz and Kovacs, 1981),
with the following exceptions. The dilation angle of each material was assumed to be
given by Bolton’s (1986) equation c0

¼ ðf02f0
cvÞ=0:8; where the value of the constant

volume friction angle (f0
cv) was assumed to be 301 and 351 for the sand and gravel,

respectively (Craig, 1992). The non-linear Janbu (1963) stiffness parameters K and n

were selected for the assumed soil properties based on Duncan et al. (1980).
The block/block interface parameters were estimated from test protocol SRWU-1

(National Concrete Masonry Association (NCMA), 1996) for both the ultimate and
serviceability criterions, as reported by Bathurst et al. (1996), and are given in Table
3. The interface friction angle between the facing blocks and the backfill soil was
taken as two-thirds the sand friction angle. The same assumption was made for the
interface between the gravel soil and both the facing blocks and concrete key based
on the gravel material. The interface between the backfill and the foundation was
assumed to be equal to the normally consolidated friction angle of the foundation,
since it was the lesser value for the two soils. The interface friction between the
backfill soil and reinforcement was taken as 90% of the backfill friction based on
similar material parameters (Krieger and Thamm, 1991), rather than the
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Table 3

Material interface parameters

Interface Criterion Minimum shear

force (kN/m)

Friction

angle (deg)

Block/block Ultimate strength 11.5 59

Serviceability state 9.4 51

Backfill/facing block Ultimate strength 0 23.3

Backfill/reinforcement Ultimate strength 0 31.5

Backfill/foundation Ultimate strength 0 27

Gravel/concrete key Ultimate strength 0 30

Embedment/facing block Ultimate strength 0 30
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conservative assumption of 70% indicated by NCMA (1996) for the case where no
other data is available. The interface friction angles between the various materials
are summarized in Table 3.
The minimum reinforcement length and wall embedment depth were taken as 0.6

times the height of the wall and the exposed height of the wall divided by 20,
respectively, as specified by the NCMA (1996) manual. Further, the maximum
reinforcement spacing was limited to two times the facing block width, as
recommended by the American Association of State Highways and Transportation
Officials (AASHTO) (1996). The design coefficient for sliding for the geogrid
reinforcement was taken as 0.95 (National Concrete Masonry Association (NCMA),
1996).
The assumed bridge abutment and road loads were based on an example in the

Federal Highways Administration (FHWA) design manual (Federal Highway
Administration (FHWA), 1996) with an assumed abutment width of 1.7m and offset
of 0.6m from the front of the wall (Fig. 1). Two loading cases were considered to act
along the top of the wall. The first (Case 1) represented a lightly used road with an
approximate transient traffic load, thus only the abutment and road dead loads were
accounted for at the top of the wall. The second (Case 2) represented a heavily
travelled road with an approximately constant volume of traffic, thus a sustained
traffic load was included in addition to the abutment and road dead loads. The
assumed loads are given in Table 4.
The NCMA manual (1996) does not explicitly consider the stability of the

abutment on top of the retaining wall or the associated abutment and road forces as
part of the internal and external stability calculations. Thus, the stability of
abutment was estimated following the FHWA manual (1996) and was found to be
satisfactory. For the stability design of the wall, the abutment and road were
assumed to act as a strip footing (Federal Highway Administration (FHWA), 1996;
Bathurst and Jones, 2001) and an offset uniformly distributed load (Craig, 1992),
respectively.
The NCMA manual (1996) covers a wide range of potential internal and facing

failure modes, and considers the interface characteristics between the various
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Table 4

Abutment loads (modified from Federal Highway Administration (FHWA), 1996)

Case 1 (dead loads only) Magnitude

Vertical load from abutment (kN/m) 80

Horizontal load from abutment (kN/m) 5

Vertical load from road (kPa) 20

Case 2 (Case 1+traffic live load) Magnitude

Vertical load from abutment (kN/m) 125

Horizontal load from abutment (kN/m) 11

Vertical load from road (kPa) 29
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materials. The internal stability of the wall accounting for Cases 1 and 2 loadings
was governed by the pullout resistance of the reinforcement, the connection strength
between the reinforcement and facing blocks, and the maximum reinforcement
spacing. The reinforcement was placed at the maximum spacing of twice the facing
block length (0.6m), and was taken to be 4.0m in length (greater than the minimum
required length of 3.6m) to increase the overall pullout resistance, and an additional
layer of reinforcement was added at a height of 0.3m to prevent pullout failure of the
layer above it. ‘Positive’ or mechanical connections (e.g. pins, dowels or clips from
National Concrete Masonry Association (NCMA), 1996) were assumed between the
reinforcement and facing blocks to satisfy the facing connection stability criterion.
These ‘positive’ connections represented a 100% connection capacity between the
reinforcement and facing blocks and were thus limited by the allowable strength of
the reinforcement (Skinner, 2002). The external stability was based on the assumed
foundation conditions discussed below.
3.2. Foundation description and design stability

The 10m thick foundation deposit was taken to be a viscoplastic yielding clay
similar to that described by Li and Rowe (1999) with properties as given in Table 5.
The initial void ratios were taken to be 2.0–1.75 (from top to bottom of the deposit),
and the average unit weight was 15.8 kN/m3. The vertical hydraulic conductivity was
assumed to be a function of the void ratio given by the equation

kv ¼ kvo � exp
e � e0

Ck

� �
; (2)

where the initial vertical hydraulic conductivity (kv0) and void ratio (e0) are given in
Table 5 and the hydraulic conductivity change index (Ck) was taken to be 0.5 for
both cases (based on Mesri et al., 1994). Recognizing that typically the hydraulic
conductivity of clay is anisotropic (Tavenas et al., 1983; Terzaghi et al., 1996), the
ratio of horizontal to vertical hydraulic conductivity was assumed to be kh=kv ¼ 3:
The viscoplastic characteristics were based on the rate-dependent relationship
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Table 5

General foundation material properties

Property Value

Specific gravity 2.74

Liquid limit (%) 76

Plasticity index 40

Initial void ratio (top to bottom of deposit) 2.0–1.75

Average unit weight (kN/m3) 15.8

Compression index (Cc) 0.69

Recompression index (Cr) 0.069

N/C friction angle (deg) 27

N/C cohesion (kPa) 0

O/C friction angle (deg) 20

Coefficient of earth pressure at rest (K0) 0.6

Poisson’s ratio (n) 0.35

Elliptical cap aspect ratio (Rc) 1.2

Initial hydraulic conductivity (kv0 (m/s) 1� 10�9

Hydraulic conductivity constant (Ck) 0.5

Ratio of horizontal to vertical hydraulic conductivity (kh=kv) 3

Viscoplastic fluidity constant (/h) 1.0� 10�7

Viscoplastic strain rate exponent 30

Preconsolidation pressure at top of layer (kPa) 93

Change in preconsolidation pressure with depth (kPa/m) 4.5

Undrained shear strength at top of layera (kPa) 50.3

Change in undrained shear strength with deptha (kPa/m) 0.9

aBased on the estimated corrected (Bjerrum, 1973) shear vane results.
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between undrained shear strength and strain rate presented by Kulhawy and Mayne
(1990) and estimated by Li (2000). All other relevant soil properties are summarized
in Table 5. The initial vertical effective stress and preconsolidation pressure profiles
are shown in Fig. 3. Based on the assumed parameters and accounting for the
relationship between plane strain and corrected (Bjerrum, 1973) field vane strengths
(Skinner, 2002), the corrected undrained shear vane strength at the top of the
foundation stratum, suo; was calculated from the viscoplastic cap model (Rowe and
Hinchberger, 1998) to be 50.3 kPa and increased with depth at a rate of 0.9 kPa/m, as
shown in Fig. 3.
For this study, the external stability was governed by the short-term bearing

capacity and global stability analyses. The method of bearing capacity analysis
specified by the NCMA manual (1996) considers the reinforced soil wall to act as a
rigid block with a reduced bearing area due to eccentricity and requires a minimum
factor of safety of 2. The short-term ultimate bearing capacity of the foundation may
be estimated from the corrected (Bjerrum, 1973) field vane shear strength profile, and
the bearing capacity solutions published by Davis and Booker (1973). The manual
recommends the method of slices for estimating global stability and therefore a limit
equilibrium analysis using Spencer’s method (as programmed into Slope/W, 2001),
accounting for both force and moment equilibrium, was conducted. As a result of
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soil (su ¼ Bjerrum (1973) corrected shear vane strength).

Table 6

External bearing capacity and global stability factors of safety

Case Description Bearing capacity

FSmin
a
¼ 2.0

Global stability

FSmin
a
¼ 1.5

Wall alone 2.0 1.8

1 Abutment and road

dead loads

1.8 1.5

2 Case 1+sustained

traffic load

1.5 1.4

aMinimum factor of safety from NCMA (1996).
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the additional abutment and road loads the external bearing capacity of Cases 1 and
2 and the global stability of Case 2 were less than the minimum required factors of
safety as summarized in Table 6. Although these cases does not represent adequate
design scenarios where the minimum factors of safety would be met, they do allow
for the investigation of the effects of significant foundation yielding on the behaviour
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of a reinforced soil wall. They may be thought to represent situations where the
foundation stiffness and strength has been over-estimated, or additional loading is
added to the wall after it as been initially designed and constructed. As well, they
allow for the investigation of the effect of increasing the length and stiffness of the
bottom reinforcement layer on the external stability of the wall.
4. Results of analysis of wall under additional loading cases

The results of the FE analyses for loading Cases 1 and 2 were the same up to the
end of adding the abutment and road dead loads. After this point, for Case 1 no
other loads are added and the behaviour of the wall was examined until 95%
consolidation was reached. For Case 2 the additional sustained traffic load was then
added to the abutment and road dead loads and the behaviour of the wall was again
examined until 95% consolidation (7 years in both cases) was reached. In addition,
the behaviour of the wall alone, with no additional loads, was examined until 95%
consolidation (7 years) was reached. It should be noted that the degrees of
consolidation (i.e. 95% consolidation) discussed in this study are for a point along
the right lateral boundary, half-way between the top and bottom drainage
boundaries. This point was used to represent the lowest degree of consolidation at
any time within the clay foundation deposit, and the associated average degree of
consolidation along the right lateral boundary was slightly greater than the value
given at the point of interest for each case.
It was found there was no significant effect from the potential generation of

additional excess porewater pressure within the viscoplastic clay foundation yield
zone below the backfill soil at any time for all cases examined in this study.

4.1. Foundation behaviour and stability

At the end of wall construction (EOWC), the foundation was stable and displayed
a shallow potential slip surface. The stress state of most of the soil below the wall was
beyond the initial static yield surface (due to the viscoplastic over-stress model used
in this study) and in a state of over consolidated (O/C) yield (Fig. 4). It should be
noted that the model is capable of accounting for both normally and O/C yielding of
a soil beyond the elastic range and before ultimate failure occurs (Atkinson and
Bransby, 1978). During the time Case 1 loading was applied, the stress state of the
soil below the wall moved into a state of normally consolidated (N/C) yield or failure
(Fig. 5). One can see the first step towards the development of a potential shear
failure zone as the N/C failure zone extends through the foundation soil from the toe
and around the base of the reinforced soil wall due to the construction and
additional loads at the minimum factor of safety of 1.5 (global stability).
When Case 1 loading alone was applied over an assumed 122-day period, the wall

remained stable and the velocity vectors and strain rate contours decreased between
the EOWC and completion of the application of Case 1 loading. Thus, there was no
accelerated movement of the foundation soil with the addition of Case 1 loading.
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When Case 2 loading was rapidly applied over a 6 h period immediately after Case 1,
the N/C failure zone increased in size, and a potential shear failure surface became
more evident as it continued to extend below and towards the surface behind the
reinforced soil wall (Fig. 6). Although N/C failure zones developed in the foundation
for both load cases, the significantly higher application rate and load magnitude of



ARTICLE IN PRESS

Distance (m)
36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70 72

D
ep

th
 (

m
)

0

2

4

6

8

10

12

14

16

Elastic
O/C yield
N/C failure
N/C yield
M/C yield

Elastic

Elastic

N/C failureO/C yield N/C yield

M/C failure
Extent of reinforcement layers

Fig. 6. Plasticity zones after Cases 2 loading was applied.

G.D. Skinner, R. Kerry Rowe / Geotextiles and Geomembranes 23 (2005) 234–260246
Case 2 caused a larger N/C failure zone to develop in the foundation. This highlights
the importance of construction rate on the stability of a structure on a rate sensitive
foundation.
It was found that the wall remained internally and externally stable during the

entire analysis to 95% consolidation for both loading cases. Therefore, although the
loading cases both had external factors of safety below the minimum required by
the NCMA (1996) design code and caused N/C failure zones to develop within the
foundation, the factors of safety were 1.4 or greater and the foundation had
sufficient strength to maintain the stability of the wall under both abutment and
traffic loads.

4.2. Wall and foundation deformations

The displacements at the top, face and base of the wall were significant in
magnitude after Cases 1 and 2 loadings were applied and at 95% consolidation
(Figs. 7–9, respectively), and the overall displacements were greater for Case 2 due to
its higher loads. The total vertical and horizontal displacements were highest at the
top and face of the wall at 95% consolidation for both cases. The vertical
displacements were larger at the top of the wall compared to the base due to the
combination of the vertical and rotational displacement of the base and the lateral
displacement of the wall face. The calculated maximum total displacements at the
top and face of the wall were 640 and 430mm and 970 and 698mm for Cases 1 and 2,
respectively, at 95% consolidation. This represented increases in facing deformation
of 540% and 884% for Casess 1 and 2 relative to those at the EOWC, and 300% and
488% relative to those of the wall alone at 95% consolidation. These large
deformations were attributed to the combined effect of significant consolidation and
yielding of the foundation when the additional loading cases were applied and, due
to their significant magnitude, would be in excess of most allowable project
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specifications. Although Cases 1 and 2 do not represent typical design situations, this
shows that without careful consideration of foundation soil properties and design
loading conditions that excessive deformations can occur. From a design point of
view it would be difficult to apply a simple method of predicting the top and face
deformations since their magnitude is not only a function of the foundation
settlement, but also of the stiffness of the facing, backfill and reinforcement
materials.
The vertical deformations along the top of the foundation showed the upward

displacement of soil in front of and behind the reinforced soil block for Cases 1 and 2
(Fig. 9), and only in front for the wall alone. These ‘mud waves’ illustrated the
outward movement of soil from beneath the reinforced block and the unreinforced
backfill section as the foundation soil deposit consolidates and the stiffer backfill soil
displaces the clay foundation material.
Even though the wall and foundation together showed large (excessive)

displacements, the deformations at the top of the wall were less across the reinforced
backfill section than the soil adjacent to it. The differential displacements along the
top from the front to the back of the reinforced section were 15 and 40mm for Cases
1 and 2, respectively, which were significantly less than at the base of the wall where
the differential displacements were 154 and 161mm for Cases 1 and 2, respectively.
This behaviour was attributed to the ability of the flexible reinforced soil block to
allow larger differential displacements to occur at the base of the wall and not to
fully transfer these deformations to the top of the wall as would be the case with a
rigid or gravity retaining structure.
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4.3. General wall behaviour

The vertical stresses at the base of the reinforced wall were below the expected
design (National Concrete Masonry Association (NCMA), 1996) values, except at
the toe (Fig. 10). The vertical stress at the toe was 22% higher than the design value
for the wall alone, and 27% and 37% higher than the design values for Cases 1 and 2
at 95% consolidation, respectively (an average of 29% higher overall). It should be
noted that although the stress for Case 2 had decreased by 95% consolidation due to
stress redistribution of the foundation, it was still greater than the design value. The
greater stresses at the toe were likely due to the transfer of forces from the backfill
soil to the wall face by both friction along the face and through the reinforcement
connections as previously discussed by Rowe and Skinner (2001), and this is not
accounted for in standard design. It should be noted that the jagged shape of the
vertical stress at approximately the 52m location for all cases was due to the
transition in soil materials below the wall backfill from the end of the gravel levelling
pad to the clay foundation deposit. The slight increase in the vertical stress at these
locations may be attributed to stresses arching to the stiffer gravel material from the
clay.
Generally, the horizontal stresses along the back of the wall face were found to be

at or below the estimated design active earth pressure (Ka) for the wall alone and
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both Cases 1 and 2 (Fig. 11). However, this was not true at two locations. The first
was at the bottom of the wall where the horizontal stresses were on average greater
than the active pressure and at the very base greater than the at-rest condition for
Cases 1 and 2. This increase in horizontal stress was a reflection of the increased
vertical stress at the toe of the wall and friction between the base of the wall and the
foundation. The second was at the top of the wall where the horizontal stresses
exceeded the estimated active pressure from design in all three cases at 95%
consolidation due to stress redistribution in the backfill as the foundation deposit
consolidated and the additional loadings rotated towards the facing. Although these
increases were not considered in the design, the internal factors of safety (that were
satisfied in the wall design) would seem to adequately account for them, due to the
conservative nature of the design code (Allen and Bathurst, 2002). It should be noted
that the jagged shape (increase and decrease) of the horizontal stress along the
elevation of the wall face corresponds to the connection locations of the
reinforcement layers. The horizontal stresses decrease at the point that the
reinforcement connects to the wall face due to arching between the backfill and
reinforcement to the stiffer facing blocks.
The strains in reinforcement layers increased with both the addition of Cases 1 and

2 loadings and time (Figs. 12 and 13, respectively). The point of maximum strain in
each layer was within the reinforced soil mass and not at the connections. The
increase in reinforcement strain was greater at the top portion of the wall with the
addition of the abutment and road loads as expected and was partially accounted for
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in design. The design method only considered the increase in strain due to the
applied load alone and not the associated consolidation and plastic shear
deformations of the foundation that further increased the reinforcement layer strain.
At the heights of 0.3, 3.0 and 5.4m, the maximum strains increased 158%, 150%

and 550%, respectively, for Case 1 loading and 175%, 210% and 850% for Case 2
loading from the EOWC to just after the load cases were applied. These increases in
strain could be attributed to the additional load cases and the undrained shear
deformations of the yielding foundation. The large percent increase in strain in the
top reinforcement layer was due to the initially low strain at the EOWC.
After the addition of the loads, the strains continued to increase with time due to

foundation settlement, with the greatest increases occurring in the lower layers. The
increase in maximum reinforcement strain from the end of the additional loading to
95% consolidation at the same heights were 42%, 23% and 8%, respectively, for
Case 1 and 76%, 31% and 18% for Case 2. Overall at the same heights, the increase
in maximum reinforcement strain at 95% consolidation compared to the wall alone
were 57%, 91% and 418% for Case 1 and 107%, 155% and 733% for Case 2. These
increases in strain were due to the increased combination of both primary and
secondary consolidation and the plastic shear deformation of the foundation and are



ARTICLE IN PRESS

Layer height = 0.3 m

Distance (m)
48 49 50 51 52 53 54

St
ra

in
 (

%
)

0
1
2
3
4
5
6

Layer height = 3.0 m

St
ra

in
 (

%
)

0
1
2
3
4
5
6
7 End of wall construction

Wall alone at 95%
consolidation
Addition of Case 2 loading
Case 2 at 95% consolidation

Layer height = 5.4 m

St
ra

in
 (

%
)

0

1

2

3

4

5

Fig. 13. Strains in various reinforcement layers for Case 2 loading (95% consolidation ¼% degree of

consolidation at a point along right lateral boundary at centre of foundation deposit).

G.D. Skinner, R. Kerry Rowe / Geotextiles and Geomembranes 23 (2005) 234–260252
not accounted for in design. This can be illustrated by comparing the FE predicted
(at 95% consolidation) and design calculated strain values in the lower half of the
wall, with the FE values being between 60% and 90% higher for Case 1 and between
93% and 100% higher for Case 2 than the design calculated strains. Further, the
maximum forces in all the reinforcement layers below the height of 3.6m exceeded
the maximum allowable limit at 95% consolidation for Case 2 loading (Fig. 14).
Thus, although it has been shown that current design methodology can be
conservative for normal working conditions (Allen and Bathurst, 2002), the effects of
unanticipated foundation yielding due to under-estimating soil strength and stiffness
or the addition of unanticipated load can cause the reinforcement layer forces to
exceed their allowable limit.
5. Parametric study of bottom reinforcement layer

The factors of safety from the NCMA (1996) design manual for the bearing
capacity of Cases 1 and 2 loadings and the global factor of safety of Case 2 were
below the minimum values of 2.0 and 1.5, respectively, as discussed above. In order
to increase these factors of safety and overall external stability of the wall, a
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parametric study of the bottom reinforcement layer (at a height of 0.3m) was
conducted. The study focused on increasing the external stability of the wall by
lengthening and stiffening the bottom reinforcement layer and studying the effect on
the behaviour of the wall. A number of cases have documented the use of high
strength geogrid reinforcement at the base of a reinforced soil wall in order to
increase stability and aid in controlling differential settlements (Curtis et al., 1988;
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Bloomfield et al., 2001; Troung et al., 2001). Due to the excessive deformations of
Case 2, only Case 1 loading was considered herein.

5.1. Lengthening of bottom reinforcement layer

To examine the effect of increasing the length of the bottom reinforcement, this
layer was extended the full 24m width of the backfill mesh and was pinned at the
right smooth/rigid boundary (which is a line of symmetry). Although it is not
common practise to incorporate such a significantly long reinforcement layer at the
base of a wall, this was done to ensure that the extended layer did not fail due to
pullout and would intersect any potential slip surface. The reinforcement material
properties remained the same as previously described (ultimate strength of 39.7 kN/
m and secant tensile stiffness of 400 kN/m). The extended length of the bottom
reinforcement layer increased the global stability factor of safety (based on limit
equilibrium analysis) from 1.5 to 1.6. The results of the initial analysis with all
reinforcement layers 4m long were compared to the results of the analysis with
extended the bottom reinforcement layer (all other layers remaining 4m long).
It was found that extending the bottom reinforcement layer had no significant

effect at any time on the plasticity zones, displacements, vertical or horizontal
effective stresses at the base and face of the wall, respectively, or the strains in the
reinforcement layers within the reinforced soil block. However, past the end of the
reinforced soil block, the strains in the bottom layer increased again to a peak and
then decreased towards the boundary. This was found to be due to the extended
layer acting as a single reinforcement layer against the development of a potential
global failure mechanism around the main reinforced soil block.

5.2. Lengthening, stiffening and strengthening of bottom reinforcement layer

The bottom reinforcement layer was extended to the mesh boundary as described
above and the geosynthetic reinforcement strength and stiffness were increased. The
reinforcement was taken to be a polyester geogrid with an allowable strength of
759 kN/m (Geotechnical Fabrics Report (GFR), 1999 for Paralink 1250S) based on
the ultimate and creep limited strength of the geogrid and accounted for additional
installation and durability reductions factors (Table 7). The polyester geogrid secant
Table 7

Geosynthetic material properties for stiffer and stronger base layer

Material property Test methodology Paralink 1250S

Ultimate strength (kN/m) ASTM Standard D 4595 1343

Creep strength (kN/m) ASTM Standard D 5262 829

Allowable strength (kN/m) GRI GG4 760

Tensile stiffness (kN/m) ASTM Standard D 4595 12,000a

aBased on reported force at 5% strain (Geotechnical Fabrics Report (GFR), 1999).
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tensile stiffness was taken to be 12,000 kN/m as reported in the Geotechnical Fabrics
Report (GFR) (1999), and was assumed to have limited susceptibility to creep
deformation (Koerner, 1990). All other reinforcement layers remained the same as
previously described (length of 4m, ultimate strength of 39.7 kN/m, and secant
tensile stiffness of 400 kN/m).
The increased reinforcement length and stiffness increased the global stability

factor of safety (based on limit equilibrium analysis) from 1.5 to 2.5. The results of
this analysis were compared to that of the extended reinforcement layer with a
strength and stiffness of 39.7 and 400 kN/m respectively.
The behaviour of the wall with increased stiffness of the bottom reinforcement

layer showed no significant difference from the previous analysis at the EOWC,
except for lower strains in the bottom reinforcement layer due to its higher stiffness.
Therefore, increasing the stiffness of the bottom layer did not significantly decrease
the undrained shear deformations at the EOWC.
After Case 1 loading was subsequently applied, the analysis with the stiffer bottom

reinforcement layer showed a noticeable decrease in the displacements at the top,
face and base of the wall and a slight decrease in the strains of the main
reinforcement layers as compared to the previous case. The decrease in deformations
at the top and face of the wall and the reinforcement strains were attributed to the
decrease in displacement at the base of the wall. The decreased deformation at the
base was due to the higher stiffness of the bottom reinforcement layer increasing the
overall stiffness of the backfill at the base and thus decreasing the local deformations
at the base of the reinforced section (Fig. 15). Although increasing the stiffness of the
reinforcement at the base of the wall did not significantly change the deformation at
the base of the wall by 95% consolidation, it did slightly decrease the facing
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displacements and thus the strains in the reinforcement layers. The increased stiffness
at the base of the wall also caused the vertical stress at the toe of the wall to slightly
increase, as it has been shown to do with a stiffer foundation (Rowe and Skinner,
2001). At the EOWC, the maximum strains (Fig. 16) in the bottom reinforcement
layer were higher outside the reinforced soil block than inside the block, thus
indicating the critical global failure surface passed behind the main reinforced soil
mass. When Case 1 loading was applied, the maximum reinforcement strain was
located within the reinforced mass, reflecting the increased load from the abutment
and potential bearing failure of the wall. By 95% consolidation the maximum
reinforcement strain was again located outside the reinforced soil block, indicating a
critical global failure surface around the main reinforced soil mass.
6. Summary and conclusions

The addition of bridge abutment and approach road loading cases at the top of a
reinforced wall caused normally consolidated (N/C) yielding and failure, and the
development of potential failure mechanisms in the foundation deposit below and
around the reinforced soil block. However, the wall and foundation deposit
remained stable under both Cases 1 and 2 loadings due to the overall strength of the
foundation reflected in external factors of safety greater than unity. The loading
scenarios also resulted in a significant increase in the total and differential
displacements due to the corresponding N/C consolidation and yielding foundation
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behaviour. Although the external stability of the wall did not satisfy the minimum
factors of safety, this shows that a geosynthetic reinforced soil wall can withstand the
excessive deformations causes by unexpected significant yielding of the foundation
soil and even reduce the differential settlement and potential bridge bump effect at
the top of the wall.
The increased deformations with load and time correspondingly increased the

reinforcement strains. Comparison of the finite-element (FE) predicted and design
(National Concrete Masonry Association (NCMA), 1996) calculated strain values in
the lower half of the wall showed that the FE analysis predicted strains 60–90%
higher for Case 1 loading and 93% and 100% higher for Case 2 loading at 95%
consolidation. It was predicted that the forces in the reinforcement layers below the
height of 3.6m increased beyond the allowable reinforcement strength by 95%
consolidation for Case 2, and this is not accounted for in conventional design.
Although it has been shown that current design methods can be conservative with
respect to the expected reinforcement strain (Bell et al., 1983; Bergado et al., 1991,
1994; Nakajima et al., 1996; Allen and Bathurst, 2002), this may not be the case for a
wall which experiences significant unexpected yielding of the foundation soil. The
internal stability design (National Concrete Masonry Association (NCMA), 1996)
for reinforcement rupture only accounts for the applied loading conditions and does
not account for the consolidation or shear deformations of the yielding foundation
which have been shown to significantly increase reinforcement strains.
The predicted vertical stress at the base of the wall was lower than the value

calculated from design, except at the toe of the wall. The vertical stress at the toe was
found to be 29% higher on average than the design (National Concrete Masonry
Association (NCMA), 1996) values for the wall alone and both Cases 1 and 2
loadings, respectively, likely due to forces transferred from friction along the face
and through the reinforcement connections. The stability at the toe of the wall itself
should be considered in design as discussed by Skinner and Rowe (2003).
For the cases examined, increasing the length and stiffness of the bottom

reinforcement layer in order to increase the bearing capacity and global stability has
little overall effect on the behaviour of an already stable wall. The wall had factors of
safety of 1.6 and 2.5 against global stability failure for the case of lengthening and
the case of lengthening and stiffening the bottom layer, respectively, based on
conventional limit equilibrium analysis and the corrected (Bjerrum, 1973) field shear
vane strength. Stiffening the bottom reinforcement layer reduced the local and
overall undrained shear deformation at the base of the wall under increased loading
conditions (Case 1 loading), however, settlements were still large. Extending the
reinforcement had an additional stabilizing effect on the backfill soil beyond the
reinforced soil block and acted as a reinforcement layer within this section.
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