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ABSTRACT: This paper is an outgrowth of the research carried out on a 10.1 meter high, fully-instrumented Reinforced Soil
Embankment (RSE) wall constructed in Houston, Texas. Finite element technique was used to analyze and understand the behavior of the
wall using a computer program that is capable of modeling the soil-stmcture interaction effects of compaction-induced residual lateral
stresses, a feature that has not been included in previous finite element analyses of similar wall system as the RSE wall. This paper
highlights the proposed lateral earth pressure envelope for design of RSE wall systems based on the results of the finite element analyses
and the measured performance of the wall. Results further show that a no-compaction finite element solution does not provide a realistic
prediction of the envelope of lateral earth nressure coefficient at the unner levels of the wall.
RESUME: Cet article présente un des aspect de la recherche réalisée sur un Remblai en Sol Renforcé (RSR) incluant des appareils de
mesures, d’une hauteur de 10.1 mètres, construit à Houston au Texas. La technique des éléments finis a été utilisée pour analyser et
comprendre le comportement du mur, à l’aide d’un logiciel capable de simuler les conséquences de l’intéraction sol-structures causées
par des stress latéraux résiduels induits par compactage, un aspect qui jusqu’à présent n’a pas été inclus lors d'analyses par éléments
finis de murs tels que le RSR. La validité du modèle par éléments finis a été vérifiée par des mesures sur le terrain. Cet article sou
ligne l’enveloppe de pression latérale proposée pour la conception de systèmes de murs RSR , sur la base des résultats d’analyses par
éléments finis et des performances mesurées du mur. Les résultats montrent de plus qu’une solution par éléments finis sans com
pactage ne fournit pas une prévision réaliste de l’enveloppe du coefficient de pression latérale du sol, sur la partie supérieure du mur.

1 INTRODUCTION
The Reinforced Soil Embankment (RSE) wall is one of the later
innovations of the welded wire mesh system. This wall system
differs from the Welded Wire (WW) wall system in the kind of
materials used for the facing. The WW wall system consists of
welded wire mats placed between successive layers of backfill and
bent up at the front to form the face of the wall, while in RSE wall
system precast, segmented concrete panels are used.
To study and understand the actual field behavior of RSE walls,
a full-scale instrumentation program was carried out on the 10.1-m
high segment of an eighteen-wall stretch highway expansion
project along State Highway 225 in Houston, Texas. The project
involved the construction of nine double-faced (i.e. eighteen back
to back) Hilfiker RSE walls with segmented, flat-faced concrete
panels. The instrumented section is a part of Wall 17 which was
constructed back to back with Wall 18.
Eight of the fourteen layers of the section chosen were instru
mented with precision strain gages. For the eight layers instru
mented, about 470 strain gages were used which covered about
235 instrumentation points. The instrumentation program and data
acquisition system that were developed for Wall 17 are fully
described by Sampaco (1996).
In this paper, finite element procedure to analyze the behavior of
Wall 17 are summarized and the results of this analysis are pre
sented and compared to the results of field measurements. From
this comparison, an envelope of K for design of RSE wall systems
and other walls categorized under the welded wire mesh system is
proposed.
2 THE COMPUTER PROGRAM SSCOMP
2.1 Program Description
The complicated soi 1-structure interaction in RSE walls was simu
lated using the discrete finite element computer program SSCOMP,
a general, plane strain, soil-stmcture interaction program for static
analysis of geotechnical problems whose capability was derived
from several computer programs developed at the University of
California, Berkeley (Wilson 1970, Ozawa and Duncan 1973).

However, the most unique feature that makes SSCOMP different
from this string of computer programs is its ability to model the
soil-structure interaction effects of compaction-induced lateral
stresses and deformations. This capability is based on the bilinear
hysteretic loading/unloading model developed and implemented
into the program by Seed (1983). The version used in this research
was called SSCOMP91 and was the version modified to analyze
Wall 17.
The capability of SSCOMP to model the behavior of reinforced
soil walls had been explored by several investigators (Collin 1986,
Adib 1988, Jaber, 1989). These previous studies indicated that the
program is capable of predicting reinforcement loads with reason
able accuracy, but considered the predictions of wall lateral dis
placements as "quantitatively” poor.
2.2 Element Types and Material Models
SSCOMP incorporates five types of elements, namely: soil ele
ments, bar elements, beam elements, interface elements, and nodal
links. All of these elements were used in this research to model
Wall 17.
Soil elements are three- or four-noded, two dimensional isopara
metric elements with compatible displacement modes. The behav
ior of these elements are controlled by two models. The first model
uses the nonlinear, stress-dependent, hyperbolic stress-strain and
bulk modulus model (Duncan and Chang 1970). The second model
uses the hysteretic compaction model to account for lateral stress
increases resulting from compaction of the soil (Seed 1983).
There are two significant new features introduced in conjunction
with the finite element simulation presented in this paper. First, the
original hyperbolic soil model (Duncan and Chang 1970) imple
mented in the program SSCOMP was modified to accommodate
the improvements suggested by Selig (1988). These improvements
were introduced to take into account for the partially saturated
states of backfill material during placement, the use of tangent
rather than the secant value of bulk modulus, and modeling the bulk
modulus as a function of the mean instead of the minor principal
confining stress.
The finite element analysis also introduced an improved proce
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dure of representing pullout resistance of grid reinforcements. This
improvement was reflected on the characteristics of interface
elements to model slippage between the soil and welded wire mesh
reinforcements. In addition, the suppressed dilatancy behavior of
granular materials observed under low normal pressures was also
accounted for by using a bilinear relationship between interface
friction angle and applied normal stress. Procedures and details of
modeling the pullout characteristics of welded wire mats were
presented by Sampaco et al. (1994).
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Figure 1. Finite element mesh for Wall 17.

3 FINITE ELEMENT MODEL FOR WALL 17
The plane-strain finite element mesh to model Wall 17 is shown in
Figure 1. The conditions at the right boundary of the model were
chosen to take advantage of symmetry between the two back-toback walls (Walls 17 and 18), and the feet that the reinforcements
for each wall are not connected. The wall foundation was
accounted for by extending the model down to 10.1 m below the
base and 6.1 m away from the front face. It was divided into
8 layers and is considered “preexisting.”
Incremental construction of Wall 17 was simulated by 24 soil
placement increments, each increment alternates at 0.3 m and
0.46 m thick of soil, respectively. The 3.66 m long by 0.76 m high
by 0.13 m thick precast, segmented concrete facing elements were
modeled as beam elements with both axial and bending stiffness.
These elements are formulated as linear elastic materials with no
limiting failure stress. The welded wire mesh reinforcements were
modeled by two-noded bar elements having axial but no flexural
and shear stiffness. Like beam elements, they are assumed to be
linearly elastic with no limiting failure stress. Interface elements
were used to model the soil-concrete and soil-reinforcement inter
faces. Nodal links were used at reinforcement ends to enhance the
effectiveness of soil-reinforcement interface elements.
One important modeling difficulty involved when using a planestrain computer program like SSCOMP is that all layers of rein
forcements must be modeled as continuous sheets along the length
of wall. In this study, the cross-sectional area of longitudinal bars
was distributed such that the average reinforcement area, per unit
area of wall face, was the same in the model as in actual structure.
This condition implies that the average lateral reinforcement stiff
ness (AE) per unit area of wall face must be preserved by the model
to accurately represent the actual structure. Since the same value of
the modulus of elasticity (E) was used in both the finite element
model and the actual structure, the total area of longitudinal
reinforcements in an actual single panel layer were distributed
(Sampaco and Anderson, in preparation).

4 SOIL-REINFORCEMENT INTERFACE
SSCOMP uses zero-thickness interface elements to model soilstructure interfaces. Each interface element is made up of two
parallel nodal links. The normal spring of each link is assumed to
be linear elastic in compression and tension, the latter being simu
lated by reducing the normal spring coefficient to a very small
value. Interface elements were used to model the interactions
between soil and wall facing, as well as soil and reinforcement
interfeces of Wall 17. These were represented by introducing a pair
of nodes at the same geometric location within the structural
element (i.e. thickness equals zero); one attached to the structure,
and the other to the soil. The nodes are then linked by a pair of
springs normal and tangential to the reinforcements. The relative
deformations prior to failure at the interface are controlled by the
stiffness of these springs. The stiffness of the normal spring is usu
ally assigned a very high value to ensure full contact at the inter
face. For the tangential shear spring, the nonlinear, inelastic, and
stress-dependent spring behavior is defined by the hyperbolic
stress-strain law (Clough and Duncan 1971).
Parameters of the hyperbolic interface model were estimated
using data from laboratory pullout tests of welded wire mats
embedded in silty sand. This data was derived from thirty-three
pullout tests conducted at Utah State University. The procedure
described by Clough and Duncan (1971) was applied in all thirtythree pullout test data. Results were interpreted based on the num
ber of transverse members (N) and then relate N to the parameters
of the hyperbolic interface model.
None of the previous studies have addressed the effect of scale
associated with the interface parameters obtained from laboratory
tests being extrapolated to full-scale field conditions in the finite
element analysis. This issue may be critical for welded w ire mesh
reinforcements because the pullout resistance is a function of the
length and number of both the transverse and longitudinal wires
and that the bulk of this resistance is derived from the bearing
resistance contributed by the transverse members. In this paper, the
back-figured hyperbolic interface parameters are correlated to N. It
is believed that this feature permits proper evaluation of actual
interface parameters for full-scale reinforced soil structures in
which the mats are longer (i.e. more transverse members) than the
specimen used in laboratory pullout tests.
The hyperbolic parameters for soil-reinforcement interfaces
of Wall 17 were calculated for the entire height of wall by aver
aging the number of transverse members located on the resistant
zone of a bilinear failure surface. From this computation, an
average value of nine wires (N = 9) was used to calculate the
interface element parameters. The resulting values were then
reduced to account for the three dimensional nature of the mats
(Sampaco and Anderson, in preparation). Table 1 shows the
reduced soil-reinforcement interface parameters for Wall 17.
Table 1 Soil-reinforcement interface element parameters for Wall 17.
Value

Parameter
Interface cohesion
Interface friction angle at normal pressure of 1
atmosphere, 80 (degrees)
Reduction in friction angle for a 10-fold increase in
normal pressure, A6 (degrees)
Normal spring coefficient, K„
Shear spring coefficient, K,
Unloading shear spring coefficient, K,„
Modulus exponent, n
Failure ratio, Rr
*

For o„/PM< 0.80

0.0
22
12"
0“
1 x 10'
4216
6324

1.0
0.95

•* For o„/P. > 0.80

5 SOIL ELEMENTS
5.1 Hyperbolic Bulk Modulus Model
The experimental program to estimate the hyperbolic model
parameters for Wall 17 was designed to incorporate the modifi
cations suggested by Selig (1988). In these modifications, the
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instantaneous bulk modulus (B,) is expressed as a function of the
initial tangent bulk modulus (Bi), the asymptotic volumetric
strain at large stresses (eu), and the mean stress (om). Both
parameters B, and eu were obtained from the isotropic compres
sion test data. The hyperbolic bulk modulus model was imple
mented in this research under the new version of the code called
SSCOMP94. Table 2 gives a summary of the hyperbolic model
parameters for Wall 17.
Table 2. Hyperbolic model parameters for Wall 17.
Parameter

Value

Unit weight, y (kPa)
Young's modulus number, K
Young’s modulus exponent, n
Failure ratio, Rr
Cohesion, c (kPa)
Friction angle at confining pressure o f 1
atmosphere, 0O(degrees)
Reduction in friction angle fora 10-fold
increase in confining pressure, A0 (degrees)
Unload-reload modulus number, K,,
Normalized initial tangent bulk modulus, B,/P,
Asymptotic value o f volumetric strain at large
stresses,

19.0
140
0.30
0.89

0

where Sv is the vertical spacing between mat layers, y is the unit
weight of the backfill material, and z is the depth of reinforcement
level below the top of wall. A plot of K against the elevation below
top of wall of the corresponding reinforcement layer gives a history
of the maximum stresses that a particular layer has been subjected
to during wall construction. Combining all the plots for twelve rein
forcement layers yields an envelope of K which is the basis of
design for internal stability of reinforced soil walls.
Figure 2 shows the typical normalized K-envelope from finite
element analyses without the inclusion of compaction operations. In
this figure, values of K were divided by the at-rest earth pressure
coefficient (Ko) calculated from the Jaky (1944) equation. From the
several analyses cases conducted in this research, it is interesting to
note that the normalized K-envelope for Wall 17 using a no
compaction analysis consistently approximated a vertical trend line
from top to bottom of the wall at a K/Ko of about 1. This obser
vation somehow supports the hypothesis that if compaction stresses
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5.2 Compaction Model
SSCOMP models the soil compaction process at any stage during
wall construction. The calculation of compaction loading is con
trolled by the bilinear hysteretic loading/unloading model (Seed
1983). The model calculates the initial residual lateral stress
increase for each element based on generated peak compaction
profiles with depth. The effects of compaction operation were
incorporated in the analysis of Wall 17 by specifying a compaction
solution increment after each soil placement increment. This gives a
total of 23 compaction solution increments specified in the finite
element analysis. Table 3 summarizes the estimated parameters of
the bilinear hysteretic loading/unloading model for Wall 17.
The increase in lateral stress due to the compaction process
depends on the input profile with depth of the peak virgin
compaction-induced lateral stresses. This profile depends on the
size, weight, and point of application of the equipment used for
compacting the backfill material. The peak compaction profile at
the face of Wall 17 was modeled from the loads induced by a
Wacker VPA 1750 vibratory plate soil compactor acting within a
1 m distance from the face and a Dynapac CA15PDB vibratory
roller acting at a distance of 1 m and farther away from the face.
Tabic 3. Hysteretic compaction model parameters for Wall 17.
Parameter
At-rest lateral earth pressure
coefficient, Ko
Frictional component o f the
limiting lateral earth pressure
unloading coefficient, K i ^-.b
Cohesive component o f the
limiting lateral earth pressure
unloading coefficient, Cb
Unloading lateral earth pressure
coefficient, K.2
Reloading lateral earth pressure
coefficient, K3

Wall

Foundation

0.38

0.41

2.80

2.57

0.0

0.0

0.21

0.22

0.21

0.22

6 RESULTS OF FINITE ELEMENT ANALYSIS
The lateral earth pressure coefficient (K) from finite element anal
ysis was obtained in similar fashion as that of field data. The maxi
mum bar force per unit length ( T ,^ in the reinforcement was first
obtained at different heights of fill above the specific reinforcement
layer. The value of K was then calculated using:
K 'W i S . T z )

(1)

Figure 2. Typical K-envelope from no-compaction FE analyses

are ignored, lateral earth pressures in reinforced soil walls should,
theoretically, never exceed the Ko values (Bonaparte and Schmertmann 1988). Accordingly, the upper limit of K (which is equal to
K J can only occur if the lateral strains in the system are zero. This
condition can only be achieved on walls with very stiff reinforce
ments such as in the welded wire mesh system. When the effects of
compaction are considered, however, the stresses near the top of
wall will be altered by the weight of compaction equipment, which
is retained by the soil as “locked-in” residual lateral stresses (Seed
1983). The depth at which the stresses are altered, depends on the
energy delivered during the compaction process.
Figure 3 shows the typical normalized earth pressure envelope
when compaction operation is considered in the finite element
analysis. This envelope resembles not only the ones obtained from
field measurements of Wall 17 (see Figure 4), but many of the
back-calculated K-envelopes of actual data from instrumented WW
walls (Anderson et al. 1987, Bergado et al. 1991) and other soil
reinforcement systems (Christopher et al. 1990). Figures 2 and 3
suggest that the effect of compaction is felt at the upper 6.1 m, with
decreasing intensity from top to bottom of the wall.
Figures 2 through 4 imply that a no-compaction finite element
solution does not provide a realistic prediction of K-envelopes at
the upper levels of reinforced soil walls. This observation has not
been verified by finite element studies in the past due to the feet
that most of these studies did not attempt to construct the
K-envelopes obtained from finite element analysis. A realistic
design K-envelope can only be established (regardless of whether it
is from empirical or theoretical approaches) by closely monitoring
the stress history of each reinforcement level at every stage of wall
construction.
From the results of both finite element simulation and field eval
uation, it appears that a general design envelope can be ex
pressed as a function of Ko- From this relationship, only a knowl
edge of the effective friction angle, <|>' of the soil is required.
Figure 4 shows the proposed design envelope for RSE walls.
From this envelope, a value of K„ may be used at depths of 6.1 m
and below. For the top 6.1 m of the wall, the value of K varies from
K, at 6.1 m depth to a value of 2K, at the top of the wall. For
comparison, the K-envelope currently used in design of WW walls
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Figure 3. Typical K-envclope from FE analyses with compaction

Normalized Earth Pressure Coefficient (K/Ko)

Figure 4. Proposed design K-envelope for RSE walls

is also shown in Figure 4. For commonly used backfill material in
reinforced soil walls (<f> = 35°), the proposed envelope will yield
higher stresses at the upper 3 m of the wall, but lower stresses at
3 m and below, than the WW wall envelope
7 CONCLUSIONS
Based on the analyses presented in this paper, the following can be
concluded:
(1) Field data and finite element analyses of Wall 17 indicate
that the lateral earth pressure coefficient on RSE walls is uniquely
related to the at-rest (Ko) earth pressure magnitudes calculated from
the Jaky (1944) equation. On the basis of this observation, a new
design envelope for K is proposed in this paper. This proposed
envelope has the advantage of generality such that it can also be
used to design WW walls and other walls categorized under the
welded wire mesh system.
(2) The finite element simulations discussed in this paper sup
port the notion that the high values of K measured near the top of
RSE walls in particular and reinforced soil walls in general can be
attributed to the residual lateral stresses induced by compaction
equipment during construction. These residual lateral stresses are
relieved by the combination of increased overburden and wall face
lateral deflections.
(3) A no-compaction finite element solution does not provide a
realistic prediction of the lateral earth pressure envelope at the
upper levels of the wall.
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