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Abstract

A numerical procedure for the analysis of reinforced soil structures is proposed, which uses
the homogenized transversely isotropic concept. The nonlinear behavior of the reinforced soil
and proper boundary conditions are considered in the model. The proposed model is pro-
grammed using the commercial computer code FLAC for numerical analysis. Two numerical
examples of reinforced soil wall analysis are presented to study the validity and applicability of
the proposed method. The results obtained are compared with experimental and analytical
work obtained by other investigators. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The discrete and the equivalent homogeneous methods are usually used to model
the behaviors of a reinforced soil (Chen, 1998; Lee and Holtz, 1998; Chen and Chen,
1997; Sampaco, 1996; Wu, 1991; Moroto and Hasegawa, 1990; Gerrard, 1982; Rom-
stad et al., 1976; and Harrison and Gerrard, 1972). In the first method, different
mathematical models are often separately used to simulate the soil, the reinforcement
and the soil/reinforcement interface behaviors (Sampaco, 1996; and Romstad et al.,
1976). Although the interaction behaviors of each component may be obtained in the
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Cross-sectional area of the reinforced composite, reinforcement and
soil, respectively

Tangent moduli of the reinforced soil in the horizontal, vertical and
transversal directions, respectively

Tangent moduli of the reinforcement and soil, respectively

Initial tangent modulus of the soil

Shear moduli of the reinforced soil in the hz and hv or zv plane,
respectively

Strain increment of the reinforced composite in the horizontal,
vertical and transversal directions, respectively

Strain increment of the reinforcement in the horizontal, vertical and
transversal directions, respectively

Strain increment of the soil in the horizontal, vertical and transver-
sal directions, respectively

Stress increment of the reinforced soil in the horizontal, vertical and
transversal directions, respectively

Stress increment of the reinforcement in the horizontal, vertical and
transversal directions, respectively

Stress increment of the soil in the horizontal, vertical and transver-
sal directions, respectively

Poisson’s ratio of the reinforced soil that characterizes the vertical
strain due to the horizontal and transversal direction stresses,
respectively

Poisson’s ratio of the reinforced soil that characterizes the transver-
sal strain due to the horizontal and vertical direction stress, respec-
tively

Poisson’s ratio of the reinforced soil that characterizes the horizon-
tal strain due to the vertical and transversal direction stresses,
respectively

Poisson’s ratio of the reinforcement and soil, respectively

Mean stress

analysis, the interface model cannot be easily characterized. In addition, the reinforce-
ment is horizontally superimposed on the soil matrix, which enhances the stiffness of
the reinforced medium under tension (neglecting possibly under compression or
kinking here) in the horizontal direction but not the vertical stiffness or the shear
modulus. Macroscopically, the equivalent homogeneous method considers an anisot-
ropic reinforced soil as a homogeneous medium, using the weighted strength or
weighted stiffness concept (Michalowski and Zhao, 1995; Moroto et al., 1990; An-
thoine, 1989; Buhan et al., 1989; Gerrard, 1982; and Harrison and Gerrard, 1972).
Either extensible or nonextensible reinforcement has been treated in the analysis.
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Harrison and Gerrard (1972) used the equivalent homogenizing material concept to
define the material properties of a system of alternating isotropic layers consisting of
soft earth and a set of parallel and equally spaced reinforcing sheets or meshes. Only
linear elastic material behavior was considered in the model. Furthermore, Gerrard
(1982) extended the equivalent material concept to take into account two or three
orthorhombic layers of reinforcement. However, the semi-infinite condition for the
considered reinforced structure was assumed in the model, which does not satisfy
some reinforced soil structures, such as reinforced soil walls. Another approach by
Romstad et al. (1976) used the composite stress concept to define the properties of an
orthorhombic material. The soil nonlinearity properties were considered due to
confining pressures only. Some recent researches on homogenization of plastic prop-
erties of reinforced soils were studied by Michalowski and Zhao (1995), Anthoine
(1989), and Buhan et al. (1989).

Since the reinforcement is often horizontally embedded in layers in the soil, an
orthotropic or a transversely isotropic model is commonly used in the homo-
geneous method. In this paper, a more general form of the plane strain
homogenizing reinforced soil model using a transversely isotropic concept is pro-
posed. Both linear and nonlinear reinforced soil behaviors are included in the model.
The validity of the proposed model is shown through comparison with existing
experimental data.

2. Homogenized transversely isotropic reinforced soil model

A soil/reinforcement composite material, with the transversely isotropic property,
is treated as an equivalent homogencous medium. Five parameters, which
include the tangent moduli of the reinforced soil in the horizontal and vertical
directions, respectively, the Poisson’s ratios in the anti-plane and in-plane directions,
respectively, and the shear modulus, are required to describe the behavior of the
medium. In order to simplify the considered system, two assumptions are made:
(a) both the reinforcement and the soil are assumed to be isotropic materials; (b) the
perfect bond condition is assumed at the interface between the soil and the rein-
forcement.

2.1. Elastic modulus in the horizontal direction

As mentioned earlier, the proposed homogenized model includes five parameters,
which can be determined from five equilibrium or compatibility relations.

The schematic diagram of a reinforced soil system is shown in Fig. 1. In the figure,
A° is the cross-sectional area of the reinforced composite; S¢ the thickness of the
reinforced somposite; A° the cross-sectional area of the soil; S° the thickness of the soil;
A" the cross-sectional area of the embedded reinforcement; S the thickness of the
reinforcement.

Similar to other homogenization concepts (Michalowski and Zhao, 1995; Moroto
and Hasegawa, 1990; and Buhan et al., 1989), the reinforcing ratio, , is defined here as
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Fig. 1. Free body diagram of the soil-reinforcement system.

the ratio of the reinforcement volume, V*, to the soil volume, V*, and is expressed as
_ Vr _ Al’ _ Sr

=— === 1

"= TrTs @
Based on static equilibrium, the total stress on the element is the sum of the stresses

acting on the fiber and on the matrix, as shown in Fig. 1. Hence, the stress distribution

along the cross-sectional area of the reinforced soil element is
oo A = dap, A" + o3, A°, (2)

where dop, dop, and do;, are the horizontal stress increments of the reinforced com-
posite, reinforcement, and soil, respectively.

Dividing (2) by A° and then substituting (1) into (2), we can express the stress
distribution in the cross section as

1
T_ 5ot + 53, 3)

oot =
n 14y 1+7

The incremental strain of the reinforced composite in the horizontal direction, de¢;,,
can be represented in incremental form as (Chen et al., 1999)

ooy, Von ¢ Vih
= — — 0oy —

oe, =
E;  ES E;

ooy, 4
where da§ and do; are the stress increment of the reinforced composite in the vertical
and transversal directions, respectively. The superscript ¢ represents the reinforced
composite. vy, and vy, the Poisson’s ratio of the reinforced composite that character-
izes the horizontal strain due to the vertical and transversal direction stresses,
respectively. E;, E; and Ej the tangent moduli of the reinforced composite in the
horizontal, vertical, and transversal directions, respectively.

Similarly, the incremental strain in the horizontal direction of the reinforcement
and the soil, respectively, can be written as
'y

—%50’5 —%50;, ®)

oop
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where d¢, and Jg;, are the horizontal strain increment of the reinforcement and the
soil, respectively, and v" and v* the Poisson’s ratio of the reinforcement and the soil,
respectively. The other symbols are explained in the nomenclature.

In addition, based on the earlier assumption that the reinforced soil is a transversely
isotropic material, we find that

Ey = EZ; Viz = Vin- (7
The incremental strains, de;, become
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Similarly, de; and de; can be obtained using similar procedures as
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Incorporating a longitudinal incremental normal stress, dof,, as shown in Fig. 1, and
also considering the plane strain condition, Eq. (10) can be written as

00, = Vi, 00%. (11)

Similarly, the incremental stress—strain relationships for the reinforcement and soil,
respectively, are

oar = Voay, (12)
and
oa;, = Vv¥oy,. (13)

In addition, assuming that the average strains in the composite, reinforcement, and
soil, respectively, along the longitudinal direction are equal, we have

Sef, = def, = dep. (14)
Hence, we can combine Egs. (5), (6), (8) and (14) to get
_ E%ai(1 — i)

$ = —_— 2 1
0%h = o1 =) (1)
and
56;} _ E bah(l — th) (16)

Ex(1 =)
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Substituting the combination of Egs. (5), (6) and (13) into Eq. (14), we get
ESai(1 —v")

ooy = — 17
On E(1 — ) (17)
From Egs. (16) and (17), Ej can be written as
E'da}(1 — vi,)
Ef=————-. 18
" Sah(l — ) 18)

The horizontal tangent modulus, Ej;, can be rewritten as follows according to Egs. (3),
(17) and (18):

(1 —w)[ nE E
E; = . 19

" 1+ 1—v'+1—vS (19)
Since the anti-plane Poisson’s ratio, vi,, can be expressed as
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which will be derived later, it follows that Ef can be represented as
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2.2. Anti-plane Poisson’s ratio, vy,

i, 1S the Poission’s ratio of the transverse strain due to the horizontal stress on the
reinforced soil, day,. Considering the plane strain case only, we have

005 = V., 004, (22)

day, = viooy, (23)
and

da;, = v¥day,. (24)

As explained earlier, the stress distribution in the z direction can be expressed as

n 1
= oot oGS, 25
l—i—naz—i_l#—naZ @3

Substituting Egs. (23) and (24) into Eq. (25), we have

oo,

n 1
dot =1y 64 26
¢ 1+nv o’h+1+”v ot (26)
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Again, substituting Egs. (15) and (16) into Eq. (28), we have

n \VSoLEN(l — %) 1\ VoS E(1 — %))
L+n) E(l—) 1+n) E(1—v)

50% = V2,008 = < 27)

Substituting Ej, in Eq. (21) into Eq. (27), we can express the anti-plane Poisson’s ratio
as

L VO

= 28
Vhz Qr + QS ( )

2.3. In-plane Poisson’s ratio, vy,

viy 18 the Poisson’s ratio of the vertical strain due to the horizontal stress on the
reinforced soil, da,,. The vertical strain increment of the reinforced soil is expressed in

Eq. (9):

00y Viy

Vi
de = — dof +

ot (29)
Ey E  Ej

Similarly, the vertical strain increment of the reinforcement and the soil, respective-
ly, can be expressed as

oo" a

I v .
oe, = — EéGL + F — E(SGZ (30)
and
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s S _V - s. 1
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Based on the earlier explanation of the stress state, Eq. (29) can be rewritten as

VCV c c
0t = — Eiﬁ(ao—h + d0?)
nv' v
- r ry - s s ) 2
1+ E (oot + do%) A+ nE (o}, + d03) (32)

Considering the plane strain case, we have
00, = Vi, 00},
do, = Voo

and

oa;, = Vv¥ay,. (33)



356 T.-C. Chen et al. | Geotextiles and Geomembranes 18 (2000) 349-366

We can substitute Egs. (16) and (33) into Eq. (32) to get the in-plane Poisson’s ratio as

e (=) + (1 =) .

in which ¥* = pv"’/(1 —v") and P° =v?/(1 — ).
2.4. Elastic modulus in the vertical direction and shear modulus

Following similar procedures, the elastic modulus in the vertical direction and the
shear modulus can be expressed, respectively, as

S N Y e SN 2 (P + P
EE 14y |\Q @& Q+ & (1+W)Q + (1 +»w)@

(3%)

and

1 1 2 1+ 208, + 5, 1 2 1+ vE,)?
= ’7_+_ + Yy + Ve ’7—+_ +ﬂ_
G, l+p\@ o ES L+ \Q @& ES
(36)

Detailed derivations for Egs. (35) and (36) can be found in Chen (1998).

3. Materials modeling
3.1. Tangent modulus of the elasticity of the soil

Since the soil stiffness increases along with both of the increase of the confining
pressure and the strain magnitude, the hyperbolic soil modulus, proposed by Duncan
and Chang (1970), can be used to simulate the nonlinear stress — strain behavior of the
soil and is expressed as

E=FE(1— Ee ). 37)
(01 —03)u + E%¢

in which E? is the tangent modulus of the soil; ¢ is the strain magnitude; (6; — g3)yy 1S
the ultimate deviatoric stress of the soil; and E* is the initial tangent modulus, which
was proposed by Janbu (1963) and is expressed as

. g ns
EY = kP, . 38
o) o

in which kg, ns are material constants; g,,, is mean stress; P, is atmospheric pressure.
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3.2. Reinforcement behavior

The reinforcement is considered to be a linear elastic material in this study although
a more complex model, such as a hyperbolic or a three-parameter relation, can also be
used.

4. Numerical procedures

The commercial computer code FLAC (1993) was used in the numerical analysis.
By applying the FISH function to the code FLAC, the proposed model of the
reinforced soil could be included in the analysis. In addition, the iteration procedure
was used for analysis of the nonlinear behaviors of the soil. The detailed numerical
procedures can be found in Chen (1998).

5. Comparisons of numerical and experimental test results

Results obtained using the proposed method have been compared with experi-
mental data obtained by Wu (1991) using an in-door test wall at the University of
Colorado and by the Texas State Department of Highways and Public Transporta-
tion (TSDHPT) in 1991 using a full-scale test wall (Sampaco, 1996).

5.1. University of colorado wall

A reinforced soil wall (Fig. 2), 3.05 m high 2.08 m wide and reinforced with 12 layers
of nonwoven geotextile, was built at the University of Colorado by Wu (1991). Wood
planks were used for facing panels. The reinforcement is 1.68 m long, except for the
top and the bottom layers, which are 1.98 m long. In addition, the vertical spacing
between the reinforcement layers is 27.9 cm, except for the bottom layer, which is
17.8 cm above the base. The material properties of the wood planks and the reinforce-
ment are listed in Table 1. In addition, the tested wall was backfilled with Ottawa
sand, whose properties are listed in Table 2.

The effective equivalent material moduli were calculated via Egs. (21), (28),
(34)—(36), in which the nonlinear properties of the soil in Egs. (37) and (38) were
used. The soil samples taken from the middle and bottom portions of the testing
wall were tested by Wu (1991) and have the properties shown in Figs. 3-5, which
show that the equivalent material moduli of the reinforced soil are highly nonlinear.
In the analysis, these equivalent material moduli were updated after each iteration
procedure.

The mesh used and the boundary conditions considered for the numerical analyses
are shown in Fig. 6. Beam elements were used to simulate the facing panels. A roller
and hinge were used at rear and bottom, respectively, of the testing wall to simulate
the boundary conditions. In addition, three different surcharges, 103, 186 and 200
kPa, were considered in the analyses.
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Fig. 2. University of Colorado Wall (Wu, 1991).

Table 1
Geotextile and facing panel properties of the University of Colorado Wall (Wu, 1991)

Material Parameter Value
Geotextile Elastic modulus, E* (MPa) 31.35
Poisson’s ratio, v* 0.28
Ratio of reinforcement volume, n 2.87%x1072
Cross-sectional area, 4 (m?/m) 279 x 1074
Facing panel Elastic modulus, E (MPa) 26.1
Moment of inertia, I (m*/m) 0.121

Cross-sectional area, 4 (m?/m) 0.11
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Table 2
Soil properties of the University of Colorado Wall (Wu, 1991)

Backfill soil property Value
Unit weight, 7 (kN/m?) 17.14
Frictional angle, ¢ (degree) 38
Poisson’s ratio, v* 0.3
k, 1355
ns 0.66
©
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Fig. 3. Horizontal tangent modulus Ef used in the Colorado wall analysis (Wu, 1991).
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Fig. 4. Vertical tangent modulus E{ used in the Colorado wall analysis (Wu, 1991).

The predicted and the measured vertical displacements at the top of the wall, under
different vertical external pressures, are shown in Fig. 7. The fact that the roller
boundary conditions at the back of the wall were assumed in the numerical analysis
may be the reason why the predicted displacements at the back of the wall are slightly
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Fig. 5. In-plane shear modulus Gj, used in the Colorado wall analysis (Wu, 1991).
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Fig. 6. Meshes and boundary conditions of Colorado Wall.

higher than the measured results. In general, the measured and the calculated results
show good agreement. The horizontal displacement at the face of the wall is also
shown in Fig. 8. In addition, when the wall was tested under a pressure of 200 kPa, it
failed due to excessive displacements; this level of pressure is beyond the prediction
capacity of the proposed method.
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5.2. TSDHPT wall

In 1991, the TSDHPT initiated a highway expansion program for the city of
Houston, which involved the construction of nine double-faced welded wire mesh
reinforced soil walls along state highway 225. An instrumentation program was
carried out on one of the walls. The instrumented section of wall 17 (Fig. 9) consists of
14 reinforcement and panel layers. A typical layer consists of two 1.2 m wide by 3.6 m
long reinforcing mats, connected to a 0.75 m high 3.75m long 21.7 cm thick seg-
mented smooth-faced concrete facing panel. The detailed reinforcement and face
panel properties of the wall and the soil properties are listed in Tables 3 and 4

<Py-FT m
TPCS ~TPC4 TTPC3 TPQ2E
L 1 1 [
) L] 1 1
2.44m 2.13m 2.13m
LEGEND :

® MAT GAGES
® ANCHOR GAGES
= TOTAL PRESSURE CELLS (TPC)

Fig. 9. TSDHPT Wall 17 (Sampaco, 1996).
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Table 3
Material properties of the welded wire mesh and facing panel of the TSDHPT wall (Sampaco, 1996)
Material Parameter Value
Welded wire mesh Elastic modulus, E* (MPa) 20x107°
Poisson’s ratio, v* 0.25
Cross-sectional area, 4 (m?/m)
(a) layer 1-5 427x107%
(b) layer 6-7 3.66x 1074
(c) layer 8-9 29x107%
(d) layer 10-11 213x 107
(e) layer 12-13 1.37x107%
Facing panel Elastic modulus, E (MPa) 6.897 x 103
Moment of inertia, I (m*/m) 1.71 x 1074
Cross-sectional area, 4 (m?/m) 0.128

Table 4

Soil properties of the TSDHPT Wall (Sampaco, 1996)

Soil parameter

Backfill soil

Foundation soil

Unit weight, y (kN/m?) 19.6 20.8
Frictional angle, ¢ (degree) 38 38
Passion’s ratio, v* 0.3 0.3
ks 140 600
ns 0.3 0.25
1.1
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-6.470E+00 <x< 1.240E+01
-8.045E+00 <y<  1.184B+01 L
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Fig. 10. Meshes and boundary conditions of the TSDHPT wall.
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Fig. 11. Measured vs. numerical results of vertical pressure at the bottom of the TSDHPT wall.

respectively. In addition, the mesh and the boundary conditions for numerical studies
of the considered structure are shown in Fig. 10.

The measured and the calculated vertical pressures at the base of the tested wall at
three different construction levels are shown in Fig. 11. In addition, the predicted
results obtained by Sampaco (1996) using the discrete method are also shown in Fig.
11 for comparison. A detailed description of the discrete method has been given by
Sampaco (1996). Both predicted results show good agreement with the measured
results, except for the values at the measured points closest to the face of the wall.
However, the vertical base pressure obtained using the discrete and that obtained
using the proposed homogenized methods show very close distribution trends. Fig. 12
shows the predicted horizontal displacements at facing panels along the wall. This
result shows that most of the displacement occurred in the bottom one-third of the
wall.
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Fig. 12. Predicted horizontal displacement of the TSDHPT wall.

6. Summary and conclusions

A homogenized, transversely isotropic concept has been used to simulate reinforced
soil. The model used to represent the reinforced soil properties is capable of simulating
the nonlinear behaviors of reinforced soils. A commercially available finite difference
program (FLAC) has been used which allows potential users to implement the
proposed concept easily. Comparison of the predicted results with available test data
shows reasonable agreement. However, ignoring the interface behavior, some aspects,
such as reinforced steep slopes, may not be investigated using the present homogen-
ized approach. A reinforced steep slope derives its stability from the tensile force of the
reinforcement made possible by interaction at the front and rear end of the reinforce-
ment. However, the method is still relevant when an additional failure condition
relative to the interface between the soil and the reinforcement is taken into account.
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