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The concept of placing high strength linear reinforcements in a

soil backfill to produce a vertical retaining structure is a recent idea

that has been applied with success at a number of locations. Rational

procedures have been developed for the design of these structures

when the reinforcements consist of long metal straps. In certain

situations advantages in construction and economy could be gained by

replacing the metal straps with a continuous high strength fabric as

reinforcement.

The purpose of this investigation was to examine the behavior

of a number of fabric reinforced earth models and to determine if the

design methods that have been applied to metal strap reinforced earth

walls can be applied to fabric reinforced walls. The economic feasi-

bility of fabric reinforced earth walls was also investigated.

The results of the model tests indicated that the design of fabric

reinforced earth walls using methods developed for metal strap



reinforced walls produces conservative results. Further investiga-

tion is required to define the actual mechanism involved in fabric

reinforced earth walls. The economic analysis indicated that fabric

reinforced walls can be competitive with other types of retaining

structures for low heights.
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LIST OF TERMS

Term Description Dimensions

B Width of a reinforced earth wall. inches or feet

Cu Coefficient of uniformity. dimensionless

d Depth to a point in a reinforced
earth wall. inches or feet

F Force in a reinforcement. lb

Fb Friction force at wall base. lb

F
f

Friction force between soil and
reinforcement. lb

FL Loading plate friction force. lb

Fn Force in layer n of reinforcement. lb

Fs Sidewall friction force. lb

Ft Sum of the forces in the reinforce-
ments. lb

Fw Friction force between wall and soil. lb

Fx Force in reinforcement at Point X. lb

F Force in reinforcement at Point Y. lb
y

Fmax Maximum force in any reinforcement
in a reinforced earth wall. lb

f Coefficient of friction between soil
and reinforcement. dimensionless

H Height of a reinforced earth wall. inches or feet

Ka Active lateral earth pressure
coefficient. dimensionless

L Total length of reinforcement. inches or feet



Term Description Dimensions

Le Effective length of reinforcement
resisting pullout. inches or feet

I A length of reinforcement. inches or feet

Number of layers of reinforcement in
a reinforced earth wall. dimensionless

P Horizontal earth force against a wall. lb

P' Total earth force against a wall. lb

Q Vertical surcharge load on failure
wedge. lb

Q' Inclined surcharge load on failure
wedge. lb

q Unit surcharge load on reinforced
earth wall. lb /in2

of Unit surcharge load on reinforced
earth wall at failure. lb /in

R Reaction on failure plane in a
reinforced earth wall. lb

S Horizontal reinforcement spacing in a
reinforced earth wall. inches or feet

1' Variation in tensile force with length
in a reinforcement, lb /in

t Force per unit width in a fabric
reinforcement. lb/in

ts Ultimate fabric strength per unit width. lb/in

W Weight of failure wedge. lb

X Vertical reinforcement spacing in a
reinforced earth wall. inches or feet



Term Description Dimensions

a Angle of inclination of surcharge
loading at failure.

"I Unit weight of soil.

degrees

lb /ft3

AF Change in the force in a reinforcement
in a certain length. lb

o-

cr

5

E

0

41

o-

1

Increase in the equivalent confining
stress. lb/in2

Angle of friction between soil and wall. degrees

Strain in an element. percent or in/in

Angle from horizontal to failure plane, degrees

Angle of internal friction of soil, degrees

Normal stress on a surface, lb /in2

Lateral earth pressure. lb /in2

Major principal stress on a soil
element. lb/in2

Cr
3

Initial confining stress on a soil
element, lb /in

Cr

3e
Effective confining stress on a soil
element, lb /in2

T Shearing stress on a surface. lb/in2



A MODEL STUDY OF FABRIC REINFORCED EARTH WALLS

INTRODUCTION

The modern concept of reinforced earth was originally developed

and applied to the construction of vertical earth retaining structures

by a French engineer, Henri Vidal in the 1960's (9). 1 Although Vidal

was the first to recognize the idea that reinforcements could be

included in an earth mass to produce a vertical retaining structure,

the concept of strengthening soil with fibers or rods has been recog-

nized for years as evidenced by the construction of corduroy roads

and the planting of trees to reduce soil erosion.

Reinforced earth can be defined as the combination of earth and

reinforcements to produce a structure that is capable of resisting

large lateral earth pressures. Reinforced earth walls, in the past,

have been constructed of three components as shown in Figure 1.

The main component of the wall is the soil backfill that makes up the

mass of the wall and is placed around the reinforcements. The

reinforcements are components that can withstand major tensile

stresses. Reinforcements have typically consisted of thin metal

straps that extend into the backfill. A skin or facing that is con-

nected to the reinforcements is required at the front edge of the wall

1Number in parentheses refers to bibliography entry.



2

Figure 1. Components of a conventional reinforced
earth wall (6).

to prevent local sloughing of the backfill. This face does not need to

be particularly strong and curved thin-gauge metal sections or thin

concrete slabs have typically been used to form wall faces.

The basic mechanism of reinforced earth is not well defined but

it is thought that as the wall is formed, lateral outward movement of

the face mobilizes a friction force between the backfill and the rein-

forcements. These friction forces produce tensile forces in the

reinforcements. The reaction to the tensile forces in the reinforce-

ments produces a confining stress in the soil particles in the imme-

diate vicinity of the reinforcement. This induced confining stress,
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which may be transferred between particles by the mechanism of

arching, produces an increase in the shear strength of the soil.

From the geometry of reinforced earth walls and the mechanism

involved, it can be seen that the ideal reinforcement should possess

an optimum combination of a high tensile strength, a high coefficient

of friction with the soil, a low cost, and resistance to corrosion or

deterioration in a soil environment. A continuous layer of a high

strength fabric may satisfy these requirements and might be feasible

for use in reinforced earth walls.

The major advantages that would be expected from using a fabric

in place of linear reinforcements in a reinforced earth wall are as

follows. First, continuous fabric reinforcement would provide a

large area to develop friction forces between the fabric and the soil.

Combined with the fact that the coefficient of friction between a fabric

and a soil is usually high, this would allow the full tensile strength of

the fabric to be developed. Second, it may be possible to use the

fabric to form the face of a reinforced earth wall. By using one con-

tinuous sheet, the fabric could be used as reinforcement in one layer

and then lapped up around the face and used as reinforcement in the

next higher layer. This would eliminate the need for a separate face

element in construction. Third, the use of fabric reinforcement

could be expected to facilitate construction methods. Fabric is

generally easy to handle and could be placed by hand without the use
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of heavy equipment. In addition, if the fabric was used to form the

wall face, heavy face elements would be eliminated and there would

be no need for connections between reinforcing and face. Finally, the

use of continuous reinforcement could be expected to provide more

soil arching action between reinforcement layers than would be

possible using thin, widely spaced straps. This might provide a

significant increase in the effective strength of the soil.



5

PURPOSE AND SCOPE OF INVESTIGATION

The study that is reported herein was undertaken to provide a

preliminary indication of the feasibility of using continuous layers of

fabric as reinforcement in reinforced earth walls. Since reinforced

earth walls derive their stability from friction forces between the

backfill and the reinforcements, this study was limited to the use of a

granular non-cohesive sand backfill. Specifically, it was the purpose

of this research to use small scale model reinforced earth walls as

an aid in answering the following questions:

1. Are fabric reinforced earth walls structurally feasible?

2. Can design methods that have been applied to metal strap

reinforced earth walls be applied to fabric reinforced earth

walls ?

3. Are fabric reinforced earth walls economically feasible ?

4. What further research should be conducted to establish design

methods ?

A total of 13 fabric reinforced earth walls approximately one and

one-half feet high were built and loaded to failure. This study

reviews some of the current theories of behavior of reinforced earth

and compares the observed behavior of the model walls with these

theories. Finally, a brief economic analysis of fabric reinforced
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earth walls is presented and. an economic comparison with metal

strap reinforced earth walls and conventional retaining walls is made.
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LITERATURE REVIEW

The concept of the rational engineering design of reinforced

earth is a relatively recent one. Therefore there is not a large

historical background of studies of the problem. In recent years

though, there have been several, theories of the mechanism involved

and some possible design methods published.

Vidal's Original Work

Basic research on the problem was first conducted by Henri

Vidal (9). He recognized the fact that friction between the backfill

and the reinforcements was the mechanism that provides stability to

reinforced earth. If a section of reinforcement in contact with soil

particles as shown in Figure 2 is examined, the tension force in the

reinforcement is observed to vary over a certain length by the amount

of friction, F1, that is taking place between the soil and the reinforce-

ment in that length. Over the length of reinforcement, / , the force

in the reinforcement varies by

AF = Fx -F = Ff .
y

[1]

For a reinforcement of unit width with a normal pressure, cr ,

acting on it and a coefficient of friction, f, between the soil and the

reinforcement, the stability is insured if

of < 21 f [2]
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4-- -0 FY
\--- Reinforcement

Figure 2. Soil particles in contact with a reinforcement.

If T is defined as the variation in tensile stress with length for

a unit width of reinforcement

T = 'IF /I .

Substitution of Equation 2 into Equation 3 shows

T < 2 cr f .

[3]

[4]

If T can be limited to some value which is characteristic for a

given reinforcement and soil at all points in a reinforced earth mass,

then friction is developed without sliding. Actual application of the

above concepts to practical design methods was not made clear by

Vidal.

Vidal also examined the concept that friction between the soil

and the reinforcement produced a confining stress that acted to
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increase the shear strength of the soil. If a cohesionless soil with an

angle of internal friction of 4) conforms to the Mohr-Coulomb strength

theory, the soil will have a strength envelope as shown in Figure 3 (c).

If the element of soil in Figure 3 (a) represents the stresses

acting without reinforcement present, the corresponding Mohr circle

of stresses will plot as Ca in Figure 3 (c). In this instance the

strength envelope intersects Mohr's circle and a failure would occur.

In Figure 3 (b), the reaction to a reinforcement in the soil element

provides a lateral confining stress. If this confining stress is greater
r

than Kao- (where Ka = tan2 L45
o 4/21 ), the Mohr circle will plot

below the strength envelope and the element will be stable. The

Mohr circle of stresses is plotted for the condition where the induced

lateral stress is equal to Ka
o- as curve Cb in Figure 3 (c). Application

of this principle requires that some assumption be made about the

variation in lateral stress with distance from the reinforcing element.

It is logical to assume that the manner of transmission is by arching

between the reinforcements but again Vidal was unclear as to how

these principles could be applied in a practical design method.

Design Methods Based on Lateral
Earth Pressure Theories

It is possible to apply the concepts of lateral earth pressure as

developed for the design of conventional retaining structures to the



Shear
Stress

T Strength
Envelope

K cr
a 1

o- Normal stress Cr

1

(c)

Figure 3. Stresses acting on a unit of soil and corresponding circles of stress.
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design of reinforced earth walls. This method of design has been

investigated by Lee et al. (5).

One analysis assumes that the lateral wall movement will be

sufficient to put the sand contained in wedge ABC (Figure 4 [a] ) into

a Rankine state of active plastic equilibrium. With this assumption,

the lateral earth pressure against the wall increases linearly with

depth. The lateral earth pressure at any depth, d, below the top of

the wall is given by

LT h= K \'da
[5]

where Ka is the active lateral earth pressure coefficient and y is the

unit weight of the soil. The failure surface AB slopes upward at an

angle of 6 to the horizontal.

C B

(a)

d

74x

Lateral pressure
(b)

Figure 4. Dimensions involved in lateral earth pressure design.
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Lee recognized that there are two modes of failure of a rein-

forced earth wall. First, the wall may fail due to the reinforcements

breaking in tension. Second, the wall may fail by the reinforcements

pulling out.

In the reinforcement failure analysis it is assumed that the

tension in any reinforcement increases from a value of zero at the

free end to a maximum at the wall face. As with retaining wall

design, the Rankine earth pressure or the Coulomb earth pressure

theory can be applied. Specifically, there are three design methods

that have been applied. These are the Rankine method, the Coulomb

force method, and the Coulomb moment method.

If the Rankine earth pressure theory is applied to a vertical wall

with a level backfill the lateral earth pressure coefficient, Ka, is

given by tan2(45 4:1/2.), and the failure surface, AB, slopes upward

at an angle of 8 = 45 + 43./2. The Rankine method of reinforced wall

design assumes that the tension in any one reinforcement can be cal-

culated by multiplying the lateral stress at that level times the wall

area that that reinforcement must support. If the vertical reinforce-

ment spacing is X and the horizontal spacing is S, it can be seen from

Figure 4 (b) that a reinforcement at level d in the wall must support

a force of Ka lidSX. If the reinforcement spacings, S and X remain

constant throughout a wall, the maximum reinforcement tension will

occur at the bottom of the wall and will be given by



= Ka YHSXFmax

13

[6]

The Coulomb earth pressure theory is a more general theory

and accounts for the effects of wall friction. Specifically, the Coulomb

design methods differ from the Rankine design method in two ways.

First, the Coulomb earth pressure theory is applied. Second, the

Coulomb methods consider the overall stability of the wall and not just

the stability of one reinforcement. At failure, the wedge ABC shown

in Figure 5 (a) is in equilibrium under the forces, W, the weight of

the wedge, R, the reaction on the sliding surface AB, Ft, the sum of

the forces in the reinforcements and Fw, the friction between the

wall and the backfill. This assumes that the reinforcement tension

acts directly on the wall face and does not influence the failure wedge.

C B

(a) (b)

Figure 5. Forces acting on a reinforced earth wall.

F

F

2

1
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The Coulomb force method assumes the reinforcement forces

vary linearly with depth as shown in Figure 5 (b), and calculates the

tension force in the reinforcements by equating horizontal forces. If

n indicates the number of 'Mayers of reinforcement, and Ka is

Coulomb's earth pressure coefficient, it can be shown (5) that the

maximum reinforcement force occurs at the bottom of the wall and is

given by

= 'Fmax n + 1 Ka 11-1SX [7]

The Coulomb moment method calculates the tension force in the

reinforcements by equating the sum of the moments about the toe of

the wall. Again the maximum tie force occurs at the bottom of the

wall and is given by

n2 y SXFmax
n2 - 1

Ka lI [8]

In the pull out analysis, it is necessary to insure that enough

reinforcements are embedded far enough to resist the pullout force.

Lee suggested that only the length of reinforcement that extends

behind the failure plane be used to resist the pullout force. Thus in

Figure 6, only the length, Le, of reinforcement behind the failure

plane AB would be used to resist pullout.

If L is the total length of the reinforcements, the effective length

to resist pullout at any depth, d, would be given by
(H d)Le = L [91tan 0
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H

Figure 6. Effective length of reinforcement to
resist pullout.

If the coefficient of friction between the reinforcements and the

soil is known, it is possible to determine a factor of safety against

pullout by each of the three previously described methods (5).

Equivalent Confining Stress Concept

Yang has studied the idea that fabric reinforcements introduce

an increase in the confining stress of a soil mass (11). He developed

a semi-empirical approach by analyzing the results of triaxial

compression tests on sand samples reinforced with layers of fabric.

He noted that the strength of triaxial sand samples increases con-

siderably when they are reinforced with fabric layers. He also noted
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that this strength increase depends on the ratio of the distance

between reinforcements to the diameter of the sample and the strength

and surface characteristics of the reinforcements. It was assumed

that the value of the lateral earth pressure coefficient, Ka, remained

unaffected by the presence of reinforcements. The equivalent con-

fining stress was then calculated from the triaxial data by multiplying

the peak deviator stress times the lateral earth pressure coefficient.

He then defined the equivalent confining stress increase as the differ-

ence between the equivalent confining stress and the actual initial

applied confining stress. A generalized plot of the equivalent confining

stress increase versus the initial confining stress for one reinforce-

ment spacing is shown in Figure 7.

Critical Initial Confining Stress

Initial Confining Stress (o-3)

Figure 7. General relationship between initial confining stress and
equivalent confining stress increase for constant
reinforcement spacing.
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As can be seen from Figure 7, the equivalent confining stress

increase rises with rising initial confining stress until a critical

initial confining stress is reached. Above this confining stress, the

equivalent confining stress remains constant. Below this critical

confining stress the triaxial samples failed by sliding between the

sand and the fabric and above this stress, the samples failed by

tearing of the fabric.

This approach is similar to Vidal's concept of lateral confining

stress resulting from the reaction to reinforcement tension as illus-

trated in Figure 3. The equivalent confining stress is composed of the

confining stress induced by the presence of the reinforcement and the

natural ambient stress level. If t is the force per unit width in the

reinforcement and cr
3

is the initial confining stress that would be

present without reinforcement, the equivalent confining stress is given

by

0- = t /X +
3e 3

[ io1

It is possible to relate the major principal stress, o-i, which

in this case is the vertical stress, to the effective confining stress,

3e
, by the relation

o-3e = 0- 1Ka

Substitution of Equation 10 into Equation 11 gives

t /X + o-
3

o-
l
Ka [121
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From Equation 12 it can be seen that if t is limited to the

strength of the reinforcement and if the relationships for t/X and 0-
3

can be defined, a maximum vertical stress and hence a maximum wall

height for any reinforcement spacing can be specified.

Examination of Equation 12 shows that if 0-
3

is zero this method

reduces to the Rankine design method as described previously. This

is the case at the contact between the sand and the facing. In this

case the reinforcement tension, F, is given by the product of t and S

and the vertical stress, 0-1, is given by YH. Substitution of these

values with a-
3

equal to zero into Equation 12 yields Equation 6.

Yang's results essentially show that the benefit of the reinforce-

ment increases as the friction increases until the full strength of the

reinforcement is mobilized. Beyond that point, increasing friction

does not further reinforce the soil. The equivalent confining stress

theory tends to confirm that the active earth pressure theories should

provide an adequate basis for the design of reinforced earth walls.

Various attempts have been made to confirm the validity of the

reinforced earth theories experimentally. Lee constructed a number

of model walls reinforced with metal straps (5). He observed that

the lateral stress theory worked well in predicting model wall

failures. He also found that the failure surfaces in the models were

curved upward somewhat but that the deviation from the straight line

assumption was slight. He further noted that his models failed by
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breaking of the ties at the face. In 1972, the first reinforced earth

embankment in the United States was constructed on Route 39 in Los

Angeles County, California. This embankment was instrumented and

monitored during and after construction by the California Division of

Highways (2). They found that generally, the reinforced earth

embankment performed according to the lateral stress theory with one

exception. The stresses in the metal reinforcing straps increased

from the face into the soil, reached a maximum at some point in the

reinforced mass and then decreased. The point of maximum stress

was located at approximately the point where the potential failure

plane crossed the reinforcement. They found that reinforcement

stresses could be predicted near the face of the wall using the

coefficient of active earth pressure while the coefficient of earth

pressure at rest more accurately predicted the maximum stresses

near the failure plane.
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The construction of small scale model walls was selected as the

most practical means of investigating fabric reinforced earth walls

for this study. This necessitated the selection of a fabric for rein-

forcement and the design of an apparatus in which to construct and

fail the models. It was decided to construct the model walls in a

plywood and Plexiglas box. The box would contain the sand and

behavior of the wall could be viewed through the Plexiglas during

loading. The main consideration in selecting a fabric for reinforce-

ment was the fabric strength. Theoretically, if a very low strength

fabric was used, the model walls could be constructed so that they

would fail under their own weight. This would eliminate the need for

an external loading device. A number of fabrics were investigated

but none could be found with a low enough strength to cause the wall to

fail under its own weight. A non-woven polypropylene fabric was

finally selected for reinforcement and strength tests indicated that

moderate surcharge loading would be required to fail the model walls.

The model walls used in this study were not analyzed as scale

models. The walls were analyzed as structures and dimensional

analysis was not applied in selecting sizes. The criteria for the
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selection of the model apparatus were as follows;

1. The model walls had to be small enough so that the volume of

sand to be handled was reasonable.

2. The width to height ratio of the model walls had to be high enough

to reduce the effect of side wall friction and arching between

the sides.

3. The box had to be strong enough to resist the forces necessary

to fail the model walls.

4. The apparatus used to place the sand had to reproduce constant

sand densities throughout the wall.

Model Apparatus

The apparatus used to construct and test the model walls con-

sisted of three items--a box to contain the walls, a placement system

for the sand, and a loading device for applying surcharges.

The box was constructed with 3/4 inch thick Plexiglas sides

and 3/4 inch thick plywood ends and bottom. The inside dimensions

of the box were 24 inches wide, 36 inches long, and 18 inches high.

The sand placement system that was selected consisted of a

commercial lawn spreader arranged on angle iron rails above the box.

Walker and Whitaker (10) have reported using a similar device with

good results. The spreader consisted of a rotary feed system that

was connected to the axle. The volume of sand released was
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controlled by a variable opening as shown in Figure 8. The width of

the sand curtain that this spreader produced was 16 inches. The

spreader was arranged on removable angle iron rails that were bolted

over one end of the box so that it could be moved transverse to the

length of the box. Previous studies (3) with the sand that was used

in this study indicated that free-fall placement produced constant

densities if the rate of placement was constant and if the height of fall

was over 18 inches. For this reason, the spreader rails were placed

at 22 inches above the top of the box. The assembled box and

spreader are shown in Figure 9.

This system produced model walls in one end of the box that

were 16 inches deep, 24 inches wide, and up to 18 inches high.

A hydraulic loading frame was selected for applying the sur-

charge to the models. The frame was about 15 feet high and after the

walls were formed in the box, the spreader and rails were removed

and the box was rolled under the frame for loading. The capacity of

the device on the load range used was 6000 pounds, and loads on the

model could be read to five pounds. The load was transferred from

the machine to the model through a roller assembly that rested on

two steel plates that were 23 inches by 15 inches in size. The bottom

steel plate was 1/8 inch thick and the bottom of the plate was greased

with 1/4 inch of grease to reduce friction between the loading plate

and the sand. The upper steel plate was 1/4 inch thick.
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Wheel

Variable Opening

Rotary Feeder

Figure 8. Profile view of sand spreading apparatus.

Figure 9. Model box with sand spreader assembled.
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Two types of facing were used on the models. The first was

5/8 inch thick grooved plywood strips. The height of each strip

corresponded to the vertical spacing between reinforcements. One

sheet of fabric reinforcement was stapled to the top of each plywood

strip. The plywood strips were held in place by guides that were

bolted to the inside of the box while the wall was being formed. The

guides were removed for testing. The second type of facing used was

the reinforcing fabric. In these tests a metal semi-circular form was

fixed across the box to hold the fabric up along the face while the wall

was being formed. These forms were removed for testing.

Material Properties

The sand used to construct the model walls in this study was

processed from a plastering sand known commercially as Del-Monte

sand. The sand particles were angular in shape, white in color and

composed primarily of quartz grains with a small amount of mica.

The gradation curve for the sand used is shown in Figure 10.

Minimum density of the sand was determined by placement of

the sand in a calibrated container under water. Maximum density of

the sand was determined_by repeated vibration of a four inch proctor

mold filled with sand. A summary of the sand properties is presented

in Table 1.
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Table 1. Sand properties.
Coefficient of Minimum Maximum

Uniformity Density Density
(C11) flb /ft3) (lb ift3)

1.2 80.7 99. 1

The spreader used in this study had a variable opening that

controlled the rate of flow of sand out of the bottom of the hopper.

A scale on the hopper indicated the opening and read zero when the

opening was closed and 20 when at its widest opening. It was found

that sand densities in the model walls were dependent on the flow rate

of the sand from the hopper and hence on the spreader opening. A

constant spreader opening of eight was selected as the most conveni-

ent and was used for the construction of all models. Sand densities

were determined in the model by raining sand from the spreader into

two calibrated cylinders constructed of 20 gauge aluminum. The

cylinders were five inches in diameter and about two and one-half

inches in height and were formed to a knife edge around the lip to

minimize disturbance. Table 2 presents the results of the density

tests.

Examination of Table 2 indicates that the sand densities

increased somewhat with depth in the wall although the maximum

difference in observed densities was 1.4 lb /ft3. This difference was

not considered significant and an average of the densities in Table 2
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Table 2. Results of density tests.

Location of Cylinder
Density
(lb /ft3)

Relative
Dens ity

Below
Spreader Lateral

Position
(in. )

40a Cntr. 96. 9 90. 0
40a N. Edge 97. 5 92. 8

37 Cntr. 97. 2 91. 4

34 S. Edge 96. 6 88. 6

34 Cntr. 96. 8 89. 6

31 W. Edge 96.7 89. 1

27 E. Edge 96. 5 88.2

25 S. Edge 96. 3 87. 3

25 S. Edge 962 86. 8

24 b N. Edge 96. 1 86. 3

aBottom of wall
bT op of wall

of 96.7 lb/ft 3 was used for all calculations. This gives a relative

density of 89.1%. A series of vacuum triaxial tests were run on the

sand at this density and they indicated an angle of internal friction of

380.

The fabric used for reinforcement in this study was a synthetic,

non-woven continuous filament type of web made of isotactic polypro-

pylene. It weighed 1/2 ounce per square yard and came on a roll 24

inches wide. It was white in color, quite flexible, and approximately

10 mils in thickness.
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The fabric exhibited different strength properties in the length-

roll direction than it did in the cross-roll direction. For this reason,

all of the model tests were conducted with the cross-roll direction of

the fabric reinforcement parallel to the face of the wall and the

strength characteristics of the fabric were determined from pulling

tests in the length-roll direction. Strength characteristics of the

fabric were determined by suspending weights from a six inch wide,

10 inch long specimen. The weights were applied in one pound incre-

ments and elongation in the vertical direction and contraction in the

horizontal direction was measured. Figure 11 shows a typical stress

strain curve for the fabric and Table 3 lists the results of a number of

strength tests.

Examination of Table 3 indicates that there is some variation in

the strength of the fabric. The average of the strengths in Table 3

is 1. 40 lb /in and the maximum variation from the average is about

16 percent. This average value was used for all calculations in this

study and periodic strength tests during model construction confirmed

this value.

Four different friction angles were considered important for

analysis and measured. First, the angle of friction between the sand

and the fabric was necessary for pullout calculations. Second, the

angle of friction between the sand and plywood was necessary for cal-

culation of wall friction. Third, the angle of friction between the sand
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Figure 11. Typical fabric stress-strain curve.

Table 3. Fabric strength properties.

0. 20

Test No. Failure Strength
(lb /in)

Percent Elongation
at Failure

1

2

1. 48

1.45

14.

16.

5

0

3 1. 42 15. 5

4 1. 18 14. 0

5 1. 35 17. 0

6 1. 37 18. 0

7 1. 40 16. 5

8 1. 32 14. 0

9 1. 48 17. 5

10 1. 51 18. 0

29



30

and Plexiglas was required for sidewall friction calculations and

fourth, a friction angle between the sand and the greased loading

plate was necessary. Two different types of grease were used on the

loading plate. A sodium base grease was used for part of the tests

and a barium base grease was used for the rest. Friction tests with

both types produced the same results. The device used to measure

the coefficients of friction consisted of a small plate mounted on ball-

bearing wheels that ran along a track beneath a fixed two and one-half

inch diameter ring. The material tobe tested was attached to the

plate and the ring was filled with sand and weights were placed on top

of the sand to apply vertical loads. A hand-turned crank and worm-

screw applied the horizontal force through a proving ring to move the

plate relative to the ring. The results of the friction tests are

presented in Table 4.

Table 4. Results of friction tests.

Friction Angle
Between

Magnitude of
Friction

Angle

Sand and Fabric 380

Sand and Plywood 150

Sand and Plexiglas no
Sand and Greased Plate 50
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Test Procedure

The fabric reinforced earth models were constructed by raining

sand from the spreader into the box. For the models with plywood

facing, a grid system was drawn on the fabric and one sheet of fabric

was stapled onto the top of each section of plywood as shown in Figure

12. One section of plywood at a time was placed in the guides inside

the box. The fabric layer was then folded over the top of the plywood

strip and sand was rained to the reinforcement level by moving the

spreader over the box. The fabric layer was then spread over the

sand, the next plywood facing was inserted and the process was

repeated.

Fabric
A.-- Guide

Plywood
Facing

Box --v.

Figure 12. Plywood-faced model diagram.
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The fabric-faced models were constructed with the aid of semi-

circular sheet metal forms that fit in a guide on the inside of the box.

A metal form was placed in the guide and a layer of fabric was laid

out to the point of embeddment in the model and folded over the outside

of the form. Sand was then rained to the top of the form and the fabric

was folded back into the wall. This process was repeated until the

desired wall height was reached. It was impossible to rain sand into

the semi-circular outer face of the walls and sand was placed in this

area by hand. In all of the models, the location of the fabric was

marked with a thin layer of colored sand visible through the Plexiglas

sides of the box.

After the model was formed, the sand spreader and facing

guides were removed from the box and a greased loading plate was

placed on top of the model. The box was then rolled under the loading

frame. A load was then applied to the model and vertical and hori-

zontal movements of the wall were recorded. The rate of loading for

all models was maintained at a constant value. Deformation and load

readings were taken until the model failed. The failure surface

through the colored sand lenses, if evident, was then marked on the

plexiglass. The sand was carefully taken out of the box with a vacuum

recovery system and the fabric was removed.
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Test Results

A total of 13 model tests were run for this study. Four elements

of the model construction were selected as variables. These variables

were as follows:

1. The type of model facing, plywood or fabric.

2. The vertical reinforcement spacing.

3. The horizontal reinforcement length.

4. The reinforcement strength, one or two layers of fabric.

A description of each of the models is listed in Table 5.

The arrangement of the fabric reinforcements in the plywood-

faced model tests is shown in Figure 13. For these tests, a layer of

sand equal to one-half of the vertical spacing between reinforcement

layers was placed between the top reinforcement and the loading plate.

Test lA was the only exception as the loading plate was placed

directly on the top layer for this test.

The arrangement of the reinforcement for the fabric-faced model

Test 11A is shown in Figure 14 (a) and the arrangement for Tests 12A

and 13A is shown in Figure 14 (b), For Tests 12A and 13A, a fabric

overlap between layers equal to the vertical spacing between layers

was adequate to prevent pullout of the individual layers.

The quantities that were measured in the model tests were the

vertical load on the model, the rate of loading, the vertical deflection



Table 5. Model descriptions.

Model
No.

Type of
Facing

Height of
Wall
in.

Vertical Reinforcement
Spacing

in.

Fabric Sheets
per Layer

no.

Reinforcement
Length

(in.

lA plywood 16 4 1 10

2A plywood 18 4 1 10

3A plywood 18 4 1 7

4A plywood 18 4 1 7

5A plywood 18 4 1 10

6A plywood 18 4 1 4. 5

7A plywood 18 4 2 10

8A plywood 18 4 2 7

9A plywood 16. 5 3 1 7

10A plywood 16.5 3 2 7

11A fabric 16 4 2 7

12A fabric 16 4 1 7

13A fabric 16 4 1 7
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Layer 1

B

Figure 13. Arrangement of reinforcements for
plywood-faced models.

(a)

Cif__ 7 11

16"
c
4"

A Cr_
(b)

Figure 14. Arrangement of fabric in fabric-faced models.



36

of the top of the wall, the angle of inclination of the loading plate at

failure, the horizontal movement of the wall face , and the angle of

inclination from the horizontal to the soil failure plane. The results

of the model tests are listed in Table 6.

The models that failed by breaking of the reinforcement did not

fail suddenly. The load on the model reached a maximum and then

decreased slowly as vertical and horizontal deflections became

excessive. This maximum load was defined as the failure load. The

loading head tilted somewhat during loading, and therefore the mea-

sured vertical deflection of the loading head represents an average

vertical deflection. The stress-strain curves for each of the model

tests are included in the Appendix. Most of the models displayed a

definite failure plane as indicated by offsetting of the colored sand

lenses. This plane was generally well defined near the bottom of the

model and less evident near the top. Some of the failure planes

appeared to be curved slightly upward. Figure 15 shows a model

after failure.

The lower two or three fabric reinforcement layers usually

displayed tearing that was parallel to the face of the wall. Figure 16

shows the fabric reinforcement from model Test 2A.

The fabric-faced models failed by a tearing of the fabric face

for each layer. Tearing occurred at point A in Figure 14 (b) and was

evident at the same location for each of the higher layers. There was



Table 6. Model test results.

Model
No.

Type of
Failure

Failure
Load
(lb)

Vertical
Deflection
at Failure
(% of wall

height)

Horizontal
Movement
of Wall Top
at Failure

of wall
height)

Average
Loading

Rate
(lb /min)

Approximate
Angle of

Inclination of
Loading Plate

at Failure
(degrees)

Approximate
Angle of

Inclination
of Failure

Plane
(degrees)

lA Breaking 2390 4. 6 9. 4 65 6 60

2A Breaking 2175 4. 6 11. 1 67 7 58

3A Breaking 1530 5. 8 8. 3 55 8 65

4A Breaking 1425 5. 0 9. 7 46 7 67

5A Breaking 1950 4. 8 10. 2 59 5 65

6A Pullout 310 1. 7 48

7A None >6000 81

8A Breaking 3570 8. 9 9. 9 78 6 62

9A Breaking 2420 5. 5 8. 6 67 7 60

10.A Breaking 48 90 9. 1 10. 4 75 6 59

11A None >6000 70

12A Breaking 32 50 11. 8 13. 8 73 7 65

13A Breaking 37 30 13. 8 16. 7 81 6 60
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Figure 15. Model after failure (grid system
two inches by four inches).



Best scan available.

Figure 16. Model reinforcement layers after testing (grid system two inches by two inches).
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also tearing of the reinforcement in the region of the failure plane

similar to the plywood-faced models. Failure of the fabric-faced

models was much more abrupt than for the plywood-faced models

although neither type that failed by breaking of the reinforcements

completely collapsed at failure.

The plywood model facing generally deformed as shown in

Figure 17. The top of the wall at C moved outward approximately

10 percent of the wall height and the bottom wall strip remained

fixed at A.

After
Testing

wf4s0'

Original Position

\/
Fabric
.K elnforce-ments

A

Figure 17. Deformation of plywood wall facing after
testing.
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Discussion of Results

The model tests showed that reinforced earth walls fail by the

lateral movement of a failure wedge as predicted by the lateral stress

theory. For an angle of internal friction of 38°, the Rankine lateral

stress theory predicts that the failure plane will be located at 450 +

4)/2 from the horizontal or at 64°. The data in Table 6 show that most

of the failure planes in the models were very close to this inclination.

Examination of the fabric reinforcement after testing indicated that the

fabric failed in most of the layers at the location of the failure plane.

This does not agree with the lateral stress theory or the results of

Lee's model tests. It does tend to correlate with the measurements

taken by the California Division of Highways. The lateral stress

theory assumed that the tensile force in the reinforcements would be

a maximum at the wall face and would decrease to zero at the free end

of the reinforcement. Thus breaking of the reinforcements should

occur at the face first, For Test 2A, the failure plane passed through

layer one 2.0 inches from the face, layer two 3. 9 inches from the

face, layer three 5. 9 inches from the face and layer four 7.8 inches

from the face. From Figure 16 it can be seen that layers one, two

and three failed at approximately these distances from the face.

Apparently layer four failed by pulling out rather than by breaking.
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The lateral stress theory predicts that for a constant vertical

spacing of the reinforcements, the maximum stress should occur in

the lowest reinforcement in the wall. All of the models that failed by

breaking of the reinforcements showed tearing in several of the lower

layers. Far a surcharge loading of qf,the lateral stress theory pre-

dicts a stress distribution that increases with depth as shown in

Figure 18 (a). The fact that all of the reinforcements showed tearing

in the lower layers would indicate that the stress distribution reached

a constant value behind the wall and may be as shown in Figure 18 (b).

H

vt-
Lateral stress

(a)
qf+ yH)K

ts /x

Lateral stress
(b)

Figure 18. Stress distributions on reinforced earth
walls at failure.

t /x
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One possible explanation of the different stress distribution

observed in this study might be the stress-strain characteristics of

the reinforcement used. The fabric used in this study strained approx-

imately 16 percent before failure. This elongation of the lower

reinforcements may have allowed more of the upper reinforcements to

develop their full tensile strength. The strain at failure for metal

strap reinforcements is quite low and thus possibly the lower rein-

forcements would fail before the full tensile strength of the upper

reinforcements was developed. It was impossible to determine the

exact stress distribution behind the wall with the data that were

measured in this study.

If ts is defined as the strength of the fabric per unit width and

of is the surcharge necessary to produce failure of the reinforced

earth wall, the Rankine method predicts

ts VFIKaX
of KaX [13]

If B is the width of the wall, the total lateral earth force resisted

by the reinforcements will act horizontally and be given by

P = (1/2 yHZ-F qH)BKa [14]

A free body diagram of the external forces acting on the failure

wedge of a model reinforced earth wall is shown in Figure 19.
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.041/4>r

Figure 19. Forces acting on a failure wedge of a model reinforced
earth wall.

The terms in Figure 19 are defined as follows:

= Total inclined surcharge on failure wedge

W = Weight of failure wedge

Fb = Reaction at bottom of rigid-face wall due to friction

F1, 2, . n
= Forces in reinforcements

FL = Loading plate friction

Fs = Sidewall friction

Fw = Friction between wall and soil

R = Resultant of normal and frictional forces on failure
plane

= Angle of internal friction of soil

0 = Angle of inclination of failure plane

a = Surcharge inclination
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The free body diagram shown in Figure 19 assumes that the side-

wall friction acts parallel to the failure plane. The loading apparatus

used to surcharge the models, measured only the vertical component

of the surcharge or the force Q shown in Figure 20. At failure of the

wall, the forces shown in Figure 19 may be represented by the force

diagram shown in Figure 20. This force diagram assumes that the

forces shown in Figure 19 that act directly on the wall, Fb,

F1,2,
n

, and Fw can be replaced by the total lateral earth force,

P'. From Figure 20 it can be seen that if the other forces acting on

the failure wedge can be estimated, it is possible to solve graphically

for a value of the total force in the reinforcements. A comparison of

the horizontal component of this total force with the value given by

Equation 14 would indicate whether the lateral earth pressure theory

correctly predicts the forces in the reinforcements. Table 7 lists

the values of the theoretical lateral earth force calculated by each of

the lateral stress theories and the actual force as determined graphi-

cally from the force diagram. The loading plate friction and sidewall

friction used in determining the actual lateral earth force were calcu-

lated from the measured angles of friction.

Figure 21 shows a plot of the Rankine theoretical lateral force

for failure versus the actual observed force for failure. The Rankine

theoretical force was selected for comparison because in a full-sized
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F w

Figure 20. Force diagram for model failure wedge.



Table 7. Lateral earth forces resisted by reinforcements.
Theoretical Values Actual Value RatioRankine Method Coulomb Force Coulomb MomentModel from Tests P' cos 6/

No. P Method Method P' cos 6
1 P1

(lb) P2 (lb) P3 (lb) (lb)

lA 112 127 112 230 2. 1

2A 121 140 121 208 1. 7

3A 121 140 121 153 1. 3

4A 121 140 121 155 1. 3

5A 121 140 121 188 1. 6

6Aa 121 140 121

7A b 273 291 273 >512 >1. 9

8A 273 291 273 328 1.2

9A 157 171 156 198 1. 3

10A 341 356 341 391 1. 2

11Ab 250 273 222 >473 >1. 9

12A 112 110 88 256 2. 3

13A 112 110 88 270 2. 4

aPullout failure
bModel did not fail
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Figure 21. Rankine theoretical lateral failure load versus
actual lateral failure load for models.
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wall where the number of layers of reinforcement would be high, the

Coulomb values would approach the Rankine value.

From Table 7 and Figure 21 it can be seen that for all of the

tests performed, the model walls supported higher loads than any of

the theories predicted. For the plywood-faced tests, if the models

that did not fail are ignored and Test lA is disregarded because of

the loading plate configuration, the test results fall into two groups.

Tests 3A, 4A, 8A, 9A, and 10A had seven inch reinforcement. For

these five tests, the actual lateral force was 1.2 to 1.3 times the

theoretical lateral force. Tests 2A and 5A with 10 inch reinforcement

showed lateral forces 1. 6 to 1.7 times the theoretical lateral force.

The lateral stress theory predicts that the wall will fail when a

failure is initiated in the lower-most reinforcement layer. As long as

sufficient embeddment is achieved to prevent a pullout failure, the

lateral stress theory does not predict a difference due to reinforce-

ment length. One possible explanation for the higher observed lateral

forces with longer reinforcement is that with the longer reinforce-

ments, more layers crossed the failure plane. Thus if the failure

wedge acted as a rigid body, the longer reinforcements would provide

more restraint to lateral movement.

Models 12A and 13A were fabric-faced models and the actual

failure loads on these models were considerably higher than predicted

by the lateral stress theory. The lateral and vertical deformation of
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these models was also considerably higher before failure than for the

other models. The sand at the face of these models was loose com-

pared to the sand in the backfill. The increase in strength for these

models was apparently associated with the strength-deformation

characteristics of the sand backfill. If the load that the sand could

support increased with deformation, this would explain the higher

observed failure loads. The failure mode for these tests was some-

what different than for the other tests in that tearing of the fabric

occurred at both the face and the failure plane location.

Test 6A failed suddenly by pullout of the reinforcements and

totally collapsed. Figure 22 shows the reinforcement arrangement for

this model. The Rankine method computes a factor of safety against

pullout at each reinforcement level by comparing the lateral pressure

at that level to the frictional resistance of the portions of reinforce-

ment behind the failure plane. The Coulomb methods consider the

stability of the total wall and compute the factor of safety by compar-

ing the total lateral force to the total resisting force or by comparing

the total overturning moment about the toe to the total resisting

moment about the toe.

Table 8 shows the calculated factors of safety by each of the

three methods.

The Rankine method predicted failure of the model by pullout of

the reinforcements above layer one before loads were applied. The
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71-

18"

4"

5"_x Le =0 Layer 3

L=0.5" Layer 2
e

L =2. 5" Layer 1
e

Figure 22. Reinforcement arrangement for Test 6A.

Table 8. Calculated factors of safety against pullout for
Test 6A.

Rankine

Coulomb
Force

Coulomb
M oment

Before At Failure
Loading Load

Layer 1 2.0 2.0
Layer 2 0. 4 0. 4
Layer 3 0 0

1. 8 1. 5

1. 4 0. 9



52

Coulomb moment method was the most accurate in predicting the

pullout failure. As the load was applied, the factor of safety decreased

from 1. 4 to 0. 9 at the time of failure.

The equivalent confining stress theory can possibly be used to

explain the fact that tearing of the reinforcement generally occurred

only in the lower layers. In the lower layers, the initial confining

stress was apparently above the critical confining stress as shown in

Figure 7. When these layers failed, the fabric was torn while in the

higher layers the confining stress was below the critical confining

stress and the layers failed by sliding between the fabric and the sand.

The fact that the models with 10 inch reinforcement failed at

higher loads than the models with seven inch reinforcement can

possibly be explained by the stress distribution shown in Figure 18.

Point A in Figure 18 (b) represents the point at which the stress

reaches a constant level behind the wall. For the models with 10 inch

reinforcement, this point may be reached at a higher level on the wall

than for the models with seven inch reinforcement. This would pro-

duce a higher lateral force on the wall.

As can be seen from the force diagram in Figure 20, there are

many potential sources of error in the model testing and data analysis

procedure used in this study. The force diagram solution for the

lateral force is sensitive to variations in loading plate friction and

insensitive to variations in sidewall friction. The errors introduced
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by this analysis should be of similar magnitude for all tests and

regardless of what the actual lateral force is, it can be seen that the

models with 10 inch reinforcement supported higher loads than did

the models with seven inch reinforcement and that the fabric-faced

models supported higher loads than the plywood-faced models. The

results of the model tests give a good indication of the effect of varia-

tions in model design but further study and possibly a redesign of the

model apparatus needs to be undertaken before results can be strictly

interpreted.
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COMPARATIVE COST ANALYSIS

One of the basic requirements for the practical application of

any new idea is that it must be economically feasible. Lee (5) has

conducted a detailed economic comparison between metal strap rein-

forced earth walls and other retaining structures such as metal bin

walls and cantilever reinforced concrete retaining walls. The results

of his study are presented in Figure 23, It should be noted that the

costs shown in Figure 23 are for 1971 and were calculated for the

Southern California area.

From Figure 23, it can be seen that metal strap reinforced

earth walls are quite economical compared with other conventional

retaining structures.

It was not the purpose of this study to conduct a detailed

economic analysis of fabric reinforced earth walls but a comparison

between the cost of materials in a metal strap reinforced earth wall

and a fabric reinforced earth wall was made. If it is assumed that

construction methods and the cost of backfill are the same for fabric

reinforced walls as for metal strap reinforced earth walls, the

difference in cost between the two types will be determined by the

difference in the cost of the facing and reinforcement elements for the

two types. This assumption probably favors the metal strap rein-

forced earth wall because as stated previously, the construction

methods would be expected to be simpler for a fabric reinforced earth
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wall. The fabric that was selected for the comparison was a non-

woven polypropylene fabric that had an ultimate strength of 70 lb/in

and a cost of $1. 00/yd 2. Table 9 shows a comparison between the

costs of materials for metal strap reinforcements and fabric reinforce-

ment.

Table 9. Costs of reinforcement materials for reinforced earth walls.
Price per Square Fabric Wall

Wall Foot of Wall Vertical
Height Surface ($) Reinforcement

(ft) Metal SpacingFabricStrap (ft)

Fabric Wall
Reinforcement

Length
(ft)

5 O. 45 2. 5 3. 1
10 5. 00 0. 66 2. 0 5. 3
15 5.50 0. 96 1. 5 7. 5
20 6. 00 1. 50 1. 0 9. 6
30 7. 00
40 8. 00

The metal strap reinforcement costs listed in Table 9 are for

walls with either steel or precast concrete facing and were obtained

from the Reinforced Earth Company (12), which holds the patent

rights to metal strap reinforced earth walls in the United States. The

costs are for 1974 and include the cost of engineering and design of

the structure and the cost of field supervision of construction. The

actual cost of the materials would be less than these figures. The

fabric costs were calculated for a fabric-faced reinforced earth wall

designed by the Rankine method with a factor of safety of 1. 5 with
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respect to reinforcement breaking and 1.0 with respect to pullout for

a typical granular backfill. Typical fabric spacing and embeddments

so calculated are also shown in Table 9. These values are included

for illustrative purposes only and are not intended as design guides.

The costs are only for the fabric necessary for construction.

Comparison of the costs in Table 9 shows that fabric reinforced

earth would probably be quite competitive at low wall heights. Cal-

culations with the fabric used for this study show that for wall heights

above 20 feet, the vertical fabric spacing is less than one foot. Con-

struction methods would be limited with smaller fabric spacings and

hence walls over 20 feet using this fabric may not be feasible.

Feasible wall heights and material costs would depend on the fabric

selected for construction and other details of the specific problem.
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CONCLUSIONS

The concept of fabric reinforced earth retaining walls appears

to be structurally feasible and economically attractive for low wall

heights. Design procedures that have been applied to metal strap

reinforced earth walls give conservative results when applied to

fabric reinforced earth walls. Further investigation is needed to

define the mechanism of fabric reinforced earth and to establish

design methods. Some of the areas that need further investigation

and some suggestions for further research are as follows:

1. The model apparatus used in this study needs to be redesigned

to eliminate sources of friction and further model tests need to

be run to confirm fabric reinforced earth behavior.

2. The actual stress distribution behind reinforced earth walls

needs to be investigated. Instrumentation of model tests would

define this distribution.

3. The construction and instrumentation of a full sized field model

fabric reinforced earth wall would provide information that is

more reliable than small scale model data.

4. A more accurate estimate of the costs of building fabric rein-

forced earth walls is needed. Fabrics other than polypropylene

should be considered.
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Figure 24. Stress-strain curves for Tests 1A, 2A, and 3A.
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Figure 25. Stress-strain curves for Tests 4A, 5A, and 6A.
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Figure 26. Stress-strain curves for Tests 7A, 8A, and 9A.
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Figure 27. Stress-strain curves for Tests 10A, 11A, 12A, and 13A.
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