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EXECUTIVE SUMMARY

The use of fabric in unpaved roads has proven to be cost-effective by reducing the amount

of aggregate needed structurally-the reinforcement mechanism-and by eliminating the

need for additional aggregate because of mixing at the soil-gravel interface-the

separation mechanism. Continued cost savings also have been recognized through the loss

of less aggregate over the road's lifetime and through the stabilizing effect of the fabric.

Many agencies have successfully used geotextiles for reinforcement and separation

purposes in unpaved road design. Some agencies have also experienced failures. Through

both the successes and failures, it is clear that many questions remain as to how reinforced

unpaved roads are designed. For example: What are the mechanisms that control road

design? Is there some system property that can be efficiently evaluated and used as a

deciding parameter in design? This report provides an overview of the mechanics of the

soil-fabric-aggregate system, and a reference for use in design.

A vast amount of information has been published in journals, periodicals, and

theses pertaining to the use of fabrics for reinforcement and separation in unpaved roads.

Key findings of the literature review include the following:

* Geotextile reinforcement may have a substantial benefit (possibly 75 mm of granular

equivalence) when large rutting is allowed and the subgrade soil has an undrained

shear strength c, < 30kPa or a/c, < 8, where ar is the vertical stress on the subgrade.

* Generally, lightweight (<3.5 oz/yd2) nonwoven fabric should not be used for

separation because of damage during installation and placement of the aggregate. The

separation function is often times the major benefit in using geotextiles.

* Besides aggregate and soil characteristics, the parameters of an unpaved reinforced

road controlling design are fabric modulus (stiffness) and interface friction (shear

resistance).

* Existing vendor information pertaining to geotextiles is vast, but a summary is

provided in the Appendix for application to reinforcement and separation in unpaved

roads.

ii



TABLE OF CONTENTS

1. INTRODUCTION 1

2. REINFORCEMENT IN UNPAVED ROADS 3

2.1 Membrane Reinforcement 4
2.1.1 Barenberg's Procedure 4
2.1.2 Kinney's Fabric Tension Model 6
2.1.3 Barenberg's Revised Procedure 8
2.1.4 Giroud and Noiray's Analytical Design Procedure 11

2.2 Shear Reinforcement 20

3. FACTORS AFFECTING REINFORCED UNPAVED ROADS 34

3.1 Stiffness 35

3.2 Creep 37

3.3 Fabric Location 38

3.4 Anchorage 40

4. SEPARATION IN UNPAVED ROADS 41

4.1 Pumping of Fines 41

4.2 Subbase Protection 43

4.3 Clogging 45

5. CASE STUDIES 47

5.1 Haul Roads Over Soft Foundation Soils 47

5.2 Long-Term Performance 47

5.3 Separators 48

5.4 Geogrid Reinforcement 50

iii



6. SUMMARY 53

7. BIBLIOGRAPHY 58

8. APPENDIX 74

iv



1. INTRODUCTION

This report summarizes a review of literature pertaining to the use of geotextiles for

reinforcement and separation in unpaved roads, and is organized by the following four

topics:

* Reinforcement in Unpaved Roads

* Factors Affecting Reinforced Unpaved Roads

* Separation in Unpaved Roads

* Case Studies

The concept of a geotextile providing support to unpaved roads started with work

performed at the University of Illinois by Barenberg et al. (1975) and Kinney (1978), and

led to the development of a reinforced unpaved low-volume road design approach by

Giroud and Noiray (1981). After the publication of this paper, the research and interest in

the topic of reinforcing unpaved roads with geotextiles quickly escalated. Based on

observations of field performance, the U.S. Forest Service (1977) also suggested design

procedures for unpaved roads using geotextiles for reinforcement. However, all of these

design procedures assume large rutting is permitted so as to develop membrane support.

More recent work (Espinoza, 1994; Espinoza and Bray, 1995) has recognized that even

for low-deformation systems, where large rutting is not permissible and thus membrane

support is not present, a reinforcement mechanism may exist due to an increased shear

resistance at the aggregate-geotextile interface.

While the use of geotextiles for reinforcing unpaved roads continued to be

investigated, others started to look at the use of geotextiles purely for separation in

unpaved roads. Douglas et al. (1985) found that the reinforcement function of geotextiles

in unpaved roads was insignificant and that the primary reason for improved performance



was separation. It is well known that many engineering properties of granular materials,

such as shear strength, permeability, resilient modulus and frost action potential, are

adversely affected by an increase in fines content. For example, about 20% by weight of

subgrade soil mixed into the aggregate base can reduce the bearing capacity of the

aggregate base to that of the subgrade soil (Yoder, 1959). Thus, the mixing of aggregate

and subgrade compromise the structural integrity of the road.

Brorsson and Eriksson (1986) reported on the long-term properties of geotextiles

and their function as a separator. Geotextiles were placed on soft and saturated frost

susceptible clayey silt and silty clay subgrades to act as a separator between the aggregate

base and subgrade. After five and ten years, geotextile samples were excavated and the

subgrade and base materials were examined. All of the geotextiles sampled were found to

have performed the separation function satisfactorily. It was observed that the subgrade

material was firm, dry and well consolidated. These findings point to the idea that

separation is a useful function while the subgrade is consolidating. Haliburton and Barron

(1983) stated that, although the use of fabric for separation does not in itself strengthen

the road system, it does allow for the dissipation of excess pore pressures and subgrade

consolidation, which will lead to long-term subgrade strength improvement. This allows

the road to improve, rather than degrade, with time and number of load repetitions.



2. REINFORCEMENT IN UNPAVED ROADS

This section deals specifically with the research on geotextile reinforced unpaved roads

that was conducted by the following four groups:

* Barenberg (1975,1980) and Kinney (1979) - University of Illinois, Urbana-Champaign

* Giroud and Noiray (1981) - Woodward-Clyde

* Burd and Brocklehurst (1990) and Houlsby and Jewell (1990) - Oxford

* Espinoza (1994) and Espinoza and Bray (1995) - University of California, Berkeley

A vast amount of research on geotextiles for reinforcement in unpaved roads has

occurred over the last 20 years. A major advancement in this area occurred with the

development of an analytical treatment of unpaved road design with geotextile

reinforcement performed by Giroud and Noiray (1981), based on the concept of

membrane-type reinforcement. The membrane effect refers to the reinforcement provided

by a geosynthetic when rutting (large deformation) is permitted, stretching and allowing

the geotextile to provide some vertical (membrane) support.

Giroud and Noiray's design procedure for geotextile reinforced unpaved roads

came shortly after Kinney (1979) completed a study on large deformation soil-fabric-

aggregate systems (commonly referred to as SFA systems), where a so-called fabric

tension model was introduced. This model used the notion that when a fabric is stretched

over a curved surface, there is a higher normal stress on the aggregate side of the

geotextile than on the subgrade side. Kinney (1979) defined this difference in normal

stresses as the fabric induced normal stress. Giroud and Noiray (1981) defined it as

membrane support. Prior to Kinney's work with SFA systems where large rutting was

permitted, Barenberg (1975) developed a design procedure for the use ofMirafi® 140 in

SFA systems. Membrane type reinforcement is now commonly recognized and applied to



the design of unpaved haul or access roads where large rutting is permitted. Since it is

necessary to have rutting to generate membrane support, researchers have recently started

investigating other possible reinforcing mechanisms that may be present without rutting.

Burd and Brocklehurst (1990) and Espinoza (1994; 1995) looked at a possible shear

reinforcing mechanism that may be present for small rut depths and unaffected by

anchorage.

2.1 Membrane Reinforcement

2.1.1 Barenberg's Procedure
Barenberg et al. (1975) and Bender and Barenberg (1978) developed design criteria for

the use ofMirafi® 140 and 280 in soil-fabric-aggregate (SFA) systems, from which design

charts were generated. The design criteria were based on the findings of small scale

laboratory tests on SFA systems (Fig. 1).

Figure 1. Testing Apparatus

All experiments consisted of a soft Goose Lake Clay subgrade soil and a layer of

crushed limestone separated by a layer or layers of Mirafi® fabric. Different mathematical

models were used:

Load Plate

E< Geotextile
Aggregate

Subgrade

I
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1. Bouissinesq - Yoder (1959)

2. Shear Layer Theory - Barenberg (1965)

3. Transformed Section Concept - Ferguson (1972)

The Boussinesq solution for determining stresses involved a uniform load applied

over a circular area of an elastic half space. However, this theory is intended for single-

layer elastic systems. The system Barenberg looked at was neither single-layered nor

elastic.

Shear layer theory was developed by Barenberg (1965) and is based on the

assumption that a layer of material can transmit stresses only by shear deformations when

supported by a dense liquid subgrade. High horizontal stresses develop at the aggregate-

subgrade interface, causing failure. This theory, however, does not take into account

plastic deformations, and therefore may not be useful for predicting rut depth or the rate

of rut depth development.

The transformed section concept used was the same as that used for reinforced

concrete design. By transforming the SFA system to an equivalent cross-sectional area of

a selected material, the system behavior can be analyzed. Barenberg (1975) found this

concept useful in the elastic range of deformations. However, most systems are controlled

by plastic deformations, and so this concept was not good for predicting rut depths.

For the 2D tests performed in the apparatus shown in Fig. 1, no significant

difference in the performance of the systems with Mirafi 140 and 280 was observed. The

systems with fabric tended to reach some level of permanent deformation after which the

system stabilized and further load applications of the same magnitude caused little or no

additional permanent deformation. The critical stress level to cause excessive permanent

deformation was found to be about 3.2c. for systems without fabric and 6Cu for systems

with fabric, where c. is the undrained shear strength. It was recommended that if the

number of load cycles expected over the roadway is in excess of 10,000, the depth of

aggregate required to stabilize the roadway in terms of minimal rut depth should be

increased by 10% above the value of aggregate depth calculated using the critical stress



levels given above. This correction factor should be applied for each increment of 10,000

loads above the initial level of excessive loading (that is, the first 10,000 loads). This

correction is purely empirical and based on work performed by the Army Corps of

Engineers (Ahlvin, 1962).

Barenberg (1975) also found that fabrics were effective in preventing the intrusion

of subgrade soil into the aggregate layer and stabilizing the aggregate. By including fabric

in the soil-aggregate system, an increase in the effective supporting capacity of the

subgrade was realized. Under certain conditions, the use of fabric was found to result in

significant aggregate savings, with approximately a one-third reduction in aggregate

thickness.

2.1.2 Kinney's Fabric Tension Model

Kinney (1979) developed the fabric tension model, which is a mechanistic description of

the behavior of the geotextile in an SFA system. It included methods to determine the

geotextile induced shear and normal stresses and the strain energy stored in the geotextile.

This model was based on the concept that outward movement of the aggregate and the

clay causes outward shear stresses on the fabric, which creates tension in the fabric. When

a fabric is stretched over a curved surface, there is a higher normal stress on the aggregate

side of the fabric than on the subgrade side. The fabric resists stretching, causing inward-

directed shear stresses on the gravel and the clay. Hence, the fabric indirectly causes

changes in the behavior of the system.

The geotextile induced shear and normal stresses can be calculated if the tension in

the geotextile and the deformed shape of the geotextile are both known. The sum of the

shear stresses on the two sides of the fabric is equal to the rate of change in the tension per

unit width in the fabric along the length of the fabric. The distribution of shear stresses

between the top and the bottom of the fabric is not easily determined unless the fabric is

slipping with respect to one or both of the materials. If slip does occur, the shear stress on
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that side is equal to the maximum available, which is governed by the friction and adhesion

between the fabric and the adjoining material and by the normal stress on that interface.

The geotextile induced normal stress is equal to the tension in the geotextile per unit width

divided by the radius of curvature.

The strain energy in the geotextile can be calculated if the tension-strain history of

the geotextile is known. The general expression for the strain energy is

Ef =JfTdsJs (1)
SLE

where Ef= strain energy stored in geotextile

T = tensile force per unit width

S= strain

S = geotextile surface area

If it is assumed that the dynamic tension-strain relationship for the geotextile is linear and

the problem is considered two dimensional, the following relationship results:

Ef =W (T-2-2 (2)
sL

where W= geotextile width being stressed

Tp = tensile force per unit width under peak load.

Tj = residual tensile force per unit width between loading

E, = modulus

L = geotextile length

Using the technique outlined above the normal stress on the geotextile, shear stress

developed by the geotextile on the aggregate and subgrade, and strain energy stored in the

geotextile can be determined.
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2.1.3 Barenberg's Revised Procedure
Barenberg's (1975) earlier design procedure for SFA systems was based on the concept of

limiting, to acceptable values, the ratio of vertical stress (oa) transmitted to the subgrade

to strength of the subgrade (c,). A limitation of Barenberg's procedure was that it was

based on tests performed on one fabric type, Mirafi® 140. At the time of Barenberg's

(1975) work, the effect of fabric properties on the behavior and performance of an SFA

system was unknown. Kinney (1979) found that the fabric's modulus significantly

affected the performance of an SFA system. Fabrics with a higher modulus were found to

perform better than fabrics with a lower modulus. The relationship between a fabric's

modulus and road performance was further examined by Kinney (1979) and resulted in the

development of the fabric tension model described in section 2.1.2.

Barenberg's (1980) revised design procedure incorporated the fabric tension

model developed by Kinney (1979) with the design criteria and design procedures for

Mirafi®140 in SFA systems, to generate a more comprehensive design procedure for

Mirafi®500X fabric. Barenberg (1980) showed that when a load is applied to an SFA

system, the normal stress transmitted to the subgrade may exceed the allowable stress. As

the rut deepens, the fabric deforms and takes on a permanent tension, and a portion of the

load is then carried by the fabric. Rutting continues to deepen with an increase in the

fabric's tension until the normal stress transmitted to the subgrade is equal to the

permissible subgrade stress. At this point, the system becomes stable and no further

rutting occurs. Barenberg (1980) recommended that a permissible stress on the subgrade,

r, be adjusted to compensate for the effect of the fabric modulus on the failure criterion,

that is a = A*;r*c., where A, a coefficient related to the confining effects of the fabric on

the soil, is one when no fabric is used and varies up to two, and c. is the undrained shear

strength of the soil.



In this model, the geometry of the deflected shape of the fabric was assumed as a

circular arc and the estimated rut depth was calculated based on this assumption. The

differential normal stress is the normal stress difference between the top and bottom side

of the fabric, the difference being the stress carried by the fabric. Design curves have been

developed for different wheel loads using this model and assuming an average contact

pressure per wheel of 550 kPa (80 psi).

Revised Design Procedure

1. Determine the wheel load and contact pressure anticipated on the surface of the SFA

system.

For dual tires as a single load, a contact pressure of 0.7-0.8 times the air pressure

can be assumed. All loaded areas are assumed to have uniform pressure over a

circular area.

2. Determine the maximum allowable stress, carn, for the subgrade:

ca. = 3.2 Ac (3)

where Cu = subgrade undrained shear strength

A = coefficient related to confining effects of fabric

3. Estimate required aggregate layer thickness.

Use 70-75% of aggregate thickness determined for unreinforced system.

4. Establish the rut geometry including width and maximum rut depth both on the

aggregate surface and at the interface.

Subgrade rut depth, d, can for practical purposes be taken as the surface rut depth.

Subgrade rut width, W, can be estimated by the following equation:

W=B+2X (4)
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Fabric Coefficient A

None 1.0

Mirafi® 140 1.9

Mirafi® 500X 2.0



where B = aggregate surface rut width

X = spreading effect of granular layer with and without fabric

Note: X varies from 0 inches up to 7-20 inches, increasing with an increase in the

amount the geotextile spreads out the rut.

5. Using assumed rut geometry, calculate the strain in the geotextile.

0= 2tan- ) (5)

3W
R - (6)

8 sin9

Percent Strain in Fabric, - - 2 x 100% (7)

6. Taking the product of the fabric strain, sf, times the fabric modulus, K, calculate the

tension in the fabric, t(:

tf = Kef (8)

7. Calculate the differential normal stress across the fabric due to the uplifting effect of

the fabric.

The differential normal stress is the normal stress difference between the top and

bottom side of the fabric. The summation of the differential normal stress over the

fabric in the loaded region is the portion of the applied load that is carried by the

fabric. For practical purposes, only the differential stress need be calculated and

added to the permissible stress on the subgrade to determine the permissible stress

on the surface of the fabric.

Aof_ =-tf(9)

where AoT./= differential normal stress across the fabric

t(= tension in fabric

R = radius of circular deflected shape
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8. Calculate the permissible vertical stress on the top of the fabric by summing the

maximum permissible stress on the subgrade plus the differential normal stress due to

the uplift by the fabric tension:

Oaf_ = Aaf + 3.2Ac, (10)

where 3.2Ac, is the allowable stress given in Equation 3

Aao.f is the differential stress across the fabric given in Equation 9

9. Calculate the maximum vertical stress, oa, on the fabric using the Boussinesq theory.

If the maximum vertical stress on the fabric is greater than the permissible vertical

stress on the fabric, increase the thickness of the granular layer and return to step 4.

3

1 (11)

where P = total applied load

p = average contact pressure

z = aggregate layer thickness

a = radius of loaded area =

2.1.4 Giroud and Noiray's Analytical Design Procedure
Giroud and Noiray (1981) developed a method that enables the engineer to calculate the

required thickness of the aggregate layer and make the proper selection of the geotextile

to be used. The results were presented in the form of charts and are applicable only to

purely cohesive subgrade soils and roads subjected to light - medium traffic (1-10,000

cycles).

The aggregate was assumed to have a CBR greater than 80. The subgrade soil

was assumed to be saturated and to have low permeability and therefore, under quick

loading, behave in an undrained manner. This means that the subgrade soil is

incompressible, and in terms of total stresses, its friction angle is zero and shear strength is

11
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simply a constant, c,, the undrained shear strength. The geotextiles mechanical properties

were described by the elongation behavior in a biaxial tensile test. For a woven geotextile,

the tension-elongation curves obtained from a uniaxial test and a biaxial test are not very

different. For a nonwoven geotextile, the difference is usually important and the biaxial

test was strongly recommended. This study assumed that the geotextile is rough enough

to prevent sliding of the aggregate layer along the geotextile surface (that is, a no slip

condition).

The failure of an unpaved road can occur at different locations: the aggregate layer

(although this was ignored), the foundation soil, and the geotextile. It was assumed that

the friction coefficient of the aggregate layer was large enough to ensure the mechanical

stability, and that the friction of the geotextile in contact with the aggregate layer under

the wheels was large enough to prevent sliding of the aggregate layer on the geotextile.

The aggregate layer was assumed to provide a pyramidal load distribution, and based on

this assumption, equations for uniform normal stress at the base of the aggregate layer

were developed as a function of the vertical angle of the load distribution pyramid.

Experiments suggested that the tangent of this angle was between 0.5 and 0.7, while

theoretical solutions yielded values for the tangent of the angle between 0.47 and 0.64.

Preliminary calculations have shown that the value of the calculated aggregate thickness is

not significantly influenced by the angle of load distribution if the tangent is between 0.5

and 0.7.

The design of an unpaved road without a geotextile was considered by comparing

the maximum normal stress on the subgrade soil to the bearing capacity. Based on this

analysis, charts were generated for the determination of aggregate thickness when the

subgrade soil strength and the axle load are known. However, the charts developed

should be restricted to very light traffic since they were established using quasi-static

analysis.

12



Giroud and Noiray (1981) introduced the concept of membrane support for an

unpaved road reinforced with a geotextile. Membrane support can be described as

follows:

In the case of wheel loadings on a geotextile reinforced unpaved road, the
normal stress applied through the aggregate and onto the geotextile is
greater than the normal stress applied through the geotextile and onto the
subgrade. The stress against its aggregate face is higher than the stress
against its subgrade face. This stress difference is attributed to membrane
support (Giroud and Noiray, 1981).

The geotextile takes on a wavy shape when deformed under the wheel loadings due to the

relative incompressibility of the subgrade soil. Therefore, the volume of subgrade soil

displaced downwards by the wheel loads equals the volume of soil displaced upwards.

Giroud and Noiray (1981) assumed that the shape of the deformed geotextile consisted of

parabolas and developed relationships between the settlement and the rut depth, which

characterized the shape of the geotextile.

For unpaved roads without a geotextile, Giroud and Noiray (1981) presented two

design approaches: (1) a quasi-static analysis leading to the required aggregate thickness

and (2) an empirical method taking traffic into account. For unpaved roads with a

geotextile, only a quasi-static analysis was presented for determining the required

aggregate layer thickness.

Giroud and Noiray (1981) found that for typical geotextiles, the reduction of

aggregate thickness resulting from the use of a geotextile generally ranged from 20-60%

for a subgrade soil with a CBR value of one and a number of passages between 1,000 and

10,000. An increase in the allowable rut depth caused a decrease in the required

thickness of the aggregate layer with and without a geotextile. Furthermore, the smaller

the geotextile tensile modulus, the larger the required thickness of the aggregate layer.

13



Procedure

1. Determine axle load, P, and contact area, Ac:

P = 4ACP

where pc = tire contact pressure.

For dual wheel axle configurations shown in Fig. 2:

contact aream 2AC

BL 2 AC2

(12)

(13)

Figure 2. Dual wheel axle configuration.

2. Set pc = Pec, where pec is the "equivalent contact pressure" between area BxL and the

aggregate layer:

P = 2LBp.,

PC

(14)

(15)

14
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3. Typical dual tire print geometry is such that for

on-highway trucks:

off-highway trucks:

B

B

2

(16)

(17)

Note: We will look at on-highway trucks; the derivation for off-highway trucks
follows the same procedure.

4. Using Equations (15) and (16), L and pec can be eliminated from Equation (14):

P
PC

(18)

5. The relationship between normal stress on top of the aggregate, pec, with normal stress
a distance h or ho below is assumed to be pyramidal (Fig. 3):

without geotextile: p.,LB = (B + 2ho tan aX)(L + 2ho tan a )(po - yh0o)

with geotextile: pecLB = (B + 2h tan a)(L + 2h tan a)(p - yh)

Figure 3. Pyramidal load distribution.

15
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6. An expression for stress on top of the geotextile can be generated using Equations

(14) and (20):

P

" 2(B + 2h tan a)(L + 2h tan a)

Note: tana is typically taken as 0.5-0.7.

7. The stress at the plastic limit, qp, was assumed to be

q, = (r + 2)c,,

(21)

(22)

where c. = undrained shear strength of the subgrade.

8. Due to the assumed mechanism with 45° angles in the plastic zone, the depth of the

plastic zone, Hp, (Fig. 4) can be expressed as:

Hp= a (23)

Figure 4. Plastic zone.

From Fig. 2, 2a = B + 2 h tanao so the plastic zone height can be rewritten as follows :

(24)
2a + 2htana B + 2htana

H= 2 --

16
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9. The actual stress on the subgrade, p*, and the stress reduction due to the geotextile,
pg, is given by

Sp - pg (25)

At the plastic limit p*=qp:

p- pg = (r + 2)c, (26)

Note: pg is a function of the tension in the geotextile.

10. Determination ofpg:

Assume that the deformed shape of the geotextile consists of parabolas (Fig. 5) and

that the subgrade is incompressible; thus, the volume of the subgrade displaced

downwards equals the volume heaved upwards.

Figure 5. Geotextile deformed shape.

There are two cases: (1) the parabola horizontal distance between the wheel loads is

greater than that beneath the wheel load (i.e. a' > a); (2) the parabola horizontal

distance underneath the wheel load is greater than that between the wheel load (i.e.

a > a'). From the geometry of a curved geotextile:

(27)2a = B + 2h tan a

17
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2a' =e-B-2h tan a (28)

ra'
a' >a: s= - - (29)

a+a'

a> a': s = 2  -2  (30)

Geotextile Elongation

S r--s
a' > a: Equation (29) becomes - > r-- and tension in P is greater than in P'

a a
P'is pulled towards P and uniform elongation, e, is assumed:

b+b'
-6= -b- 1 (31)

a+af

where a, a'= relative chord half-lengths

b, b'= half length of P and P'

r-s s
a > a': Equation (30) becomes , > - and tension in P'greater than in P.

a a

Geotextile does not move because higher normal stresses on P and

elongation, e, is expresses as:

b= -1 
(32)

a

Elongation, s, calculated using the following relationships between an arc of a

parabola and subtended chord:

-- 1- In 2+ 1+2S -2+ 1+ 2s(33)
a 2 2s a aa ) a

b' 1 a' 2)(r - s) 2((r - s) 2 - 2+ +
a--1= I(-_jn +- + 2+34)a' 2 2(r-s) a' a' a'

18



From Figs. 4 and 5, the following two expression can be generated:

apg = t cosf/ (35)

a
tan =- 2s(36)

where pg = pressure reduction on the soil

Knowing the relationship between load, t, and strain, s, for a geotextile:

t = Ke

the following expression for pg can be derived:

K6
Pg= Ia (37)

11. Determination of aggregate layer thickness, , using Equations 20, 28, and 37:

11. Determination of aggregate layer thickness, h, using Equations 20, 28, and 37:

(38)

By using Equation (38), design charts can be generated for the required aggregate

thickness, h, of a geotextile reinforced unpaved road.

Giroud et al. (1990) expanded the design procedure for unpaved roads by

combining the geotextile tension membrane theory with a soil arching theory, thereby

providing a more complete design approach. A soil-geotextile system will deflect over a

void and either fail, undergo limited deflection and bridge the void, or deflect until it

comes in contact with the void bottom. A two-step approach was used. First, the

behavior of the soil layer was analyzed using classical arching theory. This step gives the

stress at the base of the soil layer on a portion of geotextile located above the void.

Second, tension membrane theory was used to establish a relationship between the stress

on the geotextile, the tension and strain in the geotextile, and the deflection of the
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geotextile. It was assumed that the soil deformation required to generate the soil arch was

compatible with the tensile strain required to mobilize the geotextile tension. The

equations presented for the tensioned membrane theory were based on the assumption that

the strain in the portion of the geotextile overlying the void was uniformly distributed and

the strain in the portion of the geotextile outside the void area was zero; therefore, that

portion of the geotextile does not move.

Holtz and Sivakugan (1987) used the Giroud and Noiray (1981) design procedure

to develop design charts for rut depths of 75, 100, 150, 200 and 300 mm (3, 4, 6, 8, and

12 in.). The modulus of the geotextile was found to be not as important for smaller rut

depths as it was for a rut depth of 300 mm (12 in.). This finding was attributed to the

small strains induced in the geotextile at smaller rut depths. It was explained that at

smaller rut depths the membrane resistance assumed by Giroud and Noiray (1981) is not

developed. So, for smaller rut depths, the geotextile was claimed to act primarily as a

separation layer.

Finally, the tire pressure was shown to have no influence on the required aggregate

thickness when the undrained shear strength of the subgrade was less than about 50 kPa

(0.5 tsf). Holtz and Sivakugan (1987) found that for very low values of shear strength, a

rapid increase in required aggregate thickness occurred, irrespective of the rut depth and

the geotextile modulus. Thus, a slight increase in the value of shear strength used for

design could result in a significant reduction in the required aggregate thickness.

2.2 Shear Reinforcement

A general expression for evaluating the increase of the bearing capacity due to membrane

action based on limit equilibrium conditions was presented by Espinoza (1994). In order

to provide closed form solutions for design purposes, an average membrane action was

defined. Particular expressions for the average membrane action were obtained assuming

constant and variable strain of the membrane. Assuming the geometry of the deformed

geotextile and a no slip condition, an expression was given for the horizontal and vertical
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forces. The shear stresses along the upper and lower sides of the interface were related by

rower = krupp,,. For a subgrade composed of a soft soil and a base of cohesionless material,

it was noted that the friction along the base-geotextile interface could be higher than the

friction along the subgrade-geotextile interface. In such cases, it was found acceptable to

assume k = 0, yielding riower = 0, and rTpper = r. Espinoza (1994) derived expressions based

on equilibrium equations for a differential element, dl, of geotextile supporting applied

vertical stresses. Sellmeijer et al. (1982) developed an expression relating tensile force to

the extensional strain along the fabric. Based on these expressions, Espinoza (1994)

formulated a simple expression for the additional bearing capacity due to the membrane

effect assuming constant strain along the deformed geotextile.

It was shown that in general, for small rutting factors, a (a = r/L, where r is the

rut depth and L is the effective horizontal length of the geotextile providing support), no

significant differences for membrane support values were obtained when assuming a

circular versus parabolic rut geometry. Also, for small a values, no significant differences

were calculated for the additional bearing capacity assuming constant and variable strain.

On the contrary, for large a values the choice of membrane support model significantly

influenced the additional bearing capacity calculated. Espinoza (1994) compared his

model to other existing models, including Giroud and Noiray's (1981) model and found

that Giroud and Noiray's (1981) model renders the most conservative results. An outline

of the development of Espinoza's (1994) expressions for determining additional bearing

capacity for geotextile reinforced unpaved roads follows.

Outline

1. Development of expressions for the horizontal and vertical components of tension

(Fig. 6):

tan f(x) -= (39a)
dr

Th = T(x)cosfi(x) (39b)

T,= T(x)sin p(x) (39c)
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Figure 6. Section of stretched geotextile.

2. Relationship between shear stresses on the upper and lower sides of the geotextile:

rTowr = kr pper (40)

Assuming that the friction is significantly larger on the geotextile's upper side:

k=0
k,, = 0

Tupper = T

3. Force equilibrium in the horizontal direction:

dTh + rdlcosfs = dTh + we = 0 (41)

which yields:

dTar= (42)
dr

4. Force equilibrium in the vertical direction:

dTv -(qp -q)d + 2zdsin fl=0 (43)

where qap = load intensity or stress at depth d

q, = soil reaction

5. Dividing Equation (43) by dr and regrouping:

dT
ap =--+ q, + r tan f (44)q°• d
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6. Dividing Equation (39b) by (39c) and taking the first derivative of the resulting

expression:

drc d
d dy'(x)+ "(x) (45)

7. Substituting Equations (45) and (43) into Equation (44) and using qp = q, + qg

where qg is the additional bearing capacity due to the membrane effect, we get

qg = T x) 2  (46)

8. A similar expression was developed by Sellmeijer et al. (1982) using the theory of

linear elasticity:

T(x) = Ee(x) (47)

where E = fabric stiffness (Young's modulus)

s(x) = fabric strain

9. Substituting Equation (47) into (39b):

Th = eEcos,/ (48)

, can be written in terms of the first derivative of the fabric deflection:

cosf 1 2 (49)

10. Substituting Equation (49) into Equation (48) and the resulting expression into

Equation (46), an equation for the additional bearing capacity due to membrane effect

is obtained:

qg(x)= Ee(x)y"(x)(50)
1+ (y'(x))2

11. It is convenient to define an average membrane effect, qavg, as follows:

L
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L

2E2

q 2E (X)y"( (52)
L o 1+(y'(x))2

Note: This expression holds true if no slip occurs along the soil-geotextile interface

(i.e. tensile failure occurs first).

12. The fabric can be assumed to have constant strain or variable strain:

CONSTANT STRAIN:

Integrating Equation (52) assuming s(x) is constant:

= eln(tanl + 1+ tan2fl) (53)

L

where flo = deflection angle at L/2

Geotextile strain for an assumed parabolic deformation:

1 In(tanfo + secflo)
S= - sec l + (54a)2 °tan vo

where tan/i0 = 4a, sec/o0 = 1+ (4a) , and a is the rutting (54b)

factor defined as r/L.

Geotextile strain for an assumed circular deformation:

6 = 41 ) tan-lf - 1 (55a)
4a

4a 1 + (2a)2

where tan = ) sec = (2) 2  (55b)
0 1-(2a)2 -1-(2a)

Note: Equations (54) and (55) can be substituted into Equation (52) to obtain an

expression for average membrane support for a parabolic or circular geotextile

deformation under constant strain.
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VARIABLE STRAIN:

Assuming that any point on the geotextile remains on the same vertical plane prior

to deflecting:

dl-dx (&dy2
8-= d - -1+ +1 (56)

Substituting Equation (56) into Equation (52) and integrating an expression for

average membrane support for a geotextile experiencing variable strain:

= tanl, - ln(tan A + + tan2 l) (57)

L

If it is assumed that the geotextile is experiencing constant strain then, depending

on the assumed geotextile deformed shape, either Equation (54) or (55) can be substituted

into Equation (52) to determine the average membrane support. If it assumed that the

geotextile is experiencing variable strain, then Equation (57) can be used to calculate the

average membrane support (Equation 56 has already been substituted into Equation 52).

A procedure for evaluating the load capacity of single-layer reinforced soils was

presented by Espinoza and Bray (1995). Slip between the reinforcement and the granular

fill was considered. The analysis incorporated two important membrane support

contributions, namely normal stress and interfacial shear stress membrane support. It

was demonstrated that a significant membrane contribution can be developed even for

cases in which proper anchorage was not provided.

Bearing capacity considerations often govern the design of these systems. The

inclusion of a single geotextile within a two-layer soil system increases the bearing

capacity due to three important soil-structure interaction effects:

1. Membrane support due to the deformed geotextile sustaining normal stresses.

2. Increased shear resistance due to the geotextile sustaining shear stresses.

3. Subgrade bearing capacity improvement due to reduction of shear stresses on the

subgrade surface.
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Many of the design procedures mentioned rely heavily upon the benefit of only one of

these three effects, and this has often led to contradictory findings. Espinoza and Bray

(1995) introduced a bearing capacity equation that satisfies both vertical and horizontal

force equilibrium and incorporates all three of the above mentioned effects. It was shown

that the development of tensile forces in the membrane due to the transmission of shear

stresses from the deforming fill to the underlying membrane (effect 2) is the main

component of the membrane support contribution, and this effect does not require

anchorage. In addition, the subgrade shear stress reduction (effect 3) is often the most

significant benefit when including a single geotextile within a two-layer system.

A vertical surface traction, p, induces additional stresses to those created by the

self-weight of the granular fill. The additional forces per unit area above the geotextile,

qap, are balanced by the vertical soil reaction, q,, and the support provided by the

geotextile, qg. From vertical force equilibrium of a differential geotextile element of unit

area, it follows that the forces per unit area, qap(x), q,(x) and qg(x) are related by qap(x) =

qs(x) + qg(x). The actual distribution of q,(x), qap(x) and qg(x) depends on the geometric

characteristics and material properties of the granular fill, subgrade soil and geotextile, and

their interrelations. A number of design procedures have been proposed that are based on

simplified deformation mechanisms that do not capture the interrelation between the

different material components, that employ some empiricism, or that do not strictly satisfy

equilibrium. The proposed design procedure was based on a closed form solution of the

equilibrium equation that has less restrictive assumptions than existing designs, and

incorporates all three primary benefits due to the inclusion of the geotextile (Espinoza,

1995).

The modified bearing capacity equation can be used to reconcile some

contradictory findings that have been reported regarding the contribution of geotextile

stiffness to single-layer reinforcement of granular road bases. It is generally believed that

soils reinforced with high modulus geotextiles perform better. Yet, in a series of full-scale

road section tests performed by Douglas and Kelly (1986), results indicated that despite

the large range in geotextile modulus, nearly identical performances were obtained for

geotextiles that were fully anchored or completely free at the outside edges. Thus, a
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higher geotextile modulus was found to not necessarily result in higher road stiffness and,

regardless of whether the geotextile edges are fixed or free, the geotextile should have

similar performance. Furthermore, interfacial shear stress support depends on the applied

load itself, qap, and the mobilized interface friction.

The interfacial shear stress was found to be independent of the conditions at the

geotextile edges and the geotextile stiffness for typical fill and geotextile properties

(Douglas and Kelly, 1986). So, for the tests performed by Douglas and Kelly (1986) it

was likely that most of the bearing capacity improvement was due to interfacial shear

stress support (effect 2) and the membrane induced reduction of applied shear stresses on

the surface of the cohesive subgrade (effect 3). Moreover, the only tests that gave some

differences in performance were those obtained using a polyethylene film separator. This

type of material is likely to have smaller interface friction than woven and nonwoven

materials and therefore, a difference on performance should be expected.

Similarly, Bakker (1977) discussed the reinforcement of embankments and gravel

roads and presented a model for the calculation of the bearing capacity of the subsoil

underneath a layer of aggregate and membrane. The bearing capacity equation was

modified to take into account a membrane. The friction at the membrane-aggregate

interface and at the membrane-subsoil was neglected. Based on the modified bearing

capacity equation and the geometry of the deformed subgrade, a relationship between the

modulus of elasticity of the membrane and the rut-depth for a set of given soil properties

was calculated.

Modified Bearin? Capacity Equation

1. The expression for average membrane support (Equation 52) was developed earlier by

Espinoza (1994):

L

q, (x)d L

q -= L Th(x) dr (58)

This expression satisfies vertical and horizontal force equilibrium at the global level.
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2. Derivation of an expression for the subgrade bearing capacity, q': the geotextile

outside of the effective length (i.e. AB and DE in Figure 7) exerts a vertical stress,

q at, due to membrane support, reducing the heave of the subgrade soil.

q, = cN,+yh+q q, (59)

L

- 1 2

q at = L q g (x)d (60)

2

N c = 1+-+a+sina (61)
2

where a = cos'- -

rc = shear applied to the soft soil surface

CU = undrained shear strength

Nc = bearing capacity factor

h = granular fill thickness

y= aggregate unit weight

LC = length of geotextile preventing heave

Figure 7. Geometry of deformed geotextile.
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3. An expression for the stress applied to the geotextile, q p, can be developed by

looking at the vertical stress within the aggregate layer, cr(z):

C(z) =pb (62)
b + 2z tan 9

According to Equation (62), the pressure applied to the geotextile can be expressed

as:

qap =h + abp (63)

where ab = b/L

L = b+2htan9

4. By substituting equations (58), (59), and (63) into Equation (46):

ab = :c.No + q (64)

where q, = total membrane support, including both normal stress membrane

support (effect A) and interfacial shear stress support (effect B).

L L

qt= =.q(x)dx + Jq,(x)dx (65)

2

5. Integrating Equation (65) and knowing that the shear stress along the interface, 7x,

equals - d  ; the extreme points A and E (Fig. 7) were chosen such that the
dr

geotextile is horizontal (i.e. y'(Lo + L/2) = 0), and assuming the shear stress, r., is

constant along BD, Equation (65) becomes:
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q, - Tsin, +2 r(x)dy (66)

for TO < min(yhLa tan V, 7T) and r(x) 5 qa tan V (67)

where To = geotextile tensile force

Po = angle of inclination at point D (Fig. 7)

VI= interface friction angle

La = geotextile anchorage length

Tmax = geotextile maximum tension

Note: Equation 66 allows for slip to be taken into consideration when the upper limits

set by Equations (67) are exceeded. The first term in Equation (67) represents the

membrane contribution obtained from outside the effective length (normal stress

membrane support, effect A) and depends on proper anchorage outside the effective

length. The second term in Equation (67) represents the interfacial shear stress

support (effect B) within the effective length and depends upon the applied load and

the mobilized interface friction.

6. From limit equilibrium with a Mohr-Coulomb failure criterion, the shear stress along

the effective length can be estimated as

r(x) = qptan V• = (yh + ap)tan V,, (68)

where im = mobilized interface friction angle

7. Assuming that /m,, is constant along L, Equation (67) reduces to

q, I=[To sin/, + 2r(h + tan m] (69)

where r = rut depth

8. Substituting Equation (69) into Equation (64), an expression for the admissible surface

stress, pad,, can be estimated:
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(c.N, + To sin , / L + 2arh tan ;i m)
Pa(l ta = ab 2r tn m, (70)

where a, = a, (from earlier) = r/L = rutting factor

Note: In many practical situations, proper anchorage cannot be ensured at all times

during construction. In such cases, To = 0 should be used to estimate the admissible

stress. Even in cases where proper anchorage is provided, its effect will not be felt

until large deformations are induced.

9. Using Equation (62) to represent the vertical stresses and assuming that the horizontal

stresses are proportional to the vertical stress (oa = Koa), Houlsby et al. (1989)

derived the following expression to compute the total horizontal force exerted on face

HC in Fig. 8:

Iln(L/b)/tan0
= 2h/b

Pc = ah dz = - +
oIC JhI

0=0
(71)

Figure 8. Load distribution through aggregate.
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10. Assuming that the applied load pushes the fill outward (Fig. 8), a passive pressure is

developed on face DF. The corresponding force is computed as

yKp h 2 /2

where Kpm = the passive earth pressure coefficient

Km = tan2 (r/4 + #•m/2)

q• = the soil friction angle

Allowing for friction force (pb/2) tan 8m on the footing base, where ,, is the

mobilized interface friction angle, the horizontal force equilibrium of the block CDFH

yields:

yh + tan . -2+- K,,yh2 + tan . = K Iyh 2 + f2 (72)

Solving Equation (72) for the interface mobilized friction, ,'m gives

[ah (K - K,.) + pb~yL (lK - tan S.)]
tan/- -,+P• (73)

(1+ y L )

where ah = L = dimensionless parameter

11. The mobilized friction angle on the base of the footing, 8,, is expected to be quite

small even for rough footings (Houlsby et al., 1989) and, thus, it can be omitted from

Equation (73). Assuming that the fill tends to move outward from beneath the

footing, the value of K in equation (71) can be assumed to be equal to the active earth

pressure coefficient (i.e. Ka, = tan2 ( - %4 ). Replacing p in Equation (73) with

padm from 71, an expression of the mobilized interface friction, 7,m, can be obtained:
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tan K -Kpr ) + MO(rK - tan .)74tan V, I+ = --I --- ) ---,--(74)
(+ M + 2a,( ah(K - K,.) - iK+ tan84)

where M, = dimensionless factor

c N + To sin Io/L
Me =

Note: Equations (72) and (74) have been derived based on equilibrium between the

membrane and the sliding block above it, and are only valid for the situation shown in

Figure 8. The reinforcement should be checked for tension failure:

qap Ltan V.<T

2
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3. FACTORS AFFECTING REINFORCED UNPAVED ROADS

Many factors affect how a geotextile performs in an SFA system:

* fabric stiffness

* fabric creep

* fabric location (placement somewhere other than the interface)

* fabric anchorage

* fabric texture

* aggregate type and shape

* subgrade properties

How the SFA system performs is greatly affected by so-called interface friction, which can

be seen as a function of many of the above listed factors, including fabric stiffness and

texture, aggregate type and geometry, and the subgrade properties. However, the

interface properties are often expressed as a relationship between the aggregate and

geotextile in reference to how the load is transferred. The information presented in this

section pertains to research that has been performed to look specifically at one or more

factors affecting the performance of an SFA system.

The effects of fabric stiffness, texture, creep, and location have been investigated.

Some of the findings of the research pertaining to these issues are included in the

following sections. The effects of fabric texture and aggregate type and shape on the

interface friction properties and the overall effect of interface friction properties on the

performance of the SFA system have not been closely examined. Subgrade properties are

of course important in the performance of the SFA system: for example, it is generally

recommended to use geotextiles for reinforcement in unpaved roads when constructing on

a subgrade soil of CBR<3 (Holtz et al., 1995).
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3.1 Stiffness

A small displacement finite element study was used by Burd and Brocklehurst (1990) to

investigate the mechanisms of reinforcement in a geotextile reinforced unpaved road

where large rutting is not permitted. The geotextile stiffness was varied. Results of the

modeling showed that fabric stiffness has a modest effect on the load-deformation

response of the road, but a substantial effect on the magnitude and nature of the shear

stresses acting at the reinforcement-soil interface.

Work performed by Houlsby et al. (1989) and Milligan et al. (1989) involved

looking at the horizontal stresses that develop in the fill layer due to a vertical load. These

horizontal stresses were found to generate shear stresses at the base of the fill layer. If

reinforcement was absent, then these shear stresses were sustained directly by the

subgrade and in some instances were found to have a detrimental effect on the subgrade's

bearing capacity. In the reinforced case, the shear stresses were sustained by the

reinforcement. The presence of the reinforcement caused a reduction in the outward

acting shear stresses on the surface of the subgrade and increased the bearing capacity of

the subgrade.

Finite element studies of Zeevaert (1981), Burd (1986), and Burd and Houlsby

(1989) were based on calculations in which the only parameter that was varied was the

reinforcement stiffness. It was assumed that no slip occurred at the soil/reinforcement

interface. From these studies, it was clear that the reinforcement stiffness had little effect

on the initial slope of the load-displacement response. But, in each case an approximate

limit load was reached that increased with an increasing value of reinforcement stiffness

(increased at most by 15%). It was shown that for each value of reinforcement stiffness,

the shear stresses at the base of the fill reached a peak at a distance of about 0.7B from the

footing centerline, where B is the footing width, and that as the reinforcement stiffness

increased the magnitude of the shear stresses also increased. The shear stresses applied to

the surface of the clay immediately beneath the reinforcement followed a similar pattern to
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the shear stresses at the fill base. Outward shear stresses were found to act underneath the

footing and reached a peak value at a distance of about 0.7B from the footing centerline.

The outward shear stresses decayed to zero at about 2.5B from the footing centerline.

For the stiffest reinforcement, the direction of the shear stresses reversed and acted

inwards. Lateral movement of the clay was thought to be restrained by the reinforcement.

The presence of outward shear stresses can reduce a soil's bearing capacity to as

little as one-half of the value for purely vertical loading. If reinforcement is introduced,

these shear stresses are picked up by the reinforcement, which is put into tension, and

purely vertical forces are transmitted to the clay below, allowing the capacity of the clay to

be realized. This helps to explain why reinforcement is able to provide an improvement in

road performance even at small rut depths.

The problem of soft subgrades, extremely heavy design axle loads, very low traffic

volumes, and very low cost tolerances associated with access roads have led engineers to

adopt designs using geotextiles. A number of design methods have been put forward,

where the basis of the method is the relationship between rut depth, traffic and

geosynthetic characteristics. Douglas and Valsangkar (1992) pointed out that overall

transportation costs and efficiencies are linked to the relationship between roads and

vehicles. Because of the impact that road stiffness has on fuel consumption and therefore

vehicle operating costs, it was contended that stiffness rather than permanent rut depth

should be adopted as the key design criterion for resource access roads. The range of

road stiffness to be expected and how it is affected by geotextile inclusions was

investigated by cycled-load testing of a large-scale model of a permanent structure

consisting of different granular bases with various geotextiles placed on a peat subgrade.

Surprisingly, the improvement in model pavement stiffness over that for the subgrade itself

was not great.

Douglas (1993) states that geotextile research in unpaved roads has evolved over

the last few decades. Early studies were concerned with the effect the geotextile inclusion

would have on the bearing capacity of such roads. Later, attention was focused on how

geotextiles might slow the development of ruts. Research has dealt mainly with the

relationship between rut depth and traffic. It was contended that this design method is
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based upon the wrong criterion for unpaved road behavior because roads are built for

vehicles. Continuing to use rut depth as the design criterion is a carry-over from the

design of paved roads into the design of unpaved low-volume roads. The implication is

that the adoption of rut depth as the design criterion for unpaved access roads is

inappropriate: it attempts to solve a problem that does not exist.

The scope of Douglas' test program included an investigation of the possible

variation in pavement stiffness with cycled loading and a simulation of the low-frequency

load cycling appropriate to slow-speed travel of heavy vehicles on low-standard roads.

The tests were carried out in a 3 m x 4 m x 2 m pit with the loads applied through a 300

mm diameter plate. The loads were cycled at a frequency of 0.5 Hz, corresponding to a

steady stream of axles spaced at 4 m, traveling at about 7 km/h. The subgrade CBR was

much less than one; the gravel was a pit run gravel and crushed greywacke. Two

geotextiles were used: a nonwoven geotextile at the interface in all cases and in some

cases a geogrid was placed at the mid-depth of the gravel base. Sinusoidal loading was

applied with peak to trough loads of 4.5 kN (1012 lbs) and 0.1 kN (22.5 lbs). The test ran

up to 30,000 cycles and it was shown that the stiffness continued to gradually increase

with cycled loading. The stiffness for a compacted, crushed rock model road with a depth

ratio H/D=0.5 and a geogrid inclusion at the mid-depth, was approximately 3.6 times that

of the peat subgrade itself for the same number of cycles at a peak stress of 62 kPa (9 psi).

3.2 Creep

Bonaparte and Berg (1987) described a methodology for the selection of long-term

allowable reinforcement tension taking into account reinforcement creep, in-ground

material degradation and construction-induced material damage. The selection of

product-specific long-term reinforcement properties relied on the use of constant load

creep tests as described by McGown et al. (1984) and on interpretation of the test results

in terms of isochronous (constant-time) parameters. Furthermore, the long-term, in-

ground durability of the reinforcement and the effect of construction-induced material
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damage were required. The end result was a product specific long-term reinforcement

tension that could be used in limit equilibrium calculations. Both reinforcement rupture

and reinforcement load-elongation response were considered.

3.3 Fabric Location

Haliburton and Barron (1983) showed that placement of an optimum aggregate thickness

on the fabric, when related to the width of the loaded area and independent of subgrade

strength and wheel load, increased the strength and deformation resistance of the

aggregate cover and produced significant Burmister-type stress reductions (decrease in

vertical stress within a soft layer when a stiff layer is above) at the subgrade surface. It

was noted that, although the use of fabric for separation does not in itself strengthen the

road system, it does allow dissipation of excess subgrade pore pressures and subgrade

consolidation, which could cause long-term subgrade strength improvement. This factor

would allow the road to improve, rather than degrade, with time and number of load

repetitions.

Research by Haliburton and Barron (1983) determined that maximum

reinforcement of cohesionless soil placed above a geotextile would occur when the

geotextile was located so as to interfere with the normal cover soil (base) shear failure

patterns. It was concluded that the actual stress immediately beneath the fabric was

approximately 50 percent of that predicted by the Boussinesq theory. The optimum

placement depth was approximately one third the width of the loaded area. Even at large

deformations, the amount of membrane-type support obtained from the fabrics tested,

including the very high modulus fabric, was small compared to the total load capacity of

the model systems.

Ishmail and Raymond (1995) investigated the placement of a single layer of fabric

on bearing capacity and settlement. They found that the aggregate-subgrade interface may

not be the best location for geotextile reinforcement. Laboratory model tests and finite
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element analysis for the bearing capacity of a strip footing were performed on both single

and two-layer geotextile SFA systems with the following results:

1. For a uniform granular soil layer, the bearing capacity increased as the geosynthetic

placement depth decreased. For a two-layered granular soil deposit, the bearing

capacity was highest in the D/B = 0.3 to 0.5 range, when a thin, stronger layer overlaid

a weak layer.

2. As the thickness of the upper stronger layer was increased, the bearing capacity

became highest when the geosynthetic was located closest to the footing. As the

thickness of the weaker layer increased, the optimum reinforcement depth was more

likely to be below the interface.

3. When the bearing capacity for the geosynthetic reinforced single layer was compared

to two layers, the two-layer results were higher for the same geosynthetic

reinforcement positions.

4. For frictional materials, no significant benefit was observed in placing the geosynthetic

reinforcement at the interface. In determining the best position to place the

geosynthetic in a two-layered granular soil, the thickness of both the upper and lower

layers must be taken into account. Where little information was available, placement

close to the footing base was found to approach that of the optimum location depth.

Repeated loadings did not influence the optimum placement depth of the geosynthetic

reinforcement.

Barksdale et al. (1982) developed a general finite element program for analyzing a

plane strain or axisymmetric fabric reinforced soil system. An extensive series of model

tests were also conducted. The model tests were performed to aid in the validation of the

program. Haul-road type systems were modeled in two circular test tanks. One tank was

0.9 m (3 ft) and the other 2.5 m (8 ft) in diameter. The geotextile was cut into circles

larger than the diameter of the tank and folded up at the edges.

Systems reinforced with fabric showed a 20% reduction in vertical stress in the

clay along the centerline. SFA systems reinforced with this specific fabric exhibited up to

three times more vertical plastic strain in the aggregate at failure than did nonreinforced

systems with similar rutting. In the SFA system, the greatest amount of plastic vertical
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strain occurred in the aggregate layer, while in the soil-aggregate system the greatest

amount occurred in the subgrade. Both the model tests and the program showed that the

presence of fabric was beneficial in haul road design due to the fabric's ability to alter the

stress in the SFA system.

3.4 Anchorage

Fatigue tests were performed using an SFA system and a soil-aggregate (SA) system

(Douglas et al. 1986). The reinforcement was placed at the base-subgrade interface and in

other cases at both the interface and the base middepth. The lateral anchorage was also

varied between a long lateral anchorage (7.0 m geotextile width) and a short lateral

anchorage (4.5 m geotextile width). The clay subgrade had an undrained shear strength of

between 30 and 50 kPa (0.3 and 0.5 tsf). The subbase used was a crushed limestone with

zero cohesion and a friction angle of 47°. Four types of geotextiles were used: Bidim® U

24, Bidim® U 34, Scotlay® (100 g) and the Scotlay® (200 g). The loading system

consisted of a truck with an axle weight of 130 kN (29,000 lbs) moving at 20 km/hr (12.5

miles/hr).

The rut evolution confirmed the following: (1) the rutting was less for the stiffer

geotextile, (2) an anchorage of 7 m resulted in better conditions than an anchorage of 4.5

m and (3) the use of two geotextiles-one at the interface the other at the base middepth-

for unsurfaced roads with small strains provided better behavior then the use of one

geotextile.
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4. SEPARATION IN UNPAVED ROADS

The function of separation can be defined as the introduction of a flexible synthetic barrier

placed between dissimilar materials so that the integrity and function of both materials can

remain intact or be improved. A great deal of research has gone into the more glamorous

geosynthetic role of reinforcement, with minor credit given to the separation function. It

has been shown, however, that it takes only 10-20% percent by weight of a subgrade soil

mixed into a base material to reduce a pavement's bearing capacity to that of the subgrade

soil. Many times the focus has been on the immediate aggregate savings afforded by

geotextile reinforcement while overlooking the long-term benefits that geotextile

separators provide over the life of the pavement structure.

4.1 Pumping of Fines

There are many factors that affect the amount of pumping at the subgrade-subbase

interface of unpaved roads. These factors include the number of cycles, mean stress,

stress amplitude, standing water, frequency, aggregate thickness, over-consolidation ratio,

confining pressure, and size of subbase particles. A laboratory assessment of the ability of

fabrics to prevent soil migration under conditions of dynamic loading was performed by

Hoare (1982). It was concluded that the amount of soil migration measured as the SCV

(soil contamination value taken as the weight of subgrade soil passing the fabric per unit

area of fabric) was quite variable when 20 mm single sized crushed rock aggregate was

used as the sub-base, especially at high applied stress levels. The use of spherical glass

balls for the sub-base gave much more repeatable SCVs and the use of this type of

material was recommended as a basis for future comparative tests of the performance of

different fabrics. The frequency of the applied loading was found to have little effect on

the SCV, when the frequency was in the range 2.5 to 10 Hz.
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The effects of varying the volume of water used to simulate the effects of the

ponded water on the subgrade surface seemed to have little effect on the SCV, provided

there was sufficient moisture available for the soil. The SCV was found to increase

linearly with the log of the number of applied cycles. The soil was found to migrate

through the fabric at the points of contact of the subbase particles with the subgrade. The

moisture content of the soil at the points of contact with a subbase particle increased to a

value close to its liquid limit. This was thought to possibly be a result of soil suction and

local shearing caused by the high stresses at the points of contact. The phenomenon of

clay pumping was thought to be caused by the wet (and hence soft) soil on the surface of

the subgrade squeezing through the fabric.

The SCV may be reduced by decreasing the stresses at the points of contact of the

sub-base particles on the subgrade. This may be achieved by either reducing the applied

stress levels or by using a subbase with a finer grading or higher fines content, which will

increase the number of contact points and hence reduce the stresses at each point of

contact. The SCV was found to be insignificantly reduced by the use of a heavier needle-

punched fabric rather than a light melt-bonded fabric.

Alobaidi and Hoare (1994) performed a laboratory investigation into the factors

that have an important influence on the pumping phenomenon in an SFA system. One

specific subgrade soil and geotextile were chosen for the tests. Alobaidi and Hoare (1994)

found that the amount of pumping was directly related to the cyclic deformation of the

system and it was suggested that this finding will be of great significance in the design and

development of materials to minimize pumping

Tests showed that the rate of pumping can be determined from the rate of

permanent deformation. Tests also indicated that the rate of pumping decreased with the

number of cycles. Factors which may have caused this decrease in the pumping rate

included the formation of a self-induced filter at the back of the geotextile, decreased

contact stress, clogging of the geotextile, and increased viscosity of the slurry. Tests were

also performed where the stress amplitude remained constant and the mean stress was

varied. Tests showed that the increase in mean stress led to a decrease in cyclic

deformation.
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Tests also showed that an increase in the stress amplitude led to (1) an increase in

the rate of permanent deformation, (2) an increase in the cyclic deformation of the system,

and (3) a consequent rise in the amount of pumping at every stage in the pumping test.

The amount of pumped fines increased with the amount of standing water on top of the

subgrade. The effect of frequency was more pronounced in the series with the greater

amount of standing water. The ELT (equivalent loss of thickness from the subgrade

surface arising from pumping) due to pumping was affected to a large extent by the

concentration of fines in the standing water, while the cyclic history seemed to have no

effect (this conclusion must be restricted to the particular materials used in this test). The

ELT decreased significantly with increase of the over-consolidation ratio. Finally, the

permanent deformation of the system decreased with an increase in the confining pressure

during all stages of a pumping test and the amount of pumped fines was less for small-size

particles.

4.2 Subbase Protection

Bell et al. (1981) suggested that thick, relatively incompressible geotextiles with small

pore sizes would be effective in limiting subbase contamination to an acceptable level.

Tests were performed on both geotextile and granular filters. The SFA system was placed

in a 355 mm diameter steel mold. Single size aggregate was used for the subbase. Water

was poured into the mold and left to stand to ensure equilibration of pore water pressures

caused by the preparation technique. Tests indicated a clear dependence of contamination

on the initial subgrade moisture content for nonwoven geotextiles. High pore water

pressure dissipation rates were associated with high amounts of contamination, and low

dissipation rates with low amounts of contamination.

A close inspection of the recovered fabric revealed that the soil had passed through

the fabric only at points where the subbase particles had been in contact with the fabric.

Nonwoven fabric was found to be relatively ineffective in preventing clayey fines
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contamination, but was more successful in preventing penetration of the subbase into the

subgrade.

Contamination of the base layer not only lowers the permeability of the base layer

and restricts drainage, but also acts as a lubricant which significantly reduces the shear

strength of the stone sub-base aggregates. Snaith and Bell (1978) showed under

laboratory-simulated conditions that for filter membranes beneath road sub-bases, normal

filter principles (for unidirectional flow conditions) did not seem to apply.

The main objectives of the research program of Bell and Cochrane (1987) were to

access the dynamic filtration performance and the separation function effectiveness of a

range of geotextiles when used as separating membranes between a clay subgrade and

stone subbase. They also investigated the various parameters that influenced the

geotextiles. A related objective was to study subgrade-subbase interaction in order to gain

a better understanding of the physical processes involved in clay pumping under cyclic

loading. Measurements of the SCV were made.

Clay pumping under dynamic cyclic loading on a model stone subbase was found

to be dependent mainly on stress level, soil moisture content, and clay content of the

subgrade soil. Geotextiles with effective opening sizes of less than 100 mm reduced clay

pumping significantly when used as separating membranes between the clay subgrade and

stone subbase. The mechanism of clay pumping was found to arise mainly from slurry

filled depressions formed by stone penetration into the clay subgrade surface. The thick

geotextiles were most successful in reducing clay pumping over a wide range of moisture

contents and soils. The cushioning effect of the geotextiles thickness seemed to reduce

stone point penetration into the subgrade. Slurry penetration through the fabric was found

to only occur between the stone-point depressions, where the fabric was relatively

uncompressed. The thin geotextiles were found to perform not as well as the thicker

geotextiles in reducing clay pumping. However, all the geotextiles tested performed a

useful separating function in reducing the stone penetration down into soft clay subgrades

and in preventing plastic flow of the clay up into the stone interstices.
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4.3 Clogging

Lafleur and Rollin (1990) noted that geotextiles must satisfy two criteria. The first relates

to its punching resistance: it must be able to contain the individual coarse particles

without tearing, in the range of the applied stresses. The second criterion bears on its

filtering capacity: it must be able to prevent fine subgrade particles from migrating upward

into the subbase. Under dynamic stresses, the filtering conditions are more severe since

alternating flow can take place at the subgrade-geotextile interface, preventing the

development of self-filtration and arching of the particles.

Bell et al. (1982) tested the separation capability of various geotextiles laid

between 20 mm (0.75 in.) aggregates and compacted silts of low plasticity; the stresses

ranged between 25 and 75 kPa (3.6 and 11 psi) and were applied at a frequency of 5 Hz

over 24 hours, amounting to 432,000 loading cycles. They found that the subbase

contamination and geotextile clogging were related to the ratio between the geotextile

equivalent opening size, 095s, and the subgrade particle size, Dss, and their results

confirmed the current piping criterion of 095 < D8 5, since the contamination was minimum

when this criterion was satisfied.

Nishida and Nishigata (1994) investigated the relationship between the

reinforcement and separation functions in road construction. A distinct relationship was

found between the opening size of woven geotextiles and the total weight of the soil mass

through the geotextile. However, for the nonwovens, this relationship was unclear. The

excess pore pressure in each case increased as the number of loading increased.

To differentiate between reinforcement and separation, Nishida and Nishigata

(1994) used the concept that when loading a system with a small circular piece of

geotextile below the loaded area, no tensile forces can develop in the geotextile.

Therefore only separation takes place. Then when reinforcing an entire system tensile

forces can develop in the geotextile along with separation. Separation became the primary

function when d/c < 8 and reinforcement became the primary function when cr/c > 8,
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where r is the vertical stress on the subgrade and c. is the subgrade undrained shear

strength.
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5. CASE STUDIES

5.1 Haul Roads Over Soft Foundation Soils

Austin and Coleman (1993) presented the results of a full-scale field study conducted to

evaluate the effectiveness of various geosynthetics as the primary reinforcement in

aggregate layers placed over very soft subgrades. A test road containing several test

sections was constructed. Each test section contained a different geosynthetic with three

unreinforced sections as controls.

A two axle dump truck was used with a rear axle of 80 kN (18,000 lbs). The tires

were inflated to 550 kPa (80 psi). The test road was cycled with traffic until a 75 mm (3

in.) rut occurred. This rut depth was considered failure. All failed sections exhibited

similar characteristics of severe rutting with adjacent upheaval. Contamination of the

subbase was apparent where geotextile separators were not used. The results of the field

evaluation were compared with the theoretical design procedures proposed by Giroud et

al. (1984) and the results correlated fairly well. The number of axle load passes actually

achieved for a given thickness of a geosynthetic-reinforced aggregate subbase over soft

subgrade soils was less than the expected number of passes calculated. It was believed

that the difference was due to the fact that higher in-place aggregate strengths are

assumed in the theoretical design procedure than those actually achieved during the

construction of haul roads.

5.2 Long-Term Performance

The long-term separation and drainage performance of 22 geotextile separators installed

between 1978 and 1991 and exhumed from permanent roadways in Washington state was

evaluated (Metcalfe et al. 1995). The geotextiles consisted of heat-bonded nonwovens,

needle-punched nonwovens and woven slit films. The exhumed pieces of geotextiles
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showed that the short-term separation and drainage functions were found to be more

critical to the pavement system than their long-term performance, due to consolidation and

subsequent strength gain of the subgrade soils. It also appeared that geotextile retention

may not be as critical in separation applications as previously thought.

Several of the sites upon installation of the geotextile had very soft subgrades.

However, upon exhuming the geotextiles, the subgrade was found to be consolidated and

strong with no free water, where if today the subgrade were being built on, no geotextile

would be necessary; the soil was fully competent. It was noted that even if the geotextile

separators become somewhat blinded or clogged in the short-term but were still capable of

separating materials and dissipating excess pore pressures until the subgrade consolidated,

there was little need for a functioning separator for the remainder of the roadway design

life.

The primary purpose of the geotextile separator is to prevent mixing of aggregate

and subgrade materials. However, in order for the geotextile to be an effective separator

during the life of the pavement system, it is generally recognized that the geotextile must

also provide secondary functions of filtration and drainage at the soil/geotextile interface.

A geotextile can prevent migration, but it can be adversely affected by soil particles

blocking and clogging/caking pore openings.

5.3 Separators

Page (1990) reported on eight sites that involved exhuming geotextiles from existing

roadways. It was noted that the required strength needed to maintain separation over the

design life of a project was relatively small compared to the strength required to resist

damage during construction. The following four index tests were described: Grab Tensile

Strength (ASTM D 4632), Burst Strength (ASTM D 3786), Puncture Resistance (ASTM

D 4833) and Tear Strength (ASTM D 4533). Other characteristics such as minimum lift

thickness, apparent opening size (AOS) and permeability were mentioned.
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Of the eight sites chosen for the investigation, five were considered useful for

further study. Four sites utilized a woven slit film material with mass per area of

approximately 135 g/m2 (4 oz/yd2) and one site utilized a nonwoven needle punched

material with a mass per area of 180 g/m2 (5.3 oz/yd2). Minor puncture damage was

found at all locations. This damage, however, did not seem to affect the geotextile's

performance as a separator. Grain size distributions were determined for the base material

at different heights above the geotextiles, showing slightly higher fines content directly

above the geotextile. Index strength tests were performed on the exhumed geotextile and

indicated that all the geotextiles appeared to have survived reasonably well with an

average percent of strength retained for the grab tensile test, trapezoidal tear test,

puncture test and burst test between 72-99%.

It was pointed out that the increase in the amount of fines in the base course was

so small in all cases that it was hard to say with certainty that the fines migrated up from

the subgrade. Blinding was observed in varying degrees, with the worst blinding observed

in the woven slit film. It was apparent from the tests performed that, for the woven slit

film geotextiles, only a small amount of contamination of the material by fine-grained soil

particles was required to cause a significant drop in permittivity.

Slit film woven geotextiles would be adequate for separation applications over

most subgrade soils. However, they tend to become blinded more readily than the

nonwovens when used over clayey-slit subgrades. The use of a heavier geotextile with

large grab elongation would help to minimize the damage during installation. Lightweight

(3.5 oz/yd2) nonwoven geotextile should not be used for any separation application

regardless of the subgrade type or initial base course lift thickness. Puncture holes were

present in many of the woven slit film geotextiles, where gravel-sized particles were

present on the subgrade surface. The use of a heavier geotextile (8 oz/yd2), which meets

the high survivability strength criteria and has a high grab elongation, would help to

minimize damage during installation. However, the heavier geotextiles are more

expensive and there was no evidence from this study that the presence of moderate

construction damage to the geotextile separator significantly affected the performance of

the roadway.
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5.4 Geogrid Reinforcement

Unpaved roads and trafficked areas consisting of a base layer placed on a subgrade soil

could be reinforced by geogrids placed within the base layer and/or, more often, at the

base layer/subgrade interface. Design methods developed for geotextile-reinforced

unpaved structures are not suitable because they do not take into account the mechanism

of geogrid/base layer material interlocking. However, certain other mechanisms by which

geogrids and geotextiles reinforce unpaved structures are similar, and consequently design

methods for geogrid-reinforced unpaved structures may utilize features from existing

geotextile design methods. Starting from the design method of Giroud and Noiray (1981)

for fabric-reinforced unpaved roads, Giroud et al. (1984) developed a design method for

geogrid-reinforced unpaved roads.

In comparison to paved structures where only small deformations can be accepted,

rather large deformations can be acceptable in some unpaved roads. A road or trafficked

area is considered failed when surface deformations are such that conditions for traffic

become unacceptable. Unacceptable deformations can occur after one axle passage if the

axle load exceeds the bearing capacity of the structure. Unacceptable deformations can

also occur after several passages as a result of (1) an accumulation of small permanent

deformations occurring at each axle passage and accelerated by progressive deterioration

of the structure and/or (2) large deformations associated with shear failure of the

structure, which occurs when the bearing capacity becomes smaller than the axle load as a

result of progressive deterioration of the structure.

According to McGown and Andrawes (1977), optimum reinforcement depth is

approximately 0.3 times the width of the load. Raymond and Hayden (1983) found the

optimum depth to be in the range of 0.3 and 0.6 times the load width. It has also been

found that a smooth slippery surface at a depth smaller than the width of the load can

decrease the shear strength of the base layer. This would be the case of a smooth surface

geotextile placed at a depth less than approximately 0.3 m under a typical dual wheel.
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In addition to the tensile behavior, it is necessary to address the friction

characteristics of the geogrid/base layer aggregate interface. Available data leads to the

reasonable assumption that the frictional resistance at the geogrid-aggregate interface is

approximately equal to the frictional resistance of the aggregate alone.

Following the work of Hammit (1970), Giroud et al. (1984) extended the method

of design for unpaved roads with standard axle loads to that for any axle load, and hence

to the development of a design method for geogrid reinforced unpaved roads. The design

method presented takes into account three mechanisms: confinement of the subgrade soil,

improved load distribution and tensioned membrane effect. The influence that the geogrid

had on load distribution was an increase in the angle at which the load was distributed

through the base to the subgrade. The influence of the tensioned membrane effect resulted

in a difference in the normal stresses on both sides of the reinforcing element. Based on

these effects, an equation was developed for the thickness ratio, h/ho, where h and ho are

the thickness of the base layer with and without reinforcement.

In conclusion, Giroud et al. (1984) stated that the calculations presented in this

paper show that the improvement of load distribution capability of the base layer was one

of the two mechanisms that provided the most improvement to unpaved structures. Their

work showed that approximately half of the aggregate savings resulted from the geogrid

reinforcement confinement and the other half from the improved load distribution resulting

from geogrid-base layer interlocking.

Love et al. (1987) studied the use of geogrids for reinforcement. It was noted that

with the advent of stiffer geotextiles and geogrids, it seemed possible that additional

benefits might be obtained, not only from an increased membrane action but also from a

reinforcing action of the fill, particularly with geogrids that have the ability to interlock

mechanically with the aggregate particles in the fill. There is little doubt that some

reinforcing materials also improve the performance of an unpaved road by acting as a

separator between the clay and granular fill. However, Love et al. (1987) thought this

benefit difficult to quantify.

Theoretical studies have shown that the geogrid reinforcement tends to reduce the

shear stresses transmitted to the surface of the clay subgrade. The amount of reduction
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has been found to depend primarily on the strength of the clay and the thickness and

stiffness of the granular layer. The failure mechanisms in the clay mobilized at quite small

deformations of the fill, and large deformations were not necessary for the benefits of

reinforcement to be felt. At large deformations, additional benefit was obtained from the

membrane action of the reinforcement.

To have the desired effect, the reinforcement had to be stiff enough and strong

enough to take the tension induced by the shear stresses from the granular layer above.

For the shear to be transferred to the reinforcement, it was necessary for the granular layer

to interact efficiently with the reinforcement. This was true of grids provided they

remained in contact with granular material that interlocked with the gird structure. There

was a danger with soft clay subgrades, as evidenced by both model and full-scale tests, of

clay being extruded through the grid breaking the bond between the grid and granular

layer. This problem could probably be overcome by good construction techniques. On

soft clay subgrades, when separation of fill and clay and the contribution of membrane

forces are more significant than the reinforcing action, a geotextile would probably be

more appropriate.
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6. SUMMARY

A summary table has been prepared from the literature review of geotextiles for

reinforcement and separation in unpaved roads. Included in the summary table are

condensed procedures, key findings, and assumptions

Further research will include performing interface tests, either through direct shear

or pullout, to determine stiffness and friction properties of a select number of geotextiles.

Small-scale performance tests will also be performed so as to develop a better

understanding of the mechanics that are involved in the performance of the system. Using

the information gained by performing these tests and supplementing it with the information

included in the summary table, it is believed that guidelines for designing unpaved roads

using geotextiles for reinforcement can be developed.

Author(s) and Year Overview of Work Key Assumptions
of Publication and Findings

Barenberg * Developed reinforced unpaved road * Deflected shape of
(1975) design criteria geotextile was a

* Found geotextile properties have a circular arc
significant effect on behavior of SFA * No slip
system-specifically, the geotextile
modulus

* Permissible values for allowable
subgrade stress were found to be:

with geotextile: a-=6Cu
without geotextile: a=-3.2cu

Kinney * Developed the fabric tension model * No slip
(1975) (FTM)

* Included methods to determine
geotextile shear and normal stresses
and geotextile strain energy

* FTM was basis for Barenberg's
(1980) revised SFA design
procedure
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Barenberg
(1980)

* Performed laboratory tests to
investigate subbase contamination

* Found relatively thick geotextiles
with small pore sizes to be effective
in limiting contamination

* High pore water pressure dissipation
rates were associated with high
contamination and low dissipation
rates with low contamination

* Nonwoven geotextiles found to be
ineffective in preventing clayey fines
contamination but more successful in
preventing subbase penetration

* Geotextiles with effective opening
sizes less than 100 mm reduced clay
pumping significantly

* Cushioning effect of thick geotextiles
reduced stone penetration into soil

* All geotextiles tested performed a
useful separation function

* Developed for
Mirafi® 140 and
500X

* Deflected shape of
geotextile was a
circular arc

* No slip

* Separation function
only
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Bell et at
(1981)

Developed procedure using Kinney's
(1979) FTM
Procedure:
1. Oal = 3.2Ac,

A = 1.0-2.0
2. Estimate gravel thickness
3. Establish rut geometry:

depth, d, chosen
width, W: W=B+2X

B = gravel rut width
X= spreading effect

4. Geotextile strain:
(4ef 2) xl00%
(/ 135W -

R 8 -- n-' 0 = 2tan"' -

5. Fabric tension, tf tf=K6f
6. Differential stress across fabric,

Aa,_ =- t, /R
7. Permissible stress on fabric:

a,, = Ao,_f + 3.2Ac,

8. Using Boussinesq equation, calculate
vertical stress on fabric and check to
see if less than permissible.

I r
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* Developed an equation to determine
the required aggregate layer
thickness, h, as a function of loading,
subgrade undrained shear strength,
and geotextile properties.

Analytic expression:

P Ks
2(B + 2htana)(L+2htana) aI +(

TaJ

* Performed lab tests to investigate
subgrade pumping

* Used soil contamination value, SCV
(weight of subgrade soil passing the
fabric per unit area of fabric) to
measure pumping

* Soil found to migrate through fabric
at contact points between subbase
and subgrade

* SCV found to be insignificantly
reduced by the use of a heavier
needle-punched fabric rather than a
light melt-bonded fabric

* Investigated effect of fabric location
on SFA performance

* Optimum placement depth found to
be 1/3 the width of the loaded area

* At large deformations, membrane
support (even for high modulus
fabrics) was small compared to total
load capacity

* Separation seen as allowing pore
pressure dissipation and
consolidation

* Performed fatigue tests on SFA
systems

* Rutting found to be less for stiffer
geotextiles

* More anchorage resulted in better
conditions

* Use of two geotextiles-one at the
interface the other at the base
middepth-performed better than one
geotextile at interface

Giroud and Noiray
(1981)

* Observations from
field and lab tests

* Based on
performance tests
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Hoare
(1982)

Haliburton and
Barron
(1983)

Douglas et aL
(1986)

I I
* No slip of

geotextile relative
to aggregate and
subgrade

* <10,000 cycles
* Aggregate CBR of

80
* Purely cohesive

subgrade soils
* Membrane action
* Separation function

only

I
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* Reported on 8 sites where
geotextiles were exhumed

* Worst blinding was observed in the
woven slit films

* It was recommended that lightweight
(3.5 oz/yd2) nonwoven geotextiles
not be used for separation

* Developed an expression for
evaluating the increase in bearing
capacity due to membrane action.

* Allow. applied stress, qp:
qap =q , +q,

q, = soil reaction
q.vg = additional capacity

due to geotextile

* q ="-Le tanA+ 1+tanW2)

Parabolic Deformation:

1C (tan/. +secf) 1
2 tan/

Circular Deformation:
1 +(2a)2C = atan-• 6, - 1
4a

* Investigated relationship between
reinforcement and separation in
geotextile reinforced unpaved roads

* Separation found to be primary
function when a/c. < 8 and

reinforcement found to be primary
function when cT/c. > 8

o= vertical stress on subgrade
cU = subgrade undrained shear

strength

* Findings based on
tests and
observations

No slip
Ilowr = 0,1 uppr = 1

Constant strain

* Results not
applicable to
nonwovens
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Page
(1990)

Espinoza
(1994)

Nishida and
Nishigata

(1995)
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Espinoza and Bray
(1995)

* slip considered* Developed procedure for evaluating
the load capacity of reinforced soils

* Analysis incorporated two important
membrane support contributions:
normal stress and interfacial shear
stress support

* An expression for admissible surface
stress, padm, was developed based on
a modified bearing capacity equation

(c.N, +, sin6, / L+2ahtan W)

a,(1-2a,tany,)
where:

M(K-K)+M,(-tand

M F I+ M+ 2(( a, 2 (K -K ,)- r +tanw )|
* Investigated the performance of 22

geotextile separators installed
between 1978 and 1991

* Short-term separation and drainage
functions were found to be more
critical than their long-term
performance due to subgrade
strength gain due to consolidation

* Subgrades of excavated sites found
to be consolidated and strong

* Even if geotextiles became blinded or
clogged in short-term still able to
perform while subgrade consolidated

* Found to be little need for long-term
separation
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* Separation function
only

Metcalfe et at
(1995)
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