
Session 48: Unpaved Roads 11 

BOURDEAU, P. l. 

Second International Conference on Geotextiles 
Las Vegas, U.S.A. 

Federal Institute of Technology, Lausanne, Switzerland 
HARR, M. E. and HOL TZ, R. D. 
Purdue University, West Lafayette, Indiana, USA 

Soi/-Fabric Interaction-An Analytical Model 

Un modele analytique d'interaction entre un sol et une membrane geotextile 

A new theoretical model for soil-membrane (geotextile) 
interaction is presented. A qualitative interpretation 
of the mechanical role of the membrane is proposed using 
a probabilistic concept for the vertieal stress diffu­
sion in a particulate media (Harr, 1977). A general i­
zation is a lso offered for multilayered geotextile­
reinforced systems. 

An iterative numerical procedure is used to obtain 501u­
tions. Results are presented for a uniformly distri­
buted load, and typical va lue s of soil and geotextile 
properties. The efficiency of the geotextile increas€s 
as the subgcade underlying the membrane becomes more 
compressible, as long as the geotextile is sufficiently 
strang and possesses sufficie nt frictional resistance. 

INTRODUCTION 

Ln order to describe theor"eicalty the mechanieal 
behavior of a lay"red soil system reinforced by a geo­
texti le, the ell t he range o.f physical properties of ehe 
soil, geotextile . and the load muse be considcrcd. Long 
be fore modern reinforced eareh concepts werc born. [he 
probLem of a soft elastic material reinforeed by closely 
spaced flexib le but inextensibl<!c shcets was ·solvcd by 
~Iestergaa,.c\ (1). The sollIrion was later cxtended by 
Harrison and Gerrard (2). bur very few othe e l osed-form 
analyt iC81 901urioM have been formulaecd . ~lo8t of the 
re cent re1ated work app1ied numerical methods wherein the 
soil-reinforcement system was represented by an equiva­
lent homogeneous or a discrete fihite element model, 
e.g., Herrmann (3), Hausmann and Vagneron (4), and 
McGown, et al. , (5). Recently, a practie ldesign pro­
cedure for unpaved roads reinforced wiCh geotextiies 
was proposed by Giroud and Noiray (6). 

In spite of this progress, it is feIt that a better 
understanding of the problem can be reached by taking 
into account such factars as, e.g., the extreme hetero­
geneity of the subgrades On which the geotextiles are 
typically used (Leflaive, 7l and the particulate nature 
of the soi15. The objective of the present study was to 
consider this latter faetor for the two-dimensional, 
plane strain ease. 

MA'l'HEMATICAL DEVELOPMENT 

The conventional approach to assess the transmis­
sion of boundary 10ading5 through soils computes stresses 

Un nOuveau modele est presehte pour analyser l'inter­
action entre un sol et une membrane geotextile. 11 est 
propose une interpretation qualitative du role mecanique 
de 1a membrane, qui utilise un concept probabilistique 
pour la diffusion des contraintes verticales dansun 
milieu particulaire (Harr, 1977). Une genera1ization 
est e'galement efferte pout des systemes renforces par 
plusieurs membranes geotextiles. 

Une methode numerique iterative est uti1isee pOllr 
obtenir ces solutions. Des resultats soot presentes 
pOllr une charge distribuee uniformement et des valeurs 
courantes des proprie'tes du sol et du geotextile. 
L 'efficacite du geotextile accroit avec la compressi­
bilite du sol sous-jacen t a la membrane, a condition 
que le geotexti1e soit suffisamment r~sistant et possede 
une resistance a la friction suffisante. 

using the linear theory of elasticity, the "Boussinesq 
solution". Such solutions require the existence of a 
continuum. Harr (8), taking cognizance of the particu­
late nature of real soils, introduced the concept of 
"distribution of stress at a pointII. Given a unit verti­
cal load acting normal to the surface of the soil (Fig. 
la) the vertical normal stress Sz(x, z) at point (x, z) 
was found to be a Poisson variate, defined by the poro­
sity of the soil, with an expected va1ue 

Sz(x,z) = _1 __ exp [_ x\] (1) 
z/2iiij 2vz 

v is called the 
t ionally, it is 
earth pressure. 
sion equation: 

"coefficient of lateral stressTI; concep­
related to the coefficient of late ral 
Sz(x, z) i5 the solution of the diffu-

as z 
az D (2) with 

and it is seen to be anormal variate with an equiva1ent 
mean value of zero and a standard deviation of zlV. 

For a unit pressure uniformly distributed over a 
strip of width 2a (Fig. lb) Harr obtained 

(3) 

387 



Session 48: Unpaved Roads 11 

x 
• 

where: 

:>. 

Fig. 1 a 

~(x+v = 
z,/\j 

x 

V2 

x+a 

f zrv 1 -- exp 

0 
l2ii 

z) 

z 

Fig. 1 b 

[_ ~2 Jdt 

The foregoing results were extended to a multi­
layered system (Fig. 2). Defining the equivalent 
thickness hl , of the first 1ayer as: 

h = h"'rv;-
1 IV v;-

The expeeted vertieal stress at any point (x, z) within 
the seeond layer is 

- 1 [ 2 J x 8
2 

(x.z 2)= exp -
- 2 

(4) 
z (h

l
+z2) 12nv2 2v2 

(h
l

+z 2) 

For the nth layer, 

=-_ 1 f2=ex p [- 2 ] S n (x,zn) 
x (5) 
- 2 z hn_l+zn 2nvn 

2v (hn_l+zn ) n 

where: 

It should be noted that the above were obtained 
without the neeessity of spec i fying interface boundary 
conditions; further, the medium is a " no-tension" 
material. 
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Consider that a geotextile membrane (of infinite 
extent) exists at the interface of two layers, Fig. 3. 
The 1ayers are characterized by their coefficients vI 
and v2' A line load of intensity P acts normal to the 
surface, and it induces a tensile force in the membrane . 
The membrane is assumed to be of negligible thickness 
and offers no bending resistanee. Assuming small de­
fleet ions and slopes, vertical equilibrium requires: 

Noting that the membrane is, in effect, equivalent 
to a very thin layer, say of thiekness between h l - L 
and h2 - €, where E is very sma11, Eqn. (1) speelfies 
at depth of z = h 1 , at the top of the membrane, 

P 
= _1_ exp [- x~J 

s
l
l2ii 2s

1 

where sI = h11V1 is equiva1ent to the standard devia­
tion, with respeet to x, in the first 1ayer. At the 
top of the seeond layer, a similar argument produees 

where s2 = h1 . /Vi is the equiva1e nt to the standard 
deviation, with respeet to x, in the layer be10w the 
membrane, at depth z = hl' 

(6) 

(7) 

We define the ratio of the equiva1ent standard de­
viations as 

= ~ = 
S2 (O,h

1
) S2 (x,h 1)max 

k z z < 1 
s2 SI (O,h

l
) SI (x,h1 )max 

z z 

where h1 is the equiva!ent thickness of the system 
without the membrane, h1 = hlvVl/v2' In eoneept, 
(1 - k) • 100(%) is the effeetive reduetion of the 
thiekness of layer 1 (the upper 1ayer) due to the mem­
brane for a given state of stress Sz(x, h1). Fig. 4 
presents a plot of the deve10ped relationships. 
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Numerical values of thc ratio "k" ·arc yet ,0 be de­
cermined. It$ ~asure is seen co depend upon thc dc­
formabi1.ity of the gcOtext He and of the underlying 
·soil. jo'ollOlo/ing Rosner and Hart: (9) end N;ieuwenbuis (10), 
tbe underlying soil (layer 2) is taken Co o (fer a reac­
tion to loadillg proportional to üs deflection (Winkler 
mode l ); that is, 

S2 (x,h l ) = Ks . w(x) 
z 

(8) 

wbere w(x) is the defleetion of the membrane and Ks is 
the eoeffieient of subgrade reaetion (Fig. 5). 

2L 

x 
p 

Fig. 5 

Consider now the equilibrium eonditions of the 
membrane as shown in Fig. 6. The respeetive tangential 
stresses Tl(x) and T2(x) aet to oppose the direetion of 
the displaeement of the membrane. Equilibrium speei­
fies that 

TH(x) 
d2w 

T(X) dw 
K SI (x,h l ) (9) -- + -+ 'W 

dx2 dx s 
z 

where T(X) 'lex) + T2(X) 

and TH(x) T - r o 0 
T(X) dx 

Tbe deformation eondition is 

f:~l + (~:Y'dX - L = im f~ TH(x) ~ +(~~/ldX (0) 

where EIJI is the elongation modulu·s [kN.m-l ] of the mem­
brane ot width 2L, To is the tension in the membrane. 

x 

To 

w 

Fig. 6 
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Model wall tests by Holtz and Broms (11) and pull­
out tests performed with woven polyester fabries (Holtz, 
12) have shown that full frietional resistanee of the 
geotextile is aehieved with only small displacements. 
Aecordingly, a rigid-perfeetly plastie frietion law was 
adopted to represent the behavior at the soil-fabrie 
interface. Thus,a Mohr-Coulomb yield criterion is in­
voked for the frietional stresses Tl and '2 (Fig. 7). 

Horizontal displacement 

Fig. 7 

That is, the frictional resistance is in proportion to 
the resultant normal (vertieal) stress at the point in 
question. 

If E(X) f. 0 (some strain exists) 

Tl(X) FI[~l (x,h l ) + Y'h l ] 
z ( ll) 

T2(X) F~2 (x,h l ) + Y'h l ] = F~Ks'W(X) + Y'h l ] 
z 

Consequently, TH(x) and T(X) in Eqn. (9) are dependent 
on w(x). Fl and F2 are eorresponding eoeffieients of 
friction . 

The finite differenee form of Eqn. (9) is: 

2 
TH. wi _l + (Ks h -2TH.+hT i )wi + (TH.-h'i)wi +l 

~ 1 1 

(2) 

In matrix notation this can be written as 

[B] . w = S (13) 

where [B] is a tridiagonal matrix. 

A numerical solution for the system was obtained 
using the follOl,ing iterat ive algorithm with "N" nodal 
points (h = spaeing) per half-length "L" seleeted along 
the membrane (Fig. 8). It is assumed that FI , F2, L, 
P, VI' Ks ' y and h l are given. 

x -
rmembrane I 

4 3 2 J, 

L 

Fig. 8 
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1. At each nodal point, calculate Slz(x,h l ) from 
Eqn. (6) and Tl(x) from the first of Eqns. (11). 

2. Form the [B] matirx, Eqn. (13), with T2(x) = 0, 
TRi = constant, and salve the linear system for the wls. 

3. Check if the deformation condition, Eqn. (10), 
is satisfied. If not, change the value of THi and re­
peat step 2. 

4. Having satisfied step 3, calculate the result­
ing values of T2(x). 

5. Form the new matrix [B] using the new values 
of THi and T(X) and return to step 2. 

6. The solution is achieved when the deflection at 
x = 0, w(x = 0) converges to a constant value. When this 
is realized TH ~ To ' which can then be compared to the 
maximum tensile strength (Tmax ) of the geotextile mem­
brane. 

DISCUSSION OF RESULTS 

The above procedure was programmed and same results 
were obtained for typical values of soil and geotextile 
properties to illustrate the relative influence of the 
various parameters. These results are shown in Figs. 
9a and 9b and Fig. 10. Solutions were obtained for both 
a frictionless membrane (case I, shown dotted) and one 
that displays friction (case 11, shown solid). The 
frictionless ease has no relevancy to common geotextiles. 
However, it was obtained in the early stages of the 
study to aid in the development of the numerical algo­
rithm. On the other hand, the frictional case is of con­
siderable practical importance. In these plots the 
curves marked (1 - k) represent an lIimprovement faetar", 
1 - k = 1 - (wmax/wm), where wmax is the maximum deflec­
tion with the membrane and wrn is the maximum deflection 
without the membrane. It is noted that the efficiency 
of the membrane increases, as measured by 1 - k, as the 
underlying soil becomes more compressible (smaller val­
ues of Ks )' For heavy loads, the factor (1 - k) can 
exceed 50%; however, as shown, the geotextile must also 
be able to sustain large tensile forces (Tm)' At the 
present time, it appears that only heavy woven geotex­
tiles and geogrids can meet such requirements for the 
cases shown. 
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The required length of fabric (L ) is seen to de­
crease rapidly as the friction increa;es and the under­
lying soil becomes stiffer. 

Finally, it should be noted that the developed 
model does not consider failure induced by the lack of 
adequate hearing capacity. However, it does indicate 
two important possible modes of distress, (1) that of 
the tensile force Tm exceeding the tensile strength, 
and (2) the slipping ("pull out") of the fabric if its 
length L is less than the required value of La' 
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