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Soil-Fabric Interaction—An Analytical Model

Un modele analytique d’interaction entre un sol et une membrane géotextile

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 vertical stress diffu-
sion in a particulate media (Harr, 1977). A generali-
zation is also offered for multilayered geotextile-—
reinforced systems.

An iterative numerical procedure is used to obtain solu-
tions. Results are presented for a uniformly distri-
buted load, and typical values of soil and geotextile
properties. The efficiency of the geotextile increases
as the subgrade underlying the membrane becomes more
compressible, as long as the geotextile is sufficiently
strong and possesses sufficient frictional resistance.

INTRODUCTION

In order to describe theoretically the mechanical
behavior of a layered soil system reinforced by a geo-
textile, the entire range of physical properties of the
so0il, geotextile, and the load must be considered. Long
be fore modern reinforced earth concepts were born, the
problem of a soft elastic material reinforced by closely
spaced flexible but inextensible sheets was solved by
Westergaard (1), The solution was later extended by
Harrison and Gerrard (2), but very few other closed-form
analytical solutions have been formulated. |Most of the
recent related work applied numerical methods wherein the
soil-reinforcement system was represented by an equiva-
lent homogeneous or a discrete finite element model,
e.g., Herrmann (3), Hausmann and Vagneron (4), and
McGown, et al., (5). Recently, a practicaldesign pro-
cedure for unpaved roads reinforced with geotextiles
was proposed by Giroud and Noiray (6).

In spite of this progress, it is felt that a better
understanding of the problem can be reached by taking
into account such factors as, e.g., the extreme hetero-
geneity of the subgrades on which the geotextiles are
typically used (Leflaive, 7) and the particulate nature
of the soils. The objective of the present study was to
consider this latter factor for the two-dimensional,
plane strain case.

MATHEMATICAL DEVELOPMENT

The conventional approach to assess the transmis-
sion of boundary loadings through soils computes stresses

Un nouveau modéle est présenté pour analyser 1'inter-
action entre un sol et une membrane géotextile. Il est
propos€ une interprétation qualitative du rdle mécanique
de la membrane, qui utilise un concept probabilistique
pour la diffusion des contraintes verticales dansun
milieu particulaire (Harr, 1977). Une généralization
est e'galement efferte pour des systémes renforcé€s par
plusieurs membranes g€otextiles.

Une methode numérique itérative est utilisée pour
obtenir ces solutions. Des résultats sont présent€s
pour une charge distribuée uniformément et des valeurs
courantes des propri€tés du sol et du géotextile,
L'efficacité du géotextile accroit avec la compressi-
bilité du sol sous—jacent @ la membrane, a condition

que le g€otextile soit suffisamment resistant et possede
une resistance a la friction suffisante.

uging 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 point". Given a unit verti-
cal load acting normal to the surface of the soil (Fig.
la) the vertical normal stress S,(x, z) at point (x, z)
was found to be a Poisson variate, defined by the poro-
sity of the soil, with an expected value

- 1 x2
Sz(x,z) = exp | - 5 (1)
2/ 2TV 2vz

v is called the "coefficient of lateral stress';concep-
tionally, it is related to the coefficient of lateral
earth pressure. S,(x, z) is the solution of the diffu-
sion equation:

s, o5 v,
=D with D = e (2)
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and it is seen to be a normal variate with an equivalent
mean value of zero and a standard deviation of z/5.

For a unit pressure uniformly distributed over a
strip of width 2a (Fig. 1b) Harr obtained

T (x,2) = yf 8- X2 (3)

& 2/ z/V,
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The foregoing results were extended to a multi-

layered system (Fig. 2). Defining the equivalent
thickness h,, of the first layer as:

i, =h

oL
1 1|/ v

2

The expected vertical stress at any point (x, z) within
the second layer is

2

75_2 (x.22)= ——~—1— exp | = }_(—2 (4)

z (h1+zz) v2mv, 2v, (h1+z2)

For the nth layer,
2

5, Oz ) = :——i——— . exp | = ——-——%———————5 (5)

z h . +z 21y 2v_ (h__.+z )
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where:
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It should be noted that the above were obtained
without the necessity of specifying interface boundary
conditions; further, the medium is a 'mo-tension"
material.

P
X
Vi -
h; Slz(xr hi)
- Mmembrane
S s TS
v -
: - S25 (x, hi1)
z 12
Fig. 2 Fig. 3
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Consider that a geotextile membrane (of infinite
extent) exists at the interface of two layers, Fig. 3.
The layers are characterized by their coefficients v
and vy. 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 resistance. Assuming small de-
flections and slopes, vertical equilibrium requires:

= +co_
I 51 (x,hl) dx =J Szz(x,hl) dx = P

-0 z =

Noting that the membrane is, in effect, equivalent
to a very thin layer, say of thickness between h, - €
and hy - €, where & is very small, Eqn. (1) specifies
at depth of z = hl’ at the top of the membrane,

5, (x,hl) 2
z 1 X
—_—= exp | - — (6)
P 2
sy 21 2s

1

where 5] = hl/Gl is equivalent to the standard devia-
tion, with respect to x, in the first layer. At the
top of the second layer, a similar argument produces

S2 (x,hl) 2
z 1 %
62/5; 252

where s) = Hl * /vy is the equivalent to the standard
deviation, with respect to x, in the layer below the
membrane, at depth z = hj.

We define the ratio of the equivalent standard de-
viations as

S, (O,hl) 5, (x,hl)max
— 2 - — Z i 1
2 slz(o,hl) Slz(x’hl)max

where h; is the equivalent thickness of the system
without the membrame, h; = hl/UIT‘E. In concept,

(1 - k) » 100(%Z) is the effective reduction of the
thickness of layer 1 (the upper layer) due to the mem-
brane for a given state of stress §é(x, hy). Fig. 4
presents a plot of the developed relationships.

/~ &~ & & =
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Numerical values of the ratio "k" are yet to be de-
termined., Its measure is seen to depend upon the de-
formability of the geotextile and of the underlying
soil. Following Rosner and Harr (9) and Nieuwenhuis (10),
the underlying soil (layer 2) is taken to offer a reac-
tion to leading proportional to its deflection (Winkler
model); that is,

Ezz(x,hl) =K, * ow(x) (8)

where w(x) is the deflection of the membrane and K is
the coefficient of subgrade reaction (Fig. 5).

. ZJL

‘ ®

Consider now the equilibrium conditions of the
membrane as shown in Fig. 6. The respective tangential
stresses T1(x) and To(x) act to oppose the direction of
the displacement of the membrane. Equilibrium speci-
fies that

2
d"w dw .
TH(X) E;E + T(x) =* Ks W= Slz(x’hl) (9)

where T(x) = rl(x) + Tz(x)

and TH(x)

X
T, = [ T(x) dx
0

The deformation condition is
L 2 L 2
dw 1 dw
I \/1 + <%;> dx - L =+ f Ty(x) |f1 +<;59 dx (10)
0 m ‘0

where E_ is the elongation modulus [kN'nrlj of the mem—
brane of width 2L, Ty is the temsion in the membrane.
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Model wall tests by Holtz and Broms (11) and pull-
out tests performed with woven polyester fabrics (Holtz,
12) have shown that full frictional resistance of the
geotextile is achieved with only small displacements.
Accordingly, a rigid-perfectly plastic friction law was
adopted to represent the behavior at the soil-fabric
interface. Thus,a Mohr-Coulomb yield criterion is in-
voked for the frictional stresses 1] and T2 (Fig. 7).

Ty, 2 (x)

TN (XD, Ta (%) o

F2

Horizontal displacement S1,25 (x, h1)

Fig. 7

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

If e(x) # O (some strain exists)
Flfﬁiz(x,hl) + Y'hlj

Ty(x) = szﬁéz(x,hl) + Y'hlj = Fz[KS-W(x) +y+hy ]

T, (x)
L (11)

Consequently, Ty(x) and T(x) in Eqn. (9) are dependent
on w(x). Fp and Fy are corresponding coefficients of
friction.

The finite difference form of Egn. (9) is:

2 ) w2
Ty Wi_q + (Ko B7=2T, +hT v, + (T -htdw, = b°(5; )
1 1 1 Zi
(12)
In matrix notation this can be written as
[B]+w=7s (13)

where [B] is a tridiagonal matrix.

A numerical solution for the system was obtained
using the following iterative algorithm with 'N" nodal
points (h = spacing) per half-length "L" selected along
the membrane (Fig. 8). It is assumed that F,, Fp, L,
P; Vys KS, v and hl are given.
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1. At each nodal point, calculate 51,(x,h;) from

Eqn. (6) and 19(x) from the first of Eqms. (11). Trax h [kN-m™!]
2. Form the [B:] matirx, Eqn. (13), with To(x) = 3
Tg; = constant, and solve the linear system for the w's. - 5 ) ITrgax Fi = 0.3, Fp =0
3, Check if the deformation condition, Eqn. (10), \ i
is satisfied. If not, change the value of Ty, and re- 304 N
peat step 2. o
S~ fimax F1=0, Fz=0
4. Having satisfied step 3, calculate the result- 104 P Lo A % [l
ing values of T(x). — 2 t t 4 -
2.0 4.0 6.0 80 _
5. Form the new matrix [B:] using the new values 104 .---""""E-——'u.mm
- = -
of Ty, and 1(x) and return to step 2. = —1,‘_‘,0, ¥2 ”|:[“ P =300 kN+m™!
S = 20 kNem™?
6. The solution is achieved when the deflection at 20 4 / 0.15m] = 300 kN-m~}
x = 0, w(x = 0) converges to a constant value. When this | -—g— "
is realized Ty » T, which can then be compared to the 30 4 Kg = 2000 kN-m~
maximum tensile stremgth (Tp,4) of the geotextile mem- |
brane. - [1-x F1=0.3, Fy=0
DISCUSSION OF RESULTS @-x Vel
Fig. 95b
The above procedure was programmed and some 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 0-15_1:_
that displays friction (case II, shown solid). The & -._i
frictionless case has no relevancy to common geotextiles. a l m'm'['nP= 250 kNem™}
However, it was obtained in the early stages of the [m] -0 ‘40 — s ba-w
study to aid in the development of the numerical algo- 5.0 0.25m el ¥ = 20 kem [s]
rithm. On the other hand, the frictional case is of con- F1=0.4 Ep = 300 kNem™?
siderable practical importance. In these plots the o 23
curves marked (1 - k) represent an improvement factor" 4.0d Tm Fz2=0
1 -k =1~ (wpax/wy), where Ymax is the maximum deflec— :
tion with the membrane and ¥ is the maximum deflection L 70
without the membrane. It is noted that the efficiency
of the membrane increases, as measured by 1 - k, as the 3. - 60
underlying soil becomes more compressible (smaller val-
ues of K;). For heavy loads, the factor (1 - k) can - 50
exceed SOZ, however, as shown, the geotextile must also 2. L 40
be able to sustain large tenmsile forces (Ty). At the
present time, it appears that only heavy woven geotex- L 10
tiles and geogrids can meet such requirements for the
cases shown. 1. - 20
| T Kg [kNem™®] i 10
! 3 : y : \
- 1000 2000 3000 4000
= 250 kNem ! = I 60 .
— ¢ 51y Fig. 10
0.25m|V1=0.80 ¥ = 20 KN*m™~ 2 - 50
Fi= 0.4 Ep = 300 kNem™' v/ L 40
F2=0 Kg = 2000 kNem™? L 30
The required length of fabric (L,) is seen to de-
P-L=3m " * 20 crease rapidly as the friction increases and the under-
L o lying soil becomes stiffer.
= -1
> . - - kN+m Finally, it should be noted that the developed
1.50 1.25 1.00 0.75 model does not consider failure induced by the lack of
’ F100 adequate bearing capacity. However, it does indicate
= R s 00 two impm'rtant possible modes of distress, (1) that of
a . the tensile force Ty exceeding the tensile strength,
case 2 (friction) L300 and (2) the slipping ("pull out") of the fabric if its
o case 1 CrElerieiless) .'_322 \\ - length L is less than the required value of La'
\'-—500
-600
Fig. 9a v kNem~2
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