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The Finite Element Method of Analysis Applied to Soil-Geotextile Systems 

La methode d'element fini d'analyse applique aux systemes de sol geotextiles 

The paper describes the nature Gf the elements used to 
represent soil-geotextile systems for the purpose of 
predicting their stress-strain behaviour. The stiffness 
matrices used to characterise each of these are given 
and the stress-strain laws adopted to represent the mat
erial proper.ties are detailed. A finite element mesh so 
derived is then applied to the prediction of the beha
viour of a footing resting on dense sand with or 
without a single layer of geotextile placed at different 
depths in various tests. It is shown that if the soil 
properties can be correctly represented in the soil 
elements, good correlations between predicted and 
measured data is obtained up to about 85 per eent of 
peak load. Beyond this, the finite element method is 
inappropriate as loeal failures in the soil occur whieh 
cannot be aceommodated in the finite element proeedures. 

INTRODUCTION 

The behaviour of soil structures contalnlng tension 
resistant inclusions such as geotextiles, depends not 
only on the properties of the soil and the inclusions but 
on the interaction of the soil and inclusions at inter
faces. Tlle success of any method of analysis for such a 
system \vill to a large extent be determined by its abil
ity to represent these various material properties and 
interactions. At the present time, the finite element 
method approach involving discrete representation of the 
different constituents of the systenl of[ers a possible if 
somewhat complex method of analysis. Perhaps due to its 
complexity, few previous investigators have attempted to 
apply it to soil-geotextile systems (1, 2 and 3). In 
this paper, the work carried out at Strathclyd~ Univer
sity, to develop a suitable finite element method appro
ach for soil-geotextile systems which does allow such 
relative rnomement is described. Also its accuracy and 
limitations are identified by making comparisons between 
finite element method predictions and observations for 
laboratory scale prototypes of strip-foüting lüading 
systems. 

FINITE ELEMENT REPRESENTATlON OF SOIL-GEOTEXTlLE SYSTEMS 

The finite element procedure used is basically that 
for solving continuum load-displacement problems, (4, 5 
aud 6). It consists of three main steps: the discr;ti~
atio; of the continuußl; the derivation of element stiff
nesS matrices and the analysis of the element assemblage. 

L'article dünne une description du genre d'elements 
employes pour representer des syst~mes de 501-
geotextiles afin de predire leur fonctionnement en ce 
qui concerne contrainte et deformation. On donne les 
matrices de rigidite employees pour caracteriser 
chacune de ces systemes et l'on expose en detail les 
lois de contrainte et deformation qui ont ete adoptees. 
Un montage d'elements finis ainsi trouve est applique 
ensuite a la prediction du fonctionnement d'une 
fondation qui repose sur du sable compact avec ou sans 
une seule couche de geotextile placee ades profondeurs 
differentes en divers essais. Cela demontre que si les 
proprietes du sol sünt representees d'une maniere 
exacte dans les elements du sol, une bonne correlation 
est obtenue entre les donnees predites et les donnees 
mesurees, jusqu'a 85% environ de charge maximum. Au
dessus de cela, la methode 'element fini' est peu 
appropri~e parce qu'il y a la possibilite d'echecs 
locaux du sol qui ne sont pas inclus dAns les 
procedures 'element fini'. 

Discretization of the Continuum: 

In order to ext end t he f i ni tee lemen t procedu res 
for continuum problems to deal with soil-geotextile sys
tems, particular types of elements have been developed 
to represent the soils, the geotextiles and the soil
geotextile interaction. These elements may be described 
as foliows! 

a) Soil elements! The soils are represented by tri
angular and quadrilnteral elements, as shmm in Fig. 1. 
The triangular elements are constant strain elements in 
which the displacement function is linear. The quadri
lateral elements are considered to be formed from four 
triangular elements. Each tri angular element stiffness 
is derived with two degrees of freedom allowed for any 
given point in the elements(6). The relationship bet
ween strains and small displacements is used (7) and the 
stiffness matrix is derived using the p~incipl; of mini
mum potential energy, which is a variational approach. 
The stiffness matrix may be given in the generalised 
form: 

[KeJ{öe} {Pe} ..... (1) 

where [Ke] is the stiffness matrix of the elements, toe} 
is the vector of nodal displacements and {Pe} is the 
vector of nodal forces. 

The stiffnesses of the quadrilateral elements are 
derived by calculating the global stiffness of its four 
constituent triangular elements. By eliminating the de
grees of freedorn of the internal node of the quadrilat
eral elements, i.e. rnaking Dse of a procedure called 
condensation (8), the stiffness matrices can be reduced 
to 8 x 8 matrix configurations without loss of accuracy. 
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b) Geote;~tile elements: The geotextiles are repres
ented by strai b l1t line elements \vhich have no bending 
stiffness and are of the form shown in Fig. 1. These 
elements can deform only in the axial direction and the
ir displacement functions are linear (6). The stiffness 
matrix used is shown here in an incremental form: 

fJ 
c' SC -C' -SC IIU x 1 

liF 1 SC S' -SC -S' liv 

liF:' -
AE t 

J 

-C' -SC C' -SC liU 
L ~ 

liF 2 SC -S' SC S2 liV y z 

..... (2) 

which rnay be rewritten as: 

{liF} [Ke] {/..la} ... . . (3) 

where {liF} is the vector of nodal force increments, {liae} 
~s the vector of nodal displacement increrLlents and [KeJ 
~s the element stiffness matrix. Also Et is the element 
instantaneous elastic modulus, A is its cross sectional 
area and L its length. S is sin a and C is cos a, where 
a is the inclination of the element to the x-axis. 

c) Soil-geotextile interface elements: Soil-geotex
tile and soil boundary interactions are assumed to be 
pure1y frictional and simulated by spring elements of 
zero length connecting the nodes of soil elements to 
those of inclusion elements (9), as shown in Fig. 1, and 
its stiffness matrix may be written in incremental form 
as follows: 

-K
h
S'-K

V
C2 

-KhSC+KvSC 

KhS2+K
v

C2 

quadrllateral 5011 elements 

" 7 

- KhSC+Kv SC 

-K
h

C2-KS2 

KhSC- Kv SC 

KhC~+"vS 2 tN 2 

.. ... (4) 

triangular 
- 5011 elements 

fig. 1. Elements used in the analysis 
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which may be rewritten as: 

..... (5) 

where{liF}is the vector of nodal force increments, {liae} 
is the vector of nodal displacement increments and[KeJ 
is the element ~l iffncss T'I.atrix. Also Kh is tho sprinr. 
stiffness in the plane of the geotextile and Kv is the 
spring stiffness perpendicular to it. Again S is sin a 
and C is cos a where a is the inclination of the element 
to the x-axis. 

From a comparison of equations (2) and (4), it can 
be seen that the spring element stiffness can be constr
ucted by superimposing the stiffness rnatrices of two 
line elements, one parallel to the inclusion and the 
other perpendicular to it. During the analysis, the 
spring elenent is permitted to elongate,or compress, but 
only in the direction parallel to the geotextile plane • 
This allows the developrnent of relative sliding between 
the soil and the geotextile. Relative movement perpen
dicular to the geotextile is restricted by assigning a 
very large stiffness (Kv ) to the spring element in this 
direction. 

Derivation of Element Stiffness 

To obtain the stiffness of each element the stress
strain behaviour of the various components and interfa
ces must be represented in mathematical form. To do thw 
different mathernatical techniques were adopted for the 
soils, the inclusions and their interfaces. Taking them 
in turn: 

a) Stress-strain model of soil behaviour: To represent 
the soil, the non-linear elastic hyperbolic model is 
used (10, 11). It is also assurned that the initial tan
gent modulus (Ei) is related to the confining pressure 
(03) as fo11ows: 

E. 
l 

KPa(~!)n ...... (6) 

where Pa is atmospheric pressure, I\. and n are dimension
less constants, (g ). 

Thus the instantaneous tangent modulus can be expr-
essed as 

E = 
t 

where Rf is the ratio of deviator stress in the soil at 
failure to the ultimate deviator stress, c is the soil 
cohesion and ~ is the angle of soil friction. 

To include the effect of the curvature of the Nohr 
failure envelope in cohesionless soils, the following is 
added: 

..... (8) 

where ~o is the value of ~ for 03 equal to atmospheric 
pressure Pa, and 6~ is a material constant equal to the 
reduction in ~ for a 10 fold increase in 03, (12). 

The above equations provide all the information 
required for the evaluation of the instantaneous tangent 
modulus at any stress level and any confining stress 
during the incremental finite element analysis. To obt
ain the instantaneous Poisson's ratio, the expression 
used was: 

G 
(03( ) 

)J = - F log Pa 
t 

l 
d (O] - Ol) 

O} (o , - ." f" [1 - Rf <L - si n 
KPa(~)n 

l'a 2c cos oj> + 203 sin oj) 

where G equals the value of initial Poisson's ratio ~i 
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at one atmosphere, F equals the reduction in ~i for a ten 
fald increase in 03 and cl is a constant. 

The value of Poisson's ratio cannot exceed 0.5 as 
it will violate the condition cf ~ositive strain energy, 
hence, volume expansion is not taken into aecaunt in 
this analysis. Also a Poisson's ratio o~ 0.5 cannot be 
used as it would lead to an infinite bulk modulus. To 
Dvercome this, when a value of 0.5 or more is encounter
ed, a value of 0.49 is assigned to the element. To rel
ate the stresses and strains in the soil, the increment-

.. "{~~}":'l::':"::i":: ~':~O':~]i\:::l .. ... ('0) 

where 60x and 60y are the incremental stresses in the x 
.a'1d y directions respectively and t.:r xy is the increment
a1 shear stress. ßcx and ßE are the incremental strai
ns in the x and y directionsYrespectively and 6yxy is 
the incrernental shear strain (~. 

Also Md is the instantaneous shear modu1us and 

Et . ... . (11) 
Md 

2(1 + ]Jt) 

with Mb the instantaneous bulk compressibility and 

Mb 
E

t 
..... (12) 2(1 + ]Jt) (l 2]J t) 

TheSl' mOUIJ 1 ii are us(~d assumillZ 'lb is a constant 
for a given confining ~ressure 03, but varies with 03 

according to the corresponding initial tanßent rnodulus 
Ei and initial uoisson's ratio Wi (~). Thus Mb is 
calculated as foliows: 

E. 
Hb 

1 
. . .•. (13) 

h'ith the above equations then the stiffness matrices for 
the soil elements may be ev~luated. 

b) S tress-s train model of geotext ile behaviour:- As 
the load extension relationships for geotextiles are 
usually non-linear, the'f cannot be accurately simulated 
by linear relationships. Polynomial functions have the
refore to be used and the function that is chosen has 
the form: 

T Aa ..... (14) 

where T is the axial load applied to the geotextile, A 
is the initial cross sectiona] area, 0 is the "apparent 
axial stress!!, calculated by assuming the geotextile 
does not ~hange its ~ross-sectional area during axial 
straining, E is the axial strain and al, a2, a3 ••• are 
polynomial constants. 

By differentiating equation (14) with respect to E, 
the product of the instantaneous tangent modulus Et and 
the initial cross sectional area A, can be directly 
evaluated from strains as foliows: 

dT _ d(AO) = Ada = AE 2a,c + 3a,r 2 
dE -~ dE t = a, + c ~ ... (15) 

The product AE t is then used directly to evaluate the 
stiffness matrices of the geotextile elements as indic
ated in equation (2). The constants al, a2, a3 ..• are 
determined by the least square curve fitting technique 
of measured load-extension curves (~) 

c) Shear stre.ss-deformation model of soil-geotextile 
interface friction: A hyperbolic model is adopted to si.m
ulate the interface friction behaviour of soil-geotextile 
and soil in contact with boundaries. The model useJ js 
"" follows: 
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• .. .• (16) 

where T is the shear stress and or is the relative dis
placement at the interface for a given normal stress on 
(15). Also bl and b, are constants equal to (l/ki) 
and (l/T

ult
) respectivel~, where k i is th~ initial 

tangent stlffness per un]t area and Tult lS the 

asymptotic value of the shear stress at infinite displ
acement of the hyuerbolic curve. The initial tangent 
stiffness per unit area (ki) is assumed to be related 
to the normal stress (an) by the following expression: 

k. 
1 

where Kl and nl are constants. 

..... (17) 

In a manner similar to that for the instantaneous 
tangent modulus of soil, the instantaneous tangent sti
ffness of the interface can be ex?ressed as 

.. ... (18) 

where Rfl is the ratio of the shear stress at failure 
to the ul tirnate shear stress on the interface and Ö is 
the anale of friction between the soil and the geotex
tiie. °The instantaneous stiffness of the spring elem
ent (K

t
) then becomes: 

k - A 
t 

..... (19) 

where A is the field area of the element. 

Analysis of the Element Assemblage 

After evaluating the stiffness matrices for the 
individual elements, the stiffness matrix for the ~yhole 
system is assembled. The basis of the assembly is that 
the value of the disnlacement at anode is the same for 
each element sharing" the node (~). The assembly process 
results in a set of simultaneous equations of the same 
form as the equations for the individual elements, as 
follows: 

l Kg 1 {c} = {p} ..... (20) 

where [\~1 is the glohal stiffness matrix, {.'} is the 

vector of all the nodal displacements and {p} is the 
vector of the Dodal forces. 

The next step is to modify equation (20) to account 
for boundary cnnditions which may include zero or non
zero displacements. This is followed by the solution 
of the simultaneous equations for the unknown displace
ments. Finally, from the now known nodal displacements, 
the strains and stresses for each element are calculated 
to yield the complete solution. 

In its present form the program can only deal with 
systems in which the initial stresses are either known 
or are calculated from the at-rest condition. Incre
ments of load are then applied and the instantaneous 
tangent modulii for each increment of load are evaluated 
according to the position reached on the stress-strain 
curve. This is achieved using a two stage load cycle 
technique based on the mid-point integration method, <.~}. 

SYSTEMS A~llJ MATE~IALS MODELLED 

Several soil-geotextile systems have now been mod
elled at Strathclyde University using the finite element 
procedure includinß the prediction of the measured beha
viour of laboratory scale embankments (3). In these 
embankments the deformations and stresses in the system 
were tV]iltivl'l., ,01,,,'11 : 111 Cl : ' ([{' ( ' (oI",I,lli{ II.lt\·tl'Ll LlH'':lSU

red and predicted behaviours were obLained. 
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Fig. 2. Layout of appara tus 
In this pa~e r, comparisons are mad e between measured and 
Dredicted behaviour of laboratory scale soil-geotextile 
~trip-footinB loading tests which have been taken to 
failure and therefore involve large deformations and 
stresses. Prior to making these comparisons the nature 
of the system tested and the materials used are describ
ed. 

Syst em Tested ; 

The strip-footing tests were conducted in a large 
tank with 12.5 mm thick glass sides within a rigid steel 
frame. The principal dimensions and layout of the appa
ratus are shown in Fig. 2. The strip-footing used was 
120 mm wide and illade of rigid smooth steel plates. The 
load was applied to the footin~ by means of a motorised 
10 tonop ca-IJacity sCrew jack at a constant rate of n I,il :: 

Il~r hllur. 

The sand used in both t es ts was Leighton Buzzard 
sand \l1hich is a sub-rounded J mainly quartzite sand with 
a particle size ran gE of 0.3 - 2.0 mrn and me an diamete r 
of 0.85 mm. rhe uniformity coefficient was 1.22. It I.as 
Dlaced in a dense state with a rorosity of 34 per cent 
by an air activated spreader (17). The soil was tested 
under drained triaxial test conditions and the values of 
the hyperbolic parameters de termined fram these tests are 
shown in Tab1 e 1. 

TABLE 1. HYPERBOLIC PARAMETERS FOR LEIGHTON BUZZARD SAND 

Parameters de rived fram tri axial tes ts 

K K n c ~ ~ R
f G F d 

ur 0 

1573 1890 1.05 0 42.7° 3.20 
0.9 0.46 0.17 24 

Parameters assumed and use d in analysing the strip 
f ooting model tests 

K K . n c ~ ~ Rf G F d 
ur 0 

1573 1890 1.05 0 49 0 0 0.9 0.45 0 0 

The geo t extile used as the inclusion was a oon
woven melt-bonded material made from 67 per cent poly
Dropylene and 33 per cent polyethylene, manufactured by 
ICI Fibres and known as "Terram 1000". It possessed a 
mass per unit area of 140 g/m2 and average thickness of 
0.7 rum. The load-extension properties of the geotextile 
were established in the in-soil test apparatus (18). In 
the strain range and normal confining stress range app
lied in these tests, i t was consid e red that a single 
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average curve could be us ed to describe the load defor
mation behaviour of the geotextil e . The polynomial 
coefficients used to model the curve ar e as shown in 
Table 11. 

TABLE 11. POLYNOMIAL COEFFICIENTS FOR TERRAM 1000 

as 

76.4 -1347.4 20804 -187422 982038 

a. a, 0 

-2965793 47181650 -3183505 o o 

Shear box t ests were c:arried out to determine the 
in terface properties betwe en the geotextile and the sand 
and the footing and the sand. In these the geot extile 
and the steel and the footings were placed in the bot tom 
half of the shear box level with the plane of sliding 
with the top half. The top half was filled with den se 
sand at a porosity of 34 per cent. The paramet ers 
obtained from th ese tests which ,,,ere used in the analy
sis are given in Table 111. 

TABLE 111. HYPERBOLIC PARAMETERS FOR I~TERFACE FRICTION 

Leighton Buz zard sand in contact with Terram 1000 

K1 n, R
f1 

<5 

1300 0.30 0 . 8 36.30 

Leighton Buzzard sand in con t act with footing base 

K1 nl R
f1 

<5 

800 0.05 0.49 11. 30 

PREDICTED AND MEASURED STRIP FOOTING LOADS 

Sand I\l one ; 

Ta prove the reDroducibility of test data from the 
apoaratus, two t ests were carried out on the footing 
placed on sand alone. As can be seen in Fig. 3 in 
dimensionless form, the load settlement relations hi p for 
these tests is typical of that for a strip footing rest
ing on dense sand and shows very l ittle variation bet
ween tests. Back analysis of the ?eak bearing pressures 
using classical bearing capacity theories suggests that 
the operat ional angle of fr iction for the sand lies bet
ween 480 and 500 • Now the level of stressing of the 
soil is muc h great e r in these tests than it was in the 
embankment model te sts Dreviously reported (3), thus 
s i de friction in the apparatus is bound to be much grea
ter. This would lead to an apnarently higher value of 
the operational angle of friction. Also, at strain 
l evel s in the sand approaching peak stresses, the diffe
rences bet we en the behaviour in plane strain and triax
i al test condi tions becomes more marked than at low 
strain levels. In fact it has been suggested that the 
angle of friction to be used in plane strain bearing 
capacity calculations should be 10 per cent highe r than 
that measured in triaxial tests in order to account for 
this, (19, 20). A combination of these fac t ars could 
therefore well explain the average 12 per cent dif f er
ence betw~en measured triaxial valuEsand the back analy
sed values from footing test data. 

The f inite element mesh us ed to model the strip 
footing on sand alone consisted of 285 rec.tangular soil 
el ements eac h forme d of f our constant strain triangular 
elements with, on this occasion, only 5 spring elements 
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Fig. 3. Sand alone - hearing pressure vs settlement 
(dimensionless) 

used to represent the soil-footing interface. The load
ing was applied in steps which corresponded to a con
stant displacement increment of 1 mro. Geometrical chan
ges of the elements during strain \.J'ere ignored. 

Using the parameters indicated in Tables 1. 11 and 
II. the predicted load settlement relationships for the 
strip footing resting on the sand were as shown in Fig. 
3. This indicates a peak footing stress approximately 
half that measured although the initial load settlement 
relationship 1S in reasonably good agreement. This iod
icates that the value of angle of friction used for the 
sand i5 most probably the parameter in error. Ta over
come this and to simplify the analysis somewhat, it was 
decided to adopt a constant value for the angle of fric
tion of the sand equal to the average back analysed test 
data value of 49 0

• Also to provide less e rratic patter
ns of stresses beneath the footing, a constant Poisson's 
ratio value of 0.45 was adopteo. IVith these changes. 
the predicted load-settlement curve became much more 
accurate, as shOwTI in Fig. 3, although it did not indic
ate the measured reduction in bearing capacity at post 
peak strains. This i5 to be expected as strain soften
ing is not incluCled in the finite element analysis. 

Sand with a Single Geotextile 1nclusion Layer: 

Tests were conducted on the strip-footing resting 
on sand containing a single layer of geotextile placed 
at different depths as it was kno\oJn from small scale 
tests that the depth of the geotextile was an important 
factor. (21). Predictions were made of the behaviour of 
these syscems using the finite element proeedure. The 
mesh used was the same as for the sand alone but with 
the addition of 14 line elements to represent the geote~ 
tile and 30 spring elements to represent the soil-geote~ 
tile interfaces. The reori entation of the line elements 
ciuring straining was allowed for. 'fhe parameters used 
to model the materials and their interfaces were the 
modified parameters used for the tests on 50il alone. 

The Dleasured and predicted data for two cases are 
given in Fig. 4. They show thal for the case "here the 
geotextile was placed at a depth equal to half the bread 
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Fig. 4. Sand with inclusion - bearing pressure vs 
settlement (dimensionless). 

th of the footing (0.5 B). the measured and predicted 
behaviours were within 10 per cent up to peak footing 
load. For the case where the footing was placed at a 
depth equal to the breadth of the footing (1.0 B). the 
measured and predieted behaviours were aga in within 10 
per cent but only up to 85 per cent of the measured peak 
load. Beyond this. the predicted behaviour rapidly div~ 
rges from the measured behaviour and grossly overestima
tes the hearing capacity of the footing. Examination of 
the strain fields obtained from measured displacement 
data shows that sliding along the geotextile occurred in 
this test at strains approaching peak loads and that loc
ally the soil above and in close proximity to the geote~ 
tile was subject to large strains. Thus post peak strain 
softening was probably occurring in this region and this 
is not allowed for in the finite element analysis. 

It is very interesting to note from the measured and 
predicted data that the influence of the geotextile on 
the load-settlement behavi our of the strip footing was 
very limited up to settlements equal to approximately 8 
per cent of the footing breadth. This suggests that up 
to that level of settlement, strains in the soil were in
sufficient to mobilise significant tensile load in the 
geo textile. 

DISCUSSION 

The finite element method of analysis involving dis
crete representation of the different eonstituents witll
in soil-geotextile systems has been described in this 
paper and shown to be a valuable analytical method. 1t 
has been found to be limited to the analysis of the beh
aviour of soil-geotextile systems prior to failure deve
loping in any of their eonstituent materials, even loca
lly. Whenever such a failure developed. the predicted 
behaviour was found to rapidly diverge from the actual 
behaviour since the mathematical laws used in the analy
sis to re{)resent the stress-strain behaviour of the eon
stituents da not allow for any strain softenillg that 
Qeeurs. The finite element procedure does, nevertheless, 
provide up to this failure stage, a good prediction of 
system behaviour. 

699 



Session 4C: Siopes and Embankments 11 

The principal difficulty of representing the mater
ials behaviour is with the soil. It appears fram the 
work so far undertaken that triaxial test data can under
estirnate the strength of soils in plane strain. thus in 

-the anal§sTs reported in this paper i t was found necess
ary to increase the value used in the analysis by ? to 10 
per cent over that fram triaxial tests to allow for this. 
A further 4 to 2 per cent was added to allow for side fr
iction in the plane strain test apparatus, to give an 
average overall increase of 12 per cent. 

Although the finite element procedure described in 
t his raper ~s limücd to prc- ailU l"e cc l1dit ions , tllase 
d're likely to be np propdo Ce t o ~he range of ope.rntional 
SCres~ a nd str"ins in tl","y ~ot l-geotexti1e sys t ms . Thus 
t hi s me thad is likßly to be 11 valunll l " ""MUS 01 L l!still~ 
l he Sic;ll ific81\"I! of vllr~ins lÜffercnt soil a'nd geot~t.i.1e 
properti~s . " ]$0 i t will ~ llQw t hl! sign'fiCllnCI! of 
,'atyins constructlon proe4!d'trl!" to be eSUlbl i shed . Nuch 
development is still required for thin finite element 
procedure but the results so far obtained suggest that 
it will be worthwhile pursuing this analytical method. 
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