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Boundary element analysis of geotextile reinforced embankment 

Analyse de remblais renforces par geotextile utilisant les elements de bord

E.Guler & H .K llig -Department of Civil Engineering, Botjazigi University, Turkey

ABSTRACT:This study presents the application of the Boundary Element Method to determine the stability of an embankment 

constructed over soft soil using geotextile reinforcement. Laboratory tests were conducted on small scale models and deformations in 

the subsoil and stresses on the geotextile were determined. Results obtained from Boundary Element Method were compared with the 

results obtained using a closed form limit equilibrium method. Results revealed that Boundary Element Method is an appropriate 

method to compute displacements, stresses, and strains in the soft soil under the embankment. It was also concluded that the direction 

of the geotextile reinforcement at failure is neither parallel to the subsoil surface nor tangential to the failure surface.

RESUME:Cette etude presente l’application de la methode des elements de bord pour verifier la stabilite des remblais construits sur le 

sol mou utilisant le renforcement de geotextile. Les essais de laboratoire ont ete effectues dans une modele de l’echelle petite. Ainsi que 

les deformations dans le sol sous-jacent et les contraintes sur geotextile ont ete determinees. Les resultats obtenus utilisant la methode 

des elements de bord ont ete compares avec ceux obtenus utilisant la methode de l’equilibre limite de forme fermee. Les resultats ont 

montre que la methode des elements de bord est convenue pour calculer les deplacements, les contraintes et les deformations dans le sol 

mou au-dessous du remblai. On a conclu que la direction du renforcement de geotextile en cas de faille est ni parallele a la surface du sol 
sous-jacent ni tangente a la surface de faille.

1 INTRODUCTION

Geotextiles are increasingly being employed in the design and 

construction of embankments on soft foundations. In case of 

soft foundations, the embankment has a tendency to spread 

because of horizontal earth pressures in the embankment itself. 

These earth pressures cause horizontal shear stresses which 

must be resisted by the foundation. If the foundation soil does 

not have enough shear strength, failure can occur. Properly 

designed geotextile reinforcement can prevent such failures. A 

second purpose of the reinforcement is to prevent excessive 

vertical and horizontal deformations. In this case, the function 

of the reinforcement is closer to that of subgrade reinforcement.

This investigation presents the application of the Boundary 

Element Method to determine the stability of the embankment 

constructed over soft soil using geotextile reinforcement. The 

behavior of reinforced embankment on soft subsoils has been 

treated as an elastic body and the reinforcement as an elastic 

membrane. The effectiveness of geotextile reinforcement, 

placed at the base of a layer of granular embankment on the 

surface of soft clay, has been studied by small-scale model tests 

in the laboratory. In the tests continuos measurements were 

made of the surcharge load, deformations of the subsoil and of 

the geotextile reinforcement. Data taken from the model tests 

wereused for the verification of the boundary element computer 

program.(K1I19 ,1994)

2 ANALYSIS OF REINFORCED EMBANKMENTS

The analysis and design of geotextile reinforced embankments 

have been examined by several investigators. These approaches 

fall into three broad categories; limit equilibrium analysis, 

strain compatibility analysis and finite element analysis.

Limit equilibrium method which essentially uses conventional 

slope stability analyses, is modified to account for the 

reinforcement effect on the global stability of the reinforced soil 

mass. The majority of analytical methods used for reinforced 

embankments reported in recent literature employ limit

equilibrium methods applied to circular arc surfaces and total 

stress criteria. A variety of limit equilibrium or slope stability 

analysis have been developed by Milligan&Busbridge (1983), 

Milligan&La Rochelle (1984), Murray (1984), Jewel et 

al.( 1984), Schneider&Holtz (1986), Leschchinsky&Volk

(1985), Leschchinsky&Perry (1987), Leschchinsky&Boedeker 

(1989), Haliburton (1981), Fowler (1982) and Jewel (1982) that 

consider different assumptions with regard to the failure 

mechanism (rotational versus translational), the related shape of 

the failure surface (plane, bilinear and multiplane, or circular 

and log spiral), the deformation and reorientation of the 

reinforcement during construction (horizontal, tangential to the 

failure plane, and inclined at a dilatancy angle to the failure 

surface), as well as different definitions of the factors of safety 

with regard to the shear strength of the soil and tension and 

pull-out resistance of the reinforcements. These slope stability 

design methods can only be used to evaluate the global safety 

factor, are highly dependent on the pull-out resistance which, in 

the case of extensible geosynthetic reinforcements, is difficult 

to estimate and requires an adequate load transfer model to be 

implemented in the stability analysis. In addition, this method 

does not provide an estimation of the maximum tension forces 

that would be generated in the reinforcements under the 

expected working loads. Therefore, they do not allow for the 

evaluation of the local stability of the reinforced soil mass.

Limit equilibrium approaches are the most numerous, and 

are attractive because of their apparent simplicity. However, the 

differences in the details of the approaches adopted by various 

workers illustrate the inherent difficulties in modifying 

conventional limit equilibrium methods to take account of soil- 

geotextile interaction.

The main advantage of the finite element method is that the 

behavior of the soil, of the geotextile and of the soil-geotextile 

interface can be taken into consideration separately. This 

method is a comparatively slow process due to the need to 

define or redefine meshes in the piece or domain under study.

Gourch et al. (1986) proposed a displacement compatibility 

method that considers the displacement which occurs in the 

reinforcement. The displacement compatibility design method
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raises significant difficulties with regard to:

1) The need to estimate the displacements of the anchoring 

points. Selected load transfer model proposed by Gourch et. al.

(1986) is based on restrictive assumptions and can significantly 

affect the predicted tension forces and structure stability.

2) Rational evaluation of the membrane effect. The local 

deformation of the geotextile membrane is an important design 

consideration since it governs the orientation and magnitude of 

the generated tension force. The main drawback of Gourch’s 

displacement method lies in the restrictive assumption of soil- 

membrane interaction which does not allow an evaluation of the 

effect of soil behavior on the deformation and working stresses 

mobilized in the reinforcements.

From the above statements a need for a simple method that 

allows the determination of the reinforcement strain is apparent. 

The Boundary Element Method can be successfully used in this 

respect because it provides a reasonable method to calculate 

stresses and strains along a boundary. If the embankment is 

modeled as a boundary and the reinforcement layer is just 

below the base of this element, the strain in the reinforcement 

can be determined very easily.

3 BOUNDARY ELEMENT METHOD

Stress analysis problems are ideally suited to boundary 

elements as this technique usually requires very small number 

of nodes by comparison to finite elements. The main advantage 

of the Boundary Element Method over other techniques is the 

possibility of discretizing only the boundary of the problem 

instead of the whole domain, as required for instance by Finite 

Element Method..

Another important advantage of Boundary Element Method 

over Finite Element Method is that they are usually able to 

represent regions of stress concentration in a better manner than 

finite elements, although this will generally depend on the type 

of approximating function used.

In many aspects, the Boundary Element Method for solving 

boundary value problems proves to be advantageous over the 

conventional numerical methods of finite difference and finite 

elements. Therefore, Boundary Element approaches are well 

suited for the elastic analysis of soft soils. These either consist 

of physically distinct, individually homogeneous layers, or 

simulate by a sequence of such layers a “Gibson Soil” Model. A 

linear elastostatics analysis may be regarded as sufficiently 

realistic in parametric studies for preliminary design of 

embankments over soft soils.

Modeling the behavior of a reinforced soil material requires:

1. An appropriate constitutive equation for the soil capable 

of representing incrementally the strain path any point of the 

soil mass including soil-reinforcement interfaces.

2. A stress-strain relationship for the reinforcing material.

3. A rational but simple assumption concerning soil- 

reinforcement interaction.

This study presents a load transfer model assuming linearly 

isotropic elastic behavior for the soil and reinforcement.

3.1 Boundary element formulation

In this investigation, by using singular solution of the governing 

Navier’s Equations for the isotropic elastic soils, a boundary 

integral formula relating the boundary values is obtained.

c'u, + ju .p l, d r  = \ p ku ’kdT + \b ku,kdCl (1)

r r  n

where c1 =shape factor for the boundary, ui1 = 1 component of' 

the displacement at the point i of application of the load, u]k', 

pile =k components of displacements and tractions due to a unit

point load acting at i in the 1 direction, pk=traction, 

U k =D i sp l acem en t  co m p o n en t s, V  =  boundary of t h e system, f i  =  

domain of the body, bk = body force components 

This equation permits to solve the general boundary value 

problem of elastostatics. In order to solve the integral equation 

numerically, the boundary will be discretized into a series of 

elements over which displacements and tractions are written in 

terms of their values at a series of nodal points. Writing the 

discretized form of Equation 1 for every nodal point, a system 

of linear algebraic equation is obtained. Using this singular 

solution and Betti’s reciprocal theorem, the Boundary Integral 

Equation is developed. The direct formulation of the boundary 

integral equations for elastostatics are generated from the 

boundary integral formula and these integral equations are 

solved numerically. In order to solve the integral equation 

numerically, the boundary is discretized into a series of 

elements over which displacements and tractions are written in 

terms of their values at a series of nodal points.

4 LABORATORY MODEL TESTS

In order to verify the results of the Boundary Element Method 

obtained for the analysis of reinforced embankments, model 

tests were conducted. The model consisted of kaolin clay upon 

which a sand embankment was constructed. Tests were carried 

out both with and without reinforcement layer of geotextile 

between the embankment and kaolin. The surcharge loads were 

applied with the help of small steel plates, so that they could 

follow the flexible deformation path of the subsoil. The index 

properties of kaolin that was used in the tests are given in Table

1. Properties of the geotextile used as reinforcement is given in 

Table 2.

Table 1. Geotechnical properties of kaolin

Property Value

Optimum water content(%) 24

Liquid limit(%) 34

Plastic limit(%) 24

Angle of internal friction,<|> 18

Cohesion,cu (kPa) 2.86

Elasticity modulus, Eu(kPa) 300

Poisson’s ratio, v 0.50

Shear modulus, G(kPa) 100

Bulk modulus, K(kPa) 5000

able 2. Properties of geotextile

Property Test Method Value
Unit weight(g/m2) Nominal 68
Thickness under 2 kPa(mm) Measured 0.36
Tensile strip test(kN/mm) BS/6906/1 3.3
Elongation at max. load(%) BS/6906/1 35
At 5% elongation(kN/m) BS/6906 1.5
Elogation at max. load(%) BS/6906 >60
Burst strength(kPa) ASTM3786 580
Permeability coefficient(m/s) EMPA/ITF 25*10“'

Five cm of sand was placed at the bottom of the box for 

drainage purposes. The sides of the box were greased in order to 

avoid friction. Kaolin was remolded with 34 % water content 

and placed into the box to a depth of 30 cm. Ten cm 

embankment with a slope of 1:1 was constructed over remolded 
kaolin.

Surcharge loads were applied to the sand embankment 

gradually and vertical displacement was measured continuously 

thorough the visible sides of the box. Tests were conducted with 

different surcharge loads. The results of the unreinforced tests 
are given in Figure 2.

Second type of tests were conducted with a geotextile layer
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as reinforcement between the embankment and remolded 

kaolin. Before the geotextile was placed, three wires were 

attached on it in order to measure the strain in the non-woven 

geotextile. Wires installed on the geotextile passed through 

small-diameter elastic pipes so that frictional forces could be 

avoided. The ends of the wires were attached to the dial gages. 

After surcharge was applied, displacements and strains in the 

geotextile layer were measured. Results of the reinforced tests 

are shown in Figure 3.

Figure 1. Embankment model test
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Figure 2. Measured displacement of model tests for 
unreinforced case
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Figure 3. Measured displacement of model test for reinforced

5 CALCULATION OF DISPLACEMENTS BY BOUNDARY 

ELEMENT METHOD

reinforcement was not considered, as none was observed in the 

model tests, and no compressive stress is allowed in the 

reinforcement. Results of computed displacement for 

unreinforced case is shown in Figure 4.

RESULTS AND DISCUSSION

Based on the method of analysis and the experimental 

results presented in this investigation, the following conclusions 

are made:

1. Laboratory measurements showed that reinforcement, 

especially elastic non-woven geotextile used in the experiments, 

embedded into the subsoil below the embankment slightly 

decreases the settlements. Model test results show this 

reduction especially near the side surface of the model box, 

because of the surface friction.

2. Maximum settlement occurs in the centerline of the 

embankment for both reinforced and unreinforced samples. The 

same trend was observed in BEM analysis.

3. Computations made by BEM computer program with soil 

properties that were obtained from classical laboratory tests 

gave settlements at the center of the embankment that are close 

to the measured values. The computed settlement and heave 

are less than the measured values around the toe. However, the 

intersection of the settlement and heave point were the same for 

computed and measured results.

4. Model test results show linear stress-strain relationship 

for the behavior geotextile reinforcement at the beginning of the 

surcharge loading. The stress-strain relationship became non

linear towards failure as expected.

5. The BEM and model test results show that the direction 

of the geotextile reinforcement at failure is different than it is 

assumed in classical limit equilibrium approaches. In the 

classical approaches it is assumed that direction of 

reinforcement is horizontal or tangential to the failure surface. 

In this study, BEM and model tests’ results reveal that it is at 

another direction as shown in Figure 5. Therefore the 

contribution of the reinforcement has to be considered and 

investigated by considering the amount of subsoil settlement.

6. It was concluded that the proposed BEM calculation is 

suitable to predict settlements of embankments on soft soil. It is 

also very useful method to compute displacement and stresses 

at any point of the embankment, interface and subsoil boundary 

values.

A boundary element computer program was used to calculate 

the displacements and stresses under applied load increments. 

The reinforcement is treated as completely rough, so that any 

failure should occur in soil elements adjacent to the 

reinforcement rather than at the interface. Yielding of the
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embankment

Figure 5. Direction of the reinforcement in reinforced model 

test
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