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Geosynthetic reinforcement to improve bearing capacity, laboratory testing 

and numerical study

Renforcement par g6osynthetique pour am6liorer la capacit6 portante: Essai de laboratoire et 6tude 

num6rique

A.Watn, A. Kavli, G.Svan0 & A. Askevold- S IN T E F C iv il a n d  E nvironm e nta l E ngine e ring, T rondhe im , N orw a y

ABSTRACT: Large scale laboratory tests supported by finite element analyses have verified that the use of geosynthetic reinforcement 

in granular bearing layers on soft subsoil can significantly improve the bearing capacity. A two layer solution with a geotextile and a 

geogrid increases the bearing layer stiffness and hence results in significant reduction of the deformations both for static and cyclic

loading.

1 INTRODUCTION

The use of geosynthetic reinforcement to improve the bearing 

capacity of traffic areas is an interesting but technically difficult 

matter. The application areas are several such as roads, railroads, 

airfields and hard standings. Improvement of the bearing capacity 

in areas with soft subsoil, may be based on a need for improved 

deformation and deterioration characteristics, possible reduction of 

bearing layer thickness or reduced need for expensive high quality 

granular materials or similar.

Variations of the load, behaviour of the bearing layer material and 

other effects such as climatic loads make the picture very complex. 

A complete theoretical model of this comprehensive picture is not 

possible although some aspects can be elucidated through e.g. 

numerical analyses.

Existing methods for design of traffic areas are to a great extent 

empirical, some times supplemented with a linear elastic stress 

analyses. New concepts, including new products in an empirically 

based design approach, is difficult to introduce, due to the lack of 

experience with the solutions.

We believe that the improved bearing capacity due to geo­

synthetic reinforcement is to a great extent related to plastic de­

formations. The traditional theoretical models for traffic areas are 

unable to adequately describe the behaviour of a geosynthetic re­

inforced traffic area. Furthermore, they are not capable of 

predicting the effects of different types of reinforcement and 

construction solutions. In this field there is therefore a clear need to 

establish a better understanding of the fundamental mechanisms 

for soil reinforcement and to develop reliable models for analysis 

and design.

SINTEF has in cooperation with the Norwegian University of 

Science and Technology (NTNU) performed a research project on 

geosynthetic reinforcement to improve bearing capacity of traffic 

areas on soft subsoil. The project includes a large scale model test 

and numerical analysis to investigate the interaction between soil 

materials and the reinforcement and the effects of different types of 

geosynthetic reinforcement and construction solutions. The project 

is intended to be the first step in developing a new model for 

analysing and design of geosynthetic reinforced traffic areas. This 

paper presents results from the large scale testing and the 

numerical analysis, a comparison between the results and an 

evaluation of required development to achieve a consistent model.

2 LARGE SCALE LABORATORY TESTS

2 1 Test set-up

The laboratory test programme was performed in a large test bin. 

The test bin consisted of an inner and an outer basin. Dimensions

of the inner basin are: 12.5 m (length), 1.8 m (width) and 0.75 m 

(depth) and is filled with soil. The outer basin was filled with water 

and the water level could be varied from 0 to 0.75 m above the 

bottom. There is communication allowing for free transport of 

water between the basins. The test bin is shown in principle in 

Figure 1.

The test was done as a plate load test using a circular steel plate 

with a diameter of 150 mm loaded by a computer controlled 

hydraulic loading device with a maximum vertical load capacity of 

1000 kN. Additional load was obtained by the use of dead weights.

The soil consisted of 3 layers, a 50 mm thick drainage layer of 

gravel overlaid by 250 mm of sand and on top a 300 mm soft clay 

layer. The clay was stirred mechanically to obtain homogenous 

conditions over the test bin. The undrained shear strength of the 

very soft clay was measured by vane borings and was in average

2.5 kN/m\

The plate loading tests were performed on a bearing layer of 150 

mm of crushed rock, grain size 11-16 mm, carefully placed on top 

of the soft clay. The bearing layer was given three different layouts 

along the test bin, each of them covering one third of the test bin. 

The different layout of the bearing layers are presented in Figure 2.

In sections A and B a nonwoven separating geotextile was placed 

between the soft clay and the bearing layer. This was a spunbonded 

needle punched polyester nonwoven with nominal unit weight 180 

g/m2.

In sections C and D a woven geotextile for separation and 

reinforcement was placed between the soft clay and the bearing 

layer. This was a multi filament polyester woven geotextile with a 

nominal short time failure strength of 70 kN/m in both machine 

and crossways directions.

The sections E an F were similar to section C and D with the 

addition of a reinforcing geogrid placed in the granular masses, 50 

mm above the clay. The grid was a woven geogrid of polyester 

coated with PVC with mesh size 30x30 mm and a nominal short 

time failure strength of 50 kN/m in both machine and crossways 

directions.

The vertical deformation registration layout is presented in 

Figure 3. Deformations are registered at 4 locations for each load 

test:

50, directly on the loading plate

5 1, at the top of the geotextile on top of the clay, under the 

centre of the loading plate, measuring the deformations 

relative to SO, (compression of the bearing layer)

52, at the geotextile on top of the clay, 200 mm from the 

centre of the load plate

53, at the geotextile on top of the clay, 400 mm from the 

centre of the load plate.

In section F, the horizontal movement of the geosynthetics was 

measured by connecting steel wires, protected by PVC-hoses, to
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Figure 1. Test bin. Principle sketch.

Sec tio n  A and  8 : Nonwoven geo  textile

Figure 2. Layout of various bearing layer configurations.

the geotextile and the geogrid. The wires were attached at three 

locations:

under the centre of load plate,

150 mm and 300 mm away from the centre of the load 

plate.

The horizontal movement of particles in the bearing layer was 

measured by connecting steel wires, protected by PVC-hoses, 

attached to selected particles. The particle movements were 

measured 50 and 150 mm away from the centre of the load plate at 

three levels:

just above the geotextile (on top of the clay) 

just above the geogrid (50 mm above the clay)

50 mm above the geogrid (100 mm above the clay).

Pore pressure build up in the clay was measured at a point 100 

mm under the clay surface below the centre of the load plate. For 

section A, the pore pressure gauge was located at the same depth, 

but at a horizontal distance of 200 mm from the centre of the load 

plate.

2.2 Test programme

The test programme included a static and a cyclic loading 

programme for each of the bearing layer configurations. All the 

static loading tests, at sections A, C and D, were completed before 

the dynamic testing programme was started.

The static loading was applied in load steps of lkN (56.6 kPa)

200 200

Figure 3. Vertical deformation registration layout.

Load

Figure 4. Static loading sequence.

with 1 minute interval between the steps. Stop criterion for the load 

was a maximum vertical deformation of 150 mm. Unloading was 

done in one step. The static loading programme is presented in 

principle in Figure 4.

The cyclic loading was performed at sections B, D and F, starting 

with a static load sequence of two load steps up to 2 kN (113 

kN/m2), followed by an unloading to 0 kN. Immediately after 

unloading, a sinusoidal cyclic loading with a frequency of 1 Hz. 

was applied with load amplitudes and intended number of cycles as 

shown in Figure 5. For some of the tests the intended number of 

cycles were not reached due to overstepping of the maximum 

deformation criterion.

2.3 Test results

An extract of the test results are presented in this paper. A distinct 

failure could not be identified directly from the load deformation 

curves. A failure criterion must hence be based on an evaluation of 

the vertical deformations. Generally the measurements provided 

reliable results although some of them were disturbed or 

interrupted due to large deformations.

2.3.1 Vertical deformations

For the static load, the load-deformation curves for the load plate 

are presented in Figure 6. The curves for section A (separating 

nonwoven) and section C (reinforcing woven geotextile) are 

almost identical up to load step 4 kN (226 kPa). With increasing 

load, section A has larger deformations than section C. The 

maximum deformation criterion (150 mm) is reached at 5 kN (283 

kPa) for section A and 6 kN (339 kPa) for section C. Section E 

(with the two layer solution) has less deformation than the other 

sections for the same amount of load and the maximum 

deformation criterion is reached for a load of 9 kN (509 kPa).

The deflection profile of the geotextile between the soft clay and 

the bearing layer at load step 4 kN is presented in Figure 7. There 

is a significant difference in the deflection bowl for the different 

solutions. The two layer solution results in less vertical 

deformation while the deflected area has increased, thus resulting
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Figure 5. Cyclic loading sequence.

Verticil strew on load plate

Figure 6. Load deformation curves for the load plate, static load.

in a larger radius of the deflection bowl.

For the cyclic load sequence the vertical deformation of the load 

plate is presented in Figure 8. The deformations of section B and D 

start quite similar, but in section B the deformation becomes about 

10 mm higher with increasing number of load cycles. In 

comparison, the deformations in section F for the same load 

conditions are significantly lower for the whole loading sequence. 

It is worthwhile to notice that the same level of deformation (50 

mm for load amplitude 0-2 kN) is reached after 100 cycles in 

section B and 1000 cycles in section F.

Profiles of the vertical deflection of the geotextile is presented in 

Figure 9. These profiles correspond to the measured deformations 

after 1000 cycles of load 0-2 kN + 100 cycles of load 0-3 kN for all 

the sections. There is significant difference in the deflection bowl 

between the multi layer solution and the others. The figure shows 

that the maximum vertical deformation of the multi layer solution 

was about 40 % less than for the non woven solution. The 

deflection bowl of the multi layer solution is significantly 

shallower and the influence radius has increased about 25 % 

compared with the non woven solution.

2.3.2 Horizontal displacement

The measurements of the horizontal displacement of the geogrid 

and the grain adjacent to the grid show that the displacements are 

almost coinciding, except at the early phase of the cyclic loading. 

Based on the grain movement 150 mm away from the centre of the 

load plate a displacement profile is presented in Figure 10. The 

absolute numbers are not corrected for the effects of wire curvature 

due to the vertical deformation. It can be seen that the lateral 

outward movement of the particles is less close to the geogrid than 

at some distance.

2.3.3 Pore pressure measurements

The pore pressure measurements indicate that the increase in pore 

pressure is directly related to the applied loads for all the tests. The 

increase is generally less for the multi layer solution than for the 

others. Results from the measurements with the static loads are 

presented in Figure 11. The location of the pore pressure gauge in 

section A (non woven geotextile) is different from section C and E

Vertical deform ation Cmm]

------- Woven geotextile and geogrid

Figure 7. Deflection profile of the geotextile, load step 4 kN, static 

load.

IIU M IU kF* 1 Hh *-IMl kF>

NuBibtr of cjttaj

Figure 8. Vertical deformation of load plate, cyclic sequence.

and the results are hence not comparable. Results from pore 

pressure measurements from the cyclic loading is presented in 

Figure 12. The pore pressure decreases for all the tests after 

reaching a maximum after about 1000 cycles of load 0-2 kN + 100 

cycles of load 0-3 kN.

2.4 Evaluation o f large scale testing results

The test results have proven beneficial effects by using 

geosynthetic reinforcement and have also shown significant 

differences between different solutions.

The difference in deformation between the separating non woven 

geotextile and the woven reinforcing geotextile is only visible at 

higher loads and large deformations. An increase in the maximum 

static load of about 20 % was obtained by the woven geotextile 

compared to the non woven. The cyclic loading showed that the 

woven geotextile provided a larger resistance to cyclic 

deformations compared to the non woven at large load levels and 

high number of cycles. This indicates that the reinforcing 

mechanism for the woven geotextile is mainly related to the 

“tensioned membrane effect" /4/ which requires quite large 

deformations.

The two layer solution gave a significant reduction of the 

displacement of the load plate compared with the other solutions. 

This reduction is clear both for the static and the cyclic loads and is 

visible also at small loads and deformations. The total 

deformations were reduced with about 80 % compared with the 

non woven solution for the same load level. The number of load 

cycles required to obtain a comparable level of deformation is 

typically 10 times higher for the two layer solution than for the 

nonwoven solution.

The deflection profile of the subsoil surface shows that the two 

layer solution provides a stiffer bearing layer, giving a larger 

deflection area with less maximum deflection. The radius of the 

deflection area is increased for the two layer solution compared 

with the non woven solution. The results indicate that the load
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Figure 9. Geotextile deflection profiles.

Figure 10. Horizontal displacement of granular particles 150 mm 

away from the load plate.

Figure 11. Pore pressure measurements, static load.

spreading, which can be illustrated by an equivalent load spreading 

angle, is significantly increased in the two layer solution, Figure 

13. The measured pore pressure response relative to the applied 

load is also lower under the stiffer bearing layer.

The measurements of the movement of the grain particles 

indicates that the geogrid provides a lateral restraining of the 

materials. This is also verified by the measurements of the 

compression of the bearing layer which is significantly less for the 

two layer solution compared with the others.

The pore pressure measurements indicate that the two layer 

solution provides a reduced degree of mobilisation of the subsoil 

compared with the other. This may be a result of increased load 

distribution in the bearing layer, or by reduced horizontal shear 

stress transferred to the underground from the bearing layer. The 

pore pressure decrease during the cyclic loading after reaching a 

maximum indicate that there is a state of plastic failure in the 

underground. This results in considerable deformations and the 

tensioned membrane effect in the reinforcement thereby results in a 

decrease in the stress level in the clay and a corresponding 

reduction of the pore pressure. It is noticeable that this reduction in

Figure 12. Pore pressure measurements, cyclic load.

Tw o l o y e r ,  w o v e n  g e o t e x t i l e  o n d  g s o g r i d  s o l u t i o n

Figure 13. Interpreted load distribution for non woven geotextile 

and two layer solution

pore pressure is appearing at the same load level but at different 

levels of deformation for the different solutions.

3 NUMERICAL ANALYSES

The finite element analyses were performed to gain a better 

understanding of the fundamental mechanisms of interaction 

between reinforcement and granular materials in traffic 

foundations. The analyses had three main goals:

•  clarify the influence of geotextile strength properties on the 

reinforcing effect

• investigate the load influence zone related to the load level 

(degree of mobilisation)

• comparison of the results from the FEM-analyses with the 

results from the laboratory tests.

3.1 Finite element model

The FE-model comprises the soil flume with a layer of soft clay 

in the bottom with a layer of granular fill on the top. The FE- 

analyses were performed prior to the laboratory testing 

programme and before the final layout of the laboratory test 

facilities were determined. The layout of the FE-model, therefore, 

partly differs from the laboratory model.

The FEM-model consists of:

•  soft clay in the bottom, thickness 500 mm

• granular bearing layer on top of the clay, thickness 200 

mm

• reinforcing geotextile between the two layers.

The soil layer system with a vertical loading can be considered 

axi-symmetric around the load. The loadplate is circular with a 

diameter of 200 mm. The FEM-model is presented in principle in 

Figure 14.

The clay layer is assumed undrained with an undrained shear 

strength of 3 kPa. Shear hardening as measured in triaxial tests of
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Figure 14. Principle of FEM-model set-up.

the clay is employed. The bearing layer is assumed cohesionless 

and drained with ideal elastic plastic behaviour with strength 

according to Mohr-Coulomb.

Strength and deformation parameters for the materials used in 

the analysis are presented in Table 1.

Table 1 Strength and deformation parameters used in the

FEM-model

Layer Constitutive Model Parameters

Steel plate Elastic E = 210000 kPa 

v = 0.4

Bearing

layer

Associated Drucker 

Prager plasticity
E = 6000 kPa 

v = 0.35 

tan(cp) = 0.8 

cp =39°

Clay layer Von Mises plasticity, 

uniaxial shear 

hardening curve

Elasticity:

G = 200 kPa 

v = 0.485 

Shear hardening: 

ep, a, (kPa) 

0.000 0.5 

0.005 2.0 

0.01 2.8 

0.02 4.0 

0.04 5.2 

0.08 6.0

Woven

geotextile

Elastic J = 600 kN/m

Non-woven

geotextile

Elastic J = 20 kN/m

Three configurations have been simulated:

1 bearing layer directly on the soft subsoil

2. nonwoven geotextile between the clay and the granular 

bearing layer

3. woven geotextile between the clay and the granular 

bearing layer.

The analyses are performed assuming either elastic or elasto- 

plastic soil behaviour.

3 .2 Presentation o f analysis results

The results from the analyses are presented in terms of load- 

vertical displacement curves and total particle displacement 

(filled contour plots).

The load-displacement curves from the analyses of the woven 

geotextile solution are shown in Figure 15. The curve from the 

elastic analyses shows approximately linear behaviour. 

Maximum deformation of the load plate for load 10 kN (318 kPa) 

is 12 mm. The curve from the elasto plastic analyses gives much
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Figure 15. FEM-analyses. Load-displacement curves, woven 
geotextile solution.

Figure 16. FEM-analyses. Load-displacement curves, elasto- 
plastic analyses.

larger displacement. The deformation of the load plate for load

10 kN is here 85 mm.

The load-displacement curves from the analyses based on an 

elasto-plastic model of the soil behaviour are shown in Figure 16. 

The figure presents the results from the analyses for all three 

cases studied.

The calculations indicate that the deformations decrease with 

increasing stiffness of the geotextile. The effect of the geotextile 

is also increasing with increasing deformation. The analyses 

show that for an applied stress of 130 kPa (load step: 4 kN) the 

corresponding load plate displacements are: 

no geotextile: 35 mm 

nonwoven geotextile: 25 mm 

woven geotextile: 18 mm.

Figure 17 (elastic soil model) and Figure 18 (elasto-plastic soil 

model) present the total particle displacement. Both figures 

present the results from the analyses with the woven geotextile. 

The analysis based on an elastic soil model indicate a maximum 

particle displacement of 11.3 mm for an applied stress 318 kPa 

(load step: 10 kN). The analysis based on the elasto-plastic model 

indicates a maximum particle displacement of 26.7 mm for an 

applied stress of 155 kPa (load step 4 kN).

As can be seen from the figures there is a sliding between the 

geotextile and the subsoil for both soil models. As expected this 

sliding mainly occurs in the area outside the foundation edge. 

The deformation figures indicate particle movement almost down 

to the model bottom.

3.3 Evaluation o f results from  the FEM analysis

The FEM-analyses have provided valuable information 

concerning the geotextile function and the effect of different 

geotextile strength properties.

—  - —  - w oven
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................ no  g eo tex tile
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Load step: 10 kN (applied stress 318 kPa)

Figure 17. FEM-analyses. Total particle displacement, elastic analyses.
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Figure 18. FEM-analyses. Total particle displacement, elasto-plastic analyses.
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The analyses based on an elastic model of the soil behaviour do 

not give reliable results and are not suitable for analysing this 

type of problems. The analyses based on an elasto-plastic 

modelling of the soil behaviour give more realistic results.

The reinforcing mechanisms of the geotextile inclusion 

indicated from the FEM-analyses are:

increased transferred vertical shear stress in the granular 

bearing layer (i.e. increased load spreading angle) 

reduction of transferred horizontal shear stress to the 

subsoil

load distribution on a larger area of the subsoil through 

the tensioned membrane effect (at large deformations).

The results show that geotextiles reduce the deformations of the

bearing layer when subjected to static loading. The results from 

the analyses indicate that the effects of the geotextile is 

increasing with increasing deformation, i.e. increasing degree of 

mobilisation of the soil. For small load levels and deformations 

the influence of the geotextile is not noticeable. Based on the 

load-displacement curves, the effect of the geotextile is 

significant at a load of about 30 % of the failure load without 

geotextile. The vertical displacement at this level is about 1 % of 

the load diameter.

The analyses indicate a significant reduction of the deform­

ations at high degrees of mobilisation by the use of reinforcing 

geotextiles. At a load corresponding to the ultimate static bearing 

capacity without geotextile, the deformations are reduced by
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approximately 30 % for the nonwoven geotextile, and by 

approximately 50 % for the woven geotextile. It should be noted 

that these reductions are not general, but related to the specific 

type of soil and geotextiles used.

The analyses indicate that the effect of the geotextile is 

increased with increasing geotextile stiffness and strength. At 

small deformations the geotextile stiffness seems to be the most 

important property. With increasing load and degree of 

mobilisation, the geotextile failure strength becomes more 

important. At large deformations the woven geotextiles provide 

considerable increased ultimate bearing capacity compared to no 

geotextile, about 250 % increased ultimate load (however at large 

deformations). The analysis with the nonwoven geotextile gave 

numerical problems at a stress of 150 kPa and was not continued. 

There was no failure in the geotextile at this load, and the 

ultimate bearing capacity for the nonwoven solution accordingly 

is higher than shown in the figure.

4 COMPARISON OF PREDICTED AND EXPERIMENTAL

RESULT S

A direct comparison between the results found in the laboratory 

tests and the FEM-analyses is not quite relevant. The FEM- 

analyses were performed prior to the laboratory tests and the clay 

depth, load plate dimensions and thickness of bearing layer differ 

between the two set-ups. Comparing the results does, however, 

give some interesting findings.

1. The FEM-analyses indicate that the influence depth at 

max imum load is about 400 mm in the clay, which is about 600 

mm depth from the surface (3 times the load plate diameter). 

As s uming the same ratio for the laboratory tests, the influence 

depth at high load levels is deeper than the clay depth. The 

measured deformations may therefore not be fully representative 

for a homogenous clay underground situation.

2. The reinforcing effect of the woven geotextile compared 

with the nonwoven is most pronounced at large deformations. 

This indicates that the improvement of bearing capacity, by using 

a high strength woven geotextile compared to a nonwoven, is 

mainly related to the tensioned membrane effect.

3. T he  load distribution in the bearing layer interpreted 

from the  laboratory tests is (except for high loads) similar for the 

nonwove n and the woven geotextile solution. If the load 

spreading angle in the bearing layer is set to 45° (1:1) a possible 

way of comparison is to multiply the deformation numbers from 

the finite  element analysis with the correction factor (hhb)2 / 

(Vh)! = 0.57, where h is the bearing layer thickness. Load 

dis place me nt curves found from the analysis (elasto plastic soil 

model) multiplied with this factor and from the laboratory tests 

for the  static load are presented in Figure 19, nonwoven 

geotextile , and Figure 20, woven geotextile.
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Figure 19. Correlation of results, transformed FEM-analyses and 

large scale tests, for non woven geotextile
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Figure 20. Correlation of results, transformed FEM-analyses and 

large scale tests, for woven geotextile

5 CONCLUSIONS AND RECOMMENDATIONS

The large scale laboratory tests have verified the beneficial effects 

of geosynthetic reinforcement to improve the bearing capacity of 

granular bearing layers on soft subsoil.

The beneficial effects of the woven reinforcing geotextile is only 

visible at large deformations but results in an improved ultimate 

bearing capacity of about 20 % compared with the separating non 

woven geotextile. The beneficial effect is believed to be mainly 

related to the tensioned membrane effect.

The two layer solution with a woven geotextile in the bottom and 

a geogrid in the granular masses, results in significant 

improvement of the deformation characteristics. Compared to the 

unreinforced solution the vertical deformation is reduced with 

about 80 % at the same load level and the ultimate bearing capacity 

is about doubled. Under cyclic loading, the number of load cycles 

to obtain a defined level of deformation is ten times higher for the 

two layer solution compared with the non woven solution. At low 

deformation levels the beneficial effects of the two layer solution is 

mainly related to an increased horizontal stress level which results 

in a stiffer bearing layer. This results in an increased load spreading 

and a reduced degree of mobilisation of the subsoil. By compacting 

the bearing layer with a vibro roller, the achieved build-up lateral 

stresses can be increased by introducing a grid reinforcement in the 

layer. The beneficial effects of the reinforcement at low 

deformation levels may hence be considerable higher than what is 

demonstrated in this project.

An increase in overall stiffness of the bearing layer may give 

several positive effects. The potential for reduction of vertical 

deformations of traffic areas due to reduction of horizontal 

movement of bearing layer material and reduced plastic 

deformations in the subsoil is obvious. It may also provide other 

beneficial options. Two possible applications are :

reduction of differential settlements of embankments on 

soft subsoil (railway embankments, road widening etc.) 

reduction of traffic induced vibrations on soft subsoil (e.g. 

high speed trains).

The development of models for analysing the mechanisms and 

effects of geosynthetic reinforcement is crucial to improve the 

understanding of its function and to make optimal utilisation of soil 

reinforcement possible in practical design of traffic areas on soft 

soil. Future work in the field should include the effect of increasing 

the initial lateral stress by a prestressing of the reinforcement. 

There is, however, a need for considerable improvement of the 

analysing models before they can be reliable tools for simulating 

the reinforcing effects and before they can be used for practical 

design. We believe that the combination of large scale tests, full 

scale trials and advanced numerical analyses is fundamental in this 

work.
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