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Prediction of strength of reinforced soil in a triaxial test 

Prediction de la resistance de sols renforc6s dans un test tridimensionnel

K. M . S on i -  CPW D, M inistry o f Environm ent a nd Forests, N e w Delhi, India

A. V arad ara ja n  &  K .G . S h a rm a  -  C ivil Engine ering D epartment, 1.1. T., Delhi, India

ABSTRACT: Strength of a reinforced soil depends on various factors such as tensile strength of the reinforcement, confining pressure, 

number of reinforcement layers, placement of the reinforcement and the interface friction between the soil and the reinforcement. 

Various investigators conducted triaxial tests along conventional triaxial compression stress path on reinforced soil to understand the 

behaviour of reinforced soils and some empirical expressions (Yang, 1972; Broms, 1977; Chandrasekaran et al., 1989) were suggested 

to predict the strength of reinforced soils.

In the present paper simple expressions have been attempted to predict the strength of a reinforced soil in a triaxial test for six 

different stress paths. Drained triaxial tests have been conducted on reinforced soil along six different stress paths to compare the 

predicted results.

1 INTRODUCTION

In the conventional analysis o f reinforced soil structure, 

reinforced soil is assumed to be a homogeneous material. Yang

(1972) was the first to give the concept o f increase in confining 

pressure due to the reinforcement. Yang conducted triaxial tests 

using woven fibre glass nettings as the reinforcement and 

suggested a simple expression to predict the strength based on 

breakage failure o f the reinforcement. Since then, various 

attempts have been made to understand the behaviour of 

reinforced soil conducting triaxial tests mostly limited to 

conventional triaxial compression stress path. Broms (1977) 

conducted similar tests on fabric reinforced sand and suggested 

an empirical solution to predict the strength of reinforced soils 

which was later modified by Broms and his co-workers 

(Chandrasekaran et al., 1989). These expressions are complex 

and empirical.

In the present study, drained triaxial tests have been 

conducted using GDS computer controlled triaxial test 

apparatus. Both woven and non-woven geotextiles have been 

used to reinforce the Ennore sand which is similar to Ottawa 

sand. The triaxial samples have been subjected to failure along 

six different stress paths. An attempt has then been made to 

predict the strength of reinforced soil considering it as a 

homogeneous material.

2 EXPERIMENTAL STUDY

2.1 Materials

Ennore sand, commonly known as Indian standard sand of 

specific gravity, 2.64; uniformity coefficient, 1.63; effective 

size, D10, 0.40 mm; median size, D ^, 0.60 mm; maximum dry 

unit weight, 18 kN/m3 and minimum dry unit weight as 16 

kN/m3 has been used in the laboratory tests.

White coloured woven and needle punched non-woven 

geotextiles made of polypropylene have been used as the 

reinforcement. Thickness of non-woven geotextiles at the 

normal pressure o f 2 kPa is 2.80 mm and that o f woven 

geotextile as 0.66 mm. Average tensile strength of non-woven 

geotextile in machine direction is observed to be 10.77 kN/m 

and in cross machine direction as 12.53 kN/m. Average tensile 

strength of woven geotextile in machine and cross machine 

directions has been observed to be 19.75 kN/m and 20.10 

kN/m respectively.

2.2 Experimental programme

Drained triaxial tests have been conducted on cylindrical 

samples of approximately 38 mm in diameter and 76 mm in 

height at a relative density o f 65 percent. Four series of tests 

have been conducted viz. on unreinforced soil, reinforced with 

single layer o f non-woven geotextile placed at the centre of the 

sample, reinforced with two layers o f non-woven geotextile at 

one third and two third heights o f the sample, and two layers 

of woven geotextile also placed at one third and two third 

heights of the sample. The tests have been conducted along six 

different stress paths as shown schematically in Fig. 1 in which 

a, represents axial stress; cr3, radial stress; CTC, conventional 

triaxial compression; TC, triaxial compression; RTC, reduced 

triaxial compression; RTE, reduced triaxial extension; TE, 

triaxial extension and CTE, conventional triaxial extension 

stress paths.

2.3 Experimental setup and procedure

GDS computer controlled test apparatus has been used to 

conduct triaxial tests using three electronic digital pressure 

controllers controlled by a computer. The controllers have been 

used to apply cell pressure, to apply axial stress and to measure 

volume change.

F ig .l Schematic representation of the stress paths

1649



Standard procedure has been followed to prepare the samples 

for compression tests (Bishop and Henkel, 1957). For extension 

tests, the procedure is described somewhere else (Soni, 1995). 

A computer program GDSTTS has been used to carry out the 

tests and another program GDSFBP to retrieve the results.

Modified direct shear tests have been conducted on a box size 

of 60 mm x 60 mm x 20 mm (Rao and Pandey, 1988) to find 

out the coefficient of interface friction between the soil and the 

reinforcement. Geotextile was wrapped over the lower dummy 

block and upper portion was allowed to slide over dummy 

block to find out the coefficient of interface friction.

where N* =  tan2 (45+ 0/2)

and for reinforced soil a, is given by

a, = (a, + A a,) N# (5)

Substituting the value of A<r3 from Eq.(3) into Eq.(5) and on 
solving for a,, one gets

a, N.

1 -  «  
2h

(6)

3 ANALYSIS

3.1 CTC path

According to Yang’s concept, stresses developed in the 

reinforcement layers are assumed to be transferred to the soil 

through interface friction and this causes an increase in the 

confining pressure. Herein, an analysis is first presented for a 

single layer of reinforcement placed at the centre of a 

cylindrical sample used in the triaxial test. As the deviator 

stress increases, the reinforcement is subjected to tensile 

stresses which in turn generates interface frictional forces 

between the soil and the reinforcement. The mobilised interface 

friction between the soil and the reinforcement is not constant 

along the reinforcement. The experimental results 

(Chandrasekaran et al. 1989) show that the tensile forces in the 

reinforcement increases from the periphery of the sample to the 

centre of the reinforcement. These tensile forces are the 

function of spacing of the reinforcement and the confining 

pressure. To account for the variation of tensile forces along 

the reinforcement, Chandrasekaran et al. (1989) introduced a 

multiplication factor, the value of which varies from 0 to 1. In 

the present analysis, similar factor is assumed as mobilisation 

friction factor (K,v).
The mobilisation friction factor, K,v is assumed to be equal 

to (K, +  K0)/2 in the present study, where K, is the coefficient 

of active earth pressure and K, is the coefficient o f earth 

pressure at rest assumed equal to (1 - Sin <t>) in which * is the 

angle of internal friction of unreinforced soil (Janbu, 1963). 

This assumption however is purely empirical and is intitutively 

made with the reasoning that K0 indicates no mobilisation 

condition and K, refers to full mobilisation condition and that 

the actual mobilisation is likely to be somewhere in between.

If the coefficient of interface friction between the soil and the 

reinforcement is ‘f  (=  tan 5) where 5 is the angle of interface 

friction, the total frictional forces, RP, at failure generated in 

a cylindrical sample of reinforcement diameter, d is

2 f K.. (1)

where a, is the axial stress at failure. Since the interface 

frictional forces act on the top and the bottom surfaces of the 

reinforcement, the interface frictional forces are considered on 

both faces.
The frictional force, RP, is assumed to provide additional 

confining effect, producing additional confining stress, Acr3. 

Total force ( =  RF) due to A<r3, can be assumed as distributed on

the sample and can be calculated as, 

Rf = (1T d h) Aff, (2)

where d is the diameter of the sample equal to the diameter of 

the reinforcement in the present case and h is the height of the 

sample. Equating Eqs.(l) and (2),

A  a,

For unreinforced soil,

(3)

(4)

Therefore, for single layer reinforced soil, a, can be predicted 

from Eq.(6) from the values of f, d, h, a3 and 4>.

The tests conducted by Broms (1977) indicated that the 

strength of soil is unaffected if the reinforcement is placed 

either at the top of the sample or at the bottom of the sample. 

It is observed that reinforcement placed at the centre provides 

maximum increase in the strength. It is, therefore, assumed that 

the friction is mobilised fully when the reinforcement is placed 

at the centre and it reduces to zero when the reinforcement is 

placed close to the end platens. The variation of the mobilised 

friction between the centre o f the sample and end platens may 

probably be represented by a curve, but, for simplicity, the 

variation is assumed to be linear. Assuming f' as the mobilised 

friction at any layer placed at distance ‘s ’ from the centre 

towards the bottom or top of the sample, f  can be determined 

as,

f' 1 -
2s

A general expression can be written for N layers as,

1 - “
2h K. ,

1 - *  
h

(7)

(8)

From Eq.(8), it is observed that the strength of the reinforced 

soil is a function of a3, 4>, f, N, (s/h) and (d/h) ratio in a 

triaxial sample.

Expressions for other stress paths can be derived based on 

similar concept. Final expressions (Soni, 1995) are presented 

herewith in which ac represents the initial consolidation stress 

or pre-sheared stress.

TC Path

3ac(l + Sin*)

(3-S in*) -  ^  “  ( l-S in * )E  ( 1 - ^ )  
K. n i n

(9)

RTC Path

<r3 = actan2(45 -* /2)

RTE Path

K. 2h ■
1 -

2s
( 10)

a3 tan2 (45 - 0/2)
( 11)

K. 2h ,
1 -

2s

TE Path

3ac (1 -Sin*)

(3 + Sin*) (1 +Sin*) E 
K, n i

(12)
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CTE Path Table 2. Predicted and experimental results for TC path

1
K v

I T

jd

2h
(13)

4 RESULTS AND DISCUSSION

Angle of internal friction of unreinforced soil from triaxial tests 

is found to be 37.6° and 36.4° for compression and extension 

side respectively. <t> is found to be independent of the stress 

path followed on either side.

Values of coefficient of interface friction for non-woven and 

woven geotextiles are plotted in Fig.2. It is observed that the 

value of ‘f  decreases with the increase in normal stress 

particularly at lower values of normal stress. Constant values 

of ' f  for non-woven and woven geotextiles have been 

considered as 0.54 and 0.50 respectively for the comparison of 

[he results.
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Fig.2 Coefficient of interface friction from modified direct 

shear tests

Coefficient of interface friction (0  can also be determined 

from triaxial tests using Eq.(6) knowing the values o f a,, a3, <j> 

and (d/h) (Soni et al., 1995).

The results from the experimental study and predictions are 

compared in Table 1 to 6 for various stress path tests. It is 

observed that the predicted results compare well with the 

experimental results. For the known values of f,N and <j>, 

(<x,/cr3) values have been presented in Table 7 to 10 for CTC 

path. Equal spacing of reinforcement has been considered in 

the analysis.

Type of 

reinforce

ment

N Cfc
kPa

cr, at failure 

Observed Predicted 

kPa kPa

Percentage

difference

Non-woven 1 100 216 215 0.46

200 430 430 0.00

300 645 645 0.00

Non-woven 2 100 221 219 0.90

200 440 438 0.45

300 660 657 0.45

Woven 2 100 219 218 0.45

200 438 435 0.45

Table 3. Predicted and experimental results for RTC path

Type of N j 3 at failure Percentage

reinforce kPa Observed Predicted difference

ment kPa kPa

Non-woven 1 100 19 20 5.26

200 39 40 2.56

300 58 60 3.45

Non-woven 2 100 17 18 5.88

200 35 36 2.86

300 53 54 1.89

Woven 2 100 18 19 5.55

200 36 38 5.55

Table 4. Predicted and experimental results for RTE path

Type of N <7c cr, at failure Percentage

reinforce kPa Observed Predicted difference
ment kPa kPa

Non-woven 1 100 20 22 10.00

200 42 43 2.32

300 62 65 4.84

Non-woven 2 200 40 41 3.25

300 62 62 0.00

Woven 2 200 40 42 5.00

300 62 63 1.61

Table 1. Predicted and experimental results for CTC path

Type of 

reinforce

ment

N 03

kPa

a, at failure 

Observed Predicted 

kPa kPa

Percentage

difference

Non-woven 1 100 520 502 3.46

200 1000 1004 0.40

300 1470 1506 2.45

Non-woven 2 100 560 541 3.39

200 1065 1082 1.60

300 1560 1623 4.04

Woven 2 100 550 565 2.73

200 1050 1130 7.62

300 1540 1695 10.06

Table 5. Predicted and experimental results for TE path

Type of 

reinforce

ment

N 0,
kPa

a, at failure 

Observed Predicted 

kPa kPa

Percentage

difference

Non-woven 1 100 28 30 7.14
200 55 59 7.27
300 83 89 7.23

Non-woven 2 100 27 28 3.57
200 53 56 1.89

Woven 2 100 28 29 3.57
200 53 57 7.55
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Table 6 . Predicted and experimental results for CTE path
5 CONCLUSIONS

Type of 

reinforce

ment

N

kPa

ff3 at failure 

Observed Predicted 

kPa kPa

Percentage

difference

Non-woven 1 100 450 461 2.44

Non-woven 2 100 490 484 1.22

Woven 2 100 480 477 0.63

A simple method has been suggested to predict the strength of 

reinforced soils for various stress paths based on Yang’s 

concept.

The predictions compare well with the experimental results. 

Values of stress ratio (a,/a}) have been presented in tabular 

forms to enable one to get the strength of reinforced soils for 

equal spacing of the reinforcement for various number of layers 

in a triaxial test under conventional triaxial compression stress 

path.

Table 7. Values o f (<r,/cr3) for N =  1

0 Values of (ff,/<r3)

6= 0 .60 6 = 0 .70 5= 0 .8 0 6= 0 .90 6 = 0

20 2.17 2.20 2.23 2.26 2.29

25 2.68 2.72 2.77 2.82 2.87

30 3.34 3.41 3.49 3.57 3.67

35 4.20 4.33 4.45 4.60 4.76

40 5.40 5.59 5.81 6.07 6.38

45 7.03 7.33 7.71 8.16 8.79

Table 8. Values of (a./ffj) for N =  2

<#> Values of (a,Jo 3)

6= 0 .60 6 = 0 .7 0 6= 0 .80 6= 0 .90 6 = 0

20 2.23 2.26 2.30 2.34 2.38

25 2.77 2.82 2.89 2.96 3.04

30 3.47 3.61 3.69 3.81 3.96

35 4.41 4.59 4.79 5.01 5.28

40 5.73 6.02 6.36 6.78 7.32

45 7.55 8.02 8.65 9.43 10.59
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Table 9. Values o f (o,/cr3) for N =  3

0 Values of (a,/cr3)

6= 0 .60 6= 0 .7 0 6= 0 .80 6= 0 .90 6 = 0

20 2.33 2.39 2.45 2.52 2.59

25 2.95 3.04 3.16 3.29 3.43

30 3.76 3.94 4.16 4.41 4.70

35 5.08 5.23 5.62 6.10 6.72

40 6.54 7.10 7.86 8.57 10.37

45 8.87 9.89 11.43 13.67 17.94

Table 10. Values o f (a,/<r3) for N = 4

4> Values of (ct , / cf3)

6 = 0 .6  0 6= 0 .7 0 6= 0 .80 6= 0 .90 ©■
» II -e
-

20 2.40 2.47 2.56 2.65 2.74
25 3.07 3.20 3.35 3.52 3.73
30 3.95 4.20 4.51 4.87 5.30
35 5.23 5.70 6.27 7.01 8.04
40 7.13 7.96 9.15 10.89 13.82
45 9.92 11.51 14.17 18.73 30.79
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