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Interaction between grid reinforcement and cohesive-frictional soil 
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ABSTRACT: Large scale direct shear and pullout tests have been conducted to investigate the interaction 
behavior between grid reinforcement and cohesive-fiictional soil. The direct shear resistance between Tensar 
grids and cohesive-frictional soil. such as weathered �angkok clay is lo",er than the soil strength at peak streng�h 
condition, but higher than the soil strength at large displacement condition due to the mutual effects of the gnd 
smooth plane surface and the

. 
apertur.es on the grids; An ana!ytical method. of �ete':ll'!ning the pullout fo�

ce/pullout displacement curve IS estabhshed based Oll linear e!astic-perfect plastic s!<in fnction m<?del, hYP?rbohc 
pullout bearing resistance model, and load transfer mechamsm developed for ru(lally loaded pile by usmg the 
basic soil and grid reinforcement properties. Good agreement has been obtained between calculated values and 
test results. The method provides a useful tool for reinforced earth design. 

1 INTRODUCTION 

The mechanism governing soil/reinforcement inter
action in a reinforced earth structure is concerned with 
mobilization of soil/reinforcement friction resistance, 
soil passive bearing resistance on reinforcement 
bearing members, and the bending movement in the 
reinforcement Ignoring the reinforcement bending 
effect, the soil/reinforcement interaction mechanism 
can be simplified into two types, namely: soil sliding 
Over the reinforcement or direct shear mechanism and 
pullout of the reinforcement from the soil or pullout 
mechanism. Direct shear and pullout tests are used 
to simulate these two different mechanisms, respec
tively. Direct shear test provides a local shear 
stress/shear displacement relationship, whereas 
pullout test integrates the variation in the shear stress 
and displacement along the reinforcement. Figure 1 
shows a typical reinforced earth structure in a rein
forced soil slope. Assuming that the dashed line in 
the figure is a potential failure surface, the 
reinforcement behind the potential failure surface, 
position A, will be subjected to pullout interaction 
mechanism. At the position B, the direct shear 
mechanism is likely to occur. The suitability of grid 
reinforcements for reinforcing the soil has been 
demonstrated by laboratory and field studies (Chang 
et al 1977; Peterson & Anderson 1980). Their 
potential use in cohesive-frictional soils is particularly 
attractive and has provided an incentive for research. 

Large scale direct shear and pullout tests have been 
conducted to investigate the interaction mechanism 
between grid reinforcements and cohesive-frictional 
soils such as weathered Bangkok clay. The results are 
analyzed and presen�ed in this paper. The relationship 
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Fig. 1 Typical reinforced slope showing the 
soil/reinforcement interaction modes. A - pullout; B 
- direct shear 

between direct shear or pullout resistance and relative 
displacement is also investigated. 

2 LABORATORY TEST PROGRAM 

A total of9 1arge scale direct shear and 60 pullout tests 
have been conducted by using weathered Bangkok 
clay as backfill material and welded wire steel grids 
and Tensar grids as reinforcements. The index prop
erties of weathered Bangkok clay are listed in Table 
1. 

The pullout apparatus has been described in detail 
by Bergado et al (1992), which has inside dimension 
of 1.27 m in length by 0.76 m in width by 0.51 m in 
height (50x30x20 inches). The pullout force was 
applied by a 225 kN capacity electro-hydraulic con
trolled jack, and the normal pressure was applied by 
a pressurized air bag positioned between the soil and 



Table 1. Index properties of weathered Bangkok 
clay 

� 

Soecific gravity. G 2.67 
Plastic limit, W" (%) 21.0 
Liquid limit, W ,  (%) 45.0 

Plasticity index, I 24.0 
Grain size Sand, % 17.4 

distribution Silt, % 24.4 
Clay, % 58.2 

United Classification svstem CL 
Standard Optimum water 23.0 
Proctor content,% 

compaction Maximum dry 
density; kN/m' 

16.0 
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Fig. 2 Large scal(l direct shear tests for weathered 
clay/Tensar SR80 interface 

the top cover of the pullout box. The large scale direct 
shear apparatus was developed on the same frame as 
the pullout box with additional upper shear box and 
reaction frame. The shear area is 0.54 m2 (0.93 m by 
0.58 m). The shear force was applied by the same 
pullout jack through four 12.7 mm in diameter steel 
bars which were welded infront of the upper box just 
above the predetermined shear surface and the normal 
pressure was also applied by pressurized air bag. 
The pullout or direct shear force was measured by a 

load cell attached between the reinforcement and the 
pullout jack. The displacement was monitored by 
Linear Variable Differential Transformer (L VDT) 
supplemented by dial gauges. Strain gauges were used 
to measure the strains developed in the transverse and 
longitudinal members of the reinforcement during the 
pullout test. The displacements along the extensible 
reinforcements during the pullouttests were measured 
by using the inextensible piano wire-dial gauge dis
placement measuring system. 

The multistage test procedure was adopted for large 
scale direct shear and pullout of steel grid reinforce
ments. First, the test was done at certain applied 
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normal pressure. When the desired displacement was 
reached, the normal pressure was increased for sub
sequent test. Using this method, in one set up, three 
tests can be done. The tests are categorized as first 
stage tests, second stage tests, and third stage tests. 
For Tensar grids, pullout tests were continued until 
the grid was broken. The shear or pullout rate of 1 
mm/min was adopted throughout the test. The normal 
pressure was varied from 10 to 130 kPa. 

3 DIRECT SHEAR RESIST ANCE 

Generally , the direct shear resistance between grid 
reinforcement and the soil has three components: (a) 
the shear resistance between the 'soil and the rein
forcement plane surface area; (b) the soil to soil shear 
resistance at the grid opening; (c) the resistance from 
soil bearing on reinforcement apertures (Jewell et al 
1984). Since the last part is difficult to assess, usually, 
the influence of the reinforcement apertures on direct 
shear resistance is treated as to increase the skin 
friction resistance between the soil and the rein
forcement plane surface. Therefore, the direct shear 
resistance can be expressed in terms of the two 
contributions from shear between soil and plane 
surface area of reinforcement and shear between soil 
and soil. 

The commonly used grid reinforcements are steel 
grids and Tensar grids. Since the steel grids normally 
have a large opening, and the contact area between 
the soil and the grid surface is very small, in the case 
of direct shear mode, the interface is not a weak sur
face. The interface direct shear tests were only con
ducted between the soil and Tensar grids. 

Figure 2 shows the shear stress/shear displacement 
curves for the soil/Tensar grid SR80 interface. The 
shear stress/shear displacement curveS using soil 
specimen only has been combined in the figures as 
dashed line for comparison. It can be seen that the 
initial shear modulus between the soil/SR80 interface 
is nearly the same as that of the soil only. The peak 
strength of the soil/Tensar grid interfaces is smaller 
than that of soil only. However, the residual strength 
is higher than that of the soil only under applied 
normal pressure of 8 kPa and 40 kPa. Under 72 kPa 
applied normal pressure, both the soil and the 
soil/Tensar grid interfaces have nearly equal residual 
strength. For the soil/Tensar SS2 interface, the ten
dency is the same, except that initial shear modulus 
between the soil/SS2 is smaller than that of soil only. 
It is possible that the soil and SS2 interface has larger 
portion of resistance from bearing resistance of the 
apertures on the grid than the soil/SR80 interface, 
which need a larger shear displacement to be mobi
lized. 

During the tests, the shear plane is forced to occur 
across the surface longitudinal members. The aper
tures on the grid act as bearing members. Since the 
friction angle between the soil and Tensar grid plane 
surface is lower than the soil to soil friction angle, the 
peak strength between the soil and the grid interfaces 
is lower than that of soil only. While for residual 
strength, in the case of cohesive-frictional soil, the 



cohesion resistance reduced quickly when the shear 
displacement increase, but for soilrrensar grid inter
faces, due to the influence of the apertures on the grids, 
the strength reduction is less than the soil specimen 
only. Especially, in the case of very low applied 
'normal pressure, the contribution of the resistance 
from grid apertures to the total residual resistance is 
relatively larger than the case of higher applied normal 
pressure due to the compaction induced residual lat
eral stress. 

In large scale direct shear test, the displacement 
necessary to mobilize the peak stress for soil and 
soilrrensar grid interfaces is varied from 6 mm to 1 1  
mm. The strength parameters were obtained by using 
Mohr-Coulomb failure law. The friction angle (<jlg) 
between the soil and the grid surface was obtained by 
using following equation: 

tan <jl,g = ug ' tan<jlg + (1 - ug) · tan<jl . . . .  (1) 

where <jl,g is friction angle between soil and grid 
reinforcement, <jlg is friction angle between soil and 
grid surface, <jl is friction angle of soil, and ug is 
fraction of grid surface area. All parameters are listed 
in Table 2. It shows that in the test stress levels, the 
grid apertures influence the strength of adhesion part 
more than that of friction part. The skin friction angle 
between the soil and Tensar grids have been found in 
the range from 6° to 8.5°. At peak strength condition, 
for the soiVSS2 interface, the skin friction angle of 
24.8° was obtained. However, the influence of the grid 
apertures on skin friction angle is not considered in 
theEq. l . The value may not represent the skin friction 
angle. 

Although the large scale direct shear test results from 
this study showed that the shear stress/shear dis
placement relationship is close io a linear elastic
perfect plastic model, it is believed that the large scale 
dITect shear test is suitable for determining the design 
parameter, but not for studying the constitutive law. 
Comparing the conventional and large scale direct 
shear test results for the soil without reinforcement, it 
was shown that the conventional direct shear tests 
yielded a nonlinear shear stress/shear displacement 
curve, while, the large scale direct shear tests gave a 
nearly linear relationship. Therefore, the hyperbolic 
model of Clough & Duncan (1971) is suggested to 
represent the soil/grid reinforcement direct shear 
interaction mode. 

The large scale direct shear test underestimates the 
shear strength and shear stiffness. The shear force 
was applied to the soil sample through the back wall 
of the shear box, due to the compressibility of the soil !nside the shear box, the shear strength on shear plane 
10 large scale direct shear test may be mobilized 
progressively. The overall effect of this progressive 
strength mobilization process is to reduce the average 
s�ear modulus and shear strength of the soil, espe
CIally, the cohesion component. Nevertheless, the 
large scale test results provided reliable shear strength 
and deformation ratio between the soil and the 
soiVgrid interface. Based on the test results, it is 
recommended that for cohesive-frictional soil and 
Tensar grid interfaces, 75% of the soil strength can be 

31 

Table 2. Strength parameters from direct shear 
tests 

Shear Cohesion, Friction 
C, (kPa) 

<\J
�n%le, or , (") 

plane Peak Resi- Peak Resi-
dual dual 

Soil Conven- 139.5 31.5 
tional 

only Lar�e 27.5 12.7 31.0 24.3 
sca e 

SoiV Grid 28.3 26.8 19.8 15.5 
SR80 Skin 6.8 5.9 

Friction 
SoiV Grid 23.1 20.3 29.7 21.0 
SS2 Skin 24.8 8.2 

Friction 

5D�-
--------------------------

_ 130 kPa 
1 - 10 k?a -........ 70 kPa 
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Fig. 3 Skin friction vs. shear displacement between 
steel bar and weathered clay 

used as the interface strength. For initial shear stiff
ness, it can be taken the same as that of soil only for 
soil/SR80 interface and 70% of the value of soil for 
soil/SS2 interface. 

4 PULLOUT RESISTANCE 

The resistance for pullout of grid reinforcement from 
the soil consists of two parts, namely: friction 
resistance from soil shearing on grid shearing surface, 
and passive bearing resistance from soil bearing on 
grid bearing area which are normal to the direction of 
relative movement between the soil and the rein
forcement. Over 90% of the pullout resistance of steel 
grid reinforcement is from passive bearing resistance 
(Chang et al 1977; Palmeira & Milligan 1989). The 
friction resistance is mobilized earlier than the bearing 
resistance. The mobilization of resistance of soil 
bearing on the grid transverse member is caused by 
the development of soil strain. Therefore, for stiff 



Table 3. Friction resistance between weathered 
Bangkok clay and steel bar 

Soil type 

Wet side 
of 

optimum 

Optimum 

Dry side 
of 

optimum 

W : water content. 
C, : adhesion. 

Parameters 

W, (%) 
C ,  (kPa) 

0,(') 
d , (mm) 

W, (%) 
C ,  (kPa) 

0, (') 
d , (mm) 
W, (%) 

C ,  (kPa) 

0, (') 
d , (mm) 

Weathered 
clay 

28.0 

10.5 

4.8 
1-2 

23.0 
30.0 

5.0 

1-3 

16.0 

30.0 

10.0 

1-2 

° : skin friction angle. 
d� : displacement for mobilizing the peak 

friction resistance. 
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PULLOUT DISPLACEMENT/BAR DIAMETER. diD 

Fig. 4 Typical normalized pullout bearing resistance 
curves 

reinforcement, it depends, to a large extend, on the 
stress/deformation behavior of the soil. 

4.1 Pullout Friction Resistance 

The pullout friction resistance of steel grid is from the 
skin friction between the grid longitudinal bars qnd 
the backfill soil. The pullout test of the steel bar from 
the cohesive-frictional soil were conducted by Shi
vashankar (1991) for studying the maximum skin 
friction resistance. The results of skin friction 
between weathered Bangkok clay and steel bar were 
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reanalyzed to study the skin friction mobilization 
process. Figure 3 is a typical skin friction resistance 
versus displacement curves for W 4.5 (diameter of 6.1 
mm) bar embedded in weathered clay which was 
compacted to 95 degree of standard Proctor com
paction test at optimum water content of 23 %. It can 
be seen that the skin friction resistance versus 
displacement curves more or less show an elasto
perfectly plastic behavior. The displacement for 
mobilizing the maximum friction resistance ranged 
from 1 to 3 mm, and for most cases, it was 2 mm. 
Also, the skin friction did not increase very much with 
the increase of applied normal pressure. This means 
that the skin friction angle is small. The skin friction 
angle, adhesion, and the displacement for mobilizing 
the maximum friction resistance together with cor
,responding compaction water contents are listed in 
Table 3.  

4.2 Pullout Passive Bearing Resistance 

The pullout tests with single transverse steel bar and 
steel grid with different bearing member space ratios 
(SID) have been conducted to investigate the pullout 
bearing resistance mobilization process. The bearing 
member space ratio, SID, is defined as the bearing 
member spacing, S, divided by the bearing member 
thickness, D. The friction resistance was subtracted 
from the total pullout force to obtain pullout bearing 
resistance. The pullout bearing resistance means the 
pullout passive bearing resistance force per unit 
bearing area. The normalized displacement is the 
pullout displacement divided by grid reinforcement 
transverse member thickness or diameter. Using the 
normalized displacement, the pullout bearing 
resistance mobilization mechanism for different 
transverse member thickness can be compared. Fig
ure 4 is a typical normalized pullout bearing resistance 
curve for isolated single bearing member. The pullout 
bearing resistance curve for steel grid reinforcement 
is similar in shape to that in Fig. 4. The shape of the 
pullout bearing resistance curve indicates that the 
pullout bearing resistance (stress), cr" normalized 
displacement, cl", relationship for a isolated bearing 
member can be modelled by a hyperbolic function. 
The model takes the following form (Chai 1992): 

. . . .  (2) 

where E,p is initial slope of bearing resistance/nor
malized displacement curve, and cr'w, is ultimate value 
of bearing resistance. E,p' and crbo" are determined by 
basic soil and reinforcement properties (Chai, 1992). 
Due the page limitation of this paper, the following 
discussion contains only the concepts used for 
deriving the equations to determine the model 
parameters. The initial slope of the normalized pullout 
bearing resistance curve, Eip, is related to initial slope 
of triaxial test stress/strain curve of the backfill soil, 
and bending stiffness of grid bearing member. The 
ultimate puIIout bearing resistance, crbo", is related to 



maximum pullout bearing resistance by failure ratio, 
R, . Limited data showed that the failure ratio of 
pu'llout testis approximately the same as of the maxial 
test value of the backfill soil. The maximum pullout 
bearing resistance is influenced by several factors. 
However, itis mainly controlled by the strength of the 
backfill soil and the grid bearing member spacing 
ratio, SID. Generally, the larger the spacing ratio, the 
higher the pullout passive bearing resistance from one 
bearing member or the less interference between 
bearing members. The maximum pullout · bearing · 
resistance of grid reinforcement is determined by 
multiplying the maximum bearing resistance of a 
single isolated bearing member with a bearing 
member spacing ratio influence factor. The maximum 
pullout bearing resistance of a isolated single bearing 
member is calculated by bearing capacity theory, 
based on the characteristic field as shown in Fig. 5. 
The bearing member interaction is considered by an 
empirical equation using basic backfill soil and 
reinforcement properties. 

When the applied normal pressure is less than the 
maximum compaction induced effective stress, and 
the bearing member space ratio is less than 30, the 
pullout softening behavior is likely to occur. The 
softening behavior occur mainly be.cause of the 
strength reduction in the backfill soil during the 
pullout process. When considering the pullout soft
ening behavior, the proposed hyperbolic model still 
can be u::ed to simulate the pullout bearing resistance 
curve, In this case, it is assumed that the backfill soil 
strength parameters is reduced from peak value to 
critical state value when the pullout displacement 
increased from d, to <1,. Hered, is related to the bearing 
member spacing ratio and the displacement necessary 
to mobilize the peak sU'ength in conventional direct 
shear tests and d, is assumed to be five times of d,. 
An analytical method of determining the grid rein

forcement pullout force/pullout displacement rela
tionship has been established based on the proposed 
hyperbolic bearing resistance model, elastic-perfectly 
plastic skin friction relationship, and load transfer 
mechanism of axially loaded pile (Reese 1964) to 
consider the extensibility of the grid longitudinal 
member. Figures 6 and 7 are the comparison of lab
oratory pullout test results with calculated values for 
steel grid and Tensar SR80, respectively. It can be 
seen that the proposed method predicts the pullout 
curves reasonably well for both inextensible steel grid 
and extensible Tensar grid reinforcements. The 
method is very useful for reinforced earth design by 
checking the necessary embedment length of grid 
reinforcement to provide required pullout resistance 
or the displacement to mobilize the desired pullout 
resistance. 

4.3 Pullout Bond Coefficient 

The item of pullout bond coefficient is the measure 
of the pullout resistance, which is defined as follows: 

2 ·  L . W . (C + cr, . tan <\l) . . . . (3) 
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e = 450 + 0 I "2: 

Fig. 5 Proposed stress characteri,tic field for pullout 
bearing failure mechanism 
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Fig. 6 Comparison of pullout force/pullout displace
ment curves for steel grid 
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Fig. 7 Comparison of pullout force/pullout displace
ment curves for Tensar SR80 



in which fb is pullout bond coefficient, p" is total 
pullout resistance of gri� reinforcement, � �d W are 
len ath and width of remforcement provldmg bond, " 
respectively, C is cohesion of backfill soil, q, is friction 
angle of backfill soil, and G. is the normal pressure. 

Pullout test results of steel grids in weathered 
Bangkok clay showed that for bearing member 
spacing ratio, SID, from 8 to 50, the bond coefficient 
is less than one. This coefficient was about 0.45 for 
SID of 8, and 0.2 for SID larger than 50. The strength 
parameter of compacted weathered Bangkok clay 
based on total stresses were C of 120 kPa and q, of 
30.5 degrees. 

5 CONCLUSIONS 

1 .  The direct shear resistance between soil and grid 
reinforcement has two contributions from shear 
resistance between soil and grid reinforcement plane 
surface and shear resistance between soil and soil. For 
Tensar geogrids, the test results showed that the 
soilrrensar geogrid interfaces yield lower peak 
strength but higher residual strength than that of the 
soil to soil due to the mutual effects of smooth plane 
surface area and the apertures on the grids. It is 
suggested that the shear stress/shear displacement 
relationship can be modelled by hyperbolic model of 
Clough & Duncan (1971). 

2. The pullout resistance of grid reinforcements 
consists of two parts, namely: friction resistance and 
passive resistance. The friction co:npo�ent is rela
tively small and needs a small relauve dIsplacement 
to be mobilized. The friction resistance/relative 
displacement relationShip can be simulated by linear 
elastic-perfectly plastic model. The normalized 
pullout bearing resistance curve can be modelled by 
using a hyperbolic function based on basic soil �d 
reinforcement properties. The pullout softemng 
behavior is considered by varying the backfill soil 
strength parameters from peak to critical state value 
during the increase of the pullout displacement. 

3. The proposed analytical method of determining 
the grid reinforcement pullout force/pullout dis
placement relationship provides a useful tool for reinforr.erl earth design. Comparing the calculated 
and the laboratory pullout test results, the proposed 
method predicts the pullout curves for both inex
tensible (steel grids) and extensible (Tensar geogrids) 
reinforcements reasonably well. . 

4. For grid reinforcements in cohesive-frictional 
backfill such as weathered Bangkok clay, the pullout 
bond coefficient is less than 1 .0. 
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