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 The immense contribution of geogrids to the strength of reinforced soil is 
well known in science and nowadays also increasingly accepted in the 
industry. Reinforced granular material is a composite material which 
combines properties resistance of two different materials in such a way to 
increase its bearing capacity. However, the differences between calculat-
ed and measured deformations of geogrid-reinforced structures indicate 
that the exact behaviour of geogrids in soil is not totally understood yet. 
To allow for better assessment of the composite behavior, a series of 
large-scale triaxial tests were conducted on unreinforced and reinforced 
gravel specimens of 50 cm in height and 23 cm times 23 cm in cross-
section, using an apparatus developed at the Institute of Industrial Sci-
ence, University of Tokyo (Dan et al., 2006). In addition to the variation 
of the cell pressure, the test series also includes the variation of geogrid 
types.  

Results of unreinforced and reinforced test series showed a significant 
increase of the peak strength as well as a reduction of the deformations of 
the tested samples due to the reinforcement. A confining effect of the rein-
forcement was clearly identified and could be explained with a mechani-
cal model. A calculation method, which is based on the mechanical mod-
el, was used to draw the stress paths for a series of reinforced tests. 
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1 APPARATUS, MATERIAL AND TEST 
PROCEDURE 

The purpose of this study is to examine the effect 
of geogrids on the peak strength and the small 
strain stiffness of large prismatic specimen of grav-
el by conducting monotonic and large cyclic load-
ing triaxial compression tests. A set of local defor-
mation transducers (LDTs, Goto et al., 1991) and 
proximity transducers are used to measure strains 

to minimize the effects of specimen corners, bed-
ding error and system compliance. A large-scale 
triaxial apparatus (Dan et al., 2006) was employed 
to conduct triaxial compression tests on compacted 
gravel specimen. The large-scale triaxial apparatus 
and its stress control system are shown in Figure 1 
and 2, respectively. The apparatus consists of triax-
ial cell, axial and lateral loading device, and a cell-
pressure-control device. The axial loading device 
employs an electro-hydraulic actuator having a 
capacity of 490 kN and the zero balance system. 
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Fig. 1:  Large-scale triaxial apparatus 

For unreinforced tests, axial strain (ε1) was meas-
ured by three pairs of vertical local deformation 
transducers (V-LDTs). Lateral strains in two direc-
tions (ε3) were measured by another three pairs of 
horizontal local deformation transducers (H-
LDTs). For in the reinforced tests, axial strain (ε1) 
and lateral strains (ε3) were measured by four pairs 
of vertical and horizontal local deformation trans-
ducers in each side of the specimen, respectively. 
The schematic diagrams showing the location of all 
LDTs over the specimen for both types of tests are 
shown in Figure 3. The mean of data measured 
with three or four pairs LDTs was used for each 
direction of local strain measurement for the analy-
sis of test results.  

The testing material was a well-graded crushed 
stone, called Tochigi gravel (Fig. 4). It consists of 
angular to sub-angular particles with a coefficient 
of uniformity Cu=32 and specific gravity Gs=2.68. 
The optimum moisture content and the maximum 
dry density were defined by modified Proctor as 
wopt=4.0% and ρd=2.168 g/cm3, respectively. 

 

Fig. 2: Stress control system of the large-cale triaxial apparatus 
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Fig. 3:  Positioning of LDTs in case of unreinforced and reinforced tests  

 

 

Fig. 4: Gradation curve of tested Tochigi gravel 

The specimens were prepared by manual compac-
tion at nearly optimum moisture content (Table 1). 
Specimens were compacted in 10 layers with a 
thickness of 5 cm for each layer. Before placing the 
material for the next layer, the surface of the previ-
ously compacted layer was scrapped to a depth of 
about 2 cm to ensure a good interlocking between 
vertically adjacent layers. The compaction was 
applied with an aim to reach dry density of speci-
men as close as possible to the one defined by 
Proctor test. In reality approximately 95% of the 
maximum density was reached on average. The 
confining pressure (σ’3) was applied by vacuum 

and by positive cell pressure and kept constant dur-
ing testing. Two geogrid layers have been placed in 
the reinforced specimens leading to a vertical rein-
forcement spacing of nearly 0.3 m. Test results 
presented in this paper are obtained from specimen 
reinforced with a biaxial polypropylene (PP) and 
biaxial combi-polypropylene (Combi) geogrids 
with a nominal strength of 40 kN/m and welded, 
pre-stretched flat bars. The aperture size of the grid 
was 31mm x 31mm and the tensile force at 2% 
strain 16 kN/m, as given by the manufacturer. They 
can be shown in Figure 5.  
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Table 1: Test conditions 

Test name Reinforcement σ’3 (kPa) γd e 
IIS-0E Unreinf 25 2.053 0.31 3.73 
IIS-0G Unreinf 150 2,096 0.28 2.41 
IIS-2D Geogrid 150 2.089 0.28 3.81 
IIS-2E Geogrid 25 2.066 0.30 2.53 
IIS-COM-C Combi-grid 25 2.112 0.27 2.25 
IIS-COM-D Combi-grid 150 2.080 0.29 2.11 

 

Fig. 5: Figure of PP geogrid and Combi-PP ge-
ogrid, respectively 

2 TEST RESULTS 

Stress-strain relationship of tests with unreinforced 
and reinforced samples compacted to 95% proctor 
density are given in Figure 6 for two types of ge-
ogrids at two different confining pressures of 
25kPa and 150kPa. The increase of the peak 
strength due to the reinforcements can be seen 
clearly. The tests using PP geogrid show the high-
est peak strength in both low and high confining 
pressures. 

However, the initial stiffness of both, unreinforced 
and reinforced specimens seems to be similar to 
each other for vertical strains up to about 0.3%. 
This is in accordance with the volumetric strains 
calculated from the radial and vertical strains, indi-
cating almost pure compaction at the beginning of 
the tests (Fig. 7). 

The reinforced test experienced negative dilatancy 
at larger axial strain than the unreforced test. The 
unreinforced specimens initially contracted during 
unloading-reloading stage and started dilating at 
axial strains of about 0.3%. At the beginning of 
shearing stage, the unreinforced test almost reached 
the positive dilatancy side. During that, as shown 
in Figure 8, the PP geogrid did not show any dila-
tive behavior at confining pressure of 150 kPa. 
This is consistent with the above description re-
garding in Figure 6. In addition, Figure 8 shows 
that even at very low confining pressure of 25 kPa, 
the reinforced test using PP geogrid started dilating 
at vertical strain as nearly as the vertical strain at 
which the unreinforced test at 150 kPa started dilat-
ing. The geogrid can increase the peak strength of 

the specimen without making the specimen expand 
laterally during its mobilization. That means the 
geogrid can increase the stiffness of the specimen. 

 
Fig. 6: Stress-strain relationship 

 

Fig. 7: Volumetric strain of unreinforced and 
reinforced tests 

The development of reinforcement strains εreinf. 
with increasing vertical compression of the speci-
men is given in Figure 9. It is plotted for the strains 
measured at the center of the cross section, i.e. the 
maximum reinforcement strain. 
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Fig. 8:  Volumetric strain of unreinforced and 
reinforced tests at 25 and 150 kPa 

The mechanical model shown in Figure 10 has 
been derived from the large triaxial testing results 
of the reinforced gravel. Caused by the vertical 
compression during loading the specimen extends 
radially. As stated above, this is accompanied by 
the activation of the geogrids, due to which the 
deformations are reduced and the peak strength is 
increased. 

 

Fig. 9: Strains distribution in the geogrids 

With progressive deformation of the specimen, the 
confining forces of the geogrids increased. As a 
simplified assumption, this can be considered as an 
equivalent, additional confining pressure Δσ3 act-
ing homogeneously over the whole height of the 
specimen (Fig. 10), provided that the vertical spac-
ing between the reinforcement layers are small 
enough. 

 
Fig. 10: Increase of specimen strength due to reinforcement 
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Fig. 11: Stress path of the loading due to rein-

forcement  

In Figure 11 stress paths of an unreinforced and a 
reinforced specimen are drawn qualitatively. The 
scale of the axis in the diagram is different from 
usual in order to show up the details. Therefore, the 
straight line σ1 = σ3, which would normally be the 
bisecting line is less inclined. In both tests the 
specimens are being consolidated under isotropic 
conditions before loading. The stress path in unre-
inforced test (case I) shows an increase of σ1 until 

failure while the confining pressure σ3 is kept con-
stant. In a reinforced test (case II), an increase of σ1 
beyond the critical limit of the unreinforced tests 
can be observed, although the confining pressure is 
the same as it was for the unreinforced test. The 
stress condition results at failure for “case I” is 
therefore {σ1 + Δσ1; σ3,cell}. However, due to the 
deformation under activation of the geogrids and 
according to the model described above, the stress 
condition for case II will be affected by an increase 
of the confining pressure by Δσ3,reinf. during load-
ing. When failure eventually occurs, the stress con-
dition reaches the failure criterion of the unrein-
forced soil (case I), but at a much higher stress 
level {σ1 + Δσ1; σ3,cell + Δσ3,reinf.}. 

The stiffness of the specimens derived from small 
cyclic loading is shown in Figure 12. As can be 
seen, the reinforcement does not largely affect to 
the small strain stiffness of the specimens under 
either low or high confining pressures. 

Figure 13 shows that deformations of reinforced 
specimens are less than those of unreinforced spec-
imens at low confining pressures. At high confin-
ing pressures, on the other hand, there was almost 
no effect of reinforcement. 

 
Fig. 12: Stiffness of unreinforced and reinforced specimens 
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Fig. 13: Reduction of deformations due to mobilization of reinforcement  

3 CONCLUSIONS 

Large-scale triaxial tests on reinforced and unrein-
forced specimens showed a significant increase of 
the peak strength and reduction of the deformations 
due to the geogrids. The result is consistent with 
observations made in field. Geogrid reinforced 
soils develop an additional confining effect due to 
activation of the geogrids. The relative reinforcing 
effect is higher for small lateral confining pres-
sures, at small depths. 

Geogrid reinforcement does not show any signifi-
cant improvement in the small strain stiffness of 
granular. The tests using PP geogrid have a higher 
performance than the tests using combi-grid in case 
of using gravelly soil. Therefore there should be a 
consideration in using the correct type of geogrids 
corresponding to the construction materials. 
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