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Article History:  Abstract. The increasing use of geogrid in various geotechnical projects has made the evaluation of the shear behavior 
of soil reinforced with geogrid become particularly important. In this article, a series of large-scale direct shear tests 
have been performed on sand and gravel samples reinforced with geogrid. The purpose of the experiments was to in-
vestigate the impact of the geogrid mesh size and the relative density of the samples on the shear strength coefficient 
of the interface between soil and geogrid. In this study, 5 geogrids with different mesh sizes and one type of geotextile 
were used. According to the results, the average shear strength coefficient of sand and gravel samples reinforced with 
geogrid for different normal stresses and different relative densities was obtained between 0.72 and 0.94. As the rela-
tive density increases, the interface shear strength coefficient decreases, this means that the denser the sand, the more 
the shear strength of the sand/geogrid interface decreases. Based on the results, it was found that the contribution of 
particle interlocking in the shear resistance of the sand/geogrid interface is particularly important, so that the shear re-
sistance coefficient of the interface increases with the increase in the size of the geogrid mesh.
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1. Introduction
Increasing the shear strength of sands using different 
techniques has been the focus of many researchers since 
the past. One of those techniques is specifically adding 
polymer fibers to sand or using geotextile and geogrid 
layers within soil mass (Lakirouhani et al., 2018; Albuja-
Sánchez et al., 2023).

Geogrid is a type of material commonly used in civil 
engineering and construction projects. It is typically made 
of polymer materials, such as polyester or polypropylene, 
and is designed to reinforce soil or aggregate materials. 
Geogrids help to improve the strength and stability of the 
ground by distributing loads more evenly and reducing 
the potential for soil erosion. They are often used in ap-
plications such as road and railway construction, retaining 
walls, bridge abutments, embankments and slope stabili-
zation. Geogrids are formed by a regular network of inte-

grally connected elements, while geogrid openings allow 
for interlocking with granular soils and other surrounding 
materials. Currently, several types of geogrids are com-
mercially produced; for example, woven, welded or extrud-
ed geogrids. Also, according to the geometric shape of the 
openings, geogrids can be divided into three categories: 
uniaxial, biaxial, or triaxial. Also, from the point of view of 
flexibility, geogrids may be flexible or rigid.

Geogrids have a great impact on the stress-strain be-
havior of reinforced soil due to the confinement in the soil. 
As a result, reinforced soil structures have better stabil-
ity than non-reinforced soils. Geogrids increase the shear 
strength of the soil and preventing the lateral expansion 
of the soil. Geogrid layers strengthen the soil mass due to 
their high resistance to tensile and shear forces. The better 
the bond and interlocking between the granular soil and 
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the geogrid, the better the performance of the geogrid in 
the soil mass. Two failure mechanisms are considered for 
the geogrid in the reinforced soil mass; pull-out failure 
and sliding along the geogrid-soil interface (Palmeria & 
Milligan, 1989). The load bearing capacity of reinforcement 
for pullout is measured using the pull-out test. This test 
can be done using a physical model in a small scale in the 
laboratory or a real scale in the field (Farrag et al., 1993). 
In the pullout test, a geogrid layer between two soil layers 
is pulled out by a horizontal force. The pullout resistance, 
which represents the degree of interlocking between the 
geogrid and the soil, is the maximum force required to 
pull the geogrid out of the soil mass.

By using the pullout test, many researchers have stud-
ied the interaction between the geogrid and the surround-
ing soil (Lopes & Ladeira, 1996; Ochiai et al., 1996; Chang 
et al., 2000; Sugimoto et al., 2001; Palmeira, 2004; Moraci 
& Gioffrè, 2006; Moraci & Recalcati, 2006; Sieira et al., 
2009; Palmeira, 2009; Horpibulsuk & Niramitkornburee, 
2010; Ezzein & Bathurst, 2014; Chen et al., 2014; Prashanth 
et al., 2016; Cardile et al., 2017, 2021; Suksiripattanapong 
et al., 2020; Ferreira et al., 2020; Sharbaf & Ghafoori, 2021; 
Park et al., 2021; Alimohammadi et al., 2021).

The failure caused by sliding is highly dependent on 
the shear strength of the soil-geogrid interface, which can 
be evaluated using a large-scale direct shear test (Praveen 
& Kurre, 2021; Lakirouhani et al., 2023) or triaxial test 
(Skuodis et al., 2020). In the direct shear test, a geogrid 
layer is placed on the soil layer inside the lower shear box 
and at the interface between the two shear boxes. Then, 
under a constant normal stress applied to the specimen, a 
shear displacement or shear stress is applied to the lower 
shear box so that slip occurs along the interface. For each 
test, the shear stress versus shear displacement can be 
recorded and from this curve, the peak shear stress can 
be obtained as the shear strength of the sample under a 
certain normal stress. By repeating the test for three dif-
ferent normal stresses, it is possible to obtain the Mohr 
Coulomb failure envelope for the sample.

The decrease or increase in the shear strength of the 
soil-geogrid interface is shown using the α parameter. α is 
the ratio of the shear strength of the soil-geogrid interface 
to the shear strength of unreinforced soil (pure soil) and 
is referred to as the interface shear strength coefficient 
(Liu et al., 2009a; Indraratna et al., 2012; Sakleshpur et al., 
2019). If α is more than one from the results of direct 
shear tests, it indicates the positive effect of geogrid in 
the reinforced soil mass system, and if α is less than one, 
it indicates the lack of sufficient interlocking between soil 
particles and geogrid (Indraratna et al., 2012; Sakleshpur 
et al., 2019). Friction between soil and geogrid depends on 
various factors, including particle size, granularity, mois-
ture content, geogrid mesh size, and soil relative density. 
The studies conducted by Liu et al. (2009a) using a direct 
shear test apparatus on different polyester yarn geogrid 
reinforced soils showed that the α ratio is between 0.89 

and 1.01. Other tests carried out using polypropylene 
geogrid on fine sand and gravelly soils determined α be-
tween 0.94 and 1.12 (Cancelli et al., 1992; Abu-Farsakh & 
Coronel, 2006; Abu-Farsakh et al., 2007). Xu et al. (2018) 
investigated the effect of scalping on the shear strength 
of crusher run using large-scale laboratory direct shear 
box tests and found that scalping significantly reduces 
the shear strength of the interface between the crusher 
run and the geogrid, so that in this case α decreases and 
changes between 0.76 and 0.94, meanwhile, Sweta and 
Hussaini (2018) obtained the interface efficiency factor (α) 
between 0.83 and 1.06 by conducting large-scale direct 
shear tests on the railway ballast.

The interface shear strength of the soil against the 
geotextile or geomembrane is only caused by the friction 
between the soil and the geosynthetic, because the soil 
particles are not trapped inside the small openings of the 
geosynthetic, but the shear resistance at the geogrid-soil 
interface is more complex and depends on various fac-
tors. Part of the shear resistance is caused by the friction 
between the granular soil and the surfaces of the geogrid 
ribs. The second part of the shear strength is caused by 
the internal shear strength of the soil, within the open ar-
eas of the geogrid, and the third part of the shear resis-
tance at the soil-geogrid interface is caused by the passive 
resistance between the soil and the transverse ribs of the 
geogrid (Berg et al., 2009; Liu et al., 2009b). The first and 
second mechanisms mentioned above have been evalu-
ated by researchers such as Alfaro et al. (1995) and Tatlisoz 
et al. (1998). On the other hand, although so far, it has 
been determined in the pull out test that the contribution 
of the transverse ribs of the geogrid in the passive re-
sistance of the soil-geogrid interface is significant (Jewell, 
1990; Bergado et al., 1993; Palmeira, 2004), but the effect 
of the transverse ribs in the direct shear test is disputed. 
For instance, M. J. Lopes and M. L. Lopes (1999) stated 
that the contribution of passive resistance provided by the 
geogrid openings in the direct shear test is almost negli-
gible, but Bergado et al. (1993) stated that the transverse 
ribs of the geogrid provide significant passive resistance 
at the geogrid-soil interface. The relative density of the 
soil samples also has a great effect on the shear resis-
tance of the soil-geogrid interface, but because limited 
studies have been done in relation to the relative density, 
it is difficult to compare the results of different research-
ers. Mochizuki et al. (2023) investigated the shear zone in 
Japanese sands under CD conditions using an improved 
direct shear device (Mochizuki et al., 2021; Zhussupbekov 
et al., 2020). Using an artificial neural network and data 
sets obtained from a large-scale direct shear test, Hasan-
zadehshooiili et al. (2014) predicted the collapse settle-
ments of sandy gravels.

As stated above, although various studies have been 
conducted on the shear strength of the soil-geogrid in-
terface, however, there are still many uncertainties regard-
ing the effect of the relative dry density of the soil and 
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the size of the geogrid apertures on the resistance of the 
soil-geogrids interface and the passive resistance of the 
transverse ribs. The purpose of this article is to investigate 
the effect of the relative dry density of granular soil and 
the size of the aperture of the geogrid on the resistance of 
the soil-geogrid interface. In this study, a series of large-
scale direct shear tests are performed using two types of 
granular soil; sand and gravel, and 5 types of geogrids. 
Geogrids have the same material but different size of ap-
ertures. Direct shear tests using a type of geotextile are 
also performed and the results are compared with the re-
sults obtained for unreinforced sand and gravel samples. 
To investigate the effect of relative density, experiments 
have been performed for different relative densities.

2. Testing program, soils and  
geogrids properties
The experiments of this paper were carried out using a 
large-scale direct shear apparatus with a 30 cm × 30 cm × 
15 cm shear box (Figure 1), so that the shearing area was 
0.09 m2. As regulated in ASTM D5321 (ASTM Internation-
al, 2021), to check the resistance of the soil-geosynthetic 
interface, the dimensions of the shear box should be at 
least 30 cm × 30 cm. Two different soils were used in the 
experiments, sand and gravel, Figure 2 shows their grain 
size distribution curves, while Table 1 shows their physical 
characteristics. The sand and gravel used are classified as 
SP and GP, respectively, according to the Unified Soil Clas-
sification System (USCS). In this study, 5 geogrids with the 
same material but different mesh sizes and one geotex-
tile are used. Geogrids are denoted as Gr1, Gr2, Gr3, Gr4 
and Gr5 respectively and the geotextile is named Gte. The 
specifications of geogrid Gr1, which is of ForTex 80/30™ 
type, are given in Table 2. ForTex geogrids™ is made PVC 
coated high tenacity polyester by knit woven technol-
ogy. Geogrid Gr1 has a mesh size of 2.5 cm × 2.5 cm and 
other geogrids are produced by removing some of the 
longitudinal and transverse ribs of geogrid Gr1. Figure 3 
schematically shows geogrids, in this figure the percent of 
open area of geogrids is also specified (r), r is the ratio of 
the opening area to the total area of the geogrid. The geo-
textile used in the experiments is woven with a weight of 
250 g/m2. For a better comparison of the results, the direct 
shear test with the same previous method and the same 
normal stress was also performed on pure sand and pure 
gravel. The soil used in the direct shear tests is compacted 
in three layers in the shear box, according to its dry unit 
weight. Sand compaction in the shear box is done using a 
standard proctor hammer at the optimum water content 
(12.60%) and gravel compaction is done using a plastic 
hammer at the optimum water content (0.8%).

This study attempts to show the effect of relative dry 
density (Dr) on soil/geogrid interface resistance, so tests 
are carried out on sand samples for three different rela-
tive densities of 40%, 55% and 70%, but the tests of gravel 
samples are only done for a relative density of 70%.

Thus, for a certain relative density, the weight of each 
sample can be obtained according to Eqn (1):

( )
( )
max min

max min
100,d d d

r
d d d

D
g g g

g g g

−
= ×

−
  (1)

where Dr is the relative density, gd max is dry unit weight in 
the densest condition (at a void ratio of emin), gd min is dry 
unit weight in the loosest condition (at a void ratio emax) 
and gd is in situ dry unit weight at a void ratio of e.

The geogrid or geotextile layer is spread on top of the 
lower shear box and fixed in place by special fasteners. 
Tests are performed under three normal stresses 100 kPa, 
200 kPa and 300 kPa. After applying the vertical load, the 
sample is shear with a constant displacement rate at speed 
1 mm/min (ASTM International, 2021). It should be noted 
that shear displacement is not applied until the vertical 
displacement reaches equilibrium. The shearing of the 
sample continues until the shear displacement reaches 
about 40 mm. During sample shearing, shear stress, shear 
displacement and vertical displacement of the sample are 
recorded and the peak (maximum) shear stress is consid-
ered as the shear strength of the sample. Figure 4 shows 
the gravel-geogrid, sand-geogrid and sand-geotextile in-
terface on top of the lower shear box.

Figure 1. Large scale direct shear test device

Figure 2. Aggregate gradation curves
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3. Results obtained for pure  
sand and gravel
In this section, the results of direct shear tests conducted 
on pure soil samples are presented. The results are given 
in Figures 5 to 8. Figures 5 to 7 show shear stress and ver-
tical displacement versus shear displacement for pure sand 

with different relative densities. As can be seen, the stress-
strain curves have a peak and the peak stress increased 
with the increase of the normal stress. Also, by increas-
ing the dry relative density, the strength of the samples 
increases. The displacement corresponding to the peak 

Figure 3. Geogrids with different mesh sizes relative to the 
shear direction Figure 4. Reinforcement of samples with geogrid and geotextile: 

a – Gravel with geogrid Gr1; b – Sand with geogrid Gr5;  
c – Sand and geotextile

Table 1. Soils physical characteristics

Parameter Symbol Unit
Soil type

Sand Gravel

Optimum moisture content wopt % 12.6 0.8
Maximum dry unit weight gd max kg/m3 1870 1810
Minimum dry unit weight gd min kg/m3 1660 1570
Specific gravity Gs --- 2.69 2.84
Coefficient of gradation Cc --- 0.99 1.01
Uniformity coefficient Cu --- 6.18 1.92
Diameter through which 10% of the total soil mass is passing D10 mm 0.39 7.67
Diameter through which 30% of the total soil mass is passing D30 mm 0.96 10.72
Diameter through which 50% of the total soil mass is passing D50 mm 1.76 13.23
Diameter through which 60% of the total soil mass is passing D60 mm 2.40 14.74
Classification (USCS) SP GP

Table 2. Characteristics of ForTEX 80/30 Polyester Geogrids™

Specifications Unit Longitudinal Ribs Transverse Ribs

Tensile strength kN/m 80 30

Elongation at 
failure

% 15 15

Aperture size mm 25.4 25.4
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Figure 5. a – Shear stress-horizontal displacements; b – Vertical displacement-horizontal displacement, pure sand (Dr = 40%)

Figure 6. a – Shear stress-horizontal displacements; b – Vertical displacement-horizontal displacement, pure sand (Dr = 55%)

Figure 7. a – Shear stress-horizontal displacements; b – Vertical displacement-horizontal displacement, pure sand (Dr = 70%)
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stress is between 8 mm and 14 mm and with the increase 
of the normal stress, the displacement at the location of 
peak stress has increased. The shearing behavior of gravel 
is different from that of sand, and in gravel samples, the 
maximum shear strength occurs at larger shear displace-
ments (Figure 8). The shear strength of gravel samples is 
significantly higher than sand samples. The rate of reduc-
tion of shear stress against shear displacement is lower for 
gravel samples than for sand. In the figures, it can be seen 
that all the samples have a reduction in volume at first, 
and then they undergo dilation due to their high relative 
density. As the normal stress increases, the increase in the 
final vertical displacement of the sample decreases, and 
the increase in the vertical displacement of gravel samples 
is more than the sand sample. In Figure 9, the peak shear 
stress versus normal stress for each series of samples is 
given, also in this figure, the Mohr Coulomb shear failure 
envelope (best fitted straight line) for different relative 
densities is shown.

4. Results obtained for the shear strength 
of the soil-geotextile interface
Figures 10 to 14 illustrate the results obtained for soil/geo-
textile interface strength and comparison with pure sand 
and pure gravel. In these figures, it can be seen that the 
shear behavior of the soil sample reinforced with geotex-
tile is completely different from the shear behavior of pure 
sand or pure gravel.

First, the shear stress-shear displacement curves of the 
sand-geotextile interface have an initial peak, and then 
the shear behavior becomes strain hardening. Due to the 
lack of interlocking between sand particles on the shear 
surface, in some cases, the peak in the shear behavior 
of the sample reinforced with geotextile is not observed. 
Secondly, the peak shear strength of sand-geotextile is 
significantly lower than that of pure sand, although the 
residual strengths of the reinforced sand sample and pure 
sand approach each other (Figures 10 to 12). As well as, 
the shear stiffness of samples reinforced with geotextile 
(slope of initial portion of the shear stress/shear displace-
ment curve) is lower than that of pure samples. The de-
crease in the shear stiffness of the sample is the result 
of the sand grains sliding on the surface of the geogrid. 
It can be seen that under normal stress 100 kPa, the re-
sidual strength of the sample reinforced with geotextile 
becomes the same as the residual strength of pure sand 
(Figures 11 to 13), but as the normal stress increases, the 
difference between the residual strengths increases. In the 
plots of vertical displacement versus shear displacement, 
it can be seen that initially the reinforced sand sample has 
a greater decrease in volume than pure sand, but in large 
horizontal displacements, its expansion is less than pure 
sand, in other words, the geogrid layer at the interface of 
two shear boxes causes less expansion of the sample dur-
ing shearing. Similar behavior can be seen for reinforced 
gravel samples (Figure 13).

Figure 9. Peak shear stress versus normal stress
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Figure 11. a – Shear stress-horizontal displacements; b – Vertical displacement-horizontal displacement.  
Comparison between pure sand and sand/geotextile interface (Dr = 55%)

Figure 12. a – Shear stress-horizontal displacements; b – vertical displacement-horizontal displacement.  
Comparison between pure sand and sand/geotextile interface (Dr = 70%)

Figure 13. a – Shear stress-horizontal displacements; b – Vertical displacement-horizontal displacement.  
Comparison between pure gravel and gravel/geotextile interface (Dr = 70%)
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Figure 14 shows the peak shear stress versus normal 
stress, the highest strength is for pure gravel with a rela-
tive density 70%, followed by pure sand with a relative 
density of 70%, 55%, and 40%, respectively. Another result 
obtained from Figure 14 is that the difference in shear 
strength of sand samples reinforced with geotextile with 
different relative densities is insignificant, although it was 
seen in Figure 9 that pure sands with higher relative den-
sity had higher shear strength. But the resistance of the 
gravel/geotextile interface is higher than the shear resis-
tance of the sand/geotextile interface with the same rela-
tive density, this indicates that the thickness of the shear 
zone, which affects the shear strength of the sample, in-
creases with the increase in the grain size.

5. Results obtained for the shear strength 
of the soil-geogrid interface
Next, direct shear tests are performed on samples of gran-
ular soil reinforced with 5 geogrids with different mesh 
sizes, and the results obtained are compared with the pre-
vious results obtained on pure soil and soil reinforced with 
geotextile. The results of these tests are given in Figures 
15 to 18. Figures 15 to 17 are respectively for sand with 
a relative density of 40%, 55% and 70%, and Figure 18 is 
for gravel with a relative density of 70%. In each of these 
figures, there are 5 sub-figures, each sub-figure shows the 
results obtained for one of the geogrids, and the name of 
each geogrid is indicated on the figure.

As can be seen, the shear stress-shear displacement 
behavior of sand-geogrid interface is different from the 
behavior of pure sand and sand-geotextile interface. In 
other words, the sand-geogrid interface undergoes yield-
ing after the initial peak, while the yield shear stress is 
slightly lower than the peak stress. After that, the shear 
stress of the sand-geogrid interface increases slowly and 
approaches the pure sand peak shear stress in large shear 

displacements. The shear displacement at yield stress is 
similar to the shear displacement at peak stress for pure 
sand. An important result obtained from the comparison 
made in this section is that, at the sand-geogrid interface, 
the shear resistance of the sand particles across the open-
ings, as well as the resistance between the sand and the 
surfaces of the geogrid ribs, are active in small shear dis-
placements; meanwhile, passive resistances of transverse 
ribs are activated in large shear displacements. Figures 15 
to 17 illustrate that the highest shear strength is for pure 
sand and the lowest shear strength occurs at the sand-
geotextile interface and the shear strength of the sand-
geogrid interface is between these two values. The initial 
slope of the shear stress versus shear displacement curve, 
known as the shear stiffness, for the sand-geogrid inter-
face is similar to that of pure sand, but the shear stiffness 
of the sand-geotextile interface is lower than them.

But for brevity, only a series of curves of vertical dis-
placement versus shear displacement are given. Figure 19 
shows vertical displacement versus shear displacement 
for pure sand, sand-geogrid Gr1 interface, and geotextile-
reinforced sand. The vertical displacement versus shear 
displacement curves of the sand/geogrid interface are 
between the vertical displacement curves of pure sand 
and sand/geotextile. At first, the reduction in volume of 
geogrid-reinforced samples is more than that of pure sand 
and less than that of geotextile-reinforced sand, but then 
their dilation becomes greater than that of geotextile-re-
inforced sand and less than that of pure sand.

6. Discussion on the effect of geogrid 
aperture size using interface shear  
strength coefficient α
In this section, using the shear strength coefficient of the 
interface that was mentioned earlier in the introduction, 
the effect of the passive resistance of the transverse ribs 
of the geogrid, the size of the opening of the geogrid and 
also the relative density on the strength of the reinforced 
samples is investigated. The shear strength coefficient of 
the interface is defined as in Tatlisoz et al. (1998):

soil Geosynthetic

soil


a


−= .  (2)

Interface shear strength coefficient is equal to the ratio 
of the maximum shear strength of the soil-geosynthetic 
interface to the maximum shear strength of pure sand/
gravel. α for all direct shear tests performed on sand and 
gravel samples reinforced with geotextile and geogrid and 
for normal stresses 100 kPa, 200 kPa and 300 kPa, and 
geogrids Gr1, Gr2, Gr3, Gr4 and Gr5 and different relative 
densities is obtained. The results are illustrated in Figures 
20 and 21. Figure 20 shows α values for different normal 
stresses and in Figure 21, the average α for three normal 
stresses is given. Figure 20 is only for peak stress and Fig-
ure 21 is for both peak stress and yield stress.

Figure 14. Peak shear stress versus normal stress
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Figure 15. Shear stress versus horizontal displacements: pure sand, sand/geotextile, sand-geogrid (Dr = 40%)
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Figure 16. Shear stress versus horizontal displacements: pure sand, sand/geotextile, sand-geogrid (Dr = 55%)
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Figure 17. Shear stress versus horizontal displacements: pure sand, sand/geotextile, sand-geogrid (Dr = 70%)
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Figure 18. Shear stress versus horizontal displacements: pure gravel, gravel/geotextile, gravel-geogrid (Dr = 70%)
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Figure 19. Vertical displacement versus horizontal displacement (Dr = 40%)

According to Figure 21, the average shear strength 
coefficient of the granular soil/geotextile interface is be-
tween 0.6 and 0.73. In other words, the lowest α value 
at the soil-geotextile interface occurs for sand/geotextile 
interface with a relative density of Dr = 70% under normal 
stress σn = 200 kPa, in this case α = 0.53, this means that 
in this case the shear strength of the sand/geotextile inter-
face decreases to about 50% of the shear strength of pure 

sand. The highest value of a is obtained at the gravel/
geotextile interface with a relative density of Dr = 70% 
and under normal stress σn = 100 kPa with a value of α = 
0.82. Similar values have been reported by other research-
ers studying the sand-geotextile interface, for instance, Liu 
et al. (2009b) found α coefficients between 0.7 and 0.8 at 
the sand/geotextile interface.

V
er

ti
ca

l 
di

sp
la

ce
m

en
t

 

(m
m

)

Horizontal displacement (mm) 

0 5 10 15 20 25 30 35
–1.0

–0.5

0.0

0.5

1.0

1.5

2.0

Gr1

 

sn = 100 kPa, Pure sand

sn = 200 kPa, Pure sand

sn = 300 kPa, Pure sand

sn = 100 kPa, Sand/Geogrid

sn = 200 kPa, Sand/Geogrid

sn = 300 kPa, Sand/Geogrid

sn = 100 kPa, Sand/Geotextile

sn = 200 kPa, Sand/Geotextile

sn = 300 kPa, Sand/Geotextile
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The coefficient of shear strength, α, obtained at the 
soil/geogrid interface is higher than the α coefficient at 
the soil/geotextile interface under the same conditions. 
This is because the interlocking of soil particles above and 
below the geogrid is allowed within geogrid openings, and 
of course, the contribution of the transverse ribs of the 
geogrid to the shear resistance is also significant. But in 
these cases, α is still less than 1, except for three cases 
in which α becomes one or slightly more than one. An 
important result obtained from Figure 21 is that in sands, 
the resistance of the sand/geogrid interface or sand/geo-
textile interface decreases with increasing relative density, 
this result is valid for all geogrid types with different mesh 
sizes. In other words, the higher the relative density of 
the sand, or the denser it is, the greater the reduction in 
shear strength at the interface, or, the looser the sand, 
the less the shear strength of the sand/geogrid interface 
decreases compared to pure sand. This result shows the 
significant effect of shear zone on the shear strength of 
granular soil samples. Among the 5 types of geogrids, the 
largest value of the shear strength coefficient (α) was ob-
tained at the interface between sand and geogrid Gr4. This 
is because, as seen in Figure 3, geogrid Gr4 has the largest 
mesh dimensions and the highest percent of open area 
(ρ), therefore, the contribution of sand particle interlocking 
in the shear strength for this geogrid is more than other 
geogrids.

Figures 20 and 21 illustrate that as the dimensions of 
the geogrid mesh become larger, especially in the shear 
direction, the α ratio increases. The largest α coefficient 
is obtained for the sand/geogrid Gr4 interface, followed 
by the sand/geogrid Gr1 and sand/geogrid Gr2 interfaces, 
and the smallest α coefficient is obtained for the sand/
geogrid Gr3 and sand/geogrid Gr5 interface. The α ratio at 
the interface between sand and geogrid Gr4 is 1.01, under 
normal stress σn = 300 kPa, and at the interface between 

sand and geogrid Gr1, under normal stress σn = 100 kPa, it 
is 1.04 and at the interface between sand and geogrid Gr2, 
it is 1.00 under normal stress σn = 300 kPa. The average 
shear strength coefficient is between 0.85 and 0.93 at the 
interface between gravel and geogrid, so that it is 0.93 at 
the interface between gravel and geogrid Gr4 and 0.85 at 
the interface between gravel and geogrid Gr3. The aver-
age coefficient of shear strength at the interface between 
gravel and geotextile is 0.73.

As mentioned earlier in the introduction, the resistance 
of the granular soil/geogrid interface is caused by three 
components: a) internal shear resistance of sand particles 
within the open areas of the geogrid, b) shear resistance 
between the sand and the surfaces of the geogrid ribs, 
and c) passive resistance between the soil and the trans-
verse ribs of the geogrid. The results of the experiments 
conducted in this article showed that the largest contribu-
tion to the shear resistance of the sand/geogrid interface 
is caused by the first component, i.e., the internal shear 
resistance of the sand particles within the open areas of 
the geogrid. In Figure 21, it can also be seen that the α 
obtained based on the yield stress is slightly lower than 
the α obtained from the peak stress, because as seen in 
the shear stress-shear displacement curves, the yield stress 
was lower than the peak stress. The values obtained for α 
are close to the values obtained by other researchers. For 
example, Liu et al. (2009a) conducted conventional direct 
shear tests and found that α at the interface between Ot-
tawa sand and woven polyester yarn geogrid was in the 
range of 0.89 to 1.01. Or in another case, Cancelli et al. 
(1992) obtained the shear resistance coefficient between 
1.04 and 1.12 at the interface of fine-grained sand with 
polypropylene and high-density polyethylene geogrids. 
While Abu-Farsakh et al. (2007) obtained α coefficient be-
tween 0.9 and 1.05 at the sand/polyethylene geogrid in-
terface and for different moisture contents of the samples. 
The shear strength coefficient at the interface between 
crusher run and geogrid is greatly reduced and is between 
0.76 and 0.94 (Xu et al., 2018), while at the interface be-
tween railway ballast and geogrid it is between 0.86 and 
1.06 (Sweta & Hussaini, 2018). In short, the shear strength 
coefficient at the granular soil/geogrid interface depends 
on various parameters such as geogrid mesh size, geogrid 
transverse rib spacing, geogrid thickness, sand grading, 
sample moisture content, and test conditions.

7. Conclusions
This article presented the results of direct shear tests per-
formed on sand and gravel samples reinforced with ge-
ogrid and geotextile. The focus of this article has been 
on the effect of the size of the geogrid openings and the 
relative density of the samples on the shear strength of 
the interface, as well as the investigation of the shear be-
havior of the reinforced samples. According to the results 
obtained:

Figure 21. Average interface shear strength coefficient  
for samples with different relative densities
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1. The shear behavior of sand samples reinforced with 
geogrid is different from the shear behavior of sand 
samples reinforced with geotextile and pure sand. 
In this way, the shear stress-displacement curve 
for pure sand samples has a peak, and due to the 
complete interlocking between the sand particles on 
the shear surface, the difference between the peak 
stress and the residual stress is relatively large. How-
ever, in samples reinforced with geogrid, part of the 
interlocking between soil particles is removed due to 
the longitudinal and transverse ribs of the geogrid, 
and for this reason their peak strength is lower than 
that of pure sand. In the curve of shear stress versus 
shear displacement for sand reinforced with geogrid, 
the yield point is observed after the peak stress. Ge-
otextile-reinforced sand samples do not have inter-
locking at the interface, consequently, the resistance 
of these samples is lower than pure sand samples 
and sand samples reinforced with geogrid.

2. The shear stiffness of pure sand is higher than sand 
reinforced with geogrid, and the shear stiffness of 
sand reinforced with geogrid is higher than sand 
reinforced with geotextile.

3. The average shear strength coefficient for sand and 
gravel samples reinforced with geotextile, for differ-
ent relative densities, is between 0.6 and 0.73, while 
its lowest value is 0.53, this means that in samples 
reinforced with geotextiles, the shear resistance of 
the interface decreases to about 50% of the shear 
resistance of pure sand.

4. The average shear strength coefficient of sand and 
gravel samples reinforced with geogrid for differ-
ent normal stresses and different relative densities 
is between 0.72 and 0.94. As the relative density 
increases, the interface shear strength coefficient 
decreases, this means that the denser the sand, the 
more the shear strength of the sand/geogrid inter-
face decreases.

5. The shear resistance of the interface is caused by 
three components: a) interlocking of sand particles 
within geogrid openings, b) friction between the 
surfaces of geogrid ribs and sand, and c) passive re-
sistance of transverse ribs. Hardening behavior after 
yielding in sand reinforced with geogrid shows that 
passive resistance of transverse ribs is activated in 
large shear deformations.

6. By increasing the size of the geogrid mesh, the in-
terface shear strength coefficient increases. By in-
creasing the size of the geogrid mesh, the interlock-
ing of particles within the openings of the geogrid 
increases and the shear strength of the sample in-
creases, consequently, the contribution of the parti-
cles interlocking in the shear strength of the sample 
is significant. According to the obtained results, the 
highest shear strength coefficient was obtained for 
the sand/geogrid Gr4 interface, the geogrid Gr4 has 
the highest percent of open area.
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