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1 INTRODUCTION  

Geogrid, the most common geosynthetic material, is widely used to reinforce retaining walls, as well as 
subbase or subsoil below roads or structures. Soil pulls apart under tension, while the geogrids are strong 
in tension. This fact allows the bearing capacity and overall stability of soil structures to be enhanced by 
geogrids (Huang & Tatsuoka 1990; Bathurst et al. 2006; Li et al. 2008). As a kind of reinforcement buried 
in the soil mass and gallet, geogrids can not only improve their stability but also reduce their settlement 
(Palmeira 2004). Nowadays, the study on geogrid-soil interface properties is a major research direction. 
By conducting laboratory investigation, such as large-scale direct shear tests and pull-out tests, a large 
number of scholars both home and abroad developed an understanding of interface behaviors of the rein-
forcement layers (Palmeira 2004; Juran et al. 2010). Large-scale direct shear tests and pull-out tests can 
also be carried out to model the practical engineering for determining certain engineering design parame-
ters (Liu & Zhou 2009). 

Moraci and Recalcati (2006) studied on the factors influencing the geogrid-reinforcement effect and 
evaluated the apparent friction, peak and residual pull-out resistance. Yang et al. (2006) investigated on 
influence of different kinds of fills on the interface performances. Moraci and GioffrÈ (2006) presented a 
new theoretical method to measure the peak and the residual pull-out resistance of extruded geogrids em-
bedded in compacted granular soil. Zhang et al. (2008) proposed a new concept of three-dimensional rein-
forcement. Dong et al. (2010) studied on the performance of geogrids with triangular apertures under stat-
ic load. Mosallanezhad (2008; 2016) used a kind of anchoring block with dimensions of 
10mm×10mm×10mm to enhance the geogrids. Ezzein and Bathurst (2014) introduced a new-type pull-
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out box with a transparent glass-bottom and non-contact measurement device. Zhou et al. (2017) con-
ducted pull-out tests of triangular apertures geogrids and rectangular apertures geogrids. In conclusion, 
the frictional characteristics of soil-geogrid interface had been extensively studied. However, the influ-
ence of the opening shape, especially of circular apertures, hadn’t yet been well understood. 

The main purpose of this paper was to analyze the influence of different aperture shapes on geogrid-
soil interaction. The large-scale direct shear test and pull-out test were carried out to demonstrate the dif-
ferences between the circular aperture geogrid and conventional rectangular geogrid. According to the 
shear stress-strain responses, the interface behavior (such as strength and residual pull-out resistance) for 
two types of geogrids could be analyzed. On this basis, the experiments of circular geogrids with different 
mesh size were performed for the further study on the friction characteristics of geogrid-soil interface. 

2 EXPERIMENTAL STUDIES 

2.1 Apparatus and Instrumentation 

2.1.1 Pull-out test 

Figure 1 showed the arrangement of the pull-out test. A cube tank with inner dimensions of 
300mm×300mm×300mm (L×W×H) was fabricated from 5 aluminum plates and 1 transparent Plexiglas 
plate. These thick aluminum plates were rigid enough to avoid leading to large deformation of the tank. 
Through the transparent Plexiglas plate, the displacement of the soil grains could be observed. A slot with 
dimensions of 10mm×280mm was constructed at the middle of the left part to enable the geogrid to be 
pulled out of the box.  

The vertical load was applied on the loading plate by an oil pump-jack. The horizontal pull-out force, 
applied by a motor speed reduction device, was speed-controlled. The pull-out speed of 1mm/min was 
kept avoiding too much influence of the rate of displacement on shear properties. The pull-out displace-
ment was recorded by a resistance displacement sensor which was installed perpendicularly on the profile 
of the clamp. The pull-out force was applied on the geogrid through the clamp. A load cell was screwed 
and fixed behind the rigid aluminum clamp to monitor the pull-out force. 

 
Figure 1. Overall arrangement of pull-out test 

2.1.2 Direct shear test 

Figure 2(a-b) showed front view and vertical view of the large-scale direct shear test respectively. In gen-
eral, the laboratory test apparatus consisted of an upper box with dimensions of 300mm×250mm×150mm 
(L×W×H) and a lower box with dimensions of 300mm×300mm×150mm. The width of the upper box was 
smaller than that of the lower box, aimed to keep a relative constant shear surface area during the tests. 
The vertical load acting on the loading plate was applied by the oil pump-jack. The shear displacement 
was applied on the lower box at a constant speed of 1mm/min. The resistance displacement sensor was 
installed perpendicularly on the left side of the lower box to obtain the actual shear displacement. A high-
rigidity force-sensor was fixed on the right of the upper box not only to constrain its horizontal displace-
ment but also monitor the interactive force (shear force: Fs). Assuming the shear stress (τs) on the soil-
geogrid interface was uniform, the shear stress could be calculated by Eq.(1):  
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   (a) Front view                             (b) Vertical view 

Figure 2. Arrangement of large-scale direct shear test 

2.2 Experimental material 

Geogrids used in the laboratory tests were made of high-density polyethylene (HDPE). The HDPE was 
processed into different shaped geogrids of 3 mm thickness. The geometry was sketched and the dimen-
sion parameters were marked in Figure 3. The values of the dimension parameters were listed in Table 1. 
 

         
(a) Rectangular aperture geogrid            (b) Circular aperture geogrid 

Figure 3. Geometry and dimension parameters of geogrids 

 
Table 1. The dimensions of the geogrids 

Pull-out test B/mm L/mm S/mm t1/mm t2/mm α 

Rectangular aperture 280 450 50 9 9 0.366 

Circular aperture 280 450 
64 4 11 0.371 

48 18 27 0.596 

Direct test B/mm L/mm S/mm t1/mm t2/mm α 

Rectangular aperture 240 270 50 9 9 0.337 

Circular aperture 240 270 
64 12 3 0.366 

48 24 15 0.605 

* Where the effective area ratio:
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The biaxial geogrid (rectangular aperture geogrid) was manufactured through cold drawn technology and 
enhanced with the ultrasonic welded nodes. Two kinds of circular apertures geogrids were handmade us-
ing a simple electric knife to cut out circles from thin HDPE plate. Both type geogrids were made of the 
same materials and almost had the same tensile strength. The main property parameters of the geogrid 
were listed in Table 2.  

 
Table 2. The main properties of the geogrid 

Tensile yield strength 

(kN/m) 

Tensile strength at 2 % strain 

(kN/m) 

Tensile strength at 5% strain 

(kN/m) 
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Figure 4 depicted grain size distribution curve and listed the main property parameters of the standard 
sand. The tests were conducted at a uniform relative density (ID) of 85%. In this test, the relative density 
was controlled by compaction. The relative density could be controlled as long as the mass of the sand 
was weighed correctly, for the volume of the tank box was constant, where the mass (msand) of the sand 
was calculated by the following Eq.(2): 
 

                   (2)
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Figure 4. Grain size distribution curve and main properties 

3 EXPERIMENTAL PROCEDURE AND PROGRAM 

3.1 Pull-out test 

Firstly, the test tank was half filled with clean dry sand. It was noted that the shear surface must be flush 
with the pull-out-slot, which enabled the geogrids to be pulled out smoothly. The width of the geogrid 
was 280mm shorter than the width of the tank, remaining 10mm gap on each side to avoid the influence 
of boundary on the test results. Furthermore, the test tank was filled. After leveling the top-surface of soil 
specimen, the loading plate was centered on the tank. The vertical pressure, acting on the loading plate, 
increased slowly to the needed magnitude to prevent the soil mass failure under sudden high loading. Af-
ter the vertical displacement was stable, the motor speed reduction device started working. The geogrids 
were pulling out at speed of 1mm/min; meanwhile the horizontal displacement and pull-out force (Fp) 
were monitored. Assuming the shear stress (τp) on the soil-geogrid interface was uniform, the shear stress 
could be calculated by Eq.(3):  
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Table 3. Program of the pull-out test 

Number Identifier Geogrid type Vertical pressure (kPa) 

1 R-100 Rectangle 100 

2 R-150 Rectangle 150 

3 R-200 Rectangle 200 

4 C64-100 Circle-64 100 

5 C64-150 Circle-64 150 

6 C64-200 Circle-64 200 

7 C48-100 Circle-48 100 

8 C48-150 Circle-48 150 

9 C48-200 Circle-48 200 

*Where Rectangle represented rectangular aperture geogrid; Circle-64 represented circular aperture geogrid with 

diameter of 64mm; Circle-48 represented circular aperture geogrid with diameter of 48mm. 
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Table 3 summarized the experimental program. Each test must be repeated 3 times at least and the aver-
age values of the good results were finally taken.  

3.2 Direct shear test 

At the beginning, the special steel plate was installed in the lower box. Using epoxy resins, the geogrid 
was bonded to the steel plate. Then, the upper box was putted on the lower box and filled with sand. After 
leveling the top-surface of the filler, the loading plate was centered on the upper box. Similar to the pull-
out test, three kinds of geogrids were prepared. A series of direct shear tests were conducted under differ-
ent vertical pressures. Table 4 summarized the experimental program.  
 
Table 4. Program of the direct test 

Number Identifier Geogrid type Vertical pressure (kPa) 

1 R-100 Rectangle 100 

2 R-200 Rectangle 200 
3 R-300 Rectangle 300 
4 C64-100 Circle-64 100 
5 C64-200 Circle-64 200 
6 C64-300 Circle-64 300 
7 C48-100 Circle-48 100 
8 C48-200 Circle-48 200 
9 C48-300 Circle-48 300 

4 TEST RESULTS AND ANALYSIS 

4.1 Pull-out test 

Figure 5(b-d) showed the comparison of the pull-out stress versus displacement. Obvious non-linear char-
acteristic of the curves was observed. The pull-out stress peak value increased significantly with the in-
crease of vertical pressure. Shear displacement of soil-geogrid interface would cause the soil swelling. 
However, the soil swelling was confined by the surrounding stable soil, which exerted more additional 
normal stress. It was the additional normal stress that caused the increment of pull-out stress. It was much 
in evidence that the higher vertical pressure could cause more normal confinement.  
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(a) Photograph showing complete pull-out test       (b) Vertical pressure of 100kPa 
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(c) Vertical pressure of 150kPa              (d) Vertical pressure of 200kPa 
Figure 5. Pull-out stress versus vertical pressure curves 
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The sequence of pull-out stress peak values from high to low was: Circle-48, Circle-64 and Rectangle. 
Geogrids with higher effective area ratio could contribute more constraining stress on soil, which leaded 
to higher frictional resistance. It was concluded that circular aperture geogrids could contribute higher 
constraining stress, comparing with rectangular aperture geogrids. 

During the pull-out tests, after the peak values of pull-out stress was observed, the corresponding fail-
ure would occur, and the pull-out stress would turn to be the residual values progressively. In the cases, 
pull-out stress would tend to be stable and not be affected by the increase of displacement. The corre-
sponding residual resistances were listed in Table 5. For different types of geogrid, the coefficients of re-
sidual resistance were determined. Coefficients of residual resistance versus vertical pressure curves were 
depicted in Figure 6. Comparing with rectangular aperture geogrid, the higher coefficients of residual re-
sistance were noted in the case of circular aperture geogrids. The maximum were observed in Circle-48. It 
was noted that the coefficients of residual resistance decreased with the vertical pressure increased. 

 
Table 5. Residual resistance at different vertical pressure 

Vertical pressure/kPa 
Geogrid type 

Circle-48 Circle-64 Rectangle 

100 61.6 73.1 90.8 

150 54.0 69.8 83.0 

200 46.2 60.5 69.2 
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Figure 6. Coefficients of residual resistance     Figure 7. Pull-out shear stress versus vertical pressure curve 

* Where the coefficient of residual resistance (η):  2/= ; τ′ is the residual resistance; σ is the vertical pressure. 

Figure 7 represented the liner fitted curves of peak values, obeying Mohr-Coulomb strength criterion. 
Based on the fitted curves, two interface parameters, apparent cohesion (c) and apparent internal friction 
angle (φ) were determined. Table 6 listed the interface parameters of all geogrids. It was found that the 
circular aperture geogrid had relatively higher interface parameters, comparing to rectangular aperture 
geogrid. In addition, almost maximum interface parameters were observed in the case of Circle-48 ge-
ogrid. It was inferred that circular aperture geogrid could contribute more interlock affection. 

 
Table 6. Interface parameters 

Interface property 
Geogrid type 

Circle-48 Circle-64 Rectangle 

c/kPa 38.5 29.0 25.4 
φ/° 14.4 15.8 13.0 

4.2 Direct shear test 

Direct shear test is generally used to model the sliding failure of reinforcement layer, whose mechanism 

is quite different from that of pull-out test. The comparison of shear stress-displacement curves under 

different vertical pressure was showed in Figure 8. There were many differences being observed. 

At the vertical pressure of 100kPa, the sequence of shear stress peak values from high to low was 

Circle-48, Circle-64 and Rectangle. However, almost same value of residual resistances of all the cases 

was observed. It was indicated that geogrids with higher effective area ratio could contribute higher 

frictional resistance, but not contribute higher residual resistance. At the vertical pressure of 200kPa, 

the similar sequence of shear stress peak values was noted too. However the law of the residual re-

sistance looked differently. The C48-200 performed the highest residual resistances, while C64-200 and 
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R-200 performed the almost same residual resistances still. At the vertical pressure of 300kPa, the C48-

300 and C64-300 performed the higher residual resistances than that of R-300. The highest value was 

observed at C48-300. 
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(a) Photograph showing complete pull-out test        (b) Vertical pressure of 100kPa 
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(c) Vertical pressure of 200kPa                (d) Vertical pressure of 300kPa 

Figure 8. Results of the direct shear tests 

Figure 9 represented the liner fitted curves of shear-stress peak values and two interface parameters 

were determined. Table 7 listed the interface parameters of all geogrids. It was found that Circle-48 ge-

ogrid possessed relatively higher interface parameters. In addition, the maximum value of apparent in-

ternal friction angle was observed in Circle-48.  
 
Table 7. Interface parameters 

Interface property 
Geogrid type 

Circle-48 Circle-64 Rectangle 

c/kPa 9.4 8.6 9.7 

φ/° 29.1 28.0 26.2 
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Figure 9. Shear stress versus vertical pressure curve 
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5 CONCLUSION 

This paper presented a series of laboratory investigations on pull-out test and large-scale direct test. The 
results indicated that: 

(a) In pull-out test, circular aperture geogrid exerted higher pull-out stress and residual resistance than 
that rectangular aperture geogrid. Furthermore, geogrids with higher effective area ratio could contribute 
higher pull-out stress as well as residual resistance. 

(b) In direct shear test, geogrids with higher effective area ratio could contribute higher frictional re-
sistance and perform obviously higher residual resistance under relative high vertical pressure. 

(c) In pull-out test, circular aperture geogrid performed higher value of apparent cohesion. Meanwhile, 
in direct shear test, circular aperture geogrid could perform higher value of apparent internal friction an-
gle. It was concluded that circular aperture geogrid could contribute more geogrid-aggregate interlock af-
fection. 

(d) In any case, the circular aperture geogrids preformed higher and more stable residual resistance 
than the biaxial geogrids. 
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