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1 INTRODUCTION 

Various types of geogrid are widely used and contribute the 
improvement of stability of soil structures. Seismic stability of 
geogrid reinforced soil wall is known to be very high as 
compared with other conventional type retaining walls. For 
example, the geogrid reinforced soil wall did not collapse, and 
their deformation was limited in Hyogo-ken-nambu earthquake 
in 1995(Tatsuoka, et al, 1996), although the seismic intensity 
was much higher than the design value. Therefore, an 
appropriate evaluation of seismic stability, which takes account 
of deformation, is needed now. As a reinforced embankment is a 
composite structure of soil and geogrid, effects of geogrid 
properties should be considered in evaluating stability of 
embankment. It was recognized that among geogrid properties, 
pullout characteristics are important for designing geogrid-
reinforced soil structures. So it should be investigated how 
pullout characteristics are affected by material properties or 
shapes of geogrid. In this paper, stiffness of geogrid is focused. 

Pseudo-static method is widely used in the seismic stability 
analysis of the reinforced soil wall. In this method, seismic force 
was considered as the static horizontal force. Therefore, it is 
necessary to examine how the pseudo-static method can 
represent for the actual behavior of reinforced soil wall during 
earthquake.  

In this study, centrifuge model tests were conducted to 
investigate the effects of geogrid properties on seismic stability 
of reinforced embankment. In this test, two types of centrifuge 
tests were carried out. One was the centrifuge tilting table test 
simulating the pseudo-static method, and the other was the 
centrifuge shaking table test. Geogrid properties were 
investigated by tensile tests and pullout tests.  

2 CENTRIFUGE MODEL TEST 

2.1 Model geogrid 

From the past study (Izawa et al., 2001), it is recognized that the 
pullout characteristics are affected much by the shape and 
stiffness of geogrid.  As the stiffness of geogrid was focused in 
this study, vinyl chloride and polycarbonate were used as the 
materials of geogrid to change the tensile stiffness. Figure 1 is 
the schematic view of the standard type of model geogrid used in 
a series of tests. Figure2 shows the relationships between tensile 
stress and tensile strain of model geogrids obtained from the 
tensile tests. The stiffness of C-Type, which was made of 

polycarbonate, was higher than V-Type. Table1 summarizes the 
shape of model geogrid. 

Pullout tests of these model geogrid were carried out under 
the respective vertical stresses of 10, 15, 20kPa(Izawa et al, 
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Table 1. Properties of model geogrid 
  V C 

Thickness (mm) 0.5 0.5 
Width of transverse rib (mm) 5 5 

Width of longitudinal rib (mm) 5 5

Pitch between transverse ribs (mm) 30 30 
Pitch between longitudinal ribs (mm) 16.25 16.25 

Tensile strength (kN/m) 0.663 7.01 

Tensile strain at rapture (%) 24.8 4.81 

Modulus of elasticity (kN/m) 2.38 190 
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Figure2 Relationships between tensile stress and tensile strain

Figure1 Schematic view of model geogrid 
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2002). Figure3 shows the relationships between pullout resis-
tance and pullout displacement under v=20kPa. The peak pull-
out resistances are plotted in Figure4 against the vertical stresses.
Strength parameters, cp and p, were determined from the ap-
proximate straight lines shown in Figure4. Values of cp, p and
the friction angle ratio, tan p/tan , are summarized in Table2,
where is the internal friction angle of Toyoura sand (D50=0.19,
Uc=1.56) and 42° for the density, Dr=80%, of the model ground
in this study. The friction angle p of C-Type was almost twice
as large as that of V-Type.

2.2 Outline of the centrifuge model test

Configurations of model reinforced soil walls were almost the
same for two series of centrifuge tests except the lateral
boundaries. Centrifugal acceleration was 50G for all of test.
Model setups used for the tilting table tests and the shaking table
tests are shown in Figure 5 and 6 respectively. The model
embankment was made with Toyoura-sand by air pluviation to
achieve the relative density of 80%. The height of the model
wall was 150mm and 7.5m in the prototype scale. Five layers of
90mm long geogrids were laid in the embankment at 30mm
interval. Five pieces of aluminum plates were used as facing
panel and one geogrid was attached to one plate. In the
centrifuge tests, displacements were measured by displacement

transducers as shown in Figure 5 and 6. Pre-failure deformations
were also observed from digital images obtained from CCDTV
camera. Displacements of targets, which were put on the front of
the model ground, were determined from the digital image
processing.

2.2.1 Centrifuge tilting table test
In the tilting table tests, the model embankments were tilted at a
rate of 1.0 degree/min up to the maximum tilting angle of 20 .
Centrifuge acceleration was increased for the supplement of
decreasing in vertical acceleration to the model caused by tilting.

Table2. p , cp and tan p/tan

p (°) cp (kPa) tan p / tan
V-Type 11.3 1.12 0.222
C-Type 21.4 0.591 0.435
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Figure4 Relationships between pullout strength and vertical stress
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Figure3 Relationships between pullout resistance and
pullout displacement
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Figrure6 Model embankment (Shaking table test)
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Figrure5 Model embankment (Tilting table test)
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Figrure7 Time histories of input acceleration

Table4 Applied waves in the test
Amplitude

(G)
Tilting angle

(deg.)
Frequency

(Hz)
Number
of waves

1st 6 6.84 (kh=0.12) 100 20
2nd 11 12.4 (kh=0.22) 100 20
3rd 17 18.8 (kh=0.34) 100 20
4th 17 18.8 (kh=0.34) 100 40
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2.2.2 Centrifuge shaking table test 
The shaking table tests were carried out at the centrifugal 
acceleration of 50G and sinusoidal waves with a frequency of 
100Hz, which is equivalent to 2Hz in the prototype scale, were 
applied to the model embankment. Four waves with different 
conditions as shown in Table3 were input. Typical time histories 
of the input sinusoidal waves are shown in Figure 7. For the V-
type, test was stopped after the third shaking, as the embankment 
collapsed during the 3rd shaking.  

3 RESULT OF THE CENTRIFUGE TESTS 

3.1 Tilting table test 

Figure8 shows settlements of the embankment at 3.0mm from 
the facing with increasing tilting angle. Strain was calculated 
from the coordinates of targets, which obtained from the digital 
images and distributions of strain of the embankment were de-
termined. Figure9 and 10 show the distributions of horizontal 
strain in each case.  

Settlement of V-Type started to increase very rapidly at the 
tiling angle of 4.0° and the embankment collapsed at about 6.3°.
Figure9 shows the distributions of horizontal strain h in V-Type 
model at the tilting angle of 3.0°, 4.0°, 4.8°. Strain concentration 
started from toe of slope at the tilting angle of 3.0° and devel-
oped rapidly toward upper right. As a result, sliding surface was 
clearly induced passing through the reinforced area and em-
bankment collapsed at the small tilting angle. 

The C-Type model embankment did not collapse even at the 
maximum tilting angle of 20°.In the case of C-Type model, 

tensile of the geogrid stiffness was much higher than that of V-
Type. Distributions of horizontal strain at the tilting angle of 10°,
15°, 18.0°, were shown in Figure10. Though the horizontal strain 
increased with tilting gradually, obvious strain concentration did 
not occur and sliding surface was not observed even at the tilting 
angle of 18.0°.

If the embankment is reinforced with the soft geogrid, strain 
concentrates and sliding surface appears. That is to say, deforma-
tion of reinforced area cannot be restricted. Once concentration 
deformation in embankment started, soil wall collapsed catastro-
phically. On the other hand, deformation of reinforced area can 
be restricted by using the stiff geogrid. The embankment of C-
Type showed very high stability against the horizontal force. 

3.2 Shaking table test 

Figure11 shows variation of acceleration amplification for 3 
model embankments. In V-Type, acceleration at the top of 
embankment decreased rapidly after the 1st shake. In C-Type, 
acceleration at the top of embankment was very large and the 
acceleration response of A21 reached about 40G (0.8G in 
prototype).  

Figure12 shows time history of settlements at 3.0mm from the 
facing at the each shaking step. The settlement gradually accu-
mulated with shaking. After the shaking, settlement did not in-
crease and the reinforced soil wall became stable again by the ef-
fect of geogrid. Therefore, model embankment did not collapse 
even at the same horizontal load as in the tilting table test and 
collapsed at the seismic coefficient of 0.41 (equivalent to the tilt-
ing angle = 18.8°) in the case of V-type model tests. 

Figures13 and 14 show the distribution of horizontal strain at 
each shaking step in the respective test cases. In the V-Type, al-
most the same distribution of horizontal strain was observed and 
the sliding surface was clearly induced passing through the rein-
forced area. In the case of C-Type, concentration of strain was 
not obvious in the reinforced area where the deformation oc-
curred rather uniformly. Distribution of horizontal strain at 4th 
shaking is denoted in Figure 15. Deformation was concentrated 
and sliding surface was recognized at the upper part of the em-
bankment. It was pointed out above that acceleration at the top 
of embankment was very large in the case of C-Type. Therefore, 
if the embankment is reinforced with the stiff geogrid, the upper 
part of embankment is relatively unstable as compared with the 
toe because of the acceleration response. Acceleration response 
is affected by the stiffness of geogrid and it is necessary to con-

a) = 5.0° b) = 10.0° c) = 18.0° 

Figrure10 Distributions of horizontal strain h of C-Type (Tilting table test) 
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Figrure8 Settlement at 30mm from panel 
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Figrure9 Distributions of horizontal strain h of V-Type (Tilting table test)
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sider the characteristics of acceleration response in stability 
analysis. 

4 CONCLUSIONS 

In this study, two series of centrifuge model tests were con-
ducted to investigate the effects of geogrid properties on seismic 
stability of reinforced soil wall. The conclusions obtained in this 
study are shown below. 

1. When the embankment was reinforced with the soft geogrid, 
strain concentration occurred and sliding surface appeared. 
Because deformation of reinforced area was not restricted 
and strain concentrated, the reinforced soil wall collapses at 
the low seismic load. 

2. When the tensile stiffness of geogrid was high, deformation 
of reinforced area was limited and high seismic stability 
could be obtained. 

3. In the centrifuge tilting table test, which simulates the 
pseudo-static method, horizontal force was loaded 
uniformly along the height and for long period. Therefore, 
the reinforced soil wall collapsed at the relatively low 
horizontal load as compared with the results of the shaking 
table tests. 

4. In the shaking table test, horizontal acceleration increased 
with height and changed the direction alternatively in the 
short period. Therefore, the reinforced soil wall did not col-
lapse at almost the same horizontal seismic coefficient. 

5. In the shaking table test, the acceleration response in the 
embankment increased with the height of embankment, 
especially in the case of stiff geogrid. For this reason, the 
failure mode in the shaking table tests was somewhat 
different from that in the tilting table test. 
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Figrure13 Distributions of horizontal strain h of C-Type
(Shaking table test) d) 4th shake 
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Figrure13 Distributions of horizontal strain h of V-Type (Shaking table test) 
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Figrure13 Distributions of horizontal strain h of C-Type (Shaking table test) 
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Figrure11 Acceleration response Figrure12 Time histories of settlement at 30mm from the wall
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