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ABSTRACT: A simplified procedure to evaluate earthquake-induced residual displacement of geosyntheics 
reinforced soil retaining wall (GRS wall) proposed by authors was applied to simulate the seismic behavior of 
the actual geosynthetic reinforced soil retaining wall, which had been damaged to limited extents during the 
1995 Hyogoken-Nanbu earthquake. Residual wall displacements calculated by the proposed method, which 
can consider the effect of deformation characteristics of subsoil and backfill soil on seismic performance of the
GRS walls, showed reasonable agreements with the observed ones.   
 
 
1 BACKGROUND 

High seismic performance of geosynthetic rein-
forced soil retaining walls (GRS walls) with full-
height rigid facing has been highlighted during re-
cent large earthquakes in Japan (e.g. Tatsuoka et al. 
1998 and Koseki et al. 2006). Watanabe et al. (2003) 
revealed through a series of shaking table model 
tests that the GRS walls showed more ductile seis-
mic behavior than the conventional type retaining 
walls (e.g. gravity, cantilever and leaning type re-
taining walls). It was found from recent studies that 
shear deformations of reinforced backfill, where the 
geosynthetic reinforcement were installed, had sig-
nificant effect on the seismic performance of the 
GRS walls (Nakajima et al. 2009). Performance-
based design methodology, which typically eva-
luates the seismic performance of the GRS walls by 
comparing the earthquake-induced residual dis-
placements with the allowable displacements, is 
more appropriate in evaluating the ductile seismic 
performance of GRS walls than conventional pseu-
do-static limit-equilibrium approach (Koseki et al. 
2007). Therefore, evaluation of earthquake-induced 
residual displacement is important in developing the 
performance-based design methodology. 

In view of the above, the authors proposed a sim-
plified displacement evaluation method of the GRS 
walls and revealed that calculated displacements by 
using the proposed method showed reasonable 
agreements with the model test results which were 
conducted under large varieties of testing conditions 

(Nakajima et al., 2009). In this study, the result of 
simulation on the seismic behavior of the actual 
GRS wall during the 1995 Hyogoken-Nanbu earth-
quake, which enhances the applicability of the pro-
posed method, is presented.    

2 OUTLINE OF PROPOSED METHOD 

Based on the observations from the series of  shak-
ing table model tests (Watanabe et al., 2003 and Na-
kajima et al., 2009), it was found that effects of the 
shear deformation of the subsoil and backfill on the 
seismic behavior of GRS wall were significant as 
shown in Fig. 1. In addition to the subsoil and back-
fill shear deformation, the effect of the failure plane 
formation, which would accelerate displacement ac-
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Fig. 1 Shear deformation of reinforced backfill and subsoil 
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cumulation, shall be also considered 
in developing the displacement eval-
uation method. The proposed me-
thod has been developed with re-
flecting these observations. The 
outline of the proposed method, 
which can evaluate sliding displace-
ment and tilting angle of the wall 
facing, is summarized in Table 1. 
The proposed method can be divided 
into three steps as summarized in 
Table 1. 

In step 1, wall displacements be-
fore the failure plane formation are 
evaluated by considering the shear 
deformation of the subsoil and reinforced backfill as 
illustrated in Fig. 2.  Shear deformation characteris-
tics of the subsoil and reinforced backfill were eva-
luated by assuming that the affected area of the sub-
soil and reinforced backfill would behave as one 
macro element (see Fig. 2), while their shear defor-
mation characteristics were modeled by using the re-
lationships between shear stress ratio at the bottom 
of the reinforced backfill SR and shear strain in each 
elements γ for subsoil and θ for the reinforced back-
fill as typically shown in Fig. 3. Shear stress ratio in 
Fig. 3 is evaluated by lumped mass model (Elgamal 
et al., 1997) using the measured acceleration time 
history in the reinforced backfill. Measured wall 
displacements are used in evaluating shear strain as 
schematically illustrated in Fig. 2. Polynomial fitting 
curve of the outer envelope of SR-θ relationship is 
used in the displacement evaluation. In the simula-
tion, shear strain θ can be calculated by substituting 
the value of SR into the equation in Fig. 3, while the 
value of SR can be evaluated from the input accele-
ration. Following the same procedure with the shear 
deformation characteristics of the reinforced backfill, 
subsoil shear deformation characteristics were also 
evaluated. 

As well as the displacement increments due to 
shear deformation of the subsoil and reinforced 
backfill, the increments of the sliding displacement 
and tilting angle due to the movements of the rein-
forced backfill as a rigid mass are also considered by 
adopting the Newmark’s method (Newmark, 1965), 
where the values of threshold acceleration αthres and 
moment Μthres need to be evaluated. These values 
are evaluated based on the pseudo-static limit-
equilibrium approach using the peak soil strength.  

In step 2, the value of the maximum shear strain 
in the unreinforced backfill is evaluated from the 
calculated sliding displacement and tilting angle in 
step 1 as schematically illustrated in Fig. 4. In the 
proposed method, it is assumed that failure plane 
will be formed in the unreinforced backfill, and the 
calculation will shift to step 3 when the value of the 
maximum shear strain exceeds a threshold value. 
Based on the analyses on the values of the maximum 

shear strain in the unreinforced backfill and the tim-
ing of the failure plane formation in the shaking ta-
ble model tests, the threshold value for the failure 
plane formation in the proposed method was set 
equal to 5 % (Nakajima et al., 2006 and 2009).   

In step 3, wall displacements after the failure 
plane formation are evaluated, while the residual soil 
strength is used in evaluating shear stress ratio SR 
for computing the shear deformation components 
and threshold values for adopting the Newmark me-
thod, which will be called as NM method hereafter, 
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Fig. 2 Schematic diagram of shear deformation of rein-
forced backfill and subsoil 
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Fig. 3 Shear deformation characteristics of reinforced 
backfill 

Table 1 Outline of proposed method 

Step1 Step2 Step3

Before formation of 
failure plane Judgment of formation of failure plane

After formation of 
failure plane

Sliding 
displacement

Shear deformation of 
subsoil 

Formation of failure plane is judged 
by the maximum shear strain in 
unreinforced backfill layer computed 
from the sliding displacement and 
tilting angle in Step 1.

Shear deformation of 
subsoil 

Newmark’s sliding 
block method using 
peak strength

Newmark’s sliding 
block method using 
residual strength

Tilting angle

Shear deformation of 
reinforced backfill

Shear deformation of 
reinforced backfill

Newmark’s rotating 
block method using 
peak strength*

Newmark’s rotating 
block method using 
residual strength
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so as to consider the effect of strain softening beha-
vior associated with the failure plane formation. For 
the detail on the development of the proposed me-
thod, refer to Nakajima et al., 2009.  

3 APPLICATION OF PROPOSED METHOD 

The analyzed GRS wall, which will be called as Ta-
nata wall hereafter, was constructed in the area 
where Japanese seismic intensity scale of seven (Ja-
pan Metrological Agency) was recorded as shown in 
Fig. 5. In the area, many conventional type retaining 
walls which had supported railway embankments 
were severely damaged (Tatsuoka et al., 1998) while 
Tanata wall could be re-used after the minor retrofit-
ting works because the residual wall displacements 
were much smaller than those of severely damaged 
conventional type retaining walls as typically shown 
in Fig. 6. The amplitude of the horizontal wall dis-
placements at the bottom and top of the wall were 
about 10 cm and 24 cm, respectively.  

 The cross section of Tanata wall considered in 
the simulation is illustrated in Fig. 7. The assumed 

force equilibrium, values of soil strength and unit 
weight of soil, which were evaluated from the rele-
vant soil testing reported by Tatsuoka et al. (1998) 
are also summarized in the figure.  

The effect of the embedment of the wall facing 
was taken into account in evaluating the values of 
SR, threshold acceleration and moment by consider-
ing the passive earth pressure. Based on the values 
of the soil strength reported by Tatsuoka et al. 
(1998), the peak and residual soil strength were set 
equal to 41 and 30 degrees, respectively. The geo-
metric parameters used in the simulation are summa-
rized in Table 3. As indicated in Fig. 7, the effective 
depth of the subsoil h(e), which is used to convert the 
shear strain of subsoil γ into the sliding displacement, 
was assumed to be 0.8 m. This value was achieved 
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Fig. 4  Evaluation of  the maximum shear strain in the 
reinforced backfill 

 
Fig. 5  Location of Tanata wall and Kobe meterological 
observation station (after Tatsuoka et al., 1998) 
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Fig. 6 Schematic diagram of damaged Tanata wall, unit 
in m (after Tatsuoka et al., 1998) 
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Backfil l layer

γ(kN/m3) 16.7 16.7

φb(deg.) 41.0 30

δb(deg.) 41.0 30

Subsoil layer 

γ(kN/m3) 16.7 16.7

φb(deg.) 41.0 30

δb(deg.) 41.0 30
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Length of the reinforced 
backfill is assumed to be 
2.0 m. 

2.8

he=2.80×0.286*=0.80 (m)

*empirically determined (Nakajima et al., 2009)

Fig. 7  Assumed cross section of Tanata wall (unit in m ) 

Table 3  Parameters used in the simulation 

I (kgm2)* ξ(deg)**
αthres(p) 
(gal)***

αthres(r) 
(gal)

Mthres(p)
(kNm/m)

Mthres(r)
(kNm/m)

451612 22.4 542 436 420 401

I (kgm2)* ξ(deg)**
αthres(p) 
(gal)***

αthres(r) 
(gal)

Mthres(p)
(kNm/m)

Mthres(r)
(kNm/m)

451612 22.4 542 436 420 401

* moment of inertia
** angle of failure plane evaluated from psuedo-static limit-equilbrium analyses 
*** (p) and (r) denote the peak and residual states, respectively  
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by multiplying the width of the reinforced backfill 
by an empirically determined value β evaluated from 
the image analyses on the subsoil deformation and 
fitting simulation of the shaking table model tests 
whose subsoil ground was prepared by dense sand 
(Nakajima et al., 2009). The NS component of the 
recorded acceleration at the Kobe meteorological 
observation station during the Hyogoken-Nanbu 
earthquake was used as the input acceleration while 
the direction of wall facing at the site and the posi-
tive and negative definitions of the acceleration 
record are properly considered as indicated in Fig. 8.   

 The results of simulation were summarized in 
Fig. 9, while the calculated displacements using the 
conventional NM method (i.e. without consideration 
on the effect of shear deformations) using the peak 
and residual soil strengths, respectively, are also in-
dicated in the figure.  The calculated displacements 
using the conventional NM method are much small-
er than the measured ones even with the case of us-
ing the residual soil strength throughout the earth-
quake. In contrast to the NM method, the proposed 
method could simulate the accumulation of the wall 

displacement although the residual values calculated 
by the proposed method were conservative estima-
tion as compared with the measured ones at the site.  

 Possible reasons for the above conservative es-
timation are as follows. First, the use of the shear de-
formation characteristics of reinforced backfill mod-
eled by the shaking table model tests would affect 
the results. As discussed above, shear deformation of 
the reinforced backfill had significant effect on the 
tilting of wall facing although the model test-based 
relationships were adopted in the simulations due the 
limitations of available information in this study.  

In addition to the above, it should be also empha-
sized that H-shaped piles were installed behind the 
backfill layer at Tanata site as schematically illu-
strated in Fig. 6 although their possible restraint ef-
fects were not taken into account in the analysis. By 
considering the above factors in further analysis, 
discrepancies between the measured and calculated 
displacements will be possibly reduced. 

4 CONCLUSION 

Based on the simulation on the moderately damaged 
GRS wall during the 1995 Hyogoken- Nanbu earth-
quake, the calculated displacements by using the 
proposed method showed reasonable agreement with 
the measured ones.  
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Fig. 8 Recorded NS component at the Kobe meteorological 
observation station   
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Fig. 9 Comparisons between calculated displacements and
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