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Shaking table model tests on retaining walls reinforced with soil nailings
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ABSTRACT: Based on results from shaking table model tests on retaining walls reinforced with soil nailings,
effects of the soil nailings as an aseismic countermeasure for existing retaining wall is discussed. It is also
attempted to apply Newmark’s sliding block method with the introduction of the effect of the nailings so as
to develop a procedure to predict the residual displacement of the walls with the nailings. Computed sliding
displacements are in good agreement with the measured ones, while computed tilting displacements are much
larger than the measured ones due possibly to overestimation of overturning moment used in the analysis.

1 INTRODUCTION

In Japan, use of geosynthethic-reinforced soil retain-
ing wall with full height rigid facing for new perma-
nent structures is continuously increasing because of
their higher seismic performance than conventional
type retaining walls (e.g. gravity, leaning and can-
tilever type retaining wall), which suffered severe
damages in recent earthquakes (Koseki et. al. 2006).
However, there exist large numbers of the conventional
walls which support road or railway embankments.
Installations of aseismic reinforcements to these walls
are required especially in case such walls support
important embankments.

Currently, large diameter soil nailing, which is
called as LDN hereafter, is used for railway structures
in Japan as an aseismic countermeasures for the exist-
ing retaining walls. It consists of a column of improved
soil and a tension bar that is located at the center of
the column. Based on shaking table model tests results
(Kato et. al. 2002), it was reported that seismic perfor-
mance of the retaining wall on sloped subsoil could be
effectively improved even though such walls without
nailings were severely damaged during the Chi-Chi
earthquake in Taiwan (Huang et. al. 2005). On the
other hand, it is essential to evaluate the effects of the
aseismic counetermeasures in terms of the amount of
reduced residual displacements in performance based
design.

In view of the above background, in this study, the
results from a series of shaking table model tests on

retaining walls reinforced with LDNs (Nakajima et. al.
2007) are analyzed, and it is also attempted to develop
a procedure to predict the residual displacements of
the walls after the earthquake.

2 MODEL TEST PROCEDURES

After a wooden leaning type retaining wall model hav-
ing a height of about 500 mm was placed on a sloped
subsoil layer, a backfill layer was prepared. Both the
backfill and the sloped subsoil layers were made of
Toyoura sand having a relative density of about 90%,
which were prepared by air pluviation using a sand
hopper.

Cement-treated sand and phosphor bronze bar hav-
ing a thickness of 0.8 mm and a width of 5 mm were
used to model the improved column and the tension
bar of the LDN, respectively. Strain gages were pasted
on the surface of the column to measure mobilized
tensile resistance. Sand particles were also glued on
the surface of the column to achieve enough frictional
resistance. As shown in Fig.1, the LDN models were
installed at the bottom of the footing and wall facing.
It should be noted that former ones did not restrict
tilting of the wall because they were fixed with the
footing by hinges. The schematic view of the model
without the LDNs, which would be refereed to in this
study, is also shown in Fig.1. The subsoil thickness in
this study was increased as compared with the previ-
ous study by Kato et.al. (2002) so as not to restrict

707



Figure 1. Schematic diagram of models (unit in mm).

Figure 2. Typical time history of irregular excitation.

formation of failure plane passing through both the
backfill and subsoil layers, which indicates the global
instability of this model.

Seismic load was applied by shaking the soil con-
tainer horizontally by using irregular excitations as
typically shown in Fig. 2, while the maximum acceler-
ation was gradually increased at an increment of about
100 gals until the wall displaced largely.

3 MODEL TEST RESULTS

3.1 Failure process and residual displacements

Figs.3a to 3d show the failure processes of the models.
The sums of the residual displacements at each shaking
step are plotted versus the maximum base acceleration
αmax in Fig.4. Sliding displacement ds, and tilting angle
θ of the wall, and settlement of the backfill dv are con-
cerned in this study. The values of dv were measured at
a surface of the backfill having a horizontal distance
of 200 mm from the wall facing as shown in Fig.1.

In case without the LDNs, increment of the resid-
ual displacements was accumulated largely after the
formation of the failure plane in the backfill layers
during the shaking at the αmax of 578 gals (Fig.3a).
Residual wall displacements increased drastically after
appearance of failure plane in the subsoil layer which
indicated the bearing capacity failure during the shak-
ing at the αmax of 636 gals (Fig.3b). In Fig.4, the value
of permissible differential settlement of the backfill in
the Level 2 earthquake for bridge abutment (damage
level 3, which requires a minor retrofit work, in RTRI
1999) is also indicated. It was evaluated by reducing
the actual value in prototype scale to one-tenth (i.e
200 mm × 1/10 = 20 mm), considering the difference
in the model and prototype scales. As shown in Fig.4,
the value of dv in the case without the LDNs exceeded
the permissible one during shaking at the αmax of
578 gals.

On the other hand, as also clearly shown in
Fig.4, residual displacements decreased effectively
by adding the LDNs. In case with the LDNs, fail-
ure plane in the backfill layers wasn’t observed even
after the shaking at the αmax of 640 gals (Fig.3c).
The value of dv was also reduced to about 5.7 mm,
which was much smaller than the permissible value
as evaluated above (i.e. 20 mm). With the increase of
the αmax, residual displacements increased gradually,
while no drastic increase of the wall displacements
was observed during the whole shaking steps. How-
ever, after the formation of failure plane in the backfill
and subsoil layers, wall displacements accumulated
largely during the shaking step at the αmax of 1038
gals (Fig.3d). As also indicated in Fig.3d, the failure
plane in the backfill layer was formed at a position just
outside of the LDNs at the wall facing.

3.2 Mobilized resistance by LDNs

Mobilized tensile resistances by the LDNs at the wall
facing (Ttop) and bottom of the footing (Tbottom) at the
timing of the αmax (i.e. the maximum inertia force was
applied to the wall) are plotted versus the αmax in Fig.5.
It should be noted that the values of Ttop and Tbottom
are converted to those per unit width considering the
horizontal spacing of the LDNs as shown in Fig.1.
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Figure 3. Failure processes of models.

Figure 4. Comparison of residual displacements.

The values ofTtop by gage C and gage D were almost
equal to each other, while the Tbottom value by gage A,
which is mobilized just beneath the footing, was much
larger than the one by gage B which was pasted at a
far position from the footing. This behaveior implies
that the LDNs at the bottom could work effectively
to restrict formation of failure plane in the subsoil
layer that is associated with bearing capacity failure.
As indicated in Fig.5, it was also observed that the Ttop
and Tbottom values were accumulated largely after the
formation of failure plane in the backfill and subsoil
layers during the shaking step at the αmax of 1038 gals.
The levels of computed peak and residual tensile resis-
tances as discussed later, are also indicated in Fig.5.

4 DISPLACEMENT ANALYSIS

4.1 Newmark’s sliding block method

In order to evaluate the sliding displacement of grav-
ity type retaining walls during earthquakes, Richards
and Elms (1979) proposed to employ the Newmark’s
sliding block method. Relative displacement of the
wall can be computed using the concept of threshold
acceleration and the double integration proposed by
Newmark (1965).
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Figure 5. Mobilized tensile resistances by the LDNs.

Figure 6. Pseudo static analyses against sliding.

As summarized in Fig.6, the threshold acceleration
in this study was determined from a pseudo static anal-
ysis using the soil strength obtained from the relevant
plane strain compression tests on dense Toyoura sand
and the values of peak and residual resistances by the
LDNs. The peak and residual mobilized angle of inter-
nal friction were set equal to 51 and 43 degrees in this
analysis base on a result from relevant plane strain
compression tests on dense Toyoura sand (Nakajima,
2006).
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Figure 7. Comparison of sliding displacements.

It was assumed in the analysis that a driving force,
which would induce the sliding of the wall, was the sum
of the horizontal component of the earth pressure acted
on the wall facing and the inertia force of the wall,
while a resistant force against the sliding was assumed
to be the sum of the horizontal component of the resis-
tances by the LDNs and the frictional resistance at the
bottom of footing.

The dynamic earth pressure was computed using
a pseudo static approach proposed by Koseki et. al.
(1998), while the angle of the failure plane in the
backfill was set equal to 36 degrees based on the
observation of shaking table model test as indicated in
Fig.6. The resistances by LDNs were evaluated using
the equation indicated in Fig.6. It should be noted that
constant resistance was assumed to be mobilized in the
relevant design guideline (RTRI, 1999) irrespective
of the induced displacement. However, the measured
resistance showed displacement-dependant behavior
as shown in Fig.5.

Based on the results from the pseudo static analy-
sis, the threshold acceleration was determined as the
acceleration when the factor of safety against the slid-
ing became unity. In this analysis, it was 711 gals
when the peak soil strength was employed and 472 gals
when the residual soil strength was employed. Com-
puted sliding displacements using the above threshold
accelerations and the Newmark’s method are plotted
versus the base acceleration in Fig.7. The computed
displacement with threshold acceleration using the
peak soil strength was smaller than the measured one,
while the computed displacement using the residual
soil strength corresponded well with the measured one.
It should be noted that no displacement was computed
until the base acceleration exceeded threshold accel-
eration, although a certain extent of the displacement
was observed in the corresponding model test results.
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Figure 8. Pseudo static analyses against tilting.

One of the reasons causing such difference may be
overestimation of the resistance by LDNs especially
at lower acceleration levels. As shown in Fig.5, resis-
tances by LDNs were not fully mobilized from the
beginning of shaking. They increased gradually with
the increase of the wall displacement. This behavior
implies that displacement-resistance relationship of
the LDNs as well as the maximum resistance, which is
only focused in the current design procedure, should
be taken into account in conducting displacement
analysis like the Newmark’s method.

In addition, the sliding displacement increment due
to shear deformation of the subsoil (Koseki et. al.
2004) which was observed in the model test was also
neglected in the above analysis. Therefore, further
investigation on these issues is required.

4.2 Newmark’s rotating block approach

Zeng and Steedman (2000) proposed to apply the
Newmark’s method to evaluate the overturning dis-
placement of the walls. Following the same concept,
evaluation of the threshold overturning moment is
made in this study to compute overturning displace-
ment of the wall.

Based on the results from the pseudo static approach
as summarized in Fig.8, the threshold moment was
evaluated. Horizontal component of the earth pressure
and inertia force of the wall were taken into account to
evaluate the driving moment, while the subsoil reac-
tion force, the weight of the wall, vertical component of
the earth pressure and the mobilized resistance by the
top nailings were considered to evaluate the resisting
moment against overturning.

It was assumed in the analysis that the center of
the rotation of the wall was fixed at the center of the
footing, and sum of the earth pressure would act at the
middle third of the wall height. Based on the analysis

Table 1. Summary of threshold moment.

Mobilized
Soil resistance Threshold

Case name strength by top nailing moment (N/m)

peak1 φpeak 0.242 kN/m 331.8
(Evaluated)

res1 φres 0.183 kN/m 162.5
(Evaluated)

peak2 φpeak 0.400 kN/m 277.55
(Measured)

res2 φres 0.400 kN/m 263.55
(Measured)
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Figure 9. Comparison of tilting displacements.

of the model test in case without nailing, the resultant
subsoil reaction was assumed to act at the point hav-
ing the horizontal distance of 112 mm from the heel
of the footing. In this analysis, measured value of the
maximum mobilized resistance by top nailings, which
was indicated in Fig.5, was also used because the com-
puted ones using the equation in Fig.6 were different
from the measured ones. Results and conditions of the
pseudo static analysis are summarized in Table.1.

The computed tilting displacements of the wall are
compared with the measured one in Fig.9. All the
computed displacements were much larger than the
measured one. This difference was possibly caused by
overestimation of the driving moment. In this analysis,
dynamic response of the retaining wall and backfill
layer was not taken into account (i.e. the wall and
backfill acceleration were set equal to the base accel-
eration). However, actual responses of the wall and
the backfill were decelerated with the wall move-
ment. In this point of view, further improvement on
the evaluation of the driving moment is required.
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5 CONCLUSIONS

Based on the results and analysis of the model test on
retaining wall reinforced with large diameter soil nail-
ings(LDNs), following conclusions were achieved;

1) Sliding, tilting displacement and settlement of the
backfill in case with LDNs were effectively reduced
compared with the case without LDNs.

2) Based on the measurement of the mobilized resis-
tances by LDNs, it was found that the top nailings
worked effectively to restrict the formation of the
failure plane in the backfill layers, whilethe bottom
ones resisted against the bearing capacity failure in
the subsoil.

3) Newmark’s method with the introduction of the
effect of the LDNs was adopted to simulate the
model test result. Computed sliding displacements
corresponded well with the measured ones, while
computed tilting displacements were much larger
than the measured ones possibly because of the
overestimation of the overturning moment.
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