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ABSTRACT: Grid-form deep mixing walls are constructed using grid-form modified soil
with cement surrounding the liquefiable sand to prevent liquefaction by suppressing the shear
deformation caused by earthquakes. However, when the grid-form interval is large, it is pos-
sible that liquefaction occurs because the shear deformation of the liquefiable sand is not sup-
pressed. On the other hand, it is found that liquefaction does not occur when a non-
liquefiable sand layer is provided above the liquefiable sand (Ishihara, 1985). Numerical simu-
lations were performed to investigate the effect of the non-liquefiable sand layer placed above
the liquefiable sand layer. The simulation results show that as the non-liquefiable sand layer
becomes thicker, the settlement within the grid-form deep mixing wall at the ground surface
becomes smaller.

1 INTRODUCTION

Grid-form deep mixing walls, shown in Figure 1, are constructed using grid-form modified
soil with cement surrounding the liquefiable sand to prevent liquefaction by suppressing
the shear deformation during an earthquake. This method was proven effective during the
Hyogoken Nanbu earthquake (1995) and the Great East Japan earthquake (2011).
Figure 2 shows the liquefaction prevention mechanism of the grid-form deep mixing wall.
By surrounding the liquefied ground with the improved wall, the shearing deformation of
the ground during an earthquake can be reduced, thus preventing liquefaction. However,
it may be noted that liquefaction may occur when the grid-form interval is large because
the shear deformation of the liquefiable sand is not adequately suppressed in this case. Pre-
vious disaster investigations have revealed that when a non-liquefiable sand layer exists
above a liquefaction layer, the liquefaction resistance increases with the thickness of the
non-liquefiable sand layer. (Ishihara, 1985) Another research used a centrifuge model test
to investigate the effect of a non-liquefiable sand layer above liquefiable sand during an
earthquake. (Kaneda and Imai (2017)) Can the presence of the non-liquefiable sand layer
above the liquefiable sand widen the grid-form interval? In this study, we investigate the
influence of the difference in the grid-form intervals in liquefiable sand when a non-liquefi-
able sand layer is present above the liquefiable sand using numerical simulations. The two-
phase (soil and water) dynamic numerical analysis code used is MuDIAN developed by
Takenaka Corporation with SYS Cam-clay model. A series of dynamic analyses was per-
formed with various grid-form intervals, various densities of liquefiable sand, and various
thicknesses of the liquefied layers.
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2 ANALYTICAL CONDITIONS

Figure 3 shows an example of 3D numerical meshes for the case where a 3-m-thick non-lique-
fiable sand layer is present. The half-section of the soil is depicted, assuming symmetric condi-
tions; the width of the grid-form deep mixing walls was 1 m. The foundation soil was set at
the bottom to a depth of 5 m, and 10 m of liquefiable sand was set over it to form the first of
the two phases. The non-liquefiable sand layer assumed as the second phase was set above the
liquefiable sand. Table 1 shows the numerical simulation cases. The grid intervals were 6, 8,
10, 12, 14, and 16 m, and the depths of the non-liquefiable sand layers were 0, 1, 2, 3, 4, and 5
m in the finite element model. The side boundary condition was adopted as the repeated
boundary in the dynamic analysis. Figure 4 shows the input JR Takatori EW wave in the
Hyogoken Nanbu earthquake (maximum acceleration is 6.155 m/s) at the viscous bottom
boundary. The simulation using this wave is case L, and the simulation using a wave with
acceleration amplitude set at 50% is case S. As shown in Table 1, the simulations of both case
L and S were performed without treatment (no grid-form deep mixing wall) at an interval of
10 m. The simulations of case L were performed with intervals of 6 and 8 m, and the

Figure 1. Structure of grid-form deep mixing walls.

Figure 2. Liquefaction prevention mechanism by grid-form deep mixing walls.

Figure 3. Numerical mesh (non-liquefiable sand layer: 3 m).
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Figure 4. Input JR Takatori EW wave in the Hyogoken Nanbu earthquake (maximum acceleration is

6.155 m/s).

Table 2. Material parameters

Table 1. Numerical cases.

3180



simulations of case S were performed with intervals of 12, 14, and 16 m. The material param-
eters are shown in Table 2. These are the typical sand parameters of the SYS Cam clay model
(Asaoka et al., 2002). The software used is MuDIAN (Shiomi et al., 1993) developed by Take-
naka Corporation.

Figure 5. Relationship between the final settlement of the center of the grid-form deep mixing wall and

thickness of the non-liquefiable sand layer.
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3 ANALYSIS RESULTS AND DISCUSSION

Figure 5 shows the relationship between the final settlement of the center of the grid-form deep
mixing wall and the non-liquefiable sand layer for the case S (a) and L (b). After the occurrence
of the earthquake, consolidation analysis was performed until excess pore pressure dissipated.
As the non-liquefiable sand layer became thicker, the amount of settlement decreased in both
cases. In the case S with interval of 16 m, it can be seen that the final settlement was suppressed
to nearly 4 cm or less when the depth of the non-liquefiable sand layer was 5 m. On the other
hand, in case L, the amount of settlement increased because of the increase in seismic motion;
moreover, the amount of settlement did not reduce significantly even when the thickness of the
non-liquefiable sand layer increased in the untreated case. The amount of settlement for the
interval of 6 m did not differ greatly between the non-liquefying sand layer thicknesses of 0 m
and 5 m. However, it was reduced by approximately 5 cm for the interval of 10 m. The thicker
the non-liquefying sand layer and the wider the interval of the grid-form deep mixing walls, the
smaller is the amount of settlement. This is considered as the effect of the increasing confining
pressure exerted by the thicker non-liquefiable sand layer on the liquefying layer.Figure 6 shows
the relationship between excess pore water pressure ratio and thickness of the non-liquefiable
sand layer for case S with no grid (a) and with grid intervals of 10 (b), 12 (c), 14 (d), and 16 m
(e). The symbols black diamond, red square, and blue triangle indicate the depths corresponding
to GL−1.5 m, GL−4.5 m, and GL−7.5 m at the center of the grid-form deep mixing walls,
respectively, as shown in Figure 3. When the thickness of the non-liquefiable sand layer is 0 m,
each value of the excess pore water pressure ratio is over 0.9 and liquefaction is observed. As
the non-liquefying sand layer becomes thicker, the excess pore water pressure ratio decreases.
Especially, this decrease is larger near the ground surface. The confining pressure on the liquefy-
ing layer, which increases as the non-liquefying sand layer becomes thicker, is considered the
reason for this decrease in the excess pore water pressure ratio; consequently, the liquefaction
resistance increases. In this research, the excess pore water pressure ratio was defined as the rate
of reduction of the mean effective stress.
Figure 7 shows the distribution of the settlement for the grid interval of 10 m in case L

for each thickness of the non-liquefiable sand layer. Figure 7 (a) shows the surface settle-
ment, (b) shows the settlement of the upper surface of the liquefiable sand layer (immedi-
ately below the non-liquefiable sand layer), and (c) is the differences between (a) surface
settlement and (b) settlement of the upper surface of the liquefiable sand layer, which

Figure 6. Relationship between excess pore water pressure ratio and thickness of the non-liquefiable

sand layer.
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changes with the thickness of the non-liquefiable sand layer. From Figure 7 (a), as the
non-liquefiable sand layer becomes thicker, the settlement within the grid-form deep
mixing wall at the ground surface becomes smaller, but the amount of settlement of the
grid-form deep mixing wall increases. The difference between the settlement at the surface
of the grid-form deep mixing wall and that within it is relatively small. As the non-liquefi-
able sand layer becomes thicker, the settlement at the upper surface of the liquefiable sand
layer in the grid-form deep mixing wall becomes smaller. However, it is larger than the
surface settlement in (a). On the other hand, the settlement of the grid-form deep mixing
wall is small, approximately 2 cm, regardless of the thickness of the non-liquefiable sand
layer. From (c), as the non-liquefiable sand layer becomes thicker, the displacement within
and around the grid-form deep mixing wall becomes positive, which indicates that the
settlement of the liquefiable layer is larger than that of the ground surface. In other words,
when the non-liquefiable sand layer in the grid-form deep mixing wall subsides, it is con-
sidered that the soil at the ground above the small settlement on the wall is drawn into the
wall. The thicker the non-liquefiable sand layer, the larger is the amount of soil that is
drawn. It is considered that the unevenness of the ground surface becomes small owing to
the relaxation of the settlement generated in the liquefiable layer by the non-liquefiable
sand layer.

4 CONCLUSION

The objective of this research was to understand the effect of grid-form deep mixing walls on
the generation of excess pore water pressure and the surface morphology when a non-liquefac-
tion layer is present on top of the liquefaction layer. Numerical simulations were performed to
investigate the effect of the non-liquefiable sand layer placed above the liquefiable sand layer.
The numerical software MuDIAN was used along with a SYS Cam clay model. A relatively
large acceleration wave and a wave of half the acceleration were considered in these simula-
tions. The following conclusions were obtained from the simulations:

Figure 7. Distributions of settlement for the grid interval of 10 m in case L.
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1. As the non-liquefiable sand layer became thicker, the settlement within the grid-form deep
mixing wall at the ground surface became smaller. It became clear that liquefaction could
be suppressed by introducing a non-liquefying sand layer.

2. The effect of the non-liquefying sand layer was investigated after the settlement. Settlement
occurred inside the grid-form deep mixing wall, whereas there was hardly any settlement
on the grid-form deep mixing wall, which may cause unevenness. As the non-liquefiable
sand layer became thicker, the unevenness of the ground surface reduced. This was because
the settlement generated in the liquefying layer by the non-liquefying sand layer was
relaxed.
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