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Effect of area replacement ratio of deep mixing wall grid on pile
bending moment in piled raft system under strong earthquakes
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ABSTRACT: In order to investigate the influence of an area replacement ratio of the deep
mixing wall (DMW) grid on pile bending moment in a piled raft system under strong earth-
quakes, nonlinear seismic response analyses using three-dimensional finite elements are con-
ducted. Two different geometries of the DMW grid are considered, i.e., the area replacement
ratios Ar are 25% and 16%. Consequently, it was found that the maximum bending moments
of the piles in the cases with Ar=16% are significantly below the ultimate limit state while
those with Ar=25% are considerably below the damage limit state.

1 INTRODUCTION

It has been also recognized that piled rafts combined with ground improvement would be
resilient against seismic events. Yamashita et al. (2012, 2016) have reported that piled rafts
with the DMW grid in soft ground supporting mid-rise buildings showed excellent seismic per-
formance at the time of the 2011 Tohoku Earthquake (Mw=9.0). Bradley et al. (2013) have
investigated the effect of configurations of lattice-shaped soil improvement on the seismic
response of liquefiable soil deposits using 3D effective analysis. In this paper, to investigate
cost performance effectiveness of the DMW grids, the influence of the area replacement ratio
Ar on the pile bending moment in the piled raft system is examined. Seismic response analysis
of the piled raft system is conducted using the same three-dimensional finite element model as
in the previous study (Yamashita et al., 2018a), taking account of two different geometries of
the DMWs in which tensile and shear failures are considered. Note that some parts of the ana-
lytical results presented in this paper have been previously published (Yamashita et al.,
2018b).

2 CASE HISTORY OF 12-STORY BUILDING

Figure 1 illustrates a schematic view of the building and its foundation with a typical soil pro-
file (Yamashita et al., 2012). The total load of the building was 198.8 MN. The building has a
seismic base-isolation system. The natural period of the base-isolation system is 4.6 s when the
base isolation devices fully function against Level 2 seismic motions in Japan, while the fixed
based natural period of the superstructure is 0.96 s. The soil down to a depth of 43 m is an
alluvial stratum. The upper 7m is fill, soft silt and loose silty sand. The rest is very soft to
medium silty clay. Below the depth of 48 m, there are very dense sand and gravel layers. To
improve the bearing capacity beneath the raft in addition to preventing liquefaction of the
silty sand near the surface, a piled raft with the grid-form DMWs was employed (Ar=25%).
Sixteen 45-m-long piles, which consist of SC (steel pipe-concrete composite) pile in the top
portion and PHC (pretensioned spun high-strength concrete) pile in the rest, 0.8-1.2 m in
diameter, were used to reduce the settlement to acceptable levels.
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3 3-D FINITE ELEMENT SIMULATION ANALYSIS

3.1 Soil-structure system and geometries of DMW grid

Figure 2 illustrates the three-dimensional finite element model of soil-foundation-superstruc-
ture for simulation analysis of the twelve-story building. The lateral boundaries are periodic
boundaries, while the bottom boundary is a viscous one. The piles were modeled using beam
elements and void with rigid bar elements to consider the shape and volume of the piles as
illustrated in Figure 2(b). Table 1 shows the material properties of the piles. The horizontal
load vs. displacement relation of the base isolators was modeled using a tri-linear spring
(Hamada et al., 2014). Figure 3 illustrates a plan view of the grid-form DMWs and Piles 5B
and 7B. Two different geometries of the DMW grid were considered. One is a case with
Ar=25% (16 cells), which is same as in the case history. The other is a case with Ar=16% (4
cells). In addition, numerical cases without DMWs were also studied. The software is an in-
house program called MuDIAN (Shiomi et al., 1993).

Figure 1. Schematic of building and foundation with soil profile.

Figure 2. Finite element model of soil-foundation-structure.
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3.2 Modelling of soil and stabilized soil

The Yoshida model for multi-dimension (Tsujino et al., 1994) was used as a constitutive model
for the soil. The Yoshida model is a two–surface nonlinear elastic model and is characterized
using G–γ and h–γ characteristics directly as input data. Figure 4 shows the G/G0–γ and h–γ
characteristics of the soil obtained from cyclic triaxial tests on the undisturbed samples. The
profile of shear wave velocity of the ground used in the analysis is shown in Figure 1(a), together
with the data derived from P-S logging. The initial damping other than the hysteresis was
assumed to be 1% Rayleigh damping. Note that soil liquefaction is not considered in this ana-
lysis. Figure 5 shows the characteristics of the stabilized soil. The Hayashi–Hibino model used
in the analysis is a nonlinear elastic model which is capable for evaluating tensile and shear fail-
ure (Motojima et al., 1978). The properties of the stabilized soil and the parameter used in the
Hayashi–Hibino model were determined based on BCJ (2002) as shown in Table 2. The shear
modulus degradation curve is shown in Figure 5(b). In this model, the skeleton curve is modeled
but the hysteresis is not included, hence, the Rayleigh damping (h=5%) was used. The initial
shear modulus (G0=500 MPa) was determined based on the calibration through a numerical
simulation using the records of the 2011 Tohoku Earthquake (Yamashita et al., 2018a).

Table 1. Dimensions and material properties of piles.

Pile
diameter
(mm)

Young’s
modulus
(MPa)

Density ρ

(t/m3)
Damping
ratio (%)

Ae of SC
pile (m2)

Ie of SC
pile (m4)

Ae of PHC
pile (m2)

Ie of PHC
pile (m4)

800 40000 2.5 2.0 0.3268 0.02199 0.2441 0.01455

1000 40000 2.5 2.0 0.4649 0.04899 0.3633 0.03437

1200 40000 2.5 2.0 0.6714 0.10316 0.5054 0.06958

Ae : Equivalent cross-sectional area Ie : Equivalent area moment of inertia

Figure 3. Plan view of DMW grid and piles. Figure 4. Strain-dependent characteris-

tics of soil.

Figure 5. Characteristics of stabilized soil.
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3.3 Input ground motion and numerical cases

The code-defied artificial seismic motion of Level 2 in Japan was used. The target acceleration
response spectrum defined on the engineering bedrock is shown in Figure 6(a). The input
accelerations of the Kobe and Hachinohe phase shown in Figure 6(b) were applied horizon-
tally at 75 m depth in the NS direction. The six numerical cases are listed in Table 3 (where
“K” and “H” in Cases indicate Kobe and Hachinohe phases, respectively).

4 ANALYSIS RESULTS

4.1 Response of ground and piles

Figure 7 shows the peak horizontal displacement profiles of the ground at point A shown in
Figure 2(a) and the free field relative to the reference point (at a depth of 49.9 m) under the
Kobe phase. The ground displacements in the cases with 4 cells were slightly greater than
those in the cases with 16 cells, while the ground displacements with DMWs were considerably
smaller than those without DMWs. Figure 8(a) shows the NS acceleration response spectra
(5% damping) of the free-field ground surface and those of the raft bottom at point A under
the Kobe phase. The response at the free field was obtained from the one-dimensional analysis
using a soil column model. The amplification for the rafts with DMWs was lower than that
for the raft without DMWs in long period (1-2 s), which was considerably lower than that for
the free-field surface. The decrease in acceleration response is presumed to have been caused
by the kinematic interaction among the soil, raft and DMWs, in addition that the effect of
superstructure inertial force on the acceleration of the raft was significantly reduced by the
action of the base-isolation system. The amplification for the raft with 4 cells was slightly
higher than that for the raft with 16 cells.
Figure 8(b) shows the bending moment histories in Piles 5B and 7B at the depth where the

absolute maximum values were generated. In Pile 7B in K16, the time history at the 15.7 m
depth is shown, while those at the pile head (at 4.8 m depth) are shown in the rest cases. The
times when the absolute bending moment was its maximum in Piles 5B and 7B are denoted as
tM5B and tM7B, respectively. The times of tM5B and tM7B were similar under each phase motion.

Table 2. Properties of stabilized soil and parameters used in Hayashi-Hibino model.

Density
ρ (t/m3) Fc

Tensile
strength
σt=0.2Fc

(MPa)

Cohesion
c=0.3Fc

(MPa)

Friction
angle φ
(degree)

Initial
shear
modulus
G0 (MPa)

Poisson’s
ratio ν0

Damping
ratio h
(%)

Nonlinear
parameter
a

G/G0

after
failure

2.0 2.6 0.52 0.78 30 500 0.26 5.0 1.0 1.0e-5

Figure 6. Input acceleration waves at a depth of 75 m (2E).
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4.2 Lateral load sharing in piled raft system

Figure 9 illustrates the equilibrium of the lateral external and resistant forces at the raft
bottom under the Kobe phase at tM5B. Regardless of the presence of the DMWs, the inertial
forces of the superstructure and the raft were small compared to the earth pressure acting on
the raft side. The earth pressure in the cases with DMWs was markedly large. This arises
because the lateral stiffness of the raft with DMWs (of which bottom reached the stiffer clay)
was much greater than that without DMWs although the lateral stiffness of the DMW grid
with 4 cells was less than that with 16 cells. Hence, the total external forces acting at the raft
bottom, which is the sum of the superstructure inertia, the raft inertia and the earth pressure,
in K16 and K4 (64.3 and 58.0 MN, respectively) were significantly greater than that in K0
(35.9 MN). In addition, the ratio of the lateral force carried by the DMWs to the total external
force in K4 (0.68) was slightly smaller than that in K16 (0.83). As a result, the loads carried by
the piles in the cases with DMWs were markedly small compared to those carried by the piles
in the cases without DMWs.

Table 3. Numerical cases.

Case K16 H16 K4 H4 K0 H0

No. of cells 16 16 4 4 ― ―

Ar (%) 25 25 16 16 ― ―

Figure 7. Profiles of peak ground displacement at point A and free field (Kobe phase).

Figure 8. Responses of ground, raft and piles.
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4.3 Internal stresses in DMWs

Figure 10 illustrates the extent of the tensile failure in the DMW grid under the Kobe phase.
The elements are shaded according to the number of Gauss points at which the tensile failure
occurs (total number is eight). The tensile failure occurred mostly in the longitudinal walls due
to the shear deformation, while the failure near the bottom of the grid corners in the trans-
verse walls would be caused by bending. The extent of the tensile failure in the grid with 4
cells was somewhat larger than that with 16 cells under both phase motions. Note that strain-
softening characteristics of the stabilized soil after the tensile failure, pointed out by Nami-
kawa et al. (2007), would be discussed by Shigeno et al. (2019).

4.4 Pile bending moments

Figure 11 shows the peak bending moment profiles of Piles 5B and 7B. The bending moments
at the pile head in the cases with DMWs were significantly smaller than those without
DMWs. The bending moment in the cases with 4 cells were slightly greater than those with 16

Figure 9. Equilibrium of lateral forces at the raft bottom at tM5B (Kobe phase).

Figure 10. Extent of tensile failure in DMW grid (Kobe phase).

Figure 11. Peak bending moment profiles (Kobe phase).
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clls under both phase motions. In the cases with DMWs, in Pile 7B relatively large bending
moments were generated around a depth of the grid bottom, while in Pile 5B the maximum
bending moments were generated at the pile head. Figure 12 shows the snapshots of the bend-
ing moments in Pile 5B at tM5B and those in Pile 7B at tM7B under the Kobe phase, together
with those of the horizontal displacements relative to the reference point (at 49.9 m depth). In
the cases with DMWs, the bending moments in Pile 7B were relatively large at a depth of the
grid bottom, and the maximum moments in K16 were generated at the depth of the grid
bottom while those in Pile 5B decreased generally with depth. The difference in the bending
moment distribution arises probably due to the following mechanism: Since Pile 7B is located
more closely to the grid wall than Pile 5B, the constraint of the lateral deformation of Pile 7B
by the soil confined in the grid might be more pronounced than that of Pile 5B. As a result,
the kinematic effect arising from the ground movement around the depth of the grid bottom,
at which lateral subgrade reaction coefficient of the pile changes abruptly, would lead to sig-
nificant increase in the bending moment in Pile 7B. In addition, since the rigidity of the DMW
grid with 16 cells is greater than that with 4 cells, the restraint of the piles in the former cases
would be more pronounced than that in the latter. Consequently, the maximum bending
moment in Pile 7B in the cases with 16 cells were generated at the depth of the grid bottom.
Thus, it was found that the bending moment distribution depends on location of the piles in
the grid as well as the rigidity of the grid.
Figure 13 shows the relationship between the axial force and the absolute maximum bending

moment along the pile, together with the design interaction curves of the SC pile. Here, the axial
force was assumed to be the sum of the pile head load (which was measured just before the
event) and the maximum and minimum incremental force obtained from the analysis. To exam-
ine the structural performance of the piles, the design interaction curves are also shown in
Figure 13. Here, the ultimate limit state means that the unit stress at the edge of the concrete
reaches the compressive strength, while the damage limit state means that the unit stress at the
edge of the concrete is virtually in elastic condition. It is seen that the maximum bending

Figure 12. Snapshots of horizontal displacement and bending moment in Piles 5B and 7B (Kobe phase).

Figure 13. Absolute maximum moment along pile with design NM-interaction curves of SC piles.
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moments of the piles in the cases with 4 cells were around the damage limit state under both
phase motions, and significantly below the ultimate limit state. In addition, the bending
moments in the cases with 16 cells were considerably below the damage limit state while those
without the DMWs were close to the ultimate limit state as presented by Yamashita et al.
(2018b).

5 CONCLUDING REMARKS

During the Level 2 seismic loading, the lateral loads carried by the piles in the cases with
Ar=16% (4 cells) were slightly greater than those with Ar=25% (16 cells), while the loads car-
ried by the piles in the cases with DMWs were markedly small compared to those without
DMWs. The extent of the tensile failure in the cases with Ar=16% was larger than that with
Ar=25%, and the maximum bending moments of the piles in the former were slightly greater
than those in the latter. Consequently, the maximum bending moments in the cases with
Ar=16% were found to be significantly below the ultimate limit state, while those with
Ar=25% were considerably below the damage limit state as presented in the previous study.
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