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Effect of Strong Seismic Action on Piled Raft with DMW Grid in

Soft Ground via 3-D Finite Element Analysis
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Summary

Performance of a piled raft foundation combined with the deep mixing wall (DMW) grid in soft ground under strong
earthquakes are investigated by the authors via a three-dimensional nonlinear dynamic finite element analysis. In this paper,
seismic response analysis of the piled raft system supporting a building with a natural period near that of the ground (LS
model) was conducted to load substantial inertial force from the superstructure on the piled raft system. Based on the analysis
results including the base-isolated building (BI model) previously published, it was found that the bending moments of the
piles in LS model are decreased significantly by the presence of the DMWs as in the same way in BI model. It was also found
that although the inertial forces from the superstructure in LS model are large, the bending moments of piles in the piled raft
are more affected by the kinematic ground movement than the inertial force from the structure, and in BI model the sectional
forces of the piles are generated mostly by the kinematic effect.

Keywords: piled raft foundation, deep mixing wall grid, soft ground, strong earthquake, pile stress, 3-dimensional
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1 INTRODUCTION

In recent years, piled raft foundation, which mean a piled foundation combining piles and raft response in a design, has been
used in many countries. The most effective application of piled rafts occurs when the raft can provide adequate load capacity but
the settlement and/or differential settlements of the raft alone exceed the allowable values, hence favorable situations may be soil
profiles consisting of relatively stiff clays and relatively dense sands (Poulos, 2017). On the other hand, unfavorable situations
are profiles with very soft clayey soils and/or requifiable soils near the surface of the raft. To cope with this, an advanced piled

raft system called “piled raft combined with cement deep mixing wall (DMW) grid” has been developed (Yamashita et al.,

%1 Executive Manager, Research & Development Institute, Dr. Eng.  F%fliWfZeir  #M#%  fi+ (1L5)
%2 Group Leader, Research & Development Institute  FATIFZEHT  JEn it BOERE 7V — TR
%3 General Manager, Geotechnical & Foundation Engineering Department, Research & Development Institute, Dr. Eng.  #ffrifeir i - R 14 (C49%)




TAKENAKA TECHNICAL RESEARCH REPORT No.76 2020
AREMRRIRE No.76 2020

2011). The DMW grid is used as a countermeasure of soil liquefaction under the raft as well as to increase the bearing capacity
of the raft foundation. Moreover, the DMW grid is expected to mitigate stresses induced in the piles under strong earthquakes.
Poulos (2016) has pointed out that seismic action will induce additional lateral forces in the structure and also induce lateral
motions in the ground supporting the structure, and that the additional forces and motions can be induced in the foundation
system via two mechanisms, i.e., inertial forces developed by the lateral excitation of the structure and kinematic forces induced
by the action of ground movements. Hence, the effects of the inertial and kinematic forces should be considered in the seismic
design of the piled raft system. Yamashita et al. (2012) reported the seismic observation records of a piled raft combined with the
DMW grid in soft ground supporting a 12-story base-isolated building at the time of the 2011 off the Pacific coast of Tohoku
Earthquake. Hamada et al. (2019) investigated seismic behavior of piled raft with soil-cement wall supporting a slender building
in soft clayey soil using a geotechnical centrifuge. Yamashita et al. (2018) conducted the dynamic analysis of the piled raft
system supporting the 12-story base-isolated building under strong earthqakes using a three-dimensional finite element model.

In this paper, to investigate the inertial effect on the piled raft system, seismic response analysis of the 12-story building with
a natural period near that of the ground in which substantial inertial force is loaded on the piled raft system was conducted.
Based on the analysis results including the previous study on the base-isolated building, the inertial and kinematic effects on
the piled raft system under strong earthquakes are discussed, concerning the influence of the presence of the DMWs on the

sectional forces of the piles.

2 SOIL CONDITIONS AND FOUNDATION DESIGN

Figure 1(a) illustrates a schematic view of a 12-story residensial building and its foundation with a typical soil profile. The
building is located in Tokyo and a reinforced-concrete structure with a seismic base-isolation system (Yamashita et al., 2012).
The total load in the structural design was 198.8 MN (average pressure over the raft was 200 kPa). The subsoil consists of very
soft to medium clayey soil layers to a depth of 43 m, underlain by dense sandy layers. The groundwater table appears about 1.8 m
below the ground surface, and it was ascertained that the silty sand near the ground surface had potential for liquefaction with a
peak ground acceleration of 0.2 g. Hence, to prevent liquefaction of the silty sand as well as to provide adequate load capacity
of the raft, a piled raft combined with DMW grid (which were extended to a depth of 16 m with the bottom being embedded in
the stiffer silty clay) was employed. Sixteen piles consisted of SC (steel pipe-concrete composite) pile in the top portion and
PHC pile in the bottom portion. The toes of the piles reached the very dense sand-and-gravel layer, which were used to reduce
the settlement to acceptable levels. Figure 1(b) illustrates the foundation plan with the layout of the piles and the DMW grid

where the area replacement ratio (area of DMWs divided by total area) is 0.25.
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Fig. 1 Schematic of building and foundation with soil profile
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3 DYNAMIC FINITE ELEMENT ANALYSIS

Figure 2 illustrates the 3-dimentional FE model of the 12-story building with the foundation and the ground, which was used in
the previous numerical study (Yamashita et al., 2018). The lateral boundaries are periodic boundaries while the bottom boundary
is a viscous one. The concrete walls and floors of the superstructure were modeled using elastic shell elements, while the steel
columns were modeled with elastic beam elements. The raft was modeled with elastic solid elements. The damping ratios of the
steel and the concrete were set to 2%. The piles were modeled using beam elements, while the voids were modeled with rigid bar
elements in order to consider the shape and the volume of the piles. The material properties of the piles are listed in Table 1.

In the previous study, the 12-story building with a base isolation system (in which the natural period of the superstructure
was fully larger than that of the ground) was used. In this paper, to load substantial inertial force from the superstructure on the
piled raft system, the building in which the natural period of the superstructure (7}) is near that of the ground (7,) is modeled.
In order to make 7, close to 7,=0.86 s, linear springs were added to the base of the superstructure whose fixed based natural
period is 0.59 s. Figure 3 illustrates the schematic of the lateral load vs. displacement relations for the linear spring and tri-
linear spring. The natural period of the superstructure with the linear spring is 0.87 s (which is close to T}). The tri-linear spring
presented by Hamada et al. (2014) was used for the superstructure with the base isolation system in the previous study. The
natural period of the base-isolation system is 4.6 s in the design where the bi-linear spring shown in Fig. 3 is used and the base
isolation devices fully function against the Level 2 motions. Herein, the superstructure with the linear spring (7,=0.87 s) and
the superstructure with the base isolation system (7,=4.6 s) are denoted as LS model and BI model, respectively.

As the three-dimensional constitutive model of soil, the Yoshida model for multi-dimensional analysis was used (Tsujino et
al., 1994). The stress-strain relationship is based on a nonlinear elastic model, then the yielding function is only used as a
strength criterion of the Mohr-Coulomb model. Figure 4 shows the G/G,-y and h-y characteristics of the soil obtained from
cyclic triaxial tests of the undisturbed samples. Figure 5 shows the shear wave velocity (V) profile derived from a P-S logging,

together with the ¥ profile used in the analysis. To evaluate the induced stresses in the DMWs against their capacity, the
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Fig. 2 Finite element model of soil-foundation-structure
Table 1 Dimensions and material properties of piles
Pile diameter ~ Young’s modulus Density Damping A, of SC pile 1.of SCpile  A4.of PHC pile [, of PHC pile
(mm) (MPa) p (t/m’) ratio (%) (m?) (m*) (m?) (m*)
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

A, : Equivalent cross-sectional area
1, : Equivalent area moment of inertia
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Fig. 4 Strain-dependent characteristics of unimproved soil
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Table 2 Properties of stabilized soil and parameters used in Hayashi-Hibino model
Density F, Tensﬂf strength Cohesion Friction Initial shear Poisson’s  Damping Nonlinear GG, after
(Wm’)  (MPa) 6, =0.2F, ¢=0.3F, angle modulus G, ratio v ratio h (%) parameter failure
P (MPa) (MPa) ¢ (degree) (MPa) 0 o a
2.0 2.6 0.52 0.78 30 500 0.26 5.0 1.0 1.0e-5
Hayashi-Hibino model was used as a two criteria model Table 3 Numerical cases
(Motojima et al., 1978). The criteria of the Hayashi-Hibino Case Input motion phase DMWs
model are shown in Fig. 6. The model is a nonlinear elastic LS model Kobe Yes
model which is able to evaluate tensile and shear failure of Kobe No
stabilized soil. The properties of the stabilized soil and the Hachinohe Yes
. . rres . . Hachinoh N
parameter used in Hayashi-Hibino model are listed in Table 2. achione ©
. . . BI model Kobe Yes
As strong earthquake motions, input motion of Level 2
) ) ) Kobe No
earthquake with mean return period of approximately 500 Hachinohe Yes
years was employed (Building Standard Law of Japan, 2000). Hachinohe No
Figure 7 shows the code-defined acceleration response Null mass model Kobe Yes
spectrum of the Level 2 motion on the engineering bedrock. Kobe No
Figure 8 shows the acceleration time history of the input Hachinohe Yes
motion using Kobe and Hachinohe phase data on the bedrock Hachinohe No

(2E). The input motion was applied horizontally in the NS
direction at a depth of 75 m.
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Fig. 8 Input acceleration waveforms at 75 m depth (2E)

Numerical cases of the LS and BI models are listed in Table 3. Furthermore, the analyses using null mass model were
conducted (mentioned in 5.3). The software is an in-house program called MuDIAN (Shiomi et al., 1993). It is parallelized
using the hybrid parallel method, and is able to analyze a large-DOF model at high speed (Shigeno et al., 2014). The analysis
results of the BI model as well as details in the finite element model, modeling and properties of the soil etc. are presented in

the previous numerical study.

4 ANALYSIS RESULTS

Figure 9 shows the acceleration response spectra (5% damping) of the top of the structure at the center, the raft bottom at
point A (shown in Fig. 2) and the free-field ground surface under Kobe and Hachinohe phases, together with the spectrum of the
bedrock at 75 m depth (E+F). The response at the free field ground was obtained from the one-dimensional analysis using a soil
column model, and an initial natural period of the ground (7,=0.86 s) was derived from Fourier spectrum ratio of the linear
elastic ground response. In comparison of the response spectra of the top of the structure in LS model with that of the free-field
surface, marked amplification at a period of about 1.0 s (which is slightly larger than 7,=0.87 s) is seen under both phase
motions. In contrast, in Bl model, significant de-amplification over periods less than 2 s is seen, and obvious amplification at the
top of the structure around a period of 4.0 s (which is near the natural period in the design) is seen. In comparison of the
response spectra of the free-field surface and the raft with that of the bedrock, substantial amplification over periods of 1-1.5 s is
seen under both phase motions. Considering 7,=0.86 s, this may be attributed to the strain-dependent nonlinearity in the soil
deposit. The nonlinearity results in a lengthening of 7, and leads to 7,>T), under Level 2 motions. In LS model over the periods
of 1-1.5 s, the amplification of the raft with DMWs is lower than that of the ground while the amplification of the raft without
DMWs is higher than that of the ground. In BI model, the amplification of the raft is considerably lower than that of the ground
regardless of the presence of the DMWs. In the following, the analysis results under the Kobe phase are presented and discussed.

Figure 10 shows the peak acceleration profiles of the superstructure at center, the DMWs and soil under point A and the free
field ground under the Kobe phase. The maximum accelerations at the top of the superstructure are 9.2-9.5 m/s” and 1.6-1.8 m/s’
in the LS and BI models, respectively, while that at the ground surface is 3.3 m/s’. Namely, the maximum accelerations at the
top in LS model are amplified to nearly three times of the maximum acceleration at the ground surface, while those in BI model
are reduced to around 50% of the maximum acceleration at the ground surface. Figure 11 shows the peak horizontal
displacement profiles of the superstructure at center, the DMWs and soil under point A and the free field ground. The
displacements are relative values to those at 49.9 m depth. The increase in displacement to the top of the superstructure is
obvious in the LS model, while the increase is quite small in BI model. The peak ground displacement at the surface is 0.22 m.
It is seen that in both LS and BI models, the peak displacements of the raft with the DMWs just under the raft are markedly
smaller than those without DMWs.
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Fig. 10 Peak acceleration profiles: superstructure at center, DMWs and ground under point A, and free field (Kobe phase)
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Fig. 11  Peak lateral displacement profiles: superstructure at center, DMWs and ground under point A, and free field (Kobe phase)

Figure 12 shows the peak bending moment profiles of Pile 5B (1.2 m in diameter) and Piles 5A and 7B (1.0 m) under the
Kobe phase. The maximum bending moments are generated at the pile head, excepting to Pile SA in the case with DMWs and
Pile 7B in BI model with DMWs. The maximum moments in Piles 5A and 7B are generated at depths of 9.9 m and 15.7 m,
respectively. This ocurrs probably due to the interaction between the piles and the DMWs, considering that Piles SA and 7B are
located adjacent to the DMWs. In both LS and BI models, it appears that the peaks in the case with DMWs are significantly
less than those without DMWs not only near the pile head but also to some depth deeper than the DMWs bottom.

Figure 13 shows the incremental axial forces along the piles under the Kobe phase (compression is positive). The solid line
indicates the greater value out of the compressive and tensile ones. The incremental axial forces in LS model are significantly
greater than those in BI model possibly due to the large overturning moment of the superstructure. The incremental forces at
the pile head in Pile A located at the edge in the shaking direction are relatively large in both models. The incremental forces at

the pile head in the case with DMWs are less than those without DMWs in LS model, while vice versa in BI model. In

addition, the incremental forces at the pile head are close to the maximum values but not necessarily the maximums.
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Fig. 12 Profiles of peak bending moment of piles (Kobe phase)
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Fig. 13 Profiles of peak axial force of piles (Kobe phase)

Figure 14 shows the time histories of the accelerations of the free-field ground and structure, the inertial forces of the
superstructure and raft, the horizontal displacements of the ground and raft, the earth pressure resultant, the sum of shear forces
at the pile head, the bending moment and incremental axial force of the piles under the Kobe phase during 30-40 s (including
the peaks) in LS model, and Fig. 15 shows those in BI model. The earth pressure resultant means the sum of active and passive
earth pressure and friction acting on the raft side. The bending moments are those at the pile head, exceping to the cases of Pile
SA with DMWs. For the Pile SA with DMWs, the bending moments are those at 9.9 m depth where the maximum moment is
generated. The incremental axial forces are those at the pile head. The inertial forces of the superstructure and the raft, the earth
pressure resultant and the sum of shear forces at the pile head (additionally, the resistant forces of the soil and the DMWs
shown in Figs. 18 and 19) were obtained in the same way which is mentioned in the previous numerical study. Note that these
values are obtained assuming that damping forces are neglected.

The red dashed line indicates the time when the maximum acceleration of the ground at the surface occurs (+=35.01 s). The
maximum ground acceleration does not occur simultaneously with the maximum accelerations of the top of the structure nor
with the maximum superstructure inertial forces in both LS and BI models. The maximum superstructure inertial forces occur
almost simultaneously with the maximum acceleration of the top of the structure in LS model. In both LS and BI models, the
time histories of the raft inertial force are similar and the maximum raft displacements occur almost simultaneously with the
maximum ground displacement. The sum of shear forces at the pile head in the case with DMWs is remarkably small compared
with that without DMWs. The maximum bending moments of the piles occur almost simultaneously with the maximum ground
acceleration (or ground displacement) regardless of the presence of the DMWs. The maximum incremental axial forces at the
pile head in LS model occur in tension and almost simultaneously with the maximum superstructure inertial forces, while no

simultaneity between the two in BI model.

5 DISCUSSIONS

5.1 Inertial forces and kinematic ground movements
Resulting from Figs. 14 and 15, the relations of the ground surface displacement with the inertial force under the Kobe phase
during 30-40 s are shown in Fig. 16. Open circles indicate the maximums of the displacement and inertial force. The maximum

superstructure inertial forces in BI model are remarkably small, 15-18% of those in LS model. In LS model (in which T,>T,




TAKENAKA TECHNICAL RESEARCH REPORT No.76 2020
AREMRRIRE No.76 2020

Peak ground acc.
1

[ — Top_DMWs
{a) Ground surface and structure top _Tu'; 1o DMWs
—Gro

. Acceleration (m/s?)
o =3
2

I
e
=]

(b) Superstructure max (86.48, 34.20)

~ AN
I TN

Inertial force (MN)
: o

(¢) Raft

o A A Ao P N
PO \etolrosen ey

20 max(-14.02, 34.20) max(~17.86, 35.08)

Inertial force (MN)

-30

30 31 32 33 34 3:5 36 37 38 39 a0
03

(d) Ground surface and raft
02 -

. AN

T ~~

Displacement {m)

01
| max(-20.44, 34.00)
02 max(-71.67, 36.01
max(-26.66, 35.06)
0.3 T
30 31 n F u 3 36 7 38 39 a0

(e) Earth pressure resultant 1
[ max(33.07, 33.83)my max(31.00, 33101)

\\WP\MK\ /. A
SNTTINITN A NI Y Y

40 |

Resultant force (MN)
B

-60

:: (f) Sum of shear forces at pile head

1
1
1
T

30 31 12 33 3 £ 38 39 40
: max(39.86, 35.93)
1
1
1
1

‘Z‘- 30
2 w0t I ETRT,
3w — i :\mx[l.}. 34.12)
5 o AN
< a0t = h— ‘v ! W
g |
&5
a0 :
50 T
0 EN 2 EE) EY] EH 36 37 8 39 a0
E ® [(griesa i
&) Pile —_— DMWsﬁ 9m depth)
=z
1 — no DMWs
g 10 1
I |
g, Pl adh Ve
£ ~
® 0
5 max(-9.45, 35.08)
= I
& 20 1
0 3 2 EE) u 36 36 a7 £ 39 40
= 30 1
£ (h) Pile 5B 1
S wt 1
2 1
8] I A JASSSY
& 1
g 0 — ﬁ.\_vm . W 1_\_7;;
€ 0l max (4. 46
g
5 o201 nax(-17.93, 35.06)
& 30 4
30 31 2 EES 34 zls 36 8 39 40
15
(i) Pile 5A
2 s 1
g, A\ ! VanV7a\
L v v | \-_/' N\ b
s |
2 1
max(-11.94, 318N/ (. 1?,(}6. 34.27)
15
30 31 32 33 34 3'5 36 37 38 39 40
15

{j) Pile 5B —bMws
10 — no DMWs

— N TN~ =~

Axial force (MN)
°

max(-6.25, 34.19)

1
max(-9.23) 34.26)
1

0 3 Er 3 EL] L ES 37 38 9 0
Time (s)

Fig. 14 Time histories of acceleration, inertial force, horizontal displacement, earth pressure resultant and pile sectional force in LS model (Kobe phase)
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Fig. 15 Time histories of acceleration, inertial force, horizontal displacement, earth pressure resultant and pile sectional force in BI model (Kobe phase)
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under Level 2 motions), the inertial forces of the 100 : »
superstructure and raft are generally in phase with the ground
displacement regardless of the presence of the DMWs.

Namely, the ground displacement acts in the same direction of

Raft inertial force (MN)

the inertial forces, thereby increasing the lateral force

Superstructure inertial force (MN)
o

transfered from the raft to the foundation elements. In BI

model, the superstructure inertial force is nearly out of phase T s

Ground displacement (m)

with the ground displacement. The raft inertial force is (a) LS model

generally in phase with the ground displacement. Furthermore, » »

the maximum raft inertial force occurs almost simultaneously
with the maximum ground displacement regardless of the
presence of the DMWs.

The earth pressure resultant is generated by both the inertial

Superstructure inertial force {MN}
o
Raft inertial force (MN)
o

and kinematic effects. Tamura and Hida (2014) have reported,

based on the dynamic centrifuge tests on a superstructure-

footing model in sand, that the peaks of dynamic earth Ground displacement (m) Ground displacement (m)
pressure resultant acting on the side of the embedded pile cap (b) Bl model
increased concurrently with the relative displacement between Fig. 16  Ground surface displacement vs. inertial forces under Kobe

phase (30-40 s)
the pile cap and the soil. Note that the relative displacement

incorprates both the inertial and kinematic effects. The 0 &
relations of the relative displacement (6S-6R) with the earth
pressure resultant are shown in Fig. 17. Here, 6S is the ground
surface displacement and SR is the raft displacement. The

earth pressure resultants have relatively strong correlation

Earth pressure resultant {MN)
o

Earth pressure resultant (MN)
o

with the relative displacements regardless of the presence of

—DMWs

the DMWs, and the correlation between the two is quite %, . e o . .

.. . . Relative displacement {m) Relative displacement {m})
similar in LS and BI models. These numerical results are (2) LS model (b) BI model
consistent with the experimental results reported by Tamura Fig. 17 Relative displacement (ground disp -raft disp.) vs. carth
and Hida (2014). pressure resultant under Kobe phase (30-40 s)

5.2 Lateral load transfer mechanism

Figure 18 illustrates schematics of the deformation of the structure-foundation system in cross-section Y 1-Y2 (shown in Fig.
2(b)) and the equilibrium of the lateral external and resistant forces at the raft bottom under the Kobe phase when the bending
moment of Pile 5B is at its maximum (referred to as fy;spma), Where the external forces transferred from the raft (i.e., inertial
forces of the superstructure and raft and the earth pressure resultant) with the resistant forces of the foundation elements (i.e.,
loads carried by the piles, the soil and the DMWs) are shown. Figure 19 shows the same illustrations as those given in Fig. 18
when the axial force at the pile head of Pile SA is at its maximum (referred to as fysamay)-

At the time of fyspn.. shear deformation of the ground and large curvature of the piles are seen to a depth of about 20 m
from the raft bottom, while at the time of fysam. Such deformation is hardly seen. In LS model, the inertial forces of the
superstructure at fysama (Which are almost equal to their maximum) are considerably greater than those at fysgm.. The earth
pressure resultant in LS model without DMWs is in the opposite direction of the ground displacement both at fyspy., and
Insamaxs While the earth pressure resultant in BI model with DMWs is in the same direction of the ground displacement. This
occurs because the raft displacement in the former is greater than the ground displacement both at fyspp. aNd fysamax @S Shown
in Fig. 14(d), while the raft displacement in the latter is less than the ground displacement as shown in Fig. 15(d). The
maximum earth pressure resultant is 50.1 MN (in BI model with DMWs shown in Fig. 15(e)) which is greater than but roughly
consistent with the sum of the Rankine’s active and passive earth pressure resultant and the ultimate side friction (0+23.2+19.2
=42.4 MN). The above sum was calculated with the shear strength of the soil near the surface (60 kPa) which was used in the
FE analysis.
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Fig. 19 Equilibrium of lateral forces at the raft bottom at #ys ., under Kobe phase
(displacements enlarged by 10 times for foundation while 5 times for superstructure)

Figures 18 and 19 indicate that the lateral loads carried by the piles in the case with DMWs are very small compared to those
without DMWs. Moreover, as indicated in Fig. 12, the bending moments of piles in the case with DMWs are decreased
significantly not only near the pile head but also to some depth deeper than the DMWs bottom. This arises because the
amplification of the ground movement below the raft is restrained by the DMW grid in addition that the most part of the lateral
force transferred from the raft (the sum of the inertial forces of the superstructure and raft and the earth pressure resultant) is
carried by the DMWs, as pointed out by Yamashita et al. (2018).

Figure 20 shows the relations of the lateral force transferred from the raft with the sum of shear forces at the pile head. The
maximum values of the lateral force from the raft and those of the sum of shear forces at the pile head are listed in Table 4. The
lateral forces from the raft in BI model are significantly small, 68% and 57% of those in LS model with DMWs and without
DMWs, respectively. In both models, the maximum lateral forces in the case with DMWs are considerably greater than those
without DMWs. This may be attributed to the effect of the earth pressure resultant acting on the raft side as is seen in Figs. 18
and 19. The sum of the shear forces at the pile head in BI model are about 40% of those in LS model, though the maximum
superstructure inertial forces in BI model are 15-18% of those in LS model. This implies that the kinematic effect on the sectional

force of piles connected to the raft embedded in soft ground is relatively large. The sum of shear forces at the pile head in the
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Table 4 Lateral force from the raft and sum of shear forces at the pile head

LS model BI model
DMWs no DMWs DMWs no DMWs
Lateral force from raft (MN) 94.0 64.0 64.3 36.5
Sum of shear forces at pile head (MN) 7.2 39.9 3.0 15.8
Ratio of shear force to lateral force 0.08 0.62 0.05 0.43
case with DMWs are 5-8% of the lateral force from the raft, = 7 =

1to1,

1tol/

while in the case without DMWs the sum of shear forces
are 43-62% of the lateral force. According to the dynamic

model test results of piled raft combined with soil-cement

walls supporting a slender building in soft clayey soil using

Shear force at pile head (MN)
o

a geotechnical centrifuge reported by Hamada et al. (2019),

—no DMWs —no DMWs

since most part of the inertial force of the structure was 50 | —omMws | ; —DMWs

. . -100 0 100 -100 0 100
transferred to the soil-cement walls, the ratio of the sum of Lateral force (MIN) Lateral force (MN)
shear forces at the pile head to the inertial force was (a) LS model (b) Bl model

significantly small, only about 1% under a small earthquake Fig. 20 Lateral force from raft vs. sum of shear forces at pile head under
Kobe phase (30-40 s)
and about 10% even under a strong earthquake. The
numerical results in the case with DMWs are consistent with the dynamic model test results reported by Hamada et al. (2019).
It is noted that when the sum of the lateral forces is greater than the frictional resistance between the raft and the DMWs, it
is possible that the load carried by the piles increases due to a slip of the raft. The possibility of the slip is roughly examined,
based on the monitoring results of the 12-story building (Yamashita et al., 2012) and coefficients of friction between cement-
stabilized soil and concrete obtained from the model tests reported by Tanikawa et al. (2015). The frictional resistance was
estimated using the effective contact pressure (the contact pressure minus the pore-water pressure) between the raft and the
DMWs of 265 kPa and the coefficient of friction of 0.8-1.0. The frictional resistance between the raft and the DMWs (area of
250 m’) is calculated to be 53-66 MN. These values are comparable with or greater than the maximum load carried by the
DMWs of 53.1 MN in BI model, however, less than that of 77.6 MN in LS model. Tanikawa et al. (2015) found that when the
mechanical joint with dents and bumps was added between the cement-stabilized soil and concrete, an equivalent coefficient of
friction became more than 1.2. When the mechanical joint is considered in the LS model, the frictional resistance is calculated
to be more than 79 MN, greater than the maximum load (77.6 MN).

5.3 Inertial and kinematic effects on pile sectional force

Figure 21 shows the relations of the inertial force with the bending moment of Pile 5B at the pile head under the Kobe phase.
In LS model, the bending moment is generally in phase with the superstructure inertial force while the correlation between the
two in BI model is low. In both LS and BI models, the bending moment is generally in phase with the raft inertial force. In BI
model, the maximum bending moment occurs simultaneously with the maximum raft inertial force regardless of the presence
of the DMWs. Figure 22 shows the relations of the ground surface displacement with the bending moment of Pile 5B at the pile
head. In both LS and BI models, the bending moment is in phase with the ground displacement and the maximum bending
moment occurs simultaneously (or almost simultaneously) with the maximum ground displacement.

Figure 23 shows the relations of the inertial force with the incremental axial force of Pile SA at the pile head. In LS model,
the incremental axial force has strong correlation with the superstructure inertial force, and the maximum axial force occurs
simultaneously with the maximum superstructure inertial force. On the other hand, in BI model the incremental axial force has
no significant correlation with the superstructure inertial force. In both LS and BI models, the incremental axial force has no
significant correlation with the raft inertial force. Figure 24 shows the relations of the ground-surface displacement with the
incremental axial force of Pile SA at the pile head. The incremental axial force tends to be tensile as the ground displacement
increases excepting to Bl model without DMWs.

Figure 25 shows the relations of the axial force with the bending moment under Kobe phase. The incremental axial force and

bending moment are those at the pile head, exceping to Pile SA in the case with DMWs in which the axial force and bending
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Fig. 25 Axial force vs. moment relations under Kobe phase with design NM-interaction curves (30-40 s)

moment are those at 9.9 m depth as indicated in Fig. 25. The axial force is the sum of the initial axial force near the pile head
and the dynamic incremental force. The initial axial forces were estimated based on the field monitoring of the 12-story
building (Yamashita et al., 2015). In LS model without DMWs, the bending moments are so large that the sectional forces of
both the piles exceed completely the ultimate limit state (ULS) of the SC pile. In LS model with DMWs, the sectional forces of
both the piles are within the damage limit state (DLS). In Pile, SA, the maximum increments of the axial force in tension

exceed the initial axial force (7.13 MN) regardless of the presence of the DMWs, but the net tensile forces are much less than
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the ultimate shaft resistance. In BI model without DMWs, the sectional forces of the piles are within but close to the ULS,
while in BI model with DMWs the sectional forces are within the DLS.

In order to evaluate the kinematic effect on the sectional force of the piles independently, the numerical analyses of null mass
model (shown in Table 3), in which the mass of the superstructure, raft and piles are not considered, were conducted. Figure 26
shows the relations of the axial force with the bending moment in Piles SA and 5B from the null mass model analysis, which
are superimposed on those of the axial force with the bending moment shown in Fig. 25. The maximum bending moments in
the null mass model are 57-67% of those in LS model without DMWs, and 75-79% of those with DMWs. Hence, it was found
that the bending moments of piles in the piled raft are more affected by the kinematic ground movement than the inertial force
from the structure regardless of the presence of the DMWs, though the inertial forces from the superstructure in LS model are
large as shown in Fig. 16. The incremental axial forces in the null mass model are quite small compared to those in LS model.
Hence, the incremental axial forces in LS model are generated almost entirely by the inertial force from the structure. On the
other hand, the maximum bending moments in the null mass model are 94-100% of those in BI model regardless of the
presence of the DMWs, and the maximum values of the bending moment as well as the incremental axial force in the null mass
model are approximately equal to those in BI model. Thus, the bending moment and the incremental axial force of piles are

generated mostly by the kinematic effect.

5.4 Internal stress in DMWs

Figure 27 illustrates the extent of tensile failure in the DMW grid under Kobe phase. The elements are shaded according to
the number of Gauss points at which tensile failure occurs. The tensile failure in LS model is seen in the extensive portion at
the bottom of the longitudinal walls (parallel to the shaking direction), while the tensile failure in BI model is in the limited
portion at the bottom. This occurs probably because the lateral load carried by the DMWs in the former is considerably larger
than that in the latter as shown in Fig. 18. It should be noted that the strain softening characteristics of the stabilized soil, which
is not considered in the present analysis, occurs after the tensile stress reaches the tensile strength as pointed out by Namikawa
et al. (2007). Further studies on the strain softening characteristics are necessary to understand the seismic performance of the

DMWs under strong earthquakes more accurately (Shigeno et al., 2019).
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Fig. 26  Axial force vs. moment relations from null mass model with those from LS and BI models under Kobe phase (30-40 s)
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Fig. 27 Extent of tensile failure in DMWs under Kobe phase

6 CONCLUSIONS

Based on the results from the seismic response analysis of the soil-piled raft-superstructure system in which natural periods
of the superstructure are different, the following conclusions can be drawn:

(1) The maximum superstructure inertial forces in BI model in which the natural period of the superstructure (7},) is fully larger
than that of the ground (7},) are markedly small, 15-18% of those in LS model in which 7, is near 7,. In LS model, the
inertial forces of the superstructure and the raft are generally in phase with the ground displacement regardless of the
presence of the DMWs, thereby increasing the lateral force transferred from the raft to the foundation elements. In BI
model, the superstructure inertial force is nearly out of phase with the ground displacement. As a result, the lateral forces
from the raft in BI model are significantly small, 68% and 57% of those in LS model with DMWs and without DMWs,
respectively. In the case without DMWs, the sectional forces of the piles in LS model exceed completely the ULS, and
those in BI model are within but close to the ULS.

(2) In both models, the sum of shear forces at the pile head in the case with DMWs are 5-8% of the lateral force transferred
from the raft, while in the case without DMWs the sum of shear forces are 43-62% of the lateral force. The bending
moments of piles in the case with DMWs are decreased significantly compared to those in the case without DMWs not only
near the pile head but also to some depth deeper than the DMWs bottom. This arises because the amplification of the
ground movement below the raft is restrained by the DMW grid in addition that the most part of the lateral force transferred
from the raft is carried by the DMWs, as pointed out by Yamashita et al. (2018).

(3) A possibility of a slip between the raft and the DMWs under L2 motions was examined using the monitoring results of the
building and the published values of coefficients of friction between cement-stabilized soil and concrete. It was found that
the frictional resistance is less than the lateral force transferred from the raft in LS model while the frictional resistance is
comparable or greater than the lateral force in BI model. In the former case, when the mechanical joint is added to the
interface between the raft and the DMWs, the frictional resistance could be greater than the lateral force.

(4) In order to evaluate the kinematic effect on the sectional force of the piles independently, the bending moments and the
incremental axial forces were compared with those obtained from the analysis of the null mass model in which the mass of
the structure and piles are not considered. It was found that although the inertial forces from the superstructure in LS model
are large, the bending moments of piles in the piled raft are more affected by the kinematic ground movement than the
inertial force from the structure regardless of the presence of the DMWs. The incremental axial forces in LS model are
generated almost entirely by the inertial effect. In BI model, both the bending moments and incremental axial forces of the

piles are generated mostly by the kinematic effect regardless of the presence of the DMWs.
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