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Seismic Performance of Piled Raft Foundation with Grid-Form

DMWs under Large Earthquake Load
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Summary

Nonlinear seismic response analyses are conducted to evaluate seismic performance of a piled raft foundation with grid-
form deep mixing walls (DMWs) under a large earthquake load. The 12-story base-isolated building is modeled using a
detailed three dimensional building-soil interaction model by finite element method. The ground is modeled using a multi-
surface elasto-plastic model, and the DMWs are modeled using the nonlinear elastic model that has tensile and shear criteria.
First, the numerical model is fitted to the observation records of the 2011 off the Pacific coast of Tohoku Earthquake. Then, the
analysis is conducted using a large earthquake that is notified as Level 2 earthquake by the Japanese building design code. As a
result of the analysis, it is found that the grid-form DMWs are quite effective in reducing the sectional force of piles to an
acceptable level, even if the induced stress in the DMWs partially fails during the large-scale earthquake.

Keywords: piled raft foundation, grid-form DMWs, large earthquake, soil and structure interaction analysis,

performance-based design
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1 INTRODUCTION

In recent years, piled raft foundations have been used in many countries as building foundations. The effectiveness of piled
rafts at reducing average and differential settlements has been confirmed on soft clay and even on liquefiable sand with grid-
form cement deep mixing walls (DMWs) (Yamashita et al., 2011, 2012, 2016). The grid-form DMWs work not only as a
countermeasure of liquefaction to increase the resistance of unstabilized soil but also as a resistance component against the
horizontal load. However, adding the grid-form DMWs to piled rafts as a new component, the seismic behavior becomes more
complicated and the necessity for detailed evaluation increases.

To investigate the seismic response of a piled raft foundation with grid-form DMWs, field monitoring has been performed on
the piled raft system in soft ground supporting a 12-story building. The seismic response of the soil-foundation system was

successfully recorded at the time of the 2011 off the Pacific coast of Tohoku Earthquake (the 2011 Tohoku earthquake)
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(Yamashita et al., 2012). The seismic response analysis using a detailed three-dimensional finite element model was conducted
using equivalent linear moduli by Onimaru (2012) and Hamada (2014), and the analytical results agreed well with the
observation records of the 2011 Tohoku earthquake. Simulation analysis for the observation records using nonlinear soil model
was also conducted (Shigeno, 2015), and then the analysis under the large earthquake loads was conducted in the previous
study (Shigeno et al., 2015). The effectiveness of the DMWs in reducing sectional force of the piles was confirmed even
though the partial failure occurred in the DMWs under large earthquake load in the study. However, there was some difference
in the sectional forces of the piles between the analysis and the observations, and there was some lack of consistency on the
modeling of the stabilized soil in the analyses for the medium and large earthquakes.

In this paper, first, in order to determine more suitable deformation parameters of the stabilized soil as well as the
unimproved soil to simulate the observation records more accurately, seismic response analysis of the piled raft system was
conducted again. Then, the dynamic analysis under a large earthquake is conducted using the more suitable deformation
parameters, and the seismic performance of the piled raft system is discussed focusing on the effect of the grid-form DMWs on

the sectional force of the piles.

2 BUILDING AND GROUND CONDITIONS

Figure 1 shows a schematic view of the building and its foundation with the soil profile. The building analyzed is a 12-story
residential building located in Tokyo. The soil down to a depth of 44m is alluvial stratum. The soil profile down to the depth of
7 m is made of fill, soft silt and loose silty sand where the ground water table appears approximately 1.8 m below the ground
surface. The building is supported by a piled raft with grid-form DMWs which were employed to prevent liquefaction of the
silty sand from GL -3 m to -7 m as well as to improve the bearing capacity of the raft foundation. Figure 2 shows the
foundation plan. The spacing between the DMWs is about 6 to 9 m, and the area replacement ratio is 25%. The soil conditions,
the foundation design and the instrumentation, as well as the seismic response of the soil-foundation-structure system, were

reported by Yamashita et al. (2012).

3 NUMERICAL ANALYSIS

3.1 Finite element mesh
Figure 3 shows the finite element (FE) mesh, which is the same as that used in the previous study. The superstructure is
modeled using elastic bars and shells, and the piles are modeled using elastic bars. Table 1 shows the dimensions and material

properties of the piles. The raft is modeled using elastic solid elements with the modulus of concrete. Rayleigh damping is
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Table 1 Dimensions and material properties of piles
Pile diameter Young’s Density Damping A, of SC pile I, of SC pile A.of PHC pile I, of PHC pile
(mm) modulus (MPa) p (t/m’) (%) (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 0.6714 0.5054 0.06958

Ae : Equivalent cross-sectional area
Ie : Equivalent area moment of inertia
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to analyze a large-DOF model at high speed (Shigeno et al., 2014).

3.2 Constitutive model and properties for soil

A multi-hardening model proposed by Shiomi and Fujiwara (2014) is used as the constitutive model for the soil, as in the
same way as the previous study. Hardening parameter is calculated using the tangential shear modulus that is evaluated from
the G-y characteristics (Shigeno 2015). The shear strength of the Mohr-Coulomb model is given as cohesion. The cohesion of
layers except for being investigated is calculated using ys, of the G-y characteristics.

The shear wave velocity profile of the ground is obtained using an optimization method targeted small earthquakes (Onimaru
et al., 2012). The optimized Vg distribution is shown in Fig. 5 with the logged V. Initial damping other than the damping
induced by the constitutive model is assumed 1%, and is given by Rayleigh damping. Table 2 shows the soil properties, and the
nonlinear characteristics are shown in the later section. In this analysis, liquefaction is not considered. Further research is

necessary to examine the effect of it.
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Table 2 Soil properties

Layer upper Layer bottom Stratum Density Initial shear Poisson’s ratio
depth (m) depth (m) (t/m’) modulus (kPa)

0.0 2.0 Fill 1.70 25,442 0.467

2.0 4.8 Silty clay 1.60 19,948 0.496

4.8 59 Silty sand 1.80 28,945 0.490

59 7.9 Silty sand 1.60 29,987 0.495

7.9 11.7 Silty clay 1.60 24,522 0.495
11.7 15.7 Silty clay 1.60 27,198 0.496
15.7 19.7 Silty clay 1.60 45,610 0.495
19.7 23.7 Silty clay 1.60 45,959 0.495
23.7 27.1 Silty clay 1.60 62,637 0.491
27.1 323 Silty clay 1.60 67,240 0.491
323 35.0 Silty clay 1.60 93,912 0.491
35.0 37.6 Silty clay 1.70 159,801 0.490
37.6 40.2 Silty clay 1.70 202,821 0.490
40.2 429 Silty clay 1.70 205,883 0.490
429 45.8 Clayey silt 1.70 230,470 0.487
458 47.7 Sand 1.80 245,197 0.479
47.7 49.9 Sand and grabel 1.80 671,011 0.458
49.9 61.9 Sand and grabel 2.00 745,621 0.458
61.9 75.0 Sand 2.00 749,513 0.471

Table 3 Properties of stabilized soil and parameter of Hayashi — Hibino model

Density Tensile strength Cohesion Friction angle ~ Shear modulus v Damping Parameter
p (t/m’) o, (kPa) c (kPa) ¢ (degree) G, (MPa) h (%) a
2.0 760 1140 30 500 0.26 5.0 1.0

Shear wave velocity, Vs (m/s)
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3.3 Constitutive model and properties for stabilized soil

The failure mode of the DMWs during an earthquake is tension or shear. The Mohr — Coulomb model is often applied to
stabilized soil, but it generally gives a larger tensile strength than the real value. The tensile criterion has to be used for correct
evaluation. The tensile criterion o, is expressed by the maximum principal stress o, (note that tension is positive) and it is

expressed by stress invariants J’, and o,, by applying a Lode angle 6 ( — /6 <0 <m/6)

1

2(07,)2 2
G,Gl<\/§>sin[9+;]+cm 1)

where J’, is the second invariant of deviatoric stress, and o,, is the mean stress. Also, the Mohr — Coulomb criterion for the

shear failure is expressed using stress invariants as follows
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x 1
o, sing+ (J,)2 [cos 0— /3 sin @ sin q}] =ccos¢ 2)

where ¢ is the friction angle and c is the cohesion. These criteria are shown in Fig. 6. The tensile strength is evaluated correctly
by taking a lower strength between the two criteria.

The Hayashi — Hibino model (Motojima et al., 1978) is used for the two-criterion model described here in this study. The
Hayashi — Hibino model is a nonlinear elastic model, and the elastic modulus is reduced to the specified value at failure. This
model is able to evaluate nonlinearity within the failure criteria. The proximity ratio to the criteria R defined in Fig. 6 is used. R
takes the minimum value for the two criteria and becomes 0 when the stress reaches the criteria. The elastic moduli are reduced

according to R in the following equations using the parameter a.
E=R"E, 045-v=R"(0.45-v,) 3)

The properties of the stabilized soil used in the Hayashi — Hibino model are shown in Table 3. The tensile strength and the
cohesion are set to 0.2¢, and 0.3¢q,, respectively, where the unconfined compressive strength of the stabilized soil, ¢,, was
determined based on the results of unconfined compression tests on 36 core samples curing for four weeks, and set at the
average value of 3.8 MPa (Yamashita et al., 2015). The friction angle is assumed to be 30 degrees.

The initial shear modulus is adjusted to the observation records in the later section. The initial stress of the DMWs is not

considered here.

4 ANALYSIS RESULTS

4.1 Seismic simulation for the 2011 Tohoku earthquake
100
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. = 50
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strength of 1.8 MPa referred to the exiting studies. And the same constitutive model for the soil was applied to the stabilized soil,
considering that the induced stress did not cause tensile failure. The analytical results fairly agreed well with the observations.
However, there were some differences between the observations and the analysis, especially in the maximum bending moments
near the pile head. In addition, tensile failure should be considered in the analysis under the large earthquake load.

Therefore, the initial shear modulus G, of the stabilized soil is adjusted to fit the maximum bending moments near the pile
head in the analysis to those of the observations, and the Hayashi-Hibino model for the stabilized soil is also used in the
analysis using the observation records of the 2011 Tohoku earthquake. Nonlinearity of the stabilized soil is referred to the
experiments by Kuroda (2001). The G-y characteristic derived from the experiments was used as a target of the numerical
simple shear test. The parameter a of the Hayashi — Hibino model in equation (3) was determined for each initial shear
modulus. Figure 9 shows the target nonlinearity and the result of the numerical test when the initial G, was 500 MPa (G, = 700
MPa in the previous analysis). Damping of the stabilized soil is needed because the applied model is nonlinear elastic. As the
damping ratio of the stabilized soil is somewhat high at the small strain compared to unimproved soils (Kuroda et al., 2001),
the damping ratio was set to 5%.

The simulation results against the observations are shown in Figs. 10 to 13. Figure 10 shows the time history of the seismic
response of the ground surface (at a depth of 1.5 m) at the observation point in the EW direction during the principal motion
(100 to 140 s). The acceleration and displacement in the analysis show good agreement with those of the observations. Figure
11 shows the time history of the bending moment of Pile SB near the pile head and at a depth of 16 m (bottom level of the

DMWs). The bending moments in the analysis also agree well with those of the observations, although the bending moment at
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GL -16m is slightly shifted toward minus direction due to the nonlinearity of the ground. Figure 12 shows the profiles of peak
acceleration and relative displacements of the structure and the ground in the EW direction. The displacements are relative to
the observation point of the ground at a depth of 50 m shown in Fig. 2. Figure 13 shows the profiles of the peak bending
moment of the piles. The results of the observation and the previous study (Shigeno et al., 2015) are also shown in Figs. 12 and
13. Tt is seen that he results of the peak bending moments near the pile head in the present analysis show better agreement with
the observations, and the peak responses of the ground and the structure agree as well with the observations as the previous

results. The agreement of the pile bending moment between the analysis and the observations may be important on evaluating

the sectional force of the piles under large earthquake load.

4.2 Seismic response analysis under large earthquake load

4.2.1 Input motion
A large earthquake motion was chosen from the so-called Level 2 waves that are notified for a performance-based design in

Japanese building design codes. The recurrence interval of the earthquake is considered to be about 500 years. The earthquake
motion is defined by acceleration response spectrum, and the NS component of Level 2 motion of Kobe phase data was used as
the base input motion, where the Kobe phase data were observed at the Kobe Marine Observatory during the 1995 Hyogoken-
Nambu earthquake (referred as the Kobe phase hereafter). The acceleration response spectra of the NS components of Level 2

motion are shown in Fig. 14, and the acceleration waveforms of Level 2 motion in the NS direction are shown in Fig. 15.




4.2.2 Analysis results

Two analysis cases were examined. One is with the grid-
form DMWs, and the other is the case without DMWs.

Figure 16 shows the profiles of the peak horizontal
acceleration at the center of the superstructure and the raft in
the NS direction together with those of the ground at point A.
The response of the soil column model is also shown denoted
as “far field”. The peak ground surface acceleration at the far
field was 391 cm/s’. In the case with DMWs, the peaks were
347 cm/s” at the raft and 153 cm/s” on the first floor, where the
reduction rate by the base isolation system was 44 %. In the
case without DMWs, the peaks were 364 cm/s” and 123 cm/s’.
The peak acceleration at the raft in the case without DMWs
was larger than that in the case with DMWs. This may be
attributed to the input loss due to existence of the DMWs.

Figure 17 shows the profiles of the peak horizontal
displacement. The displacement in the NS direction is relative
to a depth of 49.9 m. The peak displacements at the raft were
-11.4 cm and 9.8 cm in the case with DMWs, which are
smaller than -15.5 cm and 13.3 cm in the case without DMWs.
This indicates that the ground deformation beneath the raft is

significantly reduced by the DMWs.
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Figure 18 shows the profiles of the peak bending moment
in piles 5B and 7B, shown in Fig. 4, in the NS direction.
The peak bending moments near the pile head in the case
with DMWs are remarkably smaller than those in the case
without DMWs. One reason of this result arises because the
deformation of the soil enclosed by the DMWs is smaller
than that in the case without DMWs.

Figure 19 shows the time histories of the lateral external
forces acting on the bottom surface of the raft during the
principal motion of 32-39 s. The external forces consist of
the inertial forces from the structure (superstructure and
raft) as well as the kinematic force induced by ground
movements acting on the side of the buried raft. In both the
cases, the peak value of the kinematic force from the
ground was significantly large in comparison with the
inertial forces of the structure. It is also seen that the peak
value of the kinematic force in the case with DMWs was
larger than that in the case without DMWs.

Figure 20 shows the time histories of the lateral resistance
forces of the foundation elements acting on the bottom
surface of the raft. The resistance forces are the shear force
of the piles at the pile head and that of the soil beneath the
raft as well as the shear force of the grid-form DMWs. In
the case with DMWs, it is seen that the shear force of the
grid-form DMWs was significantly larger than those of the
piles and the soil, though the shear force of the piles was
quite small. In the case without DMWs, the shear force of
the piles was considerably larger than that of the soil.

Figure 21 illustrates the equilibrium of lateral force at the
level of the raft bottom in the shaking direction when the
total external force in the case with DMWs reached the
peak values. In the case with DMWs, the kinematic force
from the ground corresponded to about 70% of the total
external force. The kinematic force was canceled entirely
with the shear force of the DMWs. In the case without
DMWs, the kinematic force from the ground corresponded
to also about 70% of the total external force, and was
carried by both the piles and the soil.

Figure 22 shows the tensile failure zone in the grid-form
DMWs, in which the maximum ratio of the maximum
principal stress o, to the tensile strength o, is larger than
0.95. The value of o, stress is the mean value of eight
Gauss points in each element. The tensile failure zone is
seenin very limited part around the bottom of the
longitudinal walls (parallel to the shaking direction).
Meanwhile, the shear failure zone, in which means the
maximum ratio of the equivalent stress ¢ to that at failure g;

is larger than 0.95, is not seen in the DMWs.

TAKENAKA TECHNICAL RESEARCH REPORT No.72 2016
AR IRE No.72 2016

N
a

_|—DMWs
—no DMWs

SR 71 33 34 A 2 N 39
-25
—DMWs (a) Inertial force from superstructure
25 7|—no DMWs
: P A s e A AN
5§ 2 U om W 3 V 3(\‘/"\2,7 Vo MY

-25

(b) Inertial force from raft
75
—DMWs
5o | L——ho DMWs N

. A N A

AL N A
SN ATEVR:

(c) Kinematic force from ground

Force (MN)

-50

75

) Jm \Max. (34.02s)
A NoA oA,
Ak A =a ) A e b
oW \\\}I’ \\// Y \W’Y/ VW

v L

Force (MN)
w

/MinA (36.34s)
-75

(d) Total external force

Fig. 19 Time histories of lateral external forces on the bottom surface of
raft

N
0 FEIAY YY)

2w 4N3'5"\,§'€ 7 el %

Force (MN)

w

-25

-50

—DMWs (a) Piles
25 4 —no DMWs
0 . A A /x A A =R\
» W N s Xk 7 B

(b) Soil

Force (MN)

-25

o N
AN VNS
LS \4//\/ AVAREVAVAR

-75

Force (MN)

(c) DMWs

Fig. 20 Time histories of lateral resistance of piles, soil and DMWs on
the bottom surface of raft




TAKENAKA TECHNICAL RESEARCH REPORT No.72 2016
RIS No.72 2016

T

T

I

aEsmmamEsREasEEEEaRERLaRREnE

z
1‘—>Y(N)

HHEH
TR

T

Kinematic force Kinematic force Kinematic forc o Kinematic force
52.1MN 2 44.7MN 28.8MN 25.6MN
Raft bottom Piles Soil Raft bottom Soil iles
25.4MN  16.8Mi 15.4MN 24.2MN
] | | Ll
34.02s 36.34s 34.02s 36.34s
(a) Case with DMWs (b) Case without DMWs

Fig. 21 Equilibrium of lateral force at raft bottom (deformation scale : 10 cm—1 m)

Figure 23 illustrates the deformation mode of the grid-form DMWs with the tensile failure zone at 34.02 and 36.34 s. The
dynamic lateral displacements at the mid-length of the transverse walls (perpendicular to the shaking direction) showed

significant flexure due to bending near the bottom of the walls, but little flexure near the top of them.
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Fig. 22 Tensile failure zones in grid-form DMWs zones (deformation scale: 1 cm—75 cm)

Fig. 23 Deformation modes of grid-form DMWs with tensile failure
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Fig. 24 Time histories of major principal stress in DMW element Fig. 25 Time histories of principal tensile strain in DMW element

Figure 24 shows the time histories of the major principal stress o, of the selected elements located near the grid corner of the
outer longitudinal wall illustrated in Fig. 23(a) together with the value of the tensile strength. It is seen that the value of o, in
elements A6 and B6 (located at the grid corners of the bottom of the longitudinal wall) reached the tensile strength, and the
value of remained after the principal motion. The peak values of o, in the other elements were below the tensile strength.

Figure 25 shows the time histories of the principal tensile strain g, of the selected elements. The peak values of ¢, in elements
A6 and B6 were relatively large, up to 0.2%, and remained 0.12-0.15% after the principal motion. The peak values of ¢, in the
other elements were roughly less than 0.15%.

Although the constitutive model used in the present analysis does not consider softening of the stabilized soil after the failure
(Namikawa et al., 2007), the analysis results would be acceptable in the engineering point of view because the tensile failure
zone is in very limited as shown in Fig. 22.

Figure 26 shows the relationship between the axial force and the bending moment of piles 5B and 7B, together with the
design interaction curves of the steel pipe-concrete composite (SC) pile (which is used in the top portion at 12 m). Here, the
axial force means the sum of the statically measured pile head load and the maximum and minimum dynamic incremental force
in the analysis, and the bending moment means the maximum value along the SC pile in the NS direction. The analysis results
show that the maximum bending moments of piles 5B and 7B in the case with DMWs were well below the allowable criterion

(the unit stress at the edge of the concrete is in the elastic condition). In contrast, the maximum bending moments in the case
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without DMWs were fairly beyond the ultimate criterion (the unit stress at the edge of the concrete reaches the compressive
strength). Hence, the grid-form DMWs were quite effective at reducing pile bending moment to an acceptable level, although
the induced stress in the stabilized soil partially reached the tensile strength under the Level 2 earthquake motion. This
indicates that the grid-form DMWs can be designed more rationally by the performance-based design method in which a partial
failure of the DMWs is accepted, as pointed out by Namikawa et al. (2007). The analysis results also suggested that the 3D FE
simulation method employed in this study can provide adequate solutions for the performance-based seismic design of piled
rafts with the grid-form DMWs.

5 CONCLUSIONS

Seismic performance of a piled raft foundation with the grid-form DMWs under the large earthquake load was investigated
using the 3D nonlinear FE model. First, in order to determine more suitable deformation parameters of the stabilized soil and
the unimproved soil to simulate the observation records of the 2011 earthquake (especially the pile bending moment) more
accurately, seismic response analysis of the piled raft system was conducted again. Then, the dynamic analysis under the large
earthquake was conducted using the more suitable soil deformation parameters. Consequently, it is confirmed that the grid-
form DMWs are quite effective at reducing sectional force of the piles to an acceptable level, even if partial tensile failure
occurs in the stabilized soil. In addition, the analysis results suggest that the present nonlinear 3D FE method can provide
adequate solutions for the performance-based design of the piled raft system under large earthquake loads. These results are

consistent with those obtained in the previous study.
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