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Effect of Improved Area Ratio of Deep Mixing Wall Grid on Pile

Stress in Piled Raft System under Strong Earthquakes
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Summary

The recent research on seismic response analysis of piled raft with grid-form deep mixing walls (DMWs) has demonstrated
that the DMWs are quite effective at reducing the sectional forces of the piles to an acceptable level in soft ground. In this
paper, to investigate the influence of an improved area ratio on pile bending moment in a piled raft system, nonlinear seismic
response analyses using three-dimensional finite elements under Level 2 earthquakes are conducted. Two different geometries
of the DMW grid are considered, i.e., the area ratios are 25% (16 square cells) and 16% (4 square cells). Consequently, it was
found that the maximum bending moments in the cases with four cells are significantly below the ultimate limit state under
Level 2 seismic motion, while those in the cases with 16 cells are fairly below the damage limit state as presented in the
previous study.
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1 INTRODUCTION

The effectiveness of piled rafts in reducing overall and differential settlements has been confirmed not only in favorable
ground conditions, as reported by Katzenbach et al. (2000), Poulos (2001) and Mandolini et al. (2005), but also in unfavorable
ground conditions with ground improvement technique as in the case histories reported by Yamashita et al. (2011a, 2011b,
2013). It has been also recognized that piled rafts would be resilient against seismic events. For example, Yamashita et al.
(2012, 2016, 2017) have reported that the piled raft with the grid-form deep mixing walls (DMWs) in soft ground supporting
mid-rise buildings showed excellent seismic performance during and after the 2011 off the Pacific coast of Tohoku Earthquake
(M,=9.0). Furthermore, the recent research on seismic response analysis of a piled raft with grid-form DMWs using a three-
dimensional nonlinear finite element model has shown that the DMWs are quite effective at reducing the sectional forces of the

piles to an acceptable level in soft ground under strong earthquakes, based on the successful seismic simulation using the

%1 Executive Manager, Research & Development Institute, Dr. Eng.  f%fliWfZeir  #fM% it (T5)
%2  Group Leader, Research & Development Institute  FEAFIFZERT  Seimdifimigess  HEE 7V — 7&K
%3 Group Leader, Research & Development Institute, Dr. Eng.  F£AFWFZEAT il - FEAEEE BB /v — 7R it (T9)




TAKENAKA TECHNICAL RESEARCH REPORT No.74 2018
AR E#RE No.74 2018

moderate motion recorded during the 2011 Tohoku Earthquake (Yamashita et al., 2018).

The grid-form DMWs can be designed more rationally using the principles of performance-based design (PBD) as pointed
by Namikawa et al. (2007). In other words, if the grid-form DMWs were designed to reinforce the seismic resistance of piled
raft foundation, it would be rational that minor damages of the DMWs are allowed under the seismic forces of interest.
Notwithstanding the required levels of the foundation performance should be examined carefully in such design that the effects
of partial damage of the DMWs on the behavior of piles enclosed by them are considered. Bradley et al. (2013) have
investigated the effect of various configurations of lattice-shaped soil improvement on the seismic response of liquefiable soil
deposits using 3-dimentional seismic effective stress analysis.

In this paper, in order to investigate cost performance effectiveness of the DMW grids, the influence of the improved area
ratio (area of the DMWs in plan divided by the total area) on pile bending moment in a piled raft system is examined. Seismic
response analysis of the piled raft system supporting a 12-story base-isolated building is conducted using the same three-
dimensional finite element model as in the previous study, taking into account of two different geometries of the DMW grid in
which the improved area ratios are 25 and 16%. Through the dynamic analysis, the effectiveness of the DMW grids with the
different area replacement ratios on reducing the sectional force of the piles was examined, and the internal stresses induced in
the DMWs were also discussed.

2 CASE HISTORY OF 12-STORY BUILDING

Figure 1 illustrates a schematic view of the building and its foundation with a typical soil profile (Yamashita et al., 2012).
The building is a 12-story reinforced-concrete structure located in Tokyo and the total load in the structural design was 198.8
MN. The building has a seismic base-isolation system which consists of base isolators (laminated rubber bearings) and damper
(oil damper and mechanical damper). The natural period of the base-isolation system is 4.6 s in the NS direction 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 46 m, there are dense sand to a depth of 48 m, underlain by
very dense sand and gravel. The building is supported by a piled raft with grid-form DMWs which were employed to prevent
the liquefaction of the silty sand from a depth of 3 to 7 m as well as to improve the bearing capacity beneath the raft.

Figure 2 illustrates the foundation plan with the locations of the monitoring devices. The ground improvement execution was
carried out by the Cement Deep Mixing machine equipped with four mixing shafts. The spacing of the mixing shafts was 0.8 m
for the diameter of mixing blades of 1.0 m. The DMW grid has 16 square cells in a four-by-four pattern and the improved area
ratio (4,) is 25%. Furthermore, to improve the bearing capacity of the raft foundation, the DMWs were extended to a depth of
16 m with the bottom being embedded in stiffer silty clay. Sixteen 45-m-long piles, which consist of SC (steel pipe-concrete

N ; Observation points
12FL L las Pile diameter ~ Monitoring devices £ a2(GL-15m)
N
10 O O tam O® Instrumented pile i @ a1 (GL-1.5m)
JH LI & 1.0m 7] Eérth pressure cell e a3(GL-50m)
~] i o Triaxial ® 08m A Piezometer
ST 1 NmssT] | [ [ accelerometer *  Settlement gauges £
L L Ll @ Accelerometer <
SPT S-wave velocity :Z 4408m
N-Value Vs (m/s) mE T thre_h‘ole*type
riaxial
GL+0- 0 50 0 400 800 /]LE (_accelerometer
= Fil = {5
ilty sand ~ {» F 4.8m! 5.8m 7H6.0m 1.5m)
104
ilty cla: \" 16.0m 16.0mi¢-16.0m 15.0m
201 Grid—fiorr
£
£
g
. Qlayey silt W 271m 4
£ 30+
= ilty cla
S L | B \
8
S 4oF g
avey sit
it L. [ ? =
% e o 46.5m 3 { ¢
T d o ry area §
s0l- L L U 1480ml50.0m  +500m ! { ‘ {
and and ' ! (3 ]
gravel : — @ i — — — +
L 68 BOSEDE 6 DEOI BORY | ISEI68
60 s anfT oo Sfavel #60.0m ® @ ® o)
Sand ’—l Settlement gauges | 90%5m | sam | eoos5m |
70L 3005m
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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. The pile toes reached the very dense sand-and-gravel layer.

3 3-D FINITE ELEMENT MODEL

3.1 Soil-structure system and geometries of DMW grid

Figure 3 illustrates the three-dimensional finite element model of soil-foundation-superstructure for simulation analysis of
the twelve-story building mentioned on the above. 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 Fig. 3(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 4 illustrates a plan view of the grid-form DMWs and Piles 5B and 7B (monitored piles). Two different geometries of
the DMW grid were considered. One is a case in which the grid had 16 square cells which is consistent with the case in the
twelve-story building. The other is a case in which the grid had four square cells. The improved area ratio of the former is 25%
and that of the latter is 16%. In addition, numerical cases without DMWs were also studied.

The software is an in-house program called MuDIAN (Shiomi et al., 1993). It is parallelized using the hybrid parallel
method, and able to analyze a large-DOF (degree of freedom) model at high speed (Shigeno et al., 2014).
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Fig. 3 Finite element model of soil-foundation-structure

Table 1 Dimensions and material properties of piles

Pile diameter Young’s Density Damping A.of SCpile [, of SCpile A4, of PHC pile [, of PHC pile
(mm) modulus (MPa) p (t/m’) ratio (%) (m?) (m") (m?) (m®*)
800 40000 25 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 Plan view of DMW grid and piles

3.2 Modelling of soil and stabilized soil

As the three-dimensional constitutive model of soil, the Yoshida model for multi-dimensional analyses was used (Tsujino et
al., 1994). The Yoshida model is a two-surface model using a yielding surface and a loading surface which describes the state of
the current stress. The Mohr-Coulomb model was used as the yielding surface that provides the strength of the soil. The stress-
strain relationship in the present soil model is based on a nonlinear elastic model and the yielding function is only used as a
strength criterion. The skeleton curve of the model is derived discretely using the normalized shear modulus vs. shear strain
relationship (G/Gy-y). The damping characteristic is obtained by combining Masing’s rule and the hyperbolic function. The
parameters of the function are determined from the damping ratio vs. shear strain relationship (%-y). Figure 5 shows the G/G,-y and
h-y characteristics of the soil obtained from cyclic triaxial tests on undisturbed samples. Figure 6 shows the shear wave velocity
(V) profile derived from a P-S logging, together with the V; profile used in the analysis. It should be noted that soil liquefaction is
not considered in this analysis although the sandy soil layer between depths of 3 and 7 m may occur under strong earthquakes.

As the constitutive model of the stabilized soil, the Hayashi-Hibino model (Motojima et al., 1978) was used as a two criteria

model. The Hayashi-Hibino model is a nonlinear elastic model
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Table 2 Properties of stabilized soil and parameters used in Hayashi-Hibino model
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Fig. 8 Strain-dependent characteristics of stabilized soil

Table 2 shows the properties of the stabilized soil and the parameters used in the Hayashi-Hibino model. The tensile strength
and cohesion were set to 0.2 F, and 0.3 F_, respectively, according to BCJ (2002) where F, is the design standard strength. The
value of F, is given by Eq. (1) (BCJ, 2002; Kitazume, 2013).

Fc:quf_KG:(l_l':;unf)quf (1)

where g, is the average value of ¢, (compressive strength of core samples of in-situ stabilized column) and set at 3.81 MPa
based on the test results; o is the standard deviation of g¢; V. is coefficient of variation and set at 0.25; K is coefficient and set
at 1.3. Then, F, was calculated as 2.6 MPa. Figure 8 shows the shear modulus degradation curve and the damping used in the
analysis. Note that since only the skeleton curve is modeled and the hysteresis is not included in the Hayashi-Hibino model, the
Rayleigh damping was used. The initial shear modulus G, of 500 MPa was determined based on the calibration through a
numerical simulation using the records of the 2011 Tohoku Earthquake. As for the initial stress in the DMWs, an isotropic

stress of 170 kPa was assumed.

3.3 Input ground motion and numerical cases

As the strong earthquake motion for the present analysis, the code-defied artificial seismic motion called “Level 2 seismic
motion” in Japan was used. The acceleration response spectra of Level 2 motion are compatible to that defined on the
engineering bedrock shown in Fig. 9 (The Building Standard Law of Japan, 2000). Level 2 seismic motion may correspond to
the design-basis earthquake for buildings with mean return period of 475 years (Verdugo, 2017). The input motions, which
were generated using two sets of phase data, i.e., the Kobe and

Hachinohe phase data, were applied horizontally at 75 m

depth in the NS direction. Figure 10 shows the input 100 Kﬂﬁghi”"he 5% damping
accelerations of the Kobe and Hachinohe phase motions (the iz: 80 A
waves are 2E). The time interval and analysis time were 0.005 s \E’
and 120 s, respectively. '% 6.0 1 Level 2
In total, six numerical cases, under Kobe and Hachinohe % 40 | (target)
phase motions, are listed in Table 3. Note that Cases K16, < ‘
H16, KO and HO correspond to Cases K1, H1, K2 and H2 20 A
presented in the previous study. Further details of the finite
element analysis have been described in the previous paper 0.0 001 o1 | 0
(Yamashita et al., 2018). Period (s)

Fig. 9 Acceleration response spectra of Level 2 motions on bedrock
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Fig. 10 Input acceleration waveforms at 75 m depth (2E)

Table 3 Numerical cases
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Figure 13 shows the peak equivalent strain Equivalent strain (%) Equivalent strain (%)
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profiles of the ground near the center of a 0 w w 0 w w
cell together with those near the center of the :iis ::is
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Figure 14 shows the bending moment / K4 & H4
histories in Piles 5B and 7B at the depth 40 40 .
where the absolute maximum values were
generated. In Pile 7B in K16, the time % % KO0 & HO
history at the 15.7 m depth is shown, while (a) Kobe phase (b) Hachinohe phase
those at the pile head (at 4.8 m depth) are Fig. 13 Peak equivalent strain profiles of ground near center of a cell

shown in the rest cases. The peaks of the
bending moments in the case with DMWs were significantly smaller than those in the cases without DMWs.

The times when the absolute bending moment was its maximum in Piles 5B and 7B are referred as #s5 and f5, respectively,
herein. The times of #s3 and #y;; were similar under each phase motion with one exception of sy in Pile 5B in H4 which was
late, 36.68 s. Note that the absolute maximum bending moment of Pile 5B in H4 at £,55=36.68 s (5.39 MN) was only slightly
greater than that at /=18.66 s (5.38 MN) around which the absolute maximum moments in the other cases were generated.

Figure 15 shows the NS acceleration response spectra (5% damping) of the free-field ground surface and those of the raft
bottom at point A. The response at the free field was obtained from the one-dimensional analysis using a soil column model.
The amplification for the rafts was considerably lower than that for the free-field surface under both phase motions. It is seen
that the amplification for the rafts with DMWs was lower than that for the rafts without DMWs in long period (1-2 s), and the
amplification for the raft with four cells was slightly higher than that for the raft with 16 cells. The decrease in the acceleration

response is presumed to have been caused mostly by the kinematic interaction among the raft, the DMWs and the soft soil.
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Fig. 15 Acceleration response spectra: free-field surface and raft bottom at point A

4.2 Lateral load sharing in piled raft system

Figure 16 illustrates the equilibrium of the lateral external and resistant forces at the raft bottom under the Kobe phase at

tuss- Regardless of the presence of the DMWs, the inertial forces of the superstructure and the raft were small compared to the
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Fig. 16 Equilibrium of lateral forces at the raft bottom at #s (displacements enlarged by 10 times for foundation while 5 times for superstructure)
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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) is much greater than that of the raft without
DMWs although the lateral stiffness of the DMW grid with four cells is somewhat less than that with 16 cells. Hence, the total
external forces acting at the raft bottom in K16 and K4 (64.3 and 58.0 MN, respectively) were significantly greater than that in
KO (35.9 MN). Here, the total external force acting at the raft bottom is the sum of the structure inertial force (the sum of the
superstructure inertial force and the raft inertial force) and the earth pressure. In addition, the ratio of the lateral force carried
by the DMWs to the total external force in K4 was slightly smaller than that in K16, i.e., 0.68 in the former and 0.83 in the
latter. As a result, the loads carried by the piles in the cases with DMWs were very small (1.8-2.0 MN and 4.0-4.6 MN in the
cases with four and 16 cells, respectively) compared to those carried by the piles in the cases without DMWs (13.1-14.8 MN).

4.3 Internal stresses in DMWs

Figure 17 illustrates the deformation of the DMW grids at #ys. Significant flexure due to bending is seen in the transverse
walls (perpendicular to the shaking direction) near the bottom. Figure 18 illustrates the extent of the tensile failure in the DMW
grid during the shaking. The elements are shaded according to the number of Gauss points at which the tensile failure occurs
(total number of Gauss points in a single element
is eight). The tensile failure occurred mostly in o
the longitudinal walls due to the shear \ ‘a\é'}zg
deformation, while the failure near the bottom of :
the grid corners in the transverse walls would be
caused by bending, as is seen in Fig. 17. The
extent of the tensile failure in both grids under
Hachinohe phase (H16 and H4) was larger than
that under Kobe phase (K16 and K4), while the %
extent of the tensile failure in the grid with four X(E)AY(N) tse=35.03 s twss=35.03 s
(a) K16 (b) K4

Fig. 17 Deformation of DMWs at #y;s (displacements enlarged by 80 times)

cells was somewhat larger than that with 16 cells

under both phase motions.
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Fig. 18 Extent of tensile failure in DMW grid
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Fig. 19 Extent of shear failure in DMW grid (Hachinohe phase)

Figure 19 shows the extent of the shear failure in the DMW grids. The extent of the shear failure was very limited in
comparison to that of the tensile failure. The shear failure in the grid with four cells was more conspicuous as was the tensile
failure.

It should be noted that strain-softening characteristics of the stabilized soil may appear after the tensile stress reaches the
tensile strength, as pointed out by Namikawa et al. (2007). Shigeno et al. (2018) performed the numerical analysis for the case
of H16 (denoted in this paper) using the constitutive model of the stabilized soil which is able to evaluate the post-peak
tension-softening, and showed that although the extent of the tensile failure in the case with softening was fairly large
compared to that in the case without softening, the maximum bending moments of the piles were similar between them.
However, further analytical studies on the strain-softening characteristics would be necessary in order to clarify the seismic
behavior of the DMWs under strong earthquakes more accurately. Furthermore, physical modelling, such as a geotechnical

centrifuge (Khosravi et al., 2016; Hamada et al., 2017), would also be required to verify the numerical analysis results.

4.4 Pile bending moments

Figure 20 shows the peak bending moment profiles of Piles 5B and 7B under the rigid connection between the piles and the
raft.

The bending moments near the pile head in the cases with DMWs were significantly smaller than those in the cases without
DMWs. The bending moment in the cases with four cells were slightly greater than those in the cases with 16 cells under both
phase motions. In the cases with DMWs, relatively large bending moments were generated around a depth of the grid bottom
in Pile 7B, while the maximum bending moments were generated at the pile head in Pile 5B. This is discussed below.

Figure 21 shows the snapshots of the horizontal displacement relative to the reference point (at 49.9 m depth) and the
bending moments in Pile 5B at 755 and those in Pile 7B at f,5. Note that the horizontal displacements in Pile 5B in H4 were
somewhat smaller than those in H16 because tys5 in H4 was quite different from those in the other cases as shown in Fig. 14.

In the cases with DMWs under both phase motions, the bending moments in Pile 7B were relatively large at a depth of the
grid bottom and the maximum moments in K16 and H16 were generated at the depth of the grid bottom while the bending
moments in Pile 5B decreased generally with depth. The difference in the 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 significant 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 four cells, the restraint of the piles in the former cases
would be more pronounced than that in the latter cases. 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 distribution of the bending moment
depends on the location of pile in the grid as well as the rigidity of the grid.

Figure 22 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
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Fig. 22 Absolute maximum moment along pile with design NM-interaction curves of SC piles

was measured just before the 2011 Tohoku Earthquake) and the maximum and minimum dynamic incremental force obtained
from the analysis. In order to examine the performance of the piles from a point of view of engineering practice, the design
interaction curves for bending moment and axial load are also shown in Fig. 22. 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 almost in the elastic condition.

It is seen that the maximum bending moments in the cases with four cells were around the damage limit state under both
phase motions, and significantly below the ultimate limit state under Level 2 seismic motion. The bending moments in cases
with 16 cells were fairly below the damage limit state under Level 2 seismic motion while those in the cases without the

DMWs were close to the ultimate limit state, as presented in the previous paper.

5 CONCLUSIONS

The effects of the DMWs on the seismic response of the piled raft system under Level 2 seismic motions were investigated.
Through the investigations, the following conclusions can be drawn:

(1) When the bending moment at the pile head in Pile SB was at its maximum (at #;s5), the total external forces acting at the
raft bottom in the cases with DMWs were significantly greater than those in the cases without DMWs because the earth
pressure acting on the raft side was markedly large in the cases with DMWs. The ratio of the lateral force carried by the
DMWs to the total external force in the cases with four cells was slightly smaller than that in the cases with 16 cells. As a
result, the loads carried by the piles in the cases with four cells were slightly large compared to those carried by the piles
in the cases with 16 cells.

(2) The extent of the tensile failure in the longitudinal walls in the cases with four cells was somewhat larger than that with

16 cells under both phase motions, and the maximum bending moments of the piles in the former were slightly greater
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than those in the latter. Nevertheless, the maximum bending moment of the piles in the cases with four cells were found
to be significantly below the ultimate limit state. It should be noted that the bending moments in the cases with 16 cells

were fairly below the damage limit state, as presented in the previous paper.
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