Geoechnical Enginssring Jourtial of the SEAGS £ AGEIES Vol 51 No. 2 Jume 2020 I35H 0046-3828

Effect of Seismic Action on Settlement and Load Sharing of Piled Rafts
Based on Field Monitoring

K. Yamashita'. J Hamada® and T. Tantkawa®
‘23 Takenaka Research and Development stitute, Takenaka Corporation, Chiba, Japan
E-mail: vamaszhita ktvoshi@takenaka co.p

ABSTRACT: This paper offerz three case histories of

piled rafis combined with deep mixime wall gnds; in which long-t=rm moenitonng on

settlement and load sharing betwesn the piles and the raft was performed. The baildings sre located on soft cround consisting of liguefisble
sand and soft clayey soil. The buildings expenenced the 2011 Tohoku Earthquake (M=2.0. about 380 lon distance from the epicentre) and the
SELEmIc Tesponse durins the earthquake was successfully recorded for the two buildings. Bazed on the static and dynamic monttoring results,
the effect of seixmic action on the settlement and load sharing betwean the piles and the raft were investizated. It was found that no s1En.Lﬁcartt
change in foundaticn settlement was observed after the exﬂlqua.k% However, some change n load sh;mruz between the piles and the raft caused
by the seismic action was noted for the relatively zhort shafi-beanng piles, while almost no change the load sharmg was obeerved for the

toe-bearng piles or long shaft-bearing piles.

EEYWORDS: Piled raft foundation Deep miximg wall gnd, Soft ground, Setflement. Load shermg, Field monttoring, The 2011 Tohoku
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1. INTRODUCTION

In recent vear: there ha: bheen an mcereasing recogmticn that
combining a raft with pues to reduce raft settlement can lead to
considerable economy without compromising the safety and
p»erfc-rman“e of the foundation (Poulos, 2001). A piled foundation
combining piles-and raft responze 1n 2 design iz here called “piled
raft”. The effeciveness of piled rafte m reducing average and
differential sefilements has been confirmed not onby on favorable
ground eondifionz ae shown by Katzenbach et al. (2000) and
hiandolm: et al. (2003}, but alzo m caze of unfavorable condiionz
with ground improvement techmiques (Yamashita et al. 201la
2011k, 2012). Recently, it haz become necessary to develop more
relighle design methode for piled rafts a2 cost effective solutions,
particularly in highly active setsmic areas. S&ismic achion will induce
addrfional lateral forces and the consequent moments m the structure
and alzo induce lateral motions in the ground. Henee, the effects of
inertial and Inematic forces on the foundation system zhould be
considered (Poules, 201467 However, case hastories on static and
zerzmic momitoring of full-zcale piled rafts swhjected to zeizmic
loading are very limited (Mendoza et sl 2000; Hamads etal , 2015).

This paper offers three case hustories of piled rafts combined with
deep muizing wall grids in soft ground, m which leng-term monitoring
on settflement and lozd shanng between the piles and the raft was
performed. After the end of the construction (denoted E.O.C.
hereafter), the building: expenenced the 201! Tohokn Earthquake
and the zeizmic response: during the earthquake were successfully
recorded for the 12-story and 7-story buildine:. Bazed on the static

and dynamic monitoring results, the effect of seizmic action on the
settlement and on the vertical load sharmg betwesn the piles and the
1aft were mvestigated.

1. CASEHISTORIES

The schematics of the three structures with the o1l profiles are shouwn
i Figure | and the foundation plans are ilhistrated in Figare 2. The
12-ztory Tesidential bnldmg, 7-story office bmldng and d-story
parking garage are located on soft sround comsizting “of liquafiable
sand and thick soft clavey soil. Table 1 prezentz an overview of the
structures and foundations. Both the 12-story building and the 7-story
bulding are located m Tovo, Tokvo; the 7-ztory bu:.lnme about 700
m eazt of the 12-ztory building. The 4. story building iz located in
Urayasu City, about 7-km south-east of Toyo

2.1  %oil conditions

The s0il condihons at the 12-story and 7-story buildings ere sumilar.
The zoil profile down to 2 depth of 7-10 m consists of fill. soff =ilt,
and looze zilty zand above an alhmiial stratnm of silty z0il To 2'depth
of zbout 43 m; very-zoft to medinm slluvial sty soil exists that 13
shightly overconsolidated with an OCE. of 1.1-1.5 above 16-13 m
depth  The gromdwater table 2ppears 1 3-2.0 m below the groumd
surface. Below about 43-m depth, there iz a Pleistocene denze sandy
aver. Downhole shear wave velocities were 110 to 240 m's o the
depth of 2bowt 40 m. and these m the very dense sandy strata belowz
depth of abourt 50 m were 350 to 610 m's.

Table | Caze histones
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The 4-story building 1 Uravasu Ciy 35 located 1 a reclaimed
Iand where the reclamation work was ended in 19735 The soil profile
down to 2 depth of 10-15 m from the pround surface consists of filled
zand and athivial foose zand. The ground water table iz about 1.5 m
below the ground surface. Below the depth of 16 m, there are very-
zoft to medion slhinnial clay lavers which are normally conzolidated
or undergoing conzolidstion. The thickmess of the alluvial clay layers
changes markedly e the north-south direction near the center of the
zite zince & buried valley exist below the zite. Below gbout 60-m depth.
the 201l compnises a Pleistocens medium to stiff siltv clay. Pleistocene
dense sandy layers appear at g depth of dbout 39 m in the northern
part and 86 m in the southem part.

12 Foundation dezign

The 12-ztory builldmg 1z a reinforced concrete structure with a zelzmic
base isolation gystem The average stress. which corresponds to the
sum of the dead load and the live Ioad of the bnilding in the strochms]
design divided by it foofprmt. waz 190 kFa. Te rednce the average
and differential settlement due to conzolidation of the very soft clavey
laverz to am acceptable level SC (steel pipe-concrete composite) and
PHC (pretensioned =pun high-strength concrete) piles, 43-m long and
0.3 to 1.2 m 1n diameter, wers emp]u}-nc: a3 seftlement reducers. The
pile toe: reached the very dense zand-and-sravel sufficiently well
enough to ensure the toe resistance. The ;:l]les were constructed by
inserting a set of pile s:eoments into a pre-augered borehole filled with
mixed-in-place soil cement. Similar pile construction methods were
used in the other two stmictures.

The 7-story ulding 15 a steel-frame structure. The average stres:
waz 100 kPa. Shaft-hearing piles (23-m long PHC pilez, 06 t0 0.9m
m diameter) were employed fo serve az settlement reducers.

The 4-ztory building is 2 steel renforced concrete columns and
stee]l beams. The averape stress was 43 kPs PHC piles. 0510 10m
in diameter, were uzed as friction piles. The depths of the pile foe iz
3542 m from the sround surface in the porthemn part-and 62 m in the
southern part In the dezign resistance of the raft was considered m
the northern part, while a conventional pile foundation was employed
in the zouthern part because long-term resiztance of the raft could not
be relied om due to the residual subsidence.

Az 2 countermieasnre of hquefaction of the loose ity zand (12-
story and T-story buildings) or the loose sand (4-story building)
underneath the raft due 1o strong sround motions. E;nd form deep
mizxme walls (DAMWs) were EmpIm‘ed The dE’SiEﬂ standard
compressive stmnz!:h of the cement stabilized soil was 1.8 MPa. The
area replacement rztie (area of the DVMWs 1o plan divided by the fotzl
area) was approximately 0023, 0.10 and 0.12 for the 12-story, T-story
and 4-ztory buildings. respectively. Note that i the 12-story buﬂdmg
the grid-form DMWs were constructed to a depth of 16 m with the
bottom being embedded in the siiff siliy clay fo iprove the stffness
of the soil undemeath the raft. The lavout of the piles and the grid-
form DMWz wath the locations of the monitoring devices are shown
in Figure 2. Accelerometers were inztalled &t three depthz below the
ground surface near the 12-ztery bulldmg, in addition; accelerometers
were installed on the 12-story and 7-story buildines a3 shown m
Figurez 1(z) and 1(b).

Further details m zoil condiions, foundsttion design and
instrumentation. az well as the menitoring results. were described in
previous papers: Yamashits et al {2012), (2017) for the 12-story
buwldme, Yamazhite =t &l (20016) for the T-story buildmez and
Yamashitz et al. (2019) for the d-story building. In thiz paper. the
effects of seismic action on the settlement and load zharmg of the
piled rafts m =soft ground supporting the three buildngs having
different average siress were investipsted bazed on the static and
dynamic monpitonng results.

3.  ACCELERATION RESPONSE

The zeizmic responses of the 13-story and 7-story bmldmngs during
the 2011 Toholu Earthqeake (on March 11, M=20, about 380 km
diztance from the epicentre) were -tuo:fs“nﬂ.t} recorded through the
zeizmic monitoning gystem. Ne evidence of zoil liquefiction in the
ground around the 12-story and 7-sfory bulldmgs was found.

Figure 3 shows the scceleration timte histories recorded near the
ground surface, on the Taft and the 1=t floer of the 12-story building
m the EW direction. The peak acceleration on the lst floor was
sigmificanily reduced by the action of the baze-izolation svstem The
pesk proumd secelerstion was 173 m'y. Figwe 4 zhows the
acceleration time history recorded on the first floor of the 7-story
bulding m the EW direction. The peak acceleration waz 121 mis®
and shighthy greater than that on the raft in the 12-story building.
Figure 3 shows the Founer spectra of the EW accelerations of the
ground zt the site of the 12-story building. It can be zeen that
components of the periods of aroumd 15 were predominant

Figure 6 shows the accelerstion fimie history at the K-NET
Urayasu strong motien staben, near the 4-siory bwldmme No
liquefaction occumed at E-WET Uravesn, while extensive =oil
hiquefaction occurred in the reclzimed land of Urayasu City where the
4-story building i= lnca'ted (Tokamaten et ab, 2012). The peak
acceleration was 1.37 m's® in the EW direction
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4. OVERVIEW OF STATIC MONITORING

Te comohorate the foundation design, field monitonng on the
seftlement and the load sharmp between the piles and the raft was
performed from the beginning of the constniction to over ten yesrs
after E.O.C.

41 Twelve-story building

Figure 7 shows the measured vertical ground dizplacenrents wear the
center-of the 1aft. Bince the vertcal sround displacement just below
the raft {at a depth of 3.8 m) after the casting of the raft might have
been zppromimstely aqual to raft sstilement. the veriical zetflement
refers a: raft settlement. The raft settlement reached 17.3 mm on
March 10, 2011, just before the 2011 Tohok: Eart.hquake After the
earthquake. the raft setilement imcreased & by 0.3 mm from the pre-
earthquake value to 17.6:mm on March 13, 2011. Thus, no significant
change m raft seftlement was observed after the Earrf‘quate
Thereafter, the raft sefilements ranged from 16.7 to 1 7.8 mm and were
found to be quite stable.
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Figure 7 Measured verticzl ground displacements below raft

Figure § shows the development of the measured zxial loads of
pilez 3B and 7B. The axsal load near the pile head (at 6.0-m depth) of
Pile TB decreased very shichthy just after the earthquake while that of
Pile 5B chanped litfle. Ficure @ shows the development of the
measured contact stress between the raft and the =01l and that between
the raft and the deep nuxing walls (DRIW). together with the pore-
water preszure beneath the raft The contact stress hetween the raft
and the DMWs near the periphery (D2) ncreazed slishtly after E.O.C..
while the comtact stress in the mner part (D1} was almost constant.
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Figure 10 shows the time-dependent load sharmg among the piles,
the DRIW, the zcil and the buevancy m the tnbutary area of columns
3B and 7B. The sum of the measured piie-be:a.d loads and the raft load
n the tributary area after EQ.C. was 35.4-30.8 MN. Here, the raft
load meanz the sum of the total load carried by the DMW and that by
the soil. The sum of the measured pile-head loads and the raft load in
the tributary ared is of 36.0 AN, which iz roughly the same a3 the sum
of the desion lead for columns 3B and TH.
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Figure 11 showz the load tharmp smong the piles, the DMW and
the-soil m the tmbutary area of the columnz 38 and 7B versus time.
The ratio of the vertical load camied by the piles to the net load was
estimated to be 0.67 just before the earthquake. The net load means
the ‘grosz. load mimes the buovancy. At that time, the ratio of the
effective load camied by the DMW was estimated to be 0.26, while
the ratie of the effective load camied by the zoil was 0.07. It is seen
that no significant change in load sharing among the piles; the DWW
and the soil were obzerved after the earthquake. Thereafter, the load
sharng was quite stable.
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42  Seven-story building

Figure 12 shows the development of the measured vertical ground
dizplacement under the raft The raft settlement (vertical ground
dizplacement at a depth of 3.0 m) reached 22.3 mm on March 10,
2011, just before the 2011 Toholu esrthquake. On March 15, 2011,
the raft settlement mereased by 1.1 mm to 23 4 mm The ncrease m
raft settlement wa: mostly doe to vertical srowund dizplacement
between depths of 3.0 and 11.6 m Thereafter; the raft settlement wasz
found. to be stable. Fizure 13 shows the messured incremental
seftlements on the first floor between December 13, 2008 and May
20 2011, The messured settiemonts after the earthguake were
14-33 mm. The meremental settlements were spproximately equal to
thoze induced by the esrthqualke, and the masimmmm merement was &
mm while no change in maximum anpular rofation waz obzerved after
the event:
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Fipure 12 Meazured vertical ground displacements below ratt

Fizure 13 Incrementsl seftlement st 13t floor after earthquske

Figure 14 shows the development of the measured axial forces of
Piles 7A and 7B (where 2 posttive sion means compression). The
axial foree near the pile head (ata dﬂpth of4 3 m) reached 518 MIN
on Pile 7A and 562 M on Pile 7B on March 10, 2011. On March
15, 2011, the pile head load of Pile 7A merezzed by 042 MN to 5.60
MN while that of Pile 7B increased by 026 MN to 588 MN
Fipure 15 showt the development of the meassured contsct sfress
between the r2ft and the =01 benzath the raft (where a pomitive zizn
means compreszsion). After the earthoquake. no significant changes m
contact stress from both of EL and E2 were obzerved.
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Figure 14 Meazured axial loads of Pile2 7TA and 7B
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Figure 18 shows the development of the sum of the loads carmied
by the piles and the 20il in the tributary area of the columnsz 7A and
7B. The zum of the loads showed an abrapt mereaze at the time of the
2011 earthguake. This suggests that the contact simes: between the raft
and the DMWs decreased comsiderably after the earthquake
Asmming that the gross stmeture load iz identical to the desipn load
the ratio of the load camed by the piles to the net load was estimated
to be 072 just before the sarthquake and incressed to 0.76 on March
15,2011, Subzequently, the rafic of the load camied by the piles to
the met load mereased to 081 & maximum about three vears after the
event.

Gasting: EOGC. Trohokuo Earthgoaks
afraft Dex I 2002 Mar11; 2011 Apr. 24,2015
P L] L *
|
‘I- E i Jdm Etrichurs fnad
Diesign dhad 15,1580
- S Pk Rl ey ’WI
ool xiad =3 5
= s
= Fi=s
= 18-}
E
-
B S s
Unspproeedisal
P E.;..L._. WURFEN P Y S _.{:
g Busyahoy
G 50 1000 500 2000 2 EI500 3OO0 3500 4000 4500

Time fdans]
Figure 16 Load sharing betwesn piles and zoil

43 Four-story building

Figure 17 shows the development of the measured vertical ground
dizplacenyents just below the mat slab. The verical displacement near
3C (m the north part of the buildmg) was 16 mm before the
earthquake g"\'member 2010) and mereazed by 7 mm to 23 mm after
the earthquake, m May 2011, Thereafter, the settlement was almost
stable. Om the other haz:.d, the vertical dizplacement near 17C (in the
zouth part of the bnlding) increased sradually after E.0.C. dus to the
comtiniiing consohidation seftlement The setflerent was 41 mm
before the earthoquake and mereated to 63 mm in My 2014 In
conirast to the settlement near 3C. Figure 17 sugpests that no
zubstantial merease i settlement near 17C wa: induced by the
earthqualke.

Figure 18 chowsz the development of the verbeal ground
dizplacement of each soil laver near 17C. Tn May 2014, zeven and a
haif vears after E O.C., the largest displacement of 43 mm occurred
in the clavey laver between depths of 42.0 and 600 m The
consolidation settlement was likelv to becaused by the structure load
via the pilez in addition to the residual land =ubsidence. In contrast
the displacements of the sand and clayey lavers betwesn the depths
of 3.6 and 42.0 m were relatively small Thiz indicstes that the
consolidation sefflement of the clavey layer have slmost completed.

It shonld be noted that  amall amaint of consolidation zettlement m
the clayey layer betiween the depths of 15 and 222 m began fo ccour
after the event, poszibly dae to dissipation of the earthquake-mduced
pore-water prasure.
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Frgure 19 shows the measured settlement profiles ofthe first-floor.
At the =nd of the ohservation, the maximuin settlement and anpnlar
rotation in the north-south direction along Street E were 105 mm and
178650, respectively, There appeared mo significant change in the
settlement profile before and after the easthqua.ke.

Figure 20 shows the measured a=ial load near the pile head of
Pilez 3C and 17C (at depthz of 3.9 and 3.5 m_ respectively). The axizl
load of Pile 3C four months before the earthquake, decreased
considerably tovo months after the earthquake. The ratio of the load
carried by the pile to the design load in the tributary area of the
mtum.u_’rﬂk -& M) reduced from 0300 0.27 IEED!JIIH.EE_ the axial
load of Pile 17C before the earthquake showed almest no change after
the earthguake. The ratic of the foad carmed by the piles {azsumed to
ba twice the measured load of Pile 17C) to the desien load in the
tobwtary arez of the column 17C (8.0 MN) decreazed only slightly
from 0.70 to 0.67. Subsequently; the ratic of the load camed by the
Pilez 3C and 17C to the design load mereazed gradualby to 0.34 and
0.7, reapectr'. ely. st the end of the obzervation_

Figure 21 shows the measured comtact swess and poTe-water
preszure beneath the mat slab near 3C and 17C_ No sigmficant change
in the comtact strest was observed afier the earthquale This indicates
that the effectiveness of the grid-form DMWs a3 a countermeasure of
zoil houefaction against seismic moticn with PGA of 2.0 m's” was
confirmed (Uchida et al_ 20127,
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the event The ratio of the mazimum amphitude to the pre-sarthquake
Aot T T o . vahie near the pile head was 8 5% _
5o ¥ L 2z toaz SOMH TG Figure 24 shows the incremental aual force at the pile head
‘ Tamn {3c) versuz the incremental shaft resisténce, and that versuz the
— B b | incremental foree at the pil= toe (where 2 pozitive sipn means upward
E | | tezigtance). Az fior Pile 7B of the 12-ztory bullding ftoe-bearing pile},
Tanf a0 e o | 1 — | the lower frictienal force (16.0-46.5 m) and the pile toe force tend to
5 _— _Dx”ﬂ—gﬁ;g—aﬂl;gﬁ,\ %] o~ lo mcrease with the increase m pile head force In contrast, the upper
= -n L e 'ﬂ'ﬁgﬁ'ﬂ L frictional foree (6.0-16.0 m) was very :mall and had no cerrelation
) - with the mcreazs in pile head force, s 1z alzo zeen in Figure 22(a).
I Az for Pile 7B of the T-story building (the shaft-bearmg pile). the
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Figure 21 Measured contact prezsure and pore-water pressure

5.  DISCUSSION
51 Load transfer along piles

The timie histonies of the meremental axial forcez m Piles 3B and 7B
of the 12-ztory building and those in Pile 7B are shown in Figure 22,
In Figure 22{b), the amal forces were obfained az the sum of the
incremental forcs showm in Figure 22(2) and the pre-earthouaks axial
load (in the static momtoring on March 10, 2011). The axial force
near the pile head of Pile 7B decreazed slightly from the pre-
earthquake value rear the end of the event (800 5 after the start of the
event), while thet of Pile 5B showead almost no change. The ratio of
the maximum zmplitude to the pre-earthquake value nesr the pile
bead for Pile 7B wsz 3.4%; in compression aed 12.4% in tension,
while that for Piie 3B was 3.8%% mn both compression and tension It
zppeared that the incrementsl forces on the piles i the mid-rize
building was relatively small due to the action of the base 1zolation
system.

The time histories of the incremental axial force: in Pile 7B af the
T-story building are shown m Figure 23, In Figure 33(b), the axisl
force near the pile head of Pile 7B merezzed slightly near the end of

similar tendency 13 2een in relations of the meremental pile head foree
with the frictionzl foree and pile toe force.

It 1z worthwhile note that the ratio of the incremental pile-toe
force to the meremental pile-kead force for the end-bearing pile was
roughly 0.5 dunng 0-130 2 and increased tol 0 durmg 130-300 =,
while the ratio of the incrementsl lower shaft fnchonal force to the
mcremental pile-head force waz 0.6 dunng 0-130 & and decreazed
sigmficantly dormg 130-300 = Thus it was found that the toe
reziztznce of the toe-bearing pile waz mobilized siznificanthy under
the repeated vertical loading. even thoush the pile length was very
long (43 o). As for the shaft-bearing pile, the ratio of the meremental
pile-toe force to the meremental pile-head force (around 0.3) was
considerably lezs than the ratio ofthe lower frictional force to the pile
hezd force, but markedly preater than that of the pile-toe foree to the
pile-head foree I the static meazurement jost before the event (am
order of 0.1).

The time hiztones of the mcremental contact strezz mthe 12-story
and 7-stery buildings are shown m Figures 23 and 28, respectively.
The contact stresz between the raft and the zoi] in the 7-story bmlding
was very amall compared to thoze m the 12-story biilding.

3.1  Zertlement

The vertical ground displacement duririg the earthquake was recorded
m the T-story building. Figure 27 shows the time historv of the
meremental vertical displacement between the depthzof 3.0 and 11.6
m meluding principal mofions, together with that of meremental pile-
head amial force of Pile 7B. There appear: to be a strong in-phase
correlation between the ncrements in ground displacement snd pile
head load Fipure 23 shows the relationship between the meremental
pile-head amial force and the meremental verfical ground
dizplacement It iz 3een that inelastic dizplacement cecurred due to
penstration of the pile subjected to repeated loading resulted from the
rockine moment of the zuperstructure, while the residual
dizplacement was very umall { Yamashita et al | 200 6). Thereafter, fhe
settlement merezsed from 0.7 to |.0'mm on March 15, 22 shown m
Figure 28. Figure 29 zhows the pore-water pressure mmduced by the
earthquakee m the silty soil underneath the raft The pore-water
preszure near the end of the event was :mall and similar in the two
buildings, around 0.3 kPa Therefore, 2 small amount of consolidation
zettlement might have ccourred i the silty seil due to dissipation of
the pore-water pressure shown in Fisure 20(h).
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Az for the three buildings zmall residual zeftlements of the raft
(1-7 mm) were obzerved sfter the earthquake in the cases using
relatively short shaft-bearing piles, e, 7-story building and 4-story
building (morthern part), while little change in setlemenmt was
oberved for the toe-bearing piles or long shaft: earing piles, ie, 12-
story building and 4-story buildwg (zouthern part).
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53 Load sharing between piles and raft

Fipure 30 shows the ratio: of the load camied by the piles to the nat
load in the tributary area after E.O.C. versus time. For the 4-story
building, “the ratic to the net load”™ means the design load minus the
]:ruma.uuj. az calcolated usmg the measured pore-water prezsure
(17C)
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Figure 30 Ratioz of load carried by piles to net load vs. tme

An obvious change in the ratic of the pile load was obzerved after
the earthquake in the cases using relatively short shaft hearing piles.
In the 7-story building, the load camedbx ‘the piles mereazed slightly
during the aarﬂlquake a3 showm n Elg_'uIE 23(b}, 1 addition. the
contact stress between the raft and the 201l mcreazed very shiohtly as
iz zeen in Figure 36, Thiz means that some amount of load transfer
from the DWW to the piles ocowred: possibly due to 2 small amount
of immediate setfiement of the DMWz (whoze bottom was in the very
soft =ilty zoil). The increment in axial load camied by the piles from
the pre-earthquake value was 0.12 MN near the end of the event. It
mereased slightly thereafer to 026 MN on March 13, a3 shown o
Figure 28, possibly dus to the consolidation settlement caused v the
d.l.mpah{sn of the pare-water pressure shown in Figure 29(k). In the
4-story building (northern part), & constderable decrease in axal load
of Pile 3C combimed with load transfer from the piles to the DMWs
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cccurred after the event: poastbly due to the zettlement of chaft-
bearing piles (Vamashita et al., 2019). After the earthquake, the load

camied by the piles mereased due to the consohdation settlement of

the clayev Iayers a3 is seen in Figure 17,

Cu the other band. no zignificant change in the ratio of the pile
load was cbeerved for the toe-bearmng piles or long shaft-beanng piles
after the earthquake The load sharime betwreen the piles and the raft
generally depends on telstive stiffness of the raft and the piles. When
the stiffiess of the piles as well a3 that of the raft are virtually elastic
under seizmic lpading. no significant change i the load sharme
occurs. Lhe monstoring results suggest that the masimum axial force
acting on the piles during the earthquake was significantly less than
the hearm_ capacity of the piles. In the 12-story building, the lpad
camied ]:n Pile 7B decreased during the earthquake as shown in
Figure 23(b} while the load carried by both the z01l (E6) and the
DMWs (D2) mcreazed a3 13 seen 1n F!gure 25, Hence, a very smal]
amount of load transfer from the piles to both the 301l and the DMWs
oceurred near the peniphery of the raft. After the sarthquaie (on
March 15, 2011), the ratic of the losd carmed by the piles increased
to almost the same value az the pre-earthquake wvalue due to
dizsipanion of the pore-water presswre shown m Figmre 29(z)
(Yamashita et al | 2012).

Conzequently, it was found that some amount of change m load
ghanng bebween the pile: and the raft was caused by the zmall
seftlements of the 1aft in such the cases using relatvely short shaft-
bearing piles, while no significant change in the rafio was observed
in the cases using toe-beaning piles or long shaft-bearing piles.

6. CONCLUSIONS

Through the mvestipation of the effects’ of :eizmue achon on the

zettlement and load sharmg behaviour of the paled rafts i soft pround

zupporting thres buildings, the following concluzions can be drawn:

(1} Durmg the Ea}?hqu%]r_e the toe resistance of the pile embedded
m very denze sandy stratnm was mobilized sigmficantly under
the vertical !nadmg even thoush the pile Iengs.h was very long.
On the other hand, the toe resistance of the shaft-bearing pile m
the clavev zoil waz considersbly lezs than the lower shaft
frictional resistance, however, the ratio of the merementsl pale-
toe force to the nerementsl pile-head force was markedby greater
then that of the pile-foe force to the pile-head foree obtmined
from the static measurentent just before the earthquake.

2} Small rezidual zettlementz of the raft (1-7 mm) were obeerved
after the earthquake mn the cases using relatively short shaff-
bearing piles, e, 7-storv building and 4-story building
(n-:rrﬂ:tem partl, while little change in raft settlement was

observed for the toe-beaning piles or long shaft-bearmg piles, 1.,

12-story building and 4-story blding (zouthern part). Thos, it
was found that no significant change ' foundation =ettlement
waz obzerved after the earthouake.

(3) Some amowunt of chanpe n Ioad sharing between the piles and
the raft might have been cansed by the zmall setilements of the
raft i the eazes using relstively short shaft-bearing piles. while
zlmost ro change m the load shanng was obzerved in the cazes
uzing toe-bezring piles or lomg shafi-beznng piles.
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