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

Model Vibration Tests on Piled Raft and Pile Group Foundations in Dry Sand

Arnh Tuan Vo, Tatsunori Matsumoto® and Kohei Kenda®
‘Le Quy Don Technical University, Vietnam
‘Kangzawa University, Japan
‘Hozama-Ando Corporation, Japan
! E-mail: vuanhtuan@mta edu vn
j‘E-m.:IH: matsumoto@se kanazawa-u.acyp

*E-mail- shirasagisan3 @ gmail com

ABSTRACT: In this research the anthors carried out vibration loed testzon piled raft and pile zroup models to mvestigate dynamic behaviours

of the foundations. Foundation models consisting of 6 piles. with or withowt batter pilez were uzed in the

expezmﬂm They were pile rafts

{6FP. and 6BPR) if the raft was in contact with ground surface. while they were pile groups (6PG and 6BPG) if the raft was nof m contact with
ground surface To ereate dynammc load scting on the foundation a vibro-hammer, placed om the taft, was used . The vibro-hammer can provide
vibration lesd (sctive shaling) mainly in the vertical direction (called vertical loading) or m the vertical and horizonisl directions
simultanecusly (called combmation loading) by rotsting two disce of eccenfric mass synchronously o opposite dimections or the same direction,
rezpectively. Active shalang tests were conducted om 4 types of pile foundation models (6PR. 6BPE. 6PG and 6BPG) in 2 consistent dry sand
ground. The exparimental results indieate that the piled rafts are more affective foundation tvpe to decreaze seftlement and inclmstion vnder

dynamie loading than the pile groups.
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1. INTRODUCTION

Pile foundations supporting structures such as machine foundations,
bridges, bmldmpz: wind turhines ete_ are subjected to dvnamic cyehic
loads canzed bt miachine operafion load, traffic load. wind load, or
wave load. If excessive dizplacements. and'or mclinaticn of a
foundation structure are caused by the dynamic lpads. the structure
could be damsged and could not be uzed 22 i1 normal statuz Hence,
it 1z nmeceszary to mvestigate behaviours of pile fomdstions under
dynamic cyclic loading.

Recently, piled raft foundstions have been appliad to uldmzz
more and more populary to réduce aversge andior differential
zettlement e g. Katzenbach ef al. (199%), Powlos and Davids (200%),
Poulos et al. (2011), Yamashita et al (2011) and Watcharasawe et al
{2017). Experimental ztudiez a= well 23 numencal anabyzes om
behaviours of piled raft foundation having vertical piles zlone have
been conducted, ez Randolph (1994), Heookoshi et sl (2003),
Matzumoto et al. (2004, Benl (2004}, Sawads and Takemara (20141
Unzever etal. (2014), Hamada et al (2013), Unzeveretal (2017} and
Eoetal (2017),

A number of ztudies on batter piles were reported, e.g. Sadek and
Tsam (2004}, Ghazemeradeh and Alibeiklpe (2011), Goit and Saitok
(2013), and Tesm et al (2012) Tke researches investizated the
behaviours of pile groups with batter piles [Sadek and Tssm 2004,
Ghasemzadeh and Alibeikloo, 2011; Isam et al., 2012 or single
batter piles (Geit and Saitch, 2013) An expenmental study on
behaviours of piled raftz having hatter piles subjected to combination
cf vertical and stahc honzontal loadmg was camed out by Vo et al.

(2017). Vu et el (2008) conducted fimte element analves on pile
f-:m.ud.sncrm mchuding pile group and piled raft having batter pile:
subjected to static honizentz] loading:

There 1= few experimentsl study on behaviours of piled rafiz
having batter piles subjected to dyvnamic loadine  especially active
dynamic loading. Hence in thiz research the miuthors carned out
vibration load tests on piled raft and pile group models in 2 dry 3and
pround to imvestipate dymamie behaviours of the foundations. The
results of the experiments are presented and dizenssed i thiz paper.

r DESCRIPTION OF EXPERIMENTS
21 Pile foundation models

Pile foundation models used m Vu &t al_ (2017 were usad in the
experiments of thiz study. The pile foundation models - consist of 6

piles vath or without batter piles and 3 raft-as shown i Fioure 1. The
model piles are cloze-ended aluminium pipe piles havins an outer
dizmeter of 20 mm_ 3 thickness of 1.1 mm and a total 1engih of 285
mm. In battered pile foundations (6BPR. and SEPG), inclination angle
of batter piles 1= set at 13 degreez. The rectangular duralumm raft has
dimensions of 240 mm in lensth, 160 mm m width and 30 pon in
thickness The top sechon of 30 mm of the pile iz embedded in the
taft. 20 that the effective pile lenzth below the raft baze 1z 233 mm.
Pile posttions are shown n Figure 2.
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Figure 2 Dimensions of pile foundation models
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Figure 3 zhows cases of foundation fype in the expermients; The
foundation iz a piled 1aft (PR} if the raft baze is in contact with the
ground surface_In the case of pile group (PGY a gap of 20 mm 13 =2t
between the raft base and the ground surface. Each model pils 12
mounted with sitain gauges slong the pile shaft to obtain axisl forces,
ghear forces. and bending moments of the pile. Wote that axial forces
and bending moments are calenlated from measured axial strains,
meanwhile shear forces are caleulzted from measured shear zirams.
The positions of strain szuges are thown m Figure 4. Phyzical and
mechanical properties of the model pile are listed in Table 1.
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Figure 3 Caszes of foundation type in the expenments

Shear strain Axial strain
gauge —\ gauge
.+-.”.+...H-+\ P SR “ISU
......... AR Pt are e ofidle o e
Level 1 = [..ED_ I 0
I 40 Level 1
Sand parficles| | oyei2 t
” adhered 40 120
/ Lzvel 3 1
40
Levei 4 e =P Level 2
47
Level 5 [ 1]
cloze-ended 40
Lewei @ i * Level 3
15
15% S . P %
D 20 (mm}
P1, P2, P3 P4, P5, Fo

Figure 4 Posthions of strzin gauges

Table 1 Physical and mechanical properties of model pile
Property Value
COrater diameter, I {mm) 20.00
Wall thickness ¢ {mm) i1
Lenzth from raft baze, fimm) 253
Cross zection area A (mm?) 635.31
Moment of mertia, J {mm®) 29267
Youne's modulus, £, (N 'mum-) 0267
Poizzon’s ratio, ¥ 0.31

22  Model ground

The zand used for model Emund in the sxpenments was dry ailica
sand 26 {(water content w=0.3%). The phvsical properties of the sand
are shown m Tahle 2. The model ground with a relative density, I,
of about 82% was prepared 1 & laminsr box shown in Figure 5. The
mode! pround consisted of 11 layers (10 layers of 30 mm and 1 layer
of 30 mm), In order to control density of the model ground. the sand
was compacted by tamping m each layer.

Table 2 Phyzical properties of silica sand =6

Property Value
Denszity of zoil parhicle, o (Pm™) 2668
Mazimum drv density, S (Fm’) 1.604
Minimum dry density; gne (t'm") 1.262
Maximum void rafio, Swa 1.103
Mimizoum void ratie. S 0.663
Relative densiy, D, (%2) 210

Diry density, gu {it'm’) 1533

Figure 5 Dimension of laminar box

In order to grasp the meckanical behaviours of the sand. a semies
of conzolidated dramed (CD) tmaxial compression testz were carmed
out (Vu et al. 20171 Frve CD tests were carmied out with different
confining prezsures; po, of 7, 17,27, 50 and 100 kPa_ The reznltz of
the CD tests are shown in Figure §. The unloading and reloading steps
were camied out 2f an axial strain of sbout 13% fo extimate the
unlozding Youns's modulus. The internal friction angle. @, 2t peak
strength iz 42.8 degrees and the friction angle at residual state. @7 13
33 degrees: The initial stiffness, Ag'As. increazes almost linearly
with increaze in the square root of g It iz seen from Figure 6b that a
mmall amount of negative dilatancy occurs at a very early stage of
shearing followed b‘.. a large amount of positive dilatancy. Positive
dilatancy bekaviour weakens after the axizl sitain, =, excesds about

(-]
[ 1

23 Loading equipment and measurement items

Figure 7 shows the mutial state of 2 pile foundstion medel A
connection plate having a weight of 30N was attached on the raft with
sorenws. Four load cells were 22t on the plate to measure verhical lozd
on the raft. sz zhown in Figure §.

In dynamic loading test. a vibro-hammer having & weight of 3HN
was placed on the raft. The vibro-hammer supplies the Taft with not
only the dead load but alzo dynamic load by rotating two dizes having
eccentric mass. Eccentricity of masz of each disc and mput vibration
frequency can confrol meagninde of the dynamic load. A shown m

26
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Figure 9, the vibro-hemmer can provide vibration lead mamly in the
vertical direction (called vertical loading) or i the vertical and
honzonta] direchons simnlanecusty (called combination loadme) by
rotating dizes svnchromoush' im opposite ditections or the zame
direction, respectively. Eccentric mass was kept constant m verficsl
loading and combmation lpading tests. Hence the amphtude of
dynamir Inad depends on onby the rotation frequency of the dises.
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Figure 6 Resultz of tnaxial CD tests for the sand (Vuetal 2017)

Figure 7 Pile foundation with connection plate
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Figure @ Loadms mechanizm by vibro-hammer

Figure 10 shows: an ilhustrabon of experiments] setup.
Mezmmwement transducerz are  accelerometer  (Acc),  lszer
dizplacement meter (Lazer), encoder (ENC), load cell (LC), and sitain
gauges of each pile. Four accelerometers. from Acel to Accd are
placed on the raft to measure the accelerations in the vertical and
horizontsl directions.
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Figure 10 Expermmental setup
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2.4 Experimental cazes

Figures 11 and 12 show expenimental cazes of each foundation model.
In all the cases, firsthy the foundation was vertically loaded usmp the
zelf-weight of the vibro-hammer {Static loading test). Nest, th.'EEIﬂ.‘lE
verfical loading test was carmed out by operating the vibeo “hammer.
The mput frequency, £ of the vibro-hammer was increzeed from 0 He
to 30 Hz at mienvals of S He

In the cazes of PG. when the settflement of the raft reached ghout
10 mm. vertical loading wasz mnterrupted Thereafier, dynamic
combinztion loading test was contmined In the cazes of PR dynamic
combinztion loading test was conducted after the end of verticsl
loading test

Apart from the dynamic loading tests mentioned above, sweep
tests of each model foundstion were carried out to extimste the natural
frequency, 7. of each model foundsfion. In the wweep tests small
amplitades of vertical vibration was apphisd to the foundation u-zing
the vibro-hammer with incrsasmg the rotation frequency. The
responze vertical acceleration of the raft was measured. The natural
frequency of the foundation was obtained from the FFT processing of
the measured tesponsze aceeleration.

Figure 12 shows the natural frequency of each foundation medel.
The four foundation models keve zlmost the same valoes (f =14 to
15 Hz).

Test 1. Static loading by weight
of vibro-hammer

|Test 2. Vertical loading |

input vibration
frequency
OHz—=5Hz—=10Hz—>+--

Test 3. Combination loading |

Figure 11 Ezperimental cazes of each foumdation model

3.  EXPERIMENTAL RESULTS

In thiz pam**u.'la: paper, the expenmental rezults of dypamic veriical
loading tests of 4 foundation models (6BPR, 6BPG, 6PR, 6PG) are
presented and discussed.

31 Behaviours of each foundation mode!

Figure 13 shows changes of the vertical force, F+ (balck line), the
horizomial force, £y (blee hine), and the mput vibration frequency, £
{pmk line), witk elapsed time, ¢, m the case of 6BPRL

The vertical load on the raft, F.., was measured by the load cells
{zee Figure ). The horizontal load, £, on the raft was inertial foree
calculaied as the product of the horizontal sceclérabion and the mass
of the vibro-hammer.

Although vertical loading was intended in these experiments, not
only vertical load but alzo horizontal load scted upon the foundation
model: It iz thought that the honzontal load was caused by muperfect
synchronization of two rotating discs baving eccentric mass. As the
remlt combiration load was applisd to the raft
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Figure 12 Time chanze: of mput vibration fequency, /4, veriical
force, Fv, and horizontal force, Fiu, in the caze of 6BPR.

Figure 14 shows chanpes of £, and the vertical dizplacement, w.
of the raft with elapsed time in the case of GBPR. Note that the vertical
dizplacement after the static loading by the zelf-weight of the vibro-
hammier was set as 0. When f = 10 Hz, peo vertical displacement
ocomrred Thas i3 reasonable. becamse the comesponding F, was very
small When £ was increazed to 12 Hz, the vertical displacement
started to cccur and ncreazed with tuns and termunzted at a certain
time. Hence, £ was further increased to 23 Hz. but the foundation was
still stsble without fiarther merement of w. When 7 was mereasad fo
30 Hz, the vertical displacement of the foundation started to increaze
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Figure 14 Time chanpes of input vibration frequency, fi and
vertical displacement; w, i the case of 6BPR.
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The comrezponding rezults in the cases of 8BPG. 6PR. and 6PG 2re
shown in Figures 15 to 20. The tesulfs of these cases were similar to
those m GEPE. In all the cases, the verticdl dizplacement of the
foundation started to increzse rapidhy when the mput frequency, fi,
waz increazed to 30 Hz
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Figure 13 Time changes of mput vibration frequency., 7, verteal
force, Fir. and horizomtal force, Fi, 1o the case of 6BPG
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Figure 16 Time changes of mput vibration frequency, i, and
vertical dizplacement. w, mn the case of 6BPG
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Figure 17 Time changes of mput vibratnon frequency, 7, vertical
force, Fv. and honzontzl force, £y, in the caze of 6PR

321 Comparizons of behaviours of the foundation models
subjected to 30 Hz leading

In this secton, the hehaviours of each foundation model m loading
step of £ =30 Hz are compared and dizcuszed.
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Figure 13 Time changes of imput vibrztion frequency, £ and
vertical dizplacement, w, in the caze of PR
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Figure 19 Time changes of mput vibration frequency. £, vertical
force. Fv, and honzontal force; Fii, in the caze of 6PG
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Figwre 20 Time changes of input vibratnon frequency, ., and
vertical dizplacement, w, in the caze of 6PG

Figure 21 shows the vertical foree, £, in each foundation medel
with elapsed time from the start of 30 Hz Ioading. Note that the vibiro-
hamimer waz placed on the raft bt was not fixed to the raft Henes,
only compreszion but tension forces are generated during loading
texts.

Figure 22 shows the increment of the vertical displacement. Jw,
of each foundshiom with fime from the start of 30 Hz loadng.

Amplitndes of F- in PR, 6PG and 68BFPR were sbout 1600 N
(Figure 21). The vertical displacement of 6BPR iz the smallest
followed by those of PR and §PG, indicating that the batter piles and
the raft base resistance suppress the vertical dizplacement. It may be
judged from Figure 22 that inclusion of the better piles iz more
effective to suppress the vertical displacement.

o9
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Although amplitudes of F. m GEPG were smaller than those In
the other cazes, Jdw m 6BPG were comparable to thoze m 8PG. Tt 1z
difficult to explain this result definttely at this stage.

2000

i

Vert, disp. , Aw { mm)
B -~ ;o s W Rk s O

4 5] & 10 12 14
Time, Af (s)

Figure 22 Increment of vertical displacement. o, of each
foundation model with time during 50Hz leading

Figure 23 shows the merement of inclmation of the raft 48 of
each foundahion model with ime durng 30 Hz loading. Companzon
of A¢m 6PG, 6PF and 6BPR. indicates that the batter pilez and the
raft base resiztance suppress the melination of the foundation
zimilarly to the effect for suppressmg the vertical displacement. The
inclusion of the bafter piles (6BPR) has a great effect on the
inclination reduction of the foundation
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Figure 23 Increment of inclmation, A& of each foundation model
with time during 30Hz loading

Figure 24 shows the horizontal force, Fu, in the cazes of 6BFR
and 6BPG durmg 30 Hz loading. Amplitudes of Fi; of 6BPG are
larger than those of 6BPE. In contrast, ampliudes of vertical foree,
F., of 6BPG are smaller than thoze of SEPR (3ee Figure 21). The
lerger amplitodes of Fi of 6BPG may be a reazon for that the verfical
displzcement of 6BPG 15 relatively larger slthoush ampliudes of F
of 6BP{ are smaller tham the other cases.
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Figure 24 Time changes of horizontal force. &y, dunng 30 He
loadmg m cas=s of SEPE. and 6BPG

Frgure 23 and Figure 26 show dizmbutions of bending moments
ofthe piles n §BPPR. and in 6BPG, rezpectively. at elapsed time 0f 103
from the start of 30Hz leading. Bending moment: of the ples I
6BPG are smaller than thoze in 6BPE. although horizontal forces on
6BPG are larger than those on SBPE. Larger vertical load m 6BPR
compared with that in 6BPG (zee Figures 13 and 15) iz one of the
reasons that cansed lerger bending moments in 6BFE_ Another reazon
could be the effect of load transferred from the raft base to the ground
i the case of 6BPR. The lead transferred fo the ground incressed
sireszes and stiffnesz of the =01l beneath the raft, which resulted m
larger hending moments in the piles of 6BPR

Tt 15 aleo zeen from Figures 235 and 26 that bending moments of
the centre piles (P2 and P53} are very small m both of PR and PG.

Bending moment, AM ( N.mm)
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Figure 25 Thstnbotions of bending moments of the piles m 6BPR. at
elapsed time of 103 from the start of 30Hz loading

Figure 27 and Figure 28 show horizonts]l accelerations of the
vibro-hammer, the raft and the ground surface m shaking of 6EFR
and mn shaking of 6EP'G, respectively, with elapzed ime from the start
of 30Hz loading. Honzontal accelerstion on the raft of PR, Accd
{Ace? 12 almost equal to Accd), is-emaller than that of PG. Thiz result
indicates that raft base resistance iz effectively mobilised to suppress
the honzontal zcceleration of the raft.

160
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Bending moment, AM ( N.mm)
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Figure 26 Diztnbutions of bending momenis of the piles in 6BPG at
elapzed tme of 102 from the start of 30Hz loadmg
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Figure 27 Horizontal accelerations of vibro-hammer, aft and
ground surface in shaking of 6BPR. with elapzed time from the start
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Figure 28 Honrontal accelerations of vibro-hammer, raft and
ground surface in shaling of 6BPG with elapsed time from the start

of 30Hz leading

Focusing on the rafic of borizontal acceleration af the ground
gurface to that on the raft, the ratio in PR ie relatively higher than that
in PG. This indicates that the mfluence of the shakins of the raft on
the ground around PR iz relatively larger than that around PG

Similar rezult iz found from the comparizon of the expenimentsl
rezults of 6PR. and 6PG, a3 shown in Figures 29 and 30.

A possible reason for this is Mlustrated in Figure 31 In the case of

PE_ the cround beneath sround the raft is hardened by the raft base
pressure. Hemce, vibrafion of the raft is easily transmiited to the

FSEES Vol 531 Mo 2 Fumne 2020 ISSN (046-3828

swrronnding ground. Incontrast, m the caze of PG, the ground around
the piles 15 softened by, for example. seneration of gaps between the
pile shaft and the sround. Therefoee. the vibration of the simmounding
pround iz attenuated larzely compared to that of the foundation:
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Figure 19 Honizontal accelerations of vibro-hammer, raft and
ground surface i shaking of 6PF with elapsed time from the start of
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Figure 30 Honzontal accelerations of vibro-hammer, raft and
ground surface in shalong of 6PG with elapsed fime from the start of

30Hz loading
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Figure 31 Mustrations of deformation patterns of the ground
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4. CONCLUSION

Senes of vibration load tests on 6-pile foundation models (witk or
without. batter piles) I dry zand were camed out'at 1-g field to
investigate the hehavionrs the foundations.

The experimental resultz mdicate that the piled raffs are more
effective than the pile groups in suppressing vertical displacement
and inclination induced by vertical dvnamic load. It is also confirmed
from the results that piled raft with hatter piles iz the most effective
type to reduce seitlement and mclination.

Behavour of piled raft and pile group foundations m saturated
zand zubjected fo vibration isa firure sdy.
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