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;. INTRODUCTION

This paper summarizes data obtained dur-
ing shaking table studies on model piles
carried out at the University of British
columbia (UBC)- These studies were con-
jucted to establish a data base against
shich the performance of computational
godels used to predict the response of
piles to earthquake loading could be
checked. Herein data illustrating the
behaviour of a single pile embedded in
dense dry sand will be presented.
fo:;a from full scale instrumented pile
ations are available only for low
levels of earthquake shaking, where free
field acceleration levels have not
:‘xceeded 0.1 g. Computational procedures
b::::priate for analyzing such cases are
ehuiconmeither viscoelastic or linear
>y ndnkler type foundation models
1973“18- ar Novak, 1977; Novak et al.,
l'ese; _531'331' M ate ., 1977). Several
rchers have
sile ¢ . compared the measured
oundation r
sads _ esponse with predictions
using the
Ishida, 1980 se models (Hamada and
"a 19;7Yasuyuk1 and Yoshida, 1980;
et o= ). The comparisons suggest
Tesponse icﬂracy of prediction of pile
Solniass 8 dependent on the proper
tion of
Ay strain compatible elastic
-Fﬁfl, which is difficult to

ish.

¢o provide a data base for checking th -
zing the r : e predictive c L1 :

g vind 3 esponse of piles to earthquake 1 dapablllty of computational
in dense dry SnEe are disciissed herein oading. Tests on model piles
jons, and accel ' .

tj]::i;at The, it freerit;lnon' response at the soil surface were m
o diffeg‘entcteesst{)f the pile and the foundation weizszrizi ‘;11‘«1131118
® foundation was measur . methods. The shear wave velocity di ' ete’:.r-
R UBt AR Diazocerante Suldon Blhnnts y distribution

Pile bending moments, deflections

stronger earthquake shaking so that it is
not possible to validate those analytical
prc_medures which propose to account for
soil nonlinearity. Winkler models with
nonlinear force—deflection relations are
commonly used in such cases. (Reese et
al., 1974; Matlock et al., 19/8; Kagawa
and Kraft, 1981; Nogami, 1985). There-
fore, a series of shaking table tests
were carried out using the UBC shaking
table to obtain data on single pile
response during strong shaking.

Stress levels in the foundation soils
in model pile tests using a shake table
are much lower than corresponding
stresses in full scale tests. Therefore,
it is necessary tO measure€ soil proper-
ties appropriate to these low confining
stress levels. Piezoceramic bender
olements were used to measure shear wave
velocity distributions from which low

strain shear moduli, Gmax’ were computed.

This paper is concerned primarily with
describing the test equipment, instrumen—

tation and experimental test procedures.

Representative
ties, pile bending moments,

and accelerations,
response at the

natural frequenc
foundation soils are also

Finally, general conc

about t
on pile and foundation responses.
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data on shear wave veloci-
deflections

and acceleration
soil surface will Dbe

presented. Tests for measuring the
jes of the model pile and
described.

lusions are reached
he influence of soil nonlinearity
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dation was prep Y

ol polted LO the tl oA

tyrofoam pads were Eejent

Ny )l:e containerl to P & e

om the gsides of zrebase

the direction 0 P

plan area of ?:;Z o

container after the aboge i‘:listeh . i

installed was 463mm by 463mm

f 635mm. e

de'l?}f: Opile foundations were- I:Irezs e

i c-109 Ottawa gand whicC g
e {mum and maxi

rounded sand with min
void ratios of (.50 -8
tively. A gradation cur
is shown in Figure 1.

conducted in both loose and denseé sand.
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the dense sapg tests will
illustrate typical

Instmmented pil

nd 0:82, respec_
ve for the sand

pile tests Were€

series © ' @mbeg 3
100se sand, 2 dense sand fﬂundati ly
achieve by densifying the 1003,[:}“ Wag

high frequency vibrgt; Sa
T;é:i gsand foundation wag ;E‘;;e TEE
geveral minutes using Sinusﬁidaln# for
with frequenciles PpE 29 to 30 i lnp,,
acceleration amplitudes of 0.5nd Pea
greater. The large amplitude shakj & o
recessary to achieve Significan 02 o
densification. The mode] pi;IL: Sang
restrained from movement i th: Wa s

during the vibration procegg - f.saﬂd
the head of the pile using Plagc ;};ing
Ca,

An average void ratio of 0,57 or 1e
achieved, corresponding ¢, rels *
densities of 78 percent or greater atiye

Following foundation plaﬁemen:t
accelerometer was placed in tp, sd an
of the sand a distance of 180 om (28]:;??&
-

diameters) from the centre of ¢,
pile along a line parallel tq the d?idel
ec~

tion of shaking. The acceleropes

measured horizontal surface accﬂ&rat?‘“
in the direction of shaking. .., "
accelerometer was placed on the bas:“ﬁr
the soil container to measyre
accelerations.

The model pile used in the Study wag
constructed of hollow aluminum tyhi,,
having an outside diameter of 6.35 ;ﬁ
The flexural rigidity (EI) of the pile
was measured using transverse dead loas-
ing of the test pile while it was c lamped
at one end and free at the other. Fro
measurements of pile deflection versus
applied transverse 1load, the pile EI
value was computed to be 4.65x10° N-mn?
(1621 1b.in?%) using static beam bending
formulae. A rigid pile head mass with a
weight of 7.78 N was clamped to the head
of the pile to simulate the effect of a
superstructure (Figure 2). An accelero
meter and two displacement transducers
Were mounted on the pile head mass.
Seven pairs of calibrated strain gauges
were placed at various points along the
iﬁgstdti O_f the pile to measure peak bend"

ains. The electrical leads fror
the gauges were brought up the inside 0!
the pile. Including the contribution of
:ﬁrain gauges and electrical lead wiré®
O.SOgéle has a weight per unit length of

N/mm (0.0028 1b/in). :
al‘}fter Plle insertion and c-:mnectiﬂ"“t;":e
BMCk:sst:)c::I.at:ed instrumentation, b
s0il Blngf the pile head mass aboYek-uP
Varied 4Ceé was measured. The stiC g€

from 46.0 to 48.4 mm for the dé

4
"5 teats.  Pour lightweight gettlemer
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Pile Head Accelerometer

LVDT No.2
— Acule”’mﬁer
~ 80 mm :

\ Sand ?l‘iduﬁons

Maodel Pile

lPile 610mm Long

Table
Accelerometer

t

Rigid Base of Shaking Table

20mm
———

plates were placed a minimum of 20 pile
dismeters from the centre of the pile to
geasure surface settlement. The
settlement is due tO the cyclic shear
<trains generated by the base motion.
From the settlement plate measurements,
average void ratio changes in the dense
sand foundations were found to be
pegligible during base excitation.

Prior to testing, shear wave velocity

seasurements were made in the sand using
the procedure described below.

3. SHEAR WAVE VELOCITY MEASUREMENTS

‘kh'f and Hampton (1978) developed a
procedure for measuring shear wave velo—

R Institute (1984) measured
Mm velocities in triaxial speci-
~ Bens using both bender elements and the
~ Wore conventional resonant column tech-
- Bigque. Within the limits of experimen tal
~ rror both methods gave similar results.

€sts the source and receiver

elements in
the
installed as shown in Figure ;;ray et

Direcﬁ_on of element tip and
soil particle movement

Direction of
shear wave

propogation

Soil specimen Soil specimen

bender

Pip. 3 Piezoceramic element

(after NGI, 1984).

Lead Source Bender element

to storage
oscilloscope

e generated using twoO
in the present study-
the source element Wwas
re wave voltage pulse
The small amplitude bending
gynder the input

ch propagateﬂ
il and is
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picked up by each of the receivgr ben§E§
olements numbered R-1 to R-3 (Figure
in turn. Alternatively, shear waves were
generated by lightly tapping a shear
plate placed on top of the goii  in a
horizontal direction wusing a hammer.
"When the hammer makes contact with the
shear plate an electrical circuit 1s
completed, generating a voltage pulse to
signal the start of ‘Bliear wave
propagation. In each case, the minute
soll vibration caused by the shear wave
Propagation mechanically excites the
receivers which then respond with an
electrical signal.
wago pi‘:;lf:jc;ﬁ FRAt, the shear. vave Bource
& a predominance of sghear

wa -
ves and not compression (P) waves d
3

versal using
Ped firgt in

the Opposite

Pulseg
confir;ed r?hpective ye Thi  oor wave
s

T s 4t sghear Waveg werzi’ﬂvirsal
VOltage Eing

Bource gud orutputs from the

digical oo OMivers yer. Shear yava

Bign&la t:iage O8c 1103(:0 ~ed uBing a

receiversg Oducegq by tpw. Amplif{ag

a

times t ar } &
e Cleap,

_ | ¥y .
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sand foundations on shake table.

300 mm depth and are shown for post
methods of wave propagation. The distiitf
bution may be described by V_ = AzD where
n = 0.2, A = constant = 280.8 ml_n/sec z
1s the depth below the soil surfacejin
I'netres and VS is the shear wave velocity
in m{sec. The measured shear wave
vel?(:lty data points follow this distri-
bution closely. This agrees with data
fI'OIl.l Stokoe et al. (1986) showing that Vs
varies as the mean normal stress raised
to the power of 0.20 to 0.25. The
aveFage shear wave velocity over the
€ntire thickness of the sand foundation

= 0.61 m) is computed to be 211 m/sec.

zz:ta were carried out to estimate the
S EA frequencies of the model pile and
f;d foundation.
geriiar-e functions of the structural pr
and o 9% the pile, the pile head m#®
x the lateral
found the Pile.

The frequencies of th

stiffness of the soi>
The soil stiffness °



{  _ _olled by the insitu moduli which a

E '-,'fﬁ@-fue’nciﬁs will depend on the amplitudes
ﬁmhe pile vibrations at which they are

ﬂft it § The natural frequencieg of the

.,’ea:u foundation i the free field are
n

ga. depeflde“t on excitation amplitude.
also Jatural frequencies were determined
e different tests: a hammer impact

a frequency sweep test using sine
age motion, and a ringdown test.
these tests, pile head accelera-
d displacements, pile bending
foundation surface accelerations
base accelerations

were
hammer impact test the base of

gand container was struck by a hammer
the horizontal direction. The impulsive
in 8 generates body waves which propa-
hrough the sand foundation causing
jon vibration and loading on the
The form of the input base accel-
resulting from a typical hammer
.t is shown in Figure 6a. A Fourier
of the input acceleration shows
base motion has a broad

grequency content (Figure 6b).

(a) Input Base Acceleration

250 300 350 400

Time (millisec)

(b) Fourler Spectrum

Amplitude
)

100 150 200 250

Frequency (Hz)

0 50

Fig. 6. Typical hammer impact test Ga)
‘input base accelerations (b) Fourler

‘Pecttﬁﬂhr

Fl'eqmcy sweeps were conducted using
Tt&ti&ble' frequency sinusoidal base
motions with peak average accelerationz
of 0.20 g. The input frequencies use
~ Were varied between 5 and 50 Hz so that
- 3-"“'P1 le amplification

could Dbe

For each fr
b

€quency input
e - ’
@8€ exXcitation was gradu

Lo its peak amp1 i
plitude
At this 1level o

that steady
obtained.

-In 4 Tringdown test,
displaced g

the sinusoidal
ally increased

was maintained
for at least 20 cyles so

State system response was

the pile head was
amount and then
the pile vibrated

different frequency tests.

.the strain fields which define
the moduli were not the same. These

facts must be kept in mind when comparing
the results of the frequency tests.

Therefore,

4.1 Hammer Impact Test H-4

(a) Sand Foundation:

Surface accelerations in the sand
foundation in the free field are shown in

Figure /a. The maximum acceleration was

l.1 g and was rapidly damped to near zero
acceleration after 4 cycles. The funda-

mental natural frequency determined by
measuring the time interval between the
first 4 acceleration peaks was estimated
to be 56 Hz. The Fourier spectrum of the
accelerations (Figure 7/b) shows a
predominant fundamental frequency in the
range of 55 to 60 Hz. The presence of
higher modes is also indicated by the

spectrum.
(o) Foundation Surface Acceleration
L o
o
e S
S 0.5
i
-
= =8.3
o
S -1
N 500 550 600
Time (millisec)
(b) Fourler Spectrum
8
%;l
ps
= 4
3
o &
sz e PR CTE L R
Frequency (Hz)
¢ test H-4. (a) the

7. Hammer impac

o ~face accelerations,

foundation su
Fourier spectrum:
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(o) Pile Head ACE""’GHQ
"

g vty - O interest s egomgfﬂm the E
natural frequency R velocities, R
measured insitu shear ;la:ehmmer test- B o
-' d in be ®
with that measure ;g assumed RE e S s
The sand foundatilm t shear wave velo E
tan 5 Y
uniform with a COﬂsta ‘he average velo 2 Rt —
city CﬂfresPondingdetemj_ned previousl}'- Time (milllsac) 009

city of 211 m/sec

fhe fl.ll;.dsﬂﬂlgejl-lf:: b.‘i'l’.'EfC]er’n‘?V};i/aHI where Vsaiz 2 (b) Fourler Spac’”’um
er r
t:z shear wave veloci;ﬁigfe;ﬁti:ﬁegwes S 10
H is the thickness. % which 5
a fundamental frequency £ Blfe Hzexperi" "
is considerably higher thanot Hz The E 10
mental values of 32 tO 5 —~ o.ftening
difference is due to the strain—s ing an o 25
of the foundation sand R e gbove Fraqm::c (H . 100
i & average shear wave velocity in the & nt y (Hz)
' calculations. The average shear ‘IZSS ( ¢) Pile Head Displacemany
ET velocity is based on low stralns A0 " (vor o)
than 10-%%.  The high accelerations :
generated in the hammer test resulted in T
larger strains and consequently enogad E oy
moduli and reduced soil stiffness. - b
(o 8
o -0.30
(b) Model Pile e ;?0 ( i -
me (millis
Pile head accelerations are shown 1in _ o
Figure 8a. Peak accelerations of 1.7 g Fig. 8. Hammer impact tegt H~4
occurred during the initial transient head accelerations (b) Fourj + (a) Pile
h duced f pile h - o ek,
phase of the excitation and reduced to of pile head accelerationsg PRy Cun
levels of about 0.2 g after 6 to 7 load displacements. Plle hey
cycles. The fundamental natural
frequency was determined to be 22.9 Hz by
measuring the average time interval 4.2 Ringdown Test R-1
bﬁtween successive acceleration peaks in
the range 0.2 g to 0.6 g. The natur '
. . al :
PRGNy wax Eoond 25 e T050 Sies tan Siled head accelerations obtajipeg fron
average fo ; ngdown test R-1 are shown in F;
Tlf I accelerations less than 0.2 Peak acceleration oA 0 Flgure 9,
8- This illustrates the j W :
: nfluence of : el o & Occurreg
vibration amplitude on the fund during the initial transient phases
frequency of : undamental the excitation and red .
s the" ‘pile; Fractions of about 0.2 reduced to levels of
oy G2mping (A,) of 5.5 percent were e . to-d-doad cycle
€ Iundamental frequency was determine

ONpaes by -applyin
B the 3o
m?thod to the free vibration S P e 24

ation peaks in the range 0.4 g to 2.0 g.

The Fourier

a2 fundamentgai BfPECtrmn (Figure 8b) shows E}_le fundamental frequency for accelers
Displacementsg gfret%ueni{ of about 24 g, b;orzli ;‘335 than 0.4 g was also found to
e g . g : i :
:t):r;.VDT 2o, 7 (Figurz BEc)hefd mass given ing (A )Hzf 4Frac:.t;Lons of critical d&ﬂle
dis fg free Vibration af¢ ndicate that aPplyil Oh +4 percent were computed b
MmE dcement pylge of 0'2131' on initfal Fourieng the log decrement method. The
(0. 5% a:fplt;udes were legg tTln; dioaplace_ fundamintjfecftrum R Sg‘;f::wsﬁz3
e pile 4 n 0.03 mp requency of about |
i?:nca}? infer that t::ezzr). From thig, Tl;e above values are similar to those
c aracteristics Ove free Vibra- " t?ined from the hammer impact tes
relatively sm were Obtai indlcati ¥ of

near fielqd e 8train excit i during e ng that about the same amount
PO ation of tpe tain softening occurred in the ﬂea;

field 80ils in both tests. The pile he32




Vo) again show that after gp
tal displacement pulse of 0.1 mm pije
jnit cements were small (less than 0.04
415P1§uring free vibration.

S iaypency Sweep Teste

. presente'ﬂ describing the pile
a age Lo at least 20 cycles of sinu-
reﬂpol pase motion with a peak average
oration Of U.2 B+ 'The input accel-
ns were amplified through the sand
jations resulting in accelerations of

fozng or greater at the pile head. The
g'urier amplitudes of the pile head
0

lerations are plotted versus input
?::quencies in Figure 10a which shows the

ental frequency to be approximately
f;ﬂd;n;_ The fundamental frequency

cgined is only one half that measured
ob the hammer impact and ringdown test.
;Eese results reflect the much greater
strain softening caused })y Eie - high
.teady state response amplitudes in the
frequency Sweep tests. | Peak bending
soments measured Dby stra-:Ln gauge no. 3
are plotted versus applied forcing fre-
quencies in Figure 10b. The significant
ipcrease in bending moment as the
sesonant frequency of the pile is
approached is clearly evident.

5. PILE RESPONSE DURING STRONG SHAKING

A forced vibration test (test 14) was
carried out using a base motion consist-
ing of approximately 28 cycles of a sine
wave with a peak average acceleration of
0.60 g and a frequency of 10 Hz. This
frequency is close to the resonant fre-
quency determined from the frequency
sweep tests. The test was carried out to
define in greater detail pile bending
moment distributions during strong shak-—
ing at an input frequency 1likely to
induce significant pile flexure and non-
linear soil-pile interaction.

The acceleration input at the base of
the model is shown in Figure 1lla.
Accelerations recorded at the surface of
the foundation layer and at the pile head
are shown in Figures 1llb,c. Pile head
displacements given by LVDT no. 2 and
LVDT no. 3 are shown in Figures 12a,b.
Time histories of pile bending moment at

Various points along the pile are shown

_’.'.“- Figures 13a,b,c. Figure 13d shows the
Peakbﬂndins moment distributions along
thePile during the first and fifteenth
'9ad cycles at a peak base motion

mylitude of 0.6 g.
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Fig. 9. Ringdown test R-1 (a) pile head
acceleration (b) Fourier spectrum of pile

head accelerations (c) pile head
displacement.
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Fig. 11. Shaking table test no. 14 (a)
Input base accelerations (b) foundation
surface accelerations (c) pile head
accelerations.
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Mode. Peak bending

moments

en decrease o approximately gzero
er d&pthﬂ- This indic.ﬂtes that
may be considered long in the

e' that the lower parts of the pile do
afluence the pile head response to
iné paximum bending moment occurs

Tharoximately 13 pile diameters below the
apPl curface, and equals 40 percent of
yield moment of the pile.

3) The spatj_al variation of bending
pents along the pile (Figure 13d) show
m 1 points along the pile experience
e sign of bending moment at any
time with the exception of
gauge nO- / which shows a small
of opposite sign. This suggests
e free headed pile is vibrating
jally in its first mode.

k bending moments occurring in
.he pile decrease with- number of 1load
cycles (Figure 13). This indicates that

hardening of the soil adjacent to

pilﬂ

¢that th

substaﬂt
4) Ped

gtrain

rhe pile is occurring due to compaction
of the sand under the repetitive
loading-

5) The maximum pile deflection near the
gse of the pile head mass (LVDT no. 3)
1 approximately one pile diameter,
suggesting that significant soil non-
linearity developed during the lateral

pile motion.

b

6. CONCLUSION

Simulated earthquake loading tests were
conducted on single piles embedded in
dense dry sand to provide data for
checking current methods for the analysis
of the seismic response of pile
foundations.

The fundamental natural frequency of
the pile was determined in tests involv-
ing different amplitudes of excitation.
Test data show a pronounced reduction in
natural frequency ranging from 24 to 12
4z as the strength of shaking increases.
This is attributed to increasing cyclic
strain softening of the soils near the
pile which leads to lower moduli and

_ lateral soil stiffness.

b The lateral pile response toO ginusoidal
48¢ motion input showed that the free
headed pile vibrated mainly in its first
s moments in the pile
red approximately 13 pile diameters
'6low  the s0il surface and decreased

y with increased loading cycles

model necessary to correlate

Predictions Gfrezrfts With analytical
e res

earthquake shaking. il

The y
o ixperlmental Procedures adopted in
Program and the instrumentation

wWorked
throughout and
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