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ght be experienced during an

earthqllan average grain sige 6f 00617 A uniform sized silica f1
having @ ‘ mm, was used in the test tank to Provideour’

bhetween the drainage and ' i
cimilitude _ consolidation behavi
eypical prototype foundation elements situated on a sZ:t:::egfs;hz G5 R oy
pressures bf-:meath and a.round the footings were measured using hyrgoéerizre walier
il compliance electric transducers. Footing displacements were mon'g tUblng.and
displacement transducers. Cyclic loading triaxial tests w 1 i St
| he silica flour exhibited cycli ' VAT SO NS00 N it
: rhat the yclic mobility phenomenon similar to th f
' satura.ted fine sand. 0se€ Oor a
! Analyses of the model tests indicate that cyclic settlement of the foundation
f element c-leveloped when the ex(:_ess pore water pressure in the material outside of the
sone of influence of the footing approached about 50% of the total overburden
pressure. The model tests indicated that the cyclic stress level had to exceed the
jpitial footing stress in order for cyclic mobility to be initiated. The model test
| facility described in this paper provides an opportunity for direct observations of
pore water pressures and settlements of foundation elements during cyclic loading.

ential for avoiding severe settlements by using soil improvement techniques

i The pot
I such as chemical cementation or artificial drainage could be studied in the model test
facility.
. INTRODUCTION
The research presented in this paper 1is

Following a decade of triaxial and simple
shear testing to determine the nature of
liquefaction and cyclic mobility phenomenon

in saturated sands (Seed and Lee, 1966;
Castro, 1969), research in this area appears

to have continued in two complimentary

from model studies although some triaxial
test data used for model material
evaluation is included. These model studies
differ from previous models in that the
applied stresses were localized, by using

cyclic footing loads, rather than

i

directions: (1) elemental testing, where
sniform cyclic stresses are applied to a
single undrained or partially drained

ﬂm of saturated sand in order toO
examine in detail the factors controlling

generalized by subjecting the entire model
to cyclic acceleration. The present models
are designed to simulate foundation elements

subject to a rocking motion due to either
ds or ground motions.

Pore water pressures and deformtions (Castro applied cyclic loa

::d Poulos, 1977; Martin et al, 1973; Castro
13:1' 1982); (2) model testing, where
,“bg‘t volumes of saturated sand are

1 1ﬁtted to cyclic boundary dsturbances
mriﬂeml and/or boundary drainage
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MODEL DEVELOPMENT
The model studies repot

Tokimatsu (1977) and by

(1982) were concerned wi
and settlements benea

ted by Yoshinmi and
whitman and Lambe

th pore water
th a model

L Mtim A t 1 preBBUI’E
1’97§’ (Fim et 31’ 197011;);?%133 :brz ’ footing which reﬁt&d on & bed Of and tha;he
EIY: geotechnical ’:I.f es have been Was subjected to lateral accelerationSe Fer
o S cal centrifug former studies used 3 relatively loose san
or um dense sand and

action studies (Rowe et al, sed medi
while the latter u The model studies

was done 1n a centrifuge.
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Figure 1 - Model test Apparatus
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MODEL MATERIAL
The white model sand seen ip .

he ¢
on Figure 1 is a commercially ot

. : availabl
silica flour which was deﬂ&ntajt; e
0

an average grain size of 0.017 mm
value of 5 micron and a coefficient .
uniformity of 4. Typical parthjegei
found from scanning electronp mif—"-mgr
be quite angular.
classified as a non-plastic silt.
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The materiaj ig :

. Hiﬂimuﬁ
FE 88 30T Ehis yary, .

by wet determinations,

and maximum void

Tial

were founqd ¢, Rt
Falling head <3

permeability tests indicated a hydray;
= 1C

and 1.19 respectively,

conductivity of k = 3.5 x 10-7
0.80.
relative density of 50%, was based on the

m/s at
This void ratio, representing ;

g =

Oedometer testing indicated 3

211,{
Vv

relative

coefficient of volume change of m
10-* m?/kN for this material at a
density between 45% and 55%.
Similitude in the degree of internal

drainage between a model and prototype, th

To provide

dimensionless characteristic, kt/ﬂlV dezr

where d is the drainage path length, shoul
be similar. In typical uniform fine s
the values of m and k, while of different
units, are oftez quite close to the sai

aumerical value. Then, for the same Loadi¥
frequency, the 0.12 m model footing

Leépresents, in terms of drainage times _
®£0.3 m Prototype footing in a Unifomt
Saturated sand., The model sand, cheref0™
€an be used to investigate the 'i-*-issipatwn
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NTAL TESTING OF MODEL SAND
eated loading undrained

done under a 200 kPa back

re. gtatic tests were carried out at

1 deformation rate of 0.15 mm/min.

o gamples reached a peak stress ratio,

water pressure attaining

with the pore
to 40% of the confining

qalues clO8€
LesSUTE, at axial strains of less than 5.
. followed by dilative shear which

This was

caused the effective stress path to follow
che mhr-Coulomb fatlure 1ine at ¢ = 0,
."" = 35°l

Repeated loading triaxial tests were
carried oul at a loading rate of 1 HE.
Failure was not attained for stress ratios,
Aul/oc less than 0.5 and 400 loading cycles.
Figure 2 shows peak pore water pressure
buildup for tests that failed under ﬂol/cc
0.5, Tests 1 and 3 had Uc = 50 kPa while
tests 2 and 4 had e 100 kPa,. True
liquefaction (u/t:rC = 1,0) did not occur 1in
these samples but severe cumulative strains
(cyelic mobility) developed. The main
purpose of these tests was to show that the
model material behaved like a sand and was
susceptible to cylic mobility as a result of
excess pore water pressure buildup and

softening of the sample.

MODEL TEST PROCEDURES

Models were prepared by mixing and pouring
the model sand into the box at 37% water
content (void ratio of unity). This

material was allowed to settle overnight

with the base drainage open. The membrane,
top plate and footing were then placed on
the surface and the material was

consolidated under a uniform vertical

confining pressure, o . The footing
v

pressure was increased to the initial value,

Uf, in small equilibrium increments and was
then allowed to stabilize for 24 hours. The

base drainage was then closed. Footing
rocking was initiated by alternating the low
and high pressures in the pairs of small air
cylinders on each end of the footing. The
cyclic stress range,AQO, is taken to be the
low and high footing stresses that the low
and high pressures would create if applied
in all four belloframs. Most of the tests
were carried out using a cyclic stress
range, the average of which equalled the
initial footing pressure. Four pressure
transducers were used to monitor pressures
at the tips of probes placed on the model
sand as the samples were prepared.
Pressures were monitored at locations 36 mm
and 90 mm below the footing centreline and
at two other points at 36 mm depth - beneath

the edge and 36 mm outside the edge of the
footing. Two DCDT s were used to monitor

the settlement along the centre of rotation
of the footing. The recorded values were
closely similar in all cases and the average
value was taken to be the averge footing
settlement, A , for the test. Further

details on model test preparation and
procedures are reported by Walker (1985).

MODEL TEST RESULTS
The results of model tests summarized in

Table 1 fall into three categories:
did not experience cyclic

category A tests
ry B tests all exhibited

mobility, catego

cyclic mobility and category C tests
exhibited initial sudden deformations

followed by stabilization.

these tests are presented below.
not experience.cyclic

e rocking of the

The results of

Category A tests did
mobility even though th
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f model tests

Table 1. Summary © e
g (kPa) Cyclic Ao/ G,
' e RD (%) av(kPa) f Stress Aag ¢ - Y iy,
(kPa) A % -}i

Category Test ¥

a—.  —

Al 0.76 53 10 50 50-75 o & k.

A - g 50 20 o L= 1.0 8.8
Ad 0-80 5 30 50 £*1 3 ) 3,8

A5 0.76 > Y

§s i 2? 10 20 20-=100 .0 1};

Bz 0.79 f‘7 ]_0 100 50""150 1.0 a,,{_]

> 0'312 49 30 50 25~75 Lo S

’ s, 8.30 50 30 ¥ e 50-100 0.67 .j.
ggg;; 0.80 20 30 7(5) gg“;% ka3 ;i

- 5 (- 5 %

B6 0.79 51 10 1.0 ot

10 50 25“75 1 0
C Cl 0.77 54 g ;
c2 0.81 49 20 100 50-150 1.0 o
T

samples in category A created g model goi
profile where the hydraulic condugt-mim-
increased with depth and that lnternal |

footing lasted over 500 cycles. Static

footing penetration testing was conducted
following the cyclic loading in an attempt
to determine the footing bearing capacity.
The entire time record for test AZ is shown

1.0000 .

on Figure 3. Pore water pressures are
normalized with respect to the vertical ey ok
confining stress, B and settlements are 0.0 _=:‘; Yo
normalized with respect to the footing L

width, L. From Figure 3 it can be seen that %

the static loading resulted in a significant

negative pore water pressure accompanying
mm
the rapid footing penetration under

l

Increasing stress. This was followed by a 1.5000 '“’
build =
s up of pore water pressure as 0.0 SEC .
eformation continued under the maximum |
applied footing Stress. The maxXimum peak s T
T
/
/ k
ﬂf : 1
(kPa)
3
Average Footing Pr.“ur.—ﬂ1 // L |
(cyelic portion) '
/ -
_,__......r ﬂj
§a0

0.0
0.0 TIME (SEC)

flgure 3 - Tegt A2 Time Record




pore wa ter pressures

1owed excess
AL T

agl al |
e ate fairly quickly .
nother possible e

g8 pore water pressures.

rocedures us ed for

xplanation

pour ing p

B tests (see Walker, 198 5)
ger prEparﬂtion time (each

to settle for

g) but a much
.d model profile.
seen through the clear

NO

Figure 4 shows
i i il -

o note that the pore pressures
ations outside the footing

at locC
those of

ntical with

It appears, from the

0.0
SEC

0.0

{.1000

SEC

100.00

0.0

0.0

TIME ( SEC)

Fi
gure 4 - Test B4 Time Record

to unity, occurred because the 40 mm

Limit
Test B4 is typical

B tests with the eXxXc

clLose
the air cylinder was

the

stroke on

Ol

attained.
eptions of test

category
Bl which exhibited only moderate S€
the time record forx which 18

In this test the initial

ttlement

and test BO,

shown on Figure DO.
cyclic footing stress Trange of 50 to 100 kPa

was discontinued after 350 cycles because
the excess pore water pressures were
diminishing. Large deformations resulted

within 30 loading cycles when the cycling

was reinstated using a stress Tange af. 45 L0

125 kPa.

1.1000

0.30

—

r—— T
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Location 1.D.
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-~ Test B5 Time Record

Figure O

ions or cyclic
ategory B
e ratios of
ed in

Large cumulative deformat
mobility was initiated in the C
peak pore water pressur
1f this ratio was eXpress
ral confining pressure
1d likely be close toO
e and, hence,

tests at
(b3 ed Uads
rerms of the late
instead of 0, it wou

twice the numerical valu
comparable to the ratio, u/aC . of about 0.8

needed for triaxial cyclic mobility. 1Ine

most surprisin peak pore

water pressures directly

the soil surrounding

0.40
the highest ratio of

cyclic mobility.
t location Wwas consi

below the footing. These
ate that lateral drainage

quickly, leading tO
gssures and cyclic

oll massS.

ol R

measuremen
than directly
observations indic
developed relatively

high excess POT€ water pre
mobility in the surrounding S
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when compare
gts would indicat

to be expected only 1if

{s equal to or BTC
' ressure

pressure.
these model test
154 to 30% of the short term

capacity.

The two category C te
a layered material with a slightly coarser,

higher permeability layer at a depth of
about 0.5 L below the footing. In these

tests the excess pore water pre
generated below the footing seem tO have
dissipated to the lower layer preventing
continued cyclic mobility. The time record
for test Cl, reproduced on Figure 6, shows
that the excess pressure at the lower
location was less than at any other
measurement point. A sudden settlement of
the footing took place after 52 cycles of
loading and the maximum excess pressure
reached a value of about 22 kPa, nearly
equal to the minimum cyclic pressure of 25
kPa. At this time the excess pressure
outside the footing was about 0.5 ¢ but it
quickly attained a value equal to Uv
€qually quickly, the excess presaurga

dissipated and the footing settlement rate
rapidly decreased.

ssures

of the data
the resultg of a rapid

apacity test op the settled

O imm&diately

gts were conducted on
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Figure 6 - Test Cl Time Record

and that large footing settlements develop
at a pore water pressure ratio, u/o , of
vV

about 0.6, In the present study, where't
excess pressures were generated beneatht
footing, the ratio |.1/0rV in the surrounding
solil was found to be closer to 0.4 when

large settlements were initiated. From
centrifuge models, Whitman and Lambe (198

also found that the excess pressures
developed in the soil outside of the
influence of the foundation appeared
control footing settlements. In the Present
study, the model sand was designed
Provide drainage similitude with a typ
Prototype footing. The excess gEnes
dissipation observations from catego’)
category C tests when combined i A
above findings, would indicate pass
fac:l.lities, such as suction wells oif8
8and drains installed adjacent tO
footings in saturated fine sands C
Successful in preventing or arresti®s
mobility and large settlements undet

1€

1€

jcal

p ol




o

o f requency loadings. This

- UE) and Dubtn (1986). Othe:

-- ian creatments, such as chemical

o Eegnes T might also be studied -- the
g L achniques outlined in this paper
| ”‘?iiiﬁimg' 1 in such studies.

pul studies show that cyclic

cand surrounding a footing

5 a cyclic rocking motion is to

4 1f the peak excess water
n this sand attain values of

the overburden pressure.
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