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| INTRODUCTION

cepy OVEr WU decades of research work,
o is genéral agreement about the mecha-
.ﬂlw which the onset of liquefaction
nfwrs'durin'g and following an earthquake.
;is research includes field observations
during and fPllowing earthquakes, experi-
sents in the laboratory on saturated soil
samples and aodels of foundations and earth
structures, and theoretical studies. In
some recent work, Haldar (1983), Haldar and
ryettich (1985) and Haldar and Chern (1986)
emphasized the consideration of damage
during ligquefaction and suggested it was
necessary to go one step beyond the evalu-
stion of ligquefaction potential.

In a saturated sand deposit under consta-
ot volume conditions, the primary effect of
the earthquake shaking is the generation of
excess pore water pressure. The generation
and dissipation characteristics of pore :
vater pressure dictate the type and extent
Eff damage the site will experience. The
increase in pore water pressure willl decre-
ase the effective stress of the soil eleme-
uts. The decrease in the effective stress
vill cause permanent settlement, also refe-
?ﬂﬁth? as cumulative or residual strain,
elmmmilﬂotrs::q:i.t:al1}1 consolidated soil
Buirfma (soil elements beneath a sloping
Moty or beneath an engineering facility)
Mm;::re water pressure continues tO be

it due to the earthquake shaking.
-_’_E’ﬁeﬂs residual pore water pressure

'ili '_dﬂe to the earthquake shaking
m _ _mny dissipate along some

5th Canadian Conf. Earthquake Engineering /
/

teiﬁKﬂJCHllfleﬁﬁfhmpuakx}iruiuct

: AimethOd is proposed here to estimate dama

effect of soi
— . - . Oll—s [ ] =
of differential settlement tructure interaction.

e extent of damage to a structure
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ed liquefaction

g€ To a structure due to earthquake-
%o The damage

€ Structural rigidity can signifi-
The redistribution of vertical loads

‘ ttlement of the foundations
gneven se 10ns due to earthquake :
' Lng ' > : shaking c
ly by considering the interaction between the structure andgthinsb?lmGdE1Ed
uwﬂt—basedlcomquer program is written specifically for thi oil.
logy is described with the help of an example . is purpose.

A
The

drainage route following the earthquake.

The rate of dissipation will depend on the
drainage characteristics of the soil, and
may range from almost instantaneous tO
several minutes or hours. The final resu-
1ts of the shaking and application of earth-
quake shaking is reconsolidated settlement
of the sand.

There are numerous possible damage
scenarios in earthquake-induced liquefacti-
on. The most common types of damage that
can be expected following an earthquake are
settlement, differential settlement and
rotation or tilting of a structure at the

Thus, it is quite logical to use€

site.
iteria

these measurements as the damage Cr
for earthquake—induced liquefaction. In
this paper, differential settlement is u
as the damage criterion.

In the past, most of the liquefaction-
related research was for level ground OT
isotropic deposit conditions. However,

"when damage to a structure resting on Fhe
aite is the primary conceris an%sotroplc
dEposiE”conditions must be considered. Que
to the presence of the structure, the soil
elements along potential failure plane
surfaces are subjected to an appreciable |
amount of static shear stress. The behavil-

of such soil elements subjected to an
earthquake 18 considerably different than

t of the isotropic case.
thgince the anisotropic soil elements

strailn progressively during cyclic loading,

- deformation of a
the earthquake induced .
soll element under a footing will include

both the undrained residual deformation

sed
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and the deformation due t

induced excess

of the earthquake=
ed in great

gsure. The subjec

detail elsewhere by

1t will be discuSs€ y here for

the sake of completeness. to est~

mate deformation in term of gettlement OT
consolidati-

differential sett

Onis Lhe goil-struct
considered. The interaction hbetween the

structure and the soil through the redis-

tribution of vertical loads due tO uneven
gettlement of the foundations needs toO be

considered during the consolidation stage-
This is the primary subject of this paper.

t was discusSs

Haldar and
d very briefl

yre interact

As mentioned earlier, the total settlement,
S of a deposit can be estimated DYy consi~

TI
dering the residual settlement during an
and the consolidation

earthquake, Sd’
settlement, S . Both Sd and SC depend on

the amount of “excess pore water pressure
developed during the earthquake shaking
under anisotropic stress conditions. The
pore pressure generated during N cycles of

earthquake loading can be shown to be

G 1 e e O |

o=u. G+ 2 e (dOMC - 1)
50

in which N_, = number of cycles to develop

50
pore pressiire equal to 507 of the limiting

;filue of residElal pore pressure that possi-
y can occur in a sample, u_.; and a is
parameter whose 5 : :
e value depends on the conso-
' tiow stress ratio, K .. This can
discuss here further due“to lack of o
ack ot space.

223 '
Residual settlement during an earthquake

by the pore pressure increment, Au, for
’

anisotropic sampl
(Chang (1982)):]) es can be shown to be

Chern (1986).
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in which Gé = gl = u; p

* DN LS. g
pressure; ﬂd ENERVIALIC Strae. Phe..
géc_’whi(:h is assumed to be ,le %
s =pedefion anglel K, n, R 1T“ﬂﬂhytl ) The me
+rers that can be estimatﬁdff'rxui : 9! gettlt
static consolidated drainpd-?ﬂ“;‘irf‘”' Elast-
and 'riﬁﬁiafiz the a
5! = l [o! Z 8in ¢! 3 : (
ult R, B R - giggv]
(
| 3 ¥
The pore water pressure builg.- redz
tropically consolidated sapg dup hlan- deSI
2 L . . AR e
be estlmaFed by equation (1) Eqﬁﬁltﬁpf“ Cirt
the undrained residual strgi ﬂwmﬁm!ﬁt gAaax
consecutive loading cycles ‘1tmiW&mﬁﬁm$- i
. 2 > Can - i t_*.ﬂjr ’ | be
obti%ne? by using equation (2)*¢MﬁJbE ) e
ve ] ] P '
rtical strain is accumulategq Aftey ., res
cycle using equati T T
settlement, S can b : © residy.y g
th hi w5y N be determinpeq 5 =
e t 1?kness of the so0il lave Proviq, ma
kﬂOWﬂ, ltEn, y r! h’ 1.8 3 Ve'
PE
. =R
d Y -
(4) P’
2.2 Consolidati Z
. atlo
n settlement a
: S
Assuming that the sand 1a | f
881~ t

blet no lateral deformation is -
during the dissipation of exceszDSSlble
pressure, there 1is enough time fopﬁre e
pressure to dissipate, and durin g e
pl_'egsure dissipation the volume % SN s
bility mv remains constant and e EmIiTESSi-
the maximum value reached duringqt}ame s
wat?r pressure build-up, then the c por?_
qatlon settlement of the layer c sl
ined as R, -

o w: R ou (3)
All the parameters were described earlier.

3 SOIL-STRUCTURE INTERACTION IN LIQUEFACTIO

In the previous section, the loading sys-
tem was idealized as a set of independent
loads applied at the ground level, and
structural continuity was ignored. If a
particular foundation of a column of the
EZEE;ture is very heavily loaded, then the
lareement underneath it is expected to D€
o %o; This will cause a redistribution
: ces and part of the load will be
t;anaferred to less stressed support PO
80;: changing the settlement profile.
w111 cases, the rigidity of a structur€
11 influence its settlement characteris-
b vt CE
t:uﬁemet:hcrdrz)lcmgy is proposed here for struc
s supported on shallow foundations.

iﬂtsa
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ethc‘d gonsiders Ly The Consolidatio:

rhe m en gfter the earthquake hag f:.e;i _.‘ .._m'u_

t—le tructural behavior is impl,ied[.%udn
s 1n

1 cﬂefficient of load transference
3 l,sthCture in?er;ction model, the
ibution of Veftlcal loads is often-
< in terms of load transfer coeffq-
st (1956)). These are sty
cieﬂtzepende’ﬂt parameters, and are e].astizﬁ
o= . the entire structure which canp

tur ts O
gtar ed using s 5 .
con 1y Calculat B 8Lructural theo-

a . }( ’ 7 ) y -
b?e ﬂﬂgstatlcall} indeterminate structu-
ries They can be represented as a square

o Orde‘r n TOYr a8 sStructure SUuppor-
A typical element of thig

matrix’ ié;ction generated at the ith su-
[ﬂﬂﬂt when the jth support settles 3
" gmount » whi%e the‘other supports are
nted £yom displacing vertically. The
prev .« depicted in Figure 1 which shows
ne-story frame supported on

Fhe T matrix for this

is a3 X 3 matrix whose elements are
reactions illustrated in Figures
S . It 1s important to note
pport moves, both tension

e Compression forces may be generated.
the T matrix 1s equivalent to

Figure 1. Load transfer coefficients for
a two-bay one-story frame

rhe yvertical reaction influence line for
5ettlem?nti (Flfrtze;morf,Ttthmatr:ix isll' Tll le T13 S1 S1
Symetrlc.a sincC 34 -' £ 4 rom Maxwe S
Theorem) and, from ve%tlcai equilibrium, ¥ T11 le T13 S, = S (6)
the elements of each column add up to zero.
T T B S S5
k1 | (&) 15 3 2

column reactions (obtained
mption of unyielding supp-
faad vector {Q).  1£-i8}

“gadt Flpxibility 8t mid-

lculated settleme- in which f.. = |
{8} will give depth in the layer under support ]'; aij =
The stress coefficient ynder support 1 due

ed to column load 33 and S5 = settlement under

The original
hased on the assu
orts) define the
ig a vector of size n ca

then the product [T] .
distributed loads.
{Q} must be correct
loading support J.

t lement beneat

For the set
equation (6) can be €Xp

nts,
the values of the re

elements of the vector
by these values to obtain the true

condition. The load corrections become

increasingly important as the structure
becomes stiffer. In an ideal flexible case,

the T matrix is equal to the null matrix,
L.2:, 131 = {0}, and no correction 18
For the frame shown in Figure la and + (Q, t T,1%1

“illling it is underlain by a single compre™ 1
88 b _ o T Q
le sublayer, .the soil structure equad > (Q3 d) T3151 + T3252 " T33S3) . %

tions shown in matrix form are:

——

ressed as:

j=1,

A SELISR
fll[(Ql + Ty181 * Tinte b e ¥
+ Tpp8y ¥ T2383) %99

(7)

= 5

1
9 $esc®12:°713 )
Q
B ey« 922723 1
- Q
% %32 T3 :
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The consolidated settlement beneath column pedp’ b §__) i | g

i will be:

o ing a
5 calculation of 5*“”“’@‘: tdonship durdng consolidation ; "t r,
v ént'ruc.tural rigidity (assuming m . 1S constant), Eha . Tty
Auuniog thet the soil laYh yake has ceaseé ],. in closed form and can be solv ‘}""‘- fi-ﬁl,r;"‘_'1+.-;_
equilibrium after the ear;nguced' in the soi step. For a non-linear streéqf in f.;ma;:li{;"~.
the _bnly vertlcal stress P effegtive relatiOHShip during Conso]_id"' 'btraj\n i |
layer is the increase i:ilizsipﬂtion of pore~ a function of the stress, anjt}mh Rpge
stress, p', due i ;11112 increase€ Pi_ Willi:e procedure ls required. i it&ﬁtl-
water pressu;':nza-th Rg L SR T Sﬁ% e If the assumed compressibje o 1
B L SouaRI AR Eon BREEAST T is divided into k sublayers, 4 "0 dep
the Cal?ﬂa}::en bl redistributioﬂ Stieidity form of equation (10) may be "y gﬁ%rajlt
£ o :1: tijfluence of structurﬂéil s matrix form as: mu]"atffd'.
to € as. 1y
gz:eath et erun 5 AiAL. bE correcte
hme h el o pt 4+
P T T s Tijscj], (i=1 PRSPy T 8) -, y
st e e QR T S B 3 )
e 1 i
e ; (8)
i# ] in which x = the vector with , el
n columns are considered; apg t‘:qf& ‘;: i
R il %
1o wldel A . = Ith foollng ares, and.P% k - Ai‘
.5 iThe c%mpressive stress at a poln
0 i b shown to be: Let ( L R = h. a.) -
8 underneath column i can D€ RIS, p T S (11
n
¥ e LB i# 3 (9) Then -equation (12) becomes
§ i 33 9 ged dg) T
§ 1
g
E
g

and s can be solved by Fewriting equat;
allon

n
e '
ok | mv1 hi [aiiql 2 ng aijqj] (199 (1495 deoi,
For a single compressible layer and a three- 'S e P EP e t)_lw p'
. A (15)

column structure, equation (10) can be
expressed as: '

all the parameters involved, the mean
consolidation settlement considering the

' el i . . '
p2 soll-structure interaction can be estimated

vl 11157 %3

31 %299 - P '
32 33_ 3 Sk l:idel for the evaluation of structural
amage

G R,

: 1% 8 "1 o8 mEthOdc’logy described here for the
S prediction of pore pressure-induced

: 2 Seéttlement of structures is applied to

1 T32/A2 Laid A €stimate the structural damage in this
33" 73 S section.

The Structural damage can be estimated
31 :tlnterms of the induced maximum differen
L dial fséttlement, ¢ , measured from the
: tfl:ozmig Shape of E‘ﬁe foundation after .
18] nent filorm settlement and the tilt com

; (1;7;);1qve been removed (Grant et al,

def{ peEy Figure 2 illustrates this

hition for 4 three-footing gtructur®

(W

b e




of O
max

Definitif}n of the maximum

2
e =
Fia rial settlement, Smax

- middle support is assumed to

ore t+han the exterior supports. In
otric case the value of the tilt is

cithErEfore S e is simply computed

dj_fference be]Elween the total settle-
for the central and the exterior

¥h this case,; O can be

defined for a three—¥ooting

approx* : : )
e as 1llustrated in B guike 25 0r

n

structur
an be expressed as:
o S s + 5. 5y
6w g 1 3

where S, g and S, are the total pore
pressure-im]iuced sattlements of the inte-

rior and the exterior supports, respect-

ively.
The methodology proposec here igguite
involved. A finite element-based computer

program was written specifically Far -this
purpose. However, it will not be described
here. An example is given below to show
the application of the proposed method.

4 EXAMPLE
A structure with three Separated footings
as showvn in Figure 3 1s considered here.
The structure under consideration is a
:mtrically supported two-bay, one—-story
Tflzm; building, with eymmetrical loads.
s oundatior consists of a group e
an a?l:eci footings which are designed for
The & owable bearing pressure Of 2000 ksf.
Surfazru(:ture is resting Omn the ground
l‘.nrre.se of a hypothetical site. The
X Bftpifinding footing dimension
or the exterior columns 4

XR o
b It for the interior column. The site

k=0.328x%x10
Ee{nec 0.85
¥ i A
R S SR
0.85

TR R S e e

Figure 3. Spread footings foundation and
soil Strata

ig assumed to have sand similar to

ODosterchelde sand.
The site consists of seven sublayers.

A1l the sublayers are assumed to be homo-
The initial vertical effective

~ be calculated from static
analysis and are shown in Figure 3. Notice
that the vertical stress at the ground
surface has been set equal to 0.001 pst

to avoid difficulties 1in calculationg

the pore pressure ratio at the surface.

The site 1S subjecte
of magnitude
seconds and an
(g0 o at
history of
depths can be
analysis. By

geneous.
stresses ca
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Figure 4. Mesh used in the finite element
computer program

element is considered 1bi]

iy g 2t0 have compressibi-
1.0 x ft /lb_ﬂnd vertical

permeability of 3,28 x 10 ft/sec. The

relatl?e densities for each layer are

e
o T o S %
o T o I K

- oo o el - . - n

_damage.

fncreases. Table 1 presentg the

differential settlements ag £

r

A
el el W
AL T 4

+he interior footing dimensiy, .

2 P

When the Struc.turil.l_ Sti;f “Op P
y | h""'i:.h. '

W

cases:
ignorEd JES Mhen the SEEUCturay .. ° iy
is considered. It can be SQEH‘fﬁ4f;km
e
Table 1. Settlements as funct q.,
interior width B tong ¢
_Hh__‘__h“-_‘-‘h-—'*ﬁm-.
Interior e
Footing Width 8 10 .
B {(ft) k

Btructural -Hﬂxhaxxa

Stiffness e 723 1.015 k9

Ignored » L.62¢
6 —
(?§§ Structural A i O
Stiffness 0.651 0.907 l.10
Considered "t 1.500

table that when soil-structure;pr,

is accounted for during the cgng;:j;
stage after the earthquake has{¥;L?
differential settlement decreasg;

considerable amount.

L

5 CONCLUSIONS

A method is proposed here to estimate
damage to a Structure due to earthquake-
induced liquefaction consideringzﬁgg;a~
of the soil-structure interactﬂhhu.ﬁ;“‘
damage is estimated in terms ofaﬁiuﬁ?f
settlement. E
For the foundation with three spread
footings considered here, the excess pore
PT€ssure developed below the center of the
interior footing is less than that belos
t?e outer footings. As the interior footi
giszzuizcgeases, both the pore-water
e uild-up and the ass?ctﬂﬁd
increasent beneath the outer footings =
" Them SiSignificantly. As a result, U
C&rtainns al settlement increasm;t?flr
ot g €gree. The structural Fﬁﬂdﬂ;d
cha CGHUCE the differential settlement
S€quent probability of structurd
EtruCturafO; 4 realistic assessment E;duced ,
liquefactio oo earthquak?; sho” |
ld be consi:; s g
red,
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