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ABSTRACT

'O tiovT - : . ’ .
ture interaction on the seismic performance of a six-storey

rhe effects ol the soil a xd ol the soil-struc
« farced cOncrel ofhce building | tudie ‘he 1
u -r -1*: ~‘“  “~ ‘  # ‘-_*-fll:i*‘ '"- ﬁ..ﬂxiu d. 1 hé H‘mwl ?»‘» all structural system is designed according
‘o the H £.9 mr.‘_al.t codes ﬂ‘-n‘*nm“:«:- nominal ductility. Three cases are studied corresponding
to three ki:‘.‘*-iﬂ:'v:‘:i '-::zwm‘;‘*r::w:-:* of Ih; underlying soil. The finite element soil-structure system l*-«
frst reduced _-.L‘-'} eans of derived Ritz vectors. Step-by-step analyses of the reduced “110'.11’ system
are then performed to obtain horizontal and vertical acceleration responses at the 5011--511‘1‘1('{111‘{‘
aterface. 1hese modified motions are then used as input motions for the non-linear analyses of the
-ame-wall structure alone. ['he performance of the structure is then evaluated in t.vrm::x of lateral
splacement. drift index and base shear.
INTRODUCTION
Soil effects and soil-structure interaction are important parameters on the behaviour of build-
ing structures under seismic loading. [he true response of the structure can only be obtained if
he Intera of the vibrating structure and the underlying soil is considered and properly mod-
tion between site effects and soil-structure interaction. Site eftects
face after propagation through soil layers. Soil

elled. There 1s a clear distinc
wodification of the motion at the free sur

structure interaction depends not only on the iree <urface motion but on the mechanical properties

d the underlying soil. Seed (1979) has s

e seismic forces

| Heidebrecht (1987), among others,

hown that a quasi-resonance hetween the
acting on the structure and
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he period of the structure to

he Unif

1
H
_-1-_1

h depends on the height anc

P i
a5 also a function of the ratio of t

Wy 1111
the factor S w

J

, | : : - cH1ONCeS ' YOS : .\'{‘l—:i'-lt.t:‘ de f‘:ht‘rhh“ﬂkt‘
fessor, Département de génie civil, Faculte des sciences appliquées, Uni
1té des sciences appliquees, Université de Sherbrooke

L5 A . £
MASSOCIALS I}rr_'}
1\ EI, 1.1'_“-“

e .
{rf.?ﬂlu;ltr student. i)‘l.--;;_”!vinr nt de ECNIC

405




TS S R, = 3
. '-'-L h r“'-:!‘:“.?'.' TR e Wy g NS
e .
R

Y
S g

B T A AT 5

e LS,

P
-
1
-
Y
o,
L
[
[
1
B o i
i
=
g
. i
i
e
-k
.
e %
e
=
i
.
I'= L]
[
-
i = e
im
- T
-
-
- -
i
b1 =
I.
1 o
L --.---
# -
2l e
==
R
e
i - &
=y
3 ,
i 1
T
el .
-ﬂl "
BBt o
e
Fnw| &
5 o g
e ¢
M-
Lo
-
8oy .
L LIPS :
Bl
A -
il
=
o LY
ety |
_—
®e
P iy -1
e
-
_'....-.-.
J._|.__
T ]
b g
= -
T
I - -
e
et i
b i
- ..
e g
= g
wE s - 4
|
- W r
e
. T
b s i
=
- »
e i I
oy i g
e
. "
’ 1
e - §
i L
L
- =
r.- .
.... L)
Uy -
] -
] |
i -
& ¥ k
- - i
.. "
- *
i L
E
H
- |
X o
I
’ I * ]
r'.
§
I
] r g |
o A AR
L
]
] (]
{
’ g
H {
+ ¥ ¥
]
|
§ B
: 3
i
- i
[
¥ :.
&
1
i H
. % i
I} y N
'} -I.
y
J i
!
: |
- ] |
8t ¥
et
1,
i
S
i )
.
-1 ‘,I b .
i I_'
[
3--
.I.!
3 tll-
E
L
i
i

F iy .
T Pl e ek i o T

. Bh iy
T T g

il RN
e e o

- . 5y -1 i ry T T e TR P S, |
o gkl ey - - TEFS R e e W " -
- TN i & g =B + - a
ll*":i-r-"' PR g LT R o 3 I
3 = L e 2 3 i .

AR T e

¥ - L Ty AR A = . st 3 R e V) Y LS Py i e R R - - : ' hisdondit : ’ . . - :
T .:','1:‘.1-.. - = [ - L i .T. i SN d I 1 r e i s 1 e a d y o & : -. ) i ; ] it 4 1 . i . : rh-l— . . . .
e A A o i s B i 8 bAoA " i B R i P i PO A SR T TR R S I P I S B A !_'* ST e 5 '
el N RS e e e AL e i - - PRt o e A o e e LEF b LT ARt & AT %3 (S8l p) b T "
¥ K Wl s = ..'-Ir“-'; e e e T g -.-:I- e ey 3 F -Ld e L — - E g % AR T 1™ ,.,;..:l_.l II.l _.._jl.|'::||. '1“.."- 1 L .1-|_
4 = e ' L P i e - g PR . el I .‘: AE 18 Yagd o e 3
&', i

v T A S uﬂ'. S R e e R e S
- o] _jmwndﬁ'biiqLﬁw.ﬁ.mu_;F"_

|

RNt £
e e ﬁ::-_._—i rF ‘_"H_//]- )
ST L ’f-‘é
JEse- YRR &
o I R M T el i
PP 2
| i
N e e =
H: L_._JL-: :”:%F- —"”"""][—- Ne =
BB e e S e LR 0
E |' ” ” S 1 3 Sl I _JI : | - AT 7T T 777 TP PP PP 777777 7T 77777777
_J L — = il FTTT 7P IZP2A 7
5 faEaErarar T 11 elevati
¥ 7r?r””nillli | (b) frame—wall elevation
‘ 1
o [ oLl
r“:; r_}: '1'—- —— - l_—_._I.IW
® q:jrjr n}lin | | ET |
e : ;: ” I | I ” | 5 e = . X p|
! | e ek .
S e L ey 5
SR R e ~ T SR
| ‘:Ir_]ll 150 S | | I
Eeale s “L | re sHiEs ——
_J_-_L— eaag e &3
Fee e e 6 e i
: 1[ r_fll: J : ® B
Ao | S ikl O Wi it
e e T | S gf—
9 Om J ﬁom J 9 Dm J ;.I’”Iffff rrrrd P PPPPL LI LT T T T 7T T 77777

(c) frame elevation

Figure 1. Plan view of six-storey frame-wall structure.

e height and the type of soil in the equation of t}.

86) accounts for th : .
The NEHRP (NEHRP 1986) re given to account for soil-structure interaction

minimum lateral load. Supplementary equations a

The National Building Code of Canada (NBC 1990) includes a foundation factor in the

equation of the minimum lateral load. This factor, F, depends on the thickness and type of soil,

No particular procedure is recommended to account for soil-structure interaction.

DESCRIPTION OF STRUCTURE AND SUPPORTING SOIL

In order to study the adequacy of the F' factor in the National Building Code of Canada, a
six-storey office building was designed for a Montréal area. The plan view of the building is shown
in Fig. 1. The reinforced concrete frame-wall building has 7 - 6 m bays in the longitudinal (N-5)
direction and 3 bays in the transverse (E-W) direction, consisting of a central corridor bay and
2 - 9m external office bays. The storey height is 4.85 m for the ground level and 3.65m for all the
other levels. The structural system is made of 6 internal moment-resisting frames and two externa
bents consisting of two perimeter frames attached to a central wall. The design is according 1
the 1990 NBC and the 1984 CSA Standard for the design of concrete structures for buildings with

1 e :
the ffa':,?r; e i Fhe walls possess nominal ductility and take 100% of the lateral load and
€s carry only gravity loads. It is assumed that the central roof bay supports machinery.

The specified yield stress f :
8 Ior the steel is 400 MP | 1S | [Pa. The
calculated natural period of the building is 1.1 L e

The site has
foundation factor
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Figure 2. Response spectra of earthquake motions used.

The properties of the soil are derived after equations proposed by Seed et al. (1986). The initial
values for the shear modulus, the mass density and the Poisson ratio, are 128 MPa, 2080 kg/m> and
0.35, respectively. Three difterent thicknesses of soil are studied to appreciate the site effect and
the effects of soil-structure interaction on the nonlinear response of the building.

EARTHQUAKE MOTIONS

The use of several accelerograms is necessary to assess adequately the nonlinear performance
loading. In this study a set of four earthquakes is used, consisting of
ficially generated with SIMQKE (1976). The artificially-

atible with the spectra given in the Commentary of

multiplying by the ratio of the peak horizontal

ion, a. The characteristics of the four
four motions

of structures under seismic
three historic recordings and a motion art
generated accelerogram has a spectrum comp
NBC (1980) with the velocity bound adjusted by
ground velocity, v, over the peak horizontal ground accel
earthquakes are presented In Table 1. Figure 2 compares
with the NBC 1990 equivalent spectral acceleration.

erat
the response spectra for the

Table 1. Earthquakes selected

Earthquakes Date Location Component PGA, ¢ PGOV3,3T;"/5 i‘{;; "
Imperial Valley 05/18/40 El Centro SO0 ??}ig 0'57'7 1:86
San Fernando 02/09/71 Pacoima Dam SL'MW 0‘10+6 0'015 - 09
¢ 3 111 OIlf. : crafid
?ﬁ:}ena{ [1/25/86  Chlcoluity : 1.000 0.857 1.17
101N
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Figure 3. Finite element model of soil and structure.

desired maximum peak ground accelerationg o

All the ground motions were scaled to the : 3o
and “high” | respectjvye]

0.078 ¢, 0.18 ¢ and 0.27 g and are referred to as “low”, “intermediate . '
The “low level” earthquakes were assumed to have a maximum acceleration having a probability

of exceedance of about 40% in 50 years (100-year return period). The “intermediate leve]” earth-

quakes correspond to peak horizontal acceleration having a probability of exceedance of 10% i 5
years (about 500-year return period). The peak horizontal acceleration used for the “high leye]”

b &
|
LS

M

period) as determined from the data base of the Geological Survey of Canada. The Saguenay earth-
quake was also scaled according to the velocity because the period of the structure studied was in
the velocity bound of the spectrum. This scaling resulted in maximum peak ground accelerations of

|
A

0.229, 0.68 g and 1.02 g for the “low”, “intermediate” and “high” levels of earthquake, respectively.

ACCOUNTING FOR SOIL-STRUCTURE INTERACTION

It is known that the

mately equal to the predicted i
of soll-structure interactio

nd t : ; ; > :
he structure under seismjc loading is carried out. The

as the i et hich i ' ' ' :
he input motiop in = t1ace, ;:h includes the interaction effects. is then used
structure alone

. This PTogram calculates

. used ek |
nonlinearity of ¢, to analyze the response of the qul

nite soil medium and accounts for the
S€ curves given by Seed et al. (1986
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Figure 4. Maximum lateral dtsp acements for structure subject,ed to ground motions with maximum

.ccelerations of (a) 0.18 ¢ and (b) 0.27g¢.

were used to find the variation of the shear modulus and the damping with respect to the rate of

shear deformation.

To study the soil-structure interaction, different models can be used. In this study the
<tructure and the soil were modelled with beam and plane strain finite elements respectively, and
analvsed with the program CAL (Wilson 1986). The rigid foundation was modelled through the
1se of transfer matrices. The extent of soil modelled was approximately three times the width of

the building with viscous boundaries, as proposed by Lysmer and Kuhlemeyer (1969) (see Fig 3).

e damping of the soil were determined with the

program SHAKE for each level of excitation. The shear modulus varied from 14 MPa tt:)‘l‘ZS Mrllj’}?,
with an average value of 72MPa. The average damping for the soil was _11.5% of critical. = e
period of the combined soil-structure varied from 1.12s to 1.34 s for a soil thickness of 15 m to 40 m.

The variations of the shear modulus and tl

The largest combined soil-structure finite element model had 411 degrees of freejom-d'lihszes
models were reduced with 35 load dependent Ritz vectors. The response of tl}e r(::'duce mc:r1 e b
obtained by step-by-step integration. A measure of the soil-structure 1nteracF10n is the af:{:fﬁiiﬂgﬂ
time histories obtained at the soil-structure interface. Figure 2 shows the 5011-str;lCtﬁ‘*;_rfE:lnda’mpmg.
effects on the original motions for a peak ground acceleration of 0.18 ¢ and s

' | ation factor
Also shown in Fig. 2 is the NBC 90 equivalent spectral acceleration times the found

Y13
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PREDICTED NONLINEAR DYNAMIC RESPONSES

The resulting horizontal acceleration time histories at the soil-structure interface w:
input motion in the nonlinear analyses of the structure alone. To predict the nonlinear
responses of the six-storey frame-wall structure, the general purpose nonlinear dynamj
program DRAIN-2D (Kanaan and Powell 1975) was used. It is interesting to note thas
placements calculated in the nonlinear dynamic analyses were similar to those calcu
;i;r;i?nndi'ng{ d}'namifztlinear efnalyas:li. Lhis justifies the procedure that was followed to -
: soll-structure interaction effects.

k4

-hl;'%h'riﬁi'-ﬁ“hj:]'- TH

Figure 4 shows the maximum
to O‘.lb‘g and 0.27¢. It is intere
motion multiplied by

B TR REE L
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St o i O
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a5 RN
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Figure 6. M

subjected toO ground m

1lustrates the predicted wall shear for the “intermediate level” and the “high level”

Figure 0
earthquakes. Also shown are the design wall shear. The factored and the probable resistance
hown in Fig. 6 illustrate the range of wall shear capacities _vailable. The shear capacities of the
| loads corresponding to 0.85% of dead load. As expected,

walls were calculated assuming axia
the nonlinear dynamic analyses give wall
«termediate level” and “high level” eart
.t the first storey are in the majority of the cases larger than the pr

The underestimation of the maximum shear s due to the fact that the

.. used for both flexural and shear design. In fact, in this case, the maximum moment a,nd* -
n the wall do not occur simultaneously. 1t should be noted that the predicte

their nominal capacities; the lateral load is almost entirely taken by

shears larger than the computed design shears for the

hquakes. An important fact is that the predicted shears
obable resistance of the walls.

maximum shear 1
column shears are well below

the walls.

CONCLUSION

the ones obtained ifrom &

' factor are close to
s ement betweel the

Predicted displacements using the
/ explained from the good agre

full soil-structure interaction study. This can be etk 1so evident that
different spectra and the Code spectra in the frequency faﬂfS? :D- bR fhe si@rt period range. It is
the code procedure can significantly anderestimate the resp.o.nbe mes Ob%r%d T _

not clear, at least with the motions used, whether the large (hfferen(} ‘ . ic response.
raction problem OF to an

range can be attribu ted to the inte
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