6th Canadian Conf. Ear ke | ' -
7 1¢ onl. Earthquake Enaineerine |/ . . . . . -
gineering/ Toronto/ 1991/ 6éme Conf. Canadienne Sismique

Seismic performance of r.cC. structures in the
Fastern U.S.A.
Bahram M. Shahrooz' and Rafael Muvdi2

ABSTRACT

Seismic performance of a R.C. frame designed according to current design provisions for structurcs
located in moderate seismic risk was investigated analytically. A number of actual ground motions recorded
‘1 the northeast U.S. and southeast Canada, and artificially-generated earthquakes were utilized for this
pUrpose. The dominant frequencies of the actual earthquakes were found to be several times larger than
lower-mode frequencies of the structure. The level of excitation was not significant to cause structural or
~onstructural damage. When the structure was subjected to a "rare" earthquake, which was obtained by
amplifying the ime scale of one of the recorded motions, the structure sustained inelastic action in the
heams while the columns remained mostly elastic. The computed inter-story values indicate damage to
~onstructural elements. In general, the structure appears to have adequate strength, but the overall stiffness

i« somewhat low.

INTRODUCTION

The state of art and practice in earthquake resistant design of structures has seen significant
developments in the past two decades. Most of the changes can be traced to experimental and 'analytical
-tudies conducted for better understanding of the behavior of the components that provide sign:ﬁc?nt la?eral
resistance. The emphasis of previous investigations has been mostly on mitigating seismic hazard in regions
with high seismicity, with little attention to other regions. Nevertheless, historical records and recent seismic
events (e.g., the earthquake of 25 November 1988 in the Saguenay, Quebec with a felt area as far as Boston)

indicate the possibilities of ground motions with appreciable magnitudes in regions currently designated
having low to moderate seismic risk. The seismic performance of structures in the Eastern and Central U.S.

has become an important issue. Considering that only a limited number of significant earthqua.kes have
occurred since the installation of strong motion instrumentation in these regions, a comprehensive databasc

1s still not available.

As a result, most of the available studies have focused on the response of structures under

artificially-generated ground motions which are anticipated in the Eastern U.S: (Sic_lel et al. 19'89)1. 4
Furthermore, the performance of beam-column joints in buildings designed primarily for gravity loads have

been investigated experimentally (Pessiki et al. 1990). Dynamic response of a 1/6 model of a lightly
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motions include 25 November 1988 Saguenay, Quebec; 31 Ma-rch 1982 Miramichi, I\‘Iew Brunswick; 6 May
1982 Miramichi, New Brunswick; and 19 January 1982 lf‘ranklm Falls, New Hampshire with peak |
accelerations of 0.125g, 0.34g, 0.11g, and 0.031g, respectwcly. All of these records were measured withip 1
km from the epicenter. As seen from the pseudo acceleration response spectra and Fourier amplitude

spectra (Fig. 2), the earthquakes have more energy at higher frequencies, or for a narrow range of
[requencies. A similar observation has been made for other Eastern North America earthquakes (Atkiy
SON

;?Sﬂéra?,dlggs been attributed to site cfchts, crustal conditior_ls, or source effccts: Ff)r example, although (i,
ch 1982 Miramichi rccorc! has a sizable peak acceleration (0.31g), its dominating frequency is
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ysed for the bca_ms and cc Iumns,' réspectively. The additional rotational flexibilities due to possible
-cinforcement ship were not considered.

The anafyses i conducted by using the computer program DRAIN-2D (Kannan and Powell 1973)
which was modified to incorporate a trilinear, unsymmetrical vcr;ion of Takeda’s miodcl commonly used .t'()-
omulate stiffness degradation of reinforced concrete members. Hence, it was possible to ;Jeﬁnf: difft;rcnt
noment strengths and stiffnesses under negative and positive bending. The contribution of the floor slab to
‘he strength and stiffness of the supporting beams (particularly under negative bending moment) was ‘
modeled using techniques described elsewhere (Chern 1990). Moment-axial load interaction was ignored for
the columns, and both the columns and beams were modeled by a yield interaction surface which neglects
axial load. Member stifinesses were computed based on flexural deformation only. Effects of gravity loads
on clement strength were considered by initializing the member end forces equal to those under gravity

loads. Viscous damping was assumed to be proportional to the mass and original stiffness, and a damping
-atio equal to 0.05 was used for the first two modes. =

RESPONSE OF THE TEST STRUCTURE

The response of the test structure was gauged in reference to the value of inter-story drift,
magnitude of roof lateral displacement, peak base shear, and damage pattern which may be inferred by
formation of plastic hinges. The inter-story drift profiles over the height of the structure are plotted in Fig.
4. The largest value ol drift occurred in the fifth floor when the structure was subjected to the 25 November
1988 Saguenay record. The maximum computed drift (0.14% of floor height) is approximately ten times
smaller than the limit of 1.5 percent of inter-story height which is normally considered acceptable (Algan
1983). For the maximum inter-story drift sustained by the test structure, no damage to the structural or
nonstructural elements 1s expected. The observed good performance is despite small stiffness of the
structure (first-mode period ranging between 0.7 to 1.0 sec). The ground motions could not apparently excite
the structure significantly. The peak values of base shear and roof displacement also indicate a similar
observation (Table 1). For example, the largest base shear sustained by the structure was 0.027W (W =total
weight) comparing to 0.04W under design wind loads. The analyses indicate that none of the elements

experienced inelastic action.

It should be noted that the analyses did not account for brittle failure modes such as pullout of
discontinuous bottom beam bars in the beam-column joints or column splice failure. Experimental tests on
beam-column connections found in reinforced concrete structures similar to the one studied herein indicate
that although failure would be eventually initiated by pullout of discontinuous bars, such connections have
rather stable hysteresis loops for drifts up to 1.5 to 2 percent story height (Pessiki et al. 1990). For this
range of drifts, the response of connections with continuous and discontinuous bottom beam bars were
observed to be similar. Furthermore, connections with discontinuous bottom bars could sustain joint shear
siresses as large as 80 percent of the value resisted by those with continuous bars through the connection.
Lightly-confined column splices were also found to perform adequately. Such local failure modes would not
apparently occur for the range of drifts considered in the analyses. Hence, even though the effects of poor
detailing could not be simulated analytically, the good performance of the test structure concluded based on

the dynamic analyses would likely remain vahd.

To examine the behavior of the structure under "rare” ground motions, the 25 November 1983

Saguenay record was changed such that the frequency of the structure would be closer Fo the dominapt .
irequencies of this record. For this purpose, the time scale of the actual acceleration history was arbitrarily

amplified by a factor of 5. Under the altered Saguenay record, the structure experienced a maximum base

shear equal to 0.16W, and the largest inter-story drift occurring at the fifth floor indicates damage to |
Nonstructural elements. Some plastic hinges (Fig. 5) formed in the structure, but the level of inelastic action

(aPPTOXimately quantified by rotational ductility demands) was not significant. Despite the level of excitation
(Table 1), the structure exhibited adequate strength. Nevertheless, the structure appears to be somewhat
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Table 1. Extreme values
[:: Ground motion Roof diSplaccman[ (m) Basc shear (kips)
e s ’ +
;' 25 Nov. 88 Saguenay 0.5 (0.058) 19 (2.4) |
I ey : — : —
| 31 March 82 Miramichi 0.3 (0.035) 6.9 (0.86) J.
P [ RS :
J% 6 May 82 Miramichi 0.1 (0.012) 6.2 (0.77) |
19 Jan. 82 Franklin Falls 0.005 (0.0006) 2.5 (0.31) |
. _ _ e — . — — — - i -~ =N S
|
| Artificial record 0.58 (0.067) 216 27) |
| A s : SESESSNE R
! Modified Saguenay 1.6 (0.88) ¢ e 126 (_16)
* Roof displacement as a percentage of total height.
+ Base shear as a percentage of total weight.
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