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etails are shown in Fig, 2

| forcement rati ® b
dinal rein o o
0.41% and 0.66% for peap. ’*Zg%
tion and bety ~¥anp

1ong direc een u

g o2 those in the short gp, » 369

interiﬂr columns, respectively. The . A

inal reinforcing bars ye, %1y,
izzgitﬁi;ughout the height except ﬂhﬁth:
central column (Fig. 1). For thisfku1
the longitudinal bars were Spliceg myfmm
the first and second floors and bﬁtwp;w%ﬁﬁ
third and fourth %evels. 2ep the

Column longitudinal reinfgpeementh,

defOPEEd #3 and #2 (0.25 in. di&meuﬂja
bars. Beam longitudinal reinfg
deformed nominal #2 and #1 bars, tp. = ¥
fabricated in the laboratory tqg |
diameter of 0.178 in. Slab reinfq
was gauge #9 galvanized plaip White
in. diameter) which was light)y .
improve its bond strength, Transve

reinforcement for beams and columns

heam d
longitu
petweel

the

PQement
(0. 144
OT'lieg Lo
'se

. W
Overall view gauge #11 (0.120 in. diameter) i gaZae
galvanized plain wire, respectively. Yiﬁlﬁ?f
Pl view and ultimate stress capacities ape Summ;ld
an :

rized in Table 1. Concrete hag maximyg

It aggregate size of 3/8 in., and attaineg :
I i ﬁ | mean compressive strength of 42qq psi at
v the time of the tests.
> 2@45" To avoid difficulty in casting the quar
g Q Q ter scale columns, the test Structuyre Was
o cast in an unconventional manner. First
e H A_ B the three transverse frames (Fig. 1) ye.
P cast separately in a horizontal Position
o 2@754%=150 1 —= atop a pivoting platform. Reinforcemept
for the longitudinal beams and slabs at the
Fig. 1. Test structure. Joints was tied in position before the
transverse frames were cast. The trans-
verse frames were subsequently pivoted to
an upright position, and after forms and
Uniforn Building Code (UBC reinforcing cages f_'or the longitudinal
base shear for a bujilg {ns beams and slabs were completed, the remain-
Member proportions ang q der of the structure was cast. No unusual
the seismic provisions of behavior was apparently attributable to

this construction procedure.

Following construction, the model was
prestressed to the shaking table at the
Earthquake Engineering Research Center of
the University of California at Berkeley.
Lead pigs were fastened to the top surface
of slabs to Simulate effects of the serv.TLcE
Strength, ang higher iﬂad load expected for the prototype. LIV

%ad was not Simulated. Total weight of

the test Structure, including lead pigs;
was 73.3 kips,
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in the first,
horizontal base motions, of Successively
increasing 1ntansity, Was applied parallel
to the longitudinal frames to Simulate

Second phasg'
motions were

4 series of

would be approximately in accord. The
Mexico City record wWas compressed by a
factor of 3 in order to resonate the test
Structure and achieve a desirable damage
state. Peak base accelerations (Table 2)
were varied to obtain base motions ranging
from low to high intensity. Housner spec-
trum intensities ( Housner 1959) (cal-
culated using shifted frequency limits to
account for time compression of the base
motions) were calculated. Ratios between

fhdirzﬂhuaimﬂnupﬂurmmmmmnn

data channe].

8 to ipn-
In the fiprst test

Centro motion with a pe
of 0.176g, the peak bas

the sum of Products between floor accelera-

reached a peak strain corresponding to 67%
of yield, and first-floor beam reinforce-
ment at the interior Joint was strained to
83% of yield.

In the last unidirectional test, which
was intended to represent a design-level
test, the peak acceleration of the El
Centro motion was increased to 0.49g,
resulting in a spectrum intensity ratio of
1.68 (Table 2). The peak base shear cor-
responded to 67% of structure weight, and
the peak interstory drift reached 1.53% of
the story height. Variation of roof dis-
placement, base shear, and input accelera-
tion with time is depicted in Fig. 3.

Interstory Base shear  Twist  Period Damping

In. In.) (Kips.) -

Spectrum Hase Displacement
786 050 0.166 T
e e T REET
16 216 0834 320 458

M8 407 48

ptalig

..x AR .. a9 3.6
046 - M5 - : 0.48 5.0
072 107 430 360 0045 067 100
108 1.00 435 984 0002 077 110

R p—— , vibe llowing the earthquake simulation.
= i period value Is from the free vibration tests following ._ e N 1N
i w:mm are normalized with respect to 207¢ damped intensity of El Centro, N2




Table 3. Development of oy Prﬁnglh
Analysis  Base shear (Kips)
: Al 6.67 (0.14)
i A2 7.77 (0.16)
B 10.0 (0.20)
C 14.9 (0.30)
D 23.8 (0.49) i
E 26.9 (0.55)
F 30.0 (0.61)
G 12.0 (0.86)
Values given in ( ) are ratios l_wtww-n. Cﬁ;llf)l:t::irpngtl]'
base shear strength and measured base shea

t the
Reinforcement in the central COIEzfda
footing was strained 3.5 times ¥ 1 beam

strain, and a first-floor longitudina

es
strain reached a peak equal O H.ilzgmoff a
yield strain. Concrete cover spa

beam near a first-floor corner joint, and
oracks as wide as 0.016 in. opened 1in a
first-floor beam near the beam-column

joint. Extensive cracking was observed 1n
slabs, the most extensive apparent at the
top surface of the first and fourth floors.
The free-vibration period reached 0.48

sec., which is 1.8 times the value measured
in the "uncracked" stage, suggesting that
stiffness had been reduced to approximately
one-third that of the uncracked structure.

Joint shears were approximated based on

measured reinforcement strains and known
cross-sectional and material properties, as
follows. Knowing the tensile strains in
beam and column reinforcement at a Joint,
flexural moments ip columns above and below
the joint and in beams having bottom rein-
forcement stressedq in tension were esti-

mated by comparison with calculated mono-
tonic behaviors o

fioments in beams
could be estimate ;

approximately 21/f'c,
to the design Value of 2

by Comm. 0. The maximum p

l?ig[ » ’
. : Response histor
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'g 30 uniaxial test. last

4.2 Biaxial tests

| After subjecting the test

e | . 8tructure tes &
. base motion similar » LO a

tfi'i til"jt i = .

; : S o vhat uped in the

’ 6 last uniaxial tést, the base mot 4 athe
Lot - J A I {-j __If:jrll w;l::

Roof disp lacement (In) f:l‘li':lngﬁfj to Mi vagl-Ken-Ok1
Fi1g. 4. Envelope relation e NerLansaienting
base shear and roof displ

because 1its

would be higher 1
o ” 1 . L LE in the
Period range of the stry cture. This test

*8 denoted by M016.02 1in Table 2. The vesl
base acceleration for the test I"E'?.'Tiif‘ti'lf*‘!(_; g
0.6“38- Thﬁ' peak base shear I"ﬂiif:hl;?dﬂf}.t;qw
i e ) i-ziqg.:ziﬁai?n%r?he JQHQ,:itud.i nal and t,r‘aftl:'ag.
‘ gl 3 €@ structure, The peak
7 g 1 irj;te.r:;t,gry (jt'ift: was nearly 3.0% of inter-
q’h ) story neight. Torsiona) response was
o_opr_uwhaﬁﬂﬂf { Visua%ly clear during the test, the roof
P tyiatlng as mueh.az 0.045 rad. Major
J i Cra@kin&_ﬂﬂd spalling were observed at
& 0 several locations in the first, second and
third levels. Column reinforcing bars were
strained to a maximum of 6 times of yield
strain. Spalling of other column covers
was also detected at the second and third
floors. Minor torsional cracking was found
in the short direction beams, suggesting
that they had contributed in resistance to
loads in the longitudinal direction.
e TR e Diagonal shear cracking formed at some
0 3 6 B 31218 I8 9% an Wy 9n exterior joints in both principal direc~
Time (Sec.) tions. However, joint shears cannot be
. : estimated reliably with the available data.
Flg: = Response history As a final test, the test structure was
during test MX23.06. subjected to the Mexico City. As ex-
plained earlier, this record was intended
to resonate the structure. The resonance
is seen from response history of roof dis-
placement ( Fig. 5 ). At the beginning of
the test, the fundamental period (left
vertical line in Fig. 6), was less than
that corresponding to the peak of the
acceleration spectrum. During the test,
the period elongated into the range of
increased spectral acceleration (Fig. 6)
with consequent amplification of response
(Fig. 5) and damage. During this test,
peak base shear reached 0.59W. The maximum
interstory drift (in the longitudinal
direction) reached of 3% of story height.
| The first mode vibration period elongated,
R confirming loss of stiffness due to
0 1 2 3 q 5 inelastic response. Extensive spalling and

Period (Sec.) cracking were apparent in beam ends an:h
columns at footing level. At the four

Filg. 6. Acceleration response and second level, the longitudinal rein-
spectrum, forcement of the longitudinal became

petween
acement: .

5.0

-
"'--—-—._F‘

0.4, lable acceleration (C)

0.2}
0.0} - : : |

-0.2¢}

PSA (g) 10% damping - Mexico City
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apparent that Lhe struc

significant overstrength. The overstrength

is in some ways advantageous. For example,

the increased strength is likely to result
in reduced ductility demands during strong

shaking. However, the overstrength also

indicates that current design and analysis
methods are capable of producing a struc-
ture that is significantly different from
that which was intended. It is conceivable
that in some cases, the structure will
differ sufficiently that undesirable and
unpredictable failure modes might result
using the current methods.

Because the test structure was designed
according to currently applied design
algor'ithn, and because it comprises and
Féasonably replicates the essential primary

possessed 2

arose from
beam depth
the connect

Structure
times the

5.1 apalysis &, The design base gp,,.
to the UBC, if the boat ..
jgned according to the E;“Jmf‘

o

pccording
tureti:titic lateral force meth&ﬂ ffnﬁﬁ
aleﬂzﬂne 4, the design base sShear 4Zr.~
mics (This strength 1s listegq ir*+
:spnéalysiﬂ Al.) However, as exp,,
reviously, design forces were a3 :
Esins a modal analysils technique.
test structure possessed the Aistripy,,
of strengths equal to those caley),
+he modal analysis (referred to as 2
A2 in Table 3)1 the th&oretical bas

SCwni

strength 18 T.77 kips. Tecap
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5.2 Analysis B, Load factors

The ACI Building Code strength 4

'eEiEr
procedure requires consideration e ol
tanecus effects of factored gravity : 1.

earthquake effects according to the .

- .ig‘z:" :h‘.fa:
service dead load, service live ]ga.
code design earthquake load, respe,ﬂ.:h

d
-'qr_.'"‘e e

The theoretical lateral load strengty =
increases by a factor of approximate)y ; -
if the structure has strengths corre.

sponding to this load combination.

H

b

5.3 Analysis C, Beam proportioning anc
detailing requirements

Actual beam proportions resulted in
design strengths (computed according to the
ACI Building Code with an equivalent stre
block and nominal material properties;
aignificantly exceeded required strengths.
Although limitations in available model
reinforcement resulted in a some over-
strength, the majority of overstrengtk
the detailing requirements for
and for bottom reinforcement &t
ions. According to Comm. 352,

strengths at connections
mall, strengths at least
he negative moment streng™
Y the ACI Building Code.
ing beams strengthen the entir®
t0 a value of approximately -’
Strength obtained in Analysis *

result
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the sum of nominal column strengths should
be at least 1.4 times the sum of nominal
beam strengths at a connection. Neverthe-
less, additional recommendations of Comm.
352 resulted in actual columns having
strengths exceeding the minimum flexural
overstrength of 1.4. Among these detailing
provisions are (1) column cross-sectional
dimension must be at least 20 times the
beam reinforcement diameter, (2) column
longitudinal reinforcement must be closely
spaced around the column perimeter, and (3)
joint dimensions must be such that joint
shear failures do not occur. Using the
actual column cross sections, theoretical

strength is boosted to a value of approx-
imately 1.6 times the strength obtained 1in

~ Analysis C.

5.5 Analysis E, Capacity reduction factors

were based on

The preceding analyses
which are equal to

design member strengths,
nominal strengths multiplied DY capacily
reduction factors. Using nominal strengths
rather than design strengths, theoretical
strength of the structure is boosted DY
another 13%. It is noted that, at this
point, where strengths are computed using
the ACI Building Code nominal member

h
strengths, the ¢ trengt
55% of maximum measured bas

5.6 Analysis F, Actual material properties

the ACI

rengths of
. and strengths

If the nominal st
bandoned,

Building Code are a
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5.7 Analysis G, Slab contributlo

flexural strengths

STRUCTURE,
strengths, including

d on meas
were estimated base lsagpit-spb s

and statical considerations
framing into a beam-column joint. Computed

negative moment strengths wer? typicalige
2.5 times strengths computed ignoring :
slab contribution. A complete discussion

is given elsewhere (Shahrooz 1987). With

the enhanced beam strengths, theoretical
base-shear strength increases Dby approxi-

mately 40% over the strength obtained'in
Analysis F. This base-shear strength is

equal to 86% of the maximum measured
strength. The close correlation between

computed and measured strengths supports
the validity of the analytical procedures

used.

To conclude discussion of the over-
strength, it is noted that several factors
in the design process contributed to the
strength increase of the structure. Taken
individually, no single design step can be
identified as having caused the large over-
strength observed for the test structure.
Taken together, and recognizing that the
individual factors are multiplicative, the

be designed that wil}l respo

tic analyses were
astic sta Carry
Ine;ins the computer program ANSR ™
out u and Powell 1975). The p

ente
repres nodes by billinear Springs

ted tO
E:;ber ends. Moment-curvature responge
were computed as described previguBLny
op

G, and by integrating cur
2:2i¥i;§gtﬁ of members assumed tq E:““@a
in double curvature with equal epgq i
approximate bilinear moment-rotatjg,
¢t ions were derived. Rotational flexuni
t ies due to reinforcement slip fprgp i L
t ions were added to the moment..mtatig Neq,
relations. Otherwise, joints were g n
to be rigid. Shear deformations, althougg

computed to be small, were included;h1
computing member stiffnesses,

The mathematical model was loadeq Wit
lateral loads according to the Upc. iy
puted load-displacement envelopes (Fig m-L.l
compare closely with the measureq Pela;ci )
in the effectively elastic range of on
response. As significant inelastjo
response becomes apparent (at laters) Baks
of approximately 1.5 in. or 0.7% laters t
drift in Fig. 4), the computed ang measyre,
relations deviate, especially at two dats
points designated (1) and (2) in the
figure. These two points are believed o
have occurred during short-duration Pulses
in the base motion, and because flogr &6
celeration measurements (used to derive

base shears) may not adequately represent
average accelerations during the Pulses,
the base shears may be erroneous. Apart
from these two deviations, the overal}
correlation is reasonably good.

at the

flexﬁq
mﬂntﬁ

rela.

7T APPARENT EFFECTS OF THE SETBACK

Examination of response waveforms and
distributions of response over height did
not indicate that the tower responded dif-
f'er:ently from the base in either the uni-
axial or biaxial tests. Typical response€
distributions (Fig. Ta) do not show discor-
tinuity in the displacement profiles.
Similarly, typical lateral force distribu-
tions are nearly the same as the static
désign distribution of the UBC. Beam and

column strainp profiles (Fig. Tb) indicate @
Pelat_ively smooth distribution of internal
ronse envelopes for actions, except for the fourth-level beal
Which sustained larger strains than adja-

Cént beams. This discontinuity is not
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More study is needeq ¢t
O
observations, However, confirm these

fr
well as local point of Vieorn 9 global as

W,
exception of moderate torsi With the
there were no apparent diff
ere ,
dynamic responses observed forniﬁs between
frame and those anticipate € setback
frame. Other experimenta)

1986) support the observations made hepe

8 SUMMARY AND CONCLUSIONS

DY two-bay reinf
or
concrete frame with 50 percent setback Zid

the midheight was designed and detailed to

satisf'{ Er‘:;;;y and seismioco requirements of izltlznaicclafaghgﬁgmgggcan Concrete Insti-
current bdu ng codes. A test structy ; A
. BUildinE code requirement
4
was constructed to represent the prototype concrete (ACI-318) 19835 or reinforced
at 0.25 of full scale. The test structure B iy i Rk

can Concrete Institute.
Commentary on building code requirements

for reinforced concrete (ACI-318) 1983,
Detroit: American Concrete Institute,

was loaded to simulate dead load of the

prototype, and subsequently was subjected
to low, moderate, and high intensity earth-

quake simulations tt? produce either uni- Gardis, P. 1981. The central Greece earth-
axial response or blaxial response with quake of Feb.-March 1981, a reconnais-
torsion. sance and engineering report. Washington:
Examination and analysis of the test data National Academy Press.
reveal the following: Moehle, J.P. 1984, Seismic response of
1. With the exception of modest torsional vertically irregular structures, Journal
effects, response was similar to that ex- of Structural Engineering, ASCE. 110:2002-
pected for a structure having regular con- 2014,
figuration. It is concluded that presence Mondkar, D.P. & Powell, G.H. 1975. Ge:}eral
of a setback does not necessarily cause purpose program for analysis of nonlinear
irregular behavior. structural response. Report no. UCB/EERC
2. Lateral drift exceeded 2% of building 75-37. Earthquake Engineering Research
height, and interstory drifts reached a Center, University of California, Berl;eiﬂ-
paximum of 3% of story height, without Paulay, T. 1986. A critique of th?‘ iizcbiild-
signs of imminent collapse. Code-specified provisions for seismic design O

d con-
ing code requirements for reinforce
crgte (ACI 318-83). Journal of the American

Concrete Institute, ACI. 83:274-283.

d
E. 1985. An experimental an
g - 5t B 3 the earthquake response

procedures for proportioning and detailing
of beams, columns, and connections were

apparently adequate.
3. The experiments show clearly the

B s techni;ll;iﬂ tlEtnfly 2?‘3;%1?‘:;:guiitﬁfyield1ns columns. FPhD
| -load strengths significan I11inois, Urbana.
result lateral-l ng Sienial thesis, University of . sty bf

. Experimenta
3.5, 1967, ‘Experimeathl SUREE.

University of

exceeding the design strength.
factors that contributed to the over= v
strength are identified, including con

rooz
s / nse of R/C set

PhD thesis in preparation,

1
he slab to beam flexure ja, Berkeley.
::::on:'th?r&;d column overstrength resulting Sugzllcifog?(:é.) 1971. Generalfr:gggt 0;'0”0:
_ . _
from detailing ""q“i“““;;'fozh:uz::lity- the Takachi-iilklinﬁzrzl;qual;:do
| ' a ' . f
rengih resuced the 4ot U ossbit | teigis PS5 vttt f

: I and struc~ geismic PGEU]-at;ﬂn;nz::s:ucaunGil.

4, Strengths of the amomnuii . ana= (. Swp e cage {nternational cOD<
ture were studied following eX1SE100 O oy, yniform Building tOcH: fficials 1982.
lﬁiul methods omponent B ference Of building ©
of the ACI Building Code, limit analy- Wwhittier.







