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SUMMARY

The study presented in this paper compares response of reduced-
scale models and reinforced concrete buildings subjected to strong
earthquake motions. General characteristics of member hysteresis
relations are correlated for specimens constructed at full scale and
at approximately one-twelfth scale. Beam-column assemblages and base-
story exterior columns are subjected to slowly applied loading reversals
to identify differences in nonlinear behavior attributable to scale.

A mathematical model is programmed to compute response of both small
and large-scale buildings. A ten-story, three bay frame-wall structure
is used as an example for comparison. Different sets of rules defining
load-deflection behavior of large and small-scale components are
developed based on experiments and used for input to the numerical
analysis. Response comparisons are evaluated in light of conclusions
deduced from shaking table studies.

INTRODUCTION

Several studies in the past (Ref. 1 through 3) have used reduced-
scale models to examine response of reinforced concrete structural sys—
tems. This has proven to be less costly than tests using a large-scale
structure such as the one done recently in Tsukuba Japan (Ref. 4). This
paper discusses the benefits and limitations of using a model structure
as small as one-twelfth scale to represent the dynamic properties of a
ten-story structure behaving within the nonlinear range of response.
Correlations in behavior of large and small-scale components are presented
based on tests of beam-column assemblages and base-story column specimens
which have been subjected to slowly applied reversals of displacement.
Differences in measured load-deflection relationships of these members are
examined in terms of the dynamic response of a structure comprised of
nonlinear properties of either large or small-scale components.

TESTS OF BEAM-COLUMN ASSEMBLAGES
Stress—-strain relations for model reinforcement and model concrete

provided a suitable representation of those relations of full-scale
materials. Moment-curvature relations for sections in flexure also were

(1) Assistant Professor, University of Colorado at Boulder, USA

(11) Research Assistant, University of Colorado at Boulder, USA

371



represented well with a small-scale model. Smooth small-scale wire which
was embedded in small-aggregate model concrete, however, was found to be
much weaker in bond strength than large-scale deformed bars embedded in
normal concrete. Because of this limitation, scaling relations for
load-deflection relations were dependent on the component configuration.

Small-scale exterior beam-column assemblages (Ref. 5) responded
within linear and nonlinear ranges of response with nearly the same load-
deflection relations as that measured for large-scale specimens (Ref. 6).
Longitudinal beam reinforcement was anchored sufficiently within the joint
for each specimen. Although the large-scale specimens responded with a
more uniform distribution of flexural cracks than that observed for the
small-scale specimens, overall flexural stiffnesses and strengths were
represented well at one-twelfth scale.

Tests of interior beam-column assemblages did not show the good
correlations in scale as observed for the exterior joints. For these
specimens, local concentrations of bond stress within the joint resulted
in local slippage of reinforcement. This phenomenon occurred for both
large and small-scale specimens, but to varying extents. Bond was lost
completely for the small-scale specimen across the entire width of the
column after the first cycle of loading within the nonlinear range. A
sharp reduction in stiffness within load reversal regions (Fig. 1) was
a result of this slippage. After five large-amplitude cycles, the large
scale specimens showed partial bond deterioration and resembled behavior
of the small-scale specimens during earlier cycles. Apart from this
deviation, the small-scale specimen was able to mimic both the strength
and stiffness characteristics of the large-scale specimen.

TESTS OF BASE-STORY COLUMNS

Axial loads were varied with shear forces on column specimens to
simulate conditions at the base story for exterior columns. Tests of
both large (Ref. 7) and small-scale (Ref. 8) members confirmed the use
of a small-scale model to represent moment-curvature relations of a
reinforced concrete section. Stiffness characteristics within the
elastic range (Fig. 2) were calculated with good correlation using con-
ventional principles of mechanics for specimens of each size. Ultimate
strengths were represented well with the model, and were found to be
related directly to those of the large-scale specimens by the square of
the length scale factor.

Within the inelastic range, the opening and closing of flexural
cracks were influenced by the varying axial force. Characterization of
nonlinear stiffness properties was difficult using an analytical approach,
yet response of specimens at each scale were remarkably similar (Fig. 2).
Deflections of each specimen were related by the length scale factor.
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SCALING RELATIONS OF CONCRETE BUILDINGS

A computational model was developed to calculate response of structures
consisting of components at each scale. The model represented a ten-story
building used in previous shaking-table studies at the University of
Illinois (Ref. 1-3). Calculations were made for those forms of response
measured during an earthquake simulation: accelerations and displacements
at each floor level and forces resisted by an internal wall. Computed
response was normalized with respect to amplitude and duration according
to principles of dynamic similitude for linear systems. Identical response
for both large and small-scale structures during early instants of the
earthquake (Fig. 3) indicated correct normalization procedures. Differences
in response during subsequent periods were attributable to different
hysteretic relations for large and small-scale interior and exterior beam-—
column assemblages. Because the correlation in behavior of large and small-
scale base-story columns was good, these elements were considered in the
numerical model to behave linearly.

Conclusions made from comparison of response of a reduced-scale model
and a concrete structure are noted below.

(a) Apparent natural frequencies of the small-scale structure were
less than those of the large-scale structure.

(b) Natural frequencies of both large and small-scale structures
decreased with successive cycles of motion, however, the small-
scale structure showed more rapid deterioration than did the
large-scale structure.

(¢) Maximum displacement and acceleration response occurred during the
same cycle for both large and small-scale structures. Maximum
displacements were very similar for each structure, however,
maximum accelerations were consistently larger for the large-
scale structure.

(d) Frequency contents of displacement and acceleration response were
similar for both large and small-scale structures. Displacement
response was dominated by the first mode at each level for both
structures. Acceleration response contained frequencies of the
base motion at lower levels and modal frequencies at higher levels
for both structures.

(e) Amplitudes of lateral force resisted by either the wall or the
frames were markedly different for each structure. Sequences and
frequencies of wall response (Fig. 3c¢), however, were similar
for large and small-scale structures.

(f) Displaced shapes (Fig. 4) of each structure were nearly the same.
This good correlation was observed at all amplitudes of motiom
as shown in Table 1 where shapes have been expressed in terms of
modal participation factors.
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(g) Distributions of lateral force resisted by individual lateral-
load resisting components varied substantially for large and
small-scale structures.

(h) Story shears (Fig. 5) resisted by the combined wall-frame struc-
ture were similar for each structure. Correlations in partici-
pation of frame and wall in resisting the story shear varied
with the story level. Shears resisted by the wall varied sub-
stantially for large and small-scale structures above the fifth
level, but good agreement in these values could be observed
below this level.

CONCLUDING REMARKS

Results of the study have shown that a model as small as one-twelfth
scale can be used to capture general characteristics of a reinforced con-
crete building vibrating within the nonlinear range of response. Overall
response of a ten-story structure could be depicted with sufficient accur-
acy to allow for studies of response of a complete structural system. In
some cases, a small-scale physical model could mimic behavior much more
accurately than present numerical algorithms for calculating hysteretic
response.

When designing a model structure, attention should be given to develop-
ment of longitudinal reinforcement, particularly for beam reinforcement
across the width of a column. Proper simulation of bond characteristics
is essential to modeling nonlinear behavior under large reversals of
deflection. Forces resisted by individual frames or wall were sensitive
to relative differences in stiffnesses of large and small-scale beam~column
assemblages and walls. For this reason, care should be taken when examining
lateral force distributions of these elements.

ACKNOWLEDGMENTS

The research described in this paper was funded by the National Science
Foundation under Grant No. CEE-8119385. Drs. John B. Scalzi and Michael
Gaus are the cognizant program directors. The experimental work involving
the large-scale specimens was done at the Structural Engineering Research
Laboratory at the University of Colorado. Mr. John Stewart, Richard
Bedell, Harvey Davis and Paul Philleo were responsible for testing. The
computational part of the study was done using a Cyber 175 computer at
the University Computing Center at the University of Colorado. The small-
scale testing was done at the University of Illinois during the first author's
doctoral dissertation. A special note of thanks is extended to Professor
Mete A. Sozen for his many discussions over the years.

374



REFERENCES

Abrams, D.P., and M.A. Sozen, "Experimental Study of Frame-Wall
Interaction in Reinforced Concrete Structures Subjected to Strong
Earthquake Motions," University of Illinois, Structural Research
Series No. 460, May 1979.

Moehle, J.P., and M.A. Sozen, "Experiments to Study Earthquake
Response of R/C Structures with Stiffness Interruptions,” University
of Illinois, Structural Research Series No. 482, August 1980.

Healey, T.J. and M.A. Sozen, "Experimental Study of the Dynamic
Response of a Ten-Story Reinforced Concrete Frame with a Tall First
Story,' University of Illinois, Structural Research Series No. 450,
August 1978.

Okamota, S., S. Nakata, Y. Kitagawa, M. Yoshimura and T. Kamirosono,
"A Progress Report on the Full Scale Seismic Experiment of a Seven
Story R/C Building - Part of the U.S. - Japan Cooperative Program,"
Building Research Institute Research Paper No. 94, IBSNO453-4972,
Tsukuba, Japan, March 1982.

Kreger, M.E., and D.P. Abrams, '"Measured Hysteresis Relationships for
Small-Scale Beam-Column Joints," University of Illinois, Structural
Research Series No. 453, August 1978.

Philleo, P., and D.P. Abrams, "Scale Relationships of Concrete Beam-
Column Joints," University of Colorado, Structural Research Series
No. 8301, December 1983.

Bedell, R., and D.P. Abrams, ''Scale Relationships of Concrete Columns,
University of Colorado, Structural Research Series No. 8302, January
1983.

Gilbertsen, N.D. and J.P. Moehle, "Experimental Study of Small-Scale
Reinforced Concrete Columns Subjected to Axial and Shear Force
Reversals," University of Illinois, Structural Research Series

No. 481, July 1980.

Abrams, D.P., and S. Tangkijngamvong, ''Dynamic Response of Reduced

Scale Models and Reinforced Concrete Structures,'" University of
Colorado, Structural Research Series No. 8401, February 1984.

375



suswroadg uwunyo)
A103G-9seg 10J SUOTIBTIY
UOTI09TFa(Q PrOT painsesl] 7 °*3Td
|aTeds TTeWS (9)

B SO 8N 18 UGRDEWS1

. ”re e "R ”s ”R- L ”"e- ”.-

-

-

L

A -

1

Q\ ®
L 3

S BHL h TDD =

1 IBE1 )35 TRDS- TS
]
aTeds 9317 (B)
“HR DAY E0) 18 LDIDESI0

L ] LN ] B Ly -3 e R- LN L - Ly
n
.
-
-

\\\\\ '
% -
”»

3 ML h IO b

ThV/EEI0 ") W
L]

MK O e

N0 QY

suawtoadg
uunyo)-wesg I0J SUOTIBTIY
UO0T3}03TJad PeOT painsesy |

oTeos TTeWS (q)

SNEIQYY "00IX NO[LUIOE IN[QF
et s'o o s2-

o2 st 8- 5=

314

0°2-

21

2rl N3WIJ3dS

‘0607 0317ddY

NN

%0

9T1eog adieT (B)

SeTON WSle WOLLVION WXTOC

"
&z
”
d
1
2]
2 ]
>
1-
=
”-
33

o 0w GREN

376



$9In30Ni13g 9TeOS-TTeWS puk 9318T jo osuodsay poindwoy ¢ °*S81g

ITeM IoTiejuyl 4q
Po31STsay sed104 (2)

Q3s) 3NIL

000! 008 00'8 Q02 009 00'S V0% 00'E 007 0ot
[U——Y L L N I " L i

IS i
2 1esey 2

v [wawl

5 TeAwy

SuoTIBIBTE20Y (q)

sjusweoeTdsTq (®B)

<J3s) 3NIL Q3S) 3INIL
00°0} 00 00'B 007 003 00°s 0% W 00T 8._. 00°01 005 0% V0L 009 00'S 00'F O0'E 007 00"
= — ! sonte r P M L — .
e A a5 A N A -
to 2 1ene] A A A D
2 1eAw]
e
LRI ..w.
L g
»
o o teavt VI |
. 5*
vvoo._ S~
}-oo -1 .s.,._
L ]
Lo 8 [eaep <. (
f .ﬂ .
00 °1 3
.w Fgo1-
Foo T
00 "1~ m. 2
BT T®A®] i
B e
i »ieos-[{ous

Looz !aﬂo.mltmalqulll et

377



s9aINn31onijlg
aTedg-TTRWS pue 281IeT jOo sieoys £L103g S9IN30NI13g 9 BIS-TTRUS pue °93IBT JO
FurlysTsay url TTeM Jo uoriedroTiieg ¢ 911 1y2teH Buore osuods9y Jo UOTINQTIISTA % *SBT1

2INn3oNI3g 9TBOS-TTRUS (q) 21n30N13g 9TedS-931eT (B)

"J3S P28 1V 3SNOJS3¥

TIVK A8
VR WY K WY WS R BT KT e

s3mnd
wu L T aiSIS3Y 33u0d WNELY LNSHEIVIISIa
Q3s) 3Ky
| 0-vonc- \v __
SNy } y , _.,,
.> f b b A ! /
2 tone ﬁ{ { << ! A
\\\\v ! /]
<7 ¥ I
I ‘ f
> \ \
<] X /
» A [~~~
It _.Iy_ TI.w_ f—
gt 21 B°1
A ; I 335 £272 LV 3SNOJSTY
qq TIWVA A8 S30¥04
; P N INSHEOVIISTa
REANI] FL*
' \
_ ,
)
\ \
21 Ay
‘ ¢ v sreos-Trows - |
lﬂl—<’ ....... 'ngMI.mlle —
FWNLINYLS TVLOL — — — k
Bl LA gt

378





