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SUMMARY

This paper presents the results of tests on precast concrete large panel
building models using a small capacity shaking table facility. Simple, single
stack shear walls are tested in stages to failure and the results compared
to nonlinear dynamic analysis. Both the slip and the rocking mechanisms of
failure that had been predicted analytically were observed in these tests.

INTRODUCTION

Large panel industrialized concrete buildings have become steadily more
viable forms of construction in the United States in the last ten to twenty
years. Their increasing use and extension into the more active seismic
regions of the country requires an understanding of their behavior under
cyclic dynamic loading. Experimental data of this type, although meager,
are available for some large panel systems used in other parts of the world.
For the typical precast concrete large panel systems used in North American
practice this type of information is lacking. The main reason for this
critical situation is the relatively high costs associated with full scale
testing.

In order to overcome these difficulties and to shed some light on the
behavior of large panel systems, a small-scale modeling technique has been
developed at Drexel University over the past few years to study such impor-
tant structural aspects of these bearing wall structures as progressive
collapse (Ref. 1-3) and earthquake resistance (Ref. 4-7). 1In addition to
quasi-static cyeclic tests on small scale models, tests on a small shaking
table facility (Ref. 8) that has been built for this purpose have been
conducted.

Analytical investigations (9-10) have pointed out to the weakness of the
horizontal wall-to-floor joints in large panel systems. These analytical
and also other experimental investigations have found that the non-linear
inelastic behavior of simple shear walls is concentrated in the connection
region and that the connection regions act as precracked planes. Simple
shear wall structures subjected to seismic loading were found to possess two
sources of inelastic action: joint opening and closing (known as rocking)
and shear slip. No experimental results have been presented to date to con-
firm these analytically predicted behavioral modes. The present paper
discusses experimental results obtained to characterize the behavior of these
structural systems.
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EXPERIMENTAL PROCEDURE

The small scale modeling technique was chosen to study the behavior of
the simple shear wall studied analytically at MIT (Refs. 9 and 10) under
earthquake loading. Since the major goal of the research effort was to
study the nonlinear inelastic behavior of the model, it was necessary to
use model materials that adequately duplicate the prototype properties.
Microconcrete and appropriately annealed steel wires were chosen for this
purpose. A dimensional analysis (Ref. 11) using the three independent
variables: modulus of elasticity, gravitational acceleration and length
is shown in Table 1. The scale factor for modulus of elasticity and
gravitational acceleration was taken as unity. The length scale was re-
stricted by two major considerations: adequate construction detail in the
joints and the ability of the testing facility. The Drexel shaking table
(Fig. 2) consists of an electro-magnetic shaker attached to a 2 inch alum-
inum slab riding on roller bearings. The system is capable of reaching a
maximum force of 7.6 kN (1700 1bs) in the random mode. A scale of 1/32
was chosen for the model which is shown in Figure 3. Mass simulation was
artificially maintained by attaching small custom made lead plates to the
wall panels and floor slabs (Fig. 3).

Prior to subjecting the model to earthquake loading, a series of tests
were carried out to determine the static and dynamic properties of the model.
Flexibility influence coefficients were determined by applying small elastic
loads to each floor level and measuring the deflections using LVDT's. Using
the measured flexibilities the model frequencies and mode shapes were deter-
mined by solving the eigenvalue problem. In addition, the vibration fre-
quencies of the model were determined using a free vibration pull-back test.
The vibration was measured using accelerometers attached at each floor level.
A digitized representation of the acceleration signal was analyzed in the
frequency domain by use of the Fast Fourier Transform (FFT) technique.

The earthquake simulation tests were conducted using the properly scaled
N-S component of the 1940 E1 Centro earthquake as the input base acceleration.
The model was instrumented using LVDT's and accelerometers at the various
floor levels. Reference locations are shown in Figure 4. Two LVDT's were
oriented vertically in the fore and aft position across the horizontal joint
to measure the rocking motion of the stacked wall panels. All other LVDT's
and accelerometers were oriented horizontally. During the test, the real
time instrument signals were recorded in analog form on a reel-to-reel tape
recorder. To process the data, the recorded signal was played back at a
reduced rate, digitized and stored on a microcomputer system. Time domain
and frequency domain results were plotted on an x-y recorder for visual
inspection and comparisons.

TEST RESULTS

The first test performed on the uncracked model was the flexibility matrix
determination. Using these results, the solution to the eigenvalue problem
gave a first mode frequency of 41.7 Hz. The free vibration pull-back test
which followed showed typical acceleration decay curves as shown in Figure 5.
Analysis of this data in the frequency domain gave the first mode frequency
to be in the band from 41.6 to 45.8 Hz which coincides with the result from
the flexibility coefficient determination. At higher modes this correlation
broke down. For the second mode the eigenvalue problem solution gave 101 Hz
as compared to 81 Hz for the pull-back test. For this model the eigenvalue
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solution from the flexibility data appears to give a good indication only of
the fundamental frequency.

The model was taken into the non-linear range during the first earth-
quake test. During this first test the maximum base acceleration recorded
was 0.24g. Floor displacements at levels 2 thru 5 were recorded relative
to the model base level. As an example of the results, Figure 6 shows the
level 5 displacement versus time curve. Levels 2 thru &4 displacements
followed the same waveform but with a different amplitude scale. Table 2,
Column 1, summarizes the maximum response recorded on each instrument during
the test.

The rocking motion was analyzed as a rocking rotation, 6, defined as follows:

b;-b,

2

6 = tan where, b, = rear rocking displacement

1
b2 = front rocking displacement

2 = length of the shear wall

For this earthquake test,the rotation was recorded across the base joint. The
rotation versus time calculations are shown in Figure 7 with a maximum rotation
of 0.00427°.

The frequency of the cracked wall was then determined by repeating the
test used to determine the flexibility coefficients along with the pull back
test. From the flexibility data a first mode frequency of 31.7 Hz was computed.
The pull back test showed the first mode frequency to be in the band from 30 Hz
to 32.5 Hz.

The level of the earthquake was then increased in two steps to .41 g and
then to 1.05 g maximum base acceleration. A comparison of the maximum instrument
readings for the three magnitudes of input is given in Table 2. The amplitude
versus time curves for the level 5 displacement and rocking rotation of the
1.05 g earthquake are shown in Figures 8 and 9, respectively. As expected,
the largest drop in frequency is seen in the 1.05 g earthquake test as the
structure softened due to cracking. The dominant frequency in the level 5
acceleration spectrum was 35 Hz for the 0.24 g magnitude compared to spectral
peaks at 13 Hz and 21 Hz for the 1.05 g magnitude earthquake.

A plot of the maximum floor displacements for each earthquake magnitude
is shown in Figure 10. In all three cases deviation from the normal bending
mode is observed. The deviation was caused by an apparent slip at either the
base or at level one of the structure. The magnitude of the slip at level 1
was estimated as 1.88 mm (0.071 in.) for the 1.05 g magnitude earthquake. This
scales up to 57.6 mm (2.27 in.) in the prototype. The global slip observed
at level 1 occurred in the joint directly above the first wall panel where the
bearing pad is located. The increased rocking caused crushing of the joint
and the panel cormers at both ends of the wall. These observed failure mech-
anisms are shown in Figure 11.

A comparison of the MIT analysis to the small scale model test is summar-—
ized in Table 3. The MIT analysis used a .25 g magnitude earthquake therefore,
the comparison was made to the .24 g magnitude test on the small scale model.
When scaled up to the prototype the small scale model's initial frequency was
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approximately 25% higher than the analytical frequency. This would indicate
that the small scale model was stiffer than the MIT analytical model. After
the small scale model was cracked however, it was shown that its frequency
dropped to 34 Hz which scales to 6 Hz in the prototype. This is only 2%
higher than the MIT result. The maximum deflection of the model was lower
than the MIT prediction by 6%. The MIT analysis showed global slip to occur
at level 4 of the model. The level where slip occurred in the physical model
was undoubtedly affected by variables such as strength of materials, work-
manship and panel smoothness.

CONCLUSIONS

The dynamic response of the small-scale model showed the failure mech-
anisms of the system to be the slip and the crushing of the panel corners
caused by rocking. The behavior was remarkably close to the behavior predicted
by an MIT analysis. Further tests on two identical models are currently under-
way on the Drexel University shaking table. Future tests will have additional
instrumentation to enable the determination of slip at all floor levels.

Increasing the earthquake magnitude resulted in considerable softening
of the structure as damage in the horizontal connections increased. In the
case of the El-Centro input, the model response was amplified to a greater
extent as the structure softened. The damaged structure remained standing
even after a 1.05 g magnitude earthquake mostly due to the fact that a large
amount of energy was absorbed by means of inelastic slip at level 1. The
major damage in the structure was accumulated at the failed joint only. The
remainder of the structure went essentially undamaged.

The tests thus far have demonstrated that the small scale modeling tech-
nique is a powerful tool useful in predicting the behavior and the mechanisms
of failure of precast concrete large panel systems.

ACKNOWLEDGEMENTS

This research on the Seismic Behavior of Precast Co

ncrete Large
Panel Bu:ldings_ﬂs_ing a Small Shaking Table is being conducted in Ehe
Department of Civil Engineering, Drexel University and has been
sponsored by the National Science Foundarion under Grant No. PFR

7924723,
REFERENCES
1. Harris, H. G. and Muskivirch, J. C., "Report 1: Study of Joints 7. sarris, H. G. and Wang, G. J. J., "Static and Dynamic Testing of
and Sub-Assesblies - Validation of the Small Scale Direct Modeling wodel srecast Concrete Shear Walls of Large Panel Buildings,”
:“““’-‘l“"‘ Nature and Mechanism of Progressive Collapse in In- Dnamic Modeling of Concrete Structures, Edited by H. G. Harris,
Dus:rinlized Buildings, Office of Policy Development and Research, 3CT Special Pubiication, SP-73, 1982, American Conmcrete Institute
l;‘;g"‘l‘:‘;‘ of Housing and Urban Development, Washingtom, DC, Oct. Decroit, pp. 205-237.
. P
2. Musl 8. Caccese, V. and Harris, H. G., "Report 1 Description and Operation
o kivitch, J. C. and Harris, . G., Reporc No. 2 "Behavior of of the Drexel University Structural Dynamics Laboratory,” Seismic
s ga Panel Precast Scncut: Buildings Under Simulated Progressive Behavior of Precast Concrete large Pamel Buildings Using a Small
Ca. Z:gse Cundi:ions.‘ Nature and Mechanism of Progressive Collapse Shaking Table, Structural Dynamics Laboracory Report No. D82-01;.
in Industrialized Buildings, Office of Policy Development and Re- Department of Civil ing, Drexel Uni ity, Philadelphia,
search, Department of Housing and Urban Development, Washington oA, June 1982
. PA, J 198..

DC, Jan. 1979, 207 p.

9. 3Becker, J. ¥. and Llorente, C., "The Seismic Response of Simple

3. Harris, H. G. and Muskiviceh, J. C., " £
-» "Models of Large Panel Pre- Precast Concrece Panel Walls,” Proceedings of U. S. Narional Con-

cast Concrece Buildings," Journal of the St
Vi 106, o S12. Pree. Famer IR Ren ess ey srier-aSCE: ference on Sarciouake Sngisesring, Seanford, CR. dug. 1978 7P
123423,
. Harris, H. G. " o
B Saines 1 rean e Lav e T o horizon- 10. Lloreste, C., Becker, J. M. and Roesset, J. %., "The Effect of
of the ATC/NSF Spomsored Worksho hesi, gs," Proceedings Non-Linear ~ Tnelascic Connection Behavior on Precast Panelized
crete Buildings for Earchquake L}:‘:: " ;::E; ;;i;af:;;;«:uzd Con- Shear Walls,” Symposium on Machematical Modeling of Reinforced Con-
Angeles, CA, Applied Techmology Council, Berkeley, CA, Los crete Structures, ACI Narional Convention, Toronto, Canada, april
. Y. CAL 9-14, 1978, ACI Special Publication 42, Mathematical Modeling of
5. Harris, H. G., Abbond, 3. E. and Wang, G. J. J., "Earthquake Re- Reinforced Concrece Struccures.
Crirare :i,::r;':;:;‘éuﬁﬁ;;;ﬂ“Pi:z:i:h:’:f“:g‘_"2 Precast 11. Sabnis, G. M., Harris, H. G., Mirza, ¥. S. and Wnite, R. N.,
gwmz—_mm%m#?ﬁ&. Structural Yodeling and Experimencal Techniques, Prentice=fall
Building Research Stacion, Garstom, Warford, Engl a"g "fl “‘{“““sv Tivil fnglneering and Engineering Mechanics Series, Prencice-Hall
1981. ’ » England, Nov. 19-20, Inc., Englewood Cliffs, New Jersey, 1983, Chapter ll.

6. Harris, H. G., "Earthquake Resistance of Connections in Precast

Concrete Large Pamel Buildings," P

5 »"" Proceedings of the Sino-ameri
sm’onun on Bridge and Srructural Engineering, 13-19 Sep\:m:;“
1982, Beijing, China, Part I, pp. 4-10-1 to 4-10-16.

760



d g

Wy
Aﬂmm = Awme *

(OT3BY JUBWIDIOJUTAY %G'() 2In3oniag L1015 3ATJ

IIX Y3Ts uosyiedwo) [3poN 9TEDS [TPWS - € °Tqel

10073 Kiojeioqe] o3

T T94a91 1 TeA9T
- 10 aseq 10 aseg % |uoTaedsoq TsAe7 ATTS|
- wme 67 03 0 |ww 60" 03 0 it g dy18)
%9- um $g°/ wm Ghe* mn g°g UOT3ID3TJ20 WNWTXBK|
Aouanbaayg
pAxAd [AAN ZH Z% | ZH 88°¢ TeanleN TRTITU]
%= 3 yz* 8 vy 3 gz UOTIBABTBOOY Nedd|
ERlIE) ad{3030a4 TIpOK sTsATBUY
F1933Td % 83189 A1TSIBATUQ [axaiq LIK

SATIEBTR1 JUSWODBTASTPxxx

1 ToA3] 3® Papaodal xy
@s®Bq 1B Papiodsa g
painsesw jou 4

((Te/D
202y 4¢

I e e R B
el Gl

~

-

ze/T
N
EQIT

1

T

T
.28/

14

2dy-1

N3 ‘4A8asugy
d “KaTsusq SSEN

a ‘or3ey
$,U0SSTOd

3 ‘ureils

p ‘ssailg

4 ‘snTnpoy

m ¢fouanbaay

¢ ‘ajusweveTdstq

¥ ‘uofsuswiq
aeaur]

3 ‘aurl

a ‘K3To0T9p

8 ‘uofieiaTaddy
TBUOTIBITARID

® ‘UOTIBIDTIIOV
b faanssaid

d ‘@oaog

saf3jaadoag
TETI93BH

Lagamo

3urpeo]

S

[

T

T2POKH
a[eoS JIeWS

UOTIEOALS
SSBN TETOTITITY

§103087 91898

uorsusuT(q

o€6T°0 280T0°0 2€%00°0 uof3e3oy Surio0y ‘XEW
¥ Hy O ¥ 970° 0~ ¥ $900° 0~ Buryooy 1Y
xxW 90 ¥ /20°0 ¥ 90T10°0 8uTyd0y 3u0ayd
wm TvQ + + unwEmum.ﬁam.ﬂa T T840
ww 667 w 69Z°0 m /0T 0 JuawadeTdsTq g TaA97
w g/* g s 0ZEg"0 wn /€10 JuswedeTdsiq ¢ To4°1]
+ m T8¢ 0 ww 9810 JuawadeTdsTq # 12497
m Gyt u ggy* o mr GHZ°0 JuawadeTdsTIq ¢ TaA7
uw gz' ¢ w y0° T we €6°0 x¥x3UBWIOETASTQ OTqRL
3 601 8 170 3 %20 UOT3IBAS[IIDY IsEY
(€) @) [§9)
W1l
€ z L
FANLINOVR

sepnaTudey oyenbyiieg ¢ 103 sSurpesy IusWNIISUI WNUTXEBR - 7 ITqeL

19poW @yl jo asuodsey
@enby3aeg 103y s1030eg ITBIS JO AIPUWNG - T ITIEL

761



*8urise] 03 1otag
T9POW @243 3o ydeadojoyqg

wioned ajges ?_v_ﬁmlz

FLIT IV p—

€

314

1yBlam
— p8o7

*97qel 3urieys AIfsasatup [9xai1q -7° 314

NOILVAII3 3018
V-¥ NOILaS Py

1sotieq o 59y 000N

owuvie w3lide -1vi30

MNNNNGY

"o
‘juror TelUOZIIOH °9dL] wiojlerqd -1-814
hLI 7 avd ONiyvig
OlisV1d ¥O ¥3dvd STt

g*ﬂwn&.‘»\.ﬂ\ :ﬂw\ .

Sﬂﬂrn\l.hu

1INV 30OV ——n

. Advd A¥a
1No¥9 :
1INVd 11vm

762



*ajenbyjaey apnituley

897°0 103 [°A97 9seqg ay3 3e uorjeloy Juyyooy -/ S¥d

gli .o ‘Bagis
3 v L] - 3 i 1 3
L0000 o-
¢-
d
L
eseg Seyy wvﬁ.o 3
uoyinios - ONINIOY
1
" - L ) o v .-o
handt T I3
*ajenbyjaeg

apnitudel 84yz'0 103 juswadeldsyq ¢ [9Ad7T painsesl ~9° 814

gli Lo [ 178
" “

v oovg 18 Ihvﬂ‘
INIWIDIVUSIO §-13ATT

handt 171

.01’ “Sep ‘ 4OILVION

(e

1= opede

‘st ‘amIL

L
-~

*31s9] oeg
-1Ind 03 anQ aain) Leoaq Ted1dLl -¢°8f4

$-

HAN

<:

*T9POW UO SUOTIBIOT IJUBIBIAY -4~ B4

v asany

I

€ At

v A

e uan

763



*T9PON 9TBdS TTEWS Y3
JO SWSTuUBYIAR dInTIed paalasqQ -Qf°ST1d

RNOTIVAITY
® ® wnia
ul:b.r\‘_“ " m A
(A I
1 h
Buwsnud . ! \ | funento g\raﬁ
mor S e
P or
| oy \\ mm&
] ]
| | s
1 i 1e2n150p
1
o n | T R o
L el
H A I
Y
*apniyudel oyenbylaey yoey
103 3juswadeTdsf(q 10074 wnuixel -0f-° 314
LYY 8190 L3124
€ T L
22777V F7777777/A 97777774 §7277777:
! dys ! :_-too.!ll_ .._-too....l. L -uAn
] 14 “ t
esTd LT ¢ o T-1AN
8L'T Teo t yI0¢ T c-uAR
j
!
8c0 \. 610 \L -NAN
/
so'c v0d 1 czold g $-1AN

ww ‘SLNENIOVIdS8IA ¥OOI4

so

so

st

‘Sep ' NOIAVION

*a)enbyjaey
epnitudey 3GQ°T 103 [ °AdT 3B UOTIBIOY BUINO0Y -6°ST14
L {=oree LN TS
‘" b K3 i)
v oseg (uleyy 860°L
uolinjes - ONINDOY
SLo1'0
T - b ‘o . b
08 3N
*92)enbylaey
apnituley 36Q*1 103 JuswadeTdsST(Q G [9A97 painsesy -8° 814
h»l!nu- ses ‘JWIL
v - T 1 °

A

T T M v

oL

| et ot

ceug opniuseny SSO°L

L] (adad J

INIWIDVYUSIA S-13AT

wweye

Loadd 11

ww ININIDVIESIa

t%:q—

764





