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SIMULATED EARTHQUAKE TESTS OF R/C FRAMES

by Shunsuke Otanil, A.M. ASLE and Mete A. Sozenz, M.ASCE

INTRODUCTION

The inelastic dynawmic response of reinforced concrate frames was
investigated by subjecting a series of one-bay three-story small-scale struc-
tures to strong base motions simulating one horizontal cemponcnt of representa-
tive earthquake acceleration records. The results were studied using linear
and nonlinear analysis techniques (1),

This paper evaluates the test results from the perspective of
analytical methods routinely and economically available to structural-design
offices: [inear dynamic response analysis and static 1imit analysis based on
elasto-plastic response.

The experimental program included three test structures (Fig. 1-3).

Each structure was subjected to a series of test runs of increasing intensity.

TEST STRUCTURES
A tost structure {Fig. 3) consisted of two identical frames,
Tastened to the earthquake simulator pltatferm, paralliel to each other and te
the direction of motion, The two Trames were connected at each boam level by
rigid steel racks carrying steel weights such that the total effective floor
weight was 1860 1b. The racks connectad with brackets (Fig. 1) outside the

frame joints,
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The dimensions of a typical frame and the arrangement of reinforce-
menl are shown in Fig., 1. The dimensions of beam and celumn sections are
listed in Fig. 2. Gross total longitudinal reinforcement ratios were 0.027 for
the beams and 0.032 for the columns.

The first two structures Dtand D2 were identically designed.
Structure D3 was designed to have 95 and 90 percent of the yield moments for
the calumns and the beams, respectively, of the first two structures.

smail-aggregate concrete with high-szarly-strength cement (Type 11I1),
[ine lake sand, and Wabash River sand {a mix ratio of |:1:4 by dry weight)
were used in casting all thc frames with a naminal water cement ratio of 0.7,
The average compressive strength, tensile strength from splitting tests, and
secant modulus at L0 percent of the compressive strength were 5,050 psi,

430 psi and 3.]6x]06 psi, respectively, determined by 4 by 8~in. cylinder
tests,

No, 2 deformed bars were used as longitudinal reinforcement in the
cobunns and beams, and No. 3 deformed hars in the base girders. Number 14
gage plain wires were used as stirrup reinforcemant. Properties of the steel
are listed in Table 1,

The longitudinal reinforcement in the beams and columns was pravided
with sufficient anchorage length either outside the beam-column joints er in
the base girder. All frame members and foints, were provided with sufficient

web reinforcement .

INSTRUMENTATION
DeTormat fon of the test frames in the dirsction of motion was
measured by differential transformers [LVDT) at each beam level relative to
the base girder. Absolute accelerations at each beam level and on the base
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girder were measured by servo-accelerometers with a flat response range of
0 to 100 Hz,

The signals from all sensors were continucusly recorded cn magnetic
tape and were digitized later at Z-msec intervals, Base shear and moment
signals were conputed for a single frame from the synchronized digitized
acceleration signals at the three levels, the floor weights, and the story
heights, The overturning effect of gravity loads acting through the sidesway
displacement {the P-A effect) was ignored in calcuiating base shears and

momants .

STRUCTURAL PROPERTIES

Merber S5tiffness. Moment-curvaturc rolationships of the frame
members were calculated from the geometry of the section, and the properties
of concrete and reinforcing steel, It was assumed that the strain distribu-
tion over the depth of the section was lincar and that column axial loads
were thase duc to gravity. Moments and curvatures are listed in Table 2,
corresﬁonding to tensile cracking of the concrete, yielding of the tensile
steel, and the extreme compressive fiber strain reaching a limiting concrote
strain of 0,004. The moment~load-curvature interaction diagram for a column
in structures B} and 02 is shown in Fig. 4.

The stiffness of tho members was evaluated for {a) 'uncracked"
sectjons and (b)) ‘cracked' sections, Flexural stiffness of "uncracked!
sections was defined by the slope of a moment -curvaturce curve before tensile
cracking of the concrete, Flexural stiffness ol 'cracked' sections was
defined by the slope of a line between the origin and a peint corresponding

to yielding of the tensile reinforcement in the moment-curvature diagram.



Modal Analysis. Each frame.was,ana!yzed as a plane frame Tixed at
the base with massless elaslic prismatic members, each of which was rapresented
by its centroidal axis betwsen adjacent beam-column jeints, Only flexural
deformation was considered, All masses were concentrated al the beam-column
joints, Each specimen was idealized into a three-degree-of-freedom system.

Calculated modal frequencies and mode shape vectors for the three
modes of vibration are listaed in Table 3. The listed mode shape vectors
include the corresponding participation factors. Modal responses of & single
frame due to a 1.0g spectral ascceleration response are plotted in Fig. 5 to
show the probable modal contribution tc the response of the frams Tor a
1.0g spactral acceleration rosponse.

Limit Analysis. An elasto-plastic limit analysis was carried out
for the idealized frame model using vield moments of the members as listed in
Table 2 and 'cracked' stiffness. The frame was subjected to either (a) equal
loads (uniform lead distribution) at the three levels, or (b) loads proportional
to the helght of each level from the base {(triangular Toad distribution).
Base shears {single frame) corresponding to three modes mechanisms arc shown
in Fig. 6. Mechanism (b) requires the Teast base shear for both uniform and
triangular leoad distributions,

Dynamic Analysis, Linearly elastic response ('elastic response')
of the test structures fo measured base motions was calculated by a stepeby-
step numerical moethod. Acceleration was assumcd to vary lincarly over time
intervals of 2 msec., Damping Tactors for the Tirst three modes werc assumcd
to be 5.0, 5.0 and 7.4 percent of critical. The stiffness of the structure

was evaluated for both "uncrackead' and 'cracked'' sections.



BASE MOTIONS

The motion of the earthquake simulator platform (2) was programmed
to réproduce the acceleration waveform pattern of either the NS component of
the 1940 E1 Centro record (the Imperial Yalley Earthquake}, referred to as
E1 Contro, or the N21E component of the 1952 Taft record (the Kern County
Earthauake}, referred to as Taft.

To ohtain a represcontative relation between the vibration frequencies
of the specimens’;nd the frequency content of the base motion, the time axis
of the sarthquake records was compressed by a factor of 2.5. Base-motion
amplitudes were chosen arbitrarily, and were Incrcascd stepwise in successive
test runs up to the capacity of the earthquake simulator. The earthquake
simulator (2} could reproduce, within the range of structural engineering
interest. scaled accelzration histories with characteristics guite similar
to those of the input carthquake records.

It was nocessary to find an index to define the intensity of base
motion in order to compare and evaluate the effect of different base motions
on the behavior of the test structures. The maximum base acceleration was
not found to be a good index due to the fact that the maximum acceleration
amplitude was easily affected by the existence of accidental high Trequency
signals.

The spectral intensity (3) at a 20 percent of critical damping
factor was adapted in this study to define the intensity of base motion,

The range of perieds of 0,04 to 1.0 sec was used so as to be consistent with
the time scale of 1/2.5 in the tests,

Typical response spectra are shown in Fig. 7 for simulated ET Centro

and Taft base acceleration signals,



TEST RESULTS

Introduction. All three specimens withstood, without collapse, the
base motions of maximum accelerations ranging from 0.24 to 3.4y, or from 0.4
to 5,7 times the base shear coefficient calculated from limit amalysis at the
formation of collapse mechanism. The maximum Tirst level displacoment was
measured to be as large as one«twantieth of the first-story helght,

Wide cracks were observed at the base of the first-story columns, at
the top of the second-story columns, and at the ends of the first- and second-
icvel beams., Diagonal X-shaped cracks were formed in the first- and second-
ievel "joint cores,'

The observed heavy damage was limited to the base of the first-story
columns, All damage was attrihutable to axial load and/or flexure without
complications due to shear and bond stresses,

Response Waveform. A set of typical observed response waveforms are

shown in Fig. 8. The El1 Centro motion was simulated fn the first test run of
structure D2 with a spectrum intensity of 15.8 in. and maximum base accelera-
tion of 0,867,

General cbservations about the measured waveforms are:

(a) Acczleration waveforms contained more of "higher mode'l
components, especially at the lower Jevels. As the Tntensity of base
moetion was increased, the "higher mode!' components became more perceptible
even in the third level waveform, in which the '"first mode' component had
prevailed.

(b} Displacement waveforms were very smooth at the three levels,
dominated by the "first mode'' component. The effect of the 'higher mode®!
components, however, became noticeable as the intensity of base motion

increased,



(c) Base shear and overturning moment waveforms werc governsd by
the 'Mirst mode' component, The influence of the "higher mode' components
was larger in the base shear waveform than in the base moment waveform,

Vibration Mode . The terms 'first mode't and "higher modes' were
used to describe the phase relationship of the three signais, '"first mode"
impiies that all three level signals oscillated in the same phase. "Second
mode' implies that only two adjacent lewvel signals were in the same phase,
"Third mode' implics that the First- and third-level signals were in phase.

Existence of certain Trequencies associated with these three modes
was abserved on the response signal traces, although the frequencies changed
avidently relsted to the amount of structural damage. The existence of such
frequencies and the phase relations can bhe best demonstrated by examining a
smooth base shear waveform (Fig., §), oblainad as the algebraic sum of products
of acceleration amplitudes and  corresponding masses. For the sum to be
smooth, acceleration signals at the three levels should contain common
higher frequency components with at Teast one signal out of phase. The usage
of the terms is consistent with the vibration mades associated with a linearly
elastic system,

Frequencies. Frequencies associated with each mode of vibration were
determined by measuring the average period of three to ten cycles of ciearly
fdentified oscillations. The flirst mode frequency was usually found on dis-
placement signal traces, and the second- and third-mode fregquencies on
acceleration signal traces,

The ratieos of the measured lowest frequencies of each mode in 2 test
run to the calculated clastic medal frequencies (uncracked stiffness in Table
3) are shown in Fig. 9. A free vibration test before Test DI indicated a
frequency approximately 80 percent of the calculated frequency for the first
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and second modes, The measured frequencies changed drastically during the
first test run. The first-mode frequency at the end of the last tast run was
rcduced to & quarter of the calculated fregquency,

Maximum Response. Maximum amplitudes of the measured response
signals, automatically picked up during the data reduction process, are
compared with spectrum intensity in Fig. 10.

The accelerations increased with spectrum intensitics up to a
speclrum intensity of approximately 10 in. Aftcr that the ratc of Increase
in the aceelerations slowed down due to 'yielding' of the members, The fact
that structure D3 was weaker than DI and D2 did not show up in the plots,

Total displacement ranges, which are the sum of positive and
nzgative extreme displacements, increased almest linearly with spectrum
intensity. Structure 03 had larger displacements at the three levels than
D1 and D2,

The total displacement range rather than the absolute maximum
displacement was used as a damage fndex beccause the absolute maximum displace-
maent was affected by the location of the wero axis, which could shift between
test runs due to a temperature change in electronic devices or to an accidental
shock appiied Lo the specimen, while the total displacement range was indepen-
dent of the lacation of the zero axis,

Maximum base shears and moments increased linearly with spectrum
intensity up to a spectrum intepsity of approximately 10.0 in., and then
appeared to reach a plateau at a base shear of approximately 2. 8 kip and 2

base moment of approximately 110 kip-in,



DISCUSSION OF THE TEST RESULTS

The test results were evaluated from the viewpoint of methods routinely
available to design offices: linearly elastic dynamic and elasto-plastic
static 1imit analyses. Although the results of the responsc-history analysis
are given in this paper, it should be noted that the square root of the sum of
the squares of the maximun modal components (4) led to almost identical
accelerations, and that the maximum first-mode components provided good
approximations to displacements, base shear and hase overturning moments of
the siastic system. measured initfal fregquencies of the specimens were
approximately 80 percent of the frequencies calculated for 'uncracked' stiff-
ness, and 115 percent of the ones calculated for '‘cracked! stilfness. Unavoid-
able cracks were formed in addition to shrinkage cracks in the besam-column
connections whon the hcavy steel racks were sccured to the test frames. The
measurcd initial frequencics, which were lower than the calculated values,
might have been attributable to the existence of thesc fine cracks before
the test run.

Wide cracks were observed in the same lacations as yielding was
predicted by the limit analysis for the collapse mechanism,

Accelcration Response. Figure 1la shows that accelerations calcu-

lated at the three levels for cracked and uncracked sections were comparable
and that the measured values devisted from those calculated at spectrum
intensities cxceeding 7.0 in. for the third level snd approximately 10.0 in,
faor the other levels,

The deviation could be anticipated by comparing the calculated
base shear (Fig. 11c) with the base shear for the collapse mechanism (Fig., 6.
However , linear-response calculdions would be of no direct use in estimating

the accelerations of the three levels.
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Linear response analysis does provide a clue teo the abserved
acceleration waveforms. Initially the spectral acceolerations for the threa
modes were comparable, and acceleration waveforms were expected to contain
higher mode components, espacially at the lower levels, as shown in Fig. 8.
Howcver, as tho structural stiffness decreased in successive test runs, the
fundamental freguency shifted from the ''constant-acceleration'' to the
"constant-velocity' renge of the idealized spectral response curve, Thus,
the first mode responses made relatively smaller contributions to the aoverall
response as the hase-motion intensity was increased.

Displacement Response, The smoothness of the displacement waveforms

{(Fig. 8) may be malnly attributable to the ratios of the modal spectral
responses: the first-mode component (at level 3) for both stiffness assump-
tions was approximately 10 times as large as the sccond- and 30 tinmes as
large as the third-mode components,

For displacements based on cracked section, there was apparent
agreement with measurements at level 3 and poor agreement at level | (Fig.
11L)., calculations based on a lower damping value would have reversed the
comparisan,

Taking the first-level displacement as unity, the measured maximum
displacements varied approximately as 1.0:1,9:2.3(p1), 1.0:1.9:2.7(D2) &nd
1.0:1.7:2.1{B3), while the calculated deflections vary as the first-mode
vector (1.0:2,6:3,6) which dominates, Therefore, linsar-response calculations
could not be used to determine deflections at 11 three levels, It is of
interest to note that the calculated deflections vaired as 1.0:2.0:2,6 at the
formation of an elasto-plastic collapse mechanism for story lataral loads

varying proporticnally with height.



Base-shear Response. Flgure 1lc compares the measurcd and calcu-

lated base shears. A salient feature of the measured base shear is that it

has excoeded the value of 1,73 kips indicated by elasto-plastic analysis.

This is due to the strain-hardening propertics of tha reinforcement. Figure

10c shows the Vimit of 3.3 kips to the basc shear obtained by assuming a
mechanism torming in the first steory only (ylelding top and bottom of columns)
with the maximum momcnts based on the strength of the reinforcement. No measure-
ments exceedad this limit, bul the data were closer to this limit than the

Tower bound Timit cbtained by elasto-plastic analysis,

As would be expzcted, the base shear from lincar response analysis
devistes from the measured values at the onset ol inclastic response which
occurs at a low spectrum intensity. Because the base shear is a key design
parameter, it merits further discussion to consider whether the calculated
bagse shear can be reconciled with the measured value on the basis of references
to damping and ductility, In describing this precess, it is necessary to set
Up @ strawmon because the exact use of these concepts in design is not pre-
ciscly defincd. Let the attained ductility, ,, of the test structure be the
ratio of the attained displaccment (in a particular test run) to the vield
displacement at the first level, the latter value being the calculated dis-
placement for the base shear at coilapse {elasto-plastic response) on the basis
of the cracked-section stiflness.

Figure 12 shows the ratio, v, of the maximum calculated elastic base
shear [for cracked section and damping factors of 0,07, 0,05, and 0.10) to the
measurad maximum base shear as a fupctian of the attained ductility. Line A
represents ~ =  while line B represents Vi/EE:T- The plotted paints refer
to values of y and |, obtafned from measured valuss of base shear and maximum
displacement at first level. For a given attained ductility, [, the curves

11



indicate the cxpected value of v while the points indicate the attained
value,

& comparison of the data with curves A and B indicates that, with
ductility definad as above, curve B and the data can ke reconciled for a damp-
ing factor of 0.02, Also, even curve A could be rcconciled to the dats by
assuming a lower damping factor., However, reconciliation cannot be obtained
with either curve with damping factors higher than 0.02, Tt would be possible
to cbtain acceptable reconciliation for any of the cases shown in Fig, 12 by
suitable definitions of the yield deflection, However, the use of such an
approach as a general design method for multistory frames is not justifiable
on the basis of the availahle evidence.

Base Qverturning Moments. Overturning moments at the base of the

test frame was caiculated as the algebraic sum of the products of lateral forces
and corresponding height of the levels from the base. As would be expected
from the meodal overturning moment respease (Fig. 5), the base moment waveforms
were almost exclusively governed by the first mode component.

Measured maximum base moments are compared with calculated maximum
base moments in Fig. 11d, Similar te the comparison of base shears, calculatad
clastic hase moments (based on both uncracked and cracked stiffnesses) agreed
well with the measured valucs up to a spectrum intensity of 7 in,

The base moment calculated at the formation of the collapse mechanism
under a triangular load distribution was approximately 70 kip-in., 2 value
which was exceeded by the measured base moment (Fig, 10} after a spectrum
intensity of 7 in,

A limiting value of base mement for & single test frame with elasto-
plastic member characteristics can be calculated assuming yield moments at

the ends of the thres beams, and at the hases of the first-story columns, and
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using the clear length of cach member., Then averturning moment at the base
became 80 kip=in., a value of which was clearly cxceeded by the measured hase
moment after a spectrum intensity reached 15 in,

17 moments corresponding to the ultimate stress of the tensile
reinforcement were assumed at the same locations, the limiting value of base
motien were calcuiated to he 121 kip-Tn,, which caused a net tensile force of
1.2 kips in a first-stary column, The measured hase moments were mostly leass
than this Timiting value, The measured maximum overturning moments above 73
kip=in, must have given rise Lo net tensile siress in the tension side column

during the Lests.

CONCLUSIONS

1. The test frames resisted the severe base motions without
collapse. This chservation should be qualified by two considerations: {a}

The columns had cantinucus lTangitudinal reinforcement and sufficient weh
reinforcement was provided in the frame members and joints, (b} The maximum
story drift reached approximately five percent of the story height.

2, The maximum base shears and overturning moments were approxi-
mately 1,7 times the values based on elasto-plastic limit analysis. S&train-
hardening characteristics of the reinforcing steel must be explicitly considered
in the carthguake-resistant design of reinforced concrete structures, especially
in relation tu‘design of web reinforcement, foundations, and columns.

3. Linear dynamic analyses of the test structures providad a good
qualitative understanding of the observed inelastic behavior, In predicting
a quantitative response of a reinforced concrete system, linear analysis is
handicapped not only by the possible yielding of the structure but also by the

drastic changes in stiffness which occur duc to progressive cracking.
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APPENDIX II. NOTATION

The following symbols are used in this paper:

B, = modulus of elasticity of steel (=29,000,000 psi}
M = bending moment
5120 = spectrum intensity at a damping factor of (.20
pg = damping factor for the first moda

v = base shear reduction factor

ey = assumed limiting strain of concrete ({=0.004)

2 = curvatures

= attained ductility factor at the first level
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Table 1. PROPERTIES OF REINFORCING STEEL

Reinforcing Nominal Area Yield Stress Ultimate Stress
Bars {'lnz) {psi) {psi)

No. 2 Bar 0,050 42,600 66,500

Ne. 3 ar 0.1 47,500 71,600

No. 14 gage wire 0.0050 39,600 ch 400

Young's modulus Es = 29,000,000 psi

Table 2. MOMENT-CURVATURE RELATIONSHIPS OF THE MEMBERS

= T
Member tracking Yielding egy =0 00
M [ M 4 M |4
{a}specimens D1 and DZ
First Story Column 2.51 0.176 9.01 1.215 G,56 g.20
Second Story Column 2,24 0,157 8.53 1.185 9.15 9.50
Third Story Column 1.97 0.138 8,16 1.151 8.78 9.80
Beams 2.38 0.0992 3.67 0,875 10,81 9,60
{(bJSpecimen D3
First Stary Column 2,11 040 8.55 1.289 9.132 8.00
Second Story Column 1.84  0.140 8.16 1,25k 8.72 §.26
Third Story Column 1,56 0.119 7.75 1.223 8,32 8.57
Beams 1,76 0.0815 8.86 0,967 9.72 7.51
M = momznt, kip-in_._3
P = curvature, x10 “1/in.
ey = assumcd 1imiting strain of concrete in compression
Tabie 3. CALCULATED FREQUENCIES AND MODE SHAPE VECTORS
(a)Frequcncies, Hz Uncracked Secticn Cracked Sectian
Mode D1, D2 D3 nl, D2 D3
First Mode 7.2 7.1 5.0 L7
Second Mode 23.8 23.3 6.7 15.6
Third Mode 41.5 40.8 29.5 273
{b}Mode Shape Vectors
Level First Mode Second Mode Third Meode
3 1.256 -0.301 0.086
2 0.893 0.332 -0.226
1 0,345 0.382 0.273
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FIG. 3 TEST STRUCTURE ON PLATFORM OF EARTHQUAKE SIMULATOR
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