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ANALYSIS AND TESTS ON SMALL-SCALE SHEAR WALLS

d A ) b

Dy

E. G. Endebrock, R. C. Dove, W.

ABSTRACT

The Phase-1 experimental program was completed during
This report summarizes the results of (1) quasi-
(monotonic and load-cycling) tests, (2) sinusoidal
ation tests, and (3) simulated earthquake tests conducted
small-scale, reinforced-concrete shear walls. Model con-
test methods, instrumentation, and experimental
re presented in this report. Experimental results
to investigate the effects of high-load levels
"oduce cracking and failure of the walls) on stiff-
and on deformation and acceleration transmis-
nonlinear analysis method that has been devel-
this program has been used to aid in the
on of tnese experimental results,

+tr

ictural Margins-to-Failure Program is to obtain

Ly

make more reliable assessments of the margins to

.ategory-I nuclear power plant structures.

program described in this report is sponsored by the Mechanical

Structural Engineering Branch, Division of Engineering Technology of the

-

Nuclear Regulatory Commission (NRC). ih1s project is part of a larger NRC
program designed to increase confidence in the assessment of Category-I
nuclear tructural behavior beyond the design limit.

ne s ‘eS Of interest are those that are essential to the funct

the safet | S Systems and components, or that house, support, or




safety class systems and components, and whose failure could lead to loss of
function of the safety class system and components housed, supported, or
protected.

Seismic Category-l structures are designed for specific loadings and load
combinations and, because of the magnitudes of the load factors used in the
design procedures, these Category-I structures would not go beyond the effec-
tive elastic limit if subjected to these original design loads. However, as
)lant operating experience increases, load definitiors are changed or addi-
tional loadings may be prescribed; if the redefined loads were applied to the
structure, the behavior may then be nonlinear. The amount of reserve strength
between the structure's original design 1imit and the load at which the struc-
ture can no longer perform its function then becomes an important considera-
tion. Because structural behavior beyond the original design is nonlinear,
traditional structural analysis methods do not apply. The goal of this pro-
gram is to obtain information on the behavior of Category-I structures at loads
higher than the original design iimit, primarily through experimental testing.

A detailed program plan for an investigation of the "Margins to Failure of
.ategory-1 Reinforced-Concrete Structures" is presented in Ref. 1. This pro-
gram plan points out that one of the structural elements most frequently used
in Category-I nuclear structures is the reinforced-concrete shear wall. The
program plan then proceeds to outline a three-phase program involving tests
and analysis. The Phase-I experiments, which are discussed in this report,

mall, one- and two-story, reinforced, microconcrete shear
1 be statically and dynamically tested to failure.
n of the Phase-I structures (small, reinforced, micro-
concrete shear walls), it is important to emphasize the purpose of these
Phase-1 experiments. These structures are not intended to serve as scale
models of any larger structures. Hence, we do not intend to predict failure

1 ” . , n = navrts
loads, crack patterns, etc., for any particular prototype structures from the

results obtained from these tests. Rather, these Phase-] structures were de-

typical behavior on a macroscopic scale; that is, they
exhibit under cyclic loading, the nonlinear, softening, hys-

stif ‘r\(,:“r)_/”‘

gradation characteristics that have been observed in pro-

ne purpose of these tests was to deve

nlinear behavior and to aid in planning




DESCRIPTION OF STRUCTURES, TEST FACILITIES, AND TEST PROCEDURES

The Phase-I experiments were conducted using the small one- and two-story
shear-wall structures shown in Fig. 1. The microconcrete used can be charac-
terized as follows:

© compressive strength (f ), 4000-7500 psi;

. tensile strength tf?), = 9-15% of f' _; and
- { C

o modulus (E), 3-4 x10° psi.

See Fig. 2 for a typical stress vs strain diagram of sample microconcrete cyl-
inders and Table I for a tabulation of properties and details of the mix.

As shown in Fig. 3, the reinforcement ratio of the wall section of each
test structure was 0.28% (each direction and each face). The wire mesh used
was a nonwoven, galvanized hardware cloth having a wire diameter of 0.042 in.

-in. square mesh. The ultimate tensile strength was determined to

V00 ps1 and the modulus of elasticity was about 27 p

Model structures.
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from horizontal motions. The transverse motion is eliminated by positioning

1

bushings 1

ture, so that only horizontal motion can occur. Figure 7 shows the restraining

frame and a two-story structure in more detail. The mass carried by the wall
consists of steel plates attached to the middle and top flanges.
During preliminary vibration testing, accelerometers were used t

the structure's response at various locations (top and bottom of wal

1] p of added mass, bottom of added mass) and in three

+

~jzontal, transverse and vertical). All accelerometer
that horizontal mction was the controlling factor in the
rimary dat: recorded during the actual tests were

\ Y ’”'}'U?,:‘, and ‘”«:V“.I\i"]?d] d-(!’lt"dfi;yl

and top flanges vs time y and X
. !

1, ¢ ' ¥ 1!




transmissibility diagrams (X/Y) have been plotted using a dual-channel spectrum

analyzer. Additionally, the displacements of the middle and top flanges rela-
tive to the base (U, and U,) were measured during the simulated seismic
tests.
In the first series of tests, four single-story structures were tested to
failure by subjecting each to a series of sinusoidal motion frequency sweeps
a "sine-sweep"). During each sine-sweep test, the response acceleration ;X)
was held at a fixed level; this leve]l was raised with each successive sine-
st until failure occurred.

In the second series of tests, the structures were subjected to simulated
seismic excitation; each structure was subjected to an appropriately scaled
earthquake accelerogram. For this series, test procedure was as follows. For

odel structure an accelerogram, which is a frequency-scaled version

sen earthquake accelerogram, is selected. Starting with a small

eleration (Y, ), tests are repeated with progresssively increasing

S > selected earthquake accelerogram and the frequency

cussed in detail in Section V, "Simulated Seismic

3t structures can be divided into tw ]
sing two threaded rods at each
the junctions of the wall
3). These specimens, whi
Group | > a ‘ noment reinforcement and a strengthened
at the upi ] { b ) del]‘ \ﬂ"'lu;r'lz L ] - L. 4 and £
are fabricated ju S shown 1 g. 3 and, consequently, less moment
reinforcement elativ oints
The Gro Ul -1 spe« ns ‘re d in the order below
load test, load level increased by
-1b increment at the end of each full
tonic load test, and

-load test, multiple cycles at each load
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and solve for the effective damping ratio, ., of any energy loss, &. we
substitute the peak force, F, of the cycle associated with that energy loss and
the secant stiffness modulus (K') at that force level for K; the results of
this calculation are given in Table III.

The reader is reminded that the assumptions made in the above calculations
are both numerous and questionable. At best, the computed values of the equiva-
lent damping factor would apply only to the system vibrating at resonance,
through full cycles, at a load level of + F used in the calculation. Indeed,

a linear system with an equivalent damping ratio is not a good approximation
for a nonlinear-hysteretic system acted upon by seismic excitation,

A complete summary of the date, together with ultimate and first cracking
loads, and initial stiffness computed using the usual design equations are pre-
sented in Table 1V,

TABLE IV
DATA SUMMARY

GROUP <1, LARGE -MOMENT RE [ NFORCEMENT (SEE FIG, })

() (2) (1) ¢) (%) (6)
Spocimen N, and Y SO P Y el Y Ve “care, |7
Load Condition  (in,e}0°7) (Wo/tn,e10 ) (1B) (Wa.xl070) (o) (o) (lo/ta, 8 W0))
w. 2, Mnotenic 4.5 0.9 6540 w 12 S0 w0 N
W, 1, Cyelie .5 0.78 6470 " 8 W0 M L
w. 3, Cyelie 2 10 5440 W19 560 Ve 2.0

GROUP«TT, SMALL-MOMENT REINFORCEMENT (SEE FIG. 3)

(1) (2) (1) 4 U {5) (6) (r
specimen W, and 4 Y10t Y e Y Ve “eale, L
\oed Condition  (n.x1070) (Wo/inaat®T) (W)  (Wnant0T0)} . (IB) (18] (lo/im, x 100)
Mo, 4, Monatonic 1.1 1,06 6460 22 6.8 5570 W50 2,9
No, 5, Cyelie L) 0.9 558080 B 6,5 510 W 2,80

(1) & < dy" ot o load of 3500 1o,

(2) %y « stiffness modulus In Linear ragion,

(N f“u o maximum positive load, last complete cycle
(4) uu” 40 'u.t

(%) Vu « wltimate streagth computed using ACT M9

(6) vc' « cracking strength computed using ACL 149,

N 'u)c. o caleulated stiffness, taciudes flesural and shear deformat ions,
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with a damping factor of 0.039. Obviously, the linear system response
only approximates the actual system response.

2. Recognizing that it is only an approximation, the equivalent viscous
damping ratio ¢ = 1/2(X/¥)max.* Thus, for the specimen and test
data shown in Fig. 16, ¢, = 1/(2x12.9) = 0.039.

3. Again, considering the system to be approximated by a linear system,
the equivalent stiffness (Ke) can be computed from the measured
resonant frequency (f ) and the system mass (M), Hence, for this
system anu this test, and taking the mass, M, to be the mass of the
steel plates plus the upper concrete flange we have

Ke = (20f )
« (21 x 86)2(300 + 40)/386
= 0.257 x 10° 1b/4n. :

Because each specimen was tested at several acceleration levels, it is
possible to superimpose the transmissibility diagrams plotted for each test,
and, by comparison, to determine how both equivalent stiffness (Kg) and equiv-
alent viscous damping (re) are affected by response acceleration level,

This has been done for five tests ~n specimen No. 12, in Fig. 1/, and the re-
sults are tabulated in Table V. It is obvious that for this specimen, both
the equivalent sti‘fhess(l( ) and the oquinlont viscous damping ratio (c.)
decrease as the response accoloration (X), or load level, increases. The final
test, No. 5, in which the load level was reduced to approximately the same as
fn test No. 2, indicates that the structural changes are irreversible.

The data from tests on four specimens (Nos., 10-13) were reduced as des-
cribed in the preceding paragraphs, and the results are given in Figs. 17-20
and Table V. The data taken from the tests on specimen No. 10, which are pre-
sented in Fig. 20 and Table V, require some additional comments.

1.  This specimen had a notably higher initial resonant frequency and,

therefore, a larger initial equivalent stiffness.

*Tn TTnear theory, this response ratio (X/Y)gax, 15 the steady state value.
With concrete structures, a steady state is not realized, especially at high
load levels, because the stiffness of the element is constantly degrad!ug with
load cycling, even 1f the load level is held constant. See Fig, )

23
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Fig. 16. Typical transmissibility diagram.

2. At a response acceleration level of 5.44 g's (test No. 3), the speci-
men underwent an abrupt change; note the "break” in the curve for
test No. 3 on Fig., 20, At this point, visible hairline cracks
appeared at the junction between the lower end of the web (the wall)
and the bottom flange (the foundation).

3. After test No. 3, the specimen was tested at a response acceleration
level of 5.38 g's (test No. 4) and the response was similar to that
found for specimens 11-13, that is, f', = 72 Mz,

4. Specimen No. 10 failed during test No. 5 (curve No. 5 on Fig. 20).
In Fig. 21 the response acceleration (X)-time diagram is plotted for
two frequencies. Figure 21a shows the shape of X at 36 Hz, just
before failure (the peak on curve No. 5 on Fig, 20). Figure 21b
shows the shape of X at 49 Wz, just after failure. The sharp
acceleration spikes after failure are characteristic of impacting
surfaces.

As expected, the effective stiffness (K.). of these four walls decreases

with increase in response level; however, some of the other results are some-

what surprising.

24
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Even at the lowest load level, the equivalent stiffness (Kg) com-
puted from the measured resonant frequency is consistently and con-
siderably less than the values of stiffness determined by the quasi-
static tests. There may be several reasons for this difference, but
the authors are currently pursuing the possibility that the )ow
stiffness and low ultimate strength found 'n the vibration tests are
associated with large degradation of stiffness and strength caused by
load cycling. It must be remembered that, although the load level is
very low during the first vibration test on each specimen, the load
reversals that occur before the first resonance is reached number in
the thousands. Before the specimen tails, the load reversals number
in the hundreds of thousands.

During the quasistatic load-cycling tests, the area inside each hy-
steresis loop (and, consequently, the energy dissipated during each
load cycle) was found to increase with both load level and number of
load cycles (Fig. 12). Therefore, 1t was anticipated that during
vibration tests, the equivalent damping would increase as the load
level increased. This was indeed the case with specimens 10 and 13,
as can be seen in Figs. 18 and 20 and Table V; however, specimens 1)
and 12 showed that as the load level increased, the equivalent
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TABLE V
RESULTS OF SINE-SWEEP TESTS

Response 7
Acceleration Shear force - F Resonant Equivalent Equivalent Viscous
Specimen  Test Level - X F =M= 340 Xg Frequency-fR Stlffness-cgs Damping.e
NO. No. (g's) (1o) (H2) (Ip/in.x100 (%)
12 1 1.19 404 86 0.26 2.3
2 2.41 319 72 0.18 3.2
3 3.55 1207 56 0.1 2.6
L) 4.59 1560 53 0.10 2.5
5 2,33 792 50 0.09 2.4
13 | 1.21 an 75 0.20 3.4
2 2.14 728 66 0.15 3.4
3 3.37 1146 59 0.12 3.9
4 4.21 1431 43 0.08 5.6
5 5.55 1887 a2 0.06 4.3
1" 1 0.97 330 67 0.15 6.4
2 1.93 655 56 0.11 4.0
3 3.03 1029 50 0.J9 3.5
R 4.20 1426 a2 0.06 &
5 4.13 1471 -- .- -
10 | 0.94 320 132 0.61 3.8
2 1.57 534 125 0.54 6.5
3 5.44 1850 -- - -
1 5.38 1829 12 0.18 8.5
5 9.90 3366 - -- --

damping decreased (Figs. 17 and 19 and Table V). It may be that the
energy dissipation mechanisms are very dependent on how concrete
cracking and reinforcement failure progresses, and that these
phenomena may differ from test to test, even with supposedly iden-
tical specimens.

Taking all of these sine-sweep experimental results into account, the
authors now have serious doubts that it will be possible to work from the re-
sults of classical vibration tests to the prediction of earthquake response.
Certainly, structural response to an earthquake involves velocity-dependent
effects and, accordingly dynamic testing is required. However, structural
response to an earthquake involves only a limited number of load cycles whereas
many load cycles are involved in classical sinusoidal vibration testing. With
concrete, difference in loading history before failure appears to be extremely
important.

28



V. SIMULATED SEISMIC TESTS

In the final series of tests, both one- and two-story Phase I structures
were subjected to simulated seismic base excitation. Figure 22 is a photo-
graph of a two-story structure, surrounded by the torsional and transverse
motion-restraining frame, mounted on the shake table ceady for testing.
Figure 23 is a phntograph of the same structure, with the frame part -tly
removed, after the simulated seismic test. Figure 24 shows th: w’,. = .is-
tribution and location of principal accelerometers used during these tests.
Accelerations were measured at various other locations and in various direc-
tions during the course of these tests, but results are presented in terms of
input and response acceleration in the in-plane direction (Y and X). Relative
displacements between the first- and second-story flanges and the surrounding
frame (U] and Uz) were made using variable resistance and eddy-current
type displacement gauges. These quantities, U] and UZ' represent motion
of the structure relative to the base, plus or minus motion of the frame
relative to the base. Measurements of frame acceleration and analysis show
that at the frequencies of interest, the motion of the frame relative to the
base '3 small compared with relative motion of the structure.
The basic accelerogram used in these tests was one that had previously
been constructed so as to envelop the NRC Horizontal Design Response
Spectrum. This accelerogram, called EE1, and its linear response spectrum are
shown in Fig. 25. This real-time earthquake signal was then frequency (or
time) scaled to produce four accelerograms with the appropriate frequency
content for the small structure being tested.
Time scales (Nt) used were the following:
1. Nt = 4,96; this signal, designated as EE1 x 5, is identical in
shape to the real-time signal, Fig. 25a, but with a duration of
2.42 s, that is, 12/4.96. The frequency spectra (response, Fourier,
etc.) is up shifteu (to the right in Fig. 25b) by a factor of 4.96.

Nt = 10.0; this is designated as EE1 x 10 with a duration of 1.20 s,
and having a frequency content up shifted by a factor of 10.

29
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. W Nt = 19.85; this is designated as EEl x 20 with a duration of
0.61 s. and having a frequency content up shifted by a factor of
19.85.

4. “t = 53.0 “his is designated as EE1l x 50 with a duration of 0.23 s,
and having a frequency content up shifted by a factor of 53.

A typical test sequence is outlined below.

1. A structure is mounted on the shaker. Accelerometers and displace-
ment gauges are mounted and calibrated. A1l calibration data is
recorded on tape.

2. The desired test signal (EE1 x 5, EE1 x 10, EE1 x 20, or EE1 x 50)
and the peak input acceleration (ka. Fig. 25a) are selected.

3. The shaker is driven with a wide-band, low-amplitude signal selected
to excite all major resonances in the test structure and the shaker
system. This test is referred to as the system self test and is
necessary because the shaker control system must compute an appropri-
ate transfer function before it can successfully execute the desired
command signal (EE1 x 5, etc.). Data are tape recorded from all
*vansducers (accelerometers and displacement gauges) during this sys-
tem self test.

4. The shaker is driven to produce the desired accelerogram
(EE1 x 5, etc.). Data are tape recorded.

5. After visual inspection of the structure and preliminary analysis of
the data, the structure may be removed, or if there is no apparent
damage, the structure may be retested using any of the four accelero-
grams at any desired amplitude level. A damaged structure may also be
retested after damage is noted in order to investigate the effect of
a seismic event on a previously damaged structure.

A1l simulated seismic tests were performed on the *+ 20,000-pound-force electro-
dynamic shaker located at K-site at Los Alamos National Laboratory.

Data reduction consisted of a number of steps outlined below. Immediately
following each test, the accelerometer data [response acceleration (X} and
X,), and input acceleration (Y)] were analyzed using a Gen Rad Model 2507,
Structural Analysis System. Transfer functions were used to determine resonant
frequencies. Figure 26 is a reproduction of the transfer-function plots from
the first system self test conducted on the two-story structure (No. 2-2).
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From these data we conclude that the first and second modal frequencies for
this specimen in the "new" condition are approximately 55 and 200 Hz.

Figure 27 is a reproducticn of the transfer-function plots from a test in
which this same two-story structure (No. 2-2) was subjected to the simulated
earthquake EE1 x 50 with a peak acceleration level (ka) of 0.46 9's. Note
that when subjected to this particular earthquake, the first mode frequency is
slightly lower than was indicated from th~ lower-level broad-band test in the
new condition; however, the second mode frequency is essentially unchanged.
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Inspection of this model following the test described above failed to
reveal any visible cracks. By repeating the system self test, it was
determined that the first mode frequency, as determined by a low-level,
broad-band test, had been slightly reduced from 55 to 52 Hz; however, the
second mode freguency remained unchanged.

This mode]l was retested several times by subjecting it to simulated earth-
quake signa's having progressively higher peak-acceleration levels. Figure 28
shows the transfer-function plots from a test in which this model was subjected
to the EE] x 50 earthquake with a peak acceleration level of 1.97 g's. At this
input acceleration level, the apparent first mode frequency is reduced to
32.5 Hz, and there is no predominent second mode frequency. Following this
test, inspection failed to reveal any visible cracks. However, when the low
level, broad-band system self test was repeated, the modal frequencies were
found to be significantly reduced; the first mode frequency from an original
value of 55 Hz to a value of 32.5 Hz, and the second mode frequency from an
original value of 200 Hz to a value of 140 Hz. Clearly, this structure has
undergone a decrease in equivalent stiffness and the change is permanent., Fig-
ure 29 shows the transfer-function plots from the final test on this structure
in which the peak-acceleration level was raised to 16.9 g's. Note that the
structure responds with a large number of modes; it is indeed a many degree-of-
freedom system. Figure 30 is a photograph of this model following this test;
the cracks shown pass through the wall.
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Fig. 28. Transfer function, EE1 x 50, 'v'pK = 1.97 g's, Model No. 2-2.
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Fig. 29. Transfer function, EE1 x 50, VPK = 16.9 g's, Model No. 2-2.

The data analysis, which was discussed above, and which used model No.
2-2 as an example, was performed immediately after each test on a given model.
Additional data analysis was accomplished "off line" by playing all recorded
data from the tape into a Norland 3001 analysis system. This made available
the displacement and acceleration time records at each measurement point and,
from these, peak displacements and accelerations were measured, and displacement
and acceleration amplification factors computed. Figures 31-33 are examples
of time plots from the data taken during a single test on model No. 23, a
single-story structure. Values of response displacement and acceleration can
be compared with values predicted by the usual linear response spbectrum and
appropriate nonlinear method.

The data taken from the tests of model Nos. 21 and 23 are listed in
Tables VI and VII. These data indicate that, with sufficiently low input ac-
celeration levels, the walls behave as linear, elastic structures over a wide
range of frequency ratios. For example, consider model No. 23 subjected to
the simulated earthquakes EE1 x 5 with 'v"er = 0.34 g's, EE1 x 10 with 'v'pk =
0.69 g's, and EE1 x 50 with fpk = 0.46 g's. Inspecting these data points in
Table VII, we find that the effective resonance (fe) during these tests was
essentially the same as the value measured in a Tow-level test (f,).

This indicates that the system did not soften (hence, a linear system) and
that the resonant frequency measured after the test (fp) was essentially
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unchanged (hence, an elastic system). However, with higher input accelera-
tions, the system becomes nonlinear and inelastic. For example, in Table VII
for test EE1 x 20 with Vpk = 2.7 g's, we see that f, > fo and f < f,. Data
from tests on model No. 21 lead to these same observations.

We also note that when the structure responds in a linear manner (as
indicated by the fact that fe=f]). the measured value of peak relative
displacement (u) is less than the linear displacement limit (4) determined
by the quasistatic tests (Table IV). When the response is nonlinear (as
indicated by the fact that fe < fl)' the measured value of peak relative
displacement (u) is greater than the linear displacement limit (4). As an
example, consider model No. 21 subjected to EEl x50 with VPK =6.02 g's (last
cutry in Table VI). In this case u = 15.1 x 10°3 inches, which is
approximately four times the quasistatically determined linear limit (&) of
3t 4x107° in.

In the elastic response region, the effective stiffnecses computed from
the measured apparent resonant frequencies (Ke. of f in Tables VI and VII)
for tests in which fe=f]. are less than the values of stiffness modulus
determined from the quasistatic test data (K] in Table IV). However, the
values of Ke, eff in the linear region are larger than the values of equiva-
lent stiffness (Ke) determined from the low-1oad-level, sine-sweep tests
(Table V).*

The standard linear response spectrum diagram for any given ¢arthquake
can be nondimensionalized by plotting the appropriate response ratio, for
example, YPK/VPK vs the ratio of the structure's natural frequency OA]) to
the characteristic earthquake frequency (). Figure 34 is the nondimen-
sionalized linear response spectrum, for the earthquake signal used in this
study. In constructing this spectrum, 9, the earthquake characteristic fre-
quency, was taken as 27 x 1.9 = 11.94 rad/s. This is the peaking frequency
for the power spectral density plot of this earthquake signal. However, the
choice of 6 is arbitrary, provided that the value selected is used only for
the construction of nondimensionalized response spectrum of that particular
accelerogram or frequency-scaled versions thereof. The measured responc - -atios

*Specimen 10 is an exception; see the discussion '‘n Sec. IV of this report for
an explanation.
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TABLE VII
MODEL 23 - SIMULATED SEISMIC TEST RESULTS

K eff (In/in.:las)c

a Acceleration Relative /eb
Test Peak Input ége_gi_a_en _Resonant Frequenc Response Displacement uy Ky,eff Ke,eff
Designation Acceleration Pretest  During Tes ost ;esi Ratio Max inum
VN(Q'S) f1(Hz) fa(Hz) fol(Hz) ip‘/‘fpx u(in.llO'J) mfy o

EEl x § 0.34 15 115 s 1.51 1.2 12.2 0.40 0.46
EE1 x 10 0.69 115 115 115 1.37 1.4 0.05 V.40 0.46
EET x 10 1.21 108 12 112 1.27 1.5 5.08 0.41 0.44
EEl x 10 3.46 108 110 112 1.26 3.9 5.68 0.4] u.42
EE} x 20 0.95 112 108 12 1.62 2.6 2.37 0.44 U.41
EEl x 20 1.88 1z 106 108 1.84 5.3 2.97 U.44 u.39
EE1 x 20 2.70 115 99 112 1.85 6.5 3.05 0.40 J.34
EET x 20 4.10 12 93 102 1.60 6.7 2.97 0.44 0.30
EE1 x 50 0.46 115 115 115 2.26 1.7 I.14 U.46 0.46
EEY x 50 0.54 115 115 108 1.92 1.7 1.14 0.46 0.40
EE1 x 50 0.94 112 108 108 1.64 2.6 ()] 0.44 0.41
EET x 50 2.34 108 107 115 .89 43 1.07 0.41 0.40
EE] x 50 4.7 102 96 110 1.46 8.1 1.10 0.36 0.32
EEl x 50 10.70 110 73 105 1.17 34 1.09 0.42 0.19
EE1 x 50 13.80 105 58 100 0.86 4.7 1.04 0.38 0.12
EEV x 50 20.80 100 58 90 0.64 6.2 0.99 0.35 0.12

a
f) is determined by the low-level, broad-band system self test that precedes each stm}ated eeisﬂc test; fo is the effective resonant
frequency during the test taken as the frequency at which the transfer function (FFT X/FFT Y) is maximum. fp is determined from the
system self test following each simulated seismic test.

bFo:;r' a given test signal, & is the value of the arbitrarily selected characteristic freguency of the original earthquake (2» x 1.9
= 11.94 radians/s) times the factor by which the original signal has been frequency scaled, Ng. Hence, for the EE) x 5 test, & = 11.94
x 4.96 = 59.2 rad/s as the EEL x 5 test signal has been frequency scaled by & factor of 4.96.

“Ine effective stiffness (Keff) is computed as K, off = (20f1)2M = (2¢£1)2 x (300440)/386 and Ko, eff = (2¢fg)2 x
(300 + 40)/386.
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~htained from the tests on model Nos. 21 and 23 are plotted on Figs. 35 and 36.

From these plots we observe that if a linear response spectrum were used to
predict the response of these structures, an equivalent viscous damping ratio
(¢) of at least 12.5% would be appropriate. In addition, we observe that
when these structures have been loaded well into the nonlinear, inelastic
region, the response is reduced to values even lower than predicted using this
relatively large amount of damping, Consider the following examples: for model
No. 21, tests EE1 x 50 with 0.63 < VY5, < 6.02 9's plotted at w;/2 = 1 on Fig.
35, and for model No. 23, tests EE1 x 50 with 0.46 < Y, < 20.8 q's plotted at
m]/ﬁ = 1 on Fig. 36. Nonlinear response thecry predicts this result. Fiqure
37 depicts toe expected trend. Note that for a given structure with an initial
resonant frequency (m]) and subjected to a given earthquake (characterized by
8), the value of m1/@ is fixed. In this case there is a certain threshold for
input amplitude (\,K) below which response is linear. Beyond this threshold,
as VPK is increased, the response ratio (XPK/VPK) decreases. The exact shape
of the nonlinear response spectra curves depends upon several system parameters,
the most obvious of which is the curvature of the structure's force vs defor-
mation relationship.

The data from the tests conducted on the two-story structure, model No.
2-2, are tabulated and plotted in essentially the same manner as has been de-
scribed in the preceding paragraphs. Table VIII gives some of the data taken
during tests conducted on model No. 2-2. The data taken from tests in the
structure's linear, elastic range are plotted on a linear design response spec-
trum with a damping ratio of 12.5% in Fig. 38. Even in the linear elastic
range this two-story structure responds as if the equivalent damping is more
than 12.5%. Nonlinear re.ponse further decreases the second-floor response
ratio (XZ/VPK). See the data point marked "X,-Final" on Fig. 38. Nonlinear
analysis of the data from these tests is continuing.

VII. DISCUSSION OF RESULTS

We believe that the quasistatic tests, conducted on structures identical
to the structures used in the dynamic tests, were very worthwhile. The values
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TABLE VIII
MODEL 2-2 - SIMULATED SEISMIC TEST RESULTS

Test
Test Region Designation VK Structure Resonant Frequency Response Ratio
. (2) (2) (2) ) , (@ , @) : ~ = (1)
(g's) i i fer Tew "ot "o P Yo' ot ¥
(Hz) (Hz) (Hz) (Hz)} (Hz) (Hz)
A, Linear EET x 5 0.37 55 195 35 - 55 194 1.08 1.45 12.0
Elastic
EEl x 10 0.66 5% 194 53 195 53 198 1.40 243 5.95
EEY x 20 0.55 53 198 53 195 55 198 1.19 1.71 3.00
EEY x 50 0.46 55 198 53 198 52 194 1.19 2.28 1.12
8, Nenlinear EE) x S0 1.97 35 145 k 7.4 155 3% 138 1.36 1.80 1.12
EEY x 50 4.26 30 112 27 16 30 1.69 1.25 1.12
EEY x 50 7.62 30 ni 27 119 29 99 1.31 1.18 1.12
EEl x 50 16.90 29 99 - - - = 1.04 0.57 |

(1) «j) is the initial resonant frequency for the first-story wall and attached mass. It is taken as 2¢ x 113 = 710
radians/s which is the average value measured for the two single-story models, that is, w) of model 21 was
(2¢ x 115) rad/s and w) of model 23 was (2¢ x 111) rad/s.

(2) fy, fe, and fy have same meaning as given to Tables vl and vil. The second subscripts, L and u (f)  and
fi,ufore le) designate the first (or lower) and second (or upper) modal frequencies respectively.
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of stiffness, apparent linear 1imit, and ultimate strength for this particular
structure that were obtained from these quasistatic tests, appear to be essen-
tial base line data points. Although the quasistatic load-cycling tests did
not duplicate the actual load-cycling history that results from seismic re-
sponse, the tests gave valuable information about the hysteretic energy loss
and how the amount of that loss is affected by load level (Table III). This
appears to be essential information for the construction of a good theoretical
model of this structure. For these reasons, we plan to conduct quasistatic
load (monotonic and cyclic) tests on the box-shapea structures that will be
tested in the second phase of this program.

Classical methods of harmonic vibration testing (sine sweep and resonance
search) are not recommended for evaluation of reinforced-concrete structures
if the results are to be used in predicting the structure's response to seismic
excitation. That is because even at low load levels, tests that subject the
structure to many more cycles than it will experience in seismic response yield
results that may be predominately dependent upon the stiffness degradation
caused by load cycling. As the load level in such tests increases, the value
of experimental results is even more questionable since most of the theories
used to interprei the results are based on the assumption that the response is
steady state; with a nonlinear, hysteretic structure, there is no steady-state
response.

For these reasons, no further harmonic motion tests will be conducted as
part of this project; however, as a separate research effort it might be worth-
while to investigate the effect of long-term, low-level vibration (such as
might be produced by operating equipment) on the stiffness degradation of re-
inforced-concrete structures.

Unlike the harmonic motion tests, the simulated seismic tests were found
to be very informative. These iests subject the structure to a load history
involving a limited number of nonsymmetrical load cycles. Results of the tests
can best be understood and utilized in a seismic design by measuring, as di-
rectly as possible, input and response parameters that can be plotted on ap-
propriate response spectra. With low loads, where the structure response is
essentially linear, the measured response parameter can be plotted on the usual
linear response spectrum. Response spectra can be computed for various amounts
and types of assumed damping, and the actual effective damping can be estab-
lished by comparing the plotted, measured response with these curves.
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During a series of simulated seismic tests, it is possible to determine,
with considerable resolution, the level of input acceleration required to pro-
duce nonlinear response and the relative degree of nonlinearity associated
with a given input acceleration level. This appears to be most readily accom-
plished by monitoring shifts in the effective resonant frequency that occur
when the input acceleration is increased. Effective resonant frequency appears
to be most readily measured by analysis of the data in the frequency domain,
and this analysis is readily accomplished using modern analysis equipment.

When nonlinear response is indicated, the experimental data can probably
be best understood and utilized for a seismic design by plotting it on an ap-
propriate nonlinear response spectrum. How to construct the best nonlinear
response spectrum for reinforced-concrete structures using fundamental and
readily measured properties has not been settled. As part of this research,
we have proposed a nonlinear response spectrum constructed on the assumption
that reinforced-concrete structures behave as softening, hysteretic systems.
This assumption is supported by quasistatic load tests carried out as a part
of this research (Fig. 12, for example) and by tests conducted by others.2’3
The results of the simulated seismic tests that were carried into the nonlinear
region support the results predicted by the proposed nonlinear spectrum. Spe-
cifically, beyond the linear response 1imit the acceleration response ratio
(YPK/VPK) decreases with increasing input acceleration level at a rate
that cannot be adequately explained by increasing equivalent damping. Conse-
quently, more analysis and many more tests should be performed to determine
how best to construct a nonlinear response spectrum for reinforced-concrete
structures. Questions that should be answered include the following:

1. What is the simplest method that might be used to adequately charac-
terize a structure's nonlinear, softening, hysteretic load-deflection
diagram? Computation from basic properties of materials (concrete
and reinforcement) and geometry would be ideal, and simple (perhaps
quasistatic) tests on scale models would be suitable; however, any
method will have to be verified.

2. Once a structure's load-deflection diagram is established, how should
it be mathematically modeled for the construction of the nonlinear
response spectrum? The authors have used a simple bilinear, hys-
teretic model. Modifications or improvements might include better
(than bilinear) nonlinear representation, more realistically shaped
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hysteretic loops, stiffness degradation with load cycling at a fixed
Toad level, inelastic action (that is, increasing permanent deforma-
tion at zero load after each load cycle). However, the results

of some analyses indicate that complicated modeling may not be required
provided the energy loss per cycle is adequately represented.

3. Can the characteristic frequency of an earthquake (referred to as ©
in this report) be defined so that a single nondimensionalized re-
sponse spectrum, which applies to several earthquakes, can be con-
structed? The use of the response spectrum method does not depend
upon an affirmative answer to this question as a nonlinear response
spectrum can be constructed for each earthquake record of interest
(as is the current practice in the use of linear spectra.

Although the matter of the transition from linear to nonlinear response
has been mentioned in the preceding paragraphs, this subject may warrant addi-
tional comment. A1l of the structures subjected to simulated seismic tests
were subjected to a series of accelerograms of increasing peak acceleration,
after each of which the structure was visually inspected for signs of damage.
With all three structures, it was determined that a noticeable change in ef-
fective stiffness (Ke. eff? Tables VI and VIII) had occurred before any vis-
ible cracking occurred. For example, the effective stiffness (Ke eff) of
model No: 21 had been reduced from 0.43 x 10° to 0.30 x 10° 1bs/in., a re-
duction in stiffness of 30%, without any visible cracking. With model No. 23,
the effective stiffness had been reduced by 34% (from 0.46 x 10° to 0.30 x
106 Ibs/in.) before cracking was visible. These results indicate that visual
inspection of reinforced-concrete structures may not be adequate to determine
whether or not a structure has been loaded into its nonlinear response region
by a past earthquake.

VII. CONCLUSIONS

Although the primary purpose of the Phase-I tests discussed in this report
was the preparation for tests on more complicated structures, the results lead
to several conclusions that are of immediate interest.

1. The linear region lateral stiffness of these shear walls, as deter-

mined by quasistatic tests, was significantly smaller than the value
computed using elementary mechanics principles. Computed values of
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stiffness ranged from 2.33 x 10% to 3.03 x 10% 1bs/in. (Table 1v).

It is certainly true that, because there is no truly linear region in
the load-deformation diagram, the measured value of stiffness is de-
pendent upon what value of load (or deformation) is selected as the
linear 1imit and how the slope of that region is determined. However,
the only possible way to increase these measured values of stiffness
by a factor of almost 3, which would be necessary to coincide with

the calculated values, would be to define the stiffness as the near
zero load slope. This certainly is not desirable as the computed
stiffness is used to predict response over a reasonably large linear
loading range. The effective linear range stiffness values determined
by simulated seismic tests were even smaller than those determined by
the quasistatic tests (0.43 x 106 1bs/in. for specimen No. 21 and
0.46 x 10° 1bs/in. for specimen No. 23, Tables VI and VII).

The discrepancy between computed and measured stiffness has also been
noted by Japanese and French 1nvestigators.6'7 The Japanese, who
used square box-shaped test structures in their testing program, at-
tributed the lower observed stiffnesses to shear 1ag in the compres-
sion and tension walls and/or to effects of microcracking in the con-
crete shear walls. Berause shear lag is not a consideration in single
shear walls. we conclude that nonvisible microcracks in the virgin
specimens may have significant effects upon the stiffness. Further,
it is possible that these cracks grow and render the stiffness further
reduced even when only a few Tow-level load cycles are applied. These
findings certainly cause considerable concern about our ability to
predict a reinforced-concrete structure's modal frequencies using
efther computed or measured (from static tests) values of stiffness.
The cracking strengths (V.p) of these shear walls computed using

the methods given in The American Concrete Institute (ACI)-349 ranged
between 3650 and 3770 1bs (Table IV). These values are in reasonable
agreement with the observation that, in the quasistatic tests, ap-
preciable nonlinear behavior began at about 3500 1bs.

The ultimate strengths (Vu) of these shear walls computed using the
methods specified in ACI-349 ranged between 4870 and 5630 1bs. These
values proved to be somewhat conservative as compared with the values
of maximum load (FULT) measured during the quasistic tests (Table IV).



4. The quasistatic cyclic-load tests clearly indicated the significant
increase in hysteretic energy loss with increasing load level. Con-
verting these measured values of energy loss into values for equiva-
Tent viscous damping coefficients (z) demonstrates that then these
specimens are cycled at high load loads we can expect very large
equivalent damping (up to 20%) from this hysteretic effect (Table
II1). This finding was confirmed by the simulated seismic tests,
in which the Tinear region response was identified and predicted by
assigning the equivalent damping ratio of 12.5%, and the nonlinear
region response was characterized by even larger equivalent damping
(Figs. 35, 36, and 38).
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