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ANALYSIS AND TESTS ON SMALL-SCALE SHEAR WALLS
FY-82 FINAL REPORT

by

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

ABSTRACT

The Phase-I experimental program was completed during
FY 1982. This report sunnarizes the results of (1) quasi-
static (monotonic and load-cycling) tests, (2) sinusoidal
vibration tests, and (3) simulated earthquake tests conducted
on small-scale, reinforced-concrete shear walls, Model con-
struction, test methods, instrumentation, and experimental
results are presented in this report. Experimental results
are interpreted to investigate the effects of high-load levels
(which produce cracking and failure of the walls) on stiff-
ness, damping, and on deformation and acceleration transmis-
sibility. The nonlinear analysis method that has been devel-
oped as part of this program has been used to aid in the
interpretation of these experimental results.

I. INTRODUCTION

The purpose of the Structural Margins-to-Failure Program is to obtain
information needed to make more reliable assessments of the margins to failure
of seismic Category-I nuclear power plant structures.

The program described in this report is sponsored by the Mechanical /
Structural Engineering Branch, Division of Engineering Technology of the
Nuclear Regulatory Commission (NRC). This project is part of a larger NRC
program designed to increase confidence in the assessment of Category-I
nuclear power plant structural behavior beyond the design limit.

The structures of interest are those that are essential to the function of
the safety class systems and components, or that house, support, or protect

|
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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-I 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
plant operating experience increases, load definitions are changed or addi-
tional loadings may be prescribed; if the redefined loads were applied to the
structure, the behavior r,ay then be nonlinear. The amount of reserve strength
between the structure's original design limit 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 limit, primarily through experimental testing.

A detailed program plan for an investigation of the " Margins .to Failure of
Category-I 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,
were conducted on small, one- and two-story, reinforced, microconcrete shear
wall structures that could be statically and dynamically tested to failure.

In this discussion of the Phase-I structures (small, reinforced, micro-
concrete shear walls), it is important to emphasize the purpose of these
Phase-I experiments. These structures are not intended to serve.as scale
models of any larger structures. Hence, we do not intend to predict failure
loads, crack patterns, etc., for any particular prototype structures from the
results obtained from these tests. Rather, these Phase-I structures were de-
signed to exhibit prototypical behavior on a macroscopic scale; that is, they
were designed to exhibit under cyclic loading, the nonlinear, softening, hys-
teretic, stiffness-degradation characteristics that have been observed in pro-
totypical shear wa11s.2,3 The purpose of these tests was to develop an
understanding of this nonlinear behavior and to aid in planning additional
experiments .

2
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II. 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'c), 4000-7500 psi;e
,

tensile strength (f ), = 9-15% of f'c; ande
t

6
a 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.
and a 0.50-in. square mesh. The ultimate tensile strength was determined to

6be about 67 000 psi and the modulus of elasticity was about 27 x 10 p34,

/
1

0
2

h +hO w --.
2 2

t I t y

''0
~ O

h,) -hh "-*
g

3 5 .
=

t 3.25 in. t0 t = o2
1.0 in,h =

y

.0 in.h =
2 %y

7.5 in.h =

(a) One. story shear wall (b) Two-story shear wall7.5 in.h =

t, = 18.0 in ,

8.0 in.w =

Fig. 1. Model structures.

3

_ _ _ _ _



. _ - . _ _ _ _ - _ _ -

8000
Test sample for structure 2-2

7000 ' ult = 7.200 psi
' ult = 3,600 p in./in.

6E = 3.1 x 10 p3,6000 c

5 P
O 5000
* U

b I
4000 ~ i --

+>

k 2 s rain gages* "

3000 _ 2.0 in'. |
i

_..

[j 2000 .
+-e- 1.0 in.

diam
1000_ p

0

0 1000 2000 3000 4000

Strain (micro inches / inch)

Fig. 2. Typical stress-strain diagram for microconcrete test cylinders.

Stress vs strain data for the wire are shown in Fig. 4 and pertinent data are
given in Table II. Pullout tests, to investigate microconcrete/ reinforcement
bond strength, or " bonded tensile specimen" tests, to investigate cracking
similarity (between wire-reinforced microconcrete models and standard bar-
reinforced concrete prototypes), were not conducted. These subjects have been

4carefully studied by others and the techniques required to obtain good sim-
11arity between a small model and a given prototype are well known.

Property data were not taken on the No. 3 rebar used to reinforce the top
and bottom flanges of the test structures (Fig. 3) because these sections were
deliberately designed to be extra strong so that they would not affect the
test results. Property data for the threaded rods placed at the two ends of
the wall for moment reinforcement are given in Table II. Three single-story
models were constructed using twice the amount of moment reinforcement shown
in Fig. 3 (that is, two 10-32 rods at each end of the models); these three
models were tested quasistatically and the effect of the greater moment rein-
forcing is discussed in Sec. III of this report.

4



. _ . _ ._ . __-

TABLE I

NICR0 CONCRETE PROPERTIES FROM COMPRESSION TESTS ON 1.00-INCH-DIAMETER BY

2.00-INCH-LONG TEST CYLINDERS

Structure No, f'c f E Mix No.
t

(Ksi ) (Ksi) (psi)
6

1 4.34 0.65 3.0 x 10 A

2 5.89 0.64 A
6

I 3 7.35 0.69 3.6 x 10 A

4 6.86 0.67 A
6

5 6.31 0.68 3.4 x 10 A
610 7.48 0.85 3.5 x 10 A

6
11 6.27 0.66 3.4 x 10 A

612 5.74 0.72 3.0 x 10 A
613 6.85 0.72 3.4 x 10 A
6

21 7.18 0.97 3.9 x 10 A-1
623 5.32 0.62 3.1 x 10 g

62-2 7.45 0.89 3.1 x 10 A-1

Notes:
2f'c--computed as f'c(Ksi) = P/nd /4, in whi h P is the maximum load

developed in an axial compression test and d is the test cylinder diameter,

f --computed as f (Ksi) = 2P/nM, in which P is the maximum loadt t
developed in a split cylinder test, 4 is the cylinder length, and d is the
cylinder diameter; f'c and ft values are averages of 5 tests.

E--modulus of elasticity; tangent modulus taken from a stress-strain diagram
for a test cylinder. See Fig. 2 for example.

CONCRETE MIX
Mix No. w/c Water Cement Sand Remark s

(Pounds) (Pounds) (Pounds)

A 0.73 19 26 Type III 70 High early strength
cement

A-1 0.73 19 26 Type I 70 Standard cement

B 1.00 19 19 Type I 70 Low strength mix

5
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i

Notes: f 3 rebar
1. Through holes in top and bottom (0.375 diam)

flanges not shown.
," 'N

2. Group 11 (specimens No. 4 and ",
,'

No. 5) as shown in figure. ,", ,N'-
#-3. Group I (specirnen Nos.1. 2 g's'

and 3) differ as follows: 7 *+ N
two.10-32 steel rods at each 'N,
end of web and double layer (',

, y
N,

-
of mesh at the web / flange '

.

,- ;

(| ' ,,' s gjoints. |Spacing

f 10 32 THDs

s',,, A
,

h Q ,'' steel rod
(0.190 diam)'

.s

'''/ 4 ,(' L . ~',|~ ,

''s~ A!
% y'- )

,
,

1/2 x 1/2 mesh N, '-

Galvan 1 red hait screen 'N I '',
welded joint

(0.07.2 diam wire)

Fig. 3. Reinforcement details.

TABLE II
REINFORCEMENT MATERIAL PROPERTIES

Material uit e lt Eu
(psi) (psi) (%) (psi)

Wire mesh 67 000 3.4 22.3 x 106
Lot 1

Wire mesh 66 500 7.7 26.9 x 106
Lot 2

10-32 threaded 90 500 4.2 26.3 x 106
steel rod used
for moment
reinforcement

Note: E-modulus of elasticity determined in a tensile test using a 2.000-in.
gauge-length extensometer.

6
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The single-story Phase-I specimens were quasistatically tested in a frame
that is shown, schematically, in Fig. 5. In these tests, the load (monotonic

or cyclic) is applied to the top flange of the shear wall by a double-acting,
20 000 lb hydraulic cylinder. The cylinder may be operated in either force
control or displacement control mode and the load vs time record may be con-
trolled manually or preprogrammed on a control tape. A rigid frame is clamped

to the upper surface of the lower flange as shown in Fig. 5. This frame sup-

ports the six, marked (1-6), direct-current, variable-transformer (DCVT) dis-
placement transducers that measure the horizontal movement of the shear wall

relative to the base of the wall. The data recorded are plotted as load vs

relative deformation diagrams.
For the sine-sweep and simulated seismic tests, the Phase-I structures

were mounted on a horizontal slip table that is driven by a 20 000 lb force
electrodynamic shaker. Figure 6 is a photograph of a one-story structure
mounted and ready for test. The table, and hence the structure base, is sub-
jected to a controlled accelerogram in the horizontal (parallel to the wall)
direction. Both transverse bending and rotation about a vertical axis are
excited by cross coupling of modes and the resultant transverse motion must be
eliminated if the wall is to be subjected to pure shear and bending resulting

sUPPoftT GUIDE

"E 91,2
30

3'4 e,h
3 25'

- S,6 ,f, ,
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4._'1|Q ',

. D- * . d, , . .
. . . . .

^ ,

Mr. .: -
I SW-p ,,

gh i
'' ~%,'I'-

/'
b TEST SPECIME**

Fig. 5. Loading frame, Phase-I tests.
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from horizontal motions. The transverse motion is eliminated by positioning
bushings that are carried by a restraining frame that surrounds the struc-
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 to monitor

the structure's response at various locations (top and bottom of wall, both
ends of wall, top of added mass, bottom of added mass) and in three orthogonal
directions (horizontal, transverse and vertical). All accelerometers were
monitored to insure that horizontal motion was the controlling factor in the
structural response. The primary data recorded during the actual tests were
horizontal base acceleration vs tirro (Y, input), and horizontal acceleration

of the masses attached to the middle and top flanges vs time (S) and E '2

response). These data are available as accelerograms and from these, absolute

'

}k
- .

, g) .
Adjustable gap bushing

e fo c rs of
M ~k.: 2@ - -l+~)I$ 4ty

*M ,,g , i

h ae 'i- L- - --wg - Transducer location
'

* * O displacement

@ accelerometer'
,

, ' ' _ . .~7 !

~~~

r
!

-p .._._
1

E ! -u -- pg-u .,_ __

'-|, i-1: _,

_ c. &_y_
$ _ . < _, . . -

.. . . __.
i 4-_.. _ _

,

- e

'
G _ d.I

'.

!r- i

.

Fig. 7. Detail of restraining frame and two-story structure.
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transmissibility diagrams (Y/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 ) w re measured during the simulated seismic2

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 (E)
was held at a fixed level; this level was raised with each successive sine-

sweep test 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
a given model structure an accelerogram, which is a frequency-scaled version

k of the chosen earthquake accelerogram, is selected. Starting with a small
peak acceleration (Y ), tests are repeated with progresssively increasingpg

values of Y . The selected earthquake accelerogram and the frequencypg

scaling involved are discussed in detail in Section V, " Simulated Seismic
Tests."

III. QUASISTATIC TESTS

The .five Phase-I test structures can be divided into two groups. Test struc-
tures Nos.1-3 were fabricated using two threaded rods at each end of the wall
and a double layer of wire mesh at the junctions of the wall with the top and
bottom flanges (note No. 3 on Fig. 3). These specimens, which will be called
Group I, have a large amount of moment reinforcement and a strengthened joint
at the upper and lower ends of the wall. Group-II specimens, Nos. 4 and 5,
are fabricated just as shown in Fig. 3 and, consequently, have less moment
reinforcement and relatively weaker joints.

The Group-I specimens were tested in the order below:
Specimen No. 1 cyclic load test, load level increased by a

500-lb increment at the end of each full cycle,
Specimen No. 2 monotonic load test, and
Specimen No. 3 cyclic-load test, multiple cycles at each load

level, Fig. 8.

11
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Disp 1acement data were recorded at six locations (points 1-6 on Fig. 5)
and were plotted vs load. These raw data were then replotted as d -d , d -d 'j 5 3 5
d -d , and d -d6 vs load. The subtraction of d from the other two displace-2 6 4 5
ment readings at the left end of the wall and of d from the other two dis-

6
placement readings at the right end of the wall eliminates lateral displacement
caused by motion of the wall relative to the lower flange. Thus, d ' = dj-d'j 5

d'=d3-d,d2 2 - d , and d'4 = d4-d6=d
6 represent wall distortion3 5

only. The displacements at the opposite ends of the wall (d ' and d ' or d 'j 3 2

and d ') are not identical. The end of the wall that is in a state of4
tension (vertically) because of the applied moment shows a larger

12 '
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horizontal displacement than the end of the wall that is in a state of
compression; this difference is shown in Fig. 9. During cyclic load-
ing, the end undergoing the larger displacement reverses during each cycle
except that at loads approaching the utlimate load, this pattern may be altered
by the effect of opening cracks. If the wall deformation were a linear func-
tion of distance from the lower flange, we would expect d ' to be related toj
d ' (and also, d ' related to d ') in a linear manner. As shown in Fig.10,3 2 4
this is approximately true; however, at large loads, cracking alters this
lineari ty.

Data from all three of the Group-I tests can be summarized by plotting
d ' vs load from all three tests on the same diagram (Fig.11). All thej
data from the monotonic load test are reproduced. During the two cyclic-load
tests the data were continuously recorded; however, for clarity, only the
enveloping curves for the increasing portion of each load cycle are shown in
Fig 11.

We can draw the following conclusions from Fig.11.
(1 ) The force-deflection diagrams for all three walls have a nearly

linear region below a load level of 3500 lbs. When the displacement

scale is expanded it is apparent that there is no truly linear
region; therefore, the 3500-lb load represents only an arbitrary
point below which the nonlinearity is small compared with that
exhibited at larger loads.

(2) In the linear region, specimen No. 3 has a slightly greater stiffness
than specimen Nos. 1 and 2. Specimen No. 3 is fabricated of higher-
strength concrete as indicated in Table I.

(3) The monotonically loaded wall has the highest ultimate strength, but
the cyclically loaded walls experience larger deformations.

(4) When the load is smaller than the linear limit, load cycling does not
produce appreciable stiffness degradation; that is, the force-
deformation loop is repeatable. For larger loads, repeated cycles
of load result in progressively increasing deformation at the same
load; this produces the steps in the load envelope curve for specimen
No. 3.

Additional insight into response to cyclic loading may be gained by study-
ing the load-deflection time records taken from the test of specimen No. 3
that was loaded as shown in Fig. 8. These complete force-defonnation (d ')j

13
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curves are shown in Fig.12. From these figures we can make the following
observations.

(1) Below the linear limit the area within the hysteresis loop is small
and load cycling causes little or no stiffness degradation.
Figure 12 shows the data from load cycles 7-10 overlaid to plot a
single hysteretic loop.

(2) As the load level increased, the area within the hysteresi, loop
increased and as the load was cycled, at that load level, the de-
formation increased (Figs.12b-12e). Integration of these hysteresis
loops yields the energy loss per cycle at each load level. Values
obtained from these integrations will be discussed in more detail
later in this section.

Specimen Nos. 4 and 5 were fabricated as shown in Fig. 3, that is, a
single-threaded rod at each end of the wall for moment reinforcement and a

single layer of wire mesh on each side of the wall that extends into the top
and bottom flanges. Hence, these two specimens, which will be referred to as
Group II, had relatively less moment reinforcement and weaker wall-to-top and
bottom flange joints. Group 11 specimens were tested as follows:

Specimen No. 4 monotonic load test, and
Specimen No. 5 cyclic-load test, repeated cycles at each load

level, see Fig.13.
The results of these two tests are sunnarized in Fig.14, where the

complete force-deformation curve is plotted for the monotonic load test and
the envelope of the load-deformation data is plotted for the cyclic load
tests. As was the case with the Group I tests, the wall loaded monotonically
had the highest ultimate strength. However, unlike the Group I tests, the
cyclically loaded Group II wall did not have significantly greater maximum
deformation at failure than the monotonically loaded wall.

As was the case with the Group I specimens, both of the Group !! specimens
had a linear region in their force-deformation diagrams with the linear limit
at approximately 3500 lbs. Below this limit load, cycling did not produce
significant stiffness degradation.

Comparison of the data presented in Fig.11 (Group I, large moment rein-
forcement) with those presented in Fig.14 (Group-II, small-moment reinforcement)

reveals the differences in these two g,oups of specimeas. The two mcnotoni-
cally loaded walls had nearly identical ultimate strengths; however, the

15
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maximum deformation was greatly reduced in the Group II wall. Under cyclic
loading, the Group II wall shows lower ultimate strength and maximum defonna-
tion than the Group I walls.

In addition to the differences between the two groups of specimens dis-
cussed in the preceding paragraph, other differences are obvious from a visual
examination of the failed specimens. In the Group I walls (large moment rein-
forcement), the failed walls show extensive shear cracks throughout the wall.
In the Group II walls (smaller moment reinforcement), visible cracks originate
as tensile cracks at either end of the wall and gradually change angle (towards
45' to the horizontal) as they propagate away from the ends of the wall. Tha

Group II walls fail by separation of the wall from its foundation, and at fail-
ure the number of shear cracks (cracks at approximately 45' to the horizontal)
is fewer than the number observed in the Group I walls.

17
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As previously mentioned, the data from the cyclic-load tests can be inte-
grated to find the area inside the hysteresis loops; this area is propor-
tional to the energy loss per cycle. The results of these integrations are
presented in Table III. It appears that the specimen with the smaller amount
of moment reinforcement has the greater amount of energy dissipation per cyle
at the higher load levels. It is impossible to rigorously relate this hys-
teretic energy loss to the more commonly used damping ratto, G, which is
defined as the ratio of the viscous damping coefficient, C, to the critical
value of C, defined as C = 2 / KM. That is,

c

c__ , c
G. ,

C 2 /KMc

where K and M are the system stiffness and mass respectively. One reason for
this is that the system stiffness is not defined for a nonlinear system. How-
ever, it may be informative to make the following approximate calculations to
relate the measured hysteretic energy losses (E) to G.

If we assume that the response motion of a linear, viscously damped system
is harmonic, the relationship between damping ratio, G, and energy loss per

5cycle , IE , i s
t

d
c. -- ,

22n w F
* E

n

in which w/w is the ratio of vibration frequency to the system's natural
n

frequency, F is the force at the maximum deformation, and K is the system's
stiffness. If we further assume that we wish to evaluate the effective damp-
ing ratio, G,, at the system's natural frequency, that is, w/w = 1, we mayn

write

G, = ,

22n F
K

18
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TABLE III

HYSTERETIC ENERGY LOSS

A. SPECIMEN NO. 3 - GROUP I, LARGE-M0 MENT REINFORCEMENT

(1 }
'e ( }Cycle No. E F K

k s
6(Fig. 8) (in.-lb/ cycle) (Ib) (Ib/in.x10 ) (%)

7 3 3000 1.09 5.8
11 10 4240 0.77 6.8
14 21 4920 0.65 9.0
19 23 4920 0.62 9.4
26 62 5920 0.31 8.7
28 68 5920 0.25 7.7

B. SPECIMEN NO. 5 - GROUP II, SMALL-MOMENT REINFORCEMENT

K, III c,Cycle No. E Fg
(Fig.13) (in. -lb/ cycle ) (Ib) (Ib/in.x10 ) (%)

6

7 2 2740 1.18 5.0
10 7 3880 0.87 6.4
13 18 4640 0.67 8.9
15 40 4960 0.42 10.9
16 126 5600 0.34 21.7
17 173 5880 0.23 18.3

(1) Ks is the secant stiffness modulus at the corresponding peak force,
that is, the slope of the straight line joining the origin and the
extreme peak of the positive hysteretic loop.

(2) c is computed as c = M x K/2nF2; see text for a discussion of thee e
numerous assumptions involved.

19
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i
-

and solve for the effective damping ratio, c , of any energy loss, LE. Wo
; g

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

3

this calculation are given in Table !!!.
;

| 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 sumary of the date, together with ultimate and first cracking ;

} loads, and initial stiffness computed using the usual design equations are pre- ;

i
1 sented in Table IV.
]
4

| !

i
TA8LE IV J

DATA SUMMARY |
i

|

1
GROUP.I, LARGC MOMENT REINFORCEMENT (SEE FIG. 3)

!

5pecinen No. and "1 I U d Y # # calc.IIIO
ULT p u C4

L M 8 C0"dit h lia 10* ) Qb/,1,n.yl0h (ULTItd,(In.3,0*31 __ (Ibj, (10), (Ib/in a 10 g611
--

i
j No. 2. Hinotonic 4.5 0.11 6640 32 1.2 5320 3650 2.11

j No. 1. Cyclic 4.5 0.13 6410 44 9.8 4110 3110 2.33

f No. 3, Cyclic 3.2 1.0 6440 33 11.9 5630 3160 3.03 |
: L

! i
j GROUP-il, SMALL.M0 MENT RtlNFORCEMENT (5tt FIG. 3) {
i r

ulf "UL T '3 Y " calc.specimen m. anj . 'l fA
CR

| LatcAaft.ia th e 3 3 R$1 h e 3 'l LM uaald w LM LM (la/ta. tJS)
,

i W . 4 M>notonic 3.3 1.06 6660 22 6.8 5510 3650 2.92

N1. 5, Cyclic 4.0 0.91 5830 26 6.5 5H0 3/10 2.00
#

(I[a.d'ataloadif3500lb. py

j (2) Eg . Stiffnett mojalus in linear reg hn.
i

; (3) Futt maalen positive 1o41, last complete cycle .
| (4) 0 e o ' at F i00 g ggy .

(5) V, . ultteate strength computed usin1 ACI 34). [

{ (6) VCR . crackin1 Strength computed usin1 ACl 341.
i

.,

III " calc. . calculated stif fnett, incluiet flesural and the4r deformttions. f

20 |
|

t

_ _ _ _ _ _ _ _ . _ . . . _ _ _ . _ _ . _ . _ _



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ -

Perhaps the most important observations are the following: (1) these small
speci, mens behave very much as do larger specimens that have been tested by
others,2,3 (2) the measured stiffness (K) was found to be considerably less

than the calculated values, and (3) the measured ultimate strengths (Fult)
were found to be slightly larger than the calculated values (V )'

u

I V. SINE-5 WEEP VIBRATION TESTS

All four one-story Phase-I structures subjected to sine-sweep vibration
tests were Group II (low moment reinforcement, see Fig. 3) specimens. This

choice was made because this lesser amount of moment reinforcement was more
typical of the walls of interest in this research.

As mentioned in Section II of this report, these sine-sweep vibration tests
were conducted by selecting the desired peak response acceleration level (Y )
and holding the level constant (using a servocontrol) while the frequency (pka)
was swept through the apparent resonant frequency of the system. The value
selectedforV was increased af ter each sweep tost and the frequency sweeppk
repeated untti failure occurred. Tests were conducted in this manner (that is,
peak-response acceleration, Y ' held constant) in an attempt to determine

pk
the apparent resonant frequency of the system at a specified constant value of
peak shear force (which is proportional to peak response acceleration).*

During these tests the principal data recorded were:
1. the input horizontal acceleration (Y) as measured by an accelerometer

mounted on the base plate to which the structure is attached, and
2. the response horizontal acceleration (V) as measured by an accelero-

meter mounted on the steel mass that was attached to the top of the
test structure.

These data (along with a considerable amount of additional data from
accelerometers at other locations) were recorded on tspe. The principal

With linear systems it is customary to do sine-sweep vibration tests in which

the peak response acceleration, Y ,n. Y is held constant.the peak _ input, or base, acceleratio pk In this case_

pk and spring distortion, 2 va with
f requency; however, for a linear system, the response ratio, 3pk/ k, andX

the frequency at which the response ratio is maximized is assumed o be inde-
pendent of the magnitude of Y
sidered in the present tests,pk or Z. For the nonlinear system being con-

we wish to know how response-acceleration level
affects both response ratto and resonant frequency.

21



___ __-_ - _ -

technique of data reduction was the transformation of acceleration-time data
into the frequency domain, and the computation of acceleration transmissibility

(TA= / ), using a Nicolet Model 660 Oual Channel Spectrum Analyzer. Figure
,

15 shows a typical plot of input and response acceleration (Y and X) in the
frequency domain. The upper trace in Fig.15 is a plot of the horizontal ac-
celeration of the steel mass supported by the shear wall, that is, Y, the re-
sponse acceleration. Notice that this acceleration remains essentially constant
over the frequency range of the test, a condition accomplished by servocontrol-
ling the shaker to maintain this acceleration constant. As previously stated,
the purpose of this type of test was to hold the response acceleration, and,
hence, the shear force (F) in the wall, at a constant peak level while the fre-
quency was varied. The lower trace in Fig.15 is a plot of the base accelera-
tion (V) vs frequency.

The usual absolute acceleration transmissibility curve, constructed by
dividing V by V at each frequency, is shown as a solid line in Fig.16. This

transmissibility curve can be used for several purposes.
1. The system under test can be compared 6:ith a viscously (or struc-

turally) damped, linear system by comparing this curve with the curve
generated for the linear system. In Fig.16, the dotted curve is the
transmissibility curve computed for a viscously damped linear system
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Fi g. 15. Input (Y)andresponse(*X') acceleration.
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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 G, = 1/2('X'/V) max.* Thus, for the specimen and test !

data shown in Fig.16, G, = 1/(2x12.9) = 0.039,
3. Again, considering the system to be approximated by a linear system,

the equivalent stiffness (K,) can be computed from the measured
resonant frequency (f ) and the system mass (H). Hence, for this

p
l system and this test, and taking the mass, M. to be the mass of the

steel plates plus the upper concrete flange we have

K, = (2nf )2Mp

= (2n x 86)2(300 + 40)/386
6= 0.257 x 10 lb/in. .

Because each specimen was tested at several acceleration levels, it is
,

I possible to superimpose the transmissibility diagrams plotted for each test,

f and, by comparison, to determine how both equivalent stiffness (Ke) and equiv-
alent viscous damping (c ) are affected by response acceleration level.e

This has been done for five tests on specimen No.12, in Fig.1/, and the re-
suits are tabulated in Table V. It is obvious that for this specimen, both

the equivalent stiffness (K ) and the equivalent viscous damping ratio (G,)e

| decrease as the response acceleration (Y), or load level, increases. The final
test, No. 5, in which the load level was reduced to approximately the same as
in 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,

I therefore, a larger initial equivalent stiffness.

'In linear theory, this response ratio (2/Y) max, is 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 degrading with '

load cycling, even if the load level is held constant. See Fig.12.
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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. Af ter test No. 3, the specimen was tested at a response acceleration
level of 5.38 9's (test No. 4) and the response was similar to that
found for specimens 11-13, that is, f = 72 Hz.p

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

acceleration spikes after failure are characteristic of impacting
surfaces.

As expected, the effective stiffness (X,), of these four walls decreases
with increase in response level; however, some of the other results are some-
what surprising.
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L

1. Even at the lowest load level, the equivalent stiffness (K ) com-e
puted from the measured resonant frequency is consistently and con-
siderably less than the values of stiffness detemined by the quasi-
static tests. There may be several reasons for this difference, but
the authors are currently pursuing the possibility that the low
stiffness and low ultimate strength found in 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.

2. During the quasistatic load-cycling tests, the area inside each hy-
sterests 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, it was anticipated that during
vibration tests, the equivalent damping would increase as the load

| 1evel increased. This was indeed the case with specimens 10 and 13,

|
as can be seen in Figs.18 and 20 and Table Yi however, specimens 11
and 12 showed that as the load level increased, the equivalent

25
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TABLE V

RESULTS OF SINE-SWEEP TESTS

Response
Acceleration Shear Force - F Resonant Equivalent Egalvalent Viscous

Specimen Test Level - E F = MY = 340 I Frequency-fR Stiffness-K Da.npin g-G e

No. No. (g's) (10) (Hz) (Ib/in.x10f (g)g 6

12 1 1.19 404 86 0.26 3.9
2 2.41 819 72 0.18 3.2
3 3.55 1207 56 0.11 2.6
4 4.59 1560 53 0.10 2.5
5 2.33 792 50 0.09 2.4

13 1 1.21 411 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 48 0.08 5.6
5 5.55 1887 42 0.06 4.3

11 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
4 4.20 1426 42 0.06 2.9
5 4.33 1471 -- -- --

10 1 0.94 320 132 0.61 3.8
2 1.57 534 125 0.54 6.5
3 5.44 1850 -- -- --

4 5.33 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.

|
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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 ready for testing.
Figure 23 is a photograph of the same structure, with the frame part' Ily
removed, after the simulated seismic test. Figure 24 shows tht et @ t ;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 2). Relative
displacements between the first- and second-story flanges and the surrounding

frame (U) and U ) were made using variable resistance and eddy-current2

type displacement gauges. These quantities, U and U , represent motion
2j

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 's 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 eel, 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 (N ) used were the following:
t

1. N = 4.96; this signal, designated as EE1 x 5, is identical in
t

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 shifted (to the right in Fig. 25b) by a factor of 4.96.

;

2. N = 10.0; this is designated as eel x 10 with a duration of 1.20 s, |t

and having a frequency content up shifted by a factor of 10. |

1
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3. N = 19.85; this is designated as EE1 x 20 with a duration of
t

0.61 s. and having a frequency content up shifted by a factor of
19.85.

4. N = 53.0 +.his is designated as EE1 x 50 with a duration of 0.23 s,
t

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. All 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 (Y , Fig. 25a) are selected.

pk
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
comand signal (eel 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-

I
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.

All simulated seismic tests were perfonned 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 (Y) and
Y ), and input acceleration (Y)] were analyzed using a Gen Rad Model 2507,

2
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).
I
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i

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 reproduction 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 (Y ) f 0.46 g's. Note

pk
that when subjected to this particular earthquake, the first mode frequency is
slightly lower than was indicated from the lower-level broad-band test in the
new condition; however, the second mode frequency is essentially unchanged.

1102 10,, , , , , , , , , , , , , , , , , ,

,' ?OO Hz
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,
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Fig. 26. Transfer function, first system self test, Model No. 2-2.
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Fig. 27. Transfer function, EE1 x 50, Y 0.46 9's, Model No. 2-2.=
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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 frequency remained unchanged.

This model was retested several times by subjecting it to simulated earth-
quake signals having progressively higher peak-acceleration levels. Figure 28
shcws the transfer-function plots from a test in which this model was subjected
to the EE1 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 made 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. Fi g-

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.

10'80' i e i i i iiiiiis i T Fr i i i . . , i i i , i i ,

* 32.5Na '/
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FFTi FFTRl
~
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~
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2 l I f f | 1 f f I ! 1 f f I I l g f !! | t | t | t | | | | t | | t
0 100 200 300 0 800 200 300

FREQUENCY ( Hz ) FREoUENCY (Hz I

Fig. 28. Transfer function, eel x 50, Y = 1.97 g's , Model No. 2-2.pg
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The data analysis, which was discussed above, and which used model No.

2-2 as an example, was perfonned 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 spectrum 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 eel x 5 with Y = 0.34 g's, eel x 10 with ypk *pk
0.69 g's, and eel x 50 with Y k = 0.46 g's. Inspecting these data points inp

Table VII, we find that the effective resonance (f ) during these tests was
e

essentiall.y the same as the value measured in a low-level test (f ).j
This indicates that the system did not soften (hence, a linear system) and
that the resonant frequency measured after the test (f ) was essentially

p
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1

i unchanged (hence, an elastic system). However, with higher input accelera-
tions, the system becomes nonlinear and inelastic. For example, in Table VII
for test eel x 20 with Y = 2.7 g's, we see that fj>f and f < f) . Datapk e g

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 f *I ), the measured value of peak relativee I
displacement (u) is less than the linear displacement limit ( A) detemined
by the quasistatic tests (Table IV). When the response is nonlinear (as
indicated by the fact that f < # ), the measured value of peak relative

e 1

displacement (u) is greater than the linear displacement limit ( A). As an
example, consider model No. 21 subjected to EE1 x 50 with Y = 6.02 g's (lastpg
catry in Table VI). In this case u = 15.1 x 10-3 inches, which is
approximately four times the quasistatically determined linear limit ( A) of
3 tr 4 x 10-3 in.

In the elastic response region, the effective stiffnesses computed from
the measured apparent resonant frequencies (K in Tables VI and VII)e, eff

for tests in which f,=f), are less than the values of stiffness modulus
determined from the quasistatic test data (K in Table IV). However, the, j
values of K in the linear region are larger than the values of equiva-e, eff
lent stiffness (K ) detemined fro:n the low-load-level, sine-sweep tests

e
(Table V).*

'

The standard linear response spectrum diagram for any given urthquake
can be nondimensionalized by plotting the appropriate response ratio, for
example, Y /Y vs the ratio of the structure's r.atural frequency (w ) topg pg j
the characteristic earthquake frequency (0). Figure 34 is the nondimen-
sionalized linear response spectrum, for the earthquake signal used in this
study. In constructing this spectrum, 0, the earthquake characteristic fre-
quency, was taken as 2n 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 8 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 respono ratios

* Specimen 10 is an exception; see the discussion in Sec. IV of this report for
an explanation.

'

40

i
[

_ . _, _ -- _ . .



TABLE VI

MODEL 21 - SIfiULATED SEISMIC TEST RESULTS

6
K eff (1b/in.x10 )C |

a Acceleration Relative b
Test

.

Peak Input Specimen Resonant Frequency Response Displacement w1/0 Kj,eff K ,,eff |
Designation Acceleration FreEist During Test 76sfTeTE Ratio Maximum

'

f (Hz) 2pg/ipg u(in.x10-3) 2sf /uVpK(9's) fj(Hz) f (Hz) p te

EE1 x 5 0.35 111 111 105 1.7 1.2 11.8 0.43 0.43

EE1 x 10 0.55 105 106 104 1.7 1.3 5.53 0.38 0.39

EE1 x 10 1.19 103 105 104 1.5 2.1 5.42 0.37 0.38 )
EE1 x 10 2.48 105 99 104 1.6 5.4 5.52 0.38 0.34

EE1 x 20 0.53 107 106 105 1.7 2.0 2.83 0.40 0.39 |

EE1 x 20 0.88 104 104 105 1.9 2.0 2.75 0.38 0.38

EE1 x 20 2.16 104 93 105 2.0 8.0 2.75 0.38 0.30

EE1 x 50 0.63 105 105 103 1.8 2.1 1.04 0.38 0.38

EE1 x 50 1.28 105 99 105 2.0 3.2 1.04 0.38 0.34

EE1 x 50 3.42 105 88 105 1.7 9.6 1.04 0.38 0.27
I

EE1 x 50 3.83 105 83 105 1.6 10.2 1.04 0.38 0.27

EE1 x 50 6.02 105 85 100 1.4 15.1 1.04 0.38 0.25

a

is determined by the low-level, broad-band system self test that precedes each simulated seismic test; ftaken as the frequency at which the transfer function (FFT X/FFT f) is maximum. e is the effective resonant
f

frequency during the test f is determined from thep
system self test following each simulated seismic test,

b For a given test signal, e is the value of the arbitrarily selected characteristic frequency of the original earthquake (2w x 1.9
= 11.94 radians /s) times the factor by which the original signal has been frequency scaled. No. Hence, for the EE1 x 5 test. 0 = 11.94
x 4.96 = 59.2 rad /s as the EE1 x 5 test signal has been frequency scaled by a factor of 4.96

* The ef fective stiffness (Keff) is computed as K , eff = (2=f )2M = (2sf )2 x (300+40)/386 and Ke, ef f = (2= f )2 x1 1 i e
(300 + 40)/386.

f:
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0 TABLE VII

MODEL 23 - SIMULATED SEISMIC TEST RESULTS

6K eff (lo/in.x10 )e
a Acceleration Relative b

Test Peak Input Specimen Resonant Frequency Response Displacement W /8 K),eff Ke,eff3
Designation Acceleration fretest During7est Post Test Ratio Maxiinum

Ypg(g's) fy(Hz) fe(Hz) f (Hz)' Ipg/Ypg u(in.x10-3) 2s fifop

EE1 x 5 0.34 115 115 115 1.51 1.2 12.2 0.46 0.46

eel x 10 0.69 115 115 115 1.37 1.4 6.05 0.46 .D.46
EE1 x 10 1.21 108 112 112 1.27 1.5 5.68 0.41 0.44
EE1 x 10 3.46 108 110 112 1.26 3.9 5.68 0.41 0.42

EE1 x 20 0.95 112 108 112 1.62 2.6 2.37 0.44 0.41
EE1 x 20 1.88 112 106 108 1.84 5.3 2.97 0.44 0.39
EEI'x 20 2.70 115 99 112 1.85 6.5 3.05 0.46 0.34
EE1 x 20 4.10 112 93 102 1.60 6.7 2.97 0.44 0.30

EE1 x 50 0.46 115 115 115 2.26 1.7 1.14 0.46 0.46
EE1 x 50 0.54 115 115 108 1.92 1.7 1.14 0.46 0.46
EE1 x 50 0.94 112 108 108 1.64 2.6 1.11 0.44 0.41
EE1 x 50 2.34 108 107 115 '.89 4 .'3 1.07 0.41 0.40
EE1 x 50 4.77 102 96 110 1.46 8.1 1.10 0.36 0.32
EE1 x 50 10.7 0 110 73 105 1.17 3.4 1.09 0.42 0.19 i

EE1 x 50 13.80 105 58 100 0.86 4.7 1.04 0.38 0.12
EE1 x 50 20.80 100 58 90 0.64 6.2 0.99 0.35 0.12

a
f1 is determined by the low-level, broad-band system self test that precedes each simuisted }eismic test; fe is the effective resonant
frequency during the test taken as the frequency at which the transfer function (FFT I/FFT Y) is maximum. f is determined from thepsystem self test following each simulated seismic test. >

bFor a given test signal, O is the value of the arbitrarily selected characteristic frequency of, the original earthquake (2w x 1.9
= 11.94 radians /s) times the factor by which the original signal has been frequency scaled No. Hence for the EE1 x 5 test, e = 11.94'
x 4.96 = 59.2 rad /s as the EEL x 5 test signal has been frequency sceled by a factor of 4.96

"The effective stiffness (Keff) is coiaputed as Kj, eff = (2sf))2M = (2sfj)2 x (300+40)/386 and K , eff = (2sfe)2 xe
(300 + 40)/386.

,
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chtained from the tests on model Nos. 21 and 23 are plotted on Figs. 35 and 36.

Froia these plots we observe that if a linear response spectrum were used to
predict the response of these structures, an equivalent viscous damping ratio
(c) 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 eel x 50 with 0.631 ypg 1 6.02 g's plotted at ej/0 = 1 on Fig.
35, and for model No. 23, tests eel x 50 with 0.46 I y 1 20.8 g's plotted at

PK

ej/0 = 1 on Fig. 36. Nonlinear response theory predicts this result. Figure

37 depicts the expected trend. Note that for a given structure with an initial

resonant frequency (wj) and subjected to a given earthquake (characterized by
0), the value of ej/0 is fixed. In this case there is a certain threshold for
input amplitude (5.JK) below which response is linear. Beyond this threshold,

as V is increased, the response ratio (E I PK) decreases. The exact shapepg PK
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 i

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-

i

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 reiponse further decreases the second-floor response

ratio (2/ PK). See the data point marked "X -Final" on Fig. 38. Nonlinear2 2
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 Y Structure Resonant frequency Response Ratio
pg

(2) (2 ) (2) (2) (2) yIPK,9 72PK,7 , l i,,0 )(9.,) f f ,e,L f ,u(2) , ,
PK PK1,L 1,u e p,L p,u

(Hz) (Hz) (Hz) (Hz) (Hz) (Hz)

A Linear EE1 x 5 0.37 55 195 55 -- 55 194 1.08 1.45 12.0

Elastic
EE1 x 10 0.66 55 194 53 195 53 198 1.40 2.23 5.95

EE1 x 20 0.55 53 198 53 195 55 198 1.19 1.71 3.00

EE1 x 50 0.46 55 198 53 198 52 194 1.19 2.28 1.12

B, Nenlinear EE1 x 50 1.97 35 145 32 155 35 138 1.36 1.80 1.12

EE1 x 50 4.26 30 112 27 116 30 111 1.69 1.25 1.12

EE1 x 50 7.62 30 111 27 119 29 99 1.31 1.18 1.12

1.04 0.57 1.12EE1 x 50 16.90 29 99 -- -- -- --

is the initial resonant frequency for the first story wall and attached mass. It is taken as 2 x 113 = 710(1) wt]radians /s which is the average value measured for the two single-story models, that is, w3 of model 21 was
(2e x 115) rad /s and wi of model 23 was (2e x 111) rad /s.

f f e, and f have same seaning as given to Tables VI and VII. The second subscripts, L and u (f] L and(2)
f),u for examhle) designate tne first (or lower) and second (or upper) modal frequencies respectively.lo

$
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of stiffness, apparent linear limit, 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 infomation 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-shaped 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 interpret 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-tem, 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 tests 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 >

I
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'
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 limit the acceleration response ratio

('X'pg[/pg) 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:

l '. What is the simplest method that might be used to adequately charac-
terize a structure's nonlinear, sof tening, 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
load level, inelastic action (that is, increasing permanent deforma-
tion at zero load after each load cycle). However, the resul ts
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 0
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 addf-
tional comment. All of the structures subjected to simulated seismic tests
were subjected to a series of accelerograms of increasing peak acceleration,

I af ter 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 (K eff, Tables VI and VIII) had occurred before any vis-
ible cracking occurred. For example, the effective stiffness (Ke, eff) UI

6 6' model No. 21 had been reduced from 0.43 x 10 to 0.30 x 10 lbs/in., a re-
duction in stiffness of 30%, without any visible cracking. With model No. 23,

6the effective stiffness had been reduced by 34% (from 0.46 x 10 to 0.30 x ,

610 lbs/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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6 6stiffness ranged from 2.33 x 10 to 3.03 x 10 lbs/in. (Table IV).
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 limit and how the slope of that region is determined. However, I

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 detennined by

6the quasistatic tests (0.43 x 10 lbs/in. for specimen No. 21 and
60.46 x 10 lbs/in for specimen No. 23, Tables VI and VII).

The discrepancy between computed and measured stiffness has also been
noted by Japanese and French investigators.6' The Japanese, who

used square box-:haped test structures in their testing program, at-
tributed the lower observed stiffnesses to shear lag in the compres-
sfon and tension walls and/or to effects of microcracking in the con-
crete shear walls. Because 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 low-level load cycles are applied. These
findings certainly cause considerable concern about our ability to
predict a reinforced-concrete structure's modal frequencies using
either computed or measured (from static tests) values of stiffness.

2. The cracking strengths (VCR) of these shear walls computed using
the methods given in The American Concrete Institute (ACI)-349 ranged
between 3650 and 3770 lbs (Table IV). These values are in reasonable
agreement with the observation that, in the quasistatic tests, ap-
preciable nonlinear behavior began at about 3500 lbs.

3. The ultimate strengths (Vu) of these shear walls computed using the.

methods specified in ACI-349 ranged between 4870 and 5630 lbs. These
values proved to be somewhat conservative as compared with the values

j of maximum load (FULT) measured during the quasistic tests (Table IV).

i 50

|
|

, - .. , , - - , - ,



4. The quasistatic cyclic-load tests clearly indicated the significant
increase in hysteretic energy loss with increasing load level. Con-

i

verting these measured values of energy loss into values for equiva-
lent viscous damping coefficients (c) 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
III). This finding was confirmed by the simulated seismic tests,
in which the linear 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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