NUREG/CR-5154
lLA-11325-MS

Experimental Assessment of
Damping in Low Aspect Ratio,
Reinforced Concrete Shear
Wall Structure

e e

Prepared by C.R. Farrar, J.G. Bennet

Los Alamos National Laboratory

Prepared for
U.S Nuclear Regulatory
Commission



NOTICE

This report was prepared a3 an account of work sponsored by en agency of the United States
Government. Neither the United States Governmant not any asgency thereof, o any of their
empioyees, makes any warranty, =xpressed or implied, or assumes any legal liability of re
sponsibility for any third party’s use, or the results of such use, of any information, apparatus.
product of process disclosed in this report, or represents that its use by such third party would
not infringe privately owned rights.

T —

NOTICE
Availability of Reference Materials Cited in NRC Publications
Most documents cited in NRC publications will be available from one of the following sources:

1. The NAC Public Document Room, 1717 H Street, N.W
Washington, DC 20555

2. The Superintendent of Documents, U.S Government Printing Oftfice, Past Office Box 37082,
Washington, DC 200177082

3 The National Technice! information Service, Springfizid, VA 22161

Although the listing that follows repr nts the majority of documents cited .n NRC publications
itis not intended 1o e exhaustive

Referenced documents available for inspection and copying for a fee fron. the NRC Public Docu
ment Room include NRC correspc vdence and internal NRC memotanda, NRC Office of Inspection
and Enforcement bulletins, circulars, information notices, inspection and investigation notices.

Licensee Event Reports, vendor eports and correspondence, Commission papers; and applicant and
licensee documents and correspondence.

The following documents in the NUR... series are avcilable for purchase from the GPO Sales
Program  formal NRC statf and comtractor reports, NRC sponsored conference proceedings, and
NRC booklets and brochures. Aiso aveilsble are Regulatory Guides, NRC regulations in the Code of
Federal Regulations. and Nuclear Regulatory Commission Issuances.

Documents available trom th. National Technical (nformation Service include NUREG series
reports and techn.cal reports prepared by other federal agencies and reports prepared by the Atomic
Energy Commission, forerunner agency 1o the Nuclear Regulatory Commission.

Documents available from public and special technical libraries include all open literature items,
fuch as books, journal and ~ariodical articles, and transactions. Federal Register not ces. federal and
stete legislation. anc cong: (s .unal reports can usually be obtained from these libraries

Documents such as theses. dissertations, foreign reports and transiations, and non NRC conference
proceedings are availabie for purchase from the organization sponsoring the publication cited

Single copies of 1 RC draft reports are available free, 10 the extent of supply, upon written
request to the Division of Information Support Services, Distribution Section, U.S. Nuclear
Regulatory Commission, Washington, DC 20855,

Copies of industry codes and standards used in 8 substantive manner in the NRC regulatory process
ére maintained at the NRC Library, 7920 Norfolk Avenue Bethesda, Maryland, and are avatlable
there for reference use by the pubiic. Codes and standards are usually copyrighted and may be
purchased from the originatirg orgamzation or, if they are American Nationa! Standards, from the
American National Standar s Institute, 1430 Brosdway, Nev, York, NY 10018

J




NUREG/CR-5154
LA-113256-MS
\]D

Experimental Assessment of
Damping in Low Aspect Ratio,
Reinforced Concrete Shear
Wall Structure

Prepared for

Division of Engineering

Office of Nuclear Regulatory Research
U.S. Nuclear Regulatory Commission
Washingion, D.C. 20656

NRC FIN A7221




TABLE OF CONTENTS

s S TN ORI Do g PP A £ AR S ]
i DNTROREETRIN, fas ks s onetales sunpyaEassinaashsaasnsunssstrveinesier ;
A. General Discusston of Equations of Motion...........ovvvvvviuns

B. Coulomb or Frictional DAMPING. .« vovvvvviivrriiirarrnnrnnnnannas 9
C. Hysteretic DAMPING. . vivivvirrrrrisiniins sivnnaiserrisarannnnns 10
D. Viscous Damping. .oovvvvrvvninnrsninrrrsssssaiiasnassriiaranans R
I1. EXPERIMENTAL METHODS ...\ vvvvvvsvnrorenonnesnnnns RS e S T 14
A. Influence of the Types of Loading........ovvvvviviniinnininnnns 14
B. Frequency Response Function Method..........covvvvvvviivinniies 15
C. Log Decrement Method...... T R R I D e 16
D. Floor Response Spectra (FRS Matching Methodd... ... ...ocovvennns 18
f.__Hysteretic Enargy Loss Methed........oovvivinvnns irnannian 20
I11. EXAMPLES OF EXPERIMENTAL ASSESSMENT OF DAMPING........ovcvvvvnavines gg’
A. Frequency Response Function iethod........ccovvvvvviiiiiinnnans 2
B. 10g Decrement Method......cvvvuvvnriirsininicrniisernninseninnnnes 23
C. Floor Response Spectra Matching Method...........ccovvvvvvninnns 24
D, Hysteresis MELhod. .....oovvvvviiunnianiinnnnasesnariassssnnnnns 2«
IV. SUMMARY OF EXPERIMENTAL RESULTS. .. .viuvivvnunrnrrnsenas sensnsnenns 24
V. OTHEK INVESTIGATOF RECOMMENDATIONS AND DESIGN STANDARD
RECOMMENDATIONS FOR DAMPING IN REINFORCED CONCRETE STRUCTURES...... 32
VE.  CONCUUBROME. . i 20 0660856 v stnd Eniiiiosant s mponsd gAounsbisnsyisenins 33
VL. ORPRRBMEEE: £« . iiossatssuansainnnadbniyinsssnes by CoN s shiies e de $51 33

1.
I11.
Iv.
VI.
VII.
VIII.

IX.

XI.

LIST OF TABLES

Hysteretic Energy Losses Measured On Isolated Shear Wall Specimen 3 26
Hysteretic Energy Losses Measured On Isolated Shear Wall Specimen 5 26

Hysteretic Energy Losses Measured On TRG-4..........c.coiivivinnnnans 26
Hysteretic Energy Losses Measured on TRG=5........coviiiiinininnanes 27
Equivalent Viscous Damping Ratios For The TRG-3 Structure

Identified From Free Vibration Log Decremert Data................ 2"

Equivalent Viscous Damping Ratios That Were Used With The

Response Spectra Matching Technigue For The Analysis of TRG-1.... 28
Equivalent Viscous Damping Ratios That Were Used With The

Response Spectra Matching Technique For The Analysis of TRG-3.... 2§
Equivalent Viscous Damping Ratios That Were Used With The

Response Spectra Matching Technique For The Analysis of CERL).... 49
Equivalent Viscous Damping Ratios That Were Used With The

Response Spectra Matching Technique For The Analysis of Sandva... 29
TRG-1 Vst Mode Damping Ratios Tdentified From Real

Part Cf The Frequency Response Function.........cvvvuve vuvvnnnns 3
TRG-3 1st Mode Damping Ratios Identified From Real
Part Of The Frequency Response Function.........ccivvivvniiennnnan 3



N BwWw N —

o w o,

LIST OF FIGURES

One- and two-story shear wall elements. ... ..ovviinieriinrnnronnnnes
Dlesel generator bullding models........ovvvivviviriinnnnns 2 Vg &
Auxiliary DUtTdIng MOdeNs. ..ooivvnuinsrarnnravinsnnnssnnsossisnasss
1/4-5cale TRG type structure, TRG=1. ... viuivrvrnrnernnenonsnennses
Four-inch-thick wall TRG type structure, TRG-3, &........ BN
Six-inch-thick wall TRG type structure, TRG=4.........c0vvivvnnnens
Estimation of equivalent viscous damping from the

real part of the frequency response function
Lumped mass model used to analyze a two-story

diesel generator bullding model ... .covviviinninnrrnrennescnnnnnens
The real part of a measured frequency response function

from a 1/30-scale diese! generator building mode!l
Free vibration response of the TRG-3 structure

subjected to a Haversine pulse......coviiivniinirnnrrnnnennenies

Comparison of measured and calculated floor

response Spectra for TRG-3. ... i vviviviiinriiononennsnennnnns s
Lumped mass mode’' used to analyze TRG=3........cvvivvivnnnnrnnnnnns
Load-deformation response Of TRG=4........coiiviiinninirsnnnnennnnns
Lumped mass model used to analyze a three-

story auxiliary bullding mode) . .....coiiiivrii et i ennenes
Measured damping ratios determined from real

part of the frequency response function

for diese! generator building models

nnnnnnnnnnnnnnnnnnnnn

oooooooooooooooo

cccccccccccccccccccccccccccc

N B wWwN



EXPERIMENTAL ASSESSMENT OF DAMPING IN LOW ASPECT RATIO,
REINFORCED CONCRETE SHEAR WALL STRUCTURES

by

Charles R. Farrar and Jo2)! G. Bennett

ABSTRACT

This report summarizes the experimental data obtained
from the Seismic Category 1 Structures Program concornin?
damping in low aspect ratio, reinforced concrete shear wall
structures. This program, that is sponsored Ly the United
States Nuclear Regulating Research, has tested 37 shear wall
structures and strucirres and structural elements both
statically (monotonic and cyclic) and dynamically (sine
sweep, random, simulated seismic, and impulse). Data from
these tests have been analyzed by four different methods to
determine eguivalent viscous damping ration that can be used
in the analy:is of shear wall structures. These methods
are: (1) Freguency response function analysis, (2) The log
decrement method, (3) The hysteretic energy loss method,
and (4) The flow response spectra matching method. The
floor response spectra matching method is, to the author's
knowledge, new and provides the most general method for
assessing a variety of damping mechanisms. Results from the
various methods were generally consistent and the damping
values were found to be in the range specified by current
regulatory guides. A discussion of the various damping
mechanisms, how damping mechanisms effect the equations of
motion, the effects of the type of loading on the vari~us
methods used to determine the damping, and other investiga-
tors results are also prasented.

I. INTRODUCTION

The Seismic Category I Structures Program is being carried out at the Los
Alamos Natior:. Laboratcry under sponsorship of the USNRC, Office of Nuclear
Regulatory Research. The program has the objective of investigating the



structural dynamic response of Sefsmic Category I reinfcrced concrete struc-
tures (exc usive of containmint) that are subjected to setsmic ex:zitations
beyond their design basis. .ncluded in the program objectives is a task to
quantify the changes in damping that occur when a structure's respense goes
from the elastic to the inelastic range. To obtain the necessa' - inforuation
to maet this objective as well as other program objectives, 37 structures and
structural elements have been tested statically (monotonic and cyclic) and
dynamically (sine sweep, random, simulated seismic, and impulse). This report
will summariz. the experimental data obtained from these tests concerning
damping in reinforced concrete shear wall structures,

The first test specimens to be investigated were one- and two-story,
microconcrete, shear wall elements (Fig. 1). These structural elements were
tested statically (both monotonic and cyclic) and dynamically with sine sweep,
random, and simulatea seismic base inputs. For a | the structures tested in
this program, the simulated seismic inputs were time-scaled versions of the
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(a) ONE-STORY SHEAR WALL (b) TWO-STORY “HEATR WALL
NOTE tin « 254 mm

Fig. 1. One- and two-story shear wall elemeite,



north-south component of the 1940 E! Centro ea“thquake. A detalled description

of the shear wall's geometry, material properties,
can be found in Ref. 1.

testing program, and results

Next, one-~ and two-story, microconcrete, scale models of an idealized

diesel generator bullding were investigated. These structures were idealized

in the sense that the interior walls and penetrations in the exterior walls

that exist in the prototype were excluded t

task of understand-
the model 31e two-story models

second story of the
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*BASE NOT INCLUDED
NOTE tin, =254 mm, 11t = 0305 m, 1ib =445 N
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1/30-scale two-story mode! was used for the one-story models. Static cyclic
and monotonic loadinn was applied to the one-story modeis and both the one- and
two-story models were subjected to random and simulated seismic base excita-
tions. A summary of this testing can be found in Ref. 2.

The tests on the diesel-generator bulldings were followed by tests on
1/42- and 1/14-scale, three-story, microconcrete models of an idealized auxi-
lary building. These structures are shown in Fig. 3. Random and simulated
seismic base excitations were applied to both structures, and results of these
tests are summarized in Ref. 3.

The last group of structures to be tested are referred to as the “TRG"
structures. These structures consist of a shear wall bounded on efther end by
flexural boundary elements, as shown in Figs. 4-6. The acronym “TRG" comes
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1/42-SCALE 1in, 26 in. 10 in, 140 b
1/14-SCALE 3 in, 78 in, 30 in 3760 v
PROTOTYPE 42 in, 1082 in, 420 in, 10,372,000 v
*® BASE NOT INCLUDED

NOTE: 1in =254 mm, 11b =~ 445 N

Fig. 3.

Auxiliary building models.



from the suggestion for this geometry by the Technical Review Group for this
program. TRG-1, Fig. 4, was a microconcrete structure that was tested stati-
cally *o low stress levels (80-ps! maximum normal tensile stress) in a mond-
tonic fashion. Also, for the purpose of performing an experimental modal
analysis, TRG-1 was placed on a foam pad to simulate free boundary conditions
and was excited in a unfaxial manner at one point by a smal) portable shaker
(50-1b peak force) using a random input. TRG-1 was then put on a shake table
and was subjected to random and simulated seismic Lase excitations. Similar
tests were performed on TRG-3 (Fig. 5) except that a haversine pulse was used
instead of the random base excitation and the static testing produced stresses
that did not excecc a normal tensile stress of 40 psi (TRG-1 was a 1/4-scale

ALL 1-in. WALLS MHAVE
0.042-in, diam WIRE ON 0.25-in.
CENTERS EACH DIRECTION

N TRG"

ONE STEEL PLATE
APPROX 575 b

DIMENSIONS IN INCHES

Fig. 4. 1/4-scale TRG type structure, TRG-1.



ALL 4~in, WALLS HAVE No
REBAR ON 4 5<in. CENTERS
EACH FACE, EACH DIRECTION

*TWO STEEL PLATES
APPROX I8.8001b EACH

s TEEL PLATE
HELD IN PLACE B
EIGHTEEN 1 V4 in
TORQUED TO 4«

DIMENSIONS IN INCHES




BOLY ALL 6~in. WALLS HAVE No. 3
RERAR ON 14 5-in. CENTERS
EACH FACE, EACH DIRECTION

>TWO STEEL PLATES
APPROX 18,800 Ib EACH

STEEL PLATE
HELD IN PLACE BY
FIGHTEEN 1 V4 -in. BOLTS
TORQUED TO 400 "




(Falt} o {F O} o (F(D) = (FCB)} ()

where
{F(t)} = a vectur of external forcing function,
{Fa(t)] = a vector describing the inertial force,
{Fd(t)) = a vector describing the damping force,
{'k(t)} = 3 vector describing the restoring or spring force, and
t « time.

For a single degree-of-freedom system Eq. (1) takes the form

mx(t) + Fg(t) + kx(t) = FCE) (2)
where

m = system mass,

3 = structural stiffness,

x(t) « acceleraticn of the mass, and

x(t) = displacemert of the mass.

The mass and stiffness properties of the structure can be derived explic-
ftly from the structure's geometric and material properties. However, the
damping characteristics must be inferred from test data on structures and
structural elements.

For multi-degree-of-freedom systems, the equations of motion can be ex-
pressed as

[(MI{x(t)} de(t)} o [K)x(t)) » (FCE)) (3)

where

(M) fs an n x n mass matrix where n 1s the number
of degrees-of-freedom in the system,

{x(t)) 1s an n x 1 acceleration vector,

{rd(t)| fs an n x ! damping force vector,

(k] is an n x n stiffness matrix,

x(t)) is ann x 1 displacement vector, and

{(FCt)) is ann x | applied force vector.
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are such that the restoring force of the spring is iasufficient to overcome the
static friction force.

C._ Hysteretic lelng(7.8.1!)

Materials that are not perfectly elastic exhibit energy losses due to
their internal damping properties. This type of damping is assumed to be pro-
portional to displacements and in phase with velocity and is defined by the
following equation:

X
fo =2 M O] 15T ‘e

where
h = hysteretic damping coefficient.

For a single-degree-of-freedom system, the hysteretic damping is described
approximately by a viscous damping force that varies fnversely with the fre-
quency of vibration such that the damping force is independent of frequency.
The hysteretic energy loss per cycle is

2
HO = v hA ' (7)

where

Ho = energy loss per cycle,

A = amplitude of peak response.

This expression can be equated to the energy loss per cycle, HD. due to
a viscous damper given by
Ny = CrwAl
p = Cm ' (8)

and an equivalent viscous damping coefficient, CEq = (h/w), 1s cbtained.
The equation of motion becomes

m(t) + E X(t) + kx(t) = F(t) . (9

10
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IT. EXPERIMENTAL METHODS

Experimentally, there are four basic methods we have used for quantifying
damping. These methods are (1) the frequency response function method, (2)
response specira matching methoa, (3) the log decrement method and, (4) the
hysteretic energy loss method. These methods will be discussed in the
following sections.

A. _Influence of the Types of Loading

The experimental methods used to determine damping properties of a struc-
«ure are, in some cases, applicable with only certain types of loading. As
long as a structure remains linear, the frequency response funrtion method
will be independent of the type of dynamic excitation used. This method does
require the measurement of input excitations as well as the structure's
response. This method is valid when used with either force or acceleration
fnputs. If the structure is responding in the nonlinear range, the frequency
response function will depend on the amplitude and frequercy content of the
input, and, hence, the damping identified by this method would be specific to
the input sigral,

The respon: . spectra matching method is also independent of the type of
loading used to excite the structure. This method 15 not restricted to the
analysis of 1inear response data, but it is restricted by the structural
model's ability to predict nonlinear response. Again, this method requires
the input excitations to be measured along with the structures response, and
the method 1s equally valid for base excitations or for force inputs.

The log decrement method is based on measurement of the free-vibration
response of an under-damped structure. Only the free vibration response of
the structure 1s measured. It is unnecessary to measure or know th2 nature of
the force required to inftiate the free vibration. Although there are no
limitations on the types of forces required to induce the vibration, the most
practical means of inftiating the free vibration is either a “pluck" test or a
dynamic impulsive load.

Measurements of hysteretic energy loss require that a static, cyclic load
be applied to and measured on the structure. The loads must be of sufficient
magnitude so that accurate displacement measurements can be obtained.

14






REAL PART AMPLITUDE

rt fmln

Fig. 7. Estimation of equivalent viscous
damping from the real part of the
frequency response function.

case, the methol c.n be used to evaluate the viscous damping associated with
each mode of vibration. Other methods, described in Ref. 15 can be applied to
frequency response functions data when there is significant modal coupling.

This method is appropriate when a reinforced concrete structure has been
damaged because the structures have been shown to respond in a linear fashion
with a reduced stiffness after cracking. Even during simulated seismic trans-
fents that introduce additional cracking, the damage is introduced during the
initial cycles of the excitation and the majority of the response is again
linear with a further reduced stiffness.

C._Laq Desrement Method

Tha log decrement method determines an equivalent viscous damping ratio
from the decay in peak amplitudes during free vibration response. For a vis-
cously damped, single-degree-of-freedom system, the amplitude of response is

fwt

x(t) « p ¢ cos(udt -0 (20)
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2. Lumped masses are assigned to each degree-of-freedom based on the mass
of the floor slab, ti.2 external masses attached at a floor level to
satisfy similitude requirements, and empirical methods for lumping
the distributed mass cf the wall to 1 floor level.

3, Stiffness values are assi?nod to each floor. In this werk, because
of the geomotr{ of the multi-story test structures, the same stiffness
value was usually assigned to all floors. The initial estimate of
the stiffness value, K, was based on the theoretical stiffness value
setermined from strength-of-materials principles, K¢, assuiing an
uncracked section and also assuming that end walls were fuily
effective. (This stiffness value was then weighted by the square of
the ratio of the measured fundamental frequency, fp, to the
theoretical fundamenta) frequency, f¢, determined using the
theoretical stiffness so that

¢ \2
K = Ky <;m> . (28)
t

4. Viscous damping ratios are assigned to each degree-of-freedom. In
most cases, an initial estimate of 7% of ritical was used. Again,
for multi-degree-of-freedom systems, the came damping ratio was
assigned to each degree-of-freedom. The resulting equation of motion

is

[(M){x} + [CI{X) + [K){x} = ~[MI{y) (29)

where C & M are diagonal, x {s the relative displacement vector, and
{y} is the absolute base acceleration vector.

§. With the parameters determined in Steps 2-4, the analytical mode) was
driven with the actual acceleration-time signal o which the structure
was subjected during a test. This step requires that, for the test
chosen, the actual base input acceieration-time signal must be
digitized for use in the analytical solution, For a particular base
input, the equations of motion were numerically integrated using a
fourth-order Runge-kutta scheme to determine the acceleration response
at each Jegree-of-freedom.

6. The anaiytically determined acceleratior-time histories were then used
to calculate floor response spectra, and these FRS were compared with
the measured FRS.

7. Steps 3-6 were repeated until the analytical FRS matches the measured
FRS.

This method can easily incorporate other damping mechanisms or combina-
tions of damping mechanisms into the matching process. Kowever, at this point,

19
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B. __Log Decrement Method

The acceleration-time response of TRG-3 to a 0.9-nominal-peak-acceleration
haversine pulse 1s shown in Fig. 10. Using the first and second peaks, the
equivalent viscous damping ratio is

: %W .« I0 . (38)
A variety of damping values can be obtained from this plot because any combi-
nation of peaks in the response can be used. An analysis of all possible
combinations of peak positive amplitudes for this case ylelds damping ratios
that range from 3.3% to 16%, with an average value of 9.8%. The scatter in
this data was caused by continued input into the system after the haversine

pulse was to have stopped.

10 I T I
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=" "
A [

!E 00— \ -

o NJ -

" l JS | 0

TIME (s)

Fig. 10. Free vibration response of the TRG-3
structure subjected to a Haversine pulse.
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TABLE VII

EQUIVALENT VISCOUS DAMPING RATIOS THAT WERE USED
WNITH THE RESPONSE SPECTRA MATCHING TECHNIQUE FOR
THE ANALYSIS OF TRG-3

Excitation Level* fquivalent viscous Damping
An'sl
.I. .-.
o 85
1.88 8.5

* Peak accelerstion base input from the time-scaled

version of the 1940 £1 Centro sarthquake.

TABLE VIII

EQUIVALENT VISCOUS DAMPING RATIOS THAT WERE USED
WITH THE RESPONSE SPECTRA MATCHING TECHNIQUE
FOR THE ANALYSIS OF CERL)

Excitation Leve!” fquivalent viscous Damping**
AR8) kB ot Creitical)
1.88 €y =(p =060
3.9 Gy =15, =M
13.80 €y =3, ¢y~ 00

* Peak acceleration base input from & time-scaled
o YOTsion of the 1940 £ Centre earthquake.
" See Fig. 8 for the degrees-of -freedom associated
with {y and ;.

TABLE IX

EQUIVALENT VISCOUS DAMPING RATIOS THAT WERC USED
WITH THE RESPONSE SPECTRA MATCHING TECHNIQUE FOR
THE ANALYSIS OF SANDIA

Excitation Leve!* Equivalent ¥iscous Damping™”
Aas) —th o Critical)
0.8% =12 ¢ Y gy o
1.2% G 8 s 7 Gy b
.0 €1 =18 (=W (3= 13

"heal acceleration base tnput from & time-scaled
version of the 1940 €1 Centro earthquake .

** See Fig. 14 for the degrees-of -fresdom associated
with {y, €. e (.
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Fig. 15. Measured damping ratics datermined
from real part of the frequency re-
sponse funition for diesel Jenerator
building models.

Damping ratios shown in Fig. 15 represent the modal damping value associated
with the fundamental frequency of the structure. Although these damping
ratios should be used with the complex eigenvalue methods of solution for the
modal response, they should a.so be applicably to the moda! damping ratios
associated with proportional vamping in an equivalent energy-loss sense.

All the frequency response functiouns were calculated from simulated seis-
mic base excitations in the horizontal direction and from the associated floor
responses in the same direction. Similar analysis of the frequency response
functions measured on the 1/42-scale auxiliary building mode! showed moda)

30



damping velues of 2-5% for the first m>de. The damping values measured on
TRG-1 and TRG-3 that were identified from the frequency response function
plots and that were associated with the first mode are summarized in Tables X

and XI.

TABLE X

TRG=1 1ST MODE OAMPING RATIOS IDENTIFIED FROM
REAL PART OF THE FREQUENCY RESPONSE FUNCTION

Excitation Leve!® Moda! Damping Rutto
£8'8) ot Critlcal)

0.50 3.3
0.80 33
0.96 3.4
46 6.0
‘-“ ,"
LN 0e

* Peak acceleration base input from a time-scaled
version ¢/ the 1940 F) Centro sarthquake.

TABLE XI

TRG-3 1ST MODE DAMPING RATIOS IDENTIFIED FROM
REAL PART OF THE FREQUENCY RESPONSE FUNCTION

Exc'tation Level® Moda) hnlpﬁzl Ratio
a-a A iy

- —

-
O G SO O~
00000000

BN e DOO
:‘...3
R ] e d

Peak acceleration base ‘nput from & time-scaied
version of the 15940 £1 Centro earthquake.
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VI. CONCLUSIONS

The damping values measured in this program for reinforced concrete show
reasonably consistent trends. Before first cracking of the structures (1.e.,
“yleld"), equivalent viscous damping as a percentage of critical damping is
generally between 3% and 8% and is higher for higher stress levels. It is also
evident that the hysteretic values are generally lower than those values found
by the other methods at the higher stress leve'ls when expressed as equivalent
viscous damping. This fact probably reflects that damping measured in this
manner neglects other energy losses that are velocity dependent in the non-
linear region. It is 1ikely that, 1f all known data are plotted as a function
of nominal stress level, a clear trend will be exhibited (although this method
should not be used to develop a stress-dependent expression because of the
stress varfation throughout al) known tests). This trend would indicate that
a stress-dependent expression can be developed, if experiments are carried out
under uniform stress conditicns.

It s noted that consistent values were obtained, even though 2 remarkably
different set of methods were used to evaluate the energy losses. In this
regard, the response spectra matching method used here is the first known
application of this technique for quantifying damping from experimental data.
Clearly, this method is very genera) and powerful in that all damping mech-
anisms are included in the final evaluation. We believe this method has con-

siderable merit,
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