UCLA~ENG-7822

FORCED VIBRATION TESTING
OF A
REHABILITATED MULTISTORY BUILDING

(Volume 1)

Gary C. Hart
Sampson Huang
William T. Thomson
M.A.M. Torkamani
Dixon Rea

Any opinions, findings, conclusions
or recommendations expressed in this
publication are those of the author(s)
and do not necessarily reflect the views
of the National Science Foundation.

Mechanics and Structures Department
School 6f-Engineering and Applied Science
University of Califorania
Los Angéles, California 90024






50272 ~101

REPORT DOCUMENTATION |1. REPORT NO. 2. " B
- PacE | _NSF/RA-780309 ) : ‘t()’;i___
4. Title and Subtitie 5. Report Date 4
Forced Vibration Testing of a Rehabilitated Mu1t1story June 1978

Building, Volume I (UCLA-ENG-7822)

6.

'I Author(s) B F'erlormlng Orgamzatnon Rept. Mo, o

G.C. Hart, S. Huang, W.T. Thomson, M.A.M. TorkamanT, D. Rea UCLA-ENG-7822
9 Performing Organization Name and Address
University of California
School of Engineering and Applied Science 11. Contract(C) or Grant(@) No.
Mechanics and Structures Department

Los Angeles, California 90024

10 ProJeCt/Task/Work Unit No.

©

(G)

_ PFP7724062

13. Type of Report & Period Covered

12, Sponsoring Organization Name and Address
Applied Science and Research Applications (ASRA)
National Science Foundation ’
1800 G Street, N.W. 1w, T T
| Washington, DC 20550 - ]

15. Supplementary Notes

_16. Abstract (Limit: 200 words) ) ST T

This report describes a series of steady state harmonic forced vibration tests conduct-
ed on a multistory building before and after it was rehabilitated for seismic safety.
The lateral resistance added to the building significantly increased the natural fre-
quencies of vibration. Inplane floor slab deformations were significant in both

tests. The deformation was greater in the pre-rehabilitation state. The North-South
and the Torsion modes both indicated inslab flocor deformations. Response was measured
at 5, 25 and 45 feet from the building on the surface of ground. The soil response

was measurable and indicates that an anaiytical model of the system must be a soil/
building model and interaction during an earthquake is probable.

17. Document Analysis a. Descriptors

Vibration tests Buildings
Forced vibration Earthquake resistant structures
Mathematical models Dynamic structural analysis

b. identifiers/Open-Ended Terms

¢. COSAT{ Field/Group -

18. Availability Statement 19. Security Class (This Reporty | 21. No. yages
- i i P
NTIS [20 Security Class (This Page) 22. Price - W
Y
(See ANSI-Z39.18) See Instructions on Reverse OPTIONAL FORM 272 (4-77)

(Formetly NTIS5-35)
' &’ Department of Commerce






TABLE OF CONTENTS

Volume I
Summayxy
List of Tables
List of Figures
I, Description of Structure. . . . . . . . . . . . . o, 1
IT. Test Equipment and Procedure. . « . « + . « « « « « . . 10
IIT. Data Reduction. . . . . . . . - - v o o v v v v v oo 15

IV. Descriptions and Results of
Pre~Rehabilitation Test Series. . + + + ¢« « &« » + » + + 18

V. Descriptions and Results of
Post-Rehabilitation Test Series . . . . . . . . . . . . 41

Vi, Comparison of Test ResultS. . + ¢« ¢ ¢ v+ « o « » « « » . 61
Volume II
Appendices. . & ¢ . 4 i 4 i i e h e e e e e e e e e e s . 12

ReferencesS. ¢« + o o o ¢ o o o o & o o & & o s o « v o o » J147






. SUMMARY .

This report describes a series of steady state harmonic forced vibration
tests conducted on aimultistpry building before and after it was rehabili-
tated for seismic safety.

The lateral resistance added to the buillding significantly increased the
natural frequencies of vibration. The results were:

Prior to Rehabilitation

North-South 3.5 to 3.7 Hz (3% g max accel.)
East-west 3.9 to 4.1 Hz (37 g max accel.)

Torsion 4.8 to 4.9 Hz (4% g max accel.)

After Rehabilitation

North-South 4.9 Hz (17 g max accel.)
East-West 6.1 Hz (0.6% g max accel.)
Torsion 5.7 to 6.1 Hz (1% g max accel.)

Inplane floor slab deformations were significant in both tests. The_
deformation was greater in thé pre-rehabilitation state. The North-South
and the Torsion modes both indicated inslab floor deformations.

Response was measured at 5, 25 and 45 feet from the building on the
surface of ground. The soil response was measurable and indicates that an
analytical model of the system must be a soil/building model and interaction

during an earthquake is probable.

l\vi



Table

10

11

LIST OF TABLES

Title

Minor Axis Frequency Sweep Re-
sults Before Correction..csesiassssss

Major Axis Frequency Sweep Re-
sults Before Correction.........ocu.,

Torsional Frequency Sweep Re-
sults Before Correction....e.eceees.

Minor Axis Mode Shape Before
Correctionttil.ll'.'llllll.tll!l‘ll.

Major Axis Mode Shape Before
correctionl&.l..ll!.l.l‘.t“ltittl‘t

Torsional Mode Shape Before
Correc-tion..l..l.l..l‘ll.il..l..li..

Minor Axis Frequency Sweep Re-

-sults After Correction.veieeserevvoss

Major Axis Frequency Sweep Re-
sults After Correctionieeececesceres

Torsional Frequency Sweep Re-
sults After Correction...ceceveveene

Minor Axis Mode Shape After
Correction, seevevernsronsorrennnnens

Major Axis Mode Shape After
COrreCtionl.lll‘...ll'!ll.ll.lll!lll

iv

Page

21

2l

27

34

37

Lo

Ll

17

53

54



Table
12

13

14

15

16

17

LIST OF TABLES (cont'd)

Title Page
Torsional Mode Shape After
CorrecTioN.iecieeistscenanencocessa ... 58

Outside Building Test....cciaeeeees 60

Comparison of Natural Fre-
quencies ard Damping.e«cocoveceocne 62

Comparison of Mode Shapes
(MinorAxis)‘lll!"!!'l!.!"!"'l'Q’65

Comparison of Mode Shapes
(Major AXiS)ieieieisrsnssnsnnsassnss 67

Comparison of Mode Shapes
(Torsional) .viveecnsearneeensnneones 69



Figure

10

11

12

LIST OF FIGURES

Title

U.C.S.B Can}pus Dﬂ":[apoouo'vvugcn-'---

Typical Floor Plan Before

CorreCtionol!l.'lll!or'ni!'i!!oo.l

East-West Elevation Plan.........

North-3outh Elevation Plan.....

Typical Exterior Column Detail..

Typical Girder Cross Section....

Typical Beam Cross Section........

Floor Plan .After Correction.s.«-..

Strong Motion Instrumentation.....

Typical Frequency Response
Curves Before Correction

(MinOr AXiS)..---...--.........-.'

Typical Frequency Response
Curves Before Correction

L I I N ]

(Iﬂajor AXiS)...--........-...-. ......

Typical Fregquency Response
Curves Before Correction

(TOrSional)----.---o.-..oo----o'..

vi

Page

20

26



Figure
13

14

15

16

17

18

19

20

21

22

23

LIST OF FIGURES {cont'd)

Title. Page

Minor Axis Mode Shape h
Before Correction.csciscsvscsiocennrsses 33

Major Axis Mode Shape
Before Correction.cveieveieneroccareness 36

Torsional Mode Shape . ‘
BefOI'e,COI'reC'tiOH..-.-o-v-.-..--o-...--. 39

Typical Freguency Response
Curves After Correction

(Minorand TCrSiOnal)"""""""" L’,B

Typical I'requency Response
Curves After Correction
(I"’Iajor Axis)clunnl||.|'.0.|51lltlon.. 46

Minor Axis Mode Shape
After Correction..-..---................. 52

Major Axis Mode Shape
After Correction......o.vvninnsnsneens. 5L

Torsional Mode Shape
After COI‘I‘EC'ﬁion........................ 57

Comparison of Mode Shapes
(MinorAxis)’.."...l".'l.".ll"'.'!!.6“,

Comparison of Mode Shapes
(l\‘iajor AXiS)QCIOIIIIOIIl.‘lllllnllOllll. 66

Comparison of Mode Shapes
(Torsional)t.vcv.tonicuo'-oooc.ot ------- 68

vii



LIST OF FIGURES (cont'd)

Figure Title _ : Page

24 Third Floor Deformed Shapes
(MinorAxis)'ll.l.llil..Cll.l.ll.ll.b'l.71‘

25 Third Floor Deformed Shapes
(Torsional) ce.ueeisvnrnronssnrnnsnes ver e 71

viii



I. DESCRIPTION OF THE STRUCTURE

Building Prior to Rehabilitation

North Hall is located on the University of
California, Santa Barbara campus at the south-east
corner of the intersection of Ocean Road and Campus .
Road (see Figure 1). The building is a three story
reinforced concrete stfucture with plan dimensions
.of 240 feet by 34 feet. Figure 21 shows the typical
floor plan of the building. Figure 3 shows the east-
west direction elevation and Figure 4 shows the north-
south direction elevation of the building. The
structure is separated from the adjacent building on
the east side by a.seismic joint (see Figure 2)

There are twenty interior columns and twenty
exterior columns in the structure. All interior columns
in the building are 10 inches by 14 inches with four
#9 bars and #2 ties every 10 inches. A typical ex-
terior column is shown in Figure.5; There are four
#10 bars and four #8 bars from the ground to the second
floor; four #8 bars and four #6 bars from the second
floor to the roof.

The floor slab is 2% inches thick through-
out the building. Each floor has ten girders running
in a north-soufh direction and each girder is con-
nected to a column. The floor slab and girder form

a T section. A typical section is shown in Figure 6.



Fig. 1 U.C.3.B. Campus Map
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Girders are also connected to each other by T beams
running in an east-west direction.on each floor. A
typical section is shown in Figure 7. These beams
together with the floor slab function as a T section .

The roof forms an angle of 32,2 degrees
with the ground and it slopes up from both sides.
The roof has the same type of construction as the
floor slab except ﬁhat it has more beams in an east-
west direction (see Figure ) and it has an angle
with the ground.

At the ends of the building there are con-
crete block shear walls both in the east-west and
the north-south direction. All together there are
eight shear walls {(four in the north-south direction
and four in the east-west direction). All shear walls/
have a thickness of 7 5/8 inches. In the north-
south direction there are two shear walls having
a width of 12% feet and another two shear walls that
are 141 feet wide, In the east-west direction there
are three shear walls each havihg a width of 12 feet
and one that is 3 feet and 4 3/8 inches wide. (see
figure 2)

Concrete mix for the walls and footing
have a minimum compressive strength of 2500 psi at
28 days. For the columns, floor beams and roof fram-

ing the minimum compressive strength is 3000'psi at
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28 days. For the floor slab it is 1,500 psi at 28 days
. All the reinforcing steel is intermediate grade
deformed bars meeting the requirements of A.S.T.M.
A-15 and A-305, with an allowable stress of 20,000

psi.

B, 3Building After Rehabilitation

All dimensions for the floor plan and
elevation plan of the building are unchanged. The
modification consisted of replacing some steel stud
walls and windows with concrete shear walls to in-
crease the stiffness of the building., Therefore
there are eight additional concrete shear walls in
the north-south direction each of width 12.5 feet
and four additional shear walls in the east-west
direction each of width 24 feet (see Figure 8)2.

All concrete in the modification has a
compresgive strength of 3,000 psi at 28 days. Re-
inforcing steel is grade 60 for #4 bars and larger,
grade 40 for #3 bars and smaller. All structural

steel is A36. The rehabilitation was completed on May

13, 1976.

C. Seismic Instrumentation

Strong motion instruments were installed for
future seismic study. All together nine instruments

were installed and locations are shown in Figure 9.
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ITI. TEST EQUIPMENT AND PROCEDURE

Equipment

The test equipment can be separated into two
parts. One part is for the vibration system used to
create the inertia force on the structure and the other
part is the recording system.

The vibration system includes the Hewlett
Packard electronic counter, vibration generator
control units and the harmonic vibrators. The
electronic counter indicates the speed of the sha-
ker and is used to obtain the forcing frequency of
the system, Control units and harmonic vibrators
were developed by the California Institute of Tech-
nology under the sponsorship of the State of Califor-
nia Offiée of Architecture and Construction with
advice from a special committee of the Earthquake
Engineering Research Institute. The details of
the design and operation are discussed by HudsonB’a.
The control units and shakers consist of a master
and a slave unit. The units can work separately or
can be run synchronized in or 180° out of phase.

The harmonic vibrator employs two counter-rotating
weights which rotate about a vertical axis in or-
der to generate a sinusoidal inertia force in one

direction only. The centrifugal forces from the

10



rotating masses will add in one direction and cancel
in the perpendicular direction. The force level can
be ad justed by changing the rotating masses or by
changing the frequency since the centrifugal force
is proportional to the mass and the square of the
frequency.

The recording system includes accelero-
meters, strip chart recorders, a magnetic tape re-
corder and various kinds of cables and connectors.
The accelerometers sense the acceleration of the
building at the location at which they are placed.
Accelerometers used during the tests were Statham
Ak-0.25-350 10V max. + 0.25g., Statham A4-0.25-35
10V max. + 0.5g., and Statham A5-2-350 9V max.

+ 2g. accelerometers. Two Sanborn Model 321 Dual
Channel Carrier Amplifier stripchart recorders were
used to record the accelerometer signals. The re-
sponse was also recorded on a 4 channels Hewlett
Packard 3960 Instrumentation Recorder in order to
have a permanent record and also to study the phase
relationship for different channels,

A calibration plate. levels, and accelero-
meter mounting blocks were used to calibrate'all

accelerometers.

11



Procedure

Before the actual testing, the force level
of each test and the direction and locations of the
vibration generstors and accelerometers should be
pre-determined in order to investigate the building
syStematically. Appendix A gives all sudh test de-
tails.

As for the actual testing, investigators
have to set up everything properly. For example,
one has to mount and level the harmonic vibrators,
connect all parts of the system, calibrate all re-
corders, and make sure all cables are long enough
80 that the accelerometers can be moved to various
locations.

Before and after each set of tests a
static calibration must be performed. Static cali-
bration is done by putting accelerometers on the
calibration plate so one can obtain a reading of
0.0 g. and + 6.1 g. for each accelerometer. These
readings are used in data reduction and one can also
check whether the accelerometers are functioning
properly.

With the readings obtained from stafic

calibration, double-checking can be done by means of

a dynamic calibration test, Since any location in

the building at a particular instant of time should

12



have a unique motion, a dynamic calibration can be
performed by putting all accelerometers at the same
location to check whether one is obtaining the same
response level from each accelerometer.

The actual testing starts after all the
preliminafy work is done. Actual testing can be run
with one harmonic vibrator running or two harmonic
vibrators running synchronously. If the two shakers
are placed symmetrical to the torsional center of
the building and are made to run in phase, then the
torsional response can be minimized. If only one
shaker is running and it is not at the torsiocnal
center, then one will have the réspdnse from both
the translational and torsional mode. Therefore,
it is advantageous to carry out the test with two
shakers running synchronously.

For each direction (i.e. major axis, minor
axis and torsional) a frequency sweep is performegd
with no weight in the harmonic vibrator in order
to locate the natural frequency of that particular
direction. Then one can perform frequency sweeps
with different combinations of weights iﬁ order
to study how the response varies under different

inertia forces.

ATter the natural frequency has been ob-

tained, a series of tests are run with harmonic

13



vibrators running at that natural frequency. By
moving accelerometers to various locations in the
building, The mode shape can be defined. An accel-
erometer can be placed across the seismic joint or
an accelerometer can be placed some distance away
from the building to study the soil impedance.
While doing the tests mentioned above, one should
always keep one accelerometer as the reference acc-
elerometer. With the reference accelerometer one
can compare the relative response at different

locations from test to test.

14



III. DATA REDUCTION

Before the actual data reduction one
has to read off the results from the paper record.
The peak to peak distance multiplied by the attenu-~
ation factor will yield a set of numbérs. From
static calibration those numbers can:be related to
acceleration level for every channel. Then the
response for each test can be calculated.

After the actual accelerations of the
test have been obtained, a response curve can be
constructed for each channel during each frequency
sweep by plotting responses vs, frequency. The
investigator can identify natural frequency easily
by determining the frequency corresponding to the
peak of the response curve,

Damping can be estimated by the half power
band-width methods. The method consists of mea-
suring the frequency band width aw of the response
curve between amplitudes of 0,70% times the peak
amplitude at the natural frequency Wge For a single
degree of freedom system excited with constant sinu-
soidal force, the damping is given by the followingl

relation:

= A
éhp -2wd
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Due to modal interference, the response
curve may not be symmetrical. Therefore, an alter-
nate method for evaluating damping was also used.
The method is very similar to half-power bandwidth
method and will be referred as semi=half-power band-
width method. The method measures the minimum
frequency band width Woin of the response curve

between the peak amplitude at the natural frequency

, Wy, and 0,707 times the peak amplitude. Then

d
damping value is given by the following relation:

AWnin

d

A mode shape can be determined from the res-
ponse of the building at various locations when the
building is vibrating at its natural frequency.
Since one can not measure the response at all loca-
tions in order to define the mode shape at the same
time, one has to normalize the response with res-
pect to thé reference accelerometer for each test,
By doing so, the response from location to loca-
tion relative to one another can be obtained.

Since peak to peak values instead of cen-
ter to peak values are measured from the recording
charts, all responses obtained will be twice the
actual value, However, this will not affect the

results of damping and mode shape, because when

16



de > 3 s
aling with damping and mode shape, one is dealing
with the ratio of responses, not the actual resp

onses,

17



Iv. DESCRIPTIONS AND RESULTS OF THE FIRST TEST SERIES

.The first test series on North Hall were
conducted on Juhe 27 and 28, 1975, Altogether
twenty-eight tests were run: six of them were run
on June 27 and twenty-two of them were run on
June 28, All tests were numbered. Test numbers
consisted of three parts. The first part indicated
the year the test was run. The second part indi-
cated the day +the test was run. The third part
indicated the test number during that particular
day. All the test details are included in appen-
dix A.

During the first test series, two har-
monic vibrators were mounted symmetrically to the
mid-point of the third floor and a quarter of the totai
length from the ends. Depending upon the purpose
of the test, vibrators were run in or 180° out of
phase. Two shakers were used for every test. The
reference accelerometer was placed at the west
quarter point of the third floor. All other acce-
lerometers were placed at the ends, quarter points
and mid-point of each floor, depending on each differ-
ent test. Accelerometer no. 4 was placed across the
seismic joint in the adjacent building during test
75-28-12, 75-28-13, 75-28-19, 75-28-20, and 75-28-21

to study the function of the seismic joint.

18



Since the range of the forcing frequency

jg limited by the maximum allowable frequency of

the harmonic vibrator, we can only reach the first

natural frequency in the major axis, minor axis and

torsional directiong. All information about higher

modes is incomplete and inconclusive.

A.

Natural Frequency

1. Minor Axis (the north-south direction):

Three sets of frequency sweeps weére
run in the north-south direction. Tests 75-27-2
and 75-27-3 complete a frequency sweep and they
were run with empty baskets, - Test 75-27-4 was
run with one small weight in each basket. Test
75-28-6 was run with three small weights in each
basket. All accelerometers were placed on the
third floor during a frequency sweep. A typical
response curve is shown in Figure 10, A summary
of the results is given in Table 1. Complete
information is contained in Appendix B.

As shown in Table 1, for each frequency
sweep, every channel yielded the same natural
frequency. Tests 75-27-2,3 give 3,66 Hz as the

natural frequency. Test 75-27-4 gives 3.60 Hz
and Test 75-28-6 gives 3.51 Hz, the natural

frequency decreased as force level increased

19
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which can be explained by a softening of the
system.

2., Major Axis (the east-west direction):

Three frequency sweeps were performed in
the east-west direction. Tests 75-28-19, 75-28-20
and 75-28-21 were run without added weights, with
two small weights and with four small weights in
each basket respectively. All accelerometers
- were placed at the mid-point of different floors
except accelerometer no.4 which was placed
across the seismic joint on the second floor.

From preliminary studies, it was
found that all responses obtained from channel &4
were just some random and low amplitude motions
which implies that the seismic joint caused
the buildings to move independently. A summary
of all results is given ih Table 2. A typical
response curve is shown in Figure 11 and the
complete information is contained in Appendix C.

From Table 2 every channel yields the
same natural frequency for each frequency sweep.
Test 75-28-19 gives 4.14 Hz as natural frequenecy,
75-28-20 gives 4.01 Hz and 75-28-21 gives 3.91
Hz. The system also exhibited the phenomenon of

a softening system.

22
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3. Iorsional:

Again, three frequency swéeps were
performed, Tests ?75-28-1, 75-28-2 and 75-28-16
were run with no weight, one small weight and
two small weights in each basket respectively;
Test 75-28-16 was run with shakers in phase to
investigate the effect on the torsional natural
frequency. A typical response curve is shown in
Figure 12 and a summary of the results is given
in Table 3. All information about these tests
is contained in Appendix D,

From Table 3, Test 75-28-1 and 75-28-2
still give the same kind of results as in major
and minor axes. Every channel gives the same
natural frequency for each frequency sweep and
natural frequency decreases as driving force
increases. The natural fréquency obtained from
Test 75-28-1 is 4.86 Hz and from Test 75-28-2
is 4.79 Hz. Test 75-28-16 yielded natural fre-
quencies ranging from 4,77 Hz to 4,82 Hz with
an average value of 4,8 Hz which is higher than
Test 75-28-2. Even the natural frequency obtained
from Test 75-28-16 is expected to be lower than
Test 75-28-~2 since the force level is higher
during Test 75-28-16. The changes in the natural

frequency may be caused by that shakers was in phase.
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Test 75-28-16 was run with shakers in
phase and at frequencies close to torsional natural
frequency. Since it is impossible to have the
- shakers exactly symmetrical about‘the center of
rigidity of the building, the torsional mode would,
therefore, still be excited with shakers in phase.
However, the translational mode would affect the
response more than if the test was run with sha-

kers out of phase.

Damping

1. Minor Axis (the north-south direction):

Damping values were‘obtained from the
same frequency response curves as the natural
frequency was obtained from and used the methods
mentioned in the previous section. All results
are also listed in Table 1 and a more complete
set of information is contained in Appendix B.

For the half-power band method, damp-
ing value has the range from 5.6 % to 8.8 %
with an average value of 7.2 %. Tests ?5-27-2,3
have the range from 6.8 % to 8.8 % with an aver-
age value of 7.5 %. Test 75-27-4 has the range
from 7.0 % to 7.7 % with an average value of
7.3 %, Test 75-27-6 has the range from 5.6 % to

8.1 % with an average value of 6.8 %. Overall
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coefficient of variation is 0.125. Coeffi-
cient of variation for Tests 75-27-2,3 is
0.117, Test 75-27-4 is 0,038 and Test 75-27-6
is 0,194, So Test 75-27-4 gives a better re-
sult with a damping value of 7.3 % by the half-
power band method.

Damping obtained by the second method
has an overall range from 3.8 % to 5.4 %. Tests
75-27-2,3 had 4.5 % to 4.8 %, Test 75-27-4 had
38 % to 5.0 % and Test 75-27-6 had 4.0 % to
5.4 %. The average for overall is 4.6 %,‘for
| Tests 75-27-2,3 is 4.7 %, for Test 75-27-U4 is
L. 3% ., and for Test 75-27-6 is 4.7% . The
coefficient of variation is 0.102 for overall,
0.026 for Tests 75-27-2,3, 0.123 for Test 75-27-4
and 0.128 for Test 75-27-6. So Tests 75-27-2,3
should yield a better result with damping value of
about 4.7 %.

2. Mzajor Axis (the east-west direction):

Damping values were obtained from
the frequency response curve of Test 75-28-19,
75-28-20, and 75-28-21. All results are shown
in Table 2 and complete information is contained
in Appendix C.

Damping evaluated by using the half-

power band method has the range from 8.7 % to
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16.2 % for overall results , 9.2 % to 16.2 % for
Test 75-28-19, 8.7 % to 9.2 % for Test 75-28-20
and 9.2 % to 10,9 % for Test 75-28-21, Aver-
age value is 10.4 % for overall results, 11.8
for Test 75-28-19, 9.4 % for Test 75-28-20 and
10.1 % for Test 75-28-21, Coefficient of vari-
ation is 0.216 for overall results, 0.320 for
75-28-19, 0,079 for 75-28-20 and 0,083 for
75-28-21.,

Using the second method, damping has
the range from 5.8 % to 8.4 4 for overall re-
sults, 5.8 % to 7.3 % for 75-28-19, 6.2 % to
7.5 % for 75-28-20 and 6.1 % to 8,4 % for
75-28-21,., Average value is 6.8 % for overall
results, 6.4 % for 75-28-19, 6.9 % for 75-28-20
and 7.1 % for 75-28-21. Coefficiént of varia-
tion is 0.121 for overall results, 0.115 fdr
75-28-19, 0.091 for 75-28-20 and 0.171 for
75-28-21.

3. fTorsional:

Frequency response curves obtained
from Tests 75-28-1, 75-28-2 and 75-28-16 were
used to calculate the damping. All results are
shown in Table 3 and all complete information
is contained in Appendix D.

Damping value obtained from the half-
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power band method has the range from 8.9 % to
14,0 % for overall results, 9.4 % to 14.0 % for
Test 75-28-1, 8.9 % to 11.6 % for 75-28-2 and
9.2 % to 12.8 % for 75-28-16 with an average
value of 10.8. % for overall results, 11.4 %
for 75-28-1, 10.3 % for 75-28-2 and 10.7 % for
75-28-16, Coefficient of variation is 0,152
for overall results, 0.174 for 75-28-1, 0,144
for 75-28-2 and 0.157 for 75-28-16.

Damping calculated by the second
method has the range from 6.2 % to 9.5 % for
all results, 6.2 % to 9.1 % for 75-28-1, 6.4 %
to 8.6 % for 75-28-2 and 6.9 % to 9.5 % for
75-.28-16, Coefficient of variation is 0.146
"for all results, 0.174 for 75-28-1, 0.136 for
75-28-2 and 0.153 for 75-28-16,

Mode Shape

1. Minor Axis {(the north-south direction):

Tests 75-28-7, 75-28-8, 75-28-11,
75-28-12, 75-28-15 and 75-28-16 were run to
define the mode shape in the north-south direc-
tion, All tests were run with one small weight
in each basket at 3.61 Hz. Locations of acceler-
ometers are contained in Appendix A. The refer-

ence accelerometer was placed at the west quarter
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point on the third floor.

Test 75-28~15 was run to check
ma jor axis and minor axis coupling. All
accelerometers were placed on the third floor,.
Accelerometer no. 1 was in the north-south
direction and accelerometer no. 2,3, and &4
were in the east-west direction. Accelero-
meter no. 1 was located at the west quarter
point and accelerometer no. 2,3, and 4 were
located at the west end, west quarter point,
and east quarter point, respectively. During
the test, accelerometer no. 1 had experienced
an acceleration of 0.0159g. and accelerometer
no. 2,3, and 4 had 0.00071g., 0.00096g., and
0.,00125g., respectively. Since the accelera-~
tion in the minor axis direction is much higher
than in the major direction, the response in
the major axis direction is not significant.

The reference accelerometer had an
acceleration value ranging from 0.0154g. to
0.0166g. All responses measured at various
locations were normalized with respect to the
response of the reference accelerometer of
the same test. The normalized mode shape is
listed in Table 4 and shown in Figure 13.

2. Major Axis (the east-west direction}):
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TABLE 4

The North-South Mode Shape
(Before Correction).

West East
West End |Quarter{ Mid-Point| Quarter|East End
Point Point
374 Tevel 0.37. 1.00 1.00 0.73 | 0.30
24 1evel 0.19 0.31 0.31 0.23 | 0.13
15% Tevel 0.08 0.0k 0.08 0.0b | 0.06
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Mode shape in the ﬁajor axis direc-
tion was obtained by taking the responses of
each floor at the natural frequency from the
frequency response curves. Three frequehcy
sweeps, Tests 75-28-19, 75-28-20 and 75-28-21
with different load combinations were run in
the major axis direction, so three mode shapes
were obtained.

For each test, responses were nor-
malized with respect to the response of the
third level. Test 75-28-19 was run with no
weight in the basket and had 0.008g. accelera-
tion on the third floor. Test 75-28-20 was
run with two weights in each basket and had
0.0188g., acceleration. Test 75-28-21 was run
with four weights in each basket and had
0.0294g, acceleration. All three mode shapes
‘are listed in Table 5 and plotted in Figure 14,

With different load combinations,
the response level changed quite considerably.
But, the mode shapes after normalization as
shown in Table 5 are almost identical to one
another, which is expected.

3. Torsional:

Tests 75-28-6, 75-28-9, 75-28-10,

75-.28-13, 75-28-14 and 75-28-17 were run to
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TAELE

The East-lWest Mode Shape
(Before Correction)

Test No.: 75-28-19 75-28-20 75~28-21
Weight: None Two Four
Brd Level: 1.0 1.0 1.0
2% Level: 0.55 0. 54 0.53
15% Level: 0.08 0.12 0.12
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define the torsional mode shape. All the
locations of accelerometers are listed in
Appendix A, All tests were run with one
weight in each basket at 4.79 Hz. The ref-
erence accelerometer was located at the west
quarter point of the third floor.

Test 75-28-17 was run to check
coupling of torsional and major axis direction.
The set-up was the same as that of Test 75-28-17
mentioned earlier. Accelerometer né. 1 through
L experienced an acceleration of 0,01455¢,,
0.00114¢g., 0.00096g., and 0.00063g., respec-
tively. ©So the motion in major axis direction
was insignificant to affect the torsional test-
ting.

The reference accelerometer measured
acceleration from 0.01427g, to 0.01455g. during
all tests. All responses were normalized with
regpect to the response of the reference accel-
erometer of the same test. The normalized

mode shape is shown in Table 6 and Figure 15.
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TABLE 6

The Torsional Mode Shape
(Before Correction)

West Fast
West End {Quarter {(Mid~ Point RQuarter |East End
" | Point Point
979 Level | +1.21 +1.0 +0.29 1-1.39 | -1.45
2nd poyel +0.62 +0.33 +0.12 -0.42 -0,67
15% 1evel | +0.24 +0.06 +0.04 -0.08 | -0.15
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V.

DESCRIPTIONS AND RESULTS OF THE SECOND TEST SERIES

The second test oh North Hall after the
seismic rehabilitation was performed on September 3
and 4, 1976, September 3 was spent in setting
up test equipment and calibrating all the instru-
ments; no test was run, Fifteen tests were run
on September 4. All tests were numbered in the
same way as in the first test series. All the
test information is contained in Appendix E.

During the second test series, two
harmonic vibrators were mounted at the same lo-~
cations as in the first test series. However, only
one vibrator was used for each test; so the fre-
quency sweep in the minor axis direction wéuld
yield both translational {minor axis) and tor-
sional response., The reference accelerometer was
placed at the west quarter point of the third floor.
All other accelerometers were placed at the loca-
tions of interest for each test.

Again, accelerometer no. 4 was placed
acrogs a seismic joint in the adjacent structure
during Test 76-4-11 to study the function of the
seismic joint. Some tests were run with an accel-
erometer. - placed outside the building to study

the soil impedance. Test 76-4-4 was run with the -
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vibrator shaking in the major axis direction
and accelerometer no. 4 was placed next to the
building, 25 feet away from the building and 45
feet away from the building in the east-west.di-
rection at the mid-point of the south side of the
building. Test 76-4-13 was run with the vibrator
shaking in the minor axis direction at both the
minor axis and torsional natural frequency. During
the test all accelerometers were in the north-
south direction. Accelerometer no. 2,3, and & were
placed at the east, south and west sides, respec-
tively, and were five feet away from the building
for the first set-up; twenty-five feet away for
the second set-up.

Limited by the frequency range of the
'vibratof, only the first mode was obtained in all

directions and had the following results:

A. Natural PFrequency

1. Minor Axis (the north-south direction):

Two frequency sweeps were performed
with the shaker in the north-south direction.
Test 76-4-5 was run with no weight in fhe basket
and Test 76-4-6 was run with one weight in each
basket. All accelerometers were placed on the

third floor during the tests. A typical respo-
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nse curve is shown in Figure 16 also a sum-
mary of the results are shown in Table 7 and
complete information is contained in Appen-
dix F.

From Table 7, all channels yield
4.90 Hz as natural frequency for Test 76-4-5,
Channel 1 and 2 yield 4.9 Hz, channel 3 yields
L,86 Hz and channel # yields 4.93 Hz with an
average value of 4.8975 Hz for Test 76-L4-6.
The spring softening phenomenon does not exist.

2. Major Axis (the east-west direction):

Two frequency sweeps were perfomed
in the major axis direction. Test 76-4-2 was run
with an empty basket and all accelerometers were
placed at the mid-point of the third floor.
Test 76-4-3 was run with one weight in each bas-
- ket. Accelerometer no. 1,2 and 4 were placed
in the east-west direction at the mid-point
of the third, second and first floors, respec-
tively. Accelerometer no. 3 was placed at the
mid-point of the third floor in the north-south
direction to check major and minor axis coupling.
A typical response curve is as before,
shown in Figure 17. Summary of the results is
listed in Table 8. Complete information is con-

tained in Appendix G. From Table 8, all chan-
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nels for both tests give natural frequency of
6.125 Hz and Test 76-4-3 shows that major and
minor axis coupling is not noticeable,

3. Torsional:

Only one shaker was used during fhe
frequency sﬁeep in the north-éouth direction.
Using frequency response curves obtained from
Tests 76-4-5 and 76-4-6, torsional natural fre-
quency should be able to be identified. Sum-~
mary of the results are shown in Tabie 9.

Channel 1 was located at the center
of the third floor, so it is reasonable that
torsional peak is hard to be identified, From
Table 9, Test 76-4-5 yields natural frequency
from 5.90 Hz to 6.10 Hz and Test 76-4-6 yields

natural frequency from 5,70 Hz to 6.16 Hz,

Damping

1. Minor Axis (the north-south direction):

Damping values are calculated from
frequency response curves of Tests 76-4-5 and
76-4-6. All results as shown in Table 7. Since
the frequency response curves for channel 4
have translational and torsional peaks very
close to each other, damping values evaluated

by the half-power band method are ignored.
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TABLE 9

Torsion
TEST NO. | CHANNEL | w_ PEAK (x 107 7g)
1 ——— —
2 6.10 6.30
76-4-5
3 5.90 2.67
L 5.95 3.32
1 ———— ————
2 6.16 11.25
76-l-6
3 5.8l 5.11
I 5.70 6.05
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As shown in Table 7, by using the
half-power band method, damping varies from
5.4 % to 7.7 % with an average value of 6.2 %,
Damping from Test 76-4-5 varies from 5.5 %
to 7.3 % with an average of 6.3 %. Damping
from Test 76-4-6 varies from 5.4 % to 7.7 %
with an average of 6.1 %. By using the second
method, damping ranges from 3.3 % to 5.1 '%
and has an average of 4.3 %. Test 76-4-5
ranges from 3.3 % to 4.9 % with an average
of 4.3 %, Test 76-4-6 ranges from 3.9 %
to 5.1 % with an average of 4.4 %.

2. Wajor Axis (the east-west direction):

Damping values were obtained from
frequency curves of Tests 76-4-2 and 76-4-3,
All results are contained in Table 8 and com-
plete information is included in Appendix G.

Using the half-power band method,
damping ranges from 8.7 % to 15.4 % and has.
an average value of 10.7 %. Test 76-4~2
ranges from 8.7 % to 15.4 % and has an aver-
age of 11.9.%. Test 76-4-3 ranges from 8.7 '%
to 9.9 % and has an average of 9.3 %. Using
the second method, -damping values ranging from
7.1 % to 9.1 % with an average of 8.2 %; Test

76-4-2 ranges from 7.4 % to 9.1 % with an aver-
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age of 8.3 %. Test 76-4-3 ranges from 7.1 %
to 8.7 % with an average of 8.0 %.
3. Torsional:

Damping of torsional mode was not
evaluated due to the shape of the frequency

response curve,

Mode Shape

1. Minor Axis (the north-south direction):

Tests 76-4-9, 76-4-10, 76-4-11 and
76-4-12 were run with one small weight in each
basket; part of each test was run at minor di-
rection natural frequency (4.93 Hz). Together
with the response obtained from frequency sweep
Test 76-4-6, mode shape is defined. The refer-
ence accelerometer was located at the west
quarter point of the third floor. All res-
ponses wére normalized to the reference accel-
erometer,

Normalized mode shape is shown in
Table 10 and plotted in Figure 18. The refer-
ence accelerometer had measured acceleration
ranges from 0.0109 g. to 0.0111 g.

2. Major Axis (the east-west direction):

Mode shape of major axis direction

is obtained from the peak acceleration of each
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TABLE 10

The North-South Mode Shape
(After Correction)

West East
West End| Quarter; Mid-point| Quartern East End
Point Point
379 1evel | 0.889 1.0 0.753 0.530 | 0.201
284 avel 0.493 0.519 0.424 0.329] 0.105
15% Tevel | o0.174 0.171 0.164 0.101 | 0.03k

.53



'ig. 19 Major Axis Mode Shape After Correction
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TABLE 11

The East-West Mode Shape
(After Correction)

3rd Level: 1.0
24y ovels 0.58
15% Tevels 0.24
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level during Test 76-4-3. Responses are nor-
malized with respect to the response of the
top level. The top floor had peak accelera-
tion of 0.0063 g. Normalized mode shape is
shown in Table 11 and Figure 19.

3. Torsional:

During frequency sweeps, each chan-
nel yieldéd different torsional frequency.

The accelerometer on the farthest end should
have the largest response due to torsion., So
the natural frequency obtained from the accel-
erometer at the end was used to define the |
torsional mode shape. Part of Tests 76-4-9,
76-4-10, 76-4-11 and 76-4-12 was run at 6.11 Hz
with one weight in each basket. Together with
frequehcy sweep Test 76-4-6, mode shape is
obtained.

The reference accelerometer was placed
at the west quarter point of the third floor.
All responses were normalized to the refer-
ence accelerometer. The reference accelero-
meter experienced acceleration from 0.0dhug.
to 0.0050 g. during all testing. Normaligzed

mode shape is shown 1n Table 12 and Figure 20,

Qutside Building Test
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TABLE 12

The Torsional Mode Shape
(After Correction)

West East
West End |Quarter] Mid-point |Quarter| East End

Point Point
3¥4d 1evel | 2.528 1.0 ~0.687 | -0.742] -1.059
204 1ovel 1.498 0.593 -0.34%7 | -o.ublf -0.45h
15% Tevel l 0.517 0.124 -0.141 ~0.091] -0.133
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Tegt 76-L-4 was run with accelero-
meter no. 4 placed at the south side next to
the building, twenty-five and forty-five feet
away from the building in the east-west direc-
tion. The test was run at 6.04 Hz which is
close to the natural frequency in the east-
west direction. As shown in Table 13, accel-
eration decreases from 0.0012 g, to 0.0007 g.
to 0.0006 g. as distance increases from 0 to
25 to 45 feet away from the building.

Test 76-4-13 measured ground accelera-
tion 5 and 25 feet away from the building at
the east, west and south side of the huilding.
The test was run at translational (4.93 Hz)
and torsional (6.11 Hz) frequency. All acce-
lerometers were placed in the north-south di-
rection., Results are shown in Table 13, 1In
all directions, results show that ground acce-
leration decreases as distance increases. On
the south gide of the building measurements
were taken on a concrete slab so measured ac-
celeration level was not as high as the other

gideg.
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TABLE 13

Outside Building Test

West Side East Side South Side

5 f£] 25 ft 5 £t} 25 f40 £t| 5 £+ 25 £ft| 45 ft

Minor|1.667| o.4o4} 0.162] oF | ---={1.111} 1.00| ----

Major| ----| =---| ----] -=={1.189 -——=| 0.703} 0.649

forsiont 1914 0.679( 0,105 of | ————jo.nuk| 0,171 -

*A1l results are shown in units of 10-3g.
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VvI. COMPARISON OF TEST RESULTS

Comparisons were made of the dynamic
characteristics of the building before and after the
seismic rehabilitation. Results are contained in
Table 14 through 17 and also discussed below.

A, Natural frequency:

As shown in Table 14, The natural fre-
quency in the minor axis direction changed from 3.595
Hz to 4,90 Hz; an increase of 36%. In the major axis
direction, the natural frequency changed from 4.01
Hz to 6.125 Hz; an increase of 53%. For the torsional
mode, the natural frequency changed from 4.79 Hz to
6.11 Hz; an increase of 28%.

Steel stud walls were replaced by re-
inforced concrete shear walls during the rehabilitation
and the change in mass is negligible comparing with
the total mass of the building, so the total mass
remains unchanged. Assuming a singleé degree of freedom
system, then the natural frequency wn=(K/M)% and from
which the changes in stiffness can be evaluated. It
was found that stiffness has increased 86% in the minor
axis direction, 123% in the major axis direction and
63% in the torsional direction.

B. Damping:
From Table 14, damping evaluated from half

power bandwidth method has changed from 7.2% to 6.3%
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TABLE 14

Comparison of Natural Frequency & Damping

Before After Change
Natural Frequency | 3.595 u;éo 36.30%
Minor Axis| Damping (4) 7.2 % 6.3 % -12.07%
(B) L6 % bh.3 % ~5.03%
Natural Frequency | &4.01 6.125 52 .74%
Major Axis| Damping  (A) 10.4% 10.8 % 3. 564
(B) 6.8 % 8.2 % 19.68%
Natural Frequency | 4.79 6.11 27.56%
Torsion Damping (A) 10.8 % —_—— ———
(B) 8.2 % _— —_———

Note: (A) used half power band method.

(B) used semi-half power band method.
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and decreased 12.1% in the minor axis direction,
changed from 10,4% to 10.8% and increased 3.6% in
the major axis direction. Damping evaluate from
the second method have changed from b6 % to 4.3 %
and decreased 5.0% in the minor axis direction,
changed from 6.8 % to 8.2 % and increased 19.7% in
the major axis direction. Damping in the torsional
direction was not evaluated for the second test
series, #o ho. comparison was made;

C. Mode shape:

The minor axis mode shape for before and
after the seismic correction was normalized to the
west—quérter point of the third floor. The renormal-
ized mode shapes are listed in table 15 and shown
in figure 21, the response for before seismic correc-
tion is relatively more symmetric to the mid point
than the response after seismic correction. Responses
after seismic correction at the west end are much
larger than the east end which implies the east
end of the building is stiffer than the west end.

The major axis mode shape for before and
after seismic correction was normalized to the third
level, The normalized mode shapes are listed in

table 16 and plotted in figure 22 for comparison.

The changes are very small.
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Fig, 21 Comparsion of Mode Shapes (Minor Axis)
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Fig. 22 Comparsion of Mode Shapes (Major Axis)
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TABLE 16

Comparison of Mode Shape
(Major Axis)

Before After

37 revel| 1.0 1.0

29 1eve1| o0.54%0. | 0.58

15% 1evel!| o0.124 0.24
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The torsional mode shape for before and
after the seismic correction was normalized with
respect to the east end of the third floor. The
re-normalized mode shapes are listed in table 17
and shown in figure 23. Again the response at the
west end is much higher than the east end which
is consistent with the results obtained for the
minor axis direction,

The deformed shapes in the minor axis
and torsional direction of the third floor for
both before and after seismic correction is shown
in figure 24 and 25, Even the deformed shapes
are not the same but both éhow that the floor slab
is not rigid in its own planeQ since the deformed
shape of a rigid body should be a straight line and
none of the experimental results is anywhere close

to a straight line.
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Fig. 24 Third Floor Deformed Shapes (Minor Axis)
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Fig. 25 Third Floor Deformed Shapees (Torsional)
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