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FOREWORD

The research described in this report, "Characteristies of
Prestressed Concrete"”, was conducted under the supervision and technical
responsibility of Joseph Penzien, Associate Professor of Civil Engineering,
Division of Structural Engineering and Structural Mechanics, College of
Engineering, University of California, Berkeley, California.

This research was performed under the sponsorship of the
U. S. Naval Civil Engineering Laboratory, Port Hueneme, California, and

is submitted in this final report in fulfillment of Contract No. NBy-32203.
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NOTATION

Dynamic magnification factor

Modulus o: elasticity of concrete

Ultimate strength of concrete

Modulus of rupture of concrete

Length of beam

Mass per unit length of beam

Total mass of beam

Generalized mass of the First free-free vibration mode
Applied static load in free vibration test

Load amplitude during steady state test

Beam deflection amplitude during stead& sta.te‘ test
Beam velocity amplitude during steady state test
Static contribution to beam deflection

Initial beam deflection - free vibration test

Time

Coordinate along beam axis |

\ Damping coefficient

Circular frequency of harmonic input
Circular frequency c::f first mode of vibration

Phase angle between velocity and force,

 Mode shape function



I. INTRODUCTION

In recent years there has been an increase in the use of
prestressed concrete structural elements which must be designed to withstand
various types of dynamic loading conditions. These dynamic conditions may
be transient in nature as produced by blast loading or earthquake loading
or they may be steady state harmonic conditions as produced by heavy
rotating equipment. In either case it is desirable in designing such
elements that their damping characteristics be known.

Due to the lack of knowledge in this general area, the investi-
gation as reported herein was undertaken to specifically study the damping

characteristics of concrete under different types and intensities of prestress.

II. EXPERIMENTAL PROGRAM

A. Test Specimens

A total of 20 prestressed concrete beams and 4 standard rein-
forced concrete beams (no prestress) having the dimensions 6" x 6" x 90"
were tested under dynaﬁic conditimns 1o determine their general damping

- ¢haracteristics. Table I summarizes the important features of each

beam by giving the standard properties of the concrete, the location
and size 6f reinforcing bars, and the prestress condition just prior
to testing.

All concrete used in the program was menufactured using Santa
Cruz Type I cement, Eliot sand, and Fair Oaks gravel. The gradation

curves for the aggregates are shown in Figure 1.



Three different concrete mix designs were used in the investi-
gation. The proportions by weight of Type I Banta Cruz Cement, Eliot
sand, and Fair Osks gravel used in each of these mixes were 1.00 : 2.88 :
3.60 (Mix Ne. 1), 1.00 : 2.31 : 3.29 (Mix No. 2), and 1.00 : 0.96 : 2.0k
(Mix No. 3). Water cement ratios by weight were 0.56, 0.475, and 0.28,
respectively, which produced ultimate sbrengths of approximately k00O,
5000, and 6000 pounds per square inch. All concrete when poured
produced & slump in the range of 1 to 4 inches. The curing procedure
was similar for all concrete specimens and consisted of 7 days in a
fog room (100% humidity) followed by 21 days in an air dry condition.
All specimens were tested at the age of 28 days.

Three standard control cylinders (6" x 12") and three comtrol
flexure beams (6" x L-7/8" x 20") were poured along with each test
beam. These control specimens were tested in accordance with ASTM
specifications and gave average compressive strengths and moduli @f
rupture as presented in Table I. Strain measurements made on two of
the three cylinders for each test beam gave the stress-strain curves
shown in PFigure T - 30. The modulus of elasticity for each cylinder
tested is summarized in Table I.

Because of the desirabilibty to restrict damping as much as
possible to the concrete itself, high strength deformed bars wers
used as reinforcement rather than standerd presiressing cables. Only
two bar sizes, namely No. 6 and No. 9, were used in the investigation.
While both size bars were of high strength steel, they were rolled
from two different grades of steel having the stress-strain properties

shown in Figure 2.
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In order to maintain bebier contreol over the prestress, post-
tensioning of the reinforcing bars was employed. This operation
necessitated embedding flexible metal tubing (1-T7/16" diesmeter) in
the concrete through which the reinforcing bars could later be placed.
Post-tensloning was accomplished in a standard menner using an
hydraulic Jack. Steel bearing plates l«l/@ inches in thickness were
used at the ends of each beam with a 1/4 inch plywood filler plate
placed between the steel plate and the concrete to insure an even
distribution of prestress. Howlett mubs and wedges were used to grip
the bars. The photograph in Figure 3 shows all of the equipment used
in the post-tensioning operation.

Pogt=-tensioning of each congrete beam was started within a few
days after removal from the fog room. The intensity of prestress
applied at this early age was set as close to the design prestress as

the strength of the concrete would permit without inflicting damag

Curves of ultimate strength versus age such as shown in Figure 5 for
Mix No. 2 were used as a gulde in establishing a safe limiting prestress
at any age. The prestress was again increased or adjusted several times
between the age of 7 and 21 days. At the age of 21 days, final adjust-
ment of prestress was made.

Tmmediately following final adjustment of prestress, an expansive
grouting mixture was pumped into the veoid space between the reinforcing
bar and the flexible metal tubing from one end of the beam wuntil it
was forced out a small opening at the opposite end. The formumla used
to make the grouting mixture was the following: Type I Santa Cruz
cement, 10.8 1bs.; Fly Ash, 1.2 lbs.; Interplast C, 55 gus.; 10%

solution of plastiment, 6 m.l.; and water, 1944 m.l. An unrestrained
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expansion test performed with this material produced the expansion
versus age relationship as shown in Figure 6. Compressive strengths of
approximately 2890 pounds per square inch at the age of 8 days were
observed for this material.

The photograph in Figure L shows a reinforcing bar after removal
from one of the test beams. In this photograph one will observe that
the flexible tubing has been removed over a portion of the bar to
expose the hardened grouting materisl and the grouting material has
been removed over a short interval of length to expose the reinforcing
bar. Bond between the reinforcing bar, the grout, and the flexible
tubing was found to be very good; thus, one could reasonably assume
no slippage took place in the immediste region of the reinforcing bars
during dynemie testing. This condition was desirable to help restrict
the internai demping to the concrete itself.

Several strain gauges were attached to each reinforcing bar
prior to thelr being placed in the flexible tubing. Strains could
thus be measured during the prestressing period to pyovide a check

of the magnitude of prestress supplied by the calibrated hydraulic
Jack. BStrains were also measured by these gauges Jjust prior to
testing each besm at the age of 28 days so that any loss of prestress,
due to creep of the concrete after grouting (21 days), could be
determined. However, due to the procedure of prestressing the concrete
gt as early an age as possible, very little loss of prestress was
observed during the period between grouting and testing. These gauges
were alsc used to detect any loss of prestress resulting from the
dynamic tests. Because of the large initial strains in the steel bars,
this loss was negligible up to the point of complete failure of the

concrete .



B, Dynamic Testing Equipment

Bach test beam was first subjected to a steady state harmonic
excitation as a free-free beam. This free-free condition was
cbtained by hanging each beam from two relatively soft springs
(k = 17.5 1b/in) which were attached to the beam at its nodal
pointe. The harmonic excitabion was obbained by abttaching a Model Cl-d,
MB execiter to the lower side of the beam at its midpoint, as shown in
Figure 31. The attachment of besm to exciter was made through a
calibrated load cell which was strain gauged in such a manner that any
bending in the load cell itself would not contribute to its oubput
signal. Thus, the signal generated by this losd cell was directly
proportional to the concentrated load spplied to the beam by the
exciter driver coll. A wvelocity genersbtor which 1s bullt into the
gbove exciter provides a signal which is direectly proportional o
the vertical veleecity of the driver coil. The above twe signals,
i.e. the signals from the load cell and the veloclity generator,
provide a measure of the steady state input and output, respectively.

The phobtogreph in Figure 32 shows the associated electronic
equipment used in the steady state tesbing program. The MB Model
T112531 power supply unit for the exeiter (Unit Ne. 1 in ph@t@gr&ph)
consists of separate power supplies for thé driver and field c@ils,yﬁ
a power supply for the veloclty gensrator, as well as an audio osecil-
lator having a frequency range fram 5 - 60,000 cps. The Ellis Model
BA2 Pridge and smplifier {Unit No. 2) shown in this photograph served
an an intermediate element between the load cell and one channel of
the Techtronic dual besm oscilloscope (Unit No. 3) shown in this

seme picture. The purpose of this unit is to balance the strain
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gauge bridge on the load cell, amplify its signal before going to the
oscilloscope, and to serve as a calibration unit. Two other pieces of
equipment are shown in Figure 32, namely, a Hewlett Packard electronic
counter, Model 521A (Unit No. 4), which was used only to check the
audio oscillator frequency, and a power supply unit (Unit No. 5) for
the Techtronic oscilloscope. The output signal from the velocity
generator in the exciter is carried directly to one channel of the
Techtronic oscilloscope. Shielded cables were used for all connections
to eliminate the recording of any stray signals present.

After subjecting each beam to the steady state exeibation as
previously described, they were supported at their ends as simple beams
and subjected to static concentrated loads of various magnitudes at
midspan which were then instentanecusly released, thus producing a
free vibration conditdon.

This type of loading was accomplished by the system shown in the
photograph of Figure 33. As demonstrated in this photograph, the concrete
beam is bolted rigidly between two bearing plates at each end. The
bottom bearing plates are welded to flexible supporting plates which are
in turn welded to & very rigid steel supporting beam. The purpose of
these flexible supporting plates is to provide the concrete test beam
with supports vwhich are very near to simple supports and which are
essentially free of damping. The restraining maments provided by these
plates ag the ends of the test beam rotate are negligible. ‘The rigid
steel supporting beam is clamped into the Baldwin hydraulic testing
machine shown in the picture with a force of approximately 15,000 pounds.

The static concentrated load at midspan is applied by a calibrated

hydraulic jack which sets on top of a railroad car coil spring which in
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turn rests on the upper head of the Baldwin testing machine as shown
in Figure 33. The load from the jack is transmitted though a one inch
diameter high strength bolt which passed down through the cylinder of
the hydraulic jack and on down through the upper head of the Baldwin
testing machine with a one-half inch thick plate and a nut being
placed on its lower end just under the upper head of the testing
maching. To complete the connecting link between jack and concrete
test beam, a load bar approximately 9 inches long is threaded into the
lower end of the one ineh high strength bar. The lower end of this
load bar is threaded into a rigid bracket which is in turn bolted
rigidly to ‘the test beam. As tha hydraulic jack spplies a load
through the load bar it must be reacted by the railroad car spring

(k = 8.7 kips/in.). This spring compresses as the load is increased
to its desired mesgnitude and provides the necessary flexibility in the
system so that when the load bar is cubt no appreciable loss of load
will be experienced due to local yielding of the load bar at the point
of fracture. Fracture of the losd bar is initiated at the desired
time using bolt cubters. The one half inch thick plate mentioned
gbove served as a safety element which prevented, upon fracture of
the load bar, the sudden release of the strain energy stored in the
railrosd car spring.

A Bourns linear motion potenticmeter, powered with two 45 volt
dry cell batteries, was used to measure the center de¥lection of the
conerete test beem immediately following fracture of the load bar.

The ocubtput signel from this potentiometer was placed directly on one

channel of a dusl beam Techbronie oseilloscope. Calibration of the
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potentiometer was accomplished by measuring the static deflection at

the location of the potenticmeter using a standard dial gamge.

C. Dynamic Testing Procedures

Ll

Steady state testing - As indiesgted in the previous section, each
conerebe besm was first subjecbed to steady siate harmaﬁie psell-
lation as a free-free beam. The testbing proemdure for bthis loading
condition consisted of sebtbing the desired input frequency on the
audio oscillator located in the exciter power supply unit and then
adjusting the voltage gain on the execiter driver coil to produce
the desired force amplitude. This force amplitude was very easily
controlled by cbserving directly on an oscilloscope the signal
produced by the calibrated load cell. The response of the beam
to this known input was then measured by observing directly on

the oscilloscope the signal generated by the velocity generator

in the exeiter. This signal gave a direct measure of the veloecity
produced at the center of the bean.

Figure 34 shows two photographs taken directly from the
oscilloscope during steady state testing. Each photogreph shows
two signals as received from the lead cell and the signal generator
which gave force and velocity conditions, respectively. FPhotograph
A shows, for a particular test condition, a velocity which is
leading the forece by approximately 80 degrees while photograph B
shows a test condition where this phase angle is nearly zero, thus
approaching a resonant condition. These example pictures iliustrate
the method used to measure directly from the oscilloscope (1) the

input force amplitude, (2) the velocity smplitude, and (3) the
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phase angle between force and velocity. The frequency is read
directly off the audio oscillator for each test condition.

Two input parameters were varied during steady state testing,
i.e. frequency and amplitude of the input force. The test procedure
consgisted of holding é constant force amplitude while varying the
frequency of the input over a wide range of frequencies (50 - 500
cps). After measuring velocity amplitude asnd phase angle between
velocity and force for many discrete frequencies in this range,
the force amplitude was changed and the test repeated as described

above.

Free vibration testing - The second method of testing each concrete
beam, as previously noted, consisted of applying static concentrated
losds of varicus magnitudes at the center of each beam and then
suddenly removing these loads so that free vibration of each beam
could be observed. In this phase of the program, each load was
gpplied statically in increments up to some prescribed magnitude
while noting the resulting static defleection at the center of the
beam at each increment. Upon reaching the prescribed load, the
load link was fractured, thus inducing free vibration from a
known initial deflection.

This free vibration which damps ocut rapidly was recorded on
one channel of a dual beam cscilloscope. The photograph in
Figure 35 shows a typical deflection curve reagrded during this
period. To obtain such a picture it was necessary that the hori-
zontal sweep on the oscilloscope be initiated at the instant of
fracture of the load bar. This conbrol was obtained by placing

a metal foil along the load bar (but insulated from it), clamping
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it to the bar at each end, and comnecting it into the sweep ecirecuit
of the oseilloscope in such a manner that when fracture of the losd
bar occurred, the foil would also fracture thus opening a circuit
and causing the oscilléscope beam to sweep across the tube at a
preset rate.

To establish an accurate time scale for the dynamie response
as shown in Figure 35, a 60 cycle signal was placed on the second
chennel of the dual beam oscilloscope and recorded simultaneously

with response during each period éf free vibragtion.

IIT. EXPERIMENTAL RESULTS

Steady State Tests

The pertinent experimental results obtained in these series of
tests are shown in Figures 36 - 57. These figures show the rela-
tionship between the center deflection amplitude and frequency of
vibration over a fairly small range in the vicinity of the frequency
of the first mode of vibration. Each individual resonance curve in
these figures is for a constant force amplitude ( P ) as indicated;
however, this forece amplitude 1s the parameter which changes from
one curve to ancther in each figure. Dynamic magnification factors
(IMF) and damping factors ( A ) as defined in a subsequent section
are given in each of these Figéreso

As indicated previously these steady state tests were conducted
over the frequency range from 50 - 500 eps. This frequency range was
sufficiently high so that rescnance of the third mode of vibration

(i.e. second symmetrical mode) was observed. However, due to the
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small component of input forcing function present to exeite this mode
it was impossible to get a reliable measure of the damping present in
this mode. Therefore; the~e2perimental data obtained outside the
frequency ranges indicated in Figures 36 - 57 did not yield any
appreclable information regarding damping and as a result will not

be included in this report.

Phase angles between the force input and the velocity oubput were
measured throughout the frequency range 50 - 500 cps but again only
those data ih the region of the frequencies shown in Figures 36 - 57
are considered of any importance. Since these phase angles were
observed to agree ressongbly well with theory, they have not been

included in this report.

Free Vibration Tests

Figures 58 - Blvpresenﬁ the ‘static losd versus center deflection
relationship for each of the 24 beams tested. The continuous curves in
these Figures represent the deflections produced during the initial
loading while the dashed curves represent the deflections produced
during subsequent loadings. The arrows in Figure 58 illustrate the
mamner in which loading was applied to Beam No. 1. All other load-
deflection curves should be interpreted in a similar menner.

Each beam was positioned on its supports with the cwoss section
oriented as shown in Tablg I and was losded in an upward direchtion at
its center. Thefef@re, tﬁase ‘beams ha&ing an unsymetrical section
were loaded stétically in their weak direction. This direction of
loading was considered desirable since any inelastic deformation

taking place during dynamic testing would be in that directien
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regardless of the direction of load application. No atbtempt was made
to measure a stabtic load-deflection relation for negative loading
(i.e. dowvnward loading) for these unsymmetrical cases; however, from
the geoametry of the cross section and the positive loading results
one can predict this relation reasonably well in range of loading
applied during dynamic testing.

As previocusly described the free vibration tests were conducted
by simply lcading each beam statically in the positive or upﬁard
direction, suddenly releasing the load, and measuring the subsequent
center deflection of the beam as 1t vibrates'ana'finally comes to
rest. Photographs taken directly from the oscilloscope which show
this free vibration response are presented in Figures 82 - 89. The
test mumber given on each of these Figures is also given on the static
load-deflection curve for each corresponding beam {Figures 58 - 81)
to show the static load-deflection condition of each beam when free
vibration starts. This initial static load and its corresponding
deflection are given for each test as presented in Figures 82 - 89.
Effective viscous damping factors {A) as defined in the subsequent

section are also given for each of these testis.

Iv. DISCUSSION OF EXPERIMENTAL RESULTS

Steady State Teshs

The pertinent experimental data cbtained during steady state
testing consist of the resonance curves shown in Figures 36 - 57.

As previously pointed cut, each test beam was supported as a free-
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free beam and subjected to a concentrated harmonic force of amplitude
p at midspan. The resulting steady state vertical velocity amplitude
% at midspan was measured along with the phase angle ¢ as shown in
Figure 34. By dividing this velocity amplitude by the known circula;i'
frequency & of the input forecing function, the center deflection
amplitude can be obtained.

Several standard methods can be used to measure the amount of
demping as represented by a resonance curve. For this investigation
the method considered to be ‘mcst accurate wag simply to base the
amount of daméing on the response amplitude at resonance. ’Thus, the
dynamic magnification factors (IMF = id/is = dynamic deflection/
static deflection) as shown in Figures 36 = 57 are based on resonance
conditions. In calculating anfy particular dynamic magmfi‘cs:bion
factor, the measured dynamic deflection 5'{& is taken directly from the

‘resonance curve; however, the statie deflection i'cs is calculated

using the equation

xw:@/zl‘f-l ” (1)

vhere &/ 1 is the resonant frequency of the first mode of vibration

and Ml is the generalized mass of the first mode of vibration. This
generalized mass can be calenlated using the well known equation
(2)

M = m(z){(ﬁl (z)%dz

OC.~

where z 1is the coordinate along the beam axis, L is the length

of the beam, m(z) is the beam mass per unit length, and ¢l(z) is
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the first mode shepe normalized so that §,(Z) = 1. It has been
assumed in calculating this generalized mass for each test beam that
the first mode shape corresponds to that of a uniform free-~free beanm

cand is given by the equation

p,(z) = -0.982 (Simh 4.75 —g + Sin k.75 £)
(3)
+ {Cosh 4.75 %’+ Cos h.75'%)
It has also been“assume& in calculating the generalized mass that
the mass per unit length m(z) is constant and equal to M/L where
M is the total known mass of the test‘beam. Substituting Equafion (3)

and M/L for m(z) into Equation (2) will give

It should be recognized that Equation (4) is approximate due to the
presence of the steel end plates which change the mode shape ¢l(z)
slightly from that given by Equation (3) and also influence the mass
distribution term m(z) appearing in Equation (2). The error intro-
duced by this approximation is small, however, and therefore can be
permitted.

In calculating the IMF's in the manner described above, it is
assumed that only the first mode of vibration contributes to the
dynamic displacement id. This agsumpbtion is, of course, not strictly
true; however, for low damped systems, the contributions from higher‘
modes are negligible when first mode resonance is obtained.

The damping factors X\ given in Figures 36 - 57 are based on

the usual assumption of viscous deamping and have bgen calculated



using the equation

1
M= SEE (5)

The above theoretical considerations are based on linear flexure
theory and should be applied only to those beams sh@wing linear
response characteristies; As noted in Figures 58 - 81, the beams
tested in this investigation are highly non-linear in character
if the deflections produced afe sufficiently high. However, in
conducting the steady state tests all vibrations were limited to
small amplitudes. Therefore, these beams generally responded in
their initial linear range thus making the above theoretical consider-
ations applicable.

To study the effect of various parameters on internal damping,
consider first the results given in Figures 36 = L9 for Beams
Nos. 1 - 16 (see Table I). Two important design parameters are
involved, nemely, magnitude and type of prestress.

Tt is apparent by comparing the results given in Figures 36 - 38
and also by comparing the results given in Figures 39 - k2, that for
these tests magnitude of prestress did not greatly influence damping.
In each of these cases, no tension cracks were developed due to the
type of prestress and due to the small amplitude oscillations
produced. Therefore, based on these results, it would appear that as
long as the initial prestress keeps the entire cross section of the
beam under compressive stresses during the vibration period, damping
will not be affected greatly by the magnitude of the initial prestress.
As noted on Figures 36 - 42, the smount of damping for these eaées

ranged from about 0.5 - 1.0 percent of critical.
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Consider now the results presented in Figures 43 - 45 which
represent the triangular initial prestress condition. Comparing
these results with those discussed in the previous paragraph
(Figs. 36 - 42), it is apparent an increased amount of demping is
present. It would appear in this case that the tensile stresses
produced by the vibration accounts for this increase. As noted,
this increase in damping is accompanied by reduced resonant
frequencies which indicate cracking of the conerete has taken place.
Fof this tfiangular type of prestress, damping would seem to be
reduced as the intensity of initial prestress is increased. This
reduction 1s to be expected since the initial linear range of the
beam is extended somewhat with increased intensity of prestress as
indicated by the static load-deflection curves shown in Figures 66 - 69.
The amount of damping given in Figures 43 - 45 for this prestress typg
ranges from approximately 0.75 - 1.50 percent/mf critical.

Now observe the results presented in Figures 46 « 49 for
Beams Nos. 13 = 16. As shown in Table I, these beams have been pre-
stressed so that tensile stresses are also produced by the initial
prestress. However, as shown by Table I, the initial prestress for
Beams Nos. 15 and 16 were sufficiently great to produce cracking.

It is obvious from the resonance curves in Figures 46 - L9, that
damping for this prestress type is greater than the damping observed
Tor any of the other three prestress types previously discussed.
This increase is due to the greater amount of cracking permitied.
Prom the data presented for this prestress type, it is difficult

to maké any c&nclusions as to the effect which magnitude of initial
prestress has on damping. Demping factors are observed for these

cases in the approximate range of 1.0 = 2.0 percent of critical.



- 17 =

From the previous discussion of the resulis presented in
Figures 36 - 49, it is generally concluded that the important para-
meter which affects the amount of internal damping in prestressed
concrete is the degree to whicﬁ tension cracks were allowed to
develop in the concrete. The two design parameters involved in
these cases, namely, magnitude and type of prestress, have an indirect
influence on daméing in that these parameters influence the amount of
cracking which can take place.

It should be noted in all of the above cases that the damping
factor M increases with amplitude of oscillation. Even in those
cases where the initial prestress keeps the entire cross section
under compressive stresses during the vibration period, an inerease
in damping with amplitude of oscillation is cbserved. The rate of
increase with amplitude is, of course, much more pronounced when the
amplitudes increase sufficiently to develop tension cracks.

The resonance curves shown in Figures 50 - 53 were obtained from
tests conducted on Beams Nos. 17 - 20 which were ordinary reinforced
concrete beams (no prestress). Beam No. 17 cbviously cracked during
testing which resulted in damping factors of over two percent of
eritical and also resulfed in a reduced frequency. Beam No. 18
apparently did not crack during testing as indicated by the low
demping factors and by the resomant frequency of 90 cps which is
about ecorrect for an uncracked beam of this type. Beams Nos. 19
and 20 were reéinforced on both top and bobtom as shown in Table I
and as a result no cracking toock place during testing. Thus low
damping factors, i.e. of the order of one percent of critical,

were observed.
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As pointed out in a previous section of this report, Beams
Nos. 1 - 20 were manufactured using concrete Mix No. 1, Beams Nos. 21
and 22 were manufactured using Mix No. 2, and Beams Nos. 23 and 24
were manufactured using Mix No. 3. Therefore, it was the intent‘to
check the effect which concrete ultimate sirength has on damping by
testing Beams Nos. 21 - 24. It is quite obvious, however, that the
effect of thils parameter is entirely overshadowed by the effect of
cracking. '

Beams Wos. 21 and 23 were prestressed and do not show evidence
of cracking as shown by their rescnance curves (Figs. 54 and 56),
i.e. the dam@ing factors are reasonably low and their frequencies
are consistent with uncracked sections.

Beams Nos. 22 and 2k, which were ordinary reinforced beams,
produced the resonance cﬁrves shown in Pigures 55 and . 57. It is
quite apparent that both of these beams'cracked during the steady
stafe tests as evidenced by the large increase in damping with
amplitudejapd by the reduction of their resonant frequencies with
amplitude.

Ag previously pointed out, all demping factors given on
Figures 36 -~ 57 were based on the measured amplitude of;response
at resonance. However, the general shape of the resonance curves
- in these Figures also give an indication of the amount of damping as
illustrated by comparing these resonance curves with those presented
- in Figure 90 for a single degree system.
| In concluding this discussian‘en the steady state test resulis,

it seems appropriate to re:amphasize that the important parameter
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which appears to influence damping in prestress or ordinary reinforced
concrete elements is the degree to whiéh cracking is permitted to develop.
Demping factors seem to be of the order of one percent or less for
uncracked members but increase with the degree of cracking permitted.
Maximum damping'factors measured in these tests were of the order

of 2.5 percent of critical. For these extfeme cases, cracks were
unquestionably produced; however, considering the small amplitudes of

of oscillation which produced them, it would be impossible to see

such cracks with the naked eye even if one could stop the motion of

the vibrating beam at its maximum amplitude of motion.

Free Vibration Tesgts

Due <to the limited force oubpub-of the available excitor used
in the steady state test program, it was necessary that each test
beam be further tested using the free vibration method previocusly
described so that large amplitude oscillation could be achieved. The
results of this investigation are presented in Figures 82 - 89, The
applied stabtic load P, and resulting deflection x(0) as indicated
for each dynamic test is represented by a point on the appropriate
static load-deflection curve in Figures 58 - 81.

Each damping coefficient A\ shown in Figures 82 - 89 is based
on the assumption of viscous damping and has been cobtained in the
usual way by measuring the decrement of damping directly from the
photographs of the decayed free vibration response. This decrement
was checked for successive cycles of oscillation for a number of

teste to determine if demping was a function of amplitude. While
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some varigtions were observed, generally the damping decrement was
reasonably consbant over the earlier portion of the decayed response
curve. Therefore, all A's were calculated by considering the
reduction in displacement amplitude over a period of four cycles of
osclllation which results in the eguation
o= o1 \[Tas T
X

' 11
where X, is the displacement amplitude of the nth cycle of
oscillation. Due to the accuracy of the amplitude measurements, it
is very difficult to measure accurately the demping decrement Lowards
the end of the decayed response curve. Therefore, damping for the
relatively low amplitude oscillations could not be measured.

In attempting to correlate the damping factors in Figures 82 - 89
with the variocus parameters involved, considerably more difficulty
srises than in the correlation of the steady state results previously
discussed. This difficulty would seem to be due to the fact that in
most cases the initilal maximm displacements are sufficiently large
to produce cracking in the cencrete. Since the amount of this
cracking can vary over a wide range and since each beam had been
loaded only once or twice to the prescribed test load before the
actual test was conducted, one wmight expect considerable differences
in the damping factors obtained. This latier statement would imply
that past history of loading is an important parameter. To illustrate
this point, Test 22-2D (Fig. 88) was initisted at a load of 3.30 kips
which was the first time Beam No. 22 had been loaded to this level.
From the resulting decayed respomse curve it is quite clear that
cracks were produced on the first cycle of oseillation; thus, a

relatively large smount of the strain energy was immediately dissipated.



Obviously for this case any damping factor one might calculate would
be meaningless. Test 22-3D is a rerun of Test 22-2D, which gave
entirely different results. It can be assumed from these results
that Test 22-3D did not produce any additional new cracks.

If one observes only those dynamic tests which were conducted
strictly in the linear range (see Figs. 58 - 81), damping factors
generally fall in the range 3 - 3 1/2 percent of critical. For
those tests conducted in the non-linear range where large cracks
develop, demping factors generally fall in the range 3 1/2 -6
percent of critical. There is, however, one excepbion to this
statement, i.e. for those tests involving Beams Nos. 20, 22, and 2k
which were reinforced both top and botbom. For these beams damping
seemed to show a decrease for the large amplitude oscillation.

In comparing the low amplitude free vibration resulis with the
steady stabte results, grealer damping factors are observed in the
cage of free vibration. While this difference is greater than one
would expect, there are a mumber of fa@t@fs which no doubt contri-
bute to this difference. BSome of these vcoatributory factors are
the following:

(1) 1In the steady state tests, many thousands of cycles of
loading were accumulated before the basic test data were
recorded, while in the free vibration case, each beanm
experienced only one or two previous cycles of load. It
is expected that damping will decrease with munber of
load cycles to a given ampliiude.

(2) The displacement amplitudes were higher in the free

vibration tests than in the stesdy state tests.
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(3) The frequency of oscillation wag lower in the free
vibration tests than in the steady state tests.

{4) Support damping was higher in the case of free
vibration tests. As pointed cut in numerous references,
support damping can be very important in practical
situations and should not be overlocked. To what extent
support damping influenced the resulis presented in this
report is unknown; however, considerable effort was made
to minimize this effect. It is gquite evident that further
work is needed to study the effect of this very important

parameter.

V. CONCLUSIONS AND RECOMMENDATIONS

Based on the experimental resulis obtained in this investigation,
the following general conclusions have heen deduced:

(1) Under steady state conditions, internal damping in prestressed
concrete members may be less than one percent of eritical if
the initial prestress is sufficlent to prevent tension cracks
from developing. If tension cracks are allowed to develop,
but on a miscroscopic scale, damping can be expected of the
order of two percent of eritical. If larger (visible) cracks
are permitted to develop, one should expect higher damping.

(2) Under transient conditions, the amount of internal damping
present in prestressed concrete members depends to a great

extent on the past hishory of loading and on the amplitude



- 23 -

of displacements produced. For those cases where members have
been dynamically loaded only a few times to a given stress
level which produces considerable cracking, damping can be
expected anywhere in the range of 3 - 6 percent of critical.
(3) Magnitude and type of prestress in concrete members have an
indirect influence on internal damping only because these

parasmeters control the amount of cracking which can take place.

There are numerous factors which afflect the overall damping in
a prestressed concrete structural system as pointed out in this report.
Those factors which were not included as parameters in this investigetion
but which need further study are the following:
(1) Effect of history of loading on internal damping;
(2) Effect of support conditions on external demping; and

(3) Effect of frequency on overall damping.
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Free-free beam attasched to exciter

Figure 31

Exciter power supply unit and electronie
recording equipment for steady state tests

Figure 32
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Dynemic Magnification Factor (IMF)
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