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ABSTRACT

An experimental investigation of the dynamic response
of bimaterial beams is reported. The effect of adding a
viscoelastic material to an elastic material is- compared.
Two model beams and itwo prototype beams are studied. Damp-
‘ing forces are evaluated by calculating the reéponse of the
system under the action of a constant sinusoidal force and
by using logarithmic decrement values of the decay curves,

_Results show that the addition of a viscoelastic
material to an elastic system does not change the damping
mechanism, although a change in the magnitude of damping
is noticeable. Experimental results of the prototype beams
indicate that the load history of the bimateriai beams |
strongly affect thelr response. As a result, interesting
nonlinear softening effects and nonlinear damping are en-
countered in the low stress reglons. Suggestions for fur-

ther studies are presented.



Chapter 1
STATEMENT OF PROBLEM

. Introduction

In structural analysis, considerations,of the dynamic
effécts due to earthquake and blast loadings are being given
more attention. Standard design codes apply statical ampli-
fication factors in structural design whéne thede effects are
considered. The applicatioﬂ of,thesehdynamic forcés result in:

elastic systems being set into ayvibrating motion. This motion
‘is primarily dependent upon the amount of damping in the
materials that are used in the geometrical configuration,

and upon the interaction of different materials.

-When the dynamic forces are removed from the system,
the vibrating motion eventually dies out due to internal )
dgmping forces.. Damping forces in a vibrating system can
be deriVed from a number of sources. In elastic structural
systems, the viscous damping is the most familiar and widely
used, In viscoué damping'the damping forces are assumed to
be proportional to velocity. In some systems this offers
‘& fair approximation and also yields a simple mathematical
solution. However, viscous type dampingvoften does not pro-
vide a realistic estimate of the damping characteristic of
s structural system. The damping force of structural systems
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is'often independent of the frequency but strongly effected
by the amplitude. |

| Another linear mathematical theory, in which the
damping energy is independent of the frequency, is called
the hysteretic damping theory. Hysteretic damping in a
single degree of freedom system is similar to the familiar
viscous damping in that it,implies a resisting force which
ié'in phase with the velocity. Further discussion of this
theory is given in the next chapter.

As was staﬁed previously, the amount of damping is
dépendent upon the type of material and upon the config-
uration. In addition, two or more materials used simul-
taneously in a system can take advantage of various types
of maferials for their energy dissipating charaéteristics.
As a result of this, éomposite structural systems have been
recognized for their.ability to dissipate.large amounts of
_.en‘ergy° It has been found in particular thét the additioh
of viscoelastic materlals to an elastic system will greatly
increase the magnitude of dampingo The addition of a visco-
elastic material to an elastic material results in a struc-

tural system known as a viscoelastic-elastic bimaterial system.

Objectlve
-The objective of this study was to explore the

qualitative aspects of the structural damping of a visc6wi
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elastic-elastic bimaterial system and to attempt to evalu-
ate the primary type and amount of demping in this type of
structural system. This study was therefore, and experi-
mental investigation of damping forces in flexural Vibrating
YiScoelasticnelastic systems. The effects of variations

in the frequency and amplitude of vibration on the struc-
tural systems were studied., The effects on damping proper-
ties due to the addition of a viscoelastic element to a vib-
rating elastic system were also considered. A verification
of the composite action_between the viscoelastic and elastic
matefial9 the type of igpermaterial connection, and the

amount of increase in damping was attemptedQ.

Damping forces in a sfructural system are derived
from two‘major sources; (a) material datpihg and*(b) system
damping. This report has not distinguished between these
mechanisms of energy dissipation, because the evaluation §f
the entire system and not the individual components was the
objective of this stqﬁyo The values given‘thérefore are
the resulfs of both ﬁéterial and system damping and provide
COmparativeAstudies for ﬁhe addition of a viscoelastic
material to an elastic system and also for the specific type
of connéction used between the elastic and viscoelastic mat-
érials in the system.

Damping forces can be defined in a'number of ways

and also, a wide variety of nomenclature is used by different



authors in these definitions. A more complete discussion

by several noted authors is given in Reference 12. For this
study, the logarithmic decrement and the forced vibration
fésponse methods have been used to determine the damping
forces. No attempt is made to treat the full dynamical
?fbblem, rather, a.given simple harmonic motion is used fgr
the beam without reference to the exciting force. Although
ﬁbiélapproach is grossiy simplified9 some conclusions can
béjdrawn from the results. The stress 1eVe1 investigated 
 was well within the éndurance limit, since the maximum stress
did not exceed 3,000 psi in the prototype steel-concrete
beam. Only the simply supported configuration was investi-
gated and it is felt that other configurations might be even

more informative.



Chapter 2
GENERAL THEORY

k1Histor1

- Investigatipﬁ-of the damping properties of materials
was first started in 1784 by.Goulomb° He hypothesized and
experimentally proved that in torsional oscillation, damp-.
ing is/ caused by internal losses in the material. . The
earliest measurement of intérnal friction by the free-=decay
'method was performed by W. Weber in 1837. 1In this method,
the logarithmic decrementlwés obsérved by Watching‘the rate
of decay of the amplitude of vibration. Later inﬁestigations
were made with models in the form of a wire by T° S. Ke,
which proved to be successful.

In 1862, Helﬁhotz presented a discussion on the
steady state bandwidth method as well as the decaymrate
method. 'The bandwidth method denotes a particular analysis
in 2 steady state system. This method, often called the
resonant method, émployé}a harmonic forcing function. The
amplitude pf vib;ation.is bbéerved as the frequency of the
forcihg»function is varied. The frequency at which the
response amplitude is a maximum is called the critical
~Tresonant frequency, and width of the amplitude versus forcing

‘fréqpency curve is a measure of the damping. The resonant
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method is employed when the damping forces are large and the
response curve is broad. The decay method is somewhat com-
plementary to the resonant method in that if damping is -
large the resonant method yields good resuits9 but an ac-
curate measurement of thé logarithmic decrement is difficult,
Conversely, the decay method ghms good results when a system
is lightly damped and in Whlch case it is dlfficult to obtain
gqod_results using the resonant method, _
In 1912, Hopkinson and Williams présented damping as
the hysteretic‘pﬁenomenon, They suggested that these 1osseé
”.wéré_due'to,the incongruencies in the stress=strain relafibnu
ship. This concept was later refined by Féppl when he as-
sumed strain was composéd of an'elastic and plastic portion,
in which the plastic sﬁrain causes the hysteresis or eﬁergy

‘1oss (10)(15).

Theories of Damping.

When a mechanical system vibrates, energy is dis-
sipated due to internal damping forces., If the excitation
and response are harmonic or nearly so, the mathematical
treatment can fulfil certain ideal conditions. These con=-
ditions require that the amplitude of the response, phase
angle of the response, and the energy dissipated per cycle '
should all be related to the frequency and amplitude of the
applied forces. For a mathematical solution, 1t is not

required that the magnitude or type of damplnv be adequately



~ described or even approximately representative of that in ani |

¥

actual structure.’ In damping theory, a thorough mathematical
treatment is essential. As a consequence, an exact repre-
sentation of the damping forces is usually sacrificed in
order to preserve the linearity of the equations.

The two distinct linear damping theories are the
'viscous damping theory, and the'hysteretic damping theory.

| A spring with s damper in parallel with the spring oan be

used to describe the character of the damping theories. 'Ifc
a viscous damper is mounted in parallel with the spring, the
_ damping~forces aré proportional and in phase with the veloc-
ity. TFor the case of a hysteretic damper, as harmonic mo-
tion is initiated into the sYstem,'the mechanism of damping
has changed. The damping force is proportional to the dis-
placement and in phase with the velocity. An equivalent
viscous damping can be used to represent the hystéretic'
démping in a forced Vibration; The results will-be thé
same for both cases for the representation of hysteretic
damping if fhe viscous damping coefficient ¢ is inversely
"proportional to the forced frequency,ge

Viscous Damping The mathematical solution for

a viscously damped single degree of freedom system is well
established (13). The general linear viscous damping system

‘is often represented as shown in the following figure



c = dashpot constant
(Ib-sec/ft)

k = spring constant
(Ib/ft)

f = force (Ib)
x = displacement (ft)
Viscous Damping Model
m = mass (Ib-secVft)
The damping force iIn viscous damping theory is assumed to be
proportional to the velocity. The total force (f) due to
an instantaneous displacement (X) is
f = kx + cx

and the equation of motion for a free vibrating system

becomes
mx + cx + kx = 0O

for which the solution has the form

ct
2m

X = e Og sin

V1 < Cin) 3} am -2y D

where
1 O0g = coefficientswhich depend upon the initial
conditions

— undamped natural circular frequency yjk/m

damped natural circular frequency =\k/m -(c/2m)
=6JA\1 - (c™/AKkm) ; the damping is considered
critical when c = 2/km"= cc.
For the case of a forced"vibration with viscous damping,

the equation of motion for a steady-state sinusoidal



forecing function ( F sinpt ) is.

‘mX + eX + kx = F sinpt

where p is the forced circulér freéuency°
The sqlutién for this nonhomogéneous differential equation
 contains two portions; a complementary solution and a par=-
ticular solution. The}éomplementary part is the_free'Wi}”l
‘bration solution given in equation (1). The steady-state
portioh of the solution of the‘differential equation is

x = A cospt + B sinpt _ ' v (2)

which takes the final form:

x = % sin(pt -©) C(3)
. L
.gﬁ - (pﬁoo)ﬂg -s--'(cp/mwg)gg8
where: - | e
6= ta,rfi ‘% = _tan”"‘ cp .
o ‘m(w§ = p?)

The term
1 | (&)

%[1 - (p/@o)g]2 + (Qp/mw§>2§%

is called the magnification factor. The magnitude of this
term is dependent upon the ratio of the forced fre@uency to
‘the undamped natural f:équency and also upon the damping ‘
term (d/mmo)g When (p/@y) approaches unity, the magnifi-
cation factor is strongly effected by the damping value. -
A plot of the magnification factor vs (p/w,) for different

values'of.(c/mwo) can be found in most vibration texts (13).
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To determine the amount of energy dissipated In

a viscously damped system, It Is assumed that the extension

of the spring Is given by the displacement function x = X slnpt.

The resisting force becomes

L

kX slnpt + cpX cospt
Eliminating t,
f=kx + cp™"X? - x2 .
This Is an equation of an ellipse which has a major axis which

Is Inclined at tan-1k to the x-axls

tan" 1K

Hysteresis Loop For Viscous System
The area enclosed by the ellipse Is
211 2U
E = (kKX sInpt + cX cospt) pX cosptdt
0

which reduces to

E = X2cpn . ®G)
This is the energy dissipated per cycle by the dashpot.
From Equation (5) it is apparent that the energy loss 1is
directly proportional to the frequency and the square of the

amplitude.
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Hysteretic Damping The term hysteretic damping

is derived from a consideration of the energy dissipation
iﬁ'a cyclic deformation of a spring-mass system. . The in-
congruency of the stress-straln relationship or the area
egclosed by the loop in a stress=strain diagram represents
the mechanical energy dissipated by a material during one_ 
complete stress=strain cycle and is therefore an impoftant
type of hysteretic dampihg,u Teéts have shown that many
materials dissipate damping energy in a manner which is
independent of the frequency and proportional to the square
of the stress amplitude (14). This means that the shape
of the hysteresis loop is not changed by the rate-of-strain,
and that therstress amplitude changes the size but not the
shape of the loop. Moreover, since the energy dissipated
in both viscous and hysteretic damping is proportional to
the square of the amplitude, a steady~state system with
linear hysteresis can be treated as an equivalent viscously
damped system with the viscous damping coefficient (c)
replaced by the term (h/p). In this equivalent system the
hysteretic coefficient (h) depends upon the material and
(p) is thé frequency of the forcing function. The resulting
equation of motion for a single degree of freedom becomes

- mx + (h/p)x + kx = F cospts
which has a solution of the form

x = A cos(pt - 0).



where A=p : i
: Bk - mp2)2 + hg]

1‘" e

(p/wo)2

The energy dissipated per cycle and the form of the hysm

ol

and ® =+tan”

teresis diagram can be obtained from Equation {(5) and the
preceeding hysteresis loop for a viscous system by sub-
stituting (h/p) for the viscous term (c). The‘resulting
energy dissipated‘per cycle is

= X°nll.

For a free vibrating system there are two'mefhods for ob-
taining a solution. The first method uses a complex re-
preséntation for the damping force. It is assumed in this
approach that fof harmonic motion the damping force is
propdrtional to the displacement but in.phase with the ve-
locity. The equation of motion becomes
mx + k(1 + ip)x = 0

where v=h/k.
The second method uses an equivalent viscous damping which
is applicable when the hysteretic damping is small., The
equatidn of motion for this approach is |

| mx + %ﬁ + kx = 0.
The natural damped frequencies derived by the two methods

are different. Table 1 shows the .relationship between the

visccus and the hysteretic damping anaylsis

12
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Damping Energy

Table 1
Comparison of viscous and hysteretic damping
Viscous ' Hysteretic
equivalent - ¢complex
} viscous
Force cx (h/p)x ihx
» |
Natural k _ c? I T ]2 @ \h e B2 4 5
frequency m - Zm? |%o 5 J © S
 Magnification 1 1
factor 5 5 pd 72 .
2 z : +
(1 - Eg) + ~£—§- (1 =‘E§) + M
Do m%wd “o
Phase -1 b, o
angle tan mas ' tan” K 5
1 - (pﬁ;o)g‘ 1 - (PA»O)

A common measurement of damping

eénergy dissipated per cycle of vibration is the specific

dampling energy (D),' This measure of damping energy is de-

fined as

oy
]

Jan

Constant, dependent upon the material and
gonfiguration (dimensionless)

stress‘(psi)

~damping exponent which relates the ampli-

" tude dependency of damping (dimensionless)

For linear damping

energy whlch results from viscous damping7
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the specific damping energy‘(D) increases with the square |
of the stress., In nonlinear systems the exponent (n) has

a valﬁe vafying frdmie to 3 in the idwm£ﬁdwiﬁféfmediété -
sfressAregionsahd>a value of 5 to 30 for the high stress
regions (8). The specific damping energy is proportionall
“to the‘a:ea within the stress-strain hysteresis ldépp Iﬁ  €
represénts the energy absorbed by a uniformly stressed mat-
erial. The resulting specific damping energy dissipatea per
cycle due to the damping forces is equal to (2H}(€2F7,2/2)o
The losé modulus (E,) is defined as the stress divided by :
the component of strain that is 90° out of phase with the
stress. This form of the specific damping energy (D)‘is
quéntitatiVely applicable only for uniformly stressed speci- A
.mens. However, since the distribution of stress and the
distribution of themstress volume is the same for both model
beams and both prototype beams, a2 qualitative comparison
‘between each type can be made by using the specific damping
energy based on maximum fiber stress wiﬁh no loss of accu-
racy.. ThereforegAit was éééumed in this study that the
specific damping eﬁgigy for a flexural vibrating beam is
equal to the energy dissipated as computed on the basis of
the’energy loss by the logarithmic decrement and the outer
fiber'stress,' This evaluation of the specific damping ener-
gy was done in lieu-of an evaluation of the complex stress-

volumes in the bimaterial beams.



' To»evaluate the specific damping in terms of the
logarithmic decremenf and the stress, 1t is necessary to
define the énergy dissipated per cycle in terms of these
parameters. The logarithmic decrement (38), which Will be

discussed in more detailllater9 is defined as

lwhere X4 and X5 are successive amﬁlitudes~bf vibration. The
1fexp§ﬁential termAcan be éxbanded-intb a series and by re=-
.taining only the first twojﬁérﬁs in the series, it can be
written as B |

ea' §A1 + 8

This approximation yields

5= K- %2 _ AX
_ X2 X
fhe relationship. between logarithmic<dedremen£ and specific
damping erergy can be obtained by defining the work energy as
W= kX° |
‘fhe work energy remaining after one cycle is
o W AW = x(X - ax)2 |
where ' (k) is the spring constant (1b/ft)
A (X) ié the displacement. (ft)
(AW) is the work lost per cycle (ftélb)
The ratio of work energy ioét per.bycle to the work energy‘

at X becomes, after discarding higher order terms
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AW = 20X = 23

W X

If the work energy is described by the strain energy, the

work lost becomes the specific damping energy. Then

J&M: D
2W 2(total straln energy)

and by substituting the total strain energy (¢€/2) the

equation becomes ‘
D=ox € X§ = f(aggé) (6)

This relationship will be used to correlate the 16garithmic
decrement values to the specific damping energy values.
Using Eduation (6), it is seen that if the specific damping
energy dissipated for a linear system'is proportional to the
square of.the stress, the logarithmic decrement is independ-~
ent of the strain., If the logarithmicAdecrement is a
function of theAstrain amplitude, the the specific dampiﬁg
. energy is no longer_a function of the square of the strain
but of an ordgr higher than two.

Differéntiating between a linear and a nonlinear
system is done by observing the relationship of the speéific'
damping and stréin or stress amplitude (D= £(o®)), If the
value qf (n) is muéh gréater than 2, the energy dissipated
will not be proportional to the square of the stress and
the damping system is no longer é 1inear one., No general
solution for arbitrary (n) Values have'been developed,

' althqugh ﬁhere have Been empirical relationships suggested. .

Distinguishing between a linear viscous and a linear hysteresis
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démping is accomplished by observing the effects of frequency.
The specific damping energy of both types is related to the
square of the stress amplitude. For the case of viscous

- damping the energy dissipated is proportional to the fre-
qﬁency while the hysteretic démping is independent of the
frequency. The Shapevof the loop in the stress-strain
diagram is elliptical and its shape is affected by the -rate
of straining for the viscous condition and the shape remains
" unchanged for the hysteretic cendition°

A Another type of damping of interest is a nonlinesar
form of hysteretic damping which offers a type of analysis
where a linear analysis insufficiently describes the problem.
The resulting nonlinear system demonstrates a dependence of
the motion on the amplitude of vibration for both free and
forced vibration systems. F:pﬁ‘previous investigations,
amplitude dependent mechanisms of damping are found to dis-
sipate energy in broportion to the cube of the amplitude inr
the low and medium stress regions. Values of the Sth to 30th
power of the amplitude have been found in the high stress
regions (2). Most typical structural systems will be exposed
t0 a wide ranée of stresses, frequencles and other wvariables.
Damping forces may be dominated by an amplitude dependent

or amplitude independent mechanish depending upon the material
and stress region. Steel, being elastic is relatively in-

dependent of amplitude until the stress approaches the
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endurance limit (2).

As the previous discussion indicates, the capacity of
é homogeneous material to dissipate energy is often limited
to the region of high stresseé. Combining two or more mater-
ials together offers a'method of dissipating ;arger amounts-
of energy in both high and low stress regions. Addition of
high damping Qiscoelastic materials to avlightly damped
fsystem can increase ihé dgmping forces greatlyn-‘By‘prbper'
selection of materiai and shape, optimization of the'dam§§
ing can be achieved. Addition of a viscoelastié material,
‘which follows(closely thé linear theory for viscous damping
will increase damping but Will not change the mechanism of
‘damping in a 1iﬁear system., IpAthis case the exponent (n)'

remains constant K

Measurement As a measure of the energy loss per
cycle, the logarithmic decrement is used. The 1ogarithmid
" decrement is obtained fr6m~a free vibrating system. A free
vibrating single degree of freedom systeﬁ,which has viscous
damping, consists of two factors. The first is a decreasing
_exponentiél curve and the second is a sine wave, enveloped |
By thé exponential cdrveg The term'ﬁampedvsihe,wéve"is some=
times used to describe this action of viscous damping.
During the time interval between two successive maximum

péak amplitudes, the amplitude of vibration is diminished
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et _%~Q<t +¥§g); _
from Xpe °% to X e mA ‘where (c) is the viscous

+ damping coefficient. The logarithm of the ratios of two
consecutive maximums is termed the logarithmic decrement,

which for a. viscous system is

cll
Xyo_ o Tmed
X2

. X cll
6 = 1n —/ =

X2 moy

A gecond ﬁeans of measuring.damping forces is by
the bandwidth method. The damping is defined by the maximum
amplitﬁde response, Xp.., When a constant force is applied.
The frequency at which maximum ampiitude occurs is known
as resonant frequency (f,). Points x{ and xp, which are
equal to .707 x,.., are called the half power points. These
points are called the half power points becausé they are the
amplitudes at which the power dissipated is one half the
power that is dissipated at amplitude Xpgx. The power dis-
sipated dﬁe to simple harmonic motion is proportional to
the square of the amplitude. Therefore, om half the power
at‘xmag will occur with an amplitude of .707 X, Which are
known as one half power points, .The maénification factor
(Table 1) at resonance 1is

22,2

MP =al "%
2
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This resonance magnification factor, when divided by the
square root of two, yields a magnification factor which is
applicable to the one half power amplitudes x1ana Xpo After
equating the resulting one half power resonance maénifica=
tion factor to the general magnification factor term for
viscous damping from Table 1 and expanding and solving

for (p/s )%, the following relationship is obtained:

P e ’ 02 (o] ! 02
w ) " h Emgwog * me b Y T2

]

This can be simplified to obtain the following approximation:

p ¥ -
- =~ + T
('OO - m(»)o

Subtracting the two solution of (pgﬂb)g and (p1Ab)2 yields:

p2 - p§ - =2c
A § ‘ BW o

Expanding the left hand side of this equation and simpli-
fying results in the following relationship between the foreé-
ing frequencies (p¢ and p2) at one half power amplitudes {x

and X5) and the logarithmic decrement (8): -

p2 = Py € -8
)] 0 mwo H

This relationship was used to evaluate the damping for forckd
Vvibration conditions. The correlation of damping as deter-,

mined by logarithmic decrement is presented in Table'III,i*,



Chapter 3

EXPERIMENTAL PROCEDURE

Description of Specimens

Two'model beams were studied in an initial investi-
gation of the dynamic response of bimaterial beams in;flexu
ure. These models were used for preliminary studieé of
damping forces prior to the testing of larger prototype
begms; These models provide an easily controlled method of
testing. Both beams were simply supported but were made
of different materials., The first model was.a 3/4" x 3/8"
2024 clad aluminum bar 50 inches in length. The second
model was a 1" x 3/8" cold rolled steel bar 50 inches in
- length. Thé viscbelasticlmaterial,which was added to the
mddellbeams after the first series of tests and prior to
" the secondﬁseries of tests,ﬁas an epoxy formulation. This
changed the elastic system to a viscoelastic-elastic Dbi-
material system. To insure good bond, the‘surface was clean-
ed with methyl ethyl keytone before the»epoxy mixture was
placed on the beam. These beams are shown in Figure 1.
Simple supports for:these models were made by inserting
tapered tip écrews into the sides of the beam at the sup-
Ports-as shown in Pigure 1. It is felt that this scheme
would allow fhe least amount of friction during vibration.

The second phase of this experiment was conducted
21
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with two large composite steelwconcreté highway bridge beams.
: The steel beams were 12 inch I beams weighing 50 1b/ft upon
which g feinforced concrete slab was connected throughout
their lengths of 18 feet 6 inches. Both beams are identical
exceﬁt for the manner in which the concrete was bonded to.
the steel. One beam was connected by the conventional stud
connecters while the other beam was bonded by an epoxy for;
mulation. These beams are shown in Pigure 2 and furtherA
details can be found in Reference 6. These beams were sup-
plied by the Engineering Research iaboratory at the Univer-
gity of Arizona and had been subjected to dynamic fatigue
tests which simulated ovef a million cycles of live load
stress reversal. As a consequence, cracks in the concrete
hSlab were visible which simulated very closely the slab
6racking which ocours in many;highway_b’r’idgeso Also, due to
the previous cyclic loading, the concrete bond in the stud
connected beam had been broken between the top flange and
the slab, however, the studs were still intact and funct-

ioning as shear connecters.,

Instrumentation and Test Egquipment

Data was collected on a dual channel Sanborn record-
er, model 350-1100B and is shown in Figure 3. This instru-
ment recorded time-strain measurements which provided the
information for the determination of the forced response

curves and also gave information for the logarithmic
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decrement. Bonded SR~4~stréin gages were used on "all the
specimens and were located at midspan on the bottom of the
lower flange. |
“Tﬁé“forcingufunctidn necessary to excite the beams
wgs'achieved by means of a shaketable. The shaketable is
méﬁufactured.by the American tool & Mfg. Co., model 10VA.
Qﬁis table has a vafiable frequency and a variable displace=
ment which provides the necessary control for the forcing'
.ﬁﬁnq{ion, This 1% shown in Figure 4, 7
| The large testing apparatus that was used.to test
the prototype beams is the same test frame that was used to
applj the dynamic fatigue loads (6). This is shown in Figure
5.

Test Procedures

Model Beams The forced response method was used

as a ﬁethod of measuring the damping forces. For thé two
model beams, this was achieved by applying a diéplécing
motion to one support which-was secured rigidly to the
Ashaketable while the other support‘was secured rigidly to
a solid foundation. -Various preécribed amplitudes were set
for the movement of the shaketable whiph resulted in various
amounts"of vibration amplitude. The Sanborn recorder Wasi.
“used to r300rd strain versus time Dby meéns of the stréin
" gages while the frequency of the shaketable'ﬁas‘waried in

order to obtain the beam response curves,' The arrangement



24

for this testing of the model beams can be seen in Figure 6.
The ﬁest was conducted with a constant amplitude setting and by
V;rying the‘frequency from léss than resonance to beyond the
resonant frequency.. The response of each system was observed
throughout the range of the varied frequencies. Several
different amplitudes were used for each test beam.

The decay method was ﬁsed as a second method of
measuring damping.forces, Each specimen was manually dis-
placed and then suddenly released. The Sanborn instrument
recorded strain versus time measurements throughout the
decay period. It was observed at certain amplitudes that
there were interferences in its first mode of vibration. |
It was found that by striking the Spécimen sharply, much
of the interference was eliminated. The logarithmic decre-
ment values were computed from measuring successive ampli-

tudes and taking the logarithm of their ratios.

Prototype Beams Damping force measurements for the

prototype beams were made in the same manner as those used.
for the model beams. However, the force response curves
were obtained by applying a prescribed forcing function
inétead of a prescribed diéplacement9 as was done in the
model beam test. The physical arrangemeht,for the beams and
its supports can be seen in Figures 5, 7, and 8., The shake-
table can be seen mounted directly on the.centér span of the
beam in Figuxe 8. The magnitude of the forcing function

was limited by the capacity of the shaketable, however, the
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resulting vibratory stresses were still in ihe'range of
actual highway bridge live load stresses which were ex-
perimentally observed by others (4). The supports for the
- prototype beams simulated a rocker and roller supporéing
system which was secured so that no bouncing or adverse
movement of the sﬁpports occured.- Decay curves were obtained
by stopping the shaketable and observing the damping. A
typical decay curve and also a steady-state response curve
is shown in Figure 9. '

| The moéel beams havé the same basic‘geometrical
shape and also the beams are subjected to the same type of
loading. Results will indicate relative differences in
their damping character because of these similarities in
a model single material to a model bimaterial comparison.
‘The prototype beams are also similar to each other in their
shape and loading and comparative results of each other will

indicate relative differentes in their damping character.
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Figure 8
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Chapter 4
DISCUSSION AND CONCLUSIONS

Discuésion of Results

The studies conducted on the model steel and alumi-
num beams indicate that a definite increase in the damping
- forces is developed with the addition of the viscoelastic
epoxy material, Figures 10 and 13 show a definite in-
crease‘in the logarithmic decrement at any particular sitrain
amplitude with the added viscoelastic material., The slope
has remalned approximately the same which indicate that fhe
mechanisms of damping are similar in thelr energy absorbing
charadteristicsp The amount of shift of the curves lin-
dicates the amount of increased damping. The forced vibra-
tion response curves for these beams indicates the change in
response'which is dependent upon the relative amount of
viscoelastic material added to the elastic beam and'the
ratio of the dynémic elastic modull of the two ﬁaterials,
This can be noticed by the magnitudes of the change in the
natural frequency for resonant condition shown in Figures
11 and 14, Each different curve in these forced respounse
figures and in Figures 17 and 18 represents the response
resulting from one magnitude of forcing function. After the
magnitude of the forcing functionhwésrincreased a new re-
sponse curve was obtainéd6 The resulting family of curves

35
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indicates the émount ofAdamping ét éach maximum strain ampli-
, tgde lével, and provides an insight into the nonlinearities
in the systems, The relationship between the Specific>damp=
ing energy and the stress amplitude, D:f(”n)9 as-shown in
Figures 12 and 15, indicates that (n) is very close to 3.0:
~éﬁd 2.3 for the aluminﬁm and steel model beams respectively.
The actual experiMental #alues ére given in Table IV, The =
"steél model beam sﬁbws a very small increase in the damping
with the gddition of the epoxy and thus, a much larger
amount of secondary material must be added in order to in-
crease the damping in flexure. Hewever, the aluminum beam
‘shqwed an increase of 50 to 150 percent in its specific
damping energy which indicates the strong influence.the
epoxy had on the damping. Both specimens had nearly the
same thickness of epoxy added but the eff of the added epoxy
on the stiffness was hardly noticed in the model steel beam.
This action can'bé clearly seen in Figures'11 and 14 by the
change in the resonant frequencies due to the added matefial,'
The model beams, also, demohstrate a slight nonlinearity by
the form of their reSonanqe curves, as shown in Pigures 11
and f4. This nenlihearity can be explained by the fact that
at higher strain values the damping has increased as is
shown in Figures foiand 13, and as is shown in Table I, the
damped natural frequency decreases as the damping increases.
The'shift in the forced vibration reSponée curves after the

addition of epoxy to both model specimens indicates that the
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added epoxy layer resulted in a decréase in the natural
ffequenCy of.the.beams, This is the result of'thé mass of
the beam being increased by the epoxy without a proportional
increase in the moment of inertia., The ratio of the elastic
"moduli of the a}luminum and steel beams to the epbxy is ap-
.proximately 152 and 430 respectively.

The results of the prototype beém testsAindicates
a definite nonlinear character, as shown in Figures 17.and 18,
in which the peaks of the resonant response curves:shift
strongly to the left as the vibrating force increases. More-
over, the experimental response curves of the two beams in-
dicate a resonant frequéncy in the rénge of 16 to 20 cps,
depending upon the amplitude of the forecing function. Frém
a theoretical calculation, which included the composite
‘action of the conecrete, thé natural frequency for the first
mode of vibration should be 26.8 cps. However, the steel
beam'alone9 with the concrete acting only as a uniform mass,
has = theoretical.natufal frequency for its first mode of
‘vibration as a pinned-pinned beam of i6f1 cps which agrees -
well with the experimental Valugs obtained. As was indi-
cated in the specimen desqription, ﬁhese composite beams
had previously been subjected to cyeclic lbadingg therefore,
these beams are the eQuivalent of actual beams which have
been in service for a long period of time, As a result of

the previous history of the beams, cracking had developed
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in the concretevslabg and therefore, during the experimental
studies, the beams responded as though the concrete was

not acting in a fully-cbmposite action with the steel portion
of the beam. it is felt that the major factor involved in
obtaining the low :r:ta.‘u:mc"al';t‘;r'equénc:';.‘ess.9 was the cracks in the
concrete., This would have a tendency to decrease the stiff-
ness of the beam under vibratoery 1oading; although the

. reéults from the'static load-deflection curve (Figureé 20

and 21) indicate a linear composite system. The nonlinearity
of'the fofced response results might also bé explained by

the decrease in the stiffness resulting from the vibratory
éction of the concrete. More specifically, the cracks in

the slabs were located in the‘ma§;mum moment regibn and
therefore, it is assumed that the strains induced due to
bending were taken up by these cracks. This caused the

steel beam to act independently of the concrete slab. How-
ever, af the low stress values, the constraining variablé§
which were not yet overcome by the vibration had contribu-
ting roles which caused the initial higher resonant fre-
Quencieso As these-variables were overcome, the beam began
to act more ihdependently of the concrete. The inftial
support friction and the slippage friction in the stud con-v
nected beam are thought to be major contributing factors in
the initial softening effect., No further investigation was
performed on this phase although further studies in this area

would be desireable. It appears that the prototype beams
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are not truly composite but only partly cbmposite and at some
values noncomposite.

Comparing the two prototype beams, the studded beam
showed a much greater damping, as shown in Figure 16. It
was observed by another investigator (3), who investigated
a composite steelwconcréte bridge, that slippage between the
steel and concrete was ohe of the main factors involved in
contributing to high damping forces. This type of slippage
probably. occurred in the stud beam as a resultof the exten-
sive past loading history of the beam and the possibility
of considerable microcracking between the two materials,.
some of which could be seen. The epoxy bonded beam, on the
other hand, had lesser movement between the two materials due
to the apparently sound bonding by the epoxy. The experi-
ment performed in this study indicates’ that the damping due
to slippage 1is more predominate than that due‘to the stiff-
nessfof the material or the structural system, for the ampli-
tudes stﬁdied,

The experimental results shown in Figure 19 indicate
that the specific damping energy is approximately a function
of the square of the stress amplitude. This is indicated by
the slope of the curves in PFigure 19, which 2.0 and 2.5 for
the stud and epoxy b&nded beams respectively° The slope of
the curves as determined on the logalqg plot of Figure 19 1is
the exponent (n) relating the stress to the specific damping

energy.- Therefore, an analysis using an equivalent viscous
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damping would give good results for the low stress range.
The supporting conditions, which were assumed to be
simple supports, were not meticulously investigated. It 1is
felt the confribution of support damping to the damping of
the systems was very minor due to the small rotations and

restrictions of the ends of the beams, for the low stress

region investigated.
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Results

TABLE II
Natural Frequency cps
Beam - Theoretical = Experimental
Aluminum 15.3 15.1
Aluminum 13,9 1%,8
with epoxy
Steel g 14.9 15.1
- Steel _ 14,2 4 14.5
with epoxy P, A
Steel-concrete 26.8 17.3
epoxy bonded
Steel-concrete 26.8 16.3
‘stud connected _
 Steel-concrete 16,1
noncomposite
TABLE III

Damping values for c¢/(m g) determined
by the decay and forced response method,

Beam . Strain Log-dec Forced response
Aluminum . 175 .0828 0733
: " 134 L0573 .0800
" 86 0453 0033
" 34 .0207 .0522
Aluminum ~ 160 . 1800 1015
epoxy 90 L1130 0922
" 54 L0748 L0764
Steel 252 .0382 .0267
" S 150 : .0325 .0267
A " 264 .0245 0196
- Steel . . 260 0637 ,0552
- epoxy 80 C .0344 0374
S ‘ 56 L0245 L0479
Steel~concreéte 74 - .,OT48 .0863
epoxy bonded 42 0622 0395

24 ' 0414 0279



TABLE IV

Experimental exponent values of (n)
Beam n

Aluminum 2.85
Aluminum-epoxy 5,05
Steel 2.20
Steel-epoxy 2.37
Steel~-concrete -

epoxy bonded 2,50

stud connected 2.00
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Conclusions and Recommendations

_ The damping forces in the low stress region of an
elastic material are found, from the testing of the model
beams, to be dependent upon the amplitude of vibration.
 Also, the addition of a viscoelastic material to this system
does not change the mechanism of damping,-oniy the magnitude

of the damping Qhanges. The experimental hatural freqUencies
. of the model beams agree“clasely with the theoretical nat- |
ural frequencies, and the reduced stiffness to mass ratio
caused by the added epoxy has considerable effect on the
natural'frequenéy of the system. The addition of a visco-
elastic material increasés considerably the dissipated
energy in lightly damped systems. |
| Results from the prototype beams are not all con~
clusive as was initially anticipated. A‘true knowledge of»
the action of these beams is not known because of their load
history and the corresponding relationship between the con-
crete and s‘éeel° The cracks in the composite conérete slabs.
- resulted in a large,véfiation in the type of composite
action that occurred, .Besults'show that the concrete was
not acting compositely and the steel was functioning alone.. -
Experimental .values show that the beanms responded at the
- natural frequency for the noncomposite steel beam and not
‘at the natural freqﬁency of the cémposite steel-concrete
beam. A linear damping theory should be used with caution

for the prototype beam. The incomgdete composite action of
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these beams gave a very large spread in the ( ) values. It
can be concluded that slippage friction is by far greatef
than the shear damping movement in the low stress region

as is shown by comparing the results of the stud connected
beam with the shear epoxy connected beam.

A study of the shear damping mechanism of the con-
fined epoxy bonding material shouldlbe continued. Also,
further studies in the stiffness effects of different
connectors should be investigated.

- As a result of this investigation many questions
arise which shoﬁld.be investigated such as; the degree of
composite action occurring in the low and high stress regions;
the effects of load history on the response of the different
beams; the effects of the type of materialp-slippage effects,

and the magnitude of support damping.
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TABLE 1A
DECAY RATE DATA - ALUMINUM BEAM

Strain Stress Logarithmic Speec.damp. Strain Stress Logarithmié Spec.danmp.

' decrement energy L decrement energy

10.8 114 02731 .000034 50 330 .08338 .002030
12.8 136 02614 .000046 54 572 11778 003640
14 - 148 05607 - .000116 54 . 572 03774 001166
14.8 156 .03630 »,000084 56 594 11334 .003760
16.8 178 .03169 . 000094 58 614 07145 002540
18 i90 .05026 .000172 62 658 . 13816 .005640
20.6 © 218 . 04098 .000184 66 700 . 16431 - ,007600
22 234 ,06689 .000340 72 764 . 14953 008240
24 .6 260 LO4437 ,000284 | T2 764 .08701 004790
26 276 05535. .0003%96 T2 764 .08701 . 004790
26 276 - .05395 .000386 82 8710 . 13006 .009280
26 276 05572 . .000400 84 890 . 15415 011540
27 286 03774 - .,000292 84 890 .15415 011540
. 28.4 302 .05056 - .000434 o4 996 . 13658 012780
30 318 07155 .000680 100 1060 - 1T435 018480
31.2 330 . . ,06626 .000682 100 1060 17435 018480
32 340 06454 .000700 112 1188 17521 023320
34 360 . 06063 .000T740 120 1272 18233 . .027800
34,8 368 07146 - ,000914 130 1378 . 14905 026700
36 382 . LO5716 ,000780 150 1590 22314 .053200
36 382 05424 . 000746 156 1654 . 18233 047000
37,2 394 06670 .000706 176 1866 .15985 .052600
39.8 422 06756 ,001048 194 2056 .21801 - ,087200
40 424 . 10536 ,001800 226 2396 - 25005 . 135600
40 424 . 10536 ' .001800 244 2586 . 22931 . 144800
4.4 438 .00628 001746 . 296 3138 . 19320 . 179600
44 466 09531 001960 350 3710 . 16758 .218000
44,2 480 .08783 .001930 426 4452 .18233% - 541000
46 488 213977 .003140 500 5300 LAT435 462000

48 508 .09258 ,002260

6%



. TABLE 14
DECAY RATE DATA - ALUMINUM-EPOXY BEAM

Strain Stress Logarithmic Spee. damp Strain Stress Logarithmic Spec.damp.

decrement energy . , . decrement energy
8 .85 ,03836 - ,000026 AT 498 23923 -005600
8 . 85 - .07192 000050 50 530 -17028 .004500
i0 106 07438 .000078 52 552 . 26237 .007540
12 128 06758 .000104 53 562 . 25671 : .007600
iz 128 .05792 .000090 62 658 .29850 .012180
16 i70 .08219 .000224 - 66 700 27764 .012840
16 170 07192 .000196 - 70 . T42 .29726 015440
18 190 . 11956 .000410 88 9%2 . 55021 .028700
20 212 11157 .000472 - 92 976 - 17331 .015560
20 212 . 10536 - ,000448 100 1060 - 41552 -044000
23 244 13977 .000750 100 1060 °41552 - 044000
25 264 12783 .000844 112 1184 . 19672 .026200
26 276 13118 .000942 118 . 1250 29335 .043200
26 276 09710 . .000696 140 1484 o3)648 .069800
28 298 . 19672 001644 146 1548 - 3T 844 -,085600
30 318 . 18233 .001740 168 - 1782 °35328 ’ . 105600
30 318 . 14310 - .001366 194 2056 . 32623 . 130200
30 318 14310 .001360 200 2120 31471 - 133400
- 30 ‘318 06758 .000644 226 2396 229657 . 160600
32 340 13353 001454 254 2684 . 26949 . 184000
- 33 350 09531 .001100 270 2862 . 30011 - 232000
36 382 . .18233 .002500 - 280 2968 21426 . 178600
37 392 - 14519 .002100 320 3392 . 23099 .251000
40 424 . 28768 : .004880 346 3668 .24803 - 515000
419 434 - 21707 .003860 412 4368 25271 454000
46 488 24513 005500 456 4834 . 27606 .610000
: 550 5830 .28890 694000

546 5788 .18013 .570000
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TABLE 1A
DECAY RATE DATA - Steel Beam

Strain Stress Logarithmic Spec,damp° Strain Stress Logarithmic 'Specodampo

decrement energy decrement energy
10 - 300 03344 .000101 - 50 . 1500 . $06188 - - 004640
16 480 - 05374 .000412 54 1620 07697 .006720
19 570 05729 .000620 59 1770 .08856 .009240
22.5 . 674 05636 .000854 63 . 1890 = ,06561 .007800
24 .5 754 08517 001564 67 2010 .06157 .008320
26,5 794 .07848 001652 T4 2220 .09938 .016340
28.5 854 07276 .001706 82 2460 . 10266 .020700
30.5 914 06783 .001890 90 2700 .09309 - .020500
32 960 .04803 001476 83 2490 .08823 018240
53.5 1004 .04580 001542 - 89 2670 .06980 .016580
3535 1065 .05799 002190 96 - 2880 07574 - ,020900
38 1140  ,06815 .002940 122 3660 . 10354 +046200
29 - 1170 .08005 .003650 135 4050 .10126 .055400
40 * 1200 05129 . 002460 146 4380 07834 ,050200
43 © 1290 . 09765 .005420 . 160 4800 09144 .070200
43 1290 07232 - 004020 174 : 5220 .08388 076200
47 1410 .08895 .005900 194 5820 . 10881 - . 125200

48 - 1440 . 11000 .007600

10



TABLE 1A
DECAY RATE DATA - STEEL-EPOXY BEAM

Strain Stress Logarithﬁic Specodamp° ~ Strain Stress ILogarithmic Spec.damp.

decrement energy : - decrement energy
5 150 04264 .000032 38 1140  .08219 .003560
5 i50 .03929 .000030 -~ - 40 1200 .10536 .005060
T 210 .04807 - ,000070 41 1230 07600 003840
7 210 . 04809 .000070 43 1290 04764 - .002640
° 270 - ,04188 . .000102 44 1320 .09531 005540
9 270 05024 .000122 44 1520 .07367 .004280
11 330 .05017 .000182 46 1380 .09805 .006220
11 330 05017 . .000182 47 1410 .08895 .005900
13 390 .05569 .000282 48 1440 .09001 .006220
i3 390 04186 .000212 53 1590 .09909 .008360
i5 450 04770 .000322 54 1620 .06827 .005980
16 480 06921 000532 . 56 1680 .07870 .007420
16 480 07320 .000560 60 1800 .10536 .011380
17 510 06063 000526 62 1860 . 10179 011720
19 570 - 11124 .001204 64 1920 06454 .008920
20 600 05129 . .000616 70 - 2100 08962 .013180
20 600 04795 - ,000576 72 2160 - 14953 .023200
22 660 09531 .001386 80 . 2400 13353 .025600
24 . 720 09116 . 001576 84 2520 . 15415 .032600
24 720 .08701 . .001506 90 - 2700 11778 .028600
24 720 .05990 .001040 96 2880 13353 .036900
25 750 04082 .000766 104 3120 . 14459 . .046800
26 780 .06936 .001400 108 3240 JAITT9 '+ ,041200
27 810 07697 .001684 120 3600 14310 .061800
29 870 .06308 .001594 126 3780 . 15415 .07 3400
30 900  .10536 .002840 140 4200 15415 .090600
32 960. .09844 .003020 146 4380 4733 .094400
32 960 06454 .001984 160 4800 13353 . 102600
34 1020 06063 .001980 170 5100 - ,15220 . 132200
S 1020 06333 .002200 194 5820 . 19269 .218000
35 1050 .08962 ‘ .001986 200 6000 .16252 . 195000
36 . 1080 05711 .002220 230 6900 17023 . 270000

36 1080 .08136 .003160 240 7200 .18233 - 315000

c9



' S TABLE 14
DECAY RATE DATA - STEEL-CONCRETE, EPOXY BONDED

Strain ‘Stréss Logarithmic Spec.damp. Strain Stress Logarithmic Spec.damp.

‘decrement energy decrement energy
180 . ,08109 - L.000117 . - 18,5 554 08457 .000866
180 - .05109 ,000082 ig 570 11123 .001202

02 216 ,08138 - ,000126 - 20 600 07796 -000934
: 240 09589 . . ,000184 20 - 600 - 10536 .001264
240 07192 ~  ,000138 20,4 - 612 - 12517 - .001564
270 .08397 . .000188 21 630 - 14860 ,001968
.2 276 08171 .000207 21 630 . 12675 .001676
0 300 11157 000334 21 630 . 10009 001326
0 300 - 07438 000223 21.2 636 . 16364 002210
1.4 342 10721 - 000418 21,6 648 11778 001646
i 330 . 09531 000346 22.4 674 .06900 . .001048
2 360 08702 .000376 23 690 - 13977 - ,002220
2 360 - ,09116 .000394 23 690 .09088 001440
3 390 . .08005 . 000406 . 23.2 696 07146 - 001154
3 390 -08005 000406 - 24 720 16252 .002800
3 390 09194 000466 - 25 750 16487 =~ -~ ,003090
3.5 408 .08823% .000490 25 750 - 17435 - ,008700
4.5 434 . 10920 .000686 25 750 LOT4T2 - .001400
4.5 434 07146 - ,000450 26 780 12261 .002480
5 450 . 14310 - .000966 27 810 . ,.16034 .002220
5 450 | Q07155 000482 28 840 - .i15415 . .003630
5 450 14310 .000966 30 900 14310 .003860
5.5 465 06670 .000450 30 - - 900 . 10536 .003500
5.6 468 - 13721 .001002 31 930 - 21511 .006200
6 480 17329 001330 33 990 - .,09531 _ .003110
6 - 480 . 09844 .000756 33 990 . 16430 .005360
7 510 ° - .06063 .000526 34 1020 19417 006740

7 510 .09875 .000876 34 1020 . 12517 004340 .
17 510 12515 001084 . 36 1080 - 14953 .005820
18 540 11778 : 001146 38 1140 14108 .006120
18 540, .08701 .000846 40 1200 . 16252 .007800
18 540 - .18233 001774 43 1290 17769 .009860
18.5 554 - o1 1441 001174 44 - 1320 - 14661 .008500

19

570 . .11000 001216 48 1440 18233 .001260
- A 56 1680  .26416 . ,024900
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TABLE 1A
DECAY RATE DATA - STEEL-CONCRETE BEAM, STUD CONNECTED

Strain Stress Logarithmic <Spec.damp. Sérain Stress Logarithmic Spec.damp.

decrement energy decrement energy
3 90 10136 .000028 16 4805 . - ;37469 .002880
3 Q0 - 13849 .000036 16 480 “o 47000 .003610
5 - 150 - . 25542 ,000192 16 . - 480 .28768 .002200
6 180 13515 .000146 16 480 .28768 .002200
6 180 .08109 .000688 17 - 510 - . 26827 002330
6 180 - . 20273 . 000258 18 540 40546 .003940
6 180 . 18233 .000198 i8 540 . 52543 .003160
i . 210 . 18654 000274 18 540 25131 .002440
T - 210 . 15415 .000226 i8 540 40546 .003940
7 210 11216 000165 - 20 600 51083 .006120
7 210 10280 .000152 - 20 600 22314 .002680
7 210 « 53648 +000494 20 600 .22314 .002680
8 240 . 28768 000552 21 630 0 35648 004460
8 240 28768 s000560 22 660 - 46199 .006560
8 240 . .28768 000552 24 720 - 45046 .007000
o 270 +25133 000610 23 4 90 24513 .005890
9 270 . 27033 +000658 . 24 720 -, 28768 .004960
10 300 « 35667 001070 26 780 . 26237 .005320
i0 300 22314 000670 30 900 22314 .006020
10- 300 22314 -000670 " 30 900 22314 .006020
10 300. s 35667 001070 32 960 42121 .012940
10 300 022314 .000670 24 1020 43533 015100
11 330 « 30307 001100 34 1020 - 19417 . 006740
11 330 - - L60614 .002200 36 1080 .58780 . 022800
i1 330 . 31846 - ,001156 38 1140  ,23639 .010260
ARN 330 .31846 001156 40 1200.  .22314 010720
i2 - 360 40546 ,001752 48 1440 .23362 ,016140
i2- 360 40546 001752 48 1440 .28768 .019860
12 360 «53900 .002230 - . 50 1500 22314 ' 016740
13 390 . 26237 .00133%2 52 1560 42489 - 034400
13 ©.390 < 36TT4 .001860. 52 1560 . 26237 .021300
14 420 - 33648 .001980 64 1920 . 24686 030300
15 H5E 51053 003550 64 1920 .28768 .035%00
15 - 450 - 31016 002090 66 . 1980 . 31846 - .041600
15 450 . 31016 - ,002090 72 2160 « 32543 050600
‘ - 84 2520 L 24117, 051000

%9
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RUN STRAIN FREQUENCY

TABLE 24
PORCE RESPONSE DATA

RUN STRAIN FREQUENCY BEAM

BEAM
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TABLE 2 A
" FORCE RESPONSE DATA
BEAM RUN STRAIN FREQUENCY BEAM RUN STRAIN FREQUENCY
Aluminum 3 76 13.3 . Steel 2 20 14,75
epoxy. 80 13.5 112 15.0
Q0 13.4 145 15.1
126 - 13.45 150 - 15.2
160 13.8 136 i5.3
160 13.75 110 15.4
144 14,0 86 i5.6
150 14,4 68 i5.8
116 14.5 50 - 16,05
98 i5,0 38 16,4
joz 15,0 26 16.9
83 15,3 i8 . 17.7
T4 15.7 14 19.0
64 16,1 i1 21.4
40 17.15 3 20 13.3
48 17.15 21 13.4
38 18.6 26 13.9
26 21,1 40 14.3
22 24,7 48 14,4
* 52 1405
Steel i 6 13.4 78 14,8
7 13055 82 ) 14075
116] 4.4 110 14,85
26 15.0 {12 14.9
29 15.0 135 15.0
- 33 15,15 175 14,95
52 i15.25 200 15.05
64 15.25 108 i5.0
52 15.5 {22 15,1
40 15.7 126 15,97
32 15,9 120 15,2
26 16,2 100 15.25
19 16.6 92 5.4
16, 16,7 70 15.5
11 17 .65 55 15,6
_ -7 i9.2 46 15.8
2 13 13.3 49 15.9
13 13.4 36 16,0
14 13.7 29 16.4 -
- 14,2 26 16.55
29 14,4 24 16.7
39 14,6 22 16.9
4 14.6 20 17.35
50 14.75 15 17 .65
52 14,8 12.5 18.5"
86 14.9 9.5 19.8
' . 8 21.6



BEAM

Steel-
epoxy

i

- 8

(A
16
24
34
44

54
50

45

42

TABLE 24
FORCE RESPONSE DATA

RUN STRAIN FREQUENCY BEAM

3.3
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RUN STRAIN FREQUENCY

3

250
260

220

210
104
184

ESYRIE
a3 Ro& !

s ‘ ° wm
Ul U

o
Ut

WD = WU —= =) D —
-]
Ul

14,22
14.45
14.66
14,71
14,81
14.89
1500

15.07
15.22
15,49
15.71

15.94

16.47
18.33
19.4

21.18

15.50
17.75

19,00

19.39
19,60

19.67

- 20,00

20.57
20,67
21,13
22,20
23,50
24,00
26,00
14,00

- 16.00

18,00
18067
18,89
19.00
19.35
18.86
20,31
20,67
21.19
21,67
22,67
24,00
25067
28,50
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‘ TABLE 2 A
FORCE RESPONSE DATA
BEAM RUN STRAIN TFREQUENCY BEAM RUN STRAIN FREQUENCY

. Steel- 3 7.5 14,67 Steel- 3 10 15.48
Concrete 15.5 16,67 concrete 13 16.09
epoxy 32 16.92 stud 12 - 16.99
bonded 33 16,84 connected 13 18,50
. Th 17.33 10 19.29
T2 17.33 6 20.93
72 17 .50 5.6 21,08
42 19.54 4.4 21.92
36 20,14 4 23,03
27 ' 21,25 4 24 44

32 22,79 o . 13 . 16.25
- 38 23,03 A 4 8.5 13.30
42 23,16 : . i0 13,43
4 12.5 14,00 i2 13,83
- 13,5 14,50 i2 13.96

14,5 15,00 ) 14 .61
23.5 16 .00 . 16,5 15.29

32.5 16.40 21 , 16.07
7O . 16.43 21,5 16,22

37 16,67 ' - 17 16 .67
41 16 .67 i5.5 16.86

o8 16,67 i5 17 .09

- 16.5 17 .65
Steel- i .5 13,0 18 18.00
congrete .6 13.5 17 18,36
stud = 16.5 15 19.19

connected 4 17.78 ) 11,2 20,11

- 2.2 18,00 | 9 20.95
. 2.2 19.05 : T , 21.82 -

1.4 20,00 5 12,5 13.10
9 22.00 14,2 13.50
1.6 25 . 401 15 14,00

2 N 1%3.20 - ' 20 14.75

2 - 14,00 ) 29 15.05

05 15.50 31 15,19

T .5 15.88 T 32 15,45

T TL.5 16,36 A 40 15.87
905 16095 . 50 16913

L9 17.93 53 - 16,36 -

b 8 18,95 52 - 16,02
6 19.66 o 51 16.13

4 20.61 ‘ : 47 15.95
3.5 21.51 25 15.44
o 2 23.33 31 15.28
3 4.5 13,30 ‘ 27 14.94

‘ 8 13.90 18 14.61

4 13.90 44 ' 15,56

) 9 13096 )

40 16,67



BEAM

Steel-
concrete
stud
connected

TABLE 24
FORCE RESPONSE DATA

RUN STRAIN TFREQUENCY

.

32.6
26,2
26,2
22

17.11
17.70
17 .81
19.57
20.12
21,18 °
21.79
22,89

Univ. of Arizona Library
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LOAD
65
| . 130
196
261
327
392
457

- 522

588
653
718

784

914

1045

STRAIN

Ui O O O

10
10

10

10
15
15
18

20

STRESS
0 .

-0
150

150 -
300
300
300
300
450
450

540

600

660

"LOAD

175
1360
1567
1828
2090
2351
2612
2873

3134

3657
48908
5877
7183
8489

TABLE 3A
LOAD-STRAIN FOR STUD OONNECTED BEAM

STRAIN
28
30

38

42
50
58

62

68
75

88’

115

139

170
200

" STRESS

840

900
1140
1260
1500

- 1740

1860
2040
2250
2640
3450
4170
5100
6000

- 1oAD

10448
11754
13060
14366

15019
'15672

16978

19590
21225

22855

24488
26120
27752
29385

STRATH
240
270
300
325
340
355
390
440
480
510
545

580

615
670

STRESS
7200

8100
2000
9750
10200
10650

11700
13200

14400

15300

16350
17400

18450

20100

oL



