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ABSTRACT

The damping capacities of seven model steel structures, each
consisting of a heavy steel platform supported on four columns, have been
determined from forced vibration tests. The vibrations were produced by
an eccentric-mass vibration generator, and the amplitudes ranged from small
displacements up to slightly greater than yield displacement. The tests
were terminated at the higher amplitudes once fatigue cracks formed in any
of the joint welds in the columns.

For vibration amplitudes up to & critical amplitude slightly less
than yield displacement, the damping factors of the structures were constant,
independent of amplitude, and ranged between .15 and .25% for different
structures., At vibration amplitudes greater than the critical amplitude,
the damping factors of the structures became functions of amplitude. For
example, the damping factor of one test structure increased from .15 to
1.2% as the displacement amplitude increased from 1.1 to 1.4 inches. The
last structure tested revealed that a few cycles of vibration at amplitudes
greater than the critical amplitude would increase these values slightly.

Finally, the results summarized above are compared with the
results of: (i) experimental work conducted by Lazan; (i1i) reversed load-
ing tests conducted on cantilever beams of similar construction to those
tested in the work described in this report; and (iii) experimental work

conducted by Hanson.
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CHAPTER 1

INTRODUCTION

1.1 Background

The more energy a structure dissipates while vibrating, the less
strength it requires to withstand a prescribed earthquake ground motion.
Therefore, the ability to estimate damping capacity of a structure in its
design stages should lead to more efficient design for earthquake forces.
The damping capacity of a structure vibrating at small amplitudes can be
estimated if a dynamic test has been conducted already on a similar struc-
ture. The results from a number of dynamic tests are available, e.g. (1)
and (2).

Even if it were economically feasible to subject a real structure
to vibration amplitudes large enough to cause structural damage, existing
vibration generators lack sufficient power to do so. In order to determine
the damping capacity of real structures vibrating at large amplitudes (in
the case of steel structures, amplitudes large enough to cause yielding in
a number of members) an alternative approach is required. One approach is
to determine experimentally the energy dissipation capacity of individual
elements of real structures vibrating at large amplitudes and then use the
results to predict the damping capacities of real structures analytically.

Such an approach seems readily applicable to steel frame struc-
tures. Hanson has already performed tests (3) in which a model steel struc-

ture consisting of a platform supported on four columns, was vibrated by means of

»
Numbers in parentheses refer to References listed in Appendix 1.



eccentric-mass vibration generators (4). The columns which were designed

so that large plastic deformations could be produced with the power avail-

able from the machines, were fabricated by welding a short length of struc-
tural steel I-section to each end of a length of tubular section, see Fig.

1.1. The vibration of the structure caused bending about the weak axes of

the I-sections' webs.

The tests described in this report were performed on model steel
structures which also consisted of a platform supported on four columns.
However, the columns were fabricated entirely from lengths of I-sections.
Thus, they were a reasonable representation of elements in full-scale
steel structures, even though, due to power limitations, only small zones
of plastic deformations might be formed in them during the tests.

The vibration amplitudes of the structures tested ranged from
small displacements up to amplitudes slightly greater than yield displace-
ment. The damping capacities of the structures were determined in this
range. Generally, a rapid increase of damping capacity was observed at
amplitudes near the yield displacement. This increase of damping capacity
is discussed in relation to the results of tests performed by Lazan (5, 6)
and Hanson (3, 7), and also is related to the results obtained from reversed

bending tests on cantilever beams (8) similar to those tested in the work

described in the report.
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2.1 Test Structures

The design of the test structures employed in this study was
governed by a number of factors. First, the natural fregquency of the
vibration mode which would be excited by the vibration generator had to
lie in the range 2 to 7 cps (the optimum frequency range for the vibra-
tion generator). In addition, the natural frequencies of all other vibra-
tion modes had to be kept well separated from the natural frequency of that
mode. Second, it was necessary that the major source of energy dissipation
should result from the inelastic behavior of the structural steel; energy
dissipation in joints and energy transmission to the ground, etc., were to
be minimal. Finally, the structures were to be fabricated from standard
steel sections, and were reguired to be small enough so the power avail-
able from the vibration generators would be sufficient to cause local plas-
tic deformations.

The above factors resulted in a test structure consisting of a
heavy steel platform supported by four steel columns as shown in Fig. 2.1.
The vibration generators were bolted to the top of the platform (Figs. 2.1
and 2.2) so that they would act with the platform as a rigid body. The
rigid platform contained most of the mass in the system, and it had three
significant degrees of freedom; the motion of the center of gravity of the
mass could be defined essentially by two mutually perpendicular transla-
tional coordinates and one rotational coordinate, all in the horizontal

plane. The four columns provided the platform with resistance to motion

in these degrees of freedom.

The rectangular platform had overall plan dimensions of 10 ft X

T ft, see Fig. 2.3 Two 10 x 12 WF beams formed the longer sides of the



platform. The WF beams were cross-connected by four 6 ft lengths of rec-
tangular tubing welded to their webs and the undersides of their top flan-
ges. The two outer lengths of rectangular tubing had outside dimensions
of 8 in x 3 in and their center-lines were located 6 in from the ends of
the WF beams. The two inner lengths of rectangular tubing had outside
dimensions of 6 in x 6 in and were spaced equally between the outer lengths.
Four 10 ft lengths of 6 in x 2 in channel sections were welded across the
tops of the rectangular tubing and ran the length of the platform, Fig. 2.3.

The columns, consisting basically of top and base plates butt-
welded to a length of steel section, were attached to the platform by pin
connections and fixed at the base to a 2 ft thick concrete floor slab. The
pin connections were formed by fitting a trunnion axis assembly to a self-
aligning ball bearing housed in a pillow block, see Fig. 2.4(a). The pil-
low blocks were bolted to the top plate of the column and the trunnion axis
assemblages bolted to the underside of the platform. The base plates of the
columns were bolted to 2-1/2 in thick attachment plates, Fig. 2.4(b), which
in turn were prestressed to the floor slab by 1-1/2 in diameter rods.

The first type of column, A.l, was fabricated from a length of
4L x 4 WF 13 1b section and had an overall length of 7 ft-O in as shown in
Fig. 2.5(a). The top plates, Fig. 2.5(b), were 6 x 6 x 1/2 in with two
threaded holes provided for bolting to the pillow blocks. The base plates
were 8 x 8 x 1/2 in with four clearance holes for 3/L in bolts, Fig. 2.5(c).
The clearance holes matched the threaded holes in the heavy attachment plates
described previously, and thus the base plates could be bolted to the attach-

ment plate as shown in Fig. 2.6.



Design details of column type A.l were varied to obtain types
A.2, A.3 and A.4., Type A.2 was the same as A.l except for two trapezoidal
straps, Fig. 2.5(d), which strengthened the joint between the steel section
and the base plate. The tests conducted on the first test structure,
assembled with two columns of type A.l1, and two of type A.2, showed that
the trapezoidal straps improved considerably the fatigue strength of the
Joint. The Jjoint's fatigue strength was increased further by making the
straps parabolic, Fig. 2.5(e), instead of trapezoidal. Parabolic straps
were then used in the fabrication of column types A.3 and A.4. Column type
A.3 differed from the other columns in having 4 x 4 M 10 1b sections instead
of 4 x 4 WF 13 1b sections. Type A.3 was made only once when there was dif-
ficulty in obtaining WF sections.

The first five test structures assembled made use of columns of
types A.1, A.2, A.3 and A.l4, as indicated in Table 2.1 (this table also
summarizes the design details of these columns). During these tests all
four columns of the structure were subjected to the same dynamic stresses.
In order to reduce the number of columns used in later tests, two dummy
columns were fabricated. The dummy columns were attached to the founda-
tion attachment plates as well as to the platform by means of pinned con-
nections. Thus they were not subject to cyclic stress and did not suffer
any fatigue damage; only two new columns were required for each test. Test
structures No. 6 and 7 made use of the dummy columns as shown in Fig. 2.7.

Two types of columns, B.l and B.2, were used in test structures
No. 6 and 7. These types were 5 ft-4 1/2 in in overall length and were
fabricated from lengths of 4 x 4 WF 13 1b sections. (The overall length of

columns of types B.1 and B.2 was made 5 ft-4 1/2 in so the columns would be



identical to specimens undergoing cyclic load tests in a complementary

research project sponsored by the National Science Foundation).

They

both made use of parabolic straps and type B.l, Fig. 2.8(a), was iden-

tical to type A.4 except for the length of standard steel section.

Type B.2 was identical to type B.1l except it had an 8 in long reduced

section in each flange starting 1 1/2 in above the parabolic straps.

The

L in wide flanges were tapered from both ends of the 8 in section to leave

a section 3 in wide and 5 in long in the middle, see Fig. 2.8(b) and Fig.

2.6.

The purpose of this reduced section was to induce the yielding to

occur at places away from welds, where the yielding had occurred during

the tests on the previous structures.

B.l and B.2 are also summarized in Table 2.1.

The design details of column types

—EL
TEST COLUMNS IN TEST STRUCTURE
STRUCTURE Type [Number g:izizé Section | Length Base Joint
A.l 2 Weak | Uxhk WF 84" |Simple butt
1 A.2 2 Weak | bxk WF 84" |Trapezoidal Straps
2 A.2 N Weak | bxh WF 84" |Trapezoidal Straps
3 A.2 Y Strong | Uxhk WF 84" |[Trapezoidal Straps
4 A.3 L Weak | Lxk WF 84" |Parabolic Straps
5 Ak L Weak | bxk M 84" |Parabolic Straps
6 Dﬁéiy S Yffk EfE-WF 64 1/2"|Parabolic Straps
7 Dgéiy 2 Yffﬁ ifi_WF* 64 1/2"|Parabolic Straps
e

Table 2.1

Reduced section

Types of Columns in Each Test Structure.



2.2 Vibration Generators

The dynamic forces were applied to the test structure by one of
the two vibration generators bolted to the top of the steel platform, Figs.
2.1 and 2.2. It was never necessary to use the second machine since, for
these tests, a single machine provided sufficient power. The vibration
generators (4) were developed at the California Institute of Technology
under the supervision of the Earthquake Engineering Research Institute for
the Office of Architecture and Construction, State of Californisa. The
machines operate on the eccentric-mass principle and each consists essen-
tially of two counter-rotating baskets mounted on a common vertical shaft.
They are driven by 1-1/2 HP DC motors and can develop a rectilinear
sinusoidal force up to a maximum amplitude of 5,000 1b and maximum fre-
quency of 10 cps.

The machines were developed to test full-scale structures. 1In
such tests heavy lead plates are inserted in the baskets, but these weights
were too heavy for use in these tests in which the maximum desired force
amplitude was less than 100 1b. Instead, small 18 gage steel plates
(3 1/4% x 4 7/16 in weighing .145 1b) were used as the unit of eccentric-
mass, and the baskets had to be carefully counter-balanced (by a static
balance procedure) in order to produce force amplitudes of sufficiently
small magnitude.

The speed of rotation of the motor driving the baskets is con-
trolled by an Electronic Amplidyne housed in a control unit. The machines
can operate in the frequency range 0.5 to 10 cps, but more accurate results

can be obtained if it is possible to keep the range of operation from 2

to T cps.



2.3 Transducers

The responses of the test structures were measured in terms of
the acceleration and displacement of the platform and strains at various
locations on the columns. The platform acceleration was measured by a
Statham + 5 g accelerometer, and displacement by a £+ 3.0 in Sanborn DC-DC
differential transformer. Both standard SR-4 strain gages, and SR-4 strain
gages of the post-yield type attached at locations where strains greater

than yield strain were expected, were used to detect strains in the columns.

2.4 Recording Equipment

The signals from the accelerometer and strain gages were fed to
a Honeywell carrier amplifier system and then to an ultra-violet recorder
(Visicorder). The output of the displacement transducer was fed directly
to the Visicorder.

The frequency of the exciting forces was measured by a digital
counter which recorded a signal from a tachometer driven by the DC motor.
The frequency of this signal was 300 times the frequency of the exciting

force.

2.5 Calibration

The accelerometer, displacement meter, and strain gage bridges
were calibrated individually. The accelerometer was calibrated by rotat-
ing it through 180° to cause a change of 2 g in the measured acceleration.
The displacement meter was calibrated by moving the core through known
distances, and the strain-gage bridges were calibrated by switching a known

resistance in parallel with one of the gages.
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The digital counter was checked against the frequency of the
AC power supply, and on a few occasions a check was made to verify that
the measured acceleration agreed with the product of the displacement and

frequency squared.
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3.1 Test Structure No. 1

Test structure no. 1 was assembled with two columns of type A.l
and two columns of type A.2, see Table 2.1. Column type A.2 was similar
to type A.l, except for the addition of trapezoildal straps at the joint
between the column section and the base plate. The columns were oriented
in the structure so they would undergo bending about their weak axes in
the dynamic tests. The purpose of the tests was the collection of data
to plot frequency response curves.

A number of frequency responses for different levels of exciting
force amplitude have been plotted for structure no. 1. The exciting force
amplitude was varied by changing the number of steel plates acting as eccen-
tric mass in the rotating baskets. The resonant frequency was determined
in an initial exploratory test. 1In subsequent tests of differing force
levels, the vibration generator was started and the frequency of excita-
tion increased to within 1 or 2% of the resonant frequency. The exciting
frequency was increased in small steps until resonance was achieved, and
then increased further until it was 1 or 2% greater than the resonant fre-
quency. This range of frequencies was sufficient to cbtain the resonance
curve ot the vibration mode under investigation.

At each frequency step the vibration was given time to become
steady-state, and the platform's acceleration and displacement, as well
as strains at various locations on the columns were recorded. At the
same time the frequency of excitation, as measured by the digital counter,
was observed and written on the recording chart alongside the appropriate
traces. The procedure was continued until sufficient data to define a

complete resonance curve were obtained.



A number of trequency response curves for test Structure no. 1
are shown in Figs. 3.1 and 3.2. 1In these figures, the displacement ampli-
tude of the platform (measured by means of the differential transtormer)
has been plotted as a function of the freguency. The curve's resonant
frequencies, those corresponding to maximum response, can be read directly
from the figures. The resonant frequencies depend slightly on vibraticn
amplitude, decreasing from 2.435 cps at a displacement amplitude of 0.2 in
to 2.424 cps at a displacement amplitude of 1.6 in. The exciting force
amplitude at resonance and the damping capacity otf each curve are indicated
in the figures.

The exciting force amplitude, P, may be calculated from
P=2omuof r (3.1)

in which m is the mass of the steel plates inserted in one basket of the
vibration generator, r the eccentricity of the center of gravity o! the
steel plates, and w the circular frequency of the excitation. Thus, the
resonance curves result from a force whose amplitude increases with the
square of the exciting force frequency. The curves could have been
normalized to a constant force amplitude by dividing each displacement
by the square ot the corresponding frequency of excitation, but this was
considered unnecessary since the force changed only by about 2% over the
frequency range of the resonance curves. The resonant force amplitude
shown for each resonance curve in Figs. 3.1 and 3.2 was obtained by sub-
stituting the resonant circular frequency for w in the above formula. It

ranged from 1 to 11 1b.
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The damping capacity of the stiructure was evaluated from the

resonance curves in terms of a damping factor { defined by

¢ -5 (3.2)

in which Af is the difference in frequency of the two points on the
resonance curve with amplitude 1/,/ 2 times the resonant amplitude and

f is the resonant frequency. The damping factors evaluated from the
resonance curves are also shown in Figs. 3.1 and 3.2. The damping factor
ranged from 0.16% to 0.28%.

The resonant displacement amplitudes of the resonance curves
have been plotted against their corresponding exciting force amplitudes
in Fig. 3.3. (The results from all recorded frequency responses are
shown in Fig. 3.3, even though only & few of these curves are shown in
Figs. 3.1 and 3.2.) The resonant displacement amplitude (x) of a struc-

ture is related to the exciting force amplitude (P) by

X = E%C P (3.3)

in which K is the equivalent spring stiffness and ( the damping factor.
Since x has a linear relationship with P in Fig. 2.3, and K is essen-
tially constant because the resonant frequency of the system is essen-
tially independent of amplitude, Eq. 3.3 shows that { must also be
essentially independent of amplitude.

The dynamic tests were terminated on structure no. 1 when

fatigue cracks developed in the welds at the base joints of the two

type A.1 columns.
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3.2 Test Structure No. 2

In test structure no. 1 fatigue cracks had developed in the welds
at the base of both type A.1 columns. However, cracks did not occur in
either column of type A.2, even though these columns had been subjected to
the same stress history as the columns of type A.1l. Therefore, a second
structure, test structure no. 2 was assembled with all four columns of type
A.2. Again, the columns were placed in the structure to undergo bending
about their weak axes. The tests were similar to those conducted on test
structure no. 1.

Some of the frequency response curves obtained for test structure
no. 2 are shown in Fig. 3.4. The resonant frequency of the structure was
2.440 cps while vibrating at the larger amplitudes of vibration, and slight-
ly greater while vibrating at the smaller amplitudes of vibration. The
resonant force amplitude and the damping capacity evaluated for each reson-
ance curve are indicated on Fig. 3.4. The maximum resonant force amplitude
was 18.1 1b and the damping factor ranged from 0.18 to 0.27%.

The rescnant displacement amplitudes of all the resonance curves
recorded are plotted against their corresponding resonant force in Fig. 3.5.
The resulting curve shown in Fig. 3.5 reveals that at small amplitudes of
vibration the relationship between the resonant displacement amplitude ang
the resonant force amplitude is linear (as was the case for test structure
no. 1). However, at displacement amplitudes approaching the yield displace-
ment of the structure, the slope of the curve decreases abruptly and approa-
ches zero. Because the resonant frequency of the structure did not change
appreciably at the higher amplitudes of vibration, the stiffness of the

structure must have remained essentially constant. Thus, since the slope
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of these curves is inversely proportional to the stiffness and damping
factor of the structure, the damping factor must have increased rapidly
when the vibration amplitudes were in the region of the yield displace-
ment.

The dynamic tests were again terminated by the formation of
fatigue cracks. In this structure the cracks occurred in the welds at
the top of the trapezoidal straps and in the flanges of one of the columns

at the top of the straps.

3.3 Test Structure No. 3

After the dynamic tests on test structure no. 2 had been com-
pleted, two columns of type A.2 that had been fabricated previously re-
mained unused. These two columns, together with two uncracked columns
from test structure no. 2, were used to assemble test structure no. 3.
The columns were placed in the structure so they would undergo bending
about their strong axes during the dynamic tests.

The frequency response curves obtained from test structure no.
5 are shown in Fig. 3.6.  The resonant frequency decreased from 4.380
cps at a displacement amplitude of 0.4 in to 4.360 cps at a displacement
amplitude of 1.2 in.  The maximum resonant force amplitude was 44.5 1b
and the damping factor ranged from 0.16 to 0.22%.

Resonant displacement amplitudes are plotted as a function of
resonant force amplitude in Fig. 3.7; the resulting curve is linear.
However,

fatigue cracks developed at relatively small vibration amplitudes

in one of the columns that had been used previously in test structure no. 2.
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Hence, the vibration amplitudes did not reach the yield displacement of

the structure in this test.

3.4 Test Structure No. 4

A new type of column, type A.3, was used to assemble test struc-
ture no. 4. In columns of type A.3, the shape of the straps at the base
of the columns were parabolic instead of trapezoidal as in type A.2, see
Fig. 2.5. This change was made in an attempt to reduce the stress concen-
trations and to increase further the fatigue strength of the joint at the
base of the columns.

Some of the frequency response curves that were observed for
test structure no. 4 are shown in Figs. 3.8 and 3.9. The resonant fre-
quency decreased from 2.455 cps at a displacement amplitude of 0.5 in to
2.440 cps at a displacement amplitude of 1.9 in. The damping factor
evaluated from the resonance curves increased from 0.15% at the smallest
displacement amplitude to 0.42% at the largest displacement amplitude.

In Fig. 3.10 the resonant displacement amplitudes are plotted
against resonant force amplitude for all the resonance curves that were
observed. An exciting force of amplitude 1b4 1b at resonance produced a
displacement amplitude of 1.55 in, but an exciting force of amplitude 38
1b at resonance produced only a displacement amplitude of 1.90 in. The
slope of the curve in Fig. 3.10 is inversely proportional to the stiffness
and the damping factor of the structure. The resonant frequency at the
largest displacement amplitudes was 0.6% smaller than the resonant fre-
quency at the smallest displacement amplitudes, which implies that the

stiffness of the structure decreased only 1.2%. Thus, the reduction in
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the slope of the curve in Fig. 3.10 near the yield displacement is attrib-
utable mainly to an increase in the damping factor of the structure.

After frequency response curve no. 1l (see Fig. 3.10) had been
completed, the eccentric-mass in the baskets of the vibration generator
was reduced to the value used in run no. 9. Then the frequency response
of the structure was observed for a second time with this particular value
of eccentric-mass. The resonant displacement amplitude in the second fre-
quency response, no. 15 in Fig. 3,10, was considerably smaller than it had
been for run no. 9. A similar effect was observed for frequency response
curve no. 16 which had the same amount of eccentric-mass as frequency re-
sponse curves no. 5 and 6 (see Fig. 3.10). Thus, the damping capacity in
frequency response curves no. 15 and 16 was considerably greater than it
has been previously in curves no. 9 and 5 (or 6), respectively. After this
test it was assumed (erroneously) that invisible cracks had formed in the
welds at the base joints and had increased the damping factor. In tests
conducted on structure no. 7 and described later, the same effect was
observed more fully. The results from those tests show that for a given
amplitude the damping factor of a structure increases after a number of
cycles in which the displacement amplitude is greater than the yield
amplitude.

After frequency response curve no. 16 had been observed, the
eccentric-mass in the baskets of the vibration generator was increased
again to a value greater than had been used in frequency response no. 1h.
However, cracks appeared in the welds at the bases of the columns before

the frequency response curve with this eccentric-mass could be completed.
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The energy input per cycle at resonance has been calculated for
each resonance curve and is plotted as a function of resonant amplitude
on a log-log scale in Fig. 3.11. The energy dissipated per cycle by a

structure undergoing sinusoidal forced vibration may be calculated from
AW = TPx sin Q (3.4)

in which P and x are the exciting force and displacement amplitudes, respec-
tively, and a is the phase angle by which the displacement lags the excita-
tion. If P and x are measured at resonance, then g = 90° and sing = 1.

For displacement amplitudes less than the yield displacement, the slope of
the curve is 2.0 indicating that the damping factor is independent of ampli-
tude. At an amplitude approximately equal to the yield displacement, the
slope of the curve increases showing that the damping factor is a function
of amplitude when the vibration amplitude is greater than the yield displace-
ment.

The damping factor of the structure, evaluated in two ways, is
shown explicitly as a function of amplitude in Fig. 3.12. In the band-
width method the damping factor has been evaluated from the resonance
curves as described in Section 3.1. 1In the other method the damping factor

has been evaluated from the energy ratio
_ AW
C = T (3.95)

in which AW is the energy dissipated per cycle by the structure, and W is
the energy stored in the steady state vibration. For a linear viscously

damped system the values of { evaluated by these methods are equal.
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The energy stored in the vibration (W) is equal to the kinetic
energy of the structure at zero displacement, 1/2 wfMx2 . The circular
frequency (w) and the displacement amplitude (x) may be measured directly.
The generalized mass (M) may be determined by adding a known mass to the
structure and measuring the consequent shift of the resonant frequency;

that is,

_ - 7T
M= I (3.6)

in which AM is the mass added, Af is the reduction in resonant frequency,
and f is the resonant frequency before the mass is added. Resonance curves
observed before and after adding a mass weighing 150 1b are shown for struc-
ture no. 4 in Fig. 3.13. The generalized mass of structure no. 4 was found
to weigh 3650 1b. (The weight of the platform and vibration generators deter-
mined conventionally was approximately 3600 1b).

Both the bandwidth and energy-ratio methods yielded nearly the
same damping factors, see Fig. 3.12. The damping factor remained essen-
tially constant for displacement amplitudes up to approximately the yield
displacement. At displacement amplitudes greater than the yield displace-
ment the damping factor increased rapidly with displacement amplitude.

The increase of damping capacity at a displacement amplitude approxi-
mately equal to the yield displacement had been intimated previously by the
sudden change of slope in the plot of resonant displacement amplitude Vvs.
resonant force amplitude, Fig. 3.10. In fact, a close relationship exists

between plots of x vs. P and ( vs. x when ¢ is evaluated from the energy

ratio because,
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¢ = AW TmPx _ P
Irw ~ Tmi/2k® ~ ZKx (3.7)
1
and hence X = K P (3. 8)

as indicated previously.

Free decay tests were conducted on the structure at various times.
In these tests the structure was excited at resonance, then the vibration
generator was stopped gquickly, and the resulting free vibration recorded.
The displacement amplitudes of the free vibration have been plotted against
the number of elapsed cycles on a semi-log scale in Fig. 3.14. The slope
of this curve is proportional to the damping factor, which has been evalua-

ted at a number of points on the curve using the expression,

xlox

1
§ = 55 1og, (3.9)

3

in which X is the initial displacement amplitude and X, is the displace-
ment amplitude after n cycles have elapsed. At small amplitudes of vibra-
tion the damping factor evaluated from the logarithmic decay curves is

about 0.1%. The logarithmic decay curve also indicates that at large vibra-
tion amplitudes the damping factor is a function of amplitude. Of course
this method cculd not yield any information about the damping factor at
amplitudes causing plastic strains since only one or two cycles of free

vibration would occur at such large amplitudes.

3.5 Test Structure No. 5

During a period when 4 x 4 WF 13 1b steel sections were not readily

available, four columns were fabricated from 4 x 4 M 10 1b steel sections.
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These columns, type A.L4, were identical to columns of type A.3, except for
the difference in sections. Test structure no. 5 was assembled with four
columns of type A.4, see Table 2.1.

Dynamic tests similar to those conducted on the previous struc-
tures were performed on test structure no. 5. The results have been plotted
in Figs. 3.15 through 3.19. Again, the tests were terminated when fatigue
cracks developed in the welds at the base of the columns.

The resonant frequency of test structure no. 5 ranged from 2.307
to 2.323 cps depending on the amplitude of vibration, as shown in Fig. 3.15.
The resonant frequency was somewhat lower for test structure no. 5 than for
test structure no. 4 due to the smaller moment of inertia of the 4 x 4 M
10 1b sections.

The damping factor of structure no. 5 at displacement amplitudes
less than the yield amplitude was about 0.2%. For displacement amplitudes
greater than the yield displacement the damping factor increased with vibra-
tion amplitude reaching a maximum of 0.5% at the largest amplitude of vibra-
tion, see Figs. 3.16 through 3.19.

Some of the results from the initial tests on structure no. 5 were
erratic because a few of the bolts attaching the columns to the attachment
plate, see Fig. 2.6, were slack. These bolts were tightened after frequency

response curve no. 6 was obtained; results thereafter were more consistent,

as shown in Fig. 3.16.

3.6 Test Structure No. 6

The dynamic tests on structures no. 1 through 5 were terminated

when fatigue cracks formed in or close to welds at the base joint of one or



23

more columns. An improved design of the joint may have increased margin-
ally the ratio of maximum displacement amplitude to yield displacement
(ductility factor) attainable by dynamic test procedures. However, the
real cause of the cracks in the welds was the accumulation of stress cycles
during the dynamic tests. Thus, significantly larger ductility factors
could only be attained if the number of stress cycles in the test proce-
dure could be reduced substantially. This conclusion led to the initiation
of a research project conducted under a National Science Foundation Grant
(NSF GK 1319) to the University of California, Berkeley.

In the NSF project, individual columns similar to those used in
the assembly of the dynamic test structures were subjected to reversed
bending tests. These tests were similar to the cyclic loading tests con-
ducted under American Iron and Steel Institute Project 120, (9); in fact,
the same rig (10) was employed to execute the tests under the NSF contract.

The test rig required the length of the specimens to be 5'-6".
Thus, the types of columns used to assemble test structures no. 1 through 5
were too long to be tested in the rig. Therefore, a new type of column,
B.1, was designed. It was identical to type A.3, except that the length
of 4 x 4 WF 13 1b section was shortened so the overall length of column was
5' 41" see Fig. 2.8(a). The remaining 13" was obtained by attaching a
pillow block bearing to the top of the column; the reversed loads were applied
through the bearing.

In order to derive the maximum benefit from these reversed bending
tests, it was necessary that parallel dynamic tests be conducted on a struc-
ture assembled from columns of type B.l. Test structure no. 6 was assembled

with two columns of type B.l, using two dummy columns as described in Section
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2.1 and shown in Fig. 2.7. The results of the dynamic tests conducted on
test structure no. 6 are shown in Figs. 3.20 through 3.25. The graphs are
similar to those plotted for test structures no. 4 and 5. Again the tests
were terminated by the formation of fatigue cracks,

The resonant frequency of test structure no. 6 decreased from
2.507 cps at small displacement amplitudes to 2.475 cps at a displacement
amplitude of 1.42 in, as shown in the resonance curves of Figs. 3.20 and
3.21. The damping factors evaluated from the resonance curves ranged from
.15% at the lower displacement amplitudes to 1.23% at the largest resonant
displacement amplitude. The damping factor is plotted against displacement
amplitude in Fig. 3.24. The agreement between the bandwidth method and the
energy~-ratio method in evaluating the damping factors is seen to be excel-
lent. GSimilar values of damping capacity were obtained from the logarith-

mic plots of free vibration tests shown in Fig. 3.25.

3.7 Test Structure No. 7

In test structures no. 1 through 6, the highest dynamic stresses
occurred either in the welds at the base joints of columns, or in regions
close to those welds. 1In order to avoid these joint failures, columns
with reduced sections were then designed so that the highest stresses would
occur in material some distance from a weld. These columns, type B.2, have
been described already in Section 2.1, and shown in Figs. 2.6 and 2.8(b).

Test structure no. 7 was assembled by replacing the two active columns of

test structure no. 6 by two columns of type B.2, but retaining the two

dummy columns of that structure,
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Some frequency response curves observed for test structure no. 7
are shown in Figs. 3.26 through 3.29. The resonant displacement amplitudes
of all frequency response curves are plotted against their corresponding
exciting force amplitude in Fig. 3.30. More frequency response curves were
observed for this structure than for any previous structure because anomalous
response behavior was observed in certain cases. When a frequency response
run was repeated with a given eccentric-mass, the resonant displacement
amplitude could be significantly less in the repeated run than it had been
for the original run. This effect had been observed earlier in structure
no. k.

After frequency response curve no. 9 had been observed (Fig. 3.26)

the amount of eccentric-mass in the baskets of the vibration generator was
increased for frequency response curve no. 10. However, the resonant dis-
placement amplitude of frequency response no. 10 was less than that for
frequency response curve no. 9, see Fig. 3.30. Another frequency response
curve, no. 1ll, was observed for the same amount of eccentric-mass as for
curve no. 10; but the resonant displacement amplitude decreased further.
The amount of eccentric-mass in the baskets was reduced again and frequency
response no. 12 observed. Then frequency response curves no. 13 through 2L
were observed. The resulting resonant displacement amplitudes are plotted
against their corresponding exciting force amplitudes in Fig. 3.30.

After frequency response no. 24 had been observed, the amount of
eccentric-mass in the baskets was reduced for curve 25 to the value it had
been for runs no. 7 and 12. The resonant displacement amplitude of resocnance
curve 25 was less than for resonance curve no. 12, see Fig. 3.30. Then fre-

quency response curves no. 26 through 31 were observed.
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After frequency response curve no. 31 had been observed, the
amount of eccentric-mass for curve no. 32 was reduced to the value that it
had been for curve no. 25. The resonant displacement amplitude of curve
no. 32 was only slightly less than the resonant displacement amplitude of
curve 25. Similarly, the resconant displacement amplitude of curve no., 33
was only slightly less than the resonant displacement amplitude of curve
no. 27, see Fig. 3.30. After frequency response no., 33 had been observed,
the amount of eccentric-mass was increased above the level it had been for
curves no. 24 and 31, but cracks formed in the welds at the base of the
columns before the frequency response run could be completed.

The resonant frequency of test structure no. 7 decreased from
2.200 cps at small amplitudes of vibration to 2.155 cps at a displacement
amplitude of 0.95 in, as shown in Figs. 3.26 through 3.29. The damping
factors evaluated from the resonance curves ranged from .15% to 1.25%.

The energy dissipated per cycle at resonance and the damping fac-
tors evaluated by the bandwidth and energy-ratio methods are plotted against
resonant displacement amplitude in Figs. 3.31 and 3.32. Each figure, like
Fig. 3.30, consists of a set of three curves. The first curve in Fig. 3.32
indicates the damping factor was .15%, essentially independent of amplitude.
The second set indicates the damping factor was 0.2% at small vibration
amplitudes and increased gradually to 1.1 at a displacement amplitude of

1.2 in. The third set indicates the damping gradually increased from 0.25%

to 1.2%.

These curves show that undergoing a number of vibration cycles at

amplitudes close to the yield displacement increases the damping capacity

of the structure. This effect has been reported previously by Lazan (5)
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and (6) from work in which small specimens were tested in a rotating-
bending machine. The experimental results from the model structure are
compared in more detail with the results of Lazan's work as well as with
Hanson's (3) in Chapter k.

Finally, two logarithmic decay curves for structure no. 7 are

shown in Fig. 3.33.
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DISCUSSION OF EXPERIMENTAL RESULTS

Dynamic Test Results and Comparison with Results
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Correlation Between Dynamic Tests and Reversed
Loading Tests of Individual Columns

Comparison of Test Results with Results from
Hanson's Tests
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4.1 Dynamic Test Results and Comparison with Results from
Lazan's Tests

The dynamic tests conducted on structures no. 1 through 6 did
not display any stress history effects. In the absence of such effects,
the damping factor of a structure was found to be independent of vibra-
tion amplitude up to a reasonably well defined amplitude slightly smaller
than the calculated yield displacement. This amplitude is assumed to be
equivalent to what Lazan calls the cyclic stress sensitivity limit, (5)
and (6). At amplitudes of vibration greater than the equivalent cyclic
stress sensitivity limit, the damping factor of the test structures was
found to be approximately a linear function of amplitude up to the maximum
amplitudes achieved before fatigue cracks developed.

The demping factor of structures no. 1 through 6 ranged from
0.15 to 0.28% for vibration amplitudes smaller than the cyclic stress
sensitivity limit. The factors are indicative of the total energy dissi-
pated by material and external damping. Since the energy dissipated per
cycle is proportional to the square of the displacement amplitude, the
factors are directly comparable to those determined for full-scale struc-
tures. However, the damping factors of 'clean' multi-story steel buildings
lie in the range 1-2%. Thus, even if the energy dissipated by external
sources in the model test structures were negligible, material damping
alone could not explain the relatively large damping factors exhibited by
steel buildings. Therefore, a large fraction of the damping factors that
have been obtained for multi-story steel buildings must be caused by the

dissipation of energy in joints, floor slabs, etc., and the transmission

of energy into the ground.
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At amplitudes of vibration greater than the equivalent cyclic
stress sensitivity limit, the damping factors of the model steel struc-
tures are approximately linear functions of amplitude. The most accurate
results were obtained for test structure no. 6, and for that structure
the damping factor increased linearly from 0.15% to 1.2% as the displace-
ment amplitude increased from 1.1 in to 1.4 in. 1In test structure no. 5
the damping increased from 0.19% to 0.50% as the displacement amplitude
increased from 1.6 in to 1.8 in. The damping factors of test structure
no. 4 were similar to those of no. 5. The stress sensitivity limit was
not exceeded in the case of structures no. 1 and 3, and although it was
exceeded by a small amount in the test of structure no. 2, no accurate
measurements were made in this range.

The increased damping factors at vibration amplitudes greater
than the stress sensitivity limit is caused by a plastic strain mechan-
ism. The energy dissipated by the plastic strain mechanism is not pro-
portional to the square of the vibration amplitude; the exponent was 9.1
for test structure no. 6 and approximately 8 for test structure no. 7.
Thus, the damping factors recorded at vibration amplitudes greater than
the stress sensitivity limit are not directly comparable to those that
might be expected in a multi-story steel building if the vibration ampli-
tude were large enough to cause yielding in some members.

In order to predict the damping factors of a multi-story steel
building vibrating at large amplitudes, a general method similar to that
proposed by Lazan (5) would have to be employed. Lazan's method consists
of assuming that the energy (D) dissipated by unit volume of a material

(for the present purposes, steel) is related to the stress amplitude (o)
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by
D = Jog (4.1)

in which J and n are constants. These constants may be determined from
tests such as those conducted on the model steel structure. After the
constants have been determined, the total energy that would be dissipated
by plastic strain mechanisms in a structure vibrating at large amplitudes
could be calculated by an integration procedure.

Stress history effects were observed in the tests conducted on
structure no. 7, as shown in Fig. 3.32, and some effort has been made to
explain the effects. 1In the initial tests on structure no. 7, the damping
factor was constant (0.15%) up to an amplitude of 1.0 in, which appeared
to be the cyclic stress sensitivity limit. However, vibration at this
limit changed the damping properties of the structure. In subsequent tests
the damping factors at vibration amplitudes smaller than the initial cyclic
stress sensitivity limit were greater than the values found in the initial
tests, and the cyclic stress sensitivity limit became less distinct. These
tests with vibration amplitudes smaller than the initial cyclic stress
limit could be repeated with nearly identical results until the vibration
amplitude exceeded the previous highest amplitude. Then similar stress
history effects were cbserved again. The cyclic stress sensitivity limit
became even less distinct, and the damping capacity became a function of
amplitude even for small amplitudes of vibration.

In the initial set of tests on structure no. 7 the cyclic stress
sensitivity limit appeared to be about 1.0 in. At this vibration amplitude

the measured elastic strain amplitude at the extreme fibre of the reduced
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section was 1750 u in/in, as shown in Fig. 4.1, indicating that the stress
amplitude at that point was 50 ksi. 1In the final set of tests, see Fig.
3.32, the stress sensitivity limit appears to have been reduced to about
one-half the initial value. The above values may be compared to those
obtained by Lazan for small specimens tested in a rotating-bending machine.
He found the stress sensitivity limit of mild steel specimens toc be 0.8
times the fatigue strength of the specimens at 20 x 10° cycles, i.e.,
approximately 29 ksi. Although lLazan preferred to relate the cyclic stress
sensitivity limit to fatigue strength, this is not a very suitable parameter

for model or full-scale steel structures.

4.2 Correlation Between Dynamic Tests and Reversed Loading Tests of
Individual Columns

The maximum vibration amplitudes obtainable in the dynamic tests
were always limited by the formation of fatigue cracks in the welds at the
base joint of the columns, or in metal close to these welds. Since the
number of vibration cycles accumulated in the dynamic tests was instru-
mental in the formation of the cracks, it was essential to reduce the
number of stress cycles on the columns to obtain reasonable ductility
factors. The maximum ductility factors in the dynamic tests were not
much greater than unity. But since Hanson (3) and (5) had found hystere-
sis loops obtained by dynamic and static methods to be similar, it
appeared feasible to extend the results by a series of reversed loading
tests on individual columns. The reversed loading tests were conducted
under NSF Grant GK-1319 to the University of California, Berkeley.

The rig employed to subject the columns to reversed loading

tests has been described previously by Bertero and Popov (10). The
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specimen installed in the rig (a column of either type B.l or B.2) was
supported as a cantilever. Vertical alternating loads were applied to
the free end of the cantilever by means of a hydraulic jack., The force
applied to the specimen was measured by a load-cell interposed between
the jack's piston and the cantilever. The force transmitted by the load-
cell, the displacement of the free end of the cantilever, and strains at
various locations in the specimen were recorded by the same oscillograph
system that was used in the dynamic tests.

The load applied to the free end of the cantilever was cycled
two or three times at constant displacement amplitude until a stable
hysteresis loop was established. The force, displacement and strains
were recorded over the next two cycles; the constant displacement ampli-
tude was then increased and the process repeated. The initial displace-
ment amplitudes were smaller than the yield displacement of the specimen,
and they were increased in a sequence of steps up to a ductility factor
(ratio of displacement amplitude to yield amplitude) between 3 and 4.

The force applied to the beam was plotted against displacement over each
cycle to obtain hysteresis loops for the specimen. Typical hysteresis
loops obtained for a column of type B.l are shown in Fig. k.2.

The energy dissipated per cycle by the structure equals the
area within the hysteresis loop, which was measured by means of a plani-
meter. The energy dissipated per cycle by the individual columns of type
B.1l and B.2 was doubled for direct comparison with the appropriate test
structure, and it has been plotted as a function of the displacement ampli-

tude of the cycle in Fig. 4.3. The energy dissipated per cycle by the test

[ ]
structure (measured in the dynamic tests) hes also been included in Fig. 4.3



Over the displacement amplitude range common to both, the two methods
give the same quantity of energy dissipated per cycle.

The hysteresis loops for the columns represent the force-
deformation relationship of the structure, assuming rate of loading
effects are negligible. On this assumption, the damping capacity of
the structure may be evaluated from the hysteresis loops of the columns.
To evaluate the damping capacity, the energy ratio method (see Section
3.4) may be used. The energy dissipated per cycle (AW) is the energy
represented by the area within the hysteresis loop, and W is a quantity
of energy associated with the hysteresis loops that makes { dimension-
less. However, there are four basic ways to define W which lead to four
definitions of (. The four definitions of W are illustrated with refer-
ence to the Ramberg-0Osgood type force-deformation relationship shown in
Fig. 4.4, They are: W, = A+B+C+D+E, W = D+E, W, = C+D+E, and Wy = E,
where the letters A through E designate the areas of spaces in which the
letters are immediately enclosed by either solid or dashed lines. If the
definition of damping corresponding to W, , W, Wy, and Wy are (;, (3, (4
and (,, then the definition of damping capacity (; , has been used by
Hudson (11), the definition {3 by Rosenblueth and Herrera (12) as well as
Berg (13), and definition {, by Jacobsen (14) and Hudson (11). These
definitions of damping factors have been discussed by Jennings (15) and
Rea (16).

The damping capacities implicit in the hysteresis loops of
columns of types B.l and B.2 have been evaluated according to definitions
Cis Cas C, and (. (For each hysteresis loop, the areas AW and W, were

measured by planimeter and the areas W, and Wy calculated.) The damping
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capacities determined from the dynamic tests and reversed bending tests
are compared on a semi-log scale in Figs. 4.5 and 4.6 for columns of types
B.1 and B.2, respectively. For test structure no. 6, the curve obtained
from the dynamic tests is continuous with the curves obtained from the
reversed loading tests, indicating a correlation between the two test
methods. However, correlation is not so apparent in the case of test
structure no. 7.

The reversed loading tests were conducted at ever increasing am-
plitudes and therefore stress history effects did not influence the results
significantly. Thus, for test structure no. 7, it might be expected that
the reversed loading tests would correlate with the first set of dynamic
test results, Fig. 4.6, rather than the second and third set in which stress
history effects were significant. Unfortunately, there are insufficient
data points to determine if the correlation suggested in Fig. 4.6 (dashed
line) is valid. But it does appear that the second and third sets of
dynamic test results do not correlate with the reversed loading tests.

The reversed loading tests show that at ductility factors greater
than two, the numerical value assigned to the damping factor of the model

steel structure would depend largely on the definition of damping factor.

4.3 Comparison of Test Results with Results from Hanson's Tests

The results described in this report cannot be compared directly
with the results obtained by Hanson (3) and (7), due to the completely dif-
ferent types of columns employed in the test structures. (Details of
Hanson's columns are given in Fig. 1.1.) The amplitude ranges of the tests

differed also. In the dynamic tests described in this report, the vibration
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amplitudes ranged between zero and the yield amplitude. In both the dynamic
and static (reversed loading) tests conducted by Hanson, the amplitudes
ranged between ductility factors of 1 and 2. However, if the dynamic results
from the tests described in this report are combined with the results of the
reversed loading tests on individual columns described in the previous sec-
tion, then some qualitative comparisons with Hanson's results may be made.

First, the damping capacities of Hanson's test structures and the
test structures used for the work described in this report increased rapidly
at vibration amplitudes approximately equal to the yield amplitudes of the
structures. This is illustrated in Fig. 4.7 where the average damping
factors obtained for a number of structures (with columns of type S) tested
by Hanson are compared with the damping factors obtained for test structure
no. 6. Of course, quantitative agreement between the different tests cannot
be expected because the columns in the structures were not geometrically
similar, the behavior of the structures was nonlinear, and the structures
were subjected to different stress histories.

Second, in both sets of tests, the results indicated that the
energies dissipated per cycle in dynamic tests and reversed loading tests
are nearly equal. The agreement between the energy dissipated per cycle
in the dynamic tests and in reversed loading tests of individual columns
over the common amplitude range has been described in the previous section.
Hanson found close similarity between dynamic and static hysteresis loops
(7) and observed that stress history effects appeared more impartant than
frequency effects. This latter observation is corroborated by the present

studies, see Fig. L.6.
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CHAPTER 5

SUMMARY AND CONCLUSIONS

The damping capacities of seven model steel structures, each
consisting of a heavy steel platform supported on four columns, have been
determined from forced vibration tests. The vibration amplitudes of the
structures ranged from small displacements up to amplitudes slightly
greater than yield displacement. At vibration amplitudes smaller than
the stress sensitivity limit, which in the absence of stress history
effects is slightly smaller than the yield displacement, the damping
factors of the structures were independent of amplitude and ranged from
.15 to .25%. At vibration amplitudes greater than the stress sensitivity
limit, the damping factors were dependent on vibration amplitudes; for
example, in the case of test structure no. 6, the damping increased from
0.15 to 1.2% as the displacement amplitude increased from 1.1 to 1.4 in.

Stress history effects were observed in the results from the
tests on structure no. 7. In the initial tests on this structure, the
damping factor was constant (0.15%) up to a vibration amplitude of 1.0
in which appeared to be the stress sensitivity limit. However, after
vibration at this limit, the damping properties of the structure changed.
In subsequent tests the damping factors at vibration amplitudes smaller
than the initial stress sensitivity limit were greater than the values
found in the initial tests. The cyclic stress sensitivity limit became
less distinct. When the vibration amplitudes exceeded the previous highest

amplitude this phenomenon was repeated. Finally, the damping factors
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became a function of amplitude even for small vibration amplitudes.

The vibration cycles accumulated by the structures during the
dynamic tests eventually caused fatigue cracks in the columns. The cracks
formed in the welds at the base joints of the columns, and the tests were
terminated as soon as the cracks were observed. The cracking limited the
maximum vibration amplitudes in the dynamic tests to ductility factors
only slightly greater than unity. The number of stress cycles appeared
to be instrumental in causing the cracks, and thus significantly larger
ductility factors could be attained only by reducing the number of stress
cycles in the test procedure. This conclusion led to the initiation of a
complementary project in which individual columns of the steel structures
were subjected to reversed loading tests in the range of ductility factors
1 to kL, It was concluded that the results from these tests could be used
to predict the damping capacity of the model steel structures if they were
to vibrate at amplitudes in this range. However, the numerical value
assigned to the damping factor was found to depend greatly on the defini-
tion of damping factor (8).

Finally, the combined results of the dynamic and reversed loading
tests are compared with the results obtained by Lazan (5) from tests on
small steel specimens, and with the results obtained by Hanson (3) on

steel structures similar to the ones tested in this work. In both cases,

qualitative agreement is shown.
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FIG. 2.1 MODEL STEEL STRUCTURE: SIDE VIEW



FIG. 22 MODEL STEEL STRUCTURE: VIEW FROM ABOVE




| SECTION A-A

ﬂmx 6x3 ﬁ
= 1, &

-

P

P2 e i3 24 et 7]
TETITRT —

0 8:3:%

: <
5
|
o

____________ 12 10 W 58 [llj[l

Jol-

PLAN ELEVATION
FIG. 23 STEEL PLATFORM

T
Jr

>
>
Y




a) PINNED CONNECTION

2" DIA THREADED

Y

==

—F=4
=

L

12

b)

FIG. 24

ATTACHMENT PLATE FOR COLUMN BASE PLATE

PINNED CONNECTION AND ATTACHMENT PLATE



7-0"

N
¥

4x4 W

Ve

)
|
<.L

b:

fe——6—*]

By

L L]

)

b) TOP PLATE

lH

O

O

I BUTT

I fWELD\
Y — [_“_i_“ﬂ‘j

M BASE PLATE

BASIC COLUMN AND COLUMN
TYPE Al

a)

Q ——f

O

T

N

-

=

—

—/'

et

et |~

J

—{ 3"

3y ]‘

T[_____J

d) BASE PLATE WITH
TRAPEZOIDAL STRAPS
COLUMN TYPES A2

FIG.

25

I
)
1

c)

M

1
—

6‘;‘"

BASE PLATE

e kS o

i

—LF

L_____J

——] 3"-4—-—

e) BASE PLATE WITH
PARABOLIC STRAPS
COLUMN TYPES A3,

A4, BI, B2

DETAILS OF COLUMNS FOR TEST STRUCTURES



S
=

T el et

FIG. 26 CLOSE-UP OF REDUCED SECTION OF
COLUMN TYPE B.2



R
DIRECTION OF
VIBRATION

ACTIVE DUMMY _*
L~ COLUMNS COLUMNS

1L axaW 13
1

N
[ B

Bl
==

) {
I |

N
N

el

FIG. 2.7 ELEVATION VIEW OF MODEL TEST STRUCTURE NO. 6




-
LA

= 7 L] W_ ]
- T

' In
5-44

TOP PLATE &

a) COLUMN TYPE BI

PASL A g

b) COLUMN TYPE B2
DETAILS OF COLUMNS FOR TEST STRUCTURES

NO. 6 AND 7

FIG. 2.8



DISPLACEMENT AMPLITUDE (in)

A FREQ. RESP P (lbs) £ (%)

Li6  Ql6
416 0.28
o 7.20 028
1020 0.7
1.5 °
(o]
q
1.0
0.5

T T ! !
242 2.44 246 248
2.40 FREQUENCY (cps)

FIG. 31 FREQUENCY RESPONSES: TEST STRUCTURE NO. |



DISPLACEMENT AMPLITUDE (in.)

A FREQ RESP P (lbs)  [(%)
(9 5.68 0.22
@49 8.70 0.28
30 1094 0.24
1.5+
1.0
0.54
&3
—(9
O L T T T 1 ——
2.40 242 244 246 2.48
FREQUENCY (cps)
FIG. 3.2 FREQUENCY RESPONSES: TEST STRUCTURE

NO. |



DISPLACEMENT AMPLITUDE (in)

(o}
5y &9
26
®
1.0- @2
¢ C?@ X P
19 = _1_
® (7) (8 2«
@ ° 15 @
0,
040
®
o T 1 1 1 T 1 ¥
0 2 4 6 8 10 12 i4
EXCITING FORCE AMPLITUDE (Ib.)
FIG. 3.3

RESONANT AMPLITUDE vs. EXCITING FORCE: TEST STRUCTURE NO. |



DISPLACEMENT AMPLITUDE (in)

FREQ. RESP P (lbs)

£ (%)

* Q) 600 0.8

©) 9.00 025

@ 200  0.20

() 16.60  0.23

s 1814  0.27
1.54
1.0-
0.5

0 T T T Y T

240 242 244 2.46 248
FREQUENCY (cps)
FIG. 3.4  FREQUENCY RESPONSES: TEST STRUCTURE NO. 2



DISPLACEMENT AMPLITUDE (in)

2.0
®
o 9 o °
L0000
4
® X =5z P
1.0 T 2Kt
|
1 T 1 1 T T >
4 8 2 16 20 24
EXCITING FORCE AMPLITUDE (ib)
FIG. 35 RESONANT AMPLITUDE vs. EXCITING FORCE: TEST STUCTURE NO. 2



FREQ. RESP P (lbs) £ (%)

(1) 15.20 0.16
4 (2 25.10 0.17
(3) 3480 0.20
(5) 4450 0.22
1.5
<
o
> 1.0
E
-
o
2
<
—
Z
ul
>
uJ
O
<
-
(o
%)
(@)
0.5
O || 1 1 T 1
4.32 434 436 438 4.40 442

FREQUENCY (cps)
FIG. 3.6 FREQUENCY RESPONSES: TEST STRUCTURE NO. 3



DISPLACEMENT AMPLITUDE (in.)

0.51

T T
10 20 30 40

FORCE AMPLITUDE (ib.)

FIG. 3.7 RESONANT AMPLITUDE vs. EXCITING FORCE :
TEST STRUCTURE NO.3



FREQRESP P(lbs) L(%)

512 0.6 { 5
i .14 0I8 \
1418 0.22 [
2020 0.27 :
2620 0.28
3224 035

BE000S

£ \
w 4 A
[a)
2
-3 1.04 !
% \
< A \ 5
-
<
5 o
=
]
Q
<
-J
Q.
%)
Q
0.54
0 T Y T T T
240 242 244 2.46 248

FREQUENCY (cps)
FIG. 3.8 FREQUENCY RESPONSES: TEST STRUCTURE NO. 4



FREQ.RESP P(ibs) {(%)

(2 8.14 0I5
A (8) 7.20 0.2
10 2320 0.23
12) 29.24 0.34
(14 38.32 042
| 5
I
wJ
S
= 1.0+
.|
Q.
=
<
'_.
<
W
>
[FU]
Q
<
]
[l
(7]
a
0.5+
O 1 § T T T . T ——
2.40 242 244 246 2.48

FREQUENCY (cps)
FIG. 39 FREQUENCY RESPONSES: TEST STRUCTURE NO. 4



DISPLACEMENT AMPLITUDE (in.)

—

2.0 ®)
® w ® %
@

1.5+ o

® ®
1.0 © X=?‘I(—P
: ® %

®

0.5 ©
% p % %

FORCE AMPLITUDE (ib.)

FIG. 3.10 RESONANT AMPLITUDE vs. EXCITING FORCE: TEST STRUCTURE NO.4



200

n
Q

o
L

ENERGY INPUT (in.-Ib./cycle)

—

O.' T i 1 T
Ol 05 1.0 20 10.0

DISPLACEMENT AMPLITUDE (in)

FIG. 311 ENERGY DISSIPATED PER CYCLE: TEST
STRUCTURE NO. 4



DAMPING FACTOR (%)

a BANDWIDTH METHOD { = AZL;_
o ENERGY RATIO METHOD { =&%
- 47w
040
o
° o
0.20 =
b —— -
a
0 , , , ;
0 0.5 1.0 15 20

DISPLACEMENT AMPLITUDE (in)

FIG. 3.12 DAMPING FACTORS FOR TEST STRUCTURE NO. 4

. ot



:

<
§ M-_QaM f
5"0' 2 Of
o = I50 243

2 d > 005
’é = 36501b
§0.5‘ o
5 [o] O
o

1 1 1 I

2 .36 240 2.44 2.48

FREQUENCY (cps)
o]
%)
w
(VY]
& 120
L
e
W
3
=
» 60
&
g
I
o
| i 1 1
2.36 2.40 244 2.48

FREQUENCY (cps)

FIG. 3.13 DETERMINATION OF GENERALIZED MASS

OF TEST STRUCTURE NO. 4



-

1.0

(o]
n
o1

DISPLACEMENT AMPLITUDE ( in.)

0.25+

FIG. 3.14

40 80 120 160
NO. OF ELAPSED CYCLES

LOGARITHMIC DECAY CURVE: TEST STRUCTURE
NO. 4



FREQ.RESP  P(Ib) §(%)

i @) 082 022
(2) 356 0.22
(3) 630 0.3
(D) 906 0.5
13 3380 055
.54

DISPLACEMENT AMPLITUDE (in)
o
1

0.5

T 1
2.28 2.30 2.32 2.34 2.36
FREQUENCY (cps)

FIG. 315 FREQUENCY RESPONSES: TEST STRUCTURE NO. 5



< T
wi
Q .
=)
-
g »
=5uF P
3 2K
}_
Z L
w
P-4
l
Q
a
J
a
172
a 0.5
¥ I
20 30

FORCE AMPLITUDE (ib)

FIG. 3.16 RESONANT AMPLITUDE vs. EXCITING FORCE: TEST STRUCTURE NO. 5



200+

ENERGY INPUT (in-Ib/cycle)

2-4

——

O. I U T T 1
Ol 05 1O 20 10.0

DISPLACEMENT AMPLITUDE (in)

FIG. 3.17 ENERGY DISSIPATED PER CYCLE: TEST
STRUCTURE NO. 5



DAMPING FACTOR (%)

0.6 s BANDWIDTH METHOD: ;=%’-
r
o ENERGY METHOD: {=2¥ 4
®
04 @
@ @)
"®
® ° 9@ Jo
., O ®
(o]
02- & .
0 @
@ a
A
0] T T T T —
0 04 08 12 16 20
DISPLACEMENT AMPLITUDE (in)
FIG. 3.8 DAMPING FACTORS FOR TEST STRUCTURE NO.5



2mn

05

DISPLACEMENT AMPLITUDE (in)

C =0.18%

0.25-

i

0.5 , , Sl
“0 40 80 120 160
NO. OF ELAPSED CYCLES

FIG. 319 LOGARITHMIC DECAY CURVES: TEST STRUCTURE
NO. §



A FREQ.RESP  P(Ib) (%)

0.87 0.16
424 0.i14
1.4 7.44 0.20

DISPLACEMENT AMPLITUDE (in)

246 248 250 252 254
FREQUENCY (cps)

FIG. 3.20 FREQUENCY RESPONSES: TEST STRUCTURE NO. 6



FREQRESP P(b)  [(%)

(2) 2.41 0.7
580 0.8
1.4+ (6) I0.78 025
(8) 2098 043
10) 3368 065
12 69.78
1.2
1.0-
<
W
(@)
- ]
0.8
T
=
<
}_
<
Y0.6-
W
QO
<
—J
[a 8
%
Q
04-
0.2
T R
© 246 248 250 252 254
FREQUENCY (cps)
FIG. 3.21 FREQUENCY RESPONSES: TEST STRUCTURE NO. 6



DISPLACEMEN

T AMPLITUDE ( in.)

.5+ @
@ =
® © ”
@ @ -
1.0- ®
@ X=_l_p
2K
3
0.51
@
1
: p % % S 0 % %

FORCE AMPUITUDE ( Ib.)

FIG. 3.22 RESONANT AMPLITUDE vs. EXCITING FORCE: TEST STRUCTURE NO.6



300+

2001

1004

w
O
1

ENERGY INPUT ( in.-lb./cycle)

0.5

——

O' T 1 1 1
Ol 05 1.0 20 50

DISPLACEMENT AMPLITUDE (in.)

FIG.3.23 ENERGY DISSIPATED PER CYCLE: TEST
STRUCTURE NO. 6



DAMPING FACTOR (%)

2

s BANDWIDTH METHOD: [ = &f
1.5- 2t
o ENERGY METHOD: { = AW
4w
(o]
1.0 A
a
0,
0.51 o
(]
é“- A g A
T T T T T 1 1
0.2 04 06 08 10 1.2 14

DISPLACEMENT AMPLITUDE (in.)

FIG. 3.24 DAMPING FACTORS FOR TEST STRUCTURE NO. 6



[=0.139%

o
o
1

£=0.234 %
[=0.113%

DISPLACEMENT AMPLITUDE (in.)

0.25 C =0.145 %

—

40 80 120 160
NO. OF ELAPSED CYCLES

FIG. 325 LOGARITHMIC DECAY CURVES: TEST STRUCTURE
NO. 6



DISPLACEMENT AMPLITUDE (in)

FREQ. RESP  P(ib)  [(%)

O 067 Oll
@) .86 0.8
(6) 326 0lI2
f @ 443 0.8
(8) 571 0.2l
(9 825 0.25
|.2-
1.0+
0.84
0.6-
04-
0.2
0] T = i T T Y —
215 217 219 2.21 2.23
FREQUENCY (cps)
FIG. 3.26 FREQUENCY RESPONSES: TEST STRUCTURE NO. 7



DISPLACEMENT AMPLITUDE (in)

FREQ. RESP  P(b)  [(%)

@ 1.84 0.22
12) 4.42 0.26
7 8.23 0.35
19 1346 046
@D 2070 068
23 3960 117

1.2
1.04
AN
[e D & .
08+ i N\
0]
2 QA
AA ] q A X
0.6- i
a2
04
@D
0.2 -
-
0] T T T T 2 S
215 217 219 2.2| 2.23

FREQUENCY (cps)

FIG. 3.27 FREQUENCY RESPONSES: TEST STRUCTURE NO. 7



DISPLACEMENT AMPLITUDE (in.)

0.6

044

0.2+

FREQ.RESP  Plib)
067
3.26
572
10.90
15.90
30.30

CR@E

L(%)
ol9
0.18
0.29
0.44
0.52
0.94

FIG. 3.28

FREQUQUENCY (cps)
FREQUENCY RESPONSES:TEST STRUCTURE NO. 7



FREQ.RESP  P(Ib) £ (%)

‘ 1.83 0.22
4.4) 027

82 043

10.85 0.49

20,60 0.83

3007 113

3942 1.28

1.0

O
i

DISPLACEMENT AMPLITUDE (in)
O
?

04

0.2

1
215 217 218 2.2l 223
FREQUENCY (cps)

FIG. 329 FREQUENCY RESPONSES: TEST STRUCTURE NO. 7



DISPLACEMENT AMPLITUDE (in)

T
101 —\\ 2
9 ® ’
&
&
7 O@ X=-2—I-I<Zp
r 10 20 30

FORCE AMPLITUDE (Ib)

FIG. 3.30 RESONANT AMPLITUDE vs. EXCITING FORCE: TEST STRUCTURE NO. 7



300
2001

ENERGY INPUT (in-Ib/cycle)

ol 05 10 20 50
DISPLACEMENT AMPLITUDE (in)

FIG. 3.31 ENERGY DISSIPATED PER CYCLE: TEST
STRUCTURE NO.7



DAMPING FACTOR (%)

-

s BANDWIDTH METHOD:g=§A{-
r
|5 o ENERGY METHOD=C=4A—XV
A
10
05
o
ﬁ
O ¥ ] T 1 T 1
0 02 04 06 08 0 12

DISPLACEMENT AMPLITUDE (in)

FIG. 332 DAMPING FACTORS FOR TEST STRUCTURE NO. 7



g =0.331 %

£=0.154%

o
wm
1

£=0.120 %

DISPLACEMENT AMPLITUDE (in.)

0.25- ®
£=0.168% ®
0.15 - . : @ -
0 40 80 120 160

NO. OF ELAPSED CYCLES

FIG. 3.33 LOGARITHMIC DECAY CURVES: TEST STRUCTURE
NO. 7



DISPLACEMENT AMPLITUDE (in.)

o
%]
1

i

. @@ ‘@
8 - @)
&
(19
& ©
@
&S, ¢
E

Y 500 1000 1500 =

STRAN AMPLITUDE ( u'/in.)

FIG. 4.1 DISPLACEMENT vs. STRAIN AT REDUCED SECTION:TEST STRUCTURE NO.7



3000+
F: _—
= — v
L 2000 =
f—mmm=z=7} e %
o 5
w "
10004
X T i
T T T T ly // —T T Y T T
-30 -20 210 2//' 167 20 3.0
j / Xy DISPLACEMENT (in)
0 e F~1000
o0 . v v
s v o FORCE INCREASING
gz ' | _2000 v FORCE DECREASING
0 =
--3000
FIG. 4.2 EXPERIMENTAL HYSTERESIS LOOPS FOR COLUMN TYPE BI



P
W|= A+B+C+D+E Py 4
W,= D+E
Wy=C+ D+E
W, E -
0
X+Xo P+Fz) 5;)
2X, = 2P, +af
’-%y
r
\ X_ P (PY
Xy Py+a(Py)
. AW
Qn ) 4TWp
- Xy P Xy P,
L B R (R
_ Xy P
L. = %(&%)(PX_ZT%)
i, Xy P
AR
3 X,R XoR
o2l 26
-inz7Xa P
L BEIGER
) +—) (X°py-|)
2" 2(r+1)\ Xy Fo

FIG. 44 RAMBERG-0SGOOD TYPE FORCE-DEFORMATION

RELATION

SHIP AND DIFFERENT DAMPING VALUES



10 A 10 1
&
]
£
- IOB* 103
I
n
2
3
o
> 10° 10°-
o
w
|
o
>
O
@
a
o 10 - 10
o
&
0
g o DYNAMIC TESTS
> 0 REVERSED LOAD TESTS
8 ‘ -1 |—4
w
2
i

Xy q Xy
A T T —— | L T —
A | 5 A | 5
DISPLACEMENT AMPLITUDE (in.) DISPLACEMENT AMPLITUDE (in.)
COLUMN TYPE Bl COLUMN TYPE B.2

FIG. 4.3 ENERGY DISSIPATED IN REVERSED LOAD TESTS
AND DYNAMIC TESTS



o §
50 4
40 -
301 ]
&,
20
. Ly
A O gl
10
o A
5...
4..
3- /
— [ ]
2 a
an 27 /
o
o
Q
£ |
®© ol DYNAMIC TESTS ©
b4 2
g > &
g 5 ° REVERSED LoaD |° e
TESTS |+ &,
o L,
O o O
’l‘y
A T T T T o
o) 1.0 20 30 40

DISPLACEMENT AMPLITUDE (in)

FIG. 45 DAMPING FACTORS FOR STRUCTURE NO. 6



A Lo
50-
40
30- cz
20- L
3
&
10
5-
4-.
&
o 3 DYNAMIC TESTS ©
S a g,
= : o C
Q REVERSED LOAD 2
L TESTS |2 &,
2 o &,
a
=
<
a
SET 2
SET |
o]
[o]
A T T Y T T
0 10 20 30 40 50

FIG. 4.6 DAMPING

DISPLACEMENT AMPLITUDE (in)
FACTORS FOR STRUCTURE NO. 7



Ca
50 /
40 )
304 Cz
2 —
0 L,
s
101
AVERAGE OF
HANSON'S RESULTS
FOR COLUMN
TYPE S (L))
— O
2 4
S
2 3
3
[T o]
&
=
a
=
<
o |-
5-
DYNAMIC J
Tests )| REVERSED LOADING
4»
\ TESTS
A T T T ——
0 10 20 3.0

"DUCTILITY FACTOR

FIG. 47 COMPARISON OF DAMPING FACTORS FOR STRUCTURE
NO. 6 AND HANSON'S STRUCTURE WITH COLUMNS
OF TYPE S



EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

67-1

68-1

68-2

68-3

68-4

68-5

69-1
69-2

69-3

69-4

EARTHQUAKE ENGINEERING RESEARCH CENTER REPORTS*

"Feasibility Study Large-Scale Earthquake Simulator Facility",
by J. Penzien, J. G. Bouwkamp, R. W. Clough, Dixon Rea - Sep-
tember 1967.

Unassigned

"Inelastic Behavior of Beam-to-Column Subassemblages Under
Repeated Loading", by V. Bertero, April 1968.

"A Graphical Method for Solving the Wave Reflection-Refraction
Problem", by H. D. McNiven and Y. Mengi - April 1968.

"Dynamic Properties of McKinley School Buildings", by D. Rea,
J. G. Bouwkamp, R. W. Clough - November 1968.

"Characteristics of Rock Motions During Earthquakes", by H. B.
Seed, I. M. Idriss, F. W. Kiefer - September 1968.

"Earthquake Engineering Research at Berkeley", January 1969.

"Nonlinear Seismic Response of Earth Structures", by M. Dibaj
and J. Penzien - January 1969.

"Probabilistic Study of the Behavior of Strucrures During
Earthquakes'", by P. Ruiz and J. Penzien - March 1969.

"Numerical Solution of Boundary Value Problems in Structural
Mechanics by Reduction to an Initial Value Formulation”, by
Nestor Distefano and Jaime Schujman - March 1969,

"Dynamic Programming and the Solution of the Biharmonic
Equation", by Nestor Distefano - March 1969,

"Stochastic Analysis of Offshore Tower Structures', by Anil
Kumar Malhotra and Joseph Penzien - May 1969.

"Rock Motion Accelerograms for High Magnitude Earthquakes",
by H. B. Seed and I. M. Idriss - May 1969.

"Structural Dynamics Testing Facilities at the University of
California Berkeley'", by R. M. Stephen, J. G. Bouwkamp,
R. W. Clough, J. Penzien - August 1969.

"Seismic Response of Soil Deposits Underlain by Sloping Rock
Boundaries', by Houshang Dezfulian and H. Bolton Seed -

August 1969.

"Dynamic Stress Analysis of Axisymmetric Structures Under
Arbitrary Loading', by Sukumar Ghosh and E. L. Wilson -

September 1969.



EERC 69-11 "Seismic Behavior of Multistory Frames Designed by Different
Philosophies'", by James C. Anderson and V. Bertero - October

1969.

EERC 69-12 "Stiffness Degradation of Reinforced Concrete Structures Sub-
jected to Reversed Actions", by V. Bertero, B. Bresler, Huey
Ming Liao - December 1969.

EERC 69-13 "Response of Non-Uniform Soil Deposits to Travelling Seismic
Waves", by H. Dezfulian and H. B. Seed - December 1969.

EERC 69-14  "Damping Capacity of a Model Steel Structure", by Dixon Rea,
R. W. Clough and J. G. Bouwkamp - December 1969.

*
All rgports are for sale by the Clearinghouse for Federal Scientific and
Technical Information, National Bureau of Standards, U. S. Department of
Commerce, Springfield, Va. 22151, Price $3.00.



Committee of Structural Steel Producers ® Committee of Steel Plate Producers

150 East 42nd Street, New York, N.Y. 10017

{140) P5021 PRINTED: IN U.S.A, 171/1



	Damping capacity of a model steel structure
	Recommended Citation

	Page0001
	Page0002
	Page0003
	Page0004
	Page0005
	Page0006
	Page0007
	Page0008
	Page0009
	Page0010
	Page0011
	Page0012
	Page0013
	Page0014
	Page0015
	Page0016
	Page0017
	Page0018
	Page0019
	Page0020
	Page0021
	Page0022
	Page0023
	Page0024
	Page0025
	Page0026
	Page0027
	Page0028
	Page0029
	Page0030
	Page0031
	Page0032
	Page0033
	Page0034
	Page0035
	Page0036
	Page0037
	Page0038
	Page0039
	Page0040
	Page0041
	Page0042
	Page0043
	Page0044
	Page0045
	Page0046
	Page0047
	Page0048
	Page0049
	Page0050
	Page0051
	Page0052
	Page0053
	Page0054
	Page0055
	Page0056
	Page0057
	Page0058
	Page0059
	Page0060
	Page0061
	Page0062
	Page0063
	Page0064
	Page0065
	Page0066
	Page0067
	Page0068
	Page0069
	Page0070
	Page0071
	Page0072
	Page0073
	Page0074
	Page0075
	Page0076
	Page0077
	Page0078
	Page0079
	Page0080
	Page0081
	Page0082
	Page0083
	Page0084
	Page0085
	Page0086
	Page0087
	Page0088
	Page0089
	Page0090
	Page0091
	Page0092
	Page0093
	Page0094
	Page0095
	Page0096
	Page0097
	Page0098
	Page0099
	Page0100

