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SUMVARY

A passive energy dissipation systemthat incorporates friction danping
devices in the cross-bracing of a nediumrise steel nonment resisting
frame is investigated. Earthquake sinulator tests and an anal ytica
study of the systemare performed and the response characteristics
conpared with those of equivalent nonment resisting and eccentric braced
frames.

An existing scale nmodel 9 story steel nonent resisting frame (MRF) was
nodi fied to include friction danped bracing as part of the |ateral | oad
resisting system The frame is one bay wi de and three bays | ong and
represents a typical section in the weak direction of a steel franme
bui | di ng of approxi mately one quarter scale.

It was observed that the friction danped braced frame (FDBF) system had
the ability to behave in a nonlinear fashion wthout demandi ng inelastic
behavior in the frane itself. This inplied continued integrity of the
structure during and after a seismc event. Analytical results and
experinmental observations confirned that for snmall variations of the
slip loads fromthe optimum | oads the overall response of the frane
remai ned essentially unchanged.

| NTRODUCTI ON

It is generally accepted that the performance of a structure subject to
eart hquake attack is enhanced by an increase in internal danping in that
structure. The danping absorbs kinetic energy induced in the structure
and prevents the build-up of resonant vibrations should the natural
frequency of the structure coincide with a strong frequency present in
the ground notion. 1In conventional structural design for earthquake
resi stance the danping in the structure is produced by inelastic action
at beam col um connections and to devel op significant danping the anmount
of inelastic action can produce danage at the connections. For |ong
duration earthquake attack, such as, for exanple, the recent Mexico City
eart hquake, this damage at the connections over many cycles can lead to
col | apse of the structure even for a relatively | ow peak ground

accel erati on.



There have been attenpts in recent years to introduce special structura
details such as the eccentrically braced franme, or special energy
absor bi ng devi ces which can increase the danping of the system but stil
sustain many cycles of action without |leading to collapse. The action
in the eccentric braced frame and in many of the devices so far proposed
is still cyclic plastic deformation and as such is irrevocably
associated with the devel opnment of |ocal damage. While the devices
could in principle be replaced after a severe earthquake, eccentric
bracing is an integral part of the structure and could not be repl aced.
Further, in both cases the response of the elenent and of the entire
structural system can be conplex and there are as yet unresol ved

probl enms in designing structures using design spectrum net hods (which
are the nost wi dely used techniques and which are intrinsically linear).

The use of frictional danmping elenents for a variety of structura
systenms has been proposed by Pall, ranging frombraced franes [1,2] to
concrete shear walls [3] and panel structures [4]. Frictional elenents
have the advantage of being amenable to a particularly sinple form of
nmechani cal nodelling and their response should be repeatable and fatigue
resistant. The systemwhich is the subject of this experinmental study
al so has the added advantage that it can be incorporated directly in the
bracing of a structural frame. The energy dissipated by a typica
friction danping device is proportional to the slip load and the slip
deformations of that device. For sonme specific slip |oad, or

conmbi nation of device slip loads within a structure, an optinmm

(m ninmunm) response for the FDBF can be achi eved.

TEST PROGRAM
Experi mental Mbdel

The earthquake sinmulator tests were perfornmed on a nine story 1/4-scale
steel frame structure which was 28ft high and 18ft wide. To satisfy
simlitude requirenents the structure was | oaded with additional mass,
consi sting of 10 ki ps of concrete and | ead ballast per level, giving a
total structure weight of approximately 99 kips. The scale nodel was
originally constructed for an experinental investigation into the
effects of colum uplift on the seisnic preformance of structures [5]
and has al so been used in a previous series of base isolation tests [6].
The structure was nodified for the friction danping tests by providing
suitabl e connection details at the interior beamcolum joints to allow
the installation of the friction devices. The structure with the
friction danping devices installed in the bracing is shown in Figure 1

Friction Danpi ng Devices

The friction danping devices used in the test series were of a design
originally proposed by Pall. A typical friction danping device is shown
in Figure 2, and consists of diagonal brace el enents that have a
friction interface at their intersection point and which are connected
together by horizontal and vertical link elements. The friction
interface is a sinple brake-pad |ining/stainless steel couple which is
activated by a specified preload normal force. The link elenments ensure
that when the | oad applied to the device via the braces is sufficient to
initiate slip of the tension armthen the conpression armw ||l also slip



an equal amount in the opposite direction. Deformation fields of a
friction danping device are shown in Figure 3. Inplicit with these slip
def ormati ons, and hence energy dissipation by the devices, is that the
structural franme nust undergo geonetric deformations. The design
intent, therefore, is to select the |oads required to cause slip in the
devices within the frane to correspond to the range of elastic
deformations of the structure. The criteria used to determne the slip
| oads for the devices are outlined bel ow

? The danpi ng devices should not slip for wind and | ow to noderate
eart hquake | oadi ngs or shear forces cal cul ated on the basis of a quasi-
static approach as typically specified by the building codes. This
requi renent |leads to a mninmum value for the slip |oad.

? The devices should start slipping before the yield Iimt of any
menber of the structure is reached. This places an upper bound on the
device slip |oad.

? The slip | oads of the devices should be such that the energy

di ssipated within the structural systemdue to friction is naxim zed.

These criteria were used to obtain an approximate value for the slip

| oads required in the devices, and then the opitn zation of the |oads
was achi eved by performng a series of nonlinear tinme history anal yses,
varying the slip | oads and eval uating response anplitudes. It has been
observed previously by Filiatrault and Cherry [7] that variations of +/-
20% in the optimumslip |load do not significantly alter the overal
response of a friction danped structure; and with the above criteria as
a basis for selection, slip |oads as shown in Figure 4 were chosen. The
slip load in a device is obtained by varying the applied preload norna
force, and for experinmental purposes, prelinmnary tests of a single
device in a static test rig were performed to calibrate device slip |oad
(Ps) against preload normal force (which was neasured in terns of the
torque applied to the center bolt}. Hence, specified slip |oads could
be easily obtained or changed within the npdel structure as necessary
during testing.

Prelim nary Tests of Modde

Following the nodifications to the franme and the installation of the
friction danping devices, prelimnary tests were conducted to determ ne
the dynam c characteristics of the nodel structure. These initial tests
consi sted of white noise base notion and an i npul se excitation, and from
the data col |l ected nodal frequencies and an estimate of the initia
danpi ng of the structure were cal cul at ed.

The white noise input notion had an al nost constant Fourier anplitude
for the frequency range of 0 to 10 Hz. By taking transfer functions of
the roof acceleration time history the nodal frequencies were estinmated.
The fundanental frequency of the FDBF was estimated to be 2.23 Hz and
the second node frequency to be 8.34 Hz. The sane nethod was used for
the frame in the MRF configuration and the first two frequencies were
found to be f1 = 2.00 Hz and f2 = 6.61 Hz.



The inmpul se | oadi ng consisted of a square wave input to the shaking
tabl e and was used to excite free vibration responses in the nodel.
These tests were used to obtain an estinate of the damping of the
structural system By evaluating the logarithmc free vibration decay
of the 9th floor displacenment signal danping in the FDBF was found to be
e =5.6%and e = 2.4%for the MRF. The danping in the FDBF was
dependent on the | evel of excitation and the amount of slip in the
friction devices and so the value of 5.6% was only applicable for |ow
| evel s of excitation during which there was essentially no slip in the
devices. As soon as the |level of excitation was such that the devices
began to slip the anpunt of danping in the structural systemincreased
significantly.

Eart hquake Tests of Mode

Eart hquake testing of the nopdel was conducted using 10 different rea
and synt hesi zed earthquake signals that provided a wi de range of
characteristics of earthquake notion. The earthquake signals used for
testing were El Centro, 1940; Kern County Taft, 1952; San Francisco,
1957; Parkfield, 1966; Pacoi ma Dam 1971; Bucharest, 1977; M yagi-Ken-
ki (MKO), 1978; Mexico City, 1985 and two synthesized signals with
response spectra equivalent to the ATC 3-06 spectrum for soil type 1. A
range of magnitudes of excitation were used for the El Centro, Mexico
City, Taft and Myagi - Ken- Cki earthquakes to gain an insight to the
change in response of the structure with varying |evel of disturbing
force.

Tests using the Mexico City signal were also performed using nodified
time-scale factors. Simlitude |laws require that for the 1/4-scale
nodel the earthquake signals be tine scaled by a factor of 1/(scale
factor”0.5) = 1/2. However, a nodified tinme scale factor was
arbitrarily inposed on the Mexico City signal to nove the predoni nant
frequency of the signal to coincide with (or be very close to the first
frequency of the FDBF structure. This resulted in a quasi-resonance
excitation and very | arge responses were obtained in the structure.
This techni que was used for tests of both the FDBF and the MRF, and the
effects on response due to the friction devices were able to be
eval uat ed.

For the remmi ni ng earthquake signals, the tests performed were noderate
| evel excitations, and these were intended for conparisons with previous
tests conducted on the nodel as an eccentrically braced frame (EBF) and
in the MRF configuration.

TEST RESULTS
Hysteresi s Loops And Danpi ng

For any frictional systemthe amount of energy dissipated by the system
and the danping in the systemare proportional to the slip excursions of
the frictional elenents. This neans that frictional danmping elenents in
a structural systemw |l becone relatively nore elective as the

magni tude of the input force increases. This pattern was observed in
the series of tests using the El Centro, Taft, Mexico City and Myagi -



Ken- ki signals for a range of increasing input accelerations. The
gradual decrease in the transmissibility (roof acceleration/table
acceleration) with increasing peak table acceleration (PGA) can be seen
fromthe data in Table 1.

As a result, values for danping calculated fromhysteresis |oops for the
devi ces increased as PGA increased. A typical hysteresis loop for a
device at the bottomlevel of the structure is shown in Figure 5. This
loop is plotted for the Myagi-Ken-Oki PGA = 0.447g test. The tota
force in the device is the sumof the forces in the tension and the
conpression braces, and this is plotted against the slip deformation
time history of the device to obtain a hysteresis |oop. The equival ent
vi scous danping ratio for this loop is e=37.6% and the effective
stiffness of the device at this |level of excitation is k,eff = 31.8

ki ps/inch. Simlar loops for the sane device for the El Centro PGA =
0.170g test yielded values of e = 22.4% and keff = 47.2 kips/inch, and
for the EIl Centro PGA = 0.838g test, e = 32.2% and keff = 29.9

ki ps/inch. Clearly, there is a significant increase in danping and
decrease in device effective stiffness with the increase in magnitude of
the input notion. For other earthquakes, danping provided by individua
friction devices was observed to be in the range of 8.5% - 37.6%

To obtain an estimate of the total danping in the FDBF, hysteresis |oops
of base shear plotted against first floor relative displacenment were
eval uated for equival ent viscous danping. Such a hysteresis loop is
shown in Figure 6 for the Myagi-Ken-Cki PGA @0.447g test. The danping
ratio for this test is = 16.7% During the prelimnary tests danping of
about e = 2. 4% was cal cul ated for the MRF. Thus, the addition of the
frictional elenents has added approximately a further 14%to the danping
in the structure. This is a significant increase in danping in a
structure. For other large magnitude tests danping in the range of 15%
to 16. 7% was observed, and for smaller nagnitude tests typical val ues of
danmpi ng were 7% to 10%

Ener gy Di ssi pation

A clear indication of the effectiveness of the friction danpi ng devices
in the structural systemis given by a consideration of energy
dissipation in the structure. Two approaches were taken for the

eval uati on of the ampunt of energy dissipated. These were: (a)
calculating the amount of the total energy in the structure at a
particular level by integrating the inertial story shear force (the sum
of all the inertial story forces above the level in question) with
respect to the story drift time history and conparing this value with

t he amobunt of energy dissipated by the friction devices at that |evel,
and (b) determning the total energy input to the structure by
integrating the base shear force with respect to the shaking table

di spl acenent and conparing this energy with the total energy dissipated
by all the devices in the structure.

A typical energy tine history for a level 1 device obtained using the
first approach is given in Figure 7. At the conpletion of the earthquake
the devi ce has absorbed 93% of the energy input to that |evel. For
devices at other |evels and other earthquake inputs this value varied



bet ween about 93% for the bottomlevel to about 60 - 70% for the upper

| evel s of the structure. To obtain the total energy dissipated by the
devi ces during an earthquake the known val ues were interpolated to give
approxi mate val ues of dissipation at the other levels. Tine histories

of total input energy and approximte energy dissipated by all devices
during the Mexico City PGA = 0.651g test are shown in Figure 8. The

total energy dissipated by all the friction devices is approximately 70%
of the total input energy. The fact that this ratio is not higher
reflects that the distribution of device slip forces in the nodel was

not optim zed for this earthquake notion

Negli gi bl e change in structure frequency was observed (even for very

| arge magni tude tests) due to the nonlinear slip behavior of the
friction devices. Changes in frequency of the order of 1 - 2% at nopst
wer e observed during testing.

Conparison to NMF Test Results

The nost significant conpari sons of response between the FDBF and the
MRF are found for the tests perforned using the nodified Mexico City
signal. For both structural systens the nagnitude of the input signa
was increased until a meximumrelative displacenent of 2.8 - 3.0 inches
was achieved. Any displacenents beyond this would have caused excessive
damage to the frame, and thus were undesirabl e because of the need for
further tests.

The maxi mum peak input accel erati on experienced by the FDBF was PGA =
0.651g, and corresponding to this notion was a maxi numrel ative

di spl acenment in the nodel of 2.80 inches. A conparable test of the MRF
had a PGA @0.249g and for this test the nodel underwent a nmaxi num
relative displacenent of 3.11 inches. Figure 9 shows the profile of
peak story accelerations normalized to PGA for these two tests, and in
Figure 10 the profiles of maxi mum story drift normalized to PGA are
given. The

rati os of MRF response/ FDBF response for these two tests are 2.91 for

di spl acenment and 2.02 for accel eration

Story Shears

For the PGA = 0.651g test the FDBF experienced a peak base shear of 69.9
kips. The story shear profile determined at the time of peak base shear
is shown in Figure 11. Also shown in this figure is the profile of
shear force resisted by the friction danping devices. Figure 12 gives
the profile of story shears at the tine of peak base shear for the | M-
subjected to the PGA = 0.249g test. For this test the peak base shear
was 64.2 kips, all of which was required to be resisted by damagi ng

i nel astic action of the MRF el enents.

CONCLUSI ONS
The seism c performance of the frame is considerably enhanced by the

i nclusion of the friction danping devices in the structural system It
is clear that the devices provide a significant increase in the



avail abl e danping within the structure and that this |leads to a direct

i mprovenent in performance. The dissipation characteristics of the
friction danmpi ng nmechani sms are reliable and the devices are not damaged
by large | oads. The devices beconme nore effective in absorbing energy
as the magnitude of the disturbing force increases. By confining the
energy dissipation to the friction devices which are specifically
designed to performunder extrenme | oading conditions w thout sustaining
damage, the main structural elenments are able to remain el astic.

The difference between structural systens appears |ess dramatic from
consi derations of shear force, but it is still shown that a |large
portion of the base shear force in a structure can be resisted in a
controll ed manner and not be required to be resisted by inelastic action
of primary structural elenents.
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