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RESPONSE OF FRI CTI ON DAMPED
BRACED FRAMES
By Avtar S. Pall! and Cedric Marsh? Menbers, ASCE

ABSTRACT: A new concept of aseismic design for stee
framed buildings is proposed. By providing sliding
friction devices in the bracing systemof the franed
bui | di ngs, their earthquake resistance and danage contro
potential can be considerably enhanced. During severe
eart hquake excitations, the friction device slips and a

| arge portion of the vibrational energy is dissipated
mechanically in friction rather than inelastic yielding of
the main structural conponents. Results of inelastic tine-
hi story dynam c anal ysis show superior performance of the
friction danped braced steel frames when conpared to
conput ed responses of other structural fram ng systens.
The proposed friction devices act, in effect, both as
safety val ves and structural danpers. The device may al so
be conveniently incorporated in existing framed buil di ngs
to upgrade their earthquake resistance.

| NTRODUCTI1 ON

Severe ground shaking induces lateral inertial forces on
bui | di ngs, causing themto sway back and forth with an
anplitude proportional to the energy fed in. If a major
portion of this energy can be consuned during building notion,
the seismc response can be considerably inproved. The nmanner
in which this energy is consuned in the structure determ nes
the | evel of danage.
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In general, all current nmethods of aseism c design place
reliance on the ductility of the structural elenents, i.e.,
ability to dissipate energy while undergoing inelastic

def ormati ons causi ng bending, twi sting, and cracking. This
assunes sone permanent danmge, in sone cases just short of
col | apse, but the primary and secondary damage nmay be as
econom cally significant as the collapse of the structure. |If
a maj or portion of the seismc energy can be dissipated
mechani cal ly, the response of the structure can be controlled
wi t hout structural danage.

Thi s paper describes a novel structural systemfor stee
framed buildings in which a | arge amount of seismic energy is
extracted by providing an inexpensive sliding friction device
in the steel braces of the structure.

I nel astic tinme-history dynam ¢ anal ysis has been used to study
the seismc response of the proposed structural system The
results of the anal yses, when conpared with the conputed
response for a simlar noment resisting frame and a braced
nmonment resisting frame, show the superior performance of the
friction danped braced frame. In this system main structura
el enents remain elastic, wthout damage, or at |east the onset
of inelasticity is delayed to be avail able during catastrophic
conditions. The friction device acts as a structural danper
to control the anplitude and as a safety valve to linit the
forces exerted.

EXI STING STRUCTURAL SYSTEMS

Braced steel franes are known to be econom cal and are
effective in controlling lateral deflections due to wind and
noder at e eart hquakes; but during major earthquakes, these
structures do not performwell. Firstly, being stiffer, they
tend to invite higher seismc forces, and secondly, their
energy dissipation capacity is very nmuch limted, due to the
pi nched hysteretic behavior of the braces (1,11,12,17). A
typical hysteresis |oop of a brace is shown in Fig. 1 (11).
Energy dissipation is poor in structures with pinched or
deteriorating hysteresis |oops and are viewed w th suspicion
for earthquake resistance. The performance is still poorer
when the brace is designed to be effective only in tension. A
tension brace stretches during a severe shock and buckles in
conpression during reversal of load. On the next application
of load in the sane direction, this elongated brace is not
effective even in tension until it is taut again and is being
stretched further. As a result, energy dissipation degrades
very qui ckly.

Morment resisting frames are favored for, their earthquake
resi stance capability because they have stable ductile
behavi or under repeated reversing |loads. This preference is
reflected in various seismc codes (4,15,16) by assigning



| ower | ateral forces. However, these structures are very
flexible and it is often economcally difficult to devel op
enough stiffness to control story drifts and deflections to
prevent nonstructural danage. Moreover, because of their
greater deflection, the structural stability is affected by

the P-? factor, which can be significant.

Recent earthquakes have denonstrated the need for stiffer
structures, and a strong interest has grown in the past few
years (1,2,11,12,13,14,17) to devel op structural systens which
conbi ne the ductile behavior of the nonent resisting frame and
the stiffness of a braced frane. |n Japan, designers often
enpl oy braced noment resisting franmes in which the brace is
designed to carry only a portion of the lateral load (12). An
eccentric braced frame (11,13,14) is another step in this
direction. 1In this nmethod, the brace joints are eccentric, to
force the beans into inelastic action to dissipate nore
energy. After a mpjor earthquake, large inelastic

def ormati ons nmust be expected at all floors of a structure.

Al t hough the structure is saved fromtotal collapse, the main
beans are sacrificed and an actual structure would need maj or
repairs or replacenent.

FRI CTI ON DAVMPED BRACED FRAME

Logically it seens preferable to find sone alternative source
of energy dissipation to protect the main structural nenbers
fromdamage. O all the nethods available to extract kinetic
energy froma noving body, the nost wi dely adopted is
undoubtedly the friction brake. Several static and dynam c
tests on different faying surface treatnents were conducted
under repeated reversals of loads (7,8,9). Hysteresis |oops
of slip joints clanped together by high tension 1/2 in.

(12. 7nm) di ameter high strength bolts (ASTM A325) are shown in
Fig. 2. O all of them a heavy duty brake |ining pad,

i nserted between the sliding steel surfaces, gave the best
results. The performance is reliable, repeatable, and the
hysterisis | oops are rectangular with negligi ble fade over
many nore cycles of reversals than are encountered in
successi ve earthquakes. Mich greater quantities of energy can
be di sposed of in friction than by any method that involves
damagi ng process of yielding of materials. Simlar to

aut onobil es, the notion of vibrating buildings is slowed down
by braki ng rather than breaking.

In the proposed structural system each bracing in the nonent
resisting frame is provided with a friction device. The
device is designed not to slip under normal service | oads and
noder at e earthquakes. During severe seismc excitations, the
device slips at a predeterm ned | oad, before yielding occurs
in the other structural elenments of the frame. Slippage in

t he device then provides a nmechanismfor the dissipation of
energy by means of friction. As the braces then carry a
constant | oad, the remaining | oads are carried by the nonent



resisting frane. In this manner, redistribution of forces

t akes pl ace between successive stories, forcing all the braces
to slip and participate in the process of energy dissipation.
Such a nodified structure conbines the foll ow ng
characteristics:

1. It behaves like a braced frane structure during service

| oad conditions, including wind and noderate earthquakes and
possesses sufficient stiffness to control deflections.

2. Its flexibility increases as the device slips during
extrene earthquake excitations resulting in prol onged

ef fective periods of oscillation and thus, in general, reduced
invitation to seismc forces.

3. It dissipates |large anounts of energy in friction during
slipping, thereby avoiding, or at |east delaying, the yielding
of main structural el enents.

Brace with Friction Device.-A friction joint with slotted

hol es can be used to slip in tension and conpression provided
the brace is designed not to buckle in conpression up to the
slip load value. Hysteretic behavior of such a joint is shown
in Fig. 3(a). Friction joints which slip at a high load in
tension.and at a low | oad in conpression, before the brace
buckl es, are al so concei vabl e.

More often, the braces are quite slender and are designed to
effective in tension only, in which case the friction joint
slips in tensiot but will not slip back during reversal of

| oad. In the subsequent cycle, the brace will not slip again
until it is stretched beyond the previous el ongated | ength,
thus offering very little energy dissipation. Hysteretic
behavi or of such a friction joint is shown in Fig. 3(b).

The precedi ng problem can be sol ved by connecting the X-
bracings to a special nechanismwhich is |ocated at the
crossing of the two braces, as shown in Fig. 4(a). The
general nmechani smof the device is shown in Fig. 4(b). Wen
tension in one of the braces forces the joint to slip, it
activates the four links which force the joint in the other
brace to slip sinultaneously. |In this manner, energy is

di ssipated in both the braces in each half cycle, which

reci procates in the next half cycle. Mreover, in each cycle,
t he mechani sm brings the connection back and is ready to
participate in future excursions. Hysteretic behavior of this
joint is shown in Fig. 3(c). It is seen that energy

di ssipation of this brace is conparable with that of an
ordinary friction joint used with braces which can carry
conpression. Fig. 5 shows details of a nechanism suitable for
K-bracings. Many nore variations are possible to suit
particul ar needs.

Friction devices can be used in any configuration of the
braci ng system Sone of the possible arrangenents of bracings
are shown in Fig. 6. Friction joints may be used between the



abutting columms of the two braced frames, as shown in Fig.
6(h). This concept is simlar to the one proposed for
concrete shear walls (5-10). Friction joints also may be used
wi th advantage in connecting preassenbled infill panels or
curtain walls, which act as bracing elenments to the frane.
Furthernore, the device can be conveniently incorporated in ex
isting framed buil dings to upgrade their earthquake

resi stance.

Optimum Slip Load.-The seismc response of a structure is
determ ned by the anount of energy fed in and energy

di ssi pated. The opti mum sei sm c response, therefore, consists
of mnimzing the difference between the input energy and

ener gy di ssi pat ed.

The input energy basically is dependent on the natural period
of the structure and the dynam c characteristics of the ground
notion. It can be controlled to a certain extent by avoiding
t he phenonenon of resonance or quasiresonance by nodifying the
dynam c characteristics of the structure relative to the
forcing notion. This is effectively possible in ground notions
of narrow band characteristics. Since the future ground notion
characteristics, associated with uncertainties generated by
soil structure interaction, are highly erratic in nature,
control of the input energy alone is not reliable. However, in
friction danped braced frames, the period of the structure is -
i nfluenced by the slip |load of the brace and varies with the
anplitude of the oscillations, i.e. severity of the earthquake
notion. Resonance of the structure is, therefore, nore
difficult to establish.

The energy dissipation in the brace is proportional to the
product of slip load and the slip travel during each excursion.
For very high slip |loads, the energy dissipation in friction
will be zero, as there will be no slip If the slip load is very
| ow, the anmount of energy dissipation again will be negligible.
Bet ween these extrenmes, there is an internedi ate value to give
t he maxi mum ener gy di ssi pati on.

Softening of the structure due to slipping of the braces can
nmean an invitation to higher or |ower seismc forces, depending
onits relation to the frequency content of the ground notion.
The beneficial effects of energy dissipation nust be conbi ned
with the effect of the altered period of vibration on the
energy input which may be positive or negative. By the proper
selection of the slip load, it is therefore possible to "tune"
the response of the structure to an optinmum val ue.

EXAMPLE ANALYSI S
To denpnstrate the influence of the friction device on the

seism c response, and to conmpare the results with alternate
structural systens, a famly of three 10 story franes, as



showmn in Fig. 7, was chosen for analysis. Included were (1)
Monent resisting (MR) frame; (2) braced nonent resisting (BWR)
frame; and (3) friction danped braced (FDB) frane.

The di nensi ons, nmenber sizes, and other properties of all the
monment resisting franes and braces are the sanme as used by
Workman (18). Equal nass was assigned to all the floors of
the three franes.

I nel astic time-history dynanmi c anal ysis was carried out using
comput er program "Drain-2D," devel oped at the University of
California (3). This program consists of series of
subroutines which carry out a step by step integration of the
dynam c equilibrium equations using a constant accel eration
algorithmw thin any tinme step. The earthquake record of E
Centro 1940 (N. S. conponent) was used in these studies as it
produces relatively synmetric-type cyclic excitations. It is
known t hat different earthquake records, even though of the
same intensifies, give widely varying structural responses,
and results obtained using a single record may not be

concl usive. However, it is sufficient to display the relative
perforinance of different structural systens. The excitations
used were scaled by a factor of 1 and 1.5 to give peak ground
accel erations of 0.32 g and 0.48 g, respectively. To save
comput ati on costs, the anal yses were conducted for a duration
of only the first seven seconds, which includes the nost
severe notion, followed by zero acceleration for three seconds
to allow the structure to cone to rest. An integration tine
step of 0.01 sec was used in all the anal yses.

Fl exural and axial deformations were considered. Interaction
bet ween axi al force and nonments for colums, and P-? effect
were taken into account by including the geonetric stiffness
based on the axial force under static |oads. Odinary braces
were assunmed to yield in tension and buckle in conpression,
while the hysteretic behavior of the friction danped brace was
nodel ed as shown in Fig. 3(c). Zero viscous danping was
considered in all the analyses. Rigid foundations were
assumed and soil structure interaction was neglected. Al so,
anal yses for the friction danped braced franme were nade for
different slip |loads of the device to obtain the optinmm

val ue.

RESULTS OF ANALYSI S

A friction danped braced (FDB) frame using slip |loads to
provi de approxinmately the same |lateral strength as that of the
bare nonment resisting frame gave the opti num behavior; in this
case, 90 kips per story. However, there was little variation
in response for 10-15% | ower slip loads. This indicates that
during a major earthquake, the device extracts the required
energy before yielding occurs in structural nenbers. The
effectiveness of the friction device in inproving the seismc
response is seen in conparisons of the results with the nonent



resisting (MR) frame and braced nmoment resisting (BMR) frane.
The results, unless otherw se indicated are presented for El
Centro excitation

1. Deflection envel opes of the three frames are shown in Fig.
8. It is seen that due to hysteretic danping, the deflection
at the top of the FDB franmes is about 40% of MR frame and
about 50% of the so-called stiff BVMR frane. The story drift
of the MR frame has exceeded the maximumlimts provided in
the codes (15). In the case of FDB frane, it was far |ess
than the maxi num permssible limts even at 1.5 tines E
Centro excitation

2. Maximum nonents in the beans are shown in Fig. 9. It is
seen that all the beans, except the top story, have yielded in
the MR franme, and six beans have yielded for the BMR frane,

but no beamyielded in the FDB frane.

3. Maxi mum shear envel ope of the colums is shown in Fig.
10(a). The maxi num shear at the base of the FDB franme is only
70% and 80% of the BMR and MR frames, respectively. The
nonent envel ope of the colums is shown in Fig. 10(b). The
maxi mum nonent at the base of FDB frame is 75% and 68% of the
MR and BVR franes, respectively. The maxinmumtensile or
conpressive force envelope in the colums is shown in Fig.
10(c). The axial forces in the FDB frame are, of course,

hi gher than the MR frane because of the additional coupling
provi ded by the braces but are only 75% of the BMR franme.

4. Time-histories of the deflection at the top of building
for all the three franes are shown in Fig. 11. The peak
anplitude of the FDB franme is far |less than the other two
frames. The vibrations at the tenth second, i.e. three
seconds after the term nation of the forcing notion, are

al nost negligible in the FDB frame conpared with the other two
franmes.

Since all the nenbers of the FDB frane remain in the elastic
stage, the building recovers with al nbst no permanent set. |If
the building is slightly out of aligment, it can be sinply
corrected by |oosening the bolts in the device and then
retightening.

5. The damage experienced by different franes after being
subj ected to earthquake excitation is showm in Fig. 12. It is
seen that at the level of El Centro, 90% of the beans and 10%
of the colums yielded in the MR frane, 60% beans and 90%
braces yielded in the BMR franme, while none of the nenbers
yielded in the FDB frame. O course, all the braces of the
FDB frame slipped and participated in the process of energy

di ssi pation, but slipping of the brace in friction does not
constitute damage. At 1.5 tines El Centro excitation, the

per cent age danage of the MR frane el enents remai ned unchanged,
but the deformations increased nmuch nore; the damage in the
BMR frame rose to 80% for beans and 100% for braces. In the
case of the FDB frame, only 40% of the beans yielded slightly
wi th no damage to ot her el enents.



CONCLUSI ONS

The results of these studies have shown that the use of

i nexpensive friction danmper in the bracings of the steel
framed buil dings can significantly enhance their earthquake
resistance. 1In brief, the concept is of particular inportance
for the foll ow ng reasons:

1. Energy is dissipated nechanically throughout the height of
the building rather than by |ocalized inelastic action of the
mai n structural nenbers

2. The frame is softened without losing its elasticity and
recovers with little or no pernmanent set.

3. The friction device acts like a structural danper to
control the anplitude and as a safety valve to limt the | oads
exerted.

4. The anplitude of vibrations and accelerations are

consi derably reduced; thus secondary damage i s mnim zed.

5. The resonance of the structure is difficult to establish,
i.e. the device acts like an automatic gear in linmting the

i nput energy.

6. The building can be "tuned" for optinmumresponse w t hout
resorting to expensive devices.

7. There is no yielding of materials involved in the process
of energy dissipation, thus no danmage is caused and the
structure is ready to face future earthquakes with the sane

ef ficiency.

In this manner, the concept raises the | evel of earthquake
resi stance phil osophy fromthe avoi dance of collapse to the
control of secondary damage. The device al so can be
conveniently incorporated in existing framed buildings to
upgrade their seismc resistance.
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