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- “ig’*iti "O8ts may be as

building relative to oth '

: er buildin

earthquake, a large portion of the seismic energy is dissipatedgbiyiiems-
e

jevices with no dependence on ductility, so the main structural elements remai 1 :
without damage. Furthermore, the new system, while assuring added safety to thz A
occu-

pant
+he initial cost of construction.

INTRODUCTION

During a major earthquake,
of kinetic energy 1is fed 1into the
structure. The manner in which this
energy 18 consumed 1n the structure
det:.emines the 1level of damage. All
bu%ld.'%ng codes, including the National
:lldlqg Code of Canada (NBC 1985),
fe::g:]%:et that it' is economically not
iy tho reconc::.'le the seismic energy
mﬂtérials £ ®lastic gtapacity of the
it 31:, The code philosophy is to
Rt g rnct':ures to resist moderate
ol i a::idWI:hfrt significant damage,
ﬁuring o Oollapse of the structure
. M major earthquake. According to
%8%, the probabilit :

Carthquake A ) R - 3 a major

0 percent in 50 vyears.

Buring
| a4 ma
b“ildings jor earthquake, the elastic

times

a large amount

the
forces, but

. € survival
ced on the of the building

i Thisﬂ involves
g ge causing bending,
= Cracking of materials, and
economically

Cant 5 _
e @8 the collapse of the

Created by dependence on
f the structure, can be

191

s and reduced damage TtO the contents, offers the benefit of significant savings in

rie.du?:ed if the seismic energy can be
dissipated independently from the primary
structure. Learning from the lessons of
the Mexico City earthquake, the State of
California passed an Assembly Resolution
(ACR 55-Seismic Safety) in September 1385
that all new publically owned buildings,
such as hospitals and educational
institutions, must 1incorporate new
seismic technology,and existing buildings
retrofitted to increase earthquake
resistance. Buildings designed with the
current code of practice can not
safegquard the building oOr its contents
from damage. This resolution is based on
the consideration that the past code
philosophy Wwas concerned with the
survival of the building structure, but
today there are new factors to be taken
into account as buildings contain
ext remely sensitive and costly equipment,
vital 4in education, business, and
health, and records which are kept
electronically must be protected. It 18
expected that future codes will be
dilrect'ed more towards the control of

gsecondary damage.
This paper describes a novel structural

system chosen for use 1in construction of
the New Library Building Complex of the
Concordia University, Montreal, Canada.

By installing friction devices in steel
cross bracings in the concrete frame

building, a large amount of
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B Baaissipated mechanically,

. t.hﬂ gtructural elements remain
§ R ghe friction aévices act as
élwﬁ to limit the forces exerted
:J.,diﬂg and as structural dampers

ot

t “the amplitude of vibrations.

A provides a practical and
-prﬂach to the problem of
the effects of earthquake

Library Building Complex is
‘the jn downtown Montreal near the
'mcatguilding of Concordia University.
¢ 1 and 2 show the two views of the

RN S The complex consists of three
builﬁﬁicsr which enclose an existing 8
ev puilding on three sides. The plan
:1ding is shown in Figure 3.The
ijs 86 m long, 32 m wide and 9
_reys above ground with 2 Dbasements
st-;rv ground‘ The total height of the
berzcture sbove basement is about 50m.
= +wo blocks are each 36 m x 27 m
above ground with 2
The main columns are

+wo blocks and the existing building are
geparated from the main block with a 7.5
o wide galleria of S5 storey height.
rigure 4 sShows the cross section of the
building. The total covered area of the
huilding 18 approximately 42 . 300 mZ- The

lower 5 storeys of the building are to be
The upper 4
Parking and

used for the library.
storeys are for offices.
heavy storage areas are located in the
basement.

Design Loading

The library floors are designed for 2

live load of 7.2 kN/m2.

Bs the building is located in the

?tm "‘_f city with heavy concentration

“P:::l buildings, it is sheltered from

load oy to strong winds. The total wind
1s only 0.5 kN/m?.

Wit
10,‘1?; 5‘ probability of exceedance of

in both directions. These

lability of
! clear storey height dictated

a reinforced

st :
fucture with flat slab constru st onde

ction.

State_of'—the_hrt

Ducti ‘

Commoiel reinforced concrete frames are

Duringy mus-ed 1Nl earthquake regions
aJOr earthquakes, theiI:.

perfo
rmance has ranged from minor

gl crack
theyoizlete c?llapse depending on the ias
re designed and detailed. In tal{

bui ’

incifplotlgastrd Concret‘e shearwalls are
v €d to provide lateral rigidity.
g }}{1, suc}u strttlctures are subjected
e L u*:;;ake-r ilnertial forces during
deman;{ g €s and thereby place higher
g n lstrengtlzl and ductility. The
- 1ty 1n a reinforced concrete wall
18 eXtremely sensitive to detailing and

gquality ‘control. The presence of
construction —joiftts.  and '

' la
vertical e,

rei
Salier sl ty;jf-sarfe;nfensﬁe ailblat fl?or
often cause the ductilit gy T
_ y of shearwalls
toibe viewed with suspicion (Allen 1973).
This 1s true even though recent tests
(Cardenas 1973, Bertero 1977) have shown
that properly detailed slender concrete
shearwalls do possess sufficient
diuctility. ‘In any event, it is desirable
that less dependence be placed on
ductility, and that other means be found
to dissipate seismlic energy.

Coupled shearwalls with improved
reinforcement detailing in coupling beams
(Paulay 1977) have been suggested  sO
that they can endure longer the damaging
effect of inelastic energy dissipation,
and delay yielding in the main structural
walls. & Byven in 'this case the coupling
beams are sacrificed to protect the

shearwalls and will require major
i e 0 2 concrete infill

repalrs
panels for framed buildings have been
proposed (Muto 1973) . The artificial

joints create planes of weakness a.nd

thereby increase
under shear distortions.
reduce problems created DY depende?ce.on
ductility a6 the structure, friction
~damped concrete shearwalls have been

this, the
ted (Pall Marsh 1981). In
i 57 I( J;s dissipated mechanically

joints as the walls

eform.
. In the past few yearsy the concept of

tended to

racin has been X
steel Db gl _hsgeaal L8 conCIEt:.e
s to be an economlcC

the construction of
11s. Single storey 1/3




-pDamped Braced Concrete Fr
Friction AMme
e lateral

: th
1980) . They concluded that sed up

rea
Strength of the frame can be inc

i 1n the chosen structural syﬂtem,
d concre

ing in the Rag
to about four times. Reinfoiczakes have steel CFZZZ l:,iii ag frictic:;ncg;:;ete ’:ar;:
frames damaged during. eartt:el bracing is I?mwrli..<.=. designed not tg Sll‘ce,_ The
SRR RS eI Lmmmgci3V’allef.=3 1980) . R ervice 1loads, wing % undﬁr
(Sugano, Fujimura 1980 an 4 Jain 1963), normal S aarthauakes . Buri Storm or
B ans B CRPOE ahﬂe.r:l:r:wn».ara_'Ll frames moderate ke the devices :lf : 12 o,
the elastic response of s was evaluated. REREN i;ed load, befor lp+ TR
and braced concrete frames oy e predeterm X b i » Yleldin
They concluded that the brac occurs 1n the O tUctural 9

frame
frame is better than the shearwall

in both response and cost.f e
seismic response of RC r

' ied
k-bracing and x-bracing has been stud

by Jain (1985), who concluded thE:lt t?:
response of the frame with x-bracing 3
better as it places less demands ©
s 8 & § 8
dui'thel tiynelastic seismic response of
friction-damped steel frames has been
studied. The response of a 10 st.OreY
friction-damped braced frame, equipped

with the friction devices, was compared
to the response of a conventional moment
resisting frame and a braced moment
resisting frame (Pall,Marsh 1982 and Pall
1984) . It was shown that the response of
the friction-damped braced frame is much
superior when compared to the other
framing systems. Researchers at the
University of California at Berkeley

(Austin, Pister 1985) made independent
sStudies of friction-damped braced
frames, and concluded that they offer

the benefits of savings in material costs
and reduce damage.

Recently, large scale 3 Storey model
frames were tested on a shaking table at
the University of British Columbia at
Vancouver (Filiatrault, Cherry 1986).

Tests were carried out on three types of
frame

frame, a braced

In
' following the
flrsﬁ few shocks, which caused the braces
to yield, the response approached that

°f a moment resisting frame. The
teésponse of the friction
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%4 : el@men
of the frame.Slippage in the device Ly
provides a mechanism for the dissip, Rep
of energy. A8 the braces ¢
constant load while

additional loads are
moment resisting frame. 1 thi
redistribution
between successive storeys, foreip
the braces to slip and Participate e Ell
process of energy dissipatiop.
modified structure combines tpe £o
characteristics:

L =34t behaves 1like . a braceg b
structure during service load condit <
wind storms or moderate earthquakeg
possesses sufficient stiffness £6 Son
lateral deflections.

2.During a major earthquake,
portion of the seismic
dissipated mechanically in friCtion,
thereby avoiding, or at least delayingf
the yielding of main structural elements.

3.The natural period of the building

Such 3
llowing

OHB,
and
Lro]

d largE
€nergy i,

varies with the amplitude of the
Dscililiaticons, i.e. Severtiy of the
earthquake. Hence, the phenomenon of

résonance or quasi-resonance is avoided.

FRICTION DEVICES

Friction devices have been developed with
different configurations to suit
Particular construction needs. The
general mechanism of a typical device s
shown in Figure 5. When the tension i
elther of the diagonal braces forces the
device to slip, it activates t_he
mechanism to cause the short CompreSSl.on
link within the device ¢to 311'p
simultaneoualy, even though the force 1f
the compression diagonal outside Fhe
device may be zero. The COmPressloz
diagonal is thereby shortened by the 53{11

: 8
amount as the tension dlagonal lis
1engthenad. In this manner, energYThe
dissipated in each half cycle.

: f
Surfaces in contact with the frictio




o 05

w W @ e ~

W

aftheg

L £ | e e T
] 1 . & o s
. L R R el
i 3 i B ¥ =l N H
5 . 1 B
: i 3 T LT B e
1 . - r x Ll ] 5 i
;] ., H AT ET a8 . =
=, I-.- ! = S I = T
- e a '™ = ,ﬂ 1
3 e Sl ol i . : e
Loy [ = T v 1 E :-' .
u 1 I & L . G g i o - ¥
- il - n 1.‘."|.I.II_ 5 — o e 2
3 2 - SIRGEEOT g8
B = LS s e <L -
4 — S - At ’
. ] Py 1 Foa
L |
alh
™ L) . .
5 i
-1 L} AT 1 -

”?3&15.'tosta have been
@% % ~the typical devices
L_h -iﬂ 1980 and Filiatrault,
hﬂjgﬁ ”Ehl performance is reliable
py 199° ,1e. The hystereses loops
a2y with negligible fade over
ﬂgg reversals that can be
;; 1@ successive earthquakes. A
red ntﬂr.sia loop is shown in
ﬁ,. devices offer reliable,
_  and maintenance free
thrgughout the @ise of .  the
re always ready to do
| qa?dlﬂas of how many times
med in earthquakes.
jon devices are designed
pall Dynamics Limited.

B
--------
1 e Tl =1

o W sliP Load

,mmic response of a structure is
:.ed by the amount of energy fed-in

dissipated. The optimum
s, therefore, consists of

ference between the

input energy is  basically
sent on the natural period of the

m and the dynamic characteristics
round motion. The resonance can
pe avoided Dby modifying the dynamic
 characteristics of the structure relative
to the forcing motion, however, ground
mtion charactaristics are highly

'e'._;'.. In a device-equipped building,

thl mied of the structure is influenced

by the slip load of the joint and varies
with th& amplitude of the oscillations,

thu mmnca is difficult to establish.

The energy dissipation is proportional

. to the product of slip load and the slip
__tml during each excursion.

% For very
igh slip loads, the energy dissipation
iﬂ itiﬂion will be zero, as there will
cex « 1Lf the slip load i1s very
m amount of energy dissipation

%

| "‘iu be nﬁqligible . Between these

¢ thﬂ:e is an intermediate value
' the maximum energy dissipation.
Pﬁﬁﬁlr selection of the slip
ds  possible to "tune" the

#t th' structure to an optimum

..*..~-...'.'tr1n dynamic studies have

the optimum slip load is
ﬁﬁ the time history of the
ﬂwzian and 8 rather &
;_;___f'_.ttg. - Also, within a
% !k 29‘ af 8lip load, the
" Q is not uignificmtly

DESIGN PROCEDURE

The existing prescriptive formulas in the
load definition chapter of the National
Building Code of Canada are inappropriate
for use in buildings using new systems.
The use of devices offers the advantage
of designing the structure with reduced
level of earthquake load for the same
degree of seismic protection, but until
the codes are amended, the design
procedure outlined below is followed in
order to avoild delay in approval of plans

and to meet the professional liability
requirements.

l.Design the building frames without
bracing for dead, live and wind loads to
the requirements of the NBC.

g.1lntroduce the Dbracings  intoc the
moment resisting frames. Analyse and
check the modified structure for code
specified quasi-static lateral earthquake
forces. Since the devices are designed
not to slip at quasi-static forces, the
presence of the device in the bracing is
not considered at this stage. The members
already designed for dead, live and wind
loads will be checked for additonal
stresses due to earthquake loads.

The braced frame as designed above,

will meet all the statutory requirements

of the NBC and the legal obligations of
the structural engineers.

3. Non-linear time-history dynamic
analysis is then carried out to assess
the seismic response of the
device-equipped frame during major
earthquakes.

SEISMIC ANALYSIS

To demonstrate the influence of friction
devices on the seismic response and to
compare the results with conventional
structural systems, a family of three
types of frame, as shown in Fig. 6, were
chosen for analysis. They were:moment-
resisting frame (MRF)', shearwall frame
(SWF) and friction-damped frame (FDF) .

These were analysed for both quasi- -sgtatic
earthquake loads and non-linear
time-history dynamic analysis. The
findings for a typical 9 storey frame are

discussed below.

Static Analysis

The three frames were subjected to
lateral wind and quaai-—atatic earthquake
forces to the requirements of the NBC.
Unouckud nation of the momb-rs wu--




Moment-Resisting Frame (MRF)

FIGURE 6. FRAMES STUDIED
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. . gy xhe elastic analysis. The
'#’Wd"_af the analysis are shown in

'f:l'g'“re to wind, the building deflection,
. = moments in both columns and
nly 20-30% of those due to

slab?'_gtatic earthquake forces. Hence

qﬂasrarthquake loading governs the
the iqg
design-
gqerallr carthquake loads, the
2 FO L shears and moments in both
deflecz and slabs of the FDF are only
ol
:g-so% of the MREF. ) _
+he SWF, the deflections at the
3'Instare}’ are less than the FDF but
lowel't ~onverge to the same deflection at
3lmos
e - £ the SWF is typical
§.The behaviour O ypica

frame interaction. While

axial force and moments for columns and
E.’—A effect were taken into account by
including the geometric stiffness based
on the axial force under static loads.
Foundations of the structure rest on
rock, hence so0il structure interaction
was neglected.

A series of analyses were made to
determine the slip load to get the
optimum response. The optimum slip load
varies from 500-~700 kN per storey
depending upon ¢the location of the
device. However, there was : little
variation in response for *20% of the
optimum slip load. A total of 60 devices
was required in this building to provide
the desired energy dissipation.

The effectiveness of the friction
device in improving the seismic response

£ the shearwall
:he shearwall supports the frames at the

jower Storeys: the frame supports the
shearwall at the upper storeys.
converselyr fhe frames at. the upper
storeys are getting Biulled: by tae
cantilever action of the shear wall.

5.The behaviour of the SWF and the FDF
are nearly identical for quasi-static

is seen in comparison of the results with
the MRF and the SWF. The results of the
non-linear time history analysis are
shown  in  Figures 12 to: 17.:and are

= FERERAL St r'--.*-f-..ﬂ._r”.*" A

L '1"."."'-'.-_1':.--,.-_1--_4-_._- T

discussed below:

1.Time histories of deflection at the
top of the MRF is 276 mm, which is about
H/140, and exceed the code specified
value of H/200. For these storey drifts,
it is expected that the architectural
finishes and fixtures will be badly
damaged. In the case of the FDF the peak
amplitude is 40% less than the MRF and
the storey  drifts. are within the
specified limit. The peak deflection of
the SWF is close to that of the FDF, and
follows its time history path. After the
earthquake, both the FDF and the SWF
nearly return to the original alignment
whereas there is a permanent deformation
of 26émm in the MREF.

2 .Column shears and column moments for
an interior column are shown in Figures
13 and 14. It is seen that in the case of
MRF, the columns have vyielded in 3
storeys. The forces in the FDF are about

- T I

i forces.
§.The base shear due to quasi-static

sarthquake loads, is equivalent to 0.027g
times the total mass of the structure.

Non-Linear Time-History Dynamic Analysis

; According to the NBC, Montreal could have
' a4 major earthquake of peak horizontal
gfﬂund accelerations of 0.18g. Non-linear
time-history dynamic analysis was carried
Ot using time histories of an artificial
i::thquake generated to match the
ﬂhiiinie spectrum of Newmark-Blume-Kapur,
Spectru;ms the basis of the NBC respt?nse
°f thig - The peak ground accelerations

earthquake were scaled to 0.18g.

?;e i‘;}?ﬂter program"DRAIN-2D", developed 60~70% of the MRE and all columns are
;_' Serkeley liniversity ok Califc-:rnia, elastic. |
;} Viscm;a g: u.?.ed for this analysis. 3 .Moments and shears. of'slabs in acr;
f 333umed 4, faang ok o% of critical was interior bay are shown in Figures X5 an5
. CCount fthe initial elastic stage to 16. Again in the MREF, slabs yielded atDF
*Lructuray = Us . pEesenes 0L, NONT floors whereas all the slabs of the &
| fe ¢ ineilem“ts* Hysteretic damping are elastic. |
element andaatic action of structural 4 .Damage EXPEFlenFEd by the " three
ig aut 8lipping of friction devices frames is shown in Figure 17. It is seen

the p::atically taken into account Dby
Etiffnaaagram' Reduction in initial
Slabg Wa of 25% for columns and 50% for
Takeda ma 48sumed in all the frames. The
P flexuodal for the degrading stiffness
The int et concrete members was used.
S€cop _Egratiﬂn time step was 0.005

"ere Con Fj_lexural and axial deformations
“H8ldered. Interaction between

that in the case of the MRF, 50% columns
and 33% of the slabs have yielded. In the
SWF, the shear wall itself yielded at the
pbase and two upper levels, 2 columns and
9 slabs yielded. All members of the FDF
remained elastic without damage. In
effect, the FDF could endure a much

stronger earthquake.
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Friction-Damped Frame

w

SAMAGE EXPERIENCED BY DIFFERENT FRAMES AFTER THE EARTHQUAKE (0.18g accln.)

moment-resisting frame was
dama another analysis was made
padly further 25% recduction ‘of the

ysing 25 The peak deflection at the top
stiffne bl;ilding was 355 mm (H/110) and
of thitent of the damage to the frame
ther:ased' Time histories of this
::::lysis is shown in Figure 1.2. | ‘
6.The slip 10ad of the friction device

is ;bout double the force developed 1in

the pracing due £o quasi-static
Hence, the devices will

not slip during wind storms or moderate
sarthquakes but will go into action only

during a major earthquake.
7 In order to quantify the performance

of the FDF realtive to tha MRF, @ an
equivalent viscous damping study was
made. Viscous damping was added to the
MRF until the dynamic response of the MRF
became equal to that of the FDF. This
equality was achieved by introducing 352%
damping. The percentage of damping

increases as the earthquake intensity
increases.

COST ANALYSIS

Th :

ofe r;ain savings achieved through the use

elimievi?e‘ﬁqUipped bracings was the
nation of concrete shear walls.

Als

aig:;f-as the forces in the members are

&ffectlcantly reduced, it was possible to
' sSavin 8 ; :

Materials . gs in the construction
The 13 ..

Stair :lminatlan of shear walls around

Proys: .alls and elevators required the
vlalﬂn Qf

Infilyqp _ additional columns,
wu]__'snngt“lth concrete masonry block
the brac dhe interior side and covering
on the €d bays with gypsum board walls

The other expenses were the cost of
rriction devices; the cost of steel
bracing and cost of steel inserts to be
embedded in the concrete columns for
connecting steel bracings.

The estimate was based on the
prevailing market rates. It was seen that
the use of new concept offers a net
saving of 6.5% of the structural cost or
1.5% of the total building cost. This 1is
considered to be quite significant.It is
expected that in regions more severely
affected by the earthquakes the savings
will be much higher. Also, when the codes
are adequately revised to account for the

concept, the
further increase.

CONCLUSTIONS

The concept of friction-damped steel
bracing in concrete frames is shown tO
provide a practical, economic and
effective new approach to the problems of
resisting seismic loads. It raises the
level of earthquake resistance from the
avoidance of collapse to the avoidance of
damage. Some of the many advantages are:
1.Savings in the initial cost of

construction.
2 .Savings in the life cycle cost as the

damage 1is minimized.

occupants and the contents.
4 .Savings in insurance premiums,

applicable. |
5.The devices can be conveniently

incorporated 1n existing frame buildings
to upgrade their seismic resistance.
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