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ABSTRACT: A simplified seismic design procedure is proposed for structures 
equipped with an innovative friction-damping system. The system has been shown 
experimentally to perform very well and could represent a major new development 
in earthquake-resistant design. This paper first presents an efficient modeling ap
proach for the seismic analysis and design of friction-damped structures. The hys-
teretic properties of the friction dampers are derived theoretically and are included 
in a Friction Damped Braced Frame Analysis Program (FDBFAP), which is adapt
able to a microcomputer environment. FDBFAP is then used to perform a para
metric study of the optimum slip-load distribution for the friction dampers. The 
results of the study lead to the construction of a design slip-load spectrum for the 
rapid evaluation of the optimum slip-load distribution. The spectrum takes into 
account the properties of the structure and of the ground motion anticipated at the 
construction site. The availability of this design slip-load spectrum should lead to 
a greater acceptance by the engineering profession of this innovative design con
cept. 

INTRODUCTION 

Recently, a novel structural system for the aseismic design of framed 
buildings was proposed by Pall and Marsh (1982). The system consists of 
an inexpensive mechanism containing friction brake lining pads introduced 
at the intersection of frame cross braces. Fig. 1 shows the location of the 
friction devices in a typical steel frame and the general arrangement of an 
actual friction device. 

A typical hysteresis loop developed from prototypes of these friction dampers 
(Filiatrault and Cherry 1987) is shown in Fig. 2. The hysteresis loop is very 
nearly a perfect rectangle and exhibits negligible fade even after 50 cycles. 

During severe seismic excitations, the mechanism slips at a predetermined 
load, before any yielding of the main members has occurred. Slipping of a 
damper changes the natural frequency of the structure and allows the struc
ture to dissipate the input seismic energy mechanically, by friction. The fric
tion-damping system has been shown experimentally to perform reliably and 
to reduce significantly the seismic response of conventional structures (Fi
liatrault and Cherry 1987). 

Some of these dampers are being installed now in a structure in Canada, 
(Pall et al. 1987). However, the techniques used for design are expensive 
and tedious and not readily practical for most design offices. It is therefore 
essential to develop a simplified seismic design method for this new damping 
system. 

The research presented in the present paper is concerned with the devel
opment of such a procedure. The objective is to provide practicing engineers 
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Slotted Slip Joints j 
With Brake Lining Pads 1 

FIG. 1. Typical Location and General Arrangement of Friction Dampers 
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FIG. 2. Typical Measured Hysteresis Curve of Friction Damper 

with a simple and direct approach to the seismic design of friction-damped 
braced frames (FDBF). 

BEHAVIOR OF FRICTION DAMPERS 

If the diagonal braces of an ordinary braced-frame structure were designed 
not to buckle in compression, a simple slotted friction joint could be inserted 
in each diagonal. In such a case, each slip joint would act independently of 
the other. However, it is frequently not economical to design the braces in 
compression and, more often, since the braces are quite slender, they are 
designed to be effective in tension only. In such cases, a simple friction 
joint would slip in tension but would not slip back during reversal of the 
tension load or in the compression (buckled) regime. The energy absorption 
therefore would be relatively poor, since the brace would not slip again until 
it is stretched beyond its previous elongated length. It is possible to essen
tially double the energy-absorption capability of the structure through the 
use of the following friction-damping mechanism. 

Consider the hysteretic behavior of a simple FDBF during one cycle of 
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JFJ 
V=Seismic Load 
P^«Load in Brace 1 
B>=Load in Brace 2 

A
1=Ek)ngationof A C 

A2=0ongation of D B 

FIG. 3. Hysteretic Behavior of Simple Friction-Damped Braced Frame during One 
Cycle of Loading 

seismic loading as shown in Fig. 3. Let V = lateral load at the girder level 
representing the seismic load; Aj = relative displacement of node C with 
respect to node A (defined as positive in Fig. 3); A2 = relative displacement 
of node B with respect to node D (defined as positive in Fig. 3); Pi = load 
in brace 1 (positive in tension); and P2 = load in brace 2 (positive in ten
sion). 

Five stages during a typical load cycle are illustrated in this figure. The 
load-deformation curves of both braces and the associated deformed shape 
of the frame are shown for each stage. The following points should be noted 
during the cycle: 

1. In the very early stages of loading, both braces are active and behave elas-
tically in tension and compression. 

2. At very low load, the compression brace buckles while the tension brace 
continues to stretch elastically. 

3. The damper is set to slip before yielding occurs in the tension brace. When 
slippage occurs, the four links of the special mechanism are activated and deform 
into a rhomboid shape; this deformation pattern is assumed to eliminate the buck
led shape of the compression brace. Thus, at the end of the slippage, P2 is still 
the buckling load but now the compression brace is straight. 

4. When the load is reversed, this straightened brace can immediately absorb 
energy in tension. 

5. After the completion of one cycle the resulting areas of the hysteresis loops 
for both braces are identical. In this way, the energy dissipated is equal to the 
energy absorbed in simple friction joints used with braces that are designed not 
to buckle in compression. 

CONCEPT OF OPTIMUM SLIP-LOAD DISTRIBUTION 

The total energy dissipated by friction in an FDBF is equal to the product 
of the slip load and the total slip travel of each friction damper, summed 
over all the dampers. For very high slip loads, the energy dissipation in 
friction is zero, as there is no slippage. In this situation, the structure be
haves exactly as a conventional braced frame. If the slip loads are small, 
large slip travels occur but the amount of energy dissipation again is neg-
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FIG. 4. Free-Body Diagram of Friction Damper when Slippage Occurs 

ligible. In this case, the structure behaves exactly as an unbraced frame. 
Between these extremes, there is an intermediate slip load distribution that 
results in optimum energy dissipation. This intermediate distribution is de
fined as the optimum slip-load distribution. 

Fig. 4 shows a free-body diagram of a friction damper when slippage 
occurs. The global slip load (Pg) is defined as the load in the tension brace 
when slippage occurs, while the local slip load (P,) is defined as the cor
responding load in each friction pad. 

As can be seen from equilibrium requirements in Fig. 4, the relation be
tween the global slip load and the local slip load is given by 

Pg = 2P, - Pcr (1) 

where Pcr = critical buckling load of the compression brace. 
The design of a building equipped with these friction devices involves the 

determination of the optimum slip-load distribution to minimize structural 
response. The optimum slip-load distribution of a friction-damped structure 
is currently evaluated by a series of time-step dynamic analyses using the 
well-known general-purpose computer program DRAIN-2D (Kannan and 
Powell 1973). In this program, the friction devices are modeled as an as
semblage of axial and bending elements with pseudo yielding characteristics 
(Filiatrault and Cherry 1988a). This technique is tedious, requires extensive 
mainframe computer time and is not readily practical for most design offices. 
These shortcomings can be avoided by developing a simple alternative com
puter program, which is adaptable to a microcomputer environment, to per
form the required analysis. 

COMPUTER PROGRAM DESCRIPTION 

A specialized computer program that is adaptable to a microcomputer en
vironment was created specifically for the efficient analysis and design of 
friction-damped braced frames by Filiatrault and Cherry (1989). The hys-
teretic properties of the friction dampers were derived theoretically and in
cluded in this Friction Damped Braced Frame Analysis Program (FDBFAP). 
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FDBFAP assumes that the beams and columns in a frame remain elastic, 
and that the inelastic deformations are due only to the slipping of the friction 
pads and the buckling in compression of the diagonal braces. All possible 
deformation states of a friction damper are considered, and the resulting 
global tangent-stiffness matrix of the structure is calculated. The Newmark-
Beta method with a constant acceleration algorithm is used to integrate the 
equations of motion. 

The program automatically performs a series of dynamic-response anal
yses of a FDBF of arbitrary configuration for specified distributions of slip 
load. For each slip-load distribution, the program calculates the time history 
of the strain energy in the structure and determines a relative performance 
index (RPI), which is defined as: 

1 / SEA t/max \ 
RPI = - + — — (2) 

2 \SEA(0) £/max(0)/ 
where SEA = strain energy area = area under the strain-energy time history 
for a friction-damped structure; SEA(0) = strain energy area for the identical 
structure, but without bracing (slip load = 0); t/max = maximum strain en
ergy for a friction-damped structure; C/max(0) = maximum strain energy for 
the identical structure, but without bracing (slip load = 0). The optimum 
slip load distribution of the structure is defined to be the distribution slip 
load for which the RPI is a minimum. 

Values of the relative performance index (RPI) are such that if RPI = 1, 
the response corresponds to the behavior of an unbraced structure (slip load 
= 0); RPI < 1, the response of the friction-damped structure is "smaller" 
than the response of the unbraced structure; RPI > 1, the response of the 
friction-damped structure is "larger" than the response of the unbraced struc
ture. 

Originally, various parameters (interstory drift, maximum base shear, etc.) 
were considered in the optimization of the local slip-load distribution. Pre
liminary analyses showed that the optimum slip load obtained on the basis 
of these different parameters did not change significantly so that the resulting 
variation in structural response was observed to be small. 

Note that Eq. 2 is based on the elastic strain energy and is not an exact 
representation of the performance of the structure for small (approaching the 
unbraced condition) and large (approaching the ordinary braced condition) 
values of slip load, during which yielding may take place in the beams and 
columns. However, past investigations (Filiatrault and Cherry 1987, 1988a; 
Pall and Marsh 1982; Pall et al. 1987) have shown that a FDBF tuned to 
its optimum slip-load distribution remains elastic and free from permanent 
damage when excited by severe ground motions. Therefore, to save com
puting time, hysteretic energy dissipation has not been included in FDBFAP, 
since only the optimum slip-load response is of interest. 

NUMERICAL EXAMPLE 

A representative regular low-rise steel industrial building is to be retrofit
ted with the new friction damping system. The original building was de
signed according to earlier code requirements (Montgomery and Hall 1979); 
the structural layout is shown in Fig. 5. The results of FDBFAP are com
pared with those obtained from DRAIN-2D. 

In the DRAIN-2D analyses, two structural models are considered. The 
first one is an "exact" model of the example structure; it assumes 3 degrees 
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West East 
W 14x30 W14X34 W 14x30 

. 3® 9.8m 
2 

Diagonal Braces: 1858 mm 
Friction Dampers: 0.98mx0.34m OKI 
All Columns: W 14x68 
Floor Weight: 910 kN (1st and 2nd Floor) 

416 kN (3rd Floor) 

FIG. 5. Low-Rise Steel Industrial Building 

of freedom per node, nonlinear beam-column elements with axial load-mo
ment interaction surfaces, and second-order load-sway effects. The second 
model analyzed by this program incorporates the same assumptions used in 
FDBFAP: (1) The total mass of the structure is concentrated at the floors, 
with vertical and rotational inertia neglected; (2) the axial deformations of 
the beams and columns are neglected; (3) the main structural elements (beams 
and columns) of the structure remain elastic at all times. For this second 
case, the dynamic response results obtained using the DRAIN-2D program 
should be identical to the ones obtained from FDBFAP. 

The Newmark-Blume-Kapur artificial earthquake (Newmark et al. 1973) 
scaled to a peak acceleration of 0.5 g was used in the analyses. This record 
has a duration of 15 sec and is an average of many typical earthquakes. 
Viscous damping is introduced by specifying 2% critical damping in the first 
mode of vibration of the unbraced structure. 

Fig. 6 presents the results of a uniform slip-load optimization by FDBFAP 
for this low-rise structure. The optimum slip load is 134 kN for each device, 
corresponding to a RPI of 0.219. Fig. 6 also shows that there is very little 
variation in the relative performance index for local slip loads between 90 
kN and 220 kN. This suggests that the seismic response of this structure is 
not particularly sensitive to variations in the optimum slip load, which may 
occur due to environmental and construction factors such as temperature change 
and adjustment variability. 

Local Slip Load [kN] 

FIG. 6. Slip Load Optimization from FDBFAP: Newmark-Blume-Kapur Artificial 
Earthquake (0.5 g) 

1339 

J. Struct. Eng. 1990.116:1334-1355.

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

Sh
an

gh
ai

 J
ia

ot
on

g 
U

ni
ve

rs
ity

 o
n 

04
/0

5/
14

. C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



Local Slip Load=0 

Time [sec] 

Local Slip Load=134kN 

JT 200- *£—— 
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1^ 
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r^' 
(b) Time [sec] 

FIG. 7. Energy Time Histories from FDBFAP: Newmark-Blume-Kapur Artificial 
Earthquake (0.5 g) 

The energy time histories as calculated by FDBFAP for the unbraced 
structure (local slip load = 0) and for the friction-damped frame (local slip 
load = 1 3 4 kN) are presented in Fig. 7. The friction devices are very ef
ficient in reducing the amplitudes of the strain-energy time history and there
fore improve the performance of the structure. The maximum strain energy 
induced in the FDBF is only 23% of the maximum strain energy induced in 

Local Slip Load=0 

- - W ^ 
I Programs: 

7„-r„ 

î| 
V V , | M , , 

77me [sec] 

Local Slip Load=134 kN 

-roo Hi 

-200 

•MMI" M T ^ * % A W / r a 

Time [sec.] 

FIG. 8. Top Floor Relative Displacement Time Histories: Newmark-Blume-Kapur 
Artificial Earthquake (0.5 g) 
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the unbraced structure. The strain-energy area for the FDBF is only 21% of 
the strain-energy area for the unbraced frame. At the end of the record, 86% 
of the input energy has been dissipated by friction. 

Fig. 8 presents the top-floor-displacement time histories, relative to the 
moving base, for the unbraced structure and for the FDBF. The FDBFAP 
results are identical to the ones obtained with DRAIN-2D incorporating the 
FDBFAP assumptions. The predictions of DRAIN-2D and FDBFAP for zero 
local slip load are initially close, but the amplitude agreement becomes poor 
near the end of the response record. This is due to the severe inelastic de
formations predicted by DRAIN-2D for this unbraced case. The members 
of the FDBF remain elastic at all times and the structural responses predicted 
by DRAIN-2D and FDBFAP are virtually identical for the entire duration 
of the earthquake. 

GROUND-MOTION REPRESENTATION 

The steady-state response of a single-story structure equipped with the new 
friction-damping system and subjected to sinusoidal ground motion has been 
investigated analytically (Filiatrault and Cherry 1988b). The condition for 
which the amplitude of the motion is a minimum for a particular ground-
excitation frequency wg can formally be written 

^ ^ = F(hth) (3) 
mag \TU TJ 

where P0 = optimum local slip load of friction damper; a = angle of in
clination of diagonal cross-braces with the horizontal; m = total mass of the 
structure; ag = peak ground acceleration; Tb = natural period of fully braced 
structure (no slippage); Tu = natural period of the unbraced structure (all 
dampers slipping); Th = period of the harmonic ground motion; F = un
known function. 

The significance of Eq. 3 is that it reveals the nondimensional parameters 
governing the optimum slip load of a one-story FDBF excited by harmonic 
ground motion. An important conclusion that can be drawn from this result 
is that the optimum slip load depends on the frequency and amplitude of the 
ground motion and is not strictly a structural property. Also, it is interesting 
to note that the value of the optimum slip load is linearly proportional to 
the peak ground acceleration. 

By extension, it may be expected that under seismic loading conditions 
the optimum slip-load distribution of a friction-damped structure will be in
fluenced by the characteristics of the earthquake ground motion anticipated 
at the building construction site. Therefore, it becomes necessary to consider 
a variety of ground motions in any parametric study involving the optimum 
slip-load distribution. 

Since earthquakes are random in nature, it is unlikely that the same earth
quake ground motion will be repeated at a given site. The use of specific 
historical earthquake records may not lead to meaningful results because in
dividual real earthquake records represent a single realization of a set of 
random parameters (magnitude, focal depth, attenuation characteristics, fre
quency content, duration, etc.) that will likely never occur again and that 
may not be satisfactory for design purposes. This shortcoming can be avoided 
by the use of artificially generated earthquakes of the same class as past 
observed earthquakes. 

A stochastic representation of earthquake ground motion was used in the 
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parametric study undertaken in this investigation. In this model, proposed 
by Vanmarcke and Lai (1980) and Lai (1982), the essential transient char
acter of the earthquake ground motion is captured during its strong motion 
duration, while its equivalent stationary frequency content is represented by 
the Kanai-Tajimi power spectral density function Sa(T) (Kanai 1957; Tajimi 
1960): 

1-+ 4hl(T^ 

Sa(T) = 

1-5 
T 

SA = \H(TfSA (4) 

where |ff(r)|2 represents the transfer function of the soil layers and SA the 
power spectral density function at the bedrock level. Physically, the Kanai-
Tajimi ground power spectral density function is derived from an "ideal white 
noise" excitation (SA) at bedrock, which is then filtered appropriately through 
the overlaying soil deposits. 

The computer program created for the simulation of ensembles of artifi
cial-earthquake accelerograms incorporates the power spectral density func
tion defined by Eq. 4 along with a specified value of peak ground accel
eration ag. This acceleration controls the amplitude of the generated 
accelerogram, and also its duration s0 in accordance with the findings of 
Vanmarcke and Lai: 

s0 = 30 exp (-3.254a°35) (5) 
The Vanmarcke and Lai model offers the advantage of completely de

scribing the ground motion by independent seismic parameters that can be 
estimated at a given site: the peak ground acceleration ag, the predominant 
ground period Tg, and the ground damping hs. 

Due to the fact that most historical earthquake power spectral density func
tions are quite erratic, it is difficult to determine the parameters of the cor
responding smooth Kanai-Tajimi power spectral density function. The "spec
tral moments" method was proposed by Vanmarcke (1977) to estimate the 
Kanai-Tajimi parameters from real accelerograms; this method has been used 
by several investigators (Binder 1978; Lai 1979). 

The method of spectral moments has been applied by Vanmarcke and Lai 
(1980) and Lai (1982) to the data obtained from 140 horizontal acceleration 
components of 70 western United States strong-motion records. This data 
set was originally selected by McGuire and Barnhard (1977) so as to be 
representative of a broad range of earthquake magnitudes, epicentral dis
tances, motion intensities, and site conditions. Based on the method of mov
ing-average statistics, Vanmarcke and Lai have proposed empirical equations 
for estimating the Kanai-Tajimi parameters (Tg,hg). These equations involve 
geophysical information that may be available at a given site. Thus 

2IT 
Tg = 10 km < R s 160 km (6) 

27 - 0.09/? 

2ir 
Tg = 5 < ML < 7 (7) g 65 - 7.5Mt 

hg = 0.32 = constant (8) 
where R = epicentral distance in km; and ML = local Richter magnitude. 
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The joint effects of ML and R on the Kanai-Tajimi parameters were not 
considered by Vanmarcke and Lai; therefore discrepancies can result from 
the use of Eqs. 6 and 7. 

Vanmarcke and Lai observed that the Kanai-Tajimi damping Qig) increases 
slightly with the local Richter magnitude (ML) but decided to hold this value 
constant at 0.32. In the present investigation, a sensitivity analysis using 
FDBFAP was performed on typical structures in order to study the influence 
of hg on the optimum slip-load distribution. The results showed that the op
timum slip-load distribution was not influenced significantly by hg. The ground 
damping hg therefore was discarded as a varying parameter and was set to 
a constant value of 0.32, as proposed by Vanmarcke and Lai. 

PARAMETRIC STUDY 

Strategy 
The effect of various slip-load distributions along the height of friction-

damped structures was investigated earlier by Filiatrault and Cherry (1988b). 
For a general structure subjected to earthquake excitation, numerical anal
yses support the feasibility of using an optimum slip-shear distribution that 
is proportional to the interstory displacement (or drift). This displacement is 
equal to the tangential deviation of adjacent storys and basically results from 
vibration in the most dominant mode. The slip shear Vm at any story i of 
the structure is related to the total local slip load of that story by 

Nm 

^ ( 0 = 2 2P"J c o s a« (9) 

where PUj = local slip load for the yth friction damper in the ith story; a,7 
= angle of the inclination from the horizontal of the 7'th braces in the rth 
story; and NDt = number of friction dampers in the rth story. 

However, it has been shown (Filiatrault and Cherry 1988b) that very little 
benefit is derived from the use of this optimum distribution when compared 
with the use of the simpler uniform distribution. Therefore, for design pur
poses, it seems adequate to employ a uniform slip-shear distribution to op
timize the seismic response of friction-damped multistory structures. This 
approach simplifies the design procedure and has the added advantage of 
eliminating the risk during construction of improperly distributing the fric
tion dampers specified for a structure. 

Using such a distribution, an approximate design equation for the total 
optimum slip shear V0 can be constructed from the results of a parametric 
study. The proposed design equation can be written 

NS NDi 

2 ZJ 2P0U C0S aij , \ 
1 =M[—,—,NS)-- (10) 

W W \TU Tu I g 
where V0 = total optimum slip shear; W = total weight of the structure; g 
acceleration of gravity; NS = number of storys and M = an unknown func
tion (or slope). 

For fixed values of Tb/Tu, Tg/T„, and NS, M can be estimated by the least-
square method. The sum of the square of the errors / can be written 

•s-, /2P 0 cosa\ a„\ 
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FIG. 9. Basic Structural Configuration Used in Parametric Study 

where (2P0 cos a/W)* = true optimum slip load obtained with FDBFAP for 
&th analysis; and Na = number of analyses with different ag/g values. 

The least-square method consists in minimizing the square of the errors: 

81 
— = 0 (12) 
dM 

which leads to a relation for M obtained for particular values of Tb/Tu, Tj 
Tu, and NS. 

M 

Na 

l 
k=l 

(2PQ cos a^ 

IA w A 
Na 

2 *=i 

r / „ \ 2 i 

? L\g/J 

(!)J 
(13) 

An array of M values can then be generated for different values of Tb/Tu, 
Tg/Tu, and NS, from which M in Eq. 10 can be estimated. 

Structural Model 
The basic structural model used in the parametric study of multistory fric

tion-damped structures is shown in Fig. 9; one, three, five, and ten story 
versions of this basic structure were examined. Each version has a uniform 
mass distribution and a mass-proportional unbraced lateral-stiffness distri
bution: 

E w i 
I,= 

W 
(14) 

where /, = moment of inertia of the rth floor columns and beams; Wj = 
weight of the jth floor; and W = total weight of the structure. The same 
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TABLE 1. Versions of Basic Structural Configuration 

NS 

0) 

3 
3 
3 
3 
5 
5 
5 
5 

10 
10 
10 

Version 
number 

(2) 

1 
2 
3 
4 
1 
2 
3 
4 
1 
2 
3 
4 
1 
2 
3 

W 
(kN) 

(3) 

445 
445 
445 
445 

1,110 
1,110 
1,110 
1,110 
2,000 
2,000 
2,000 
2,000 
4,225 
4,225 
4,225 

h 
(mm4) 

(4) 

3 x 109 

338 X 106 

48 X 106 

13 X 106 

42 X 109 

2 X 109 

416 X 109 

125 X 106 

125 X 109 

6 x 109 

1 x 109 

416 X 106 

31 x 109 

9 X 109 

2 X 109 

r« 
(sec) 

(5) 

0.12 
0.37 
1.00 
1.95 
0.11 
0.49 
1.10 
2.01 
0.11 
0.53 
1.18 
2.05 
0.52 
0.96 
2.01 

Tb/T„ = 0.20 

(6) 

80,927 
8,855 
1,251 

329 
370,990 

18,550 
3,710 
1,113 

967,800 
48,390 

9,678 
3,226 

180,656 
52,992 
12,044 

7 i / r„ = 0.40 

(7) 

17,777 
1,937 

274 
72 

— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 

Ab (mm2) 

7i,/r„ = 0.50 

(8) 

— 
— 
— 
— 

41,938 
2,097 

419 
126 

96,780 
4,839 

968 
323 

22,582 
6,624 
1,505 

Tb/Ta = 0.60 

(9) 

6,007 
656 

93 
24 

— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 

j y r „ = o,80 
(10) 

1,905 
207 
29 

8 
6,452 

323 
65 
19 

16,130 
807 
161 
54 

3,226 
946 
215 

diagonal braces were used throughout a structure. The properties of the var
ious structures are listed in Table 1; it may be seen that a total of 45 different 
structures were considered in this parametric study. 

Range of Values Considered 
The values of the different variables used in the parametric study of mul

tistory friction-damped structures are given in Table 2. For each combination 
of parametric values, five different sample accelerograms were simulated by 
the computer program described previously. The total number of FDBFAP 
analyses performed was 4,880; the calculations were made with an IBM-PC 
microcomputer and a SUN 3/260 minicomputer. For each case, the optimum 
value of the slip load was established from analyses in which a P,/W in
crement equal to 0.01 was used. The minimum number of increments was 
25; each increment corresponds to one time-history dynamic analysis. 

Results for Least Square Slopes, M 
Typical results of the parametric study are shown in Fig. 10 which pre

sents the values of V0/W (V0 = 2P0 cos a) obtained for fixed values of NS 
and Tg/Tu and for all the values of Tb/Tu and ajq considered in Table 2. 
The data are presented along with the least-square slopes M obtained from 
Eq. 13. 

Correlation between M and Tb/Tu 
Fig. 11 illustrates typical relations obtained between the least-square slopes 

M and Tb/Tu for different values of Tg/Tu and a fixed value of NS. It can 

TABLE 2. Values of Parameters Used in Parametric Study 

Parameter 

(D 
NS 

Ts/Tu 

Tb/Tu 

Va 

Values 

(2) 

1, 3, 5, 10 
0.1 sec/T„; 0.7 sec/7*„; 1.4 sec/TB; 2.0 sec/7"„ 
0.20, 0.40, 0.60, 0.80 for NS = 1 
0.20,0.50,0.80 SotNS = 3, 5, 10 
0.005, 0.05, 0.10, 0.15, 0.20, 0.30, 0.40 for NS = 1 
0.05, 0.10, 0.20, 0.40 for MS = 3, 5, 10 
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T/TU=S.631S 
o r,A„=o.2o 
U 7b/Tv=0.40 

K Tt/7U=O.SO 

• r,/r,=o.ao 

FIG. 10. Typical Results of Parametric Study 

be seen that M is negatively correlated with Tb/Tu; the relationship is very 
nearly linear, such that we can approximate M by: 

M = a\ — \ + b. 
\T„, 

(15) 

where a and b are functions of Tg/Tu and NS. 
Fig. 12 presents the estimated values of the parameters a and b along with 

bilinear least-square fits through the data for different values of NS: 

(-1.24NS - 0.31) — 
T 

(0.01NS + 0.02)Tg 
1.25NS - 0.32 

b = 

'{LOANS + 0.43)rg 

0 < — =£ 1 
T 

Tg 

— > 1 

T 
0 < — < 1 

T 

(-0.002WS + 0.002)rg 
+ 1.04NS + 0.42 — > 1 

(16) 

(17) 

|o r,/r„=p.05i2 a y ^ M ? . ^ a r.Arf.-:?"?. NS= 

X Tr/T„=0.3S85 8 T,/J„=I.B537_ « r / f , ,*16.090l 

y LZLfp^i7"..ffl y.«?.-z'.?.?.. 

Vr» 

FIG. 11. Correlation Between M and rb/r„ 
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a ns=1 
O NS=S 

B SS=S 

a H$=W 

0 2 4 6 8 10 12 14 16 18 20 

T9AU 

FIG. 12. Least-Square Slope Parameters a and b 

Proposed Design Equation 
An approximate design equation for the total optimum slip shear V0 is 

obtained by substituting Eqs. 15, 16, and 17 into Eq. 10: 

'(-1.24NS - 0.31)r» 

ma. 

+ \XANS + 0.43 
T 

0 < — < 1 

(0.01NS + 0.02)r„ 
- 1.25AT5 - 0.32 

(18) 

(0.002 - 0.002NS)Tg Ts 
+ — + 1.04NS + 0.42 — > 1 

T Tu 

DESIGN SLIP LOAD SPECTRUM 

Eq. 18 can be used directly to estimate the total optimum slip shear V0. 
However, a graphical representation of this equation in the form of a design 

FIG. 13. Construction of Design Slip-Load Spectrum 
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slip-load spectrum provides a more convenient and simplified method for 
establishing V0. If a plot of V0/mag versus Tg/Tu is made for particular values 
of Tb/Tu and NS, using Eq. 18, a bilinear curve will be obtained as shown 
in Fig. 13. This curve represents a general design slip-load spectrum for 
multistory friction-damped structures. This spectrum is completely described 
by specifying the ordinate a, representing the upper bound of the first branch 
of the bilinear curve and corresponding to Tg/Tu = 1 for all NS-, and any 
other ordinate data (3, compatible with the second linear branch and taken 
here as the ordinate values at Tg/Tu = 15. The ordinates a and (3 of these 
points are given by Eq. 18: 

(-1.24MS -0.31)r s 
+ LOWS + 0.43 (19) 

(-L07NS -0A0)Tb 
+ LOINS+ 0A5. (20) 

The values of a and (3 have been calculated for different values of Tb/Tu 
and NS and are presented in Table 3. With the use of this table, a design 
slip-load spectrum can be quickly constructed for a particular design or retro
fit situation. 

CHOICE OF DIAGONAL CROSS BRACES 

In a design situation, different member sizes are available for the diagonal 
cross braces. Similarly, in the case of seismic retrofit of a structure, it may 
be decided to replace completely the diagonal cross braces. For a conven
tional design, the cross braces would be chosen to carry a certain portion of 
the lateral seismic force. However, in the case of the design or retrofit of a 
structure equipped with friction devices, the diagonal cross braces should be 
chosen to optimize the response of the structure. The best choice of cross 
braces is the one for which the relative performance index (RPI) is the over
all minimum among the family of RPI values evaluated at the optimum slip 
loads corresponding to the available diagonal-member choices. To determine 

TbAu 

FIG. 14. Average Values of RPI at Optimum Slip Load 
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that best choice of cross braces, the results of the parametric study can be 
used to find the value of Tb/Tu that minimizes the RPI when the friction 
devices are set at their optimum slip loads. 

Fig. 14 presents the average values of RPI at the optimum slip load for 
NS = 1 and for different values of Tb/Tu and Ts/Tu. Each point on the curve 
is an average of 35 RPI values at the optimum slip load taken across the 
ag/g values (see Table 1). It can be seen that the RPI is proportional to Tb/ 
Tu and the best response (minimum RPI) is obtained when the values of Tb/ 
Tu are small, which corresponds to large diagonal cross braces. The same 
trend was observed for other values of NS. Thus, the most suitable diagonal 
cross braces are those having the largest possible cross-sectional area; this 
must be balanced against the limitations of cost and the availability of ma
terial. Most of the curves in Fig. 14 exhibit steeper slopes for values of Tb/ 
Tu larger than 0.4. Therefore, the diagonal cross braces preferably should 
be chosen such that Tb/T„ < 0.40. 

PROPOSED DESIGN PROCEDURE 

Based on the results of the parametric study, the following procedure is 
proposed for the seismic design of friction-damped structures. 

Step 1 
In the case of a new structure, design the unbraced moment-resisting frame 

to carry safely the usual load combinations but without considering earth
quake effects. 

In the situation of retrofit of an existing building, verify that the unbraced 
moment-resisting frame can carry safely the usual load combinations but 
without considering earthquake effects. 

It is assumed that the friction dampers will fully dissipate the seismic en
ergy. The designer may choose to include earthquake loads in the load com
bination in order to fall back on conventional ductility design as an added 
factor of safety in the event of a catastrophic earthquake. 

Step 2 
Calculate the fundamental period of the unbraced structure, Tu. 
Choose sections for the diagonal cross braces such that Tb/Tu < 0.40, if 

economically possible. 
Estimate the peak ground acceleration ag and the predominant ground pe

riod Tg for the construction site. In Canada, as can be taken directly from 
the National Building Code of Canada (1985); the values in that reference 
are based on a probability of exceedence of 10% in 50 years. However, at 
present, no maps exist in Canada for determining Tg. If historic accelerogram 
records or soil-boring logs that allow Tg estimates to be made for the con
struction site are not available, it is recommended that Tg be aproximated 
by the empirical formulas proposed by Vanmarcke and Lai (Eqs. 6 and 7). 

Step 3 
Verify that the nondimensional ratios fall within the following limits: 

0.20 < — s 0.80 0.05 =s — < 20 0.005 < — s 0.40 NS s 10 
Tu ru g 

These bounds correspond to those used in the present study and represent 
reasonable practical limits. If the inequalities are not verified, the optimum 
slip load should be determined from dynamic analyses (FDFAP). 
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Step 4 
Determine the coefficients a and (3 from Table 3 and construct the ap

propriate design slip-load spectrum as indicated in Fig. 13. 

Step 5 
Use the constructed design slip-load spectrum to estimate the total slip 

shear V0. Distribute this total slip shear uniformly among the floors of the 
structure. 

V0 
Vm = — (21) ( ) NS 

where Vs(i) = slip shear in the rth floor. 

Step 6 
Distribute the slip shear of each floor Vs(0 among the number of friction 

dampers inserted in each floor. 
Nm 

2 2Po<; cos ay = Vs(f) (22) 
j=i 

where NDI = number of friction dampers inserted in the rth floor. 

Step 7 
Calculate the axial loads induced in the cross braces from wind effect and 

verify that the friction dampers are not slipping under these loads (see Eq. 
1) using the following expressions. For slender braces (Poy > /V),?): 

P0U>K»+^ (23) 

For stubby braces (P0ij < P(cr)Uj)-

Poij^PWii (24) 
where Pwlj = axial wind load induced in the tensile diagonal brace of the j'th 
braced bay of the rth floor; and P^r)lj = corresponding buckling load of that 
brace. 

If Eqs. 23 or 24 are not verified, choose one of the following two alter
natives: (1) Use the value of the slip load satisfying the equality in Eqs. 23 
or 24 and perform dynamic analyses (FDBFAP) to examine the response of 
the structure; or (2) modify the unbraced moment-resisting frame to carry a 
larger portion of the wind load and return to Step 2. 

Step 8 
Estimate the tensile-yield load of the cross braces and verify that these 

cross braces do not yield before slipping occurs using the following expres
sions. For slender braces (P0ij > P(Cr)tf): 

f ^ V ^ i + f w (25) 

For stubby braces (P0ij < P^n)'-

Potj =£ AM^ (26) 

where AbiJ and o-̂  = cross-sectional area and tensile-yield stress for the y'th 
tensile brace in the rth floor. 
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If Eqs. 25 or 26 are not verified, choose one of the following two alter
natives: (1) Use a value of the slip load satisfying the equality in Eqs. 25 
or 26 and perform dynamic analyses (FDBFAP) to examine the response of 
the structure; or (2) increase the size of the diagonal cross braces and return 
to Step 3. 

DESIGN EXAMPLE 

To illustrate the use of the proposed design procedure assume that the low-
rise frame shown in Fig. 5 is to be retrofitted with friction dampers. 

Step 1 
This structure was designed originally by Montgomery and Hall (1979). 

Assume that the unbraced structure can carry safely the usual load combi
nations without considering earthquake effect. 

Step 2 
The fundamental periods of the structure were calculated to be Tu = 0.72 

sec; and Tb = 0.38 sec. 
Let the Eureka, California, earthquake, December 21, 1954, COMP N46W, 

be the design earthquake specified for the construction site (Vancouver, Can
ada). The parameters for this seismic event were determined by Vanmarcke 
and Lai (1980): ag = 0.20 g [which is equal to the NBCC (National 1985) 
value assigned to Vancouver]; and Tg = 0.69 sec. 

Step 3 
Verify that the nondimensional ratios are within the appropriate limits: 

0.20 = 0.53 < 0.80 0.50 < — = 0.96 20 

0.005 s - = 0.20 < 0.40 NS = 3 ^ 10 (27) 
9 

Step 4 
The coefficients a and (3 are estimated from Table 3: a = 1.43; and (3 = 

1.73. 

Step 5 
The design slip-load spectrum is constructed as shown in Fig. 15. From 

this spectrum the total optimum slip shear is estimated as 

V0 
= 1.14 or Vn = 514.44 kN. (28) 

VTu 

FIG. 15. Design Slip-Load Spectrum for Design Example 
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vs/™s 

FIG. 16. Optimum Slip-Load Study for Design Example 

This slip shear is distributed uniformly among the floors: 

yj(0 = 171.48 kN; i = 1, 2, 3 (29) 

Step 6 
The optimum local slip load P0 for each friction damper is 

Vs(i) 

P0 = — — = 90.75 kN (30) 
2 cos a 

Step 7 
It is assumed that this structure is located in Vancouver. The design wind 

pressure acting on the building is calculated by the National Building Code 
of Canada (1985). 

A static analysis of the structure reveals that the maximum axial load in
duced by the wind in the diagonal cross braces is 11.48 kN. The buckling 
load for a cross-brace member (2L75 x 75 X 6) is estimated to be 97.10 
kN: the braces will not buckle under the design wind load. 

From Eq. 26: 

P0iJ = 90.75 kN i = 1, 2, 3; j = 1 

Pwi]= 11.48 kN i= 1,2, 3; ; = 1 ; P , s > / > , i i (31) 

The friction dampers will not slip under the design wind load. 

Step 8 
Assuming a tensile-yield stress <Tyij equal to 300 MPa for the diagonal cross 

braces, verify Eq. 26: 

Pou = 90.75 kN i = 1, 2, 3; j = 1 

Abu<TyiJ = 327.25 kN i = 1, 2, 3; j=l .'. Poti =£ Abijaylj (32) 

Hence the friction dampers will slip before yielding of the cross braces oc
curs. In fact, the cross-sectional area of the braces is significantly larger than 
the area necessary to carry the optimum slip load. Reducing the area of the 
braces would reduce the stiffness of the braced frame and consequently alter 
the optimum slip load. The designer could iterate to reduce the difference 
between the diagonal yield and slip load. However, since this example is 
concerned with the retrofit problem, the brace area of the original structural 
design has been used. 

The optimum slip load obtained from the design slip load spectrum is 
compared in Fig. 16 with the value obtained from FDBFAP. The two results 
agree very closely. 
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CONCLUSION 

The investigation described in this paper represents the first known attempt 
to develop a simplified method for the seismic design of friction-damped 
structures. 

A specialized computer program was used to obtain the optimum slip-load 
distribution for the friction devices by minimizing a relative performance 
index (RPI) derived from energy concepts. 

The results of a parametric study on multistory friction-damped braced 
frames were used to construct a general design slip-load spectrum for a quick 
evaluation of the total optimum slip shear in a multistory building. The spec
trum takes into account the properties of the structure and of the ground 
motion anticipated at the construction site. The availability of this design 
slip-load spectrum should lead to a greater acceptance by the engineering 
profession of this innovative design concept. 
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APPENDIX II. NOTATION 

The following symbols are used in this paper: 
a,b = least-square slope parameters; 

ag = peak ground acceleration; 
F = unknown function; 
g = acceleration of gravity; 

\H(T)\ = soil transfer function; 
hg = ground damping; 
/ = momen t of inertia; 

m = total mass of structure; 
M = least-square slope; 

ML = local Richter magni tude; 
NS = number of storys; 
Pcr = critical Euler buckling load; 
Pi = local slip load; 

Pw = axial wind load; 
P0 = opt imum local slip load; 

Pi,P2 — axial loads; 
Pg = global slip load; 
R = epicentral distance; 

RPI = relative performance index; 
SA = power spectral density function of ground acceleration at bed

rock level; 
Sa(X) = power spectral density function of ground-surface acceleration; 
SEA = strain-energy area for friction-damped structure; 

SEA(o) = strain-energy area for unbraced structure (slip load = 0) ; 
.so = strong motion duration of earthquake accelerogram; 
T = period; 

Tb = natural period of braced structure; 
Tg = predominant ground period; 
Th = period of harmonic ground motion; 
Tu = natural period of unbraced structure; 

t = t ime; 
t̂ max = max imum strain energy for friction-damped structure; 

t^max(O) = maximum strain energy for unbraced structure (slip load = 0); 
V = lateral seismic load; 

Vs = slip shear; 
V0 = total optimum slip shear; 
W = total weight of structure; 

a , p = ordinates to construct design slip load spectrum; 
cos a = angle of inclination of diagonal braces from horizontal; and 

o>g = ground excitation frequency. 
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