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ABSTRACT

The performance of two passive friction damping systems for retrofitting steel moment-resisting
frames is evaluated. Nonlinear dynamic analyses were performed on a six-storey moment-resisting frame
designed according to current code provisions for California. The structure was subjected to three
different earthquake ensembles. The first ensemble includes six near field records developed for major
crustal earthquakes in California. The five records of the second ensemble are representative of near-field
conditions in Los Angeles with & probability of exceedence of 10 % in 50 years. Finally, the third
ensemble contains two far-field historical records.

Both friction systems are part of a stecl chevron-bracing configuration used to retrofit the moment-
resisting frame. In the first system, slotted-bolted connections that slip at a predetermined load are
provided at one end of the bracing members. The second system includes double-acting ring-spring
friction devices installed at the same locations. The main feature of the ring-spring system is a bi-linear
hysteresis with a re-centering force that develops upon unloading and contributes in limiting permanent
deformations. The slip load of the devices was determined based on a proposed procedure that takes into
account the frequency content of the ground motions and the dynamic properties of the structure with and
without the added bracing system.
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INTRODUCTION

Several steel moment-resisting framed buildings were seriously damaged as a result of the January
17, 1994 Northridge, California earthquake. Brittle weld fractures in beam-column connections occurred
in the majority of these damaged buildings because of excessive curvature ductility demands. Although
many investigations have led to the development of traditional retrofit strategies to reduce the curvature
ductility demand in welded beam-column connections (haunched plates, reduced beam sections, etc.),
little attention has been devoted to the use of friction passive energy dissipating devices, such as slotted-
bolted friction dampers and ring-spring devices. As shown by the large array of recorded ground motions
during the Northridge earthquake, buildings in Southern California must sustain short duration, impulse-
type, base excitation. It is not clear how supplemental damping systems, such as friction devices, would
perform under such impulsive seismic input.

To shed some light on this question, this paper investigates the performance of the two passive energy
dissipating systems described above for the retrofit of a six-storey moment-resisting frame subjected to
three different ensembles of strong ground motions. Two of those ensembles are representative of near-
field conditions in the Los Angeles area. The third ensemble includes two historical records that have
been extensively used in past research. The slip load of the energy dissipating devices was determined
based on a proposed procedure that takes into account the frequency content of the ground motions and
the dynamic properties of the structure with and without the added bracing system.
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DESCRIPTION OF BUILDING STRUCTURE AND RETROFIT SYSTEMS

The six-storey building structure analyzed herein was studied by Tsai and Popov (1988) and was
modified by Hall (1995). As shown in Figure 1, the building is rectangular in shape and is braced in the
North-South direction by two exterior moment-resisting frames. The design complies with the 1994 UBC
code requirements (ICBO 1994) for a building located in Zone 4 on soil type 82. Design gravity loads
included the roof dead load (3.8 kPa), the floor dead load (4.5 kPa), the roof live load (1.0 kPa), the floor
live load (3.8 kPa), and the weight of the exterior cladding (1.7 kPa). Wind loads were based assuming 2
basic wind speed of 113 km/h and an exposure type B. The steel grade is assumed to be A36 (nominal

F, =248 MPa) for all members.
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Fig. 1 Building studied

The retrofit strategy for the structure consisted of introducing a chevron braced frame in the middle
bay of each moment resisting frame and installing passive energy dissipating devices at one end of the
bracing members, as shown in Figure 1. The bracing members were designed to sustain the greater of the
forces due to wind and floor live loads and the slip load assigned to the device. Brace forces induced by
déad loads were ignored in the design of the bracing and friction energy dissipating systems, as it was
assumed that the braces would be installed after the building would be completed.

The first retrofit system considered incorporates at one end of the bracing members slotted-bolted
connections that slip at a predetermined load. This system exhibits the well-known rigid-plastic
hysteretic behaviour shown in Figure 2. This hysteretic behaviour can be achieved by various friction
surfaces and mechanical configurations (Grigorian and Popov 1993; Pall and Marsh 1982; Tremblay and
Stiemer 1993).
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The second retrofit system consists of double-acting ring-spring friction devices installed between the
braces and the steel frame. As illustrated in Figure 2, the main feature of the ring-spring system is a
super-elastic behaviour characterized by a bi-linear hysteresis with a re-centring force that develops upon
unloading and contributes in limiting permanent deformations (Kar et al, 1998, Kar et al. 1996, Kar and
Rainer 1995, 1996, Shepherd and Erasmus 1988).
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Fig. 2 Hysteretic behaviour of energy dissipating systems
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DESIGN OF ENERGY DISSIPATING SYSTEMS

1. Slotted-Bolted Connections

The only parameter to be determined for the slotted-bolted system is the slip load-of each device
along the building height. Earlier numerical studies (Filiatrault and Cherry, 1988) have indicated the
feasibility of using an optimum slip-shear distribution that is proportional to the inter-storey drift arising
from a first mode vibration of the structure. For the building structure considered in this study, the slip
shear, V;, at a given storey i, is related to the slip load of each device, F,,, by:

Vi=2F, cosa, 1
where «; is the angle of inclination from the horizontal of the braces in the storey i .

It has been shown (Filiatrault and Cherry, 1988), however, that very little benefit is achieved from the
use of this optimum distribution as compared with the use of the simpler uniform slip shear distribution.
Therefore, the slip shear was assumed constant for each storey of the building structure investigated in
this study.

The common optimum slip load was determined based on a proposed procedure that takes into
account the frequency content-of the ground motion and the dynamic properties of the structure with and
without the added bracing system (Filiatrault and Cherry 1990). For a given ground motion, the optimum
slip load is determined by minimizing a Relative Performance Index (RPI) derived from energy

concepts:
RPI = 1 ﬂ+U_m )
2| SEA, U,

where SEA is the strain energy area, i.e., the area under the elastic strain energy time-history for all
structural members of a friction damped structure, SE4, is the strain energy area for a zero slip load,
U . is the maximum value of the elastic strain energy stored in all structural members of a friction
damped structure and U ___, is the maximum elastic strain energy for a zero slip load.

Values of the Relative Performance Index { RPI') are such that;

RPI =1, theresponse corresponds to the behaviour 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;

X
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RPI > 1, theresponse of the friction damped structure is “larger” than the response of the unbraced
structure.

In order to determine the optimum slip load that minimizes the RPI value far a given ground motion,
a stream-line computer program called FDBFAP (Filiatrault and Cherry 1990) was created. This program
computes the RPJ values for a given range of physically admissible slip loads. From the results of a
parametric study with this program and artificially generated ground motions, a general design procedure
has been proposed to evaluate the optimum slip load of a structure located at a given site.

This procedure recommends the selection of diagonal cross braces such that:

T,/T, <0.40 6)

where T, is the fundamental period of the unbraced structure and 7, is the fundamental period of the
braced structure. It was found that the best response {minimum RPI) of friction damped structures
occurs for small values of T, /T, , which corresponds to large diagonal cross-braces. Therefore the

diagonal cross-braces should be chosen with the largest possible cross-sectional area within the limits of
cost'and availability of material..

For the structure considered herein, 7, = 1.304 s and with a choice of the largest hollow steel section
readily available (HSS 12 x 12 x 5/8): T, = 0.648 s. Therefore: T, /T, =0.497 in this case.

The procedure then requires the evaluation of the peak ground acceleration, a, , and the predominant
ground period, 7, for the construction site. In this study, a value of a, =0.40 g, corresponding to the Z

factor for zone 4 in the UBC code (ICBO 1994), was retained. Also, a value of T, = 0.4 s was assumed

as it corresponds to the predominant period of simulated ground motions for the Los Angeles rcgmn
(SAC Joint Venture 1995).

From these parameters, a design slip load spectrum can be constructed to estimate the total slip shear,
V,, of the structure (Filiatrault and Cherry, 1990). This design slip load spectrum allows the

determination of an equivalent seismic coefficient to evaluate the total slip shear V. For the structure
considered in this study, we find:

V, = 0.863 L = (0.863)(0.4)(28950 kN) = 9994 KN @
g

where W is the total seismic weight of the structure (28950 kN) and g is the acceleration of gravity.
The total slip shear is distributed uniformly among the bracing at each floor of the two exterior

frames:
V= 1 9994 =830kN 5)
2 6

Using Equation (1), the optimum slip load for each of the two dampers located in the first storey is
given by:

F,= _830KN_ =T50kN (6)
2¢0856.3°
The optimum slip for each damper in all other storeys is given by:
830kN

, = ——— » [ = 2 6

* 2c0s46.2° S00KN,  i=2to ‘ 0

Several assumptions that were made in the development of this procedure may not be representative

of the conditions that would prevail in a severe earthquake occurring in the vicinity of a populated area
along the west coast of the United States. For instance, the response of the structure was assumed to
remain essentially elastic under the ground motions, and the artificially-generated ground motions that
were used to develop the design slip load spectrum did not contain any damageable severe acceleration
pulses that are expected in the near-field of major earthquake events. In addition, the choice of the two
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parameters (SE4 and U, ) may not be appropriate to minimize structural and non-structural damage in
actual buildings. Other parameters such as peak inter-storey drifts or floor absolute accelerations are now
commonly used to evaluate the seismic performance of a structure. These aspects are investigated in this

study by examining the performance of the building considered under severe ground motion conditions
that are expected in the Los Angeles area.

2. Ring-Spring System

As illustrated in Figure 2, each ring-spring device is characterized by two parameters: a slip force,
F,, and a loading slip stiffness, K, . For actual device prototypes, the unloading slip stiffness and the

residual re-centring force are a ratio of the loading slip stiffness and of the slip load, respectively. A
typical value of 1/3 was assumed for this ratio.

No procedure currently exists to optimize the physical parameters of a ring-spring system. In this
study, for comparison purposes, the parameters of the ring-spring system were derived from the
parameters of the slotted-bolted devices described earlier. With this procedure, the effect of the re-
centring capabilities of the ring-spring system on the structural response could be isolated. The slip load
of each ring-spring device was made equal to the slip load of the corresponding slotted-bolted friction

device. A small loading stiffness, K, , corresponding to 0.16 % of the axial stiffness of the bracing

members was introduced in each ring-spring device to counter the apparent loss of lateral stiffness caused
by P-delta effects on the structure.

CHOICE OF EARTHQUAKE GROUND MOTIONS

The structure was subjected to three ensembles of ground motions. The first set, referred to as NF,
includes six near-fault motions on firm ground that were selected from a suite of time histories that had
been developed for major crustal earthquakes in UBC Seismic Zone 4 (SAC Joint Venture 1997). Such
short duration, impulsive type of ground motions are typical for M6.75 - M7.5 earthquakes at a distance
less than 18 km. These ranges dominate the seismic risk for a probability of exceedence of 10 % in 50
years in Zone 4. In this group, only ground motion components perpendicular to the faulting mechanism
were retained as their amplitude was higher. Ground motion time histories of the second ensemble (LA)
were selected form a suite of historical recordings from M6 ~ M7.3 range earthquakes which were scaled
to match the 10 % probability of exceedence in 50 years uniform hazard spectrum for Los Angeles (SAC
Joint Venture 1997). ‘

For these two ensembles of ground motions, accelerograms that exhibited either one or more of the
following characteristics were selected: high spectral acceleration peak at any period, high spectral

acceleration at a period corresponding to the fundamental period of the braced frame, T,, =0.648 s, high
spectral acceleration at the fundamental period of the unbraced frame, T;,, = 1.304 s, high ratio of the

spectral accelerations at 7); and at Tj,,, and low ratio of the spectral accelerations at Tp,andat T,.
The 5 % damping spectral characteristics of the selected ground motions are given in Table 1,

The third group of ground motions included the unscaled SOOE E] Centro record from the 1940
Imperial Valley Earthquake and the S69E Taft Lincoln Tunnel record from the 1952 Kem County
Earthquake. These two ground motions have been used extensively in past studies and are considered
herein as a reference for comparison purposes.

The acceleration time-histories and the absolute acceleration response spectra at 5 % damping for all
ground motions considered are shown in Figures 3 and 4, respectively. When compared to the LA ground
motions, the NF records generally are of higher amplitude, release their energy within a few strong pulses
and exhibit a longer dominant period. The El Centro and Taft records have a frequency content similar to

the LA ground motions but their amplitude is significantly lower. Note that the LA02 accelerogram is the
SO00E Ei Centro record scaled up by a factor of 2.0.

MODELLING ASSUMPTIONS

The analyses were performed using the RUAUMOKO nonlinear dynamic analysis program (Carr
1996). Only half of the building was modelled as the structure is symmetrical. As shown in Figure 1, the
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model then included only one exterior frame, together with one gravity column that represents all interior
frame columns. The total gravity loads acting on the interior columns were applied to the gravity column

in the model and both the gravity column and the exterior frame were constrained to experience the same
lateral deformation at each floor.

Only the bare steel frame was included in the analyses, i.e., the slab participation as composite beams
was not included. The inelastic response was concentrated in plastic hinges that could form at both ends
of the frame members. These plastic hinges were assigned a bi-linear hysteretic behaviour with a
curvature strain hardening ratio of 0.02, and their length was set equal to 90 % of the associated member
depth. The plastic resistance at the hinges was based on an expected yield strength of 290 MPa. An axial
load-moment interaction, as per LRFD 1993 (AISC 1993), was considered for the columns of the
structure. Rigid-end offscts were specified at the end of the frame members to account for the actual size
of the members at the joints. The panel zones of the beam-column connections were assumed to be stiff
and strong enough to avoid any panel shear deformation and yielding under strong earthquakes. - This
assumption represented the most critical condition for the inclastic curvature demand on the welded
beam-to-column joints, as all the hysteretic energy must be dissipated only through plastic hinging in the
beams and the columns. The columns were fixed at the ground level, except the gravity column which
was assumed pinned at the base and at each level.

Gravity loads acting on the frame during the carthquake were assumed equal to the roof and floor
dead loads, the weight of the exterior walls, and a portion of the floor live load (0.7 kPa). P-delta effects
were accounted for in the analyses, including P-delta forces generated in the interior frames. Half the
weight of the building, along with a 0.5 kPa live load, was included in the reactive weights at each level.
Rayleigh damping of 5 % based on the first two elastic modes of vibration of the structure was assigned.
Each analysis was performed at a time-step increment of 0.002 s.

Table 1: Absolute Spectral Accelerations of Ground Motions

Sl (g) S. at I;'
Ground motion

Maximum at 7,, =0.648s | at I, =1.304s S, atT,
NFO03 3.15 2.83 1.13 2.50
NF17 3.78 2.55 1.36 1.88
NF19 2.80 1.32 2.69 049
NE23 521 3.15 4.53 0.70
NF27 3.00 3.00 1.93 1.55
NF29 3.62 2.28 220 1.04
LAO2 1.78 1.36 0.45 3.02
LAO9 1.25 1.20 1.13 1.06
LAl2 3.60 1.03 0.23 448
LAl4 2.40 2.00 : 0.90 2.22
LAlLS8 2,78 142 0.81 1.75

NUMERICAL RESULTS FOR SLOTTED BOLTED SYSTEM

In this section, the behaviour of the structure retrofitted with the slotted bolted system under all three
ensemb]csofgmtmdmotionsiscompamdtothatofﬂwmigimlbnremlﬁ'amewiﬂlouttheenergy
dissipating system. The response parameters of interest are the inter-storey drift, the absolute floor
horizontal acceleration, and the inclastic demand in the beams and the columns. The influence of the slip
load on these parameters is examined first. Thereafier, the effects of varying the stiffncss of the bracing
members and the vertical distribution of the slip load are investigated.

1. Pesk Inter-Storey Drifts

Inter-storey drift is an indicator of both structural and non-structural damage. For instance, the Vision
2000 document (SEAOC, 1996) suggests that a building is operational with light damage if the inter-
storey drift is less than 0.5 % and that structural damage is expected to develop at an inter-storey drift of
1.5 %. Figures 5 and 6 present the peak inter-storey drift-slip shear relationship computed at every floor
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of the building studied under the NF and LA ground motion ensembles, respectively. The results
obtained under the El Centro and Taft records are also shown in both figures for comparison purposes.
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Fig. 3 Time histories of earthquake ground motions
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Sa {g)

Sa (9)

Fig. 4 Response spectra of earthquake ground motions

In general, the building equipped with the slotted-bolted system experienced smaller deformations
than the unbraced frame (¥,; = 0) but the response varies with the level. For the three upper floors, we

note that i) all ground motion records within a given ensemble produce similar effects, ii) the reduction in
storey-drift due to the addition of the slotied-bolted system is very significant for all three groups of
ground motions, iii) the performance of the system under the NF and LA ground motions is nearly
identical, iv) the amplitude of the deformations is within acceptable limits, and v) there is a clear
optimum slip shear that minimizes the inter-storey drift. In addition, the optimum slip shear as predicted

by the procedure described earlier (V,; = 830 kN) nearly corresponds to that obtained from the analyses
for the LA and NF ground motions. For the El Centro and the Taft records, the optimum slip-shear is
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approxirqateiy half the predicted value. This is expected since these two records exhibit peak
Aa_ccelcratlons much lower than the NF and LA ground motions, and the computed optimum slip shear is
linearly proportional to the peak ground acceleration (Equaticn (4)).
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Fig. 5 Peak inter-storey drifis, slotted bolted system, near-fauit (NF) ground motions

As we go down the building, the results become more scattered for each group of ground motions.
The inter-storey drifts also generally increase, the performance of the system becomes less remarkable,
especially under the NF records, and the optimum slip shear is less defined. Under the El Centro and the
Taft records, the proposed ¥, = 830 kN still appears to be an effective solution as the associated inter-
storey drift is kept below 0.5 % at every floor and does not decrease significantly if a higher slip load is
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specified. Overall, an 830 kN slip shear also gives satisfactory results under the LA motions, with peak
inter-storey drifts remaining within 2 % of the storey height. A higher slip load would have permitted to
reduce further the deformations at levels 2 and 3, however, and it can also be noticed that the addition of
the slotted-bolted system was not successful in reducing the storey drift at the bottom floor under the
LA14 and LA18 records. When subjected to the NF ground motions, the results indicate that adding a
slotted-bolted system with realistic slip shear is not sufficient to guard against excessive inter-storey drifts
in the lower floors of the building. At the bottom floor, the response with high slip load under most NF
records is even more critical than that of the original unbraced frame.
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Fig. 6 Peak inter-storey drifts, slotted bolted system, LA ground motions
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Fig. 7 Peak absolute floor accelerations, slotted bolted system, near-fault (NF) ground motions

The difference in performance under the NF ground motions is most likely due to the impulsive
nature of these ground metions. The large inter-storey drifts at the bottom floors developed during large
acceleration pulses which fed energy in the structure as it deforms unidirectionally, before the building
gtarts to oscillate. Under the more stationary LA ground motions and the El Centro and Taft records, the
system is more efficient in reducing the dynamic response of the structure.

2. Peak Absolute Floor Accelerations

Horizontal inertia forces that develop at each level of a building are proportional to the absolute
horizontal accelerations experienced by the building and this parameter is therefore important to assess
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the performance of non-structural elements such as ceilings, attachments for mechanical equipment,
shelves, office fumiture, etc. Figure 7 and 8 give the peak absolute acceleration-slip shear relationship
computed at every floor of the building studied under the different ground motions.
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Fig. 8 Peak absolute floor accelerations, slotted bolted system, LA ground motions

Again, the response varies with the level in the building. At the top floor, the behaviour is similar to
that observed for the inter-storey drift: all ground motions of the same group have similar effects and, for
each accelerogram ensemble, there exists an optimum slip shear to which corresponds minimum peak
acceleration. For the El Centro and Taft records, this optimum is again approximately. equal to haif the
predicted value of 830 kN. For the LA and NF ensembles, the predicted optimum slip shear matches
closely the results of the analyses.
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-

Under the El Centro and Taft records, the efficiency of the slotted-bolted system at the lower floors is
maintained as the peak accelerations at ¥, = 415 kN arc lower than in the unbraced frame and

correspond to, or are close to, the minimum values. Interestingly, the minimum peak acceleration under
these two ground motions is very similar from one floor to another. Under the NF ground motions, the
computed peak accelerations at levels 1 to 5 remain approximately constant or even increase as the slip
shear is increased. Only at level 2, does the peak absolute acceleration decrease near the proposed slip

shear V; = 830 kN. This indicates that a passive friction system would not be effective in reducing non-
structural damage in multi-storey structures subject to near-field ground shaking. Under the LA ground
motions, the use of the slotted-bolted system permitted to reduce the accelerations in the third and fourth
floors near ¥; = 830 kN. At the other levels, the accelerations are generally higher than in the unbraced
frame, regardless of the slip shear considered.

3. Peak Inclastic Demand in Beams and Columns

The peak ductility demand in both beams and columms was generally observed at the first floor.
Hence, only the maximum values computed in the first floor beams and at the bottom of the first storey
columns are presented in Figures 9 and 10 for different amplitudes of the slip shear. In these figures, the
inelastic demand is expressed as the maximum plastic rotation experienced in the plastic hinges. The
limit of 0.03 radian adopted by the AISC design provisions (AISC 1997) for ductile steel moment
resisting frames is shown on the graphs as a reference.
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Fig. 9 Peak plastic rotations in first storey beams and columns, slotted bolted system, near-fault
(NF) ground motions
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Fig. 10 Peak plastic rotations in first storey beams and columns, slotted bolted system, LA
ground motions in: a) first floor beams; b) first floor columns

The response of the building remained essentially elastic under the El Centro and the Taft record,
which corresponds to the assumption made in the development of the procedure by Filiatrault and Cherry
(1990). This could explain why the addition of a passive friction encrgy dissipating system results, under
these ground motions, in a behaviour similar to that predicted by these authors.

Under both the NF and LA ground motions, the unbraced frame experienced significant inelastic
demand in the first floor members, well in excess of the 0.03 radian limit for the NF records. The demand
in the beams generally reduces when the encrgy dissipating system is added to the unbraced frame, but
there is no clear optimum slip shear where the inelastic demand is minimum. For the NF records,
however, specifying realistic slip shear levels does not permit to reduce the inelastic rotation in the beam
plastic hinges below the 0.03 radians limit for most ground motions. For both the NF and LA ground
motions, the variation of the plastic demand with the slip shear is similar to the variation of the inter-
storey drift at the first floor (Figures 5 and 6). This was expected as the plastic rotation at the base of the
first storey columns of the building is retated to the deformation of that storey. In the case of the NF
records, the increase in column response for increasing slip shears is even more pronounced than the
increase in the inter-storey drift, and the plastic rotational demand could not be reduced under the 0.03
radian himit.

4. Influence of the Axial Stiffness of the Bracing Members

The building was analyzed under the NF03, NF17, and the NF23 ground motions to examine the
influence of varying the axial stiffness of the bracing members. Two additional different stiffness levels
were considered: half the original brace stiffness and twice the original brace stiffness. The slip shear was
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maintained equal to ¥; = 830 kN. For all ground motions, the inter-storey drift and the ductility demand

in both the beams and the columns were found to diminish when the stiffness was doubled. Conversely,
these response parameters increased when more flexible bracing systems were specified. Typical
variations are shown in Figure 11. This behaviour is in agreement with the findings of Filiatrault and
Cherry (1990). It ean be.attributed to the fact that sliding of the energy dissipating devices is activated at
lower deformation levels with stiffer braces, which makes the system more effective.
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Fig. 11 Influence of the brace stiffness on the first inter-storey drift and on the maximum
ductility demand in the first storey beams

5, Influence of the Vertical Distribution of the Slip Load

The building was also analyzed under the same three ground motions (NF03, NF17, and NF23} to
investigate the influence of varying the vertical distribution of the slip load. The slip shear was set equal
to 830 kN at the base of the building and was varied linearly towards the top in order to have an average
slip shear of 600 kN over the height of the building. The results were compared to the response with a

uniform slip shear ¥, = 600 kN. The same procedure was followed with ¥, = 2800 kN and an average
slip shear of 1800 kN.



258 Near Field Seismic Response of Steel Moment Resisting Frame Retrofitted
with Passive Friction Energy Dissipating Systems

Figure 2 shows for the results for both average shear slip loads. For each floor, the increase or the
reduction in the peak inter-storey drift due to the use of a variable slip load is shown. For instance, a
reduction of 1 % in the figure indicates that the inter-storey drift has decreased by 1 % of the storey height
when using a variable slip load. As expected, the modification in the vertical slip load distribution results
in a more uniform vertical distribution of the storey drift: the deformations in the upper floors are
generally increased while those in the bottom storeys are reduced. However, the differences in inter-
storey drift between the non-uniform and uniform slip shear cases are small, as already observed by
Filiatrault and Cherry (1988), and the reduction in the lower floor deformations is not sufficient to reach
an acceptable drift level of 2 % of the storey height. In design, one must also consider that the benefits of
using a variable slip load can be offset by the associated greater complexity in both fabrication and
instaliation.
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Fig. 12 Influence of the vertical distribution of slip load on the inter-storey drift

RESULTS FOR RING-SPRING SYSTEM

For the ring-spring system, only the response under the LA14 and LA18 ground motions has been
examined and compared to that of the slotted-bolted system. As shown in Table 1, these two ground
motions exhibit the highest acceleration spectral ordinate for the LA group of records at a period
corresponding to the period of the braced frame. In this investigation, the analyses were performed for
the first 30 s of each ground motion, followed by 5 s of free vibrations to evaluate the residual
deformations of the structure.

The plastic hinging distribution resulting from the analyses is shown in Figure 13. For each structural
configuration, under each ground motion, the occurrence of a plastic hinge at the end of a frame member
is indicated along with the maximum curvature ductility demand. Uni-directional and bi-directional
yielding are also differentiated in the figure.

The ductility demand in the lower columns and beams of the unbraced structure is similar for both
earthquake ground motions. Maximum curvature ductility demands of 6.3 and 6.5 occur at the base of the
central columns under the LAI4 and the LAI8 ground motions, respectively. The corresponding
maximum curvature ductility levels in the first floor beams of the structure are 6.5 and 6.9 corresponding
to plastic rotations of 0.017 rad and 0.018 rad, respectively.

The two ground motions impose significantly different plastic hinging distributions in the upper
bearns and columns of the unbraced structure. The LA14 ground motion causes much more yielding in
the upper members than the LA18 ground motion. These different yielding patterns in the upper levels
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could be attributed to more significant higher mode contributions under the LA14 earthquake than under
the LA18 ground motion (see Figure 4). The yielding patterns resulting from the two retrofit strategies
are similar, however. The upper beams and columns remain m the elastic range of the steel with both
retrofit methods. The curvature ductility demands in the beams and columns in the lower storeys are only
slightly reduced by the introduction of the energy dissipating systems.

The distribution of peak horizontal deflections and accelerations along the building height are given
in Figure 14 for all analyses performed. Again, the responses of the two energy dissipating systems are
nearly identical. The peak displacements are not reduced significantly by the presence of either energy
dissipating system. Both retrofit schemes lowered the peak accelerations in the top storeys but caused an
increase in acceleration levels in the lower floors. The accelerations in the structure retrofitted with ring-
spring devices are higher than the corresponding accelerations in the building with slotted-bolted
connections.

LA14 GROUND MOTION

SLOTTED-BOLTED RING-SPRING
LA18 GROUND MOTION

29 25 0 2 32 22
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44 59 66 4.8
UNBRACED SLOTTED-BOLTED RING-SPRING

® BI-DIRECTIONAL HINGING IN BEAMS IN COLUMNS
©® UNI-DIRECTIONAL HINGING IN BEAMS
® UNH-DIRECTIONAL HINGING IN COLUMNS

Fig. 13 Plastic hinge distributions, slotted bolted and ring-spring systems, LA14 and LA18
ground motions

The roof residual deflections, computed 5 s after the end of the ground motions, are given in Table 2,
For the LA14 ground motion, a significant residual deflection of 84 mm occurs at the roof level when the
slotted-bolted friction devices are introduced. The ring-spring systera limits the permanent deflections of
the Structure for both ground motions.
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Table 2: Permanent Deflections at Roof Level

. Permanent Deflection (mm)
Structural C
ructural Configuration LA14 Ground Motion | LA18 Ground Motion
Unbraced Frame 54 37
Braced Frame with Slotted-Bolted Connections 84 4
Braced Frame with Ring-Spring Devices 14 9
STOREY g , STOREYg -
5 . -
1A14 4 4 +
3+ 4
2 4 -
11 1
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Fig. 14 Distribution of peak deflections and peak accelerations, slotted bolted and ring-spring
systems, LA14 and L A18 ground motions

CONCLUSIONS

The procedure proposed by Filiatrault and Cherry (1990) for determining the optimum slip load of
passive friction energy dissipation systems for building moment resisting frames was applied to a six-
storey typical steel moment resisting frame. The performance of two friction energy dissipating systems
was examined for that building: slotted-bolted system and ring-spring system.

For the slotted-bolted system, three different ground motion ensembles were considered and the
amplitude of the slip load was varied. The influence of modifying the vertical distribution of the slip load
and the stiffness of the bracing members was also examined. The main conclusions of this investigation '
are;

e The characteristics of the ground motion ensembles considered in this investigation were significantly
different. The near-fault records exhibited higher amplitudes and more seveye acceleration pulses
than the ground motions of the other two groups. In addition, their energy was concentrated in longer
periods. The amplitude of the unscaled El Centro and Taft records was lower than all the other
records. Consequently, the response of the building studied and the efficiency of the energy
dissipating systems also varied significantly depending upon the ensemble of ground motions.

e Under the unscaled El-Centro and Taft ground motions, the structure remained essentially elastic,
regardless of the slip load specified for the energy dissipating system. For these records, the optimum
slip load was lower than the value predicted by the proposed method and the use of the friction
system permitted to reduce both the inter-storey drifts and absolute accelerations.

o Under the LA and NF ground motions, the unbraced and braced frames underwent significant
inelastic response. An optimum slip load nearly equal to the proposed value was clearly identified at
the top floor only, both for the inter-storey drift and the absolute acceleration. At the lower levels, the
encrgy dissipating system was less efficient than under the El Centro and Taft records. Its overall
performance under the LA records was still satisfactory, however, despite the fact that these ground
motions exhibited higher peak accelerations than the value used in the design of the system. When
subjected to the NF ground motions, very large inter-storey drifts and large plastic rotation demand
developed in beams and columns at the first floor. This response level could not be reduced by
increasing the slip load of the slotted-bolted devices. This poor performance is attributed to the
impulsive nature of the NF ground motions which does not allow the devices to dissipate the input
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energy through cyclic sliding. Instead, the severe acceleration pulses induce large deformations
before the building starts to oscillate.

* Increasing the stiffness of the braces or using a linear variation of the slip load over the height of the
building, with the larger slip load at the base, slightly improved the response of the braced structure.
The performance of the ring-spring system was compared to that of the slotted-bolted system for two

ground motions of the same group. This limited study indicated that both systems prevented the beams
and columns in the upper storeys from yielding. The ring-spring system was more efficient than the
slotted bolted system in reducing the permanent deflections of the structure. The peak absolute
accelerations in the structure retrofitted with ring-spring devices are higher than the corresponding
accelerations in the building with slotted-bolted connections.

Further extensive analytical studies are required to fully evaluate the impact of near-fault ground
motions on the seismic behaviour of steel moment-resisting structures equipped with passive energy
dissipating systems. In particular, the influence of the building height and that of the actual lateral
resistance of the unbraced building should be examined. Nevertheless, the results obtained in this study
highlight the fact that retrofit of steel structures with friction damping systems must be carefully assessed
using non-linear time-history dynamic analyses for the full range of expected ground motion types at the
site.
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