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SUMMARY

Passive energy dissipation devices are generally used to reduce structural responses caused by earthquake
or wind loads. This study presents combined system of rotational friction dampers connected to high
strength tendons to enhance both seismic and progressive collapse-resisting capacity of existing structures.
Friction dampers were designed using the capacity spectrum method to satisty given performance objec-
tives against seismic load, and their seismic- and progressive collapse-resisting capacities were investigated.
According to the nonlinear dynamic analysis results, the structures retrofitted with rotational friction
dampers generally satisfied the given performance objectives against seismic load. Both the nonlinear static
and dynamic analysis results showed that the progressive collapse potential of the model structures was
significantly enhanced as a result of the seismic retrofit. Copyright © 2009 John Wiley & Sons, Ltd.

1. INTRODUCTION

There exist several alternative methods for the seismic upgrade of a building (ATC, 1996). The con-
ventional methods of stiffening by adding concrete shear walls or rigid steel bracing tend to attract
higher ground accelerations causing higher inertial forces on the supporting structure. Addition of
new shear walls may interfere with the interior plan, and the energy dissipation capacity of a steel
bracing system is very limited. Both conventional methods of upgrade require expensive and time-
consuming work of strengthening the existing columns and foundations. In this sense, supplemental
damping in conjunction with appropriate stiffness offers an economic solution for the seismic reha-
bilitation of building structures.

Friction dampers are considered as one of the most efficient energy-absorbing devices for building
structures against earthquake load. As soon as the structure undergoes lateral deformations, the fric-
tion dampers are activated and start dissipating energy. Since the dampers may dissipate a major
portion of the seismic energy, the forces acting on the structure can be considerably reduced. In
contrast to shear walls or steel braces, the friction-dampers need not be vertically continuous. Since
the damped bracing do not carry gravity load, they do not need to go down through the basement to
the foundation. Friction dampers have been successfully applied to seismic retrofit of real structures
(Pasquin et al., 2002). Mualla and Belev (2002) proposed a friction damping device (FDD) and carried
out tests for assessing the friction pad material, damper unit performance and scaled model frame
response to lateral harmonic excitation. Moreschi and Singha (2003) presented a methodology to
determine the optimal design parameters for the devices installed at different locations in a building
for a desired performance objective. Bhaskararao and Jangid (2006) proposed numerical models of
friction dampers for MDOF structures and validated the results with those obtained from an analytical
model. Results show that using friction dampers to connect adjacent structures of different fundamen-
tal frequencies can effectively reduce earthquake-induced responses of either structure if the slip force
of the dampers is appropriately selected. Lee e al. (2008) proposed a design methodology of com-
bined system of bracing and friction dampers for seismic retrofit of structures.
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Progressive collapse is a series of local and global failures due to local damage to structural ele-
ments caused by abnormal loads. The potential abnormal loads that can trigger progressive collapse
are categorized as: aircraft impact, design/construction error, fire, gas explosions, accidental over-
load, hazardous materials, vehicular collision, bomb explosions, etc. (NIST, 2006). Kim and Kim
(2009) showed that nonseismically designed low-rise structures could be vulnerable to progressive
collapse especially when a first-storey corner column was removed. Hayes et al. (2005) investigated
the relationship between the seismic design and the blast or progressive collapse-resisting capacity
and mentioned that the special moment frame detailing provisions required in areas of high seismic-
ity would provide better resistance to external explosion or impact effects than the less-rigorous
detailing required for Ordinary Moment-resisting Frames (OMF). To resist progressive collapse of
structures, Crawford (2002) proposed the use of connection details developed for earthquake such
as Side Plate™, the use of cables imbedded in reinforced concrete beams to activate the catenary
action, and the use of mega-truss in high-rise buildings. Kim and An (2009) investigated the pro-
gressive collapse potential of steel moment frames considering catenary action of beams assuming
that the joints are strong enough to resist the catenary force.

This study presents the performance of friction dampers connected to high strength tendons to
enhance both seismic and progressive collapse resisting capacity of existing structures. To this end
3-, 6- and 15-storey reinforced concrete moment frames were designed considering only gravity loads.
Rotational friction dampers were designed using the capacity spectrum method to satisfy given per-
formance objectives against seismic load, and their seismic and progressive collapse resisting capacity
were investigated using nonlinear static and dynamic analyses.

2. INSTALLATION OF ROTATIONAL FRICTION DAMPERS WITH CABLES

Mualla and Belev (2002) proposed rotational FDDs composed of a central steel plate, two side plates
and two circular friction pad discs placed in between the steel plates as shown in Figure 1. The central
plate is attached to the girder midspan in a framed structure by a hinge. The ends of the two side
plates are connected to the members of inverted V-brace as shown in Figure 2. The bracing makes
use of pretensioned bars in order to avoid compression stresses and subsequent buckling. The bracing
bars are pin-connected at both ends to the damper and to the column bases. The combination of two
side plates and one central plate increases the frictional surface area and provides symmetry needed
for obtaining plane action of the device. A pretightened bolt connects the three plates of the damper
to each other. This adjustable bolt is used to control the compression force applied on the interfaces
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Figure 1. Details of the friction damper device proposed by Mualla and Belev (2002).
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Figure 2. Installation of the friction damper and cables.
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Figure 3. Mechanism of the rotational friction damper.
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Figure 4. Structure with the friction devices installed with cables.

of the friction pad discs and steel plates. When a lateral force excites a frame structure, the girder
tends to displace horizontally. The bracing system and the forces of friction developed at the interface
of the steel plates and friction pads will resist the horizontal motion. Figure 3 depicts the functioning
of the FDD under lateral excitation. Only tensile forces are induced in the cables. As is shown, the
device is very simple in its components and can be arranged within different bracing configurations
to obtain a complete damping system. Figure 4 depicts the installation scheme of FDDs with cables
so that vertical deflections caused by sudden loss of a column as well as the lateral drifts by wind or
seismic loads are also reduced. In the three-bay model structure two FDDs are placed in each of the
end spans, and as the cables are continuous along the floor beams, all FDDs will be activated no
matter which column is lost.

3. DESIGN OF FRICTION DAMPERS

3.1. Estimation of the required effective damping ratio
The damping ratio required to satisfy a given performance limit state can be conveniently obtained
using the capacity spectrum method presented in the ATC-40 report (ATC, 1996). The first step for

Copyright © 2009 John Wiley & Sons, Ltd. Struct. Design Tall Spec. Build. 20, 515-537 (2011)
DOI: 10.1002/tal



518 J. KIM, H. CHOI AND K.-W. MIN

application of capacity spectrum method is to transform the structure to an equivalent single-degree-
of-freedom (SDOF) structure. It also requires that both the demand spectra and structural capacity
curve be plotted in the spectral acceleration S, versus spectral displacement S, domain, which is known
as the acceleration—displacement response spectra (ADRS), using the following relationship:
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where S, and S, are the acceleration and displacement responses, respectively; M} and T’y are the
effective mass and mass participation factor, respectively; ¢,z and ¢ represent the coefficients of the
mode shape vector, combined by square root of sum of squares (SRSS) technique, corresponding to
the roof and the ith storey, respectively; ¢; is the ith coefficient of the jth mode shape vector; and m;
is the mass of the ith storey.

To convert a response spectrum with the standard acceleration versus natural period format to
ADRS, it is necessary to determine the value of S, corresponding to each point on the original curve.
The relationship between the base shear and the top storey displacement is obtained by gradually
increasing the lateral loads appropriately distributed over the stories. In this study, the effects of the
higher modes are considered during pushover analysis by combining all modes using SRSS method.
The lateral storey force is obtained as follows (Freeman et al., 1998):
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where ¢ is the ith component of the jth mode shape vector and S,; is the spectral acceleration cor-
responding to the jth mode. If the inherent viscous damping of the structure is assumed to be ¢, then
the effective damping ratio of the system can be obtained as:

gqf = gi + ngq (3)

where ¢,, is the equivalent damping ratio contributed from hysteretic behaviour, and xis the efficiency
factor, which is taken to be 1.0 when perfect bilinear system is assumed. The effective damping is
used to plot the demand curve. The equivalent viscous damping ratio of the structure subjected to
hysteretic response shown in Figure 5 is determined from the energy dissipated by the hysteretic
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Figure 5. Estimation of equivalent damping ratio.
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behaviour, Ep, which is the area enclosed by the hysteresis loop at maximum displacement, and the
stored potential energy corresponding to the area of the shaded triangle, Eg (FEMA, 1997):

£ L Eo 205050 =SySu) “
4n ES ”SdtSat

where the variables S,, and S,, are the acceleration and displacement of the equivalent SDOF system
at yield, respectively, and S,, and S, are the acceleration and displacement at target point, respectively.
A bilinear representation of the capacity spectrum is needed to estimate the effective damping and
appropriate reduction of spectral demand.

When friction dampers with tendons are installed in a structure the stiffness as well as the damping
ratio increases. This results in the change in the effective period (7,) and the capacity curve as
depicted in Figure 6, where S, represents the target displacement of the equivalent SDOF system,
and S, and S,,, are the maximum acceleration responses at the target displacementS,, before and after
the damping system is installed. The effective damping ratio of a structure with added damping
devices can be expressed as follows:

G o =Gi +KG oy +Ga &)

where ¢, is the equivalent damping of the structure with damping device, and ¢, is the equivalent
damping ratio contributed from the FDD. Based on Figure 5, ¢',, can be obtained as follows:
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(6)

The energy dissipated by the FDD per loading cycle is equivalent to the area enclosed in the rectan-
gular bending moment—rotation curve shown in Figure 7. The dissipated energy Epr can be simplified
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Figure 6. Changed capacity spectrum due to installation of FDD.
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Figure 7. Energy dissipated by FDD.
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to Equation (7), and the equivalent damping ratio ¢, required to satisfy a given performance point can
be obtained as Equation (8):

L Epr _ 2M,6 (8)

ST Es  7S,,S,

where Ej represents the maximum strain energy of the structure with damping system, M, is the
rotational frictional strength of the damping device, and 6 is the rotation of the FDD.

3.2. Determination of frictional moment of FDD

Based on the assumption that the deformation of the dampers is equal to the interstorey drift of the
structure, Equation (8) can be transformed into Equation (9):

2Fdet
= Sdodt ©))
gd nsatZSdt
Using the above equation the rotational frictional moment can be determined as follows:
! (10)
M, = Fh, = Egdﬂsz ha

where £, is the length of the vertical steel plate. To obtain the acceleration response increased by the
addition of damping devices, S, the stiffness added by the devices needs to be computed. As the
strength of the tendons is generally very high, the yield strength of the combined damper + cable
system depends only on the yield strength of the FDD as shown in Figure 8. It would simplify the
design process to design the FDD so that their yield displacements are the same as the yield displace-
ment of the structure. With the yield strength of the FDD defined, the yield strengths of the structure
with the damping devices, F,; and F),, can be obtained as follows using Figure 9:

Iryl = E}' + Ksucy = Kcucy + Ksucy (11)
EVZ :Ey+R)’ (12)

where u,., and u,, are the yield displacements of FDD and the structure, respectively, and F,, and F,
are the yield strength of the FDD and the structure, respectively. When dampers and tendons are
installed as shown in Figure 4, the lateral stiffness contributed from the tendons can be obtaind as
follows:

E A E.A;
K. =N(K;+K;)=N{——cos’0, + —~cos” 6,
ZN{ECA(L,-COSQGJ- +L;cos’6;)

13)

where N is the number of the dampers installed in a storey; E. is the elastic constant of the tendon;
A is the cross-sectional area of the tendon; 6; and 6, are the slopes of the tendons located in the left-
and right-hand-side of the damper, respectively; and L; and L; are the length of the tendons located
in the left- and right-hand-side of the damper, respectively. The capacity curve of the structure with
FDD can be plotted as Figure 9 using the following relation:
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Figure 8. Force—displacement relationship of the cable system.
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Figure 9. Force—displacement relationship of a structure with FDD.
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Finally, the effective damping ratio of the structure with FDD, ¢, can be obtained from the capac-
ity curve and the demand curve corresponding to the target displacement, and the additional damping
ratio required to meet the performance objective, ¢,;, can be obtained from Equation (5) as follows:

Gd = g,eﬁ‘ _Gi _Kg’eq (15)

The required rotational friction moment of the damper can be computed by substituting ¢, into Equa-
tion (10). The above process is carried out after transforming the structure into the equivalent SDOF
system, and therefore the required damping ratio obtained in Equation (15) needs to be distributed to
each storey of the multistorey prototype structure. In this study, the required damping is distributed
to each storey proportional to the interstorey drift obtained by pushover analysis.

4. DESIGN AND MODELLING OF ANALYSIS MODEL STRUCTURES

4.1. Design of analysis structures

To validate the design process of the dampers, 3-, 6- and 15-storey reinforced concrete model struc-
tures, shown in Figure 10, were designed (i) as ordinary moment-resisting frames (OMRF) without
considering seismic load and (ii) as special moment-resisting frames (SMRF) considering seismic
load. One of the horizontal external frames was taken out of the three- by four-bay moment resisting
frames shown in Figure 11. The model structures were designed to have 8-m span length and the
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Figure 10. Elevation of analysis model structures: (a) three-storey; (b) six-storey; and
(c) 15-storey.

Il
J
I 1
J

r
J

3x8m

Figure 11. Structural plan of analysis model structure.

design dead and live loads were 4.5 kN/m? and 2.5 kN/m?, respectively. Structural members were
designed using normal strength concrete having f.” = 2.4 kN/cm? in accordance with the ACI 318
(2002), and seismic load was determined based on the International Building Code (ICC, 2006). In
the model structures the member sizes were varied in every three stories. The coefficients for design
seismic load are presented in Table 1 and the member sizes of the designed model structures are
shown in Table 2.

4.2. Modelling for analysis

The model structures were analysed using the program code OpenSees (Mazzoni et al., 2007), which
can simulate static and dynamic structural behaviours considering both material and geometric non-

Copyright © 2009 John Wiley & Sons, Ltd. Struct. Design Tall Spec. Build. 20, 515-537 (2011)
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Table 1. Seismic design coefficients for model structures.

523

Maximum considered earthquake

Site class

Design earthquake
Seismic use group

Seismic design category

S;=161g,S,=079¢g
Class D, Stiff Soil: F,=1.0, F, = 1.5
Sps=1.07 g, Sp1 =0.79 g
Group I: Iz = 1.0 (three-storey, six-storey)
Group II: I = 1.25 (15-storey)

D

Table 2. Member size and reinforcement used in the analysis models.

(a) Member size and reinforcement of beams.

Reinforcing steel

Mgmber End of beam Mid-span of beam
ize
Model Type (mm) Top Bottom Top Bottom
3-storey 1-3 storey S 450 x 600 4-D22 3-D19 2-D19 3-D19
NS 450 x 550 4-DI19 2-DI19 2-D16 5-D16
6-storey 1-3 storey S 500 x 650 6-D22 3-D25 2-D25 2-D25
NS 450 x 550 4-D19 2-DI19 2-DI19 3-D19
4-6 storey S 450 x 600 5-D22 2-D25 2-D22 3-D25
NS 450 x 550 4-D19 2-D19 2-D19 4-D19
15-storey 1-3 storey S 550 x 650 6-D25 3-D29 3-D22 3-D22
NS 550 x 650 4-D19 2-DI19 2-D19 3-DI9
4-6 storey S 520 x 630 6-D25 3-D29 2-D25 3-D22
NS 520 x 630 4-D19 2-DI19 2-D19 4-D19
7-9 storey S 500 x 600 6-D25 3-D29 2-D25 2-D25
NS 500 x 600 4-D19 2-D19 2-D19 4-D19
10-12 storey S 500 x 570 5-D25 2-D29 2-D25 2-D25
NS 500 x 570 4-D19 2-D19 2-D19 4-D19
13-15 storey S 430 x 540 10-D25 5-D25 2-D22 2-D25
NS 430 x 540 4-D19 2-D19 2-D19 4-D19
(b) Member size and reinforcement of columns.
Exterior columns Interior columns
Member Size Reinforcing Member Size Reinforcing
Model Type (mm) steel (mm) steel
3-storey 1-3-storey S 470 x 470 4-D29 550 x 550 12-D25
NS 350 x 350 6-D19 400 x 400 10-D19
6-storey 1-3-storey S 500 x 500 6-D29 600 x 600 12-D29
NS 370 x 370 6-D19 450 x 450 8-D19
1-3-storey S 450 x 450 10-D25 570 x 570 12-D29
NS 370 x 370 6-D19 450 x 450 8-D19
15-storey 1-3-storey S 600 x 600 12-D25 700 x 700 10-D29
NS 550 x 550 6-D25 700 x 700 10-D25
4-6-storey S 570 x 570 6-D32 670 x 670 14-D25
NS 500 x 500 4-D29 650 x 650 12-D22
7-9-storey S 530 x 530 8-D32 630 x 630 12-D29
NS 450 x 450 4-D25 620 x 620 6-D29
10-12-storey S 500 x 500 6-D32 620 x 620 12-D25
NS 420 x 420 4-D25 570 x 570 6-D29
13-15-storey S 470 x 470 6-D29 570 x 570 12-D22
NS 400 x 400 4-D25 520 x 520 6-D29

S, seismic design; NS, non-seismic design.
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linearities. Beams and columns were modelled by ‘nonlinearbeamcolumn element’, and the tendons
and FDD were modeled by ‘corotTruss element’ and ‘zerolength element’, respectively, using the
‘ElasticPP material’. The hysteretic behaviour of structural steel and reinforcing bars was modelled
by the ‘Hysteretic material” as shown in Figure 12(a). The cover concrete and the core concrete were
modelled by the ‘Concrete01’ and the ‘Concrete(02’ materials, respectively, as shown in Figure 12(b).
The behaviours of cover and core concrete were modelled based on the work of Mander ef al. (1988).
For dynamic analysis, 5% damping ratio was assumed and was implemented into the analysis using
the Rayleigh method. Table 3 shows the dynamic properties of the model structures before installation
of dampers.

4.3. Seismic response of the model structures retrofitted by friction dampers

In this section, the amount of FDD required to meet a given target displacement for a specific earth-
quake were estimated through the capacity-demand diagram procedure described above, and the
seismic responses of the model structures retrofitted by the friction dampers were evaluated by non-
linear dynamic analyses. To construct demand curve an artificial earthquake with the peak ground
acceleration equal to 0.5 g was generated based on the design spectrum with Spg = 1.07 and Sp, =
0.79. Figure 13 plots the time history of the generated earthquake ground acceleration, and Figure 14

|
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1
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A stress
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concrete
Confined
concrete

(b)

Figure 12. Stress—strain relationship of structural materials: (a) reinforcing steel; and (b) concrete.

Table 3. Modal properties for non-seismic designed structures.

Model Vibration mode Ist 2nd 3rd
3-storey Period (s) 0.68 0.20 0.11
Effective mass (%) 95.5 4.06 0.4
6-storey Period (s) 1.01 0.32 0.18
Effective mass (%) 89.6 7.7 1.8
15-storey Period (s) 1.60 0.58 0.34
Effective mass (%) 77.8 12.3 43
Copyright © 2009 John Wiley & Sons, Ltd. Struct. Design Tall Spec. Build. 20, 515-537 (2011)
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Figure 13. Time-history of artificial earthquake record.
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Figure 14. Response spectrum for artificial ground motion.

Table 4. Decision of target drift and top storey displacement.

Model Target drift (%)  Top storey displacement (cm)

3-storey 1.5 10.01
6-storey 1.0 12.87
15-storey 0.5 18.92

shows the design spectrum and the response spectrum of the artificial record. The target performance
points were determined based on the interstorey drift limit states. Different target point was assigned
to each model structure to confirm the validity of the damper design process. Table 4 shows the given
target interstorey drifts and the top storey displacements of the model structures at which the target
drifts were reached.

Figures 15-17 show the procedure to estimate the required damping for each model structure to
meet the target displacement. The estimated required damping ratios for the model structures are
presented in Table 5. Figure 18 shows the top-storey displacement time-histories of the OMRF model

Copyright © 2009 John Wiley & Sons, Ltd. Struct. Design Tall Spec. Build. 20, 515-537 (2011)
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Figure 15. Estimation of required damping ratio for three-storey structure.
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Figure 16. Estimation of required damping ratio for six-storey structure.
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Figure 17. Estimation of required damping ratio for 15-storey structure.
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Figure 18. Time histories with and without FDD: (a) three-storey; (b) six-storey; and (c) 15-storey.
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Table 5. Estimation of required damping ratio and rotational frictional strength.

Responses of equivalent SDOF system

(ADRS format)

Displacement (cm)

Acceleration (g)

C’eff Cd
Model Scy Ssy Sdl Sal,l Sal.2 Sal (%) (%) Md (chm)
3-storey 2.00 3.61 8.49 0.343 0.417 0.414 33.5 13.6 2599.7
6-storey 3.78 7.49 10.30 0.320 0.370 0.368 38.0 27.9 4730.3
15-storey 7.75 8.14 12.73 0.300 0.304 0.320 35.0 26.0 3846.9
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Figure 19. Variation of maximum interstorey drift ratio: (a) three-storey; (b) six-storey; and
(c) 15-storey.

structures with and without the dampers. It can be observed that displacement responses decreased
significantly with the addition of the dampers. The interstorey drifts of the model structures depicted
in Figure 19 show that interstorey drifts decreased with the installation of the dampers and the target
drifts are generally satisfied with the installation of the dampers. As the dampers are activated by the
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Figure 20. Behaviour of FDD under artificial earthquake: (a) three-storey; (b) six-storey; and
(c) 15-storey.

occurrence of interstorey drift, they will be most effective when structures deform at shear beam
mode. This may explain the excedence of the target drift in most stories of the 15-storey structure,
which deforms in bending or cantilever mode in combination with the shear mode. Figure 20 shows
the hysteresis curves of the FDD installed in the model structures. As expected, the dampers show
stable hysteretic behaviour and dissipate large amount of seismic energy.

5. COLLAPSE PERFORMANCE OF RETROFITTED STRUCTURES

5.1. Analysis method for progressive collapse

Figure 21 shows the gravity load applied on the model structures for progressive collapse analysis.
For static analysis, the USGSA guidelines (2003) recommends to use dynamic amplification factor
of 2.0 in load combination in the bays from which a column is removed as shown in Figure 21(a).
For dynamic collapse analysis no amplification factor was applied. To carry out dynamic analysis,
the axial force acting on a column was computed first before the column was removed. Then the
column was replaced by point loads equivalent of its member forces as shown in Figure 21(b). To
simulate the effect of a column abruptly removed, the member forces were suddenly removed after
a few seconds were elapsed as shown in Figure 21(c), where W is the vertical load.
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Figure 21. Applied load for progressive collapse analysis: (a) Gravity load applied for nonlinear
static analysis; (b) Gravity load applied for nonlinear dynamic analysis; and (c) Application of ver-
tical load for dynamic analysis.

5.2. Equivalent truss element

The tendons connected to the dampers in both the exterior bays are continued in the two interior bays
as shown in Figure 5. When an interior column is suddenly removed, the dampers are activated by
the tendons located parallel to the floor beams. The tendons were modelled as equivalent truss ele-
ments with the effective horizontal stiffness and member properties obtained as follows:

1 1 1 1 1 1
LI S - ¥ (16)
keﬁ‘ ki COS 9; kh EcAeff EcAi COS2 01‘ EcAh
Ly L; L,
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where A;, L; and 6, are the cross-sectional area, length and slope of the sloping tendons connected to
the dampers, respectively; A, and L, are the cross-sectional area and the length of the horizontal
tendons, respectively; E, is the elastic modulus of the tendon; and A,; and L, are the cross-sectional
area and the length of the equivalent truss elements, respectively. By equating L., with distance
between the damper and the joint from which a column is removed, the effective cross-sectional area
of the cable, A,;, can be obtained.

5.3. Progressive collapse analysis results

The model structures with and without FDD were analysed with one of the first storey columns
removed. In the SMRFs designed with seismic load, the sum of the nominal flexural strengths of the
columns framing into a joint was selected to be at least 1.2 times larger than those of the beams
framing into the joint to ensure strong column-weak beam mechanism. Figures 22-24 present non-
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Figure 22. Pushdown analysis results of three-storey structures: (a) corner column removed; and
(b) middle column removed.
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Figure 23. Pushdown analysis results of six-storey structures: (a) corner column removed; and (b)
middle column removed.

linear static pushdown analysis results of the model structures with one of the first storey column
removed. A series of analyses were carried out until the beam rotation reached 0.2 rad based on the
observation that the reinforced concrete test specimens of Sasani and Kropelnicki (2008) and Yi
et al. (2008) failed at similar beam rotation. The progressive collapse-resisting capacity was expressed
as a load factor corresponding to a certain vertical deflection level. The load factor of 1.0 implies that
the pushdown force reached the loading state specified in the USGSA guideline (2003) including the
dynamic amplification factor, 2 X (Dead load + 0.25 x Live load). Figure 22 shows the nonlinear static
pushdown analysis results of the three-storey structure. When a corner column was removed, the
maximum load factor of the OMREF structures not designed for seismic load reached about 0.3. The
maximum load factors of the structures designed with seismic load and the structures retrofitted with
FDD increased to about 0.5 and 0.9, respectively. When the center column was removed the load
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Figure 24. Pushdown analysis results of 15-storey structures: (a) corner column removed; and (b)
Middle column removed.

factors slightly increased due to catenary action of the beams. According to previous research a struc-
ture with maximum load factor less than 1.0 may have possibility of progressive collapse due to loss
of a column. It was observed that strong possibility of collapse exists in a structure with maximum
load factor less than 0.5 (Kim et al., 2009). Therefore, even the structure designed with seismic load
turned out to have strong possibility of collapse as a result of the column removal. Figures 23 and 24
present the static pushdown down analysis results of the 6- and 15-storey structures, where it can be
observed that as the number of storey increases the maximum load factor of the model structures
without dampers slightly increase. However, the maximum load factors of the non-seismic-designed
structures are still less than 0.5 and are susceptible to progressive collapse. Even the maximum load
factors of the seismic designed structures are still less than 1.0 and are not safe against progressive
collapse. On the other hand, the non-seismic-designed structures retrofitted with FDD showed
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Figure 25. Nonlinear dynamic analysis results of three-storey structures: (a) corner column
removed; and (b) middle column removed.

maximum load factors larger than or close to 1.0 and are considered to be safe against progressive
collapse.

Figures 25-27 plot the vertical displacement time-histories of the model structures with a corner
column and a centre column suddenly removed one at a time. It can be observed that all the model
structures not designed for seismic load collapsed after a column was removed, which is consistent
with the nonlinear static analysis results. The three-storey seismic designed structure (SMRF) failed
when the corner column as well as the centre column was removed. However, both the 6- and
15-storey seismic-designed structures with higher redundancy remained stable after a column was
removed. On the other hand, all the model structures retrofitted with FDD turned out to remain stable
when a first storey column was removed. The analysis results demonstrate that the FDDs, originally
designed to reduce seismic responses, can also be effective in resisting progressive collapse initiated
by sudden loss of a column. The effectiveness of the dampers in resisting vertical deflection was
higher when a corner column was removed than when a centre column was removed. This is due to
the fact that the length of the tendon involved in the vertical deformation in the former case is shorter
than that of the latter case.
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Figure 26. Nonlinear dynamic analysis results of six-storey structures: (a) corner column removed;
and (b) middle column removed.

6. CONCLUSIONS

This study presents analytical study of the effectiveness of rotational friction dampers to enhance both
seismic- and progressive collapse-resisting capacity of existing structures. To this end 3-, 6- and
15-storey reinforced concrete moment frames were designed as analysis models. The amount of
rotational friction dampers required to satisfy given seismic performance limit states was determined
using the capacity spectrum method. Nonlinear dynamic time-history analysis results showed that the
structures retrofitted with rotational friction dampers generally satisfied the given performance objec-
tives against seismic load. The interstorey drifts of the three-storey structure were generally over-
controlled and those of the 15-storey structure were under-controlled due to the seismic retrofit using
the capacity spectrum method. The nonlinear static and dynamic analysis results of the model struc-
tures with a column suddenly removed showed that the non-seismic-designed model structures and
the three-storey seismic-designed structure turned out to collapse after a column was suddenly
removed. All the model structures seismically retrofitted by FDDs, however, remained stable no
matter which column was removed. This implies that the passive dampers, which have been applied
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Figure 27. Nonlinear dynamic analysis results of 15-storey structures: (a) corner column removed;
and (c¢) middle column removed.

as a means of mitigating wind or earthquake-induced response, may be effective in enhancing pro-
gressive collapse-resisting capacity of structures. The effectiveness was more pronounced when a
corner column was removed than when a central column was removed.
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