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In this study, the seismic performance of a rotational friction damper with restoring force is presented. The torsional spring friction
damper consists of rotational friction pads with the heavy duty torsional springs attached on both sides of the friction damper. An ana-
lytical model and a design procedure for the damper are developed using capacity spectrum method. A parametric study is carried
out to investigate the influence of the torsional spring in the response of the structure when subjected to ground motions. The seis-
mic performances of steel structures retrofitted with the torsional spring friction damper and conventional rotational friction dampers
are evaluated using fragility analysis, which shows that the structure retrofitted with the torsional spring friction damper has the smal-

lest probability of reaching the specific limit states.
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Introduction

The demand of passive energy dissipation devices for
seismic protection of new and existing structures has
been rapidly increasing in recent years. Various types
of energy dissipation devices have been developed in
the literature. For example, displacement-dependent
hysteretic devices (Kim et al., 2009; Lee and Kim,
2017; Whittaker et al., 1991), viscous or viscoelastic
devices (Javidan and Kim, 2020; Kim and Bang, 2003;
Xu et al., 2020, 2003a, Kim et al.,, 2016), friction
devices (Javidan and Kim, 2019; Lee et al., 2008;
Mualla and Belev, 2002), and magnetorheological
dampers (Xu et al., 2003b; Xu and Shen, 2003) have
been widely investigated. One of the drawbacks of
using passive dampers for seismic protection is the
presence of residual deformation in a structure when
subjected to severe ground motions. Residual deforma-
tion may result in loss of operational efficiency of the
structure, and can also significantly increase repair
cost and downtime.

To enhance seismic performance of passive
damping devices, hybrid dampers and self-centering
dissipative devices have been extensively studied. Self-
centering dissipation devices have advantage over con-
ventional passive dampers and stiffening of structures
in that the structure can return to its original position
after subjected to a ground motion. To reduce or

eliminate residual deformation in structures, many
researchers have investigated various self-centering ret-
rofitting schemes. For instance, application of post-
tensioning re-centering systems to the precast structure
have been studied by Priestley et al. (1999) and bracing
systems providing energy dissipation capacity and
restoring force have been developed (Chou et al., 2016;
Christopoulos et al., 2008; Miller et al., 2012). Post-
tensioned tendons have been used in pre-stressed pre-
cast shear walls, reinforced concrete moment frames
(Rahman and Sritharan, 2007), and steel-braced
frames (Dyanati et al., 2014; Eatherton et al., 2014;
Roke and Jeffers, 2012) to provide stiffness and restor-
ing force. The super-elastic property of shape memory
alloy has been used to produce damping devices hav-
ing both energy dissipation and self-centering capabil-
ity (Dolce and Cardone, 2006; Ingalkar 2014). Naeem
et al. (2017) developed the hybrid damper using the
superelastic shape memory alloy bars with the
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conventional steel slit damper, which not only
enhances the seismic performance of the conventional
slit damper but also provides the self-centering capa-
bility. Recently Noureldin et al. (2018) investigated
optimum design procedure of structures retrofitted
with slit—friction hybrid dampers.

The rotational friction dampers (FDs) have been
proven to be effective in protecting structures against
seismic events (Anoushehei et al., 2017; Kim et al.,
2011; Mualla and Belev, 2002; Shirkhani et al., 2015).
The seismic performance of FDs combined with other
passive devices has also been investigated; Lee and
Kim (2015) and Lee et al. (2017) developed a hybrid
damping devices by combining steel slit and FDs con-
nected in parallel and showed that the hybrid dampers
are especially effective in reducing seismic responses
for small to medium earthquakes, compared with slit
or FDs with the same yield strength. Mirtaheri et al.
(2017) studied the effect of main shock—after shock on
the residual displacement of buildings equipped with
cylindrical frictional dampers.

This study presents the torsional spring friction
damper (TSFD), which is economical and easy to man-
ufacture. The TSFD is the combination of the rota-
tional FD, developed by Mualla and Belev (2002),
combined with heavy duty torsional springs which pro-
vide additional stiffness and re-centering force during
seismic excitations. This self-centering capability is
expected to lead to smaller maximum and residual dis-
placements compared to conventional rotational FDs.
A parametric study is carried out on a three-story steel
structure to show the effectiveness of the TSFD com-
pared to the conventional FD. Seismic loss assessment
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and life-cycle cost estimation of three-story and eight-
story steel structures are performed using 22 sets of
ground motions to validate the effectiveness of the
TSFD.

TSFDs

A TSFD consists of central and external steel plates
rotating against each other as shown in Figure 1. There
are circular friction disks between the central and
external side plates. The high strength bolt connects
the steel plates, steel shafts, and friction pads of the
damper. The adjustable bolt with hard washers and
spring washers provide the constant clamping force to
the friction pads and steel plates. Torsional springs are
installed on the steel shafts on both sides of the central
steel plate. The arms of the torsional springs are
restrained by the central and bottom steel plate welded
to the side steel plates. The torsional springs are made
of high tensile hard drawn (HD) steel or oil-treated
commercial steel which can provide the required spring
stiffness for the damper. Figure 2 shows the behavior
of the TSFD during an earthquake excitation. The cen-
tral steel plate of the damper is connected to the girder
by a hinge as shown in Figure 2 to avoid bending
moment during excitation. The side steel plates of the
damper are connected to the inverted-V (chevron) bra-
cing consisting of pre-tensioned bar members to avoid
the bending due to compression forces. During earth-
quake excitation, rotation of the friction pads relative
to the steel plates dissipate vibration energy, and the
two torsional springs attached parallel to the FD pro-
vide re-centering forces to the steel plate, bringing the

External steel plate
(side plates)

Assembled view

Figure 1. Exploded and assembled view of the torsional spring friction damper (TSFD).
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Figure 2. Energy dissipation and re-centering mechanism of the torsional spring friction damper.

damper back to its original position. The torsional
springs in the TSFD reduce the residual displacements
and enhance the energy dissipation capacity of the FD
by providing extra stiffness to the structure.

The FD is activated when the applied load reaches
the slip force. As the initial stiffness of a FD is very
large, larger energy is dissipated compared with the
steel damper with the same yield force. The energy dis-
sipation by the rotational FD is computed by equation

()

Udissipated — JMf

o

0|dt (1)

where My and 6 are the rotational strength in the hinge
of the damper and the velocity of the hinge’s relative
rotation, respectively. Figure 3 shows the component
forces of a single-story frame equipped with the rota-
tional FD (Mualla and Belev, 2002). The frictional
hinge is located at point C, and the slip force of the
FD is denoted by Fj,. When the external force Fy is
exerted on the damper by the beam of the frame, the
frictional moment M; occurs on hinge C, which pro-
duces the tension and compression forces in the braces
and can be obtained from equation (2)

My = F2rsin (v) (2)

The axial force in the braces can be calculated by
equation (3), where 4, is the length of the vertical steel
plate and v is the angle of the braces

__ M
Fa= 2h, cos (v) (3)

c =
F, < . M=F, h,
C F, C

1 1 h “2 1

2 Fn @ Fn
2

cosv % Fh tanv % Fh tanv 2cosv
v G

(b)

Figure 3. Component forces of the damping system (Mualla
and Beleyv, 2002): (a) analysis model and (b) member forces of
damping system.
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Figure 4. Scheme of the stiffening and re-centering torsional
spring details.

The yield force of the FD can be obtained from
equation (4), where w is the friction and coefficient, n
is the number of frictional faces, Q is the clamping
force of the high tension bolt, / is the length between
the plates, and R,, is the effective area of the circular
friction face. The friction coefficient of the friction
pads is assumed to be 0.35 according to Damptech
(2020)

Ry,
Fyield, friction = 2NQ 7 (4)

Torsional spring exerts the torque when they are
deflected, and Figure 4 shows the configuration and
behavior of a circular torsional spring. The spring stiff-
ness and force of the torsional spring can be calculated
by equations (5) and (6), respectively

E-d*
R= 5
10.8DN ©)
_k-¢
P= oy (6)

where R is the spring stiffness, £ is the modulus of elas-
ticity, d is the wire diameter, N is the number of coils,
D is the mean diameter of coils, P is the force of the
torsional spring, ¢ is the deflection in degrees, and m,
is the moment arm of the torsional spring.

The nonlinear behavior of the torsional spring FD
can easily be developed in the general purpose struc-
tural analysis software such as SAP2000. The FD with
slip force is modeled using the nonlinear link “wen
plastic link,” and the linear behavior of the rotational
spring can be defined using the “multilinear elastic
link.” A Hook link is provided to limit the damper to
work only in stroke range. The analytical model of a
TSFD is presented in Figure 5(a) and the force—
displacement response of link elements is depicted in
Figure 5(b).

Seismic performance evaluation of
retrofitted structures

To investigate the influence of the torsional spring in
the TSFD, a parametric study is conducted using anal-
ysis model structures. A three- and an eight-story steel
moment frames with 6000 mm span length and
4000 mm story height are used as representative mod-
els. The model structures are designed considering only
the gravity loads under the assumption that they were
designed before the seismic codes were enforced; there-
fore the seismic load is not considered in the structural
design and the dead and live loads of 5.0 and 2.5 kN/m?,
respectively, are used as gravity loads. The plan, eleva-
tion, and member sizes of the prototype structures are
shown in Figure 6, and only one of the exterior frames is
separated from each structure for the analysis. The loca-
tions of the dampers are also shown in this figure. Beams
and columns of the structures are W-shaped sections.
Figure 7 shows the stress—strain relationship of the steel
used for structural elements, where the material proper-
ties of A-36 (ASTM) steel with yield stress of 250 MPa is
used for beams and A-572 steel with yield stress of
345 MPa is used for columns.

To carry out nonlinear dynamic analysis of the
model structures, the material model of the structural
members recommended by the FEMA-356 (2000) is
used. Plastic hinges are introduced at the end of the ele-
ments to account for the inelastic behavior. Figure 8(a)
shows the bending moment versus rotation angle rela-
tionship of the flexural members. The coefficients used
to define the nonlinear behavior (a, b, and ¢) are com-
puted considering the width—thickness ratios of the
structural members. Figure 8(b) indicates the deforma-
tion levels corresponding to each performance point
such as the first yield, immediate occupancy (10), life
safety (LS), collapse prevention (CP), collapse, and
fracture as specified in the FEMA-356. The inherent
damping ratio of the structure is assumed to be 3% of
the critical damping.

The three-story bare frame is subjected to seven
earthquakes shown in Table 1 which are scaled to
design level response spectrum of Los Angeles as
shown in Figure 9. The maximum inter-story drift
ratio (MIDR) and the maximum roof displacement
(MRD) of the structure are shown in Figure 10. The
MIDR is obtained to check whether the code-specified
limit state is satisfied, and MRD is obtained to show
the global behavior of the structure. It can be observed
that the mean MIDR is 2.90% of the story height. In
this study the limit state for the design level earth-
quake is set to be 1.5% of the story height (Korea
Building Code (KBC), 2019), and the maximum inter-
story drift response of the model structure turns out to
exceed this limit state. The mean residual and MRD of
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Figure 5. Analytical model developed for the torsional spring FD: (a) assembly of link elements and (b) force—displacement

relationships of the link elements.

the structure are 57 and 282 mm, respectively, for the
seven ground motions.

In the first part of this parametric study, the struc-
ture is retrofitted with the conventional FD to investi-
gate the effect of the friction force. Nonlinear time
history analyses of the model structure installed with
FDs are performed using the selected seven earth-
quakes, and the mean MIDR, MRD, and the residual
displacements are plotted in Figure 11. It can be
observed that the MIDR and MRD of the structure
keep decreasing as the slip force of the FDs keeps
increasing. However, the rate of reduction becomes
marginal after the friction force is increased over about
80 kN. This may be due to the fact that as the friction
force becomes larger and larger the damping system
acts more and more like a tension-only bracing. The
residual displacement of the structure rather increases
as the slip force exceeds that value. It can be observed

that the inter-story drift limit state of 1.5% of the story
height is satisfied as the slip force increases higher than
about 40 kN.

Similar analyses are performed for the structure ret-
rofitted with the TSFD to examine the influence of the
stiffness and the restoring force of the torsional spring.
The torsional spring stiffness of the TSFD is varied
from 5 to 40 kN-mm/deg (commercially available
range) with four different slip forces (25, 50, 100, and
160 kN) of the FD. Figure 12(a) shows the mean
MIDR of the seven analyses for the TSFD variable
spring stiffness (5, 10, 15, 20, 25, 30, and 40 kN-mm/
deg). The results show that as the spring stiffness
increases the structural responses generally decreases.
It also can be observed that the effect of the spring
stiffness decreases as the slip force of the FD decreases.
The rate of decrease in the inter-story and roof displa-
cements is slowed down as the spring stiffness
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Figure 6. Analysis model steel structures: (a) structural plan, (b) elevation, and (c) member size of structural elements.

increases, and as the spring stiffness increases higher
than 25 kN-mm/deg, the residual displacement rather
increases.

The seismic performance of the model structures is
investigated by performing nonlinear time history anal-
ysis using the earthquake records provided by PEER

NGA data base. The selected ground motion records
are from large magnitude events and recorded at mod-
erate fault-rupture distances on stiff soil or rock sites.
The model structures are assumed to be located in the
south of Los Angeles with spectral acceleration para-
meters Spg = 1.4¢g and Sp; = 0.7 g. The dampers are
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Table |. Earthquake records used for dynamic analysis.
ID no. Record no. Earthquake name Component Distance (km) PGA (g)
| 174 Imperial Valley IMPVALL/H-EII230 0.38
2 68 San Fernando SFERN/PEL 180 0.21
3 721 Superstition hills SUPERST/B-ICC000 0.36
4 752 Loma Prieta LOMAP/CAP000 0.53
5 953 Northridge NORTHR/MULO009 320 0.52
6 11 Kobe Japan KOBE/MIS000 >500 0.51
7 1485 Chi-Chi CHICHI/CHYI0I-E >500 0.44
PGA: peak ground acceleration.
00 placed in the center bay as shown in Figure 6 (b). The
e ——— TSFDs are designed with smaller slip force than FD.
///’ Table 2 shows the damper force and spring stiffness
500 — /// applied in the model structures. The engineering
// et . demand parameters for evaluating the seismic perfor-
/ T mance are the MIDR and the MRD. Figure 13 shows
00— Pt . . S
= ( e the roof displacement time histories of the three-story
§- k a structure before and after the seismic retrofit subjected
= 300 s to four selected ground motions. The FD applied for
8 the retrofit has slip force of 40 kN, and the TSFD has
v Stress Straln Curve 20 kN slip force, and 25 kN-mm/deg spring stiffness.
200 — ——— A572 . .
— A36 It can be observed that the maximum displacement of
the model structure decreases significantly after place-
100 — ment of the dampers, and that the residual displace-
ment at the end of the seven earthquakes is minimum
in the structure retrofitted with the TSFD, even though
0 r I I I I ] the slip force used for TSFD is only a half of what is
= L 0'0‘.1 = = = 12 used for the FD. The histograms in Figures 14 to 16
Strain [mm/mm| depict the analysis results of 22 ground motions in
p y g
. ) o ) terms of the MRD, MIDR, and mean residual displa-
Figure 7. Stress—strain relationship of steel material. cement of the structures before and after the retrofit. It
A
A b L]
> >
M « 4 » s
—_
B
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Figure 8. Nonlinear modeling of flexural members: (a) moment—rotation relationship and (b) definition of performance points.
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Figure 9. Response spectra of the seven ground motions and
the target design spectrum.

can be observed that marginal difference exists in the
maximum displacements of the model structures retro-
fitted with the two different dampers. The structures
retrofitted with the TSFD show lower MIDR com-
pared to the structures retrofitted with the FD for most
of the earthquakes. It is observed that in the three-
story structures the mean inter-story drift ratio is
0.75% and 1.20% for the TSFD and FD retrofit,
respectively. A similar trend is also observed in the
eight-story structure, where the mean maximum displa-
cement of 295 mm in the bare structure is reduced to
165 mm in the structure with FD, and is further
reduced to 140 mm in the structure with TSFD. The
mean MIDR of the eight-story structure with TSFD is
0.83%, which is the smallest in all eight-story struc-
tures. Similar trend can be noticed in the residual dis-
placements. It is observed that in the bare structure
plastic hinges form at the third-story columns. The
beams remain elastic due to composite action with the
reinforced concrete slabs. It is also noticed that no
plastic hinge is formed in the structure retrofitted with
FD or TSFD.

Max interstory drift ratio [%]

Imperial San T
Valley Fernando Hills Prieta

Superstition Loma Northridge Kobe  Chi Chi

(2)

Probability of reaching limit states

In this section, the safety assessment of the model
structures retrofitted with the FD and TSFD is con-
ducted based on a probabilistic approach using fragi-
lity analysis. A seismic fragility curve shows the
probability that the response of a structure exceeds a
specific limit state when subjected to a ground motion
with a specified intensity. The risk assessments of the
structures retrofitted with the TSFD and the FD are
carried out and the results are compared to those of
the model structure before the retrofit. The fragility
analysis is carried out using 22 pairs of far field ground
motion records provided in the PEER-NGA database
(PEER 2017). The seismic fragility is described by the
conditional probability that the structural capacity C
fails to resist the structural demand D, given the seis-
mic intensity, S/. The fragility function can be well
fitted to a lognormal cumulative distribution function
as follows (Celik and Ellingwood, 2009)

P[C<D|ISI=x]=1-®

") 1) o

\/Bhis + B+ B Bror

where @[] is the standard normal cumulative distribu-
tion function, C is the median structlkral capacity asso-
ciated with the limit state, and D is the median
structural demand. The uncertainties in seismic risk
assessment are considered using the uncertainty in the
capacity B, uncertainty in the structural demand
Bpysr» and modeling uncertainties 3. In this study, the
total system collapse uncertainty B, is assumed to be
0.6 according to FEMA P695 (Federal Emergency
Management Agency (FEMA) 2009) throughout this
study.

450
400 AVE = - -
350
300
250
200
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Max roof displacement [mm)]

Chi Chi

Imperial ~ San
Valley Fernando ills Prieta

Superstition Loma Northridge Kobe

(b)

Figure 10. Response of three-story bare structure subjected to seven ground motions: (a) inter-story drift ratio and (b) maximum

roof displacement.
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Figure 13. Roof displacement time histories of the three-story structure before and after retrofit subjected to selected earthquake
records: (a) Imperial Valley (El Centro), (b) San Fernando, (c) Superstition Hills, and (d) Loma Prieta.

Table 2. Damping forces of the FD and TSFD applied to the
model structures.

Model FD TSFD
Slip Slip Spring stiffness
force (kN) force (kN) (kN/mm)
Three-story 40 20 25
Eight-story 90 45 30

FD: friction damper; TSFD: torsional spring friction damper.

To obtain fragility curves of the model structures,
incremental dynamic analyses (IDAs) of the structures
before and after the retrofit are carried out first using
the 22 pairs of earthquake records and the statistical
distribution of the dynamic response is obtained. The
ground motion records are scaled incrementally as rec-
ommended in Vamvatsikos and Cornell (2002) for
IDA. The scaling factors of the earthquake records are
increased till a story or a number of stories displace
sufficiently and the first-order story shear resistance
becomes zero (i.e. dynamic instability occurs). The slip
force and the spring stiffness of the dampers applied to
the model structures along with their natural periods
are summarized in Table 3. For comparison purpose,
the structures are retrofitted with the TSFD with 50%
and 100% of the slip force used for FD. Figure 17

shows the spectral acceleration versus MIDRs obtained
from IDA of the three-story structures before and after
the retrofit. In Table 4 the median spectral acceleration
for the 22 ground motions corresponding to the limit
states are also shown. It can be observed that, for a
given spectral acceleration, the inter-story drift of the
structure decreases after retrofitting with the TSFD
and FD. It also can be noticed that, for a given inter-
story drift ratio, the median value is highest in the
structure retrofitted with TSFD with 100% slip force.
Based on the IDA results the probability of reach-
ing the limit states and the corresponding fragility
curves can be drawn for various damage states. In
HAZUS (1997) damage states are defined in the four
different stages which are slight, moderate, extensive,
and complete damages. The slight damage is defined as
the state with minute cracks, and the moderate damage
is the state with formation of widely spread cracks with
partial yielding. In the extensive damage state part of
the structure has reached ultimate states, and in the
complete damage state the structure is near collapse.
In this study the probability of reaching three different
limit states such as 1O, LS, and CP are computed. The
corresponding inter-story drift ratios for the three limit
states are 1.0%, 1.5%, and 2.5% of the story height,
respectively. Figures 18 and 19 present the fragility
curves for the three-story and eight-story model struc-
tures, respectively, corresponding to the three different
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Figure 14. Responses of the three-story structure subjected to 22 ground motions: (a) maximum roof displacement and
(b) maximum inter-story drift ratio.
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Table 3. Natural periods of model structures.

Story Model name FD TSFD Tn
Slip force (kN) Slip force (kN) Spring stiffness (kN/mm) (s)
Three 3-Bare frame - - - 1.40
3-FD 40 - - 0.56
3-TSFD (50%) - 20 25 0.53
3-TSFD (100%) 40 25 0.47
Eight 8-Bare frame - - - 2.70
8-FD 90 - - 1.20
8-TSFD (50%) - 45 30 .16
8-TSFD (100%) - 90 30 1.05
FD: friction damper; TSFD: torsional spring friction damper.
Table 4. Median collapse intensities of model structures.
Story Limit states Before retrofit FD retrofit TSFD (50%) retrofit TSFD (100%) retrofit
Three 10 0.182 g 0.790 g 1.066 g 1.184 g
LS 0275¢g 0982 ¢g 1254 g 1432 g
CP 0425 ¢g 1.303 g 1.561 g 1.786 g
Eight 10 0202 g 0.577 g 0.607 g 0819 g
LS 0247 g 0795 g 0810g 1.127 g
CP 0322 ¢ 1.121 g 0.998 g 1.285 g

FD: friction damper; TSFD: torsional spring friction damper; 10: immediate occupancy; LS: life safety; CP: collapse prevention.
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Figure 17. Incremental dynamic analysis results of the three-story structure before and after retrofit: (a) before retrofit, (b) FD

retrofit, (c) TSFD (50%) retrofit, and (d) TSFD (100%) retrofit.

limit states before and after the retrofit. The fragility
curves show that the probability of reaching the limit
states is largest in the bare frame and is decreased in
the retrofitted structures, which denotes that the dam-
pers are effective in decreasing the failure probability
of the structure against seismic events. Fragility curves
clearly demonstrate the effectiveness of the TSFD over
the FD: The structures retrofitted with the TSFD hav-
ing 100% of the slip force have the mean failure prob-
ability approximately 23.5% and 38.5% smaller than
those of the structures retrofitted with FD for the 10
and LS limit states, respectively. For the CP limit state,
the average percentage reduction is 52%. Even the
structures retrofitted with the TSFD with 50% of the
slip force show smaller probability of reaching the limit
state than the structures with the FD except for the
eight-story structure corresponding to the CP limit
state.

The difference in the probabilities of failure of the
TSFD and FD retrofit systems is more pronounced in
the three-story structure. Due to the limitation in the
stiffness of torsional spring available in the market, the
TSFD will be more effective in low to mid-rise
structures.

Summary and conclusion

In this study, a FD with a restoring force was devel-
oped by combining a torsional spring and a rotational
FD. To investigate the efficiency of the proposed sys-
tem, three- and eight-story steel structures were retro-
fitted with the TSFD and the typical rotational FDs
having the same friction force, and their seismic perfor-
mances were compared. Parametric studies were car-
ried out to investigate the effectiveness of the springs
used in combination with the FDs. Fragility analyses
were conducted to compute the probability of reaching
given limit states, and the cost effectiveness of the tor-
sional spring FDs was investigated by evaluation of life
cycle costs.

The analysis results showed that both the maximum
and residual displacements were reduced after imple-
menting torsional springs to FDs. The TSFD with
50% slip force of the FD resulted in better seismic per-
formance of the model structures compared to the FD
with 100% slip force. The probabilities of reaching
limit states and the life cycle costs were minimized by
the seismic retrofit with the TSFD. The overall analysis
results showed that combining torsional springs with
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Figure 18. Fragility curves of the three-story structure: (a)
immediate occupancy, (b) life safety, and (c) collapse prevention.

rotational friction dampers was effective in increasing
seismic performance and cost-effectiveness of conven-
tional dampers.
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Figure 19. Fragility curves of the eight-story structure: (a)
immediate occupancy, (b) life safety, and (c) collapse prevention.
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