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Abstract. In practical engineering, the friction damper is a widely used energy dissipation device because of its large
deformation capacity, stable energy dissipation capability, and cost effectiveness. While based on conventional friction dampers,
the double-sliding friction damper (DSFD) being proposed is different in that it features two sliding friction forces, i.e., small
and large sliding friction forces, rather than a single-sliding friction force of ordinary friction dampers. The DSFD starts to
deform when the force sustained exceeds the small-sliding friction force, and stops deforming when the deformation reaches a
certain value. If the force sustained exceeds the large sliding friction force, it continues to deform. Such a double-sliding
behavior is expected to endow structures equipped with the DSFD better performance in both small and large earthquakes. The
configuration and working mechanism of the DSFD is described and analyzed. Quasi-static loading tests and finite element
analyses were conducted to investigate its hysteretic behavior. Finally, time history analysis of the single-degree-of-freedom
(SDOF) and multi-degree-of-freedom (MDOF) systems were performed to investigate the seismic performance of DSFD-
equipped structures. For the purpose of comparison, tests on systems equipped with conventional friction dampers were also
performed. The proposed DSFD can be realized perfectly, and the DSFD-equipped structures provide better performances than
those equipped with conventional friction dampers in terms of interstory drift and floor acceleration. In particular, for the MDOF
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system, the DSFD helps the structural system to have a uniform distributed interstory drift.
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1. Introduction

The development of the friction damper began in the
late 1970s. Through the action of friction during the relative
sliding between two contacting surfaces, the friction damper
transforms the building's vibration energy into thermal
energy for absorption, enabling a strong dissipation of
energy and stable structural response, as well as providing a
cost-effective implementation. In addition, its friction force
can be easily determined by adjusting the magnitude of the
preload, so it has a wide range of engineering applications.
To adapt to different types of building structures,
researchers around the world have developed a variety of
friction dampers. Pall and Marsh (1982) proposed a Pall-
type friction damper. This is a two-way friction damper
mounted in the center of the X-brace that achieves energy
dissipation using sliding friction generated by a friction
brake pad at the brace intersection through the tension and
deformation from compression of the chain bar. Compared
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with conventional friction dampers, the friction of the Pall
friction damper is more stable and its hysteretic behavior is
not affected by buckling forces of the supporting members
(Lefferts et al. 1982). Ohnishi et al. (1999) developed a
steel tube friction damper that dissipates energy by sliding
friction between a tightly fitted steel bar and a mold tube,
which exhibits good energy dissipation performance.
Morgen and Kurama (2004) proposed a frictional rotational
energy dissipation node designed for unbonded post-
tensioned prestressed reinforced-concrete beam-to-column
joints. The test results show that the energy dissipation
nodes can effectively improve the energy dissipation
capacity of the beam-column joints, achieving stable energy
dissipation performance. To have torsional vibration
damping and energy dissipation, Shirkhani et al. (2015)
proposed a splint rotational friction damper for a steel frame
and demonstrated that it could effectively reduce the
displacement response of the steel frame under earthquake
excitation and improve its seismic performance.

To date, most of the friction dampers have only a single
sliding force. It is difficult to take into account the energy
dissipation needs for small and large earthquakes
simultaneously. Specifically, if the friction damper has a
large sliding friction force, it can slide during large
earthquakes, but not necessarily slide during small
earthquakes and thus providing only stiffness but no energy
dissipation for the structure. Conversely, if the sliding
friction is small, the friction damper can slide and dissipate
energy during small earthquakes, but it may not have large
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Fig. 1 Configuration of the double sliding friction damper (DSFD)

enough energy dissipation capacity during large
earthquakes. To this end, some effort has gone into
adjusting sliding friction forces of friction dampers using
intelligent control technology. Chen et al. studied the
seismic response control of the structure installed with a
piezoelectric variable friction damper and achieved good
results (Chen et al. 2004, Chen and Chen 2003). However,
such friction dampers are complex in construction and
expensive in application.

A novel friction damper with low cost, simple structure
is proposed that features two levels of sliding each
producing a sliding friction force, Referred to as the double-
sliding friction damper (DSFD), it is expected to overcome
limitations in a conventional friction dampers with its single
sliding friction force. For small earthquakes, it can achieve
sliding against a relative smaller friction force and
dissipates some energy but can also slide against a much
larger friction force and dissipation more energy during
large earthquakes, endowing the damper a satisfactory
controlled seismic response. In this paper, the configuration
and working mechanism of the DSFD is outlined. Quasi-
static loading tests and finite element analyses that were
conducted to investigate its hysteretic behavior are
described. Finally, time history analysis of a single-degree-
of-freedom (SDOF) and a multi-degree-of-freedom
(MDOF) systems were performed to investigate the seismic
performance of DSFD-equipped structures.

2. Configuration of DSFD

The DSFD belongs to a band-type shearing class of
friction damper (Fig. 1). It mainly consists of two T-shaped
core plates, two friction plates, two pressure plates, some

disc springs and high-strength bolt groups. The upper and
lower T-shaped core plates are separated by a gap which
allows a relative displacement in the horizontal direction,
that enables shear displacement for energy dissipation. Both
core plates are slotted, and the slot length determines the
allowable sliding distance of the core plate. The friction
plates are made of a material that provides a stable
coefficient of friction. The two front and back plates are in
contact with the upper and lower T-shaped core plates.
Hence sliding friction occurs when the T-core plate and the
friction plate are moving relative to each other. The front
and back pressure plates are both made of stainless steel
that are bonded to the front and back friction plates,
respectively. The disc springs and high strength bolt groups
are used to exert pressure on the pressure plate. The
pressure is transmitted to the contact surface between the
friction and core plates. Because of the disc spring, the
pressure on the pressure plates is rather stable. The upper
row of disc springs and bolt groups determine the sliding
force required for the movement of the upper T-shaped core
plate, and the lower row of disc springs and bolt groups
determine the sliding force of the lower T-shaped core plate.
Note that the sliding force can be easily adjusted by
changing the number of discs and bolt groups and/or the
pressure exerted by each disc and bolt group.

In the DSFD, the total pressure force exerted by the
lower row of springs and bolt groups than that exerted by
the upper row. Therefore, the sliding force of the lower T-
shaped core plate is smaller than that of the upper T-shaped
core plate. The sliding of the former is expected to start first
during small earthquakes. As stated earlier, the sliding
distance is limited by the size of the slots on the lower T-
shaped core plates. When the sliding distance of the lower
T-shaped core plate reaches the limit, the lower T-shaped
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core plate stops sliding. If the force sustained by the DSFD
further increases to a certain value, which is expected to
happen in large earthquakes, the upper T-shaped core plate
begins to slide. In this way, a two stage sliding is achieved.

Fig. 2 shows a schematic diagram of the working
mechanism of DSFD and its idealized hysteretic curve
corresponding to small earthquakes (Lee et al. 2016). For
small earthquakes, the displacement amplitude of the
damper does not always exceed the displacement limit of
the lower T-shaped core plate. Specifically, d; and d, (Fig. 2)
do not exceed the displacement limit. Therefore, for a small
earthquake, the upper core plate rarely starts to slide; only
the damper slides in first-order friction to dissipate energy.
Hence the working mechanism and hysteresis curve
characteristics of the DSFD for small earthquakes are
similar to those of conventional friction dampers.

In regard to the working mechanism and hysteresis
curve of the DSFD during large earthquakes (Fig. 3) exhibit
a two-stage deformation. When the movement of the lower
core plate reaches its maximum limit ds, the upper core
plate starts to slide until the damper begins to sustain
reverse displacement. For displacements in the opposite
direction, the sliding friction force of the lower T-shaped
core plate equals that of the smaller one until the damper
moving in the opposite direction reaches the displacement
limit ds, and then the upper core plate starts sliding. In this
way, a more complex hysteresis curve develops (Fig. 3(b)).

3. Test and simulation of DSFD
3.1 Quasi-static test of DSFD

Quasi-static tests were conducted to investigate the
behavior of the DSFD. The test setup [Fig. 4(a)] mainly
includes a hydraulic servo actuator, loading frame, and
displacement transducer. With the loading frame bolt-
anchored to the ground, the actuator acts on the upper beam
of the loading frame, and the specimen are connected to the
upper and lower beams of the loading frame, so that the
shear displacement of the specimen could be generated
horizontally. A displacement transducer was installed
between the upper and lower connecting plate of the
specimen. The displacement transducer has a range of
100 mm to a precision of 0.01 mm; the specimen
deformation can be accurately measured (Ye et al. 2016a,
b).

Fig. 4(b) shows a photo of the test specimen. As
mentioned before, the sliding friction force can be set by
adjusting the pressure force on each ][disc spring high
strength bolt group. The first level of sliding friction force
was set to 19 kN, and the corresponding displacement limit
was set to 40 mm. The second level of sliding friction force
was 35 KkN. Depending on cross-section and material
properties, the lateral stiffness of the specimen is about
60000 kN/m.

Displacement control was applied to the quasi-static
loading of the specimen (Deng et al., 2015). The loading
scheme (Fig.5) is divided into two stages, one a
displacement of amplitude 36 mm for 4 cycles, and the

other of amplitude 72 mm for 7 cycles. The respective
stages of loading are deformations of the DSFD active in
small and large earthquakes.

The displacement-shear force relationship of the
specimen (Fig. 6) shows first a cyclic deformation with
amplitude of 36 mm. When the loading displacement
increases to 72 mm, the specimen first slid to the
displacement limit of 40 mm under the first sliding force of
19 kN, and then friction force starts to increase to 35 kN,
namely the second level of sliding friction force.
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Fig. 4 Test setup and test specimen
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Subsequently, under both sliding friction, the specimen
dissipates the energy. Also, note that when the displacement
amplitude switches to 72 mm, the area of the hysteresis
loop for the damper increases significantly, implying that
the energy dissipation capacity of the damper also is greatly
enhanced. Based on observations from tests, it can be
conclude that the DSFD configuration executes the double-
sliding friction mechanism as specified.

3.2 Molding and simulation of DSFD

The DSFD can be modeled by a two friction
components connected in series (Fig. 7). Both components
can deformed in the horizontal direction. The lower friction
component has relatively small sliding friction force, and
the upper friction component has a relatively large sliding
friction force. Each of the components is represented by a
nonlinear spring with a bilinear hysteresis behavior. Two
hook elements are connected in parallel to the spring
representing the lower friction component. These two hook
elements are to ensure that the lower conventional friction
component only deforms in an allowable range.

The expected hysteresis curves of the DSFD (Fig. 8)
exhibits a two-stage deformation. The first stage of
deformation features a large initial stiffness, the first level
of sliding friction force, and an almost zero second
stiffness. The second stage of deformation features a large
third stiffness, which is identical to the initial stiffness, a
second level of sliding friction force, and an almost zero
fourth stiffness. The unloading stiffness equals the initial
stiffness. For the purpose of comparison, hysteresis curves
are plotted for two conventional friction dampers,
designated FD-L and FD-S, having sliding friction forces
equal to those of the first and second levels, respectively.
The initial stiffnesses for both conventional dampers are
identical with that of the DSFD, and the second stiffness is
almost zero.

The finite-element model of the specimen (Fig. 4(b))
was established using a general finite element analysis
program called SAP2000 (Beijing Civil King Software
Technology Company Limited 2012), and the analyses were
performed using a specified loading scheme (Fig. 5).
Hysteresis curves of the specimen obtained from analysis
and from physical tests were compared (Fig. 9); essentially

both results agree well. However, a notable difference in
regard to the third stiffness of the DSFD is apparent. This is
because the stiffness in contact is assumed to be infinite in
the numerical model but is not the case in physical tests.
Nevertheless, the finite element method simulates the
behavior of the DSFD quite accurately, and can be used to
characterize the dynamic behavior of the DSFD (Downey et
al. 2016).

4. Effects of DSFD on the SDOF system
4.1 SDOF system equipped with DSFD

Nonlinear time-history analyses were conducted to
investigate the effects of the DSFD on the seismic response
of structures. In this section, a single-degree-of-freedom
(SDOF) system is studied. The lateral stiffness of the SDOF
system is about 11800 kN/m and the weight is about 470 kN
(Fig. 10(a)). The friction damper was modeled as a
substructure attached to the main structure by a rigid beam
with hinges at both ends (Fig. 10(b)). Three types of friction
dampers providing three distinct models were considered.
The first model is the SDOF system equipped with a
conventional friction damper with relatively large sliding
friction force, i.e., FD-L.
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The initial stiffness of FD-L is 6930 kN/m, which is
about 37% of the total lateral stiffness of the structure
system. The sliding friction force of FD-L is 60 kN. The
second model is the SDOF system equipped with a
relatively small sliding friction force, i.e., FD-S. FD-S has
the same stiffness as FD-L, but its sliding friction force is
only 20 kN. The third model is the SDOF system equipped
with a DSFD. The DSFD has a first-level sliding friction
force of 20 kN and a second-level of 60 kN, which are

identical with the sliding friction forces of FD-S and FD-L,
respectively. The three dampers have identical initial lateral
stiffness.

Adopted for this study was a sequence of ground
motions consisting of 22 far-field records recommended in
the report FEMA P695 (FEMA 2009) for collapse
vulnerability analyses. The noise signal of the 22 far-field
records was removed to guarantee the accuracy of the
analysis results (Yi et al. 2012 and 2013).
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Table 1 Maximum interstory drift for the SDOF system
under small earthquakes (units: mm)

Table 2 Maximum interstory drift of the SDOF system
under large earthquakes (units: mm)

SDOF SDOF SDOF SDOF
without with with with
damper FD-L FD-S DSFD

Ground motion

SDOF SDOF SDOF SDOF
without with with with
damper  FD-L FD-S DSFD

Ground motion

Northridge
1 (Beverly Hills- 10.8 431 4.62 4.55
Mulhol)
Northridge
2 (Canyon 7.46 5.67 5.63 5.66
Country-WLC)
3 Duzce 5.65 3.89 4.03 4.01
4 Hector Mine 10.7 5.26 5.27 5.27
Imperial Valley
5 (Delta) 5.68 343 3.56 3.57
Imperial Valley
6 (El Centro 6.62 5.65 4.99 4.96
Array#11)
Kobe
7 (Nishi-Akashi) 133 433 4.92 4.73
Kobe
8 (Shin-Osaka) 7.10 461 472 478
9 Kocaeli(Duzce) 7.58 7.81 7.76 7.65
Kocaeli
10 (Arcelik) 3.60 1.82 1.89 1.89
Landers
11 (Yermo Fire 591 4.03 3.73 3.89
Station)
Landers
12 (Coolwater) 10.7 6.51 5.89 5.91
Loma Prieta
13 (Capitola) 8.47 7.39 6.73 6.61
Loma Prieta
14 (Gilroy 6.52 441 459 454
Array#3)
15 Manjil 6.35 4.89 475 476
Superstition
16 Hills 5.95 3.19 3.30 3.37
(El Centro Imp. ' ' ' '
Co.)
Superstition
17 Hills 10.3 3.73 4.01 3.96
(Poe Road)
Cape
18 Mendocino 12.8 5.07 6.16 5.92
Chi-Chi
19 (CHY101) 6.03 437 5.01 4.94
Chi-Chi
20 (TCU045) 5.98 3.59 391 3.87
21 San Fernando 5.49 5.61 4.90 4.85
22 Friuli 5.75 498 4.99 4.96
Mean value 7.67 4.75 4.79 4.76
Standard 261 137 124 12
Deviation
84 Percentile 10.28 6.12 6.03 5.96

According to China Building Seismic Design Code
GB50011-2010, the peak ground acceleration (PGA) of the
ground motions were adjusted to 70 gal and 400 gal for
small and large earthquakes, respectively; the response
spectra to ground motions were plotted for both (Fig. 11(a)
and 11(b)), respectively]. For the purpose of comparison,
the design spectra are also given in the figures. The spectra
of the ground motions were found to agree statistically with
the design spectra.

Northridge
1 (Beverly Hills- 61.6 335 49.9 344
Mulhol)
Northridge
2 (Canyon Country- 42.6 31.8 35.1 317
WLC)
3 Duzce 32.2 25.0 28.7 24.6
4 Hector Mine 60.7 33.6 49.5 33.8
Imperial Valley
5 (Delta) 324 19.9 25.4 19.5
Imperial Valley
6 (El Centro 37.9 28.7 28.2 26.9
Array#11)
Kobe
7 (Nishi-Akashi) 76.2 39.8 60.6 40.0
Kobe
8 (Shin-Osaka) 40.5 27.2 34.6 275
Kocaeli
9 (Duzce) 43.3 43.7 379 425
Kocaeli
10 (Arcelik) 20.6 10.4 11.1 10.7
Landers
11 (YYermo Fire 33.7 24.2 29.9 25.0
Station)
Landers
12 (Coolwater) 60.9 37.9 49.9 37.6
Loma Prieta
13 (Capitola) 48.3 38.9 424 38.8
Loma Prieta
14 (Gilroy Array#3) 37.3 27.1 29.7 27.3
15 Manijil 36.3 28.0 31.3 28.3
Superstition Hills
16 (EI Centro Imp. 339 19.1 27.0 20.9
Co.)
Superstition Hills
17 (Poe Road) 58.7 26.3 459 27.6
18 Cape Mendocino 734 47.8 62.9 48.7
Chi-Chi
19 (CHY101) 34.6 314 32.8 31.2
Chi-Chi
20 (TCU045) 34.2 25.3 31.9 26.9
21 San Fernando 313 235 27.2 23.6
22 Friuli 32.9 29.0 29.7 28.8
Mean value 43.8 29.64 36.44 29.83
Standard 149 8547 1236 8401
Deviation
84 Percentile 58.70 38.19 48.80 38.23

4.2 Effects of DSFD on interstory drift

Time history analyses were conducted, and the
responses of interstory drift and horizontal floor
acceleration were obtained. Note that the interstory drift
equals the top displacement for the SDOF system. Table 1
compares the maximum interstory drift for the 22 ground
motions, the PGAs of which were adjusted to 70 cm/s’.
Compared with the model with no damper, those equipped
with friction dampers showed notably smaller interstory
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drifts for most earthquakes. The mean value of the
interstory drifts is 4.75 mm for the DSFD-equipped model,
which is similar to those of the models equipped with FD-L
and FD-S. The standard deviation of the interstory drift is
about 1.20 mm for the DSFD-equipped model, which is
smaller than those for the FD-L and FD-S-equipped models.

The sum of the mean and standard deviation, which is
commonly called the 84 percentile is also given in the table.
The 84 percentile of the interstory drift for the DSFD-
equipped model is the smallest of the three. The conclusion
is that the DSFD performs slightly better than the other two
friction dampers in term of interstory drift control for small
earthquakes. The maximum interstory drift of the four
models is summarized in Table 2 for large earthquakes. The
mean value of the interstory drift is 29.64 mm, 36.44 mm,
and 29.83 mm for the models equipped with FD-L, FD-S,
and DSFD, respectively. The 84 percentile of the interstory
drift is 38.19 mm, 48.80 mm, and 38.23 mm for these
models. The models equipped with DSFD and FD-L
produced much smaller mean values, standard deviations,
and 84 percentiles than the FD-S- equipped model,
indicating that DSFD executes similar control as FD-L, but
much better control than FD-S for large earthquakes.

4.3 Effects of DSFD on floor acceleration

Floor acceleration is important to maintain the
functionality of building structures, thus effects of DSFD on
floor acceleration were investigated and the effects of the
three dampers in controlling floor acceleration during small
earthquake were compared (see Table 3). The mean value
and 84 percentile of the floor acceleration are 1.27 m/s® and
1.61 m/s*for the DSFD-equipped model, which are similar
to the respective values for the FD-S-equipped model, but
significantly smaller than those for the FD-L-equipped
model. Similarly, the effects of the three dampers in
controlling floor acceleration during large earthquakes were
also compared (see Table 4). The mean value and 84
percentile of the floor acceleration are 6.59 m/s* and
8.45 m/s? for the DSFD-equipped model, which is similar to
the respective values for the FD-L-equipped model, but
significantly smaller than that for the FD-S-equipped
model. Hence DSFD performs better in controlling floor
acceleration than FD-L for smaller earthquakes, and FD-S
for large earthquakes.

In summary, as for the SDOF system, DSFD exhibited
more satisfactory control than conventional friction
dampers for both interstory drift and floor acceleration. It is
as good as FD-S for small earthquakes, and as good as FD-
L for large earthquakes. The conventional friction dampers,
FD-L and FD-S, can execute satisfactory control only
during large and small earthquakes, respectively.
Combining the responses is particularly beneficial because
the DSFD initiates sliding and dissipates energy during
small earthquakes like FD-S and provides large energy
dissipation capability during large earthquakes like FD-L.
In contrast, FD-L remains “locked” and dissipates little
energy in small earthquakes, and FD-S dissipates little
energy in large earthquakes.

Table 3 Maximum floor acceleration of the SDOF system
under small earthquakes (units: m/s?)

SDOF SDOF  SDOF SDOF

Ground motion without with with with
damper FD-L FD-S DSFD
Northridge 1.02 1.02
1 (Beverly Hills- 1.89 1.13
Mulhol)
Northridge 1.61 1.62
2 (Canyon 1.73 1.96
Country-WLC)
3 Duzce 1.01 109 098 099
4 Hector Mine 2.05 152 126 126
Imperial Valley 0.91 0.96
5 (Delta) 111 1.13
Imperial Valley 1.75 1.75
6 (El Centro 1.59 217
Array#11)
Kobe 1.16 112
" (Nishi-Akashi)y 263 193
Kobe 0.94 0.97
8 (Shin-Osaka) 1.14 1.18
9 Kocaeli (Duzce) 1.45 2.14 1.76 1.82
Kocaeli 0.94 0.95
10 (Arcelik) 0.88 1.00
Landers (Yermo 0.88 0.90
1 Fire Station) 104 1.06
Landers 1.58 1.58
12 (Coolwater) 2.05 2.15
Loma 1.80 1.76
13 Prieta(Capitola) 2.12 241
Loma Prieta 1.68 1.67
14 (Gilroy 1.83 1.92
Array#3)
15 Manjil 1.85 171 158 1.51
Superstition Hil 0.98 0.99
Is
16 (EI Centro Imp. 119 114
Co.)
Superstition 0.89 0.89
17 Hills 2.01 1.32
(Poe Road)
Cape 1.56 153
18 Mendocino 2.81 2.62
Chi- 0.96 0.96
19 chiccHy1o1) 129 121
Chi- 0.90 0.93
20 chicrcuoss) 131 1.39
21 San Fernando 1.86 1.83 144 143
22 Friuli 1.46 163 139 140
Mean value 1.65 1.62 1.27 1.27
Standard 0517 049 034 034
Deviation
84 Percentile 217 211 161 161
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Table 4 Maximum floor acceleration of the SDOF system
under large earthquakes (units: m/s?)
SDOF  SDOF SDOF  SDOF

without with with with
damper FD-L FD-S DSFD

Ground motion

Northridge
1 (Beverly Hills- 10.8 5.69 8.06 5.73
Mulhol)
Northridge
2 (Canyon 9.88 7.73 7.80 7.75
Country-WLC)
3 Duzce 5.77 4.95 4.94 5.00
4 Hector Mine 11.7 6.85 9.09 7.07
Imperial Valley
5 (Delta) 6.34 4,01 4.28 4.05
Imperial Valley
6 (El Centro 9.82 8.99 8.39 8.64
Array#11)
Kobe
7 (Nishi-Akashi) 15.0 7.32 11.07 7.61
Kobe
8 (Shin-Osaka) 5.95 454 462 465
9 Kocaeli (Duzce) 8.21 8.57 7.29 8.65
Kocaeli
10 (Arcelik) 5.02 4.72 3.32 3.57
Landers
11 (Yermo Fire 5.92 4.26 4.30 4.28
Station)
Landers
12 (Coolwater) 11.8 7.13 8.83 7.16
Loma
13 Prieta(Capitola) 12.1 9.17 9.99 9.26
Loma Prieta
14 (Gilroy 10.5 8.63 8.93 8.75
Array#3)
15 Manijil 10.6 8.16 8.84 8.32
Superstition Hil
Is
16 (E1 Centro Imp. 6.80 4.99 5.95 5.47
Co.)
Superstition Hil
17 Is 11.5 5.06 8.21 5.37
(Poe Road)
18 Cape 16.1 102 1260 942
Mendocino
19 chi- 7.45 452 553 4,66
Chi(CHY101) ’ ' ' '
20 chi- 7.50 4.64 6.11 497
Chi(TCU045) ' ' ' '
21 San Fernando 10.6 7.38 9.00 7.53
22 Friuli 8.32 7.10 7.17 7.10
Mean value 9.44 6.57 7.47 6.59
Standard 2.99 190 238 1.86
Deviation
84 Percentile 12.43 8.47 9.85 8.45

Hinge

s7 s7
S6 S6

S5 S5

s4 s4 Friction Damper

S3 S3
S2 S2

S1 S1

Fig. 12 Modeling of the MDOF system (left) without and
(right) with dampers

5. Effects of DSFD on MDOF System
5.1 MDOF System Equipped with DSFD

To investigate the effects of DSFD on MDOF system, a
seven-story stick model consisting of a shear spring and
masses was constructed (Fig. 12(a)). The mass of each floor,
represented by a concentrated mass, was 730000 k%. The
story stiffness of 1% to 3" story, 4" to 6™ story, and 7" story
was 39000, 33000, and 29000 kN/m, respectively. Friction
dampers equipped in each story were modeled as a
substructure (Fig. 12(b)). The substructure was connected
with the main structure by a rigid beam with hinges at both
ends, so that dampers could work in the corresponding story.

With this model, three scenarios were conducted using
the three types of friction dampers. In the first scenario,
each floor was equipped with a FD-L, accounting for 37%
of the lateral stiffness of the story, and the sliding force was
1950 kN. For the second scenario, each floor was equipped
with a FD-S and had the same parameter values as the first
model, except for the sliding force of 650 kN. In the third
scenario, each floor was installed with a DSFD, which had a
first sliding force of 650 kN and a second sliding force of
1,950 kN. The stiffness of DSFD is identical with that of
FD-L and FD-S. Time history analyses were performed to
investigate the effectiveness of DSFD, using the same
group of ground motions introduced in the above section.
Similarly, both small and large earthquakes were considered
with the PGA set to 70 gal and 400 gal, respectively.

5.2 Effects of DSFD on interstory drift

From the effects of DSFD for the small earthquakes
(Fig. 13), the mean value and the 84 percentile of the
maximum interstory drift ratio among the three models
equipped with FD-L, FD-S, and DSFD showed that the
DSFD-equipped model has the smallest interstory drift ratio,
i.e., 1/595, indicating that the control effects of the DSFD
on the interstory drift is satisfactory for small earthquakes.
For large earthquakes (Fig. 14), the mean value and the 84
percentile of maximum drift ratio for the three models show
the maximum interstory drift angle commonly occurs at the
bottom story for large earthquakes. This is easy to
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understand as the seismic force sustained by the bottom
story is the largest. The DSFD-equipped model shows a
similar performance as that with FD-L equipped in terms of
controlling the interstory drift angle for large earthquakes.

7r —O— Structure with FD-L
—{— Structure with FD-S
—2— Structure with DSFD

4t
3 -
2 -
1 F
0 . .
0 1/900 1/450 1/300
dfift angle
(@) Mean value
8
7t —O— Structure with FD-L
6 L — Structure with FD-S
—A— Structure with DSFD
5 -
g4
3 -
2 -
1 -
0 . .
0 1/900 1/450 1/300
dfift angle

(b) 84 percentile

Fig. 13 Interstory drift angle for small earthquakes
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— Structure with FD-S
6 —&— Structure with DSFD
5 F
Bl
3}
2 F
1 -
0 . .
0 1/180 1/90 1/60
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(a) Mean value
8
7 -
6 F
5 -
B
3 -
—O— Structure with FD-L
2 I _o— Structure with FD-S
1 } —&— Structure with DSFD
0 R .
0 1/180 1/90 1/60
dfift angle

(b) 84 percentile
Fig. 14 Interstory drift angle for large earthquakes

Table 5 DCF of the MDOF system for small and large
earthquakes

Model Small earthquakes  Large earthquakes
MDOF with FD-S 1.49 1.35
MDOF with FD-L 1.42 1.43
MDOF with DSFD 1.47 1.33

The distribution of interstory drift angle is important in
preventing collapses of structures under large earthquakes,
and commonly a uniform distribution is preferred. To reflect
the concentration of structural interstory drift quantitatively,
the deformation concentration factor (DCF) is used (Pan et
al. 2015). DCF is defined as the ratio of the maximum
interstory drift angle to the overall deformation angle,
which can be calculated as Eq. (1).

DCF = max{d; /h J/(A/=h,) 1)

where di is the inter-story displacement of the i -th story,

h, is the height of the i-th story, and A is the roof
displacement. A DCF of 1.0 means a completely uniform
distribution; a large DCF implies a soft-story mechanism.

The results of DCF for the models are given in Table 5.
For small earthquakes, DCF for the model equipped with
DSFD is 1.474, which is smaller than that of the FD-S-
equipped model, but larger than that of the FD-L-equipped
model. This is mainly because FD-L does not slide in small
earthquakes, and the model equipped with FD-L remains
elastic, whereas both FD-S and DSFD models slide, and
have some stiffness degradation at some stories. However,
for large earthquakes, DSFD shows notable advantages. The
DCF of the DSFD-equipped model is 1.33, which is the
smallest of the three. This is because in large earthquakes,
all dampers slides. For FD-L and FD-S, once the damper
slides, the story stiffness degrades and cannot recover,
whereas for DSFD, the story stiffness can recover once the
story drift reaches a specific value, and deformation occurs
to the stories which has relatively small deformations,
leading finally to a uniform distributed interstory drift
angle.

5.3 Effects of DSFD on floor acceleration

To investigate the distribution of floor acceleration for
MDOF systems, the mean floor accelerations are
summarized in Figs.15 and 16 for small and large
earthquakes, respectively. From Fig. 15, the FD-S model
shows significant advantage in controlling floor
acceleration. Both the mean value and 84 percentile of the
floor acceleration response are only about 80% of that of
the structure equipped with FD-L. DSFD achieves good
performance as for FD-S during small earthquakes.
However, in large earthquakes, the observation is different.
From Fig. 16, both the mean value and the 84 percentile of
the floor acceleration for the FD-S model is about 110% of
the respective value for the FD-L model. In this case, the
DSFD model achieves good performance like the FD-L
model. Based on these results, DSFD exhibits very adequate
floor acceleration control for both small and large
earthquakes.
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16 Floor acceleration for large earthquakes

6. Conclusions

A double-sliding force friction damper (DSFD) was
proposed and under testing was able to dissipate energy
effectively during both small and large ground motion
simulations. Quasi-static loading test and finite element
analyses were performed to investigate hysteretic behavior.
Time history analysis of SDOF and MDOF systems were
performed to investigate the seismic performance of DSFD-
equipped structures. For the purpose of comparison,
systems equipped with conventional friction dampers were
also conducted. The main conclusions obtained in this study
are as follows:

e The proposed DSFD with its rather simple
structure function successfully as specified.

o The finite element model was able to simulate the
behavior of the DSFD accurately.

o The effective control by DSFD on the interstory
drift angle and floor acceleration is similar to FD-S (FD-

L), which has a sliding force identical to the first

(second) level sliding force of DSFD.

e For the MDOF system under large earthquakes,

DSFD is able to distribute the interstory drift angle more

uniformly.
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