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ABSTRACT
Structural control systems, including passive, semi-active

and active damping systems, are used to increase structural re-
silience to multi-hazard excitations. While semi-active and ac-
tive damping systems have been investigated for the mitigation
of multi-hazard excitations, their requirement for real-time con-
trollers and power availability limit their usefulness. This work
proposes the use of a newly developed passive variable friction
device for the mitigation of multi-hazard events. This passive
variable friction device, when installed in a structure, is capable
of mitigating different hazards from wind and ground motions.
In wind events, the device ensures serviceability, while during
earthquake events, the device reduces the building’s inter-story
drift to maintain strength-based motion requirements. Results
show that the passive variable friction device performs better
than a traditional friction damper during a seismic event while
not compromising any performance during wind events.

∗Address all correspondence to this author.
†Previously affiliated with Iowa State University.

INTRODUCTION

Strength and serviceability of civil structures can be en-
hanced through the incorporation of supplemental damping de-
vices, also known as structural control devices, into the struc-
tural systems. Structural control devices for civil structures in-
clude active devices, semi-active, and passive devices. While
literature has demonstrated that semi-active systems are partic-
ularly promising at mitigating natural hazards [1–4], they yet
necessitate a closed-loop system configuration that includes sen-
sors, actuators, and controllers, therefore adding a non-negligible
level of uncertainty on reliability and performance [5]. Con-
versely, passive devices have been widely accepted by the field
of structural engineering due to their simplicity and high reli-
ability [6]. Examples of passive control devices include vis-
coelastic fluid dampers [7], base-isolation systems [8], and fric-
tion dampers (FD) including linear [9] and rotational [10] con-
figurations. However, passive devices perform over a limited
bandwidth, and are therefore typically designed to mitigate sin-
gle types of excitations.
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Recently, researchers have investigated altered versions of
passive systems capable of higher controllability to enhance their
applicability to multi-hazard mitigation. Of interest to the au-
thors are passive variable friction device (PVFDs) that are capa-
ble of varying their damping forces without the need for external
controllers. Panchal et al. [11] proposed a passive base isolation
system that consisted of a concave surface where variations in the
damping forces were generated through changing surface friction
coefficients. Wang et al. [12] designed and tested a PVFD that
used the arc profile of two plates with a polyurethane elastomer
slider to generate an increase in damping force from an increase
in displacement. Amjadian et al. [13] proposed a passive friction
damper that combined a solid-friction and eddy current damping
mechanism that reduced the damping force for a given increase
in displacement and mitigated the undesirable effects of stick-
slip motion. The authors of this paper have recently proposed
a cam-based PVFD that used the damper’s displacement to vary
the damping force [14]. This variation was provided through the
selection of a cam profile that in turn applied a varying normal
force on the sliding interface. As a consequence, the hysteresis
profile of the damper was determined through the design of a
cam. Experimental testing on a prototype device demonstrated
that the device was capable of either reducing, increasing, or
maintaining a damping force with an increase in displacement,
dependent on the cam profile design.

In this paper, the cam-based PVFD developed by the au-
thors is optimized and numerically investigated for mitigating
two non-simultaneous different types of hazards. A single PVFD
is mounted in the first floor of a three-story structure, and the
design of its profile is accomplished through optimizing the hys-
teresis loop for both a wind and seismic events. The wind event
is optimized for structural serviceability or occupant comfort,
while the seismic event is optimized for building strength by
minimizing inter-story motion. This multi-objective optimiza-
tion is performed through a three-step process that first sets the
dampers’ total displacement based on the structural system un-
der consideration. After this, the central portion of the damper’s
hysteresis loop is optimized to reduce building acceleration for
the wind events. Lastly, the value of the damping force outside
the central portion is optimized to limit the inter-story drift that
occurs during the ground motion event considered. Throughout
this work, the performance of the PVFD is compared against that
of a traditional FD. Results show that the PVFD performs at the
same level as a traditional FD for the wind event considered but
outperforms it for the selected ground motion.

PASSIVE VARIABLE FRICTION DAMPER
The previously proposed PVFD is a passive damper [14]

whose damping force is dependent on the damper’s displacement
and its profile. The damper consists of a parallel plate friction
damper with a cam added on top of the parallel plate to provide

variations, as a function of the displacement, in the normal force
applied to the plates. It results that the cam-based PVFD can
generate a range of hysteresis behaviors, dependent on the cam
profile selected. An image of a prototype of the damping device,
two cam profiles, and two hysteresis behaviors (generated using
the two different cam profiles) is presented in Fig. 1. The red
cam in Fig. 1(a) is the only element that needs to be changed
to alter the damper’s hysteresis behavior. In Fig. 1(b), cam 1 is
a cam with the profile of a circle (with the center of the circle
about the bottom bearing hole) and therefore provides a constant
normal force and damping force throughout the damper’s range
of motion. For this circular cam, the radius of the cam (r) is
constant for any rotation of the cam (θ ). Cam 2 has a profile
whose radius increases as the cam rotates away from the cen-
ter, and therefore generates a higher normal force on the friction
material. This increase in the device’s normal force results in
an increase in its damping force as seen in Fig 1(c). For more
detail, including schematics, device characterization, and exper-
imental results for various cam profiles, the interested reader is
referred to [14]. The simplicity of modifying the damper’s hys-
teresis behavior through only changing the installed cam allows
for a versatile, customized damping system that can be installed
throughout a structure with cams individually tuned.

Implementation into a structural system
The PVFD can be installed into almost any damping config-

urations where it is desired to dissipate energy leveraging lateral
displacement. These include configurations that currently use
traditional friction dampers or viscous fluid dampers. A poten-
tial configuration and the one used in this study is shown in Fig.
2, where the damper is mounted between the top of a chevron
brace and the top girder. The chevron installation configuration
is commonly utilized with fluid viscous dampers [15,16]. In this
configuration, any lateral displacement in the frame (x) is trans-
ferred directly to the lateral displacement in the device (y), with
x = y. Other types of insulation configurations can be used with
the cam-based PVFD including those that increase the damper’s
displacements over that of the inter-story drift [17].

Friction mechanism
A mathematical model for the damping force generated by

the device can be constructed for a known cam profile, friction
material properties, and any preload applied to the cam. The
change in normal force is a function of the cam’s radius r:

r(θ) =
a ·b√

a2sin2
(

θ − π

2

)
+b2cos2

(
θ − π

2

) (1)

where θ is the cam’s rotation. Radius r is measured from the
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FIGURE 1. CAM-BASED PVFD SHOWING THE: (a) PROTO-
TYPE DEVICE MOUNTED IN A DYNAMIC TESTING MACHINE;
AND (b) CAM PROFILES AND ANNOTATIONS AND (c) HYS-
TERESIS LOOPS FOR TWO DIFFERENT PROFILES.

origin of the polar coordinate system, as shown in Fig. 1(b). A
π

2 term is added to Eqn. (1) to allow for θ to be measured from
the vertical position of a centered cam. The parameters a and b,
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FIGURE 2. A CHEVRON CONFIGURATION FOR THE PVFD IN-
STALLED WITHIN A BUILDING’S LATERAL LOAD RESISTING
SYSTEM.

also shown in Fig. 1(b), are the semi-major and semi-minor axes
of the ellipse, respectively. These are used for characterizing
the profiles detailed in Fig. 1(b). Considering that the distance
between the bearing holes on the device is d, θ can be expressed
in terms of damper displacement, y:

θ = tan−1
(

y
d

)
(2)

Starting with a circular cam (rcircle) that will develop a constant
normal force, a change in the normal loading force can be ob-
tained from a change in the cam’s radius ∆r(θ) = r(θ)− rcircle.
Assuming the stiffness of the device (k) is known in the orien-
tation of the normal force, the change in normal force is given
by:

FN,cam(θ) = k∆r(θ) (3)

where FN,cam is the normal force developed by the cam. Adding
the preload force FN,preload to FN,cam the normal force acting on
the damper as a function of the dampers rotation (FN(θ)) is:

FN(θ) = FN,preload +FN,cam(θ) (4)
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FIGURE 3. THREE-STORY SPRING-DASHPOT-MASS SYSTEM
EQUIPPED WITH A SINGLE PVFD.

Next, the Coulomb friction model can be used to calculate the ki-
netic damping force (Fkinetic) when the coefficient of kinetic fric-
tion (µ) for the friction material is known. Therefore, Fkinetic(θ)
is given as:

Fkinetic(θ) = µFN(θ) (5)

The LuGre friction model is used to capture the dynamic proper-
ties of the sliding friction interface, including the stick-slip mo-
tion and the Stribeck effect [18, 19]. The LuGre model is an
integrated dynamic friction model derived from the elasticity at
the contact surfaces of two sliding surfaces and assumes that the
friction material is made up of an infinite number of bristles. The
LuGre model has been previously applied to a wide range of fric-
tion systems due to its effectiveness and relative computational
simplicity [20, 21]. First, the static friction force (Fstatic) can be
calculated by scaling Fkinetic (a scaling value of 1.02 is used in
this work). Next, the device’s damping force (Fdamping) can be
calculated using the LuGre model as:

Fdamping = σ0z+σ1ż+σ2ẏ (6)

where σ0 describes the stiffness of a bristle for small displace-

TABLE 1. DYNAMIC PROPERTIES OF THE THREE-STORY
STRUCTURE.

floor mass (kg) stiffness (kN/m) damping (N·s/m)

3 98.3 684 50

2 98.3 684 50

1 98.3 516 125

ments with a spring-like behavior at the contact point and is
called the aggregate bristle stiffness. σ1 represents the damp-
ing associated with micro-displacements and σ2 is a memoryless
velocity-dependent term for the viscous friction component of
the predicted friction force Fdamping. For this work, The LuGre
friction model parameters were determined using the experimen-
tal data presented in Fig. 1(c) and are σ0 = 1×107 m−3, σ1 = 1
N· m−1, and σ2 = 1 Pa·s·m−1. The variable z is an evolutionary
variable that represents the friction state and can be interpreted
as the mean bristle deflection between the two sliding surfaces. z
can be obtained by solving the first order differential equation:

ż = ẏ−σ0
|ẏ|

g(ẏ)
z (7)

where g(ẏ) models both the Coulomb friction and the Stribeck
effect. An equation for g(ẏ) that provides a good approximation
of the Stribeck effect is:

g(ẏ) = Fkinetic +(Fstatic−Fkinetic)exp(−(ẏ/ẏs)
2) (8)

where ẏs is a constant representing the Stribeck velocity. A value
of ẏs = 0.001 m/s, obtained experimentally from the data pre-
sented in Fig. 1(c), was used in this work. For a more detailed
investigation of the LuGre model, the interested reader is referred
to [18].

METHODOLOGY
Design for multi-hazard mitigation necessitates some

knowledge of the event dynamics to be mitigated. For the pur-
pose of this study, we consider two hazards. The first is a non-
extreme wind loading event that is intended to develop accelera-
tions similar to those normally encountered by the structure. The
second excitation considered is a ground motion that is intended
to develop forces similar to an earthquake with a high-damage
potential. This study uses a numerical simulation to validate the
proposed multi-hazard design mitigation approach for a three-
story building equipped with a single PVFD mounted between
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FIGURE 4. GROUND MOTION EXCITATION TAKEN FROM THE IMPERIAL VALLEY EARTHQUAKE, AS MEASURED AT THE EL CEN-
TRO TERMINAL SUBSTATION, USED FOR VALIDATING THE CAM-BASED PVFD FOR A GROUND MOTION EXCITATION.

region 1region 2 region 2

Fcenter
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FIGURE 5. HYSTERESIS LOOPS FOR A TRADITIONAL FD
AND THE CAM-BASED PVFD MODELED WITH BOTH THE
COULOMB AND LUGRE FRICTION MODELS.

the ground and first floor as shown in Fig. 3. The three-story
building, modeled as a spring-dashpot-mass system, was origi-
nally presented by Dyke et al. [22] and its dynamic properties
are listed in Tab. 1. The wind load, annotated as f (t) in Fig.
3, used in this introductory work is a 2 Hz sinusoidal loading
with a minimum loading of 0 N and a maximum loading of 50
N. The load is applied to all three floors as show in Fig. 3 and as-
sumes a fixed boundary condition at the bottom of the structure.

optimized Fcenter value

optimized Foutside value

FIGURE 6. OPTIMIZATION RESULTS FOR: (a) MAXIMUM AC-
CELERATION UNDER THE WIND LOAD; AND (b) MAXIMUM
INTER-STORY DRIFT FOR THE GROUND MOTION EXCITA-
TION.
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FIGURE 7. ACCELERATION RESULTS FOR THE SIMULATED 3 STORY BUILDING UNDER THE SINUSOIDAL WIND LOAD FOR: (a)
FLOOR 1; (b) FLOOR 2; AND (c) FLOOR 3.

The acceleration data (a(t)) is applied to the base of the spring-
dashpot-mass system in Fig. 3. For this work, the ground motion
data is taken from the north-south component of the May 18th,
1940 Imperial Valley earthquake as measured at the El Centro
Terminal Substation [23]. The ground motion, scaled to match
the three-story building’s dynamics, is shown in Fig. 4.

Since under wind loading the risk of severe building damage
is low, the control objective is serviceability. This is achieved
through the design of a PVFD that keeps the acceleration of the
building under a desired threshold. In contrast to the wind event,
an earthquake poses a severe threat to the strength of the build-
ing. During these events, a major threat to the building’s struc-
tural integrity is the level of inter-story displacement experienced
as this has the potential to yield connections, crack masonry, or

overturn structural supporting members. Any of these conditions
could lead to severe building damage or catastrophic collapse.
Therefore, to mitigate this risk the PVFD is designed to minimize
building’s inter-story drift. However, as high levels of accelera-
tion can cause damage to the building or injure occupants, the
maximum allowed acceleration for any floor during the ground
motion excitation was set to an arbitrarily selected 1.5 g.

Based on the aforementioned criteria, a hysteresis loop can
be designed for the cam-based PVFD that considers both of
these hazards and optimization conditions. This multi-hazard
design process for the PVFD is best performed in the force-
displacement phase space shown in Fig. 5. Here, region 1 is the
portion of the PVFD hysteresis loop that is designed for the ex-
citations that generate low displacement (i.e. wind loads) where
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FIGURE 8. DISPLACEMENT RESULTS FOR THE SIMULATED 3 STORY BUILDING UNDER THE GROUND MOTION LOAD FOR: (a)
FLOOR 1; (b) FLOOR 2; AND (c) FLOOR 3.

occupant comfort is the control objective while region 2 is de-
signed for the higher-energy inputs where strength is the design
objective. For the normal wind loading case, the building dis-
placement should be completely restrained within region 1. In
this scenario, the PVFD acts analogous to a traditional FD. Dur-
ing a ground motion event, the damper will displace further and,
as a result, will develop the increasing damping forces present in
region 2. This increase in the damping forces is to limit the build-
ing’s inter-story displacements. Fig. 5 also shows the hysteresis
loop for a traditional FD that extends the damping capacity of the
PVFD in region 1 over the entire displacement. This traditional
friction damper is used throughout the remainder of this work as
a baseline comparison for the PVFD.

The hysteresis loop for the design process is calculated us-

ing a step-wise version of Eqn. (1 - 8) where region 1 uses a
circular cam (i.e. r = a = b) and region 2 adjusts a and b as re-
quired to generate the desired hysteresis loop. Due to the LuGre
friction model being dependent on the velocity of the damper,
the damper parameters are designed using the Coulomb fric-
tion model. These parameters include the overall length of the
damper displacement, the length of region 1, the damping force
in region 1 (Fcenter) and the maximum damping force in region 2
(Foutside). The design process used in this work is as follows:

1. Set the length of region 1 and the total damper displacement
based on the maximum expected displacements for the wind
loading and earthquake excitations, respectively.

2. Minimize the maximum acceleration value for the building
for the wind loading through optimizing the design parame-
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ter Fcenter.
3. Determine the Foutside value that reduces the maximum inter-

story drift in the building while ensuring that no location in
the building experiences an acceleration of over 1.5 g.

RESULTS
This section reports the results from the numerical investiga-

tion of the PVFD installed in the three-story structure. First, the
optimization results, as presented in Fig. 6, are discussed. Fig.
6(a) reports the maximum acceleration values for floors 1-3 for
the wind loading. As floor 3 experiences the highest acceleration
under these loads, it is used to set the optimized value for Fcenter.
In this case, a value of 80 N is selected. Next, Fig. 6(b) reports
the max displacement for the range of Foutside values investigated.
For the investigated values, a Foutside of 4 kN provided the low-
est maximum inter-story displacement for the building (located
in floor 1) while also ensuring that the maximum acceleration of
any location in the building does not exceed 1.5 g. The hysteresis
loop for the optimized damper is shown in Fig. 5.

Next, the building’s temporal response for both loading
cases in terms of the output parameters of interest are presented
in Figs. 7 and 8. Fig. 7 shows the building’s acceleration re-
sponse to the wind loading for all three floors. Note that the
response for the PVFD is identical to that provided by a tradi-
tional FD. This is as expected as the damper’s total displace-
ment stays within region 1. Also, the damped structure is ca-
pable of a reduction in acceleration throughout the entire event.
The floor with the highest acceleration, floor 3, benefits the most
from the installation of a friction damping device. The displace-
ment results for the ground motion event are shown in Fig. 8.
While all three floors experience a reduction in inter-story drift
throughout the entire event, floor 1 experiences the greatest re-
duction in inter-story drift due to the presence of a damping de-
vice. While the traditional FD is capable of reducing the dis-
placement at the first floor, as shown by the solid blue line in
Fig. 8(a), the PVFD achieves a greater reduction in overall dis-
placement without sacrificing any structural control performance
during the wind event. While the increase in damping force pro-
vided by the PVFD does increase the acceleration present in the
building during the ground motion event, this is considered ac-
ceptable as these events are rare and the structural control objec-
tive is based on strength. In this study, the highest acceleration
experienced during the ground motion event excitation was 1.5 g
and was experienced at floor 1.

CONCLUSION
This work proposed the use of a newly developed passive

variable friction device for the mitigation of multi-hazard events.
This cam-based passive variable friction device (PVFD) is in-
stalled in a building’s lateral load carrying structural system and

is capable of generating varying damping forces as a function
of the damper’s displacement. During normal wind loadings,
the device is optimized to reduce the buildings acceleration, and
therefore increase the comfort of the occupants. However, dur-
ing ground motion events, the damper is capable of limiting the
building inter-story drift and is, therefore, able to help prevent
the yielding of critical structural members. A numerical inves-
tigation shows that the PVFD outperformed a traditional fric-
tion damper in terms of limiting inter-story drift during an earth-
quake while performing identically to the same traditional fric-
tion damper in a wind event. Avenues for future work include the
investigation of an increased number of loading conditions and
the deployment of multiple dampers within a structural system.
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