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This paper introduces a new semi-active strategy for vibration control of truss and frame
structures equipped with variable stiffness and damping joints which consist of a shape
memory polymer (SMP) core reinforced by an SMP-aramid composite skin. When the
joints are actuated to the transition temperature through thermal actuation, the SMP
core transitions from a glassy to a rubbery state through a viscoelastic region, which
causes a stiffness reduction and an increase of damping. The mechanic behavior of
the joint can be thought of as transitioning from a moment to a pin connection. This
way, it is possible to cause a shift of the structure natural frequencies and to increase
damping, which is employed to obtain a significant reduction of the dynamic response.
This paper comprises two parts: (1) characterization of a variable stiffness and damping
material model through experimental testing; (2) numerical simulations of a truss bridge
and a four-story frame, which are equipped with variable stiffness and damping joints.
The truss bridge (case A) is subjected to a resonance and a moving load while the
four-story frame (case B) is subjected to El Centro earthquake loading. For case A
under resonance loading, the dynamic response can be reduced exclusively through a
frequency shift and ignoring viscoelastic effects. For case A under moving load and case
B under earthquake loading, vibration suppression is mostly caused by the increase
of damping due to viscoelastic effects. Control time delays due to joint heating have
been included in the analysis. When the joints are actuated to the transition range
55°C-65°C, which is specific to the SMP adopted in this study, the acceleration peak
amplitude reduces by up to 95% and 87%, for case A and case B, respectively. For
both cases, damping increases by up to 2.2% from undamped conditions (25°C). This
work has shown that the adoption of variable stiffness and damping structural joints has
great potential to enable a new and effective semi-active control strategy to significantly
reduce the structure response under a wide range of dynamic loading conditions.

Keywords: adaptive structures, variable stiffness and damping joint, frequency shift, viscoelastic material,
structural dynamics, vibration control
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INTRODUCTION

Adaptive Structures

Adaptive structures are equipped with actuators, sensors, and
controllers to maintain optimal performance under changing
loading conditions. Through mechanical actuation the state
of the structure (stress and deformation) can be modified
to counteract actively the effect of loading. Structural control
strategies have been categorized in four types: active, semi-
active, passive, and hybrid (Soong and Spencer, 2000; Preumont
and Seto, 2008). Numerical and experimental studies on active
bracing for buildings and active tendons for bridges have shown
that active control systems can be effectively employed for
vibration suppression under strong loading such as high wind or
earthquakes (Soong, 1988; Reinhorn et al., 1993; Xu et al., 2003;
Mirfakhraei et al., 2019).

Benchmark control problem studies for seismic (Spencer
et al.,, 1998; Ohtori et al., 2004) and wind excited (Yang et al.,
2004) buildings have shown that through active control, the
structure response (e.g., displacement, acceleration, and inter-
story drift) can be reduced significantly more than through
passive control. Although active controlled systems are more
effective to suppress vibrations than passive ones, they generally
require high power density supply and they might require
a large energy consumption during service. In addition, due
to latency and model inaccuracy, the control forces might
cause instability of the structure-control system (Kinay and
Turan, 2012; Wang et al., 2017). Semi-active control systems,
such as magnetorheological (MR) dampers, require less energy
compared to active systems. In addition, they are as reliable as
passive devices while maintaining some of the versatility and
adaptability of fully active systems (Dyke et al.,, 1996; Symans
and Constantinou, 1999; Yang et al.,, 2002; Zhao et al., 2019).
Generally, closed-loop semi-active control systems perform
better than passive ones. Although passive control systems such
as base isolation (Huang et al., 2014), viscoelastic and elastoplastic
dampers (Kasai et al., 1998) require no control power, they have
limited capabilities compared to active and semi-active systems.
Hybrid control systems (for example hybrid mass dampers)
might combine passive, semi-active and active control strategies
and devices (Spencer and Sain, 1997; Kinay and Turan, 2012).
For example, a hybrid vibration control system which combines
a base isolator and an active tuned mass damper was investigated
in Djedoui et al. (2017). This hybrid system was able to reduce
by more than 70% the base isolator displacement while keeping
the base acceleration within an acceptable range, which was more
effective than the response reduction obtained through a passive
control system made of a base isolator and a passive tuned mass
damper (Djedoui et al., 2017). However, hybrid control systems
are generally complex and might involve significant maintenance
costs (Gkatzogias and Kappos, 2016).

The ability to counteract the effect of loading actively
through control of internal forces and the external geometry,
has been employed in integrated structure-control design to
produce efficient configurations with a significantly better
material utilization (Teuffel, 2004) and a lower whole-life
energy (Senatore et al., 2019; Senatore and Reksowardojo, 2020;

Wang and Senatore, 2020) than conventional passive structures.
The whole-life energy comprises the energy embodied in the
material and the operational energy for control. Extensive
numerical (Senatore et al., 2018a,b) and experimental studies
(Senatore et al, 2018c) have shown that minimum energy
adaptive structures have a lower environmental impact as the
total energy requirement can be reduced by up to 70% compared
to weight-optimized passive structures. Structural adaptation is
particularly beneficial for stiffness governed design problems
such as slender high-rise structures, long-span bridges and self-
supporting roof systems. When the structure is designed to
counteract the effect of loading through controlled large shape
changes, further material and embodied energy savings are
obtained compared to adaptive structures limited to small shape
changes as well as to passive structures (Reksowardojo et al., 2019,
2020). This way, the structure is controlled into optimal shapes
as the external load changes so that the stress is significantly
homogenized, and the design is not governed by strong loading
events which occur rarely. Shape control has also been employed
to reduce the dynamic response through shifting the structure
natural frequencies (Bel Hadj Ali and Smith, 2010; dos Santos
et al., 2015; dos Santos and Cismasiu, 2017) and for the control
of direct daylight in buildings through adaptive facade systems
(Lienhard et al,, 2011; Lignarolo et al., 2011).

One of the most important aspects in the design of adaptive
structures is to consider the mechanical behavior of the
joints. Since active control requires some degree of geometry
reconfiguration, the joints should be designed to be flexible
during control in order to prevent stress build-up and to reduce
control energy requirements. Joint mechanisms based on pin-
joints or linkages could be employed, however, these systems
often add a substantial weight penalty and they are generally
complex devices which require maintenance (Campanile, 2005).
To address this challenge, a new type of variable stiffness and
damping joint has been proposed in previous work (Senatore
et al.,, 2017). The joint has been modeled to have two states: in
the “locked” state, it behaves as a moment connection and in the
“released” state, it behaves as a pin connection. A numerical study
on a Warren truss has shown that by selectively switching the
joint states, the structure natural frequencies could be controlled
to shift significantly (Wang et al., 2018). In practice, transition
from a moment to a pin connection has been realized through
control of the joint stiffness (Wang et al., 2020). The joint is
made of a polyurethane based shape memory polymer (SMP)
core that is reinforced by an SMP-aramid skin. Stiffness variation
has been achieved through resistive heating of the joint core
material. When the SMP core is heated up to the transition
temperature (65°C), a change from a glassy to a rubbery state
occurs, which causes a significant stiffness reduction of the joint
and a parallel damping increase due to viscoelastic effects. The
material behavior has been fully characterized through Dynamic
Mechanical Analysis (Wang et al., 2020).

Most semi-active control strategies aim to mitigate
the structure response by appropriate adjustments of the
magnitude of control forces that develop through motion (e.g.,
electrorheological dampers, magnetorheological dampers, fluid
viscous dampers). Semi-active strategies based on stiffness and
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damping control instead, aim to mitigate the structure response
by tuning its dynamics characteristics. Existing semi-active
stiffness and damping control devices comprise several parts
and require complex joint detailing to be installed (Kobori et al.,
1993; Sarlis et al., 2013; Shu et al., 2017). The ability to tune
stiffness and damping of the joint itself, as formulated in this
work, allows for a new type of semi-active stiffness and damping
control device. In this case the device is completely integrated
because it is part of the structure i.e., the joint is the semi-active
device. Numerical simulations on a planar frame equipped with
two variable stiffness and damping joints have shown that it is
possible to significantly reduce the structure response under
resonance loading solely through thermal actuation of the joints.
The state change of the joints caused up to 8.72% shift of the
first natural frequency and an increase of damping up to 1.2%
from undamped conditions (25°C) due to viscoelastic effects
(Wang et al., 2020).

Smart Materials for Structural Control

Smart materials such as magnetorheological elastomers, shape
memory alloys and polymers have been employed for shock
isolation (Ledezma-Ramirez et al., 2011), vibration suppression
(Bonello et al., 2005) and shape control applications (Kuder et al.,
2013). Shape memory alloy (SMA) linear actuators were applied
in shape control of a tensegrity tower to mitigate the structure
dynamic response (dos Santos et al., 2015). Magnetorheological
elastomer elements have been used as tunable springs to design
vibration isolators with tunable stiffness and damping (Du et al.,
2011; Liao et al., 2012). Shape memory polymers (SMPs) can
move from a deformed shape to an undeformed stress-free shape
through thermal, electric and magnetic actuation (Leng et al.,
2011; Meng and Li, 2013). SMPs feature large stiffness variation
(up to 1,000 times) between a glassy and a rubbery state (Liu
et al., 2006; Hu et al., 2017b). Below the transition temperature
Ty, the polymer is stiff with a modulus of approximately 1 GPa
whereas above Ty, the polymer has a rubbery elastic behavior
with a modulus which is approximately two decades (i.e., order of
magnitude) lower. SMPs have received attention for application
as actuators and smart textiles in deployable and morphing
structures (Liu et al., 2011). For example, SMA stripes have been
embedded in a SMP matrix for a wind-responsive facade system
(Lignarolo et al., 2011). A fiber reinforced SMP hinge has been
tested to control the orientation of a solar array prototype in
order to maximize solar gain (Lan et al., 2009). It was possible
to change the orientation of the solar array by 90° in 80 s.
However, application of SMPs in load-bearing structures has
been limited due to low mechanical strength. The addition of
continuous fibers (for example carbon, glass, and aramid fibers)
significantly increases mechanical strength in the fiber direction
while keeping the shape memory effect in the transverse direction
(Gall et al,, 2000; Lan et al., 2009). Generally, shape memory
polymer composites (SMPC) are more suitable for application in
load-bearing structures (Liu et al., 2011; Hu et al., 2017a).

Outline

Own previous work (Wang et al, 2020) focused on design
and characterization of variable stiffness and damping structural

joints to be employed as semi-active control devices. This work
builds on and generalizes the conclusions reached in Wang
et al. (2020) by evaluating the capability of this new semi-active
stiffiness and damping control device through simulations on
more complex structural configurations and loading scenarios.
This paper is arranged as follows. Section “Variable Stiffness
and Damping Joint” describes the main features of the variable
stiffiness and damping joint material including characterization
through Dynamic Mechanical Analysis. Section “Thermal
Actuation” describes numerical simulations of a truss bridge
subjected to a resonance and a moving load. Section “Case Study
B: Four-Story Frame” describes numerical simulations of a four-
story frame subjected to earthquake loading. Both structures
are equipped with variable stiffness and damping joints. Joint
stiffiness and damping control are employed as a strategy to
reduce the structure dynamic response through a shift of the
natural frequencies as well as an increase of damping due
to viscoelastic effects. Section “Discussion” and “Conclusion”
conclude this paper.

VARIABLE STIFFNESS AND DAMPING
JOINT

The variable stiffness and damping joints considered in this study
consists of an SMP core and an SMP-aramid composite skin
which acts as a reinforcement (see section “SMP-aramid Skin:
Isotropic Elastic Material Model”). Figure 1 shows an example
of such joint. The joints were manufactured to be integrated in
a 650 mm x 650 mm x 1325 mm three-story frame prototype
which is shown in Figure 1A for illustration purposes. Figure 1B
shows an example of a joint core. The core is fabricated through
fused deposition modeling (FDM). The filament used for 3D
printing is obtained from a polyurethane-based SMP (MM5520)
which is made by SMP Technologies Inc. MM5520 is a pellet
type SMP with a nominal transition temperature of 55°C (as
reported by the manufacturer). A 1 mm diameter resistive heating
wire is passed through the joint core through a series of holes
which have been made through selective deposition. Figure 1C
shows the heating wire weave pattern from the back side of
the joint core. Figure 1D shows a joint core connected to four
aluminum tubes using structural glue (Pattex 100%). Figure 1E
shows the assembly (joint + elements) after the reinforcement
skin is applied (Wang et al., 2020).

Material Characterization

Polymers are materials whose stiffness depends on temperature
as well as time (creep) and loading frequency. The standard
procedure to characterize viscoelastic behavior is to use a
setup in which loading frequency and temperature are varied
systematically (Menard, 2008). In previous work (Wang et al.,
2020), the thermomechanical properties of a 3D printed SMP
strip have been fully characterized through Dynamic Mechanical
Analysis (DMA) using a Q800 tester. Figure 2A shows the plots
of storage modulus E’, loss modulus E” and tan § as functions of
the temperature at 1 Hz. The storage modulus E characterizes the
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Resistive
heating wire

SMP core

Aluminum tube

Resistive heating wire

aluminum tubes; (E) SMP-aramid reinforcement skin (Wang et al., 2020).

FIGURE 1 | (A) Integration of variable stiffness and damping joints into a 3-story prototype frame; (B,C) SMP core with heating wire; (D) joint core connected to four

Resistive heating wire

B SMP-aramid skin

elastic part of the material behavior in which strain and stress are
in phase as for any other elastic material.

When the material enters the viscoelastic region (opaque
region in Figure 2A), caused by an increase of temperature,
strain and stress are out of phase, which is indicated by the loss
modulus E”. The ratio tan 8 = E'/E’ is a measure of damping
(Menard, 2008; ISO-6721-1, 2011). Through DMA testing, it
was found that the transition temperature is 65°C (Wang
et al., 2020). During glass transition (40°C-65°C), the storage
modulus drops from 1,340 to 37 MPa while damping increases
significantly (approximately by a factor of 60). However, as the
temperature is increased above the transition value, damping
decreases because the material enters the rubbery state which has
an elastic behavior.

Time-temperature superposition principle is employed
in order to map experimental data obtained at different
temperatures and frequencies on a single master curve (Ferry,
1980), which is shown in Figure 2B. Figure 2B also shows the
plot of the shift factor curve which relates the change of stress
relaxation rate with temperature. The shift factor curve is used to
extrapolate to frequencies other than those tested experimentally
in order to characterize the viscoelastic behavior in the entire
temperature-frequency domain, i.e., to obtain the master curve.

The dashed lines in Figure 2B are the storage modulus curves
measured in the frequency range 0.32-32 Hz and temperature
range 40°C-85°C. The shift factor curve has been approximated
by fitting the Williams-Landel-Ferry (WLF) function to the
measured data:

—C(T - Tref)

Cy + (T = Trey) 0

log (at) =

where ar is the shift factor. The constants C; and C,,
which have been calculated through fitting, are 14.6 and 24.2,
respectively. At the reference temperature T,.f = 50°C the shift
factor is set to 1. The storage modulus curve in this case is
indicated by square markers. The moduli at a temperature and
at a frequency that have not been tested through DMA, are
obtained by shifting along the frequency axis using the shift factor
curve. For example, at 60°C the shift factor ar is approximately
10* which means that stress relaxation is faster by a factor of
10%. Consequently, the storage modulus curve at 60°C, which is
indicated by circle markers, shifts by a factor of 10* to the left
to form the master curve. For a more detailed description of the
material model the reader is referred to (Wang et al., 2020).
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FIGURE 2| (A) Storage E', loss E” modulus, and tan § vs. temperature at 1 Hz; (B) master and shift factor curves (T,es = 50°C). Both (A,B) have been obtained
through experimental testing (Wang et al., 2020).

In addition to the viscoelastic material model, a simpler
thermo-elastic model is considered in which frequency
dependent effects are neglected and thus the modulus only
changes with temperature. For this temperature-only dependent
elastic model, the storage modulus curve measured at 1 Hz
(Figure 2) is adopted. This way, stiffness variation through
temperature is decoupled from damping variation due to
viscoelasticity. This simplified material model will be employed

for modal analysis as well as transient analysis through
mode superposition for the truss bridge (case A) under
resonance loading. For the configurations under moving (case
A) and earthquake loading (multi-story frame, case B), full
transient analysis will be carried out using both thermo-
elastic and viscoelastic material model in order to evaluate the
combined effect of frequency shift and damping variation on the
structure response.
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SMP-aramid Skin: Isotropic Elastic
Material Model

To reduce potentially excessive deformations of the joint
core when it is thermally actuated in the transition range, a
reinforcement skin is applied. This skin consists of a stack of
woven aramid fabric layers which are impregnated with SMP
material to form a stiff and thin composite. The individual
fabric layers have fibers oriented at 0° and 90° which feature
an anisotropic behavior to loading. Generally, the joints have a
complex geometry to connect multiple elements and hence they
are likely to be subjected to bending and torsion. For this reason,
the reinforcement skin should behave as an isotropic material.
Therefore, two additional fabric layers with a 45° orientation
have been added, which has resulted in a quasi-isotropic skin
with a modulus of approximately 8,320 MPa and a thickness
of 1.72 mm (Wang et al., 2020). Thicker skins may be needed
to prevent excessive deformation of the joint if high loads are
applied, in which case additional 0° and 45° layers might be
added. The reader is referred to (Wang et al., 2020) for more
information regarding the reinforcement skin design and related
experimental testing.

SEMI-ACTIVE CONTROL STRATEGY

Feedforward Control

It is clear from material characterization (section “Material
Characterization”) that the damping ratio increase caused by
viscoelastic effects is the highest when the joint core is thermally
actuated in the transition range. It will be shown through full
transient analysis (sections “Thermal Actuation” and “Case Study
B: Four-Story Frame”) that mitigation of the structure response
under dynamic excitation is mostly caused by the increase
of damping of the joints. Under excitations that have several
high-energy frequency components (e.g., earthquake loading),
generally the effect of damping is dominant even when, due
to the structure frequency shift that is caused by joint stiffness
reduction, a temporary resonance condition arises. For this
reason, a simple feedforward control scheme is proposed to
mitigate the structure response through thermal actuation of
the joints.

Assume a generic multi-story building which is equipped
with variable stiffness and damping joints. Accelerometers are
installed at each floor. Thermocouples are embedded during
fabrication in the core of each joint to monitor the temperature.
Figure 3A shows an example of a seismic excitation (in this
case El Centro earthquake loading). Figure 3B shows the non-
controlled as well as controlled acceleration response of the
structure. Figure 3C shows the temperature control law for the
joints. Thermal actuation of the joints is switched on when the
ground acceleration is higher than a set threshold (point 1).
The set-point for the joint temperature is set to the transition
value. The joint temperature is regulated independently through
feedback control. Once the joint temperature reaches the
transition value (point 2), the temperature is kept constant.
The response of the structure is reduced through the combined
effect of frequency shift and damping increase. Once the ground

acceleration reduces below the set threshold (point 3), the joint
temperature is kept at the transition value for a certain time
period (stand-by) after which, if no further increase of ground
acceleration is measured, thermal actuation is switched off (point
4). The joint temperature reduces to the field temperature
through natural cooling (point 5). Figure 3D shows a schematic
flow-chart of the feedforward control scheme including the
feedback loop for joint temperature modulation.

Thermal Actuation

Generally, the temperature increase rate through thermal
actuation depends on the type of heat transfer technology
and activation stimulus of the SMP material (e.g., resistive
and magnetic actuation). Assuming thermal actuation through
resistive heating, the energy required to actuate the joint from
ambient to transition temperature is:

Q) = cmAT (2)

where ¢ is the specific heat capacity of the joint core material
and AT is the required temperature change. The heat energy
generated through resistive heating is:

UZ
= —t =Pt 3
Q=4 3)
where U is the power supply voltage; R is the resistance of
the heating element; ¢ is the heating time and P = %2 is the

power rating of the heating element. If heat transfer time and
energy dissipation are ignored, let Q; = Q. For the case studies
considered in this work, the average mass of the joints is 9 kg.
Assuming the specific heat capacity of SMP joint core is 1.4 kJ/
(kg°C), a rough estimate of the heat energy it takes to actuate
the joint from ambient (25°C) to transition temperature (65°C)
is 504 kJ. Assuming an appropriate power supply, five heating
elements with a power rate of 20 kW sufice to limit the required
heating time to 5.

Note that a transition temperature of 65°C is specific to
the type of SMP that is adopted in this study which was
selected primarily based on commercial availability. However,
there exist several other SMP materials which feature a transition
temperature that varies from 10°C to 178°C (Kusy and Whitley,
1994; Takahashi et al., 1996; Kumar et al., 2014). The SMP
material specifics can be therefore chosen depending on location
to minimize control effort and energy requirements by limiting
interference with field temperature and the effect of seasonal
temperature variation.

CASE STUDY A: TRUSS BRIDGE

Model Features

Structural Model

The structure considered in this study is a simply supported
planar truss which is designed as a truss bridge reduced to
two dimensions. Figure 4A shows dimensions and support
conditions. The span and rise of the truss are 8 and 0.5
m, respectively. The structure is equipped with seven variable
stiffiness and damping joints which are indicated by the yellow
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FIGURE 4 | Truss bridge: (A) dimensions, support conditions, finite element mesh; (B) first and (C) second mode shapes.
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contour lines in Figure 4A. The adaptive joints are installed
at all nodes except for the supports. The finite element model
comprises beam elements of type BEAM188 for the chords and
bracings as well as solid elements of type SOLID186 for the
joints. The beam element material is structural steel S355. The
beams have a 60 mm x 60 mm square hollow section and a
wall thickness of 8 mm. The joint element material is the SMP
material described in section “Variable Stiffness and Damping
Joint.” Each solid element is a cuboid with edges of approximately
20 mm to mesh the joint geometry. The joint geometry has
been obtained so that the beam elements connect to it through
a section perpendicular to their axis. The beam sections are
connected to the joint elements through a fixed contact. The
reinforcement skin is modelled with “surface coating” elements
of type SURF156 with a thickness of 5.16 mm which is obtained
by stacking three layers of the SMP-aramid composite described
in section “SMP-aramid Skin: Isotropic Elastic Material Model”
(1.72 mm per layer). Since the skin is applied on the outer surface
of the joint where the temperature is the lowest, it is assumed
that the skin material is always in the glass state and therefore it
has an elastic and temperature independent behavior. A modulus
of 8320 MPa and an ultimate stress of 107 MPa is assumed
for the reinforcement skin material based on experimental data
(Wang et al., 2020).

Loading and Analysis Setting

The structure is subjected to a dead load which is uniformly
distributed on the top chord members with an intensity of
200 kg/m? and assuming 2 m of cover. Depending on the analysis
type, additional loading will be applied. Static analysis is carried
out under a uniformly distributed live load to evaluate the static
response as the joint temperature increases. Transient analysis

with mode superposition is carried out under resonance loading
to test vibration control through frequency shift but ignoring
damping variation due to viscoelastic effects. Full transient
analysis using the viscoelastic material model is carried out to
test the combined effect of frequency shift and damping variation
on the structure dynamic response under a moving load. Since
the location of the degree of freedom subjected to maximum
displacement and acceleration changes with time, an average
value among all degrees of freedom is taken because it is more
representative of the dynamic response. The average value of the
displacements is denoted as “deformation.”

In each analysis the joints are assumed to be actuated through
resistive heating from ambient 25°C to transition temperature
65°C. Two types of thermal load are considered: (1) a constant
thermal load is applied to increase the joint temperature in
discrete steps; (2) following from the assumptions made in
section “Thermal Actuation” with regard to the thermal actuation
system, a time-linear thermal load is applied to increase the joint
temperature from 25°C to 65°C in 5 s. Under constant thermal
load the joints are assumed to be at a prescribed temperature
when the load is applied and therefore the time it takes to increase
the temperature is not taken into account. Under time-linear
thermal load, time delays due to heating are included in the
analysis.

All simulations are carried out in Ansys Workbench.

Static Analysis

In addition to the dead load defined in section “Model
Features,” a uniformly distributed live load with an intensity
of 350 kg/m? and assuming 2 m of cover is applied on
the top chord members. A comparison between with and
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without reinforcement skin is carried out. When the joints are
actuated from 25°C to 65°C, the maximum static deformation
of the structure increases from 44.7 to 1095.8 mm without
reinforcement skin and from 23.2 to 33.5 mm with reinforcement
skin. This clearly indicates the importance of applying the
SMP-aramid reinforcement skin to reduce excessive deformation
of the joints which occurs when they are thermally actuated
to the transition range. Due to stiffness reduction caused
by temperature increase, the maximum stress (von Mises) in
the joint core decreases significantly from 11.1 to 1.2 MPa.
Conversely, the maximum stress (von Mises) in the skin increases
from 57.1 to 88.2 MPa.

Frequency Shift and Damping Variation

Joint stiffness variation causes a simultaneous shift of the
structure natural frequencies and a damping variation. In
this section these two effects are studied separately. Modal
analysis is carried out using the thermo-elastic material model
for the joints to evaluate the frequency shift caused by
joint stiffness variation but ignoring frequency dependent
effects. A free vibration test is carried out through full
transient analysis using the viscoelastic material model for the
joints in order to evaluate how the damping varies due to
viscoelastic effects.

Frequency Shift

The first and second modes are observed as the joints are
actuated from ambient to transition temperature (25-65°C).
The natural frequencies and frequency shifts are indicated by
w1 — Sep1 and w1 — Sy for the first and second mode,
respectively. Results are given in Table 1. Due to the joint stiffness
reduction, the structure natural frequency shifts up to 16.5%
for the first mode and 10.24% for the second mode. The first
and second mode shapes of the truss at 25°C are shown in
Figures 4B,C.

Damping Variation

To quantify the damping variation caused by viscoelastic effects,
a free vibration test is simulated. The joints are actuated from
ambient to transition temperature (25°C-65°C). A 1 N impulse
is applied in the middle of the bottom chord elements for 0.01
s in order to excite the first mode. The average deformation
as a function of time for 40°C, 45°C, 50°C, 55°C, 60°C, and
65°C is shown in Supplementary Figure Al. The deformation
vs. frequency curves shown in Table 1 are obtained from Fast
Fourier transform (FFT). The peak indicates the structure natural
frequency which reduces (shift to the left) when the joint
temperature increases from 40°C to 65°C. Results from the free
vibration test simulation in terms of frequency shift are in good
accordance to what has been observed through modal analysis.
At 40°C, the first mode frequency computed through modal
analysis and FFT is 5.75 and 5.67 Hz, respectively. The difference
in percentage terms is 1.4%. At 55°C, this difference reaches a
maximum value of 2.5% (5.23 Hz from modal analysis and 5.36
Hz from FFT).

The half-power bandwidth method is employed to compute
the damping ratio. This method can be applied to a multi-degree-
of-freedom system when the modes are well-separated. For un-
normalized spectra, the damping ratio ¢ can be computed from
Eq. 4 (Butterworth et al., 2004). It is assumed that half the
total power dissipation occurs between f; and f, which are the
frequencies corresponding to an amplitude of fyes/+/2 where
fres is the frequency corresponding to the peak (i.e., resonance)
(Butterworth et al., 2004).

res (fl_fZ) (4)

e+

The half-power bandwidth frequencies for the first mode
at 65°C and the damping ratios at different temperatures are
given in Table 1. The structure damping increases by up to
2.22% from undamped conditions (25°C) as the joints are
actuated to 60°C and then it decreases as the temperature
increases further. This trend is in accordance to what has
been observed in section “Material Characterization.” Above
transition temperature (65°C) damping decreases because the
SMP material leaves the viscoelastic region and it enters the
rubbery state (elastic). This explains why the peak amplitude
for the deformation vs. frequency curve at 65°C is higher than
that at 60°C (Table 1). At 65°C, the damping ratio (1.4%) is
lower than that of 60°C (2.22%), hence the peak amplitude
is higher.

c:

Vibration Control Under Resonance
Loading

Mode superposition analysis is carried out to evaluate dynamic
response mitigation under resonance loading through frequency
shift. A sinusoidal load g; = A sin (2mw,t) with an amplitude
A =500 N is linearly distributed on the top chord elements
in order to excite the first mode. The excitation frequency
is identical to the structure first natural frequency at 25°C
;) = w, = 5.85 Hz. Figure 5 shows the average deformation
vs. time at 25°C, 45°C, 50°C, 55°C, 60°C, and 65°C. At
25°C, the deformation amplitude of the truss increases steadily
because of resonance. When the joints are actuated to 45°C,
the deformation peak decreases significantly due to a 2.14%
frequency shift (see Table 1). As the temperature increases, the
frequency shift increases and therefore the average deformation
peak amplitude reduces by 82% (from 141 mm after 5 s at 25°C
to 25 mm at 65°C). In addition, since the natural frequency
reduces, the period of the single cyclic pulsation (the so called
“beat”) Tp =1/ w1 — w,| also reduces progressively as shown
in Figures 5C-F.

As the stiffness of the joint decreases with the temperature,
the maximum stress (von Mises) in the joint decreases from
91 MPa at 25°C to 1.2 MPa at 65°C. Since the reinforcement
skin is stiffer than the joint, it takes most of the stress which also
decreases as the temperature increases due to the reduction of
deformation caused by the frequency shift. The maximum stress
in the reinforcement skin decreases from 477 MPa (resonance
case) to 315 MPa at 40°C, 256 MPa at 45°C, 147 MPa at
50°C, 97 MPa at 55°C, 93 MPa at 60°C, and 94 MPa at 65°C.
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TABLE 1 | Truss bridge: frequency, frequency shift, and first modal damping ratio.

25°C 40°C 45°C 50°C 55°C 60°C 65°C
w1 (H2) 5.85 5.75 5.72 5.59 5.23 4.98 4.88
wo (H2) 15.88 16.74 16.71 15.50 14.91 14.45 14.26
Su1 (%) - 1.67 214 4.50 10.62 14.89 16.50
Se2 (%) - 0.88 1.13 2.44 6.15 9.06 10.24
c1 (%) - 0.09 0.10 0.73 1.94 2.22 1.40
Deformation vs frequency from FFT for 1% mode
1B-3 71— T —T—— T T
40 °C
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~ -4 +—=—=50°C.
E P s I\
- —60°C I\
9 \
= -5 | e—G52C \
g 1E-5
=
%
A 1E-6 -
1E-7 -
4 42 44 4.6 438 5 52 5.4 5.6 5.8 6
Frequency (Hz)
Half-power bandwidth frequencies from deformation spectrum for 1% mode
1.4E-5 fres = 4.89 Hz
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e 1.0E-5 -
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S 8.0E-6 ‘
g
E 6.0E-6 ‘
o 4.0E-6
S ome ]
2.0B-6 - . -
o fi=482Hz f2=4.96 Hz
4 42 44 4.6 438 5 52 54 5.6 5.8 6
Frequency (Hz)

Note that, when the joints are actuated to 55°C, the stress
decreases to a value which is lower than the skin material ultimate
stress of 107 MPa.

Vibration Control Under Moving Load

A moving load of 350 kg/m? is applied on the top chord elements.
The load moves from the pin (left side in Figure 6) to the roller
support (right side) and then backwards. Two speeds are tested:
I1x = 1.4 m/s (walking pace) and 10x = 14 m/s (typical car
speed on residential roads 50 km/h). The load is applied on each
top chord element (2 m in length). To simulate the transition
from one element to the next, the load intensity varies from 0
to 350 kg/m? (max) as the application position approaches the
middle of the element and then from 350 kg/m2 (max) to 0 when

the application position reaches the element end. This load profile
is illustrated in Figure 6 for the 1.4 m/s speed case.

Mitigation of the dynamic response through frequency shift
and damping variation is evaluated. Full transient analysis
is carried out using both the thermo-elastic and viscoelastic
material model. Figure 7 shows the plots of the average
acceleration and deformation vs. time, under 1x and 10x speed
load cases when the joints are actuated to 40°C, 55°C, and 65°C.

Under the 1x speed load, at a temperature lower than
50°C, the dynamic response obtained using the elastic and
viscoelastic material model is similar (Figure 7A). However,
when the joints are actuated to and above 55°C (Figure 7C), the
dynamic response reduces significantly only for the viscoelastic
case which accounts for the increase of damping that occurs
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FIGURE 5 | Truss bridge: (A-F) Average deformation vs. time at 25°C, 45°C, 50°C, 55°C, 60°C, and 65°C under resonance load.
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because the SMP is in the viscoelastic region (from 50°C to
65°C). At 60°C, the average acceleration and deformation peak
amplitudes reduce by 95% and 20%, respectively, compared
to the non-controlled case (25°C) after 4.2 s. Instead, for the
elastic case, the deformation peak amplitude increases due to the
stiffness reduction of the joints. In this case, frequency shift does
not contribute significantly to vibration suppression while the
increase of damping due to viscoelastic effects is dominant.

A different behavior is observed under the 10x speed load.
The dynamic response for the elastic and viscoelastic case features
a similar beat when the joints are actuated to 40°C (Figure 7D).
When the joints are actuated to 55°C, resonance conditions occur

due to the frequency shift. The deformation and acceleration
for the viscoelastic case are larger than those for the elastic case
because the excitation frequency is the closest to the natural
frequency at 54°C using the viscoelastic model. Instead, using
the elastic model, the excitation frequency is the closest to the
natural frequency at 52°C. When the joints are actuated to 65°C
(Figure 7F), the dynamic response reduces for both elastic and
viscoelastic case, and more prominently for the latter due to the
combined effect of frequency shift and damping increase. The
average acceleration and deformation peak amplitudes reduce by
69% and 22%, respectively, compared to the non-controlled case
(25°C) after 4.2 s.
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FIGURE 6 | Truss bridge: moving load.

Vibration Control Under Moving Load

Considering Time Delays Due to Heating
In order to account for time delays due to heating, vibration
control simulation under the 1x speed moving load is carried
out by applying a time-linear thermal load that increases the
joint temperature from 25°C to 65°C in 5 s (see assumptions
regarding the thermal actuation system given in section “Thermal
Actuation”). Acceleration and displacement responses are shown
in Figures 8A,B, respectively. The non-controlled case (25°C) is
indicated by a gray curve while controlled cases with constant
thermal load at 65°C and linear thermal load (25°C-65°C in 5 s)
are indicated by a black-dashed and an orange curve, respectively.
During the first 3 s (25°C-50°C), since the joint core material has
not entered the viscoelastic region (see Figure 2A), the structure
response is very similar to the non-controlled state. From 3 to 5
s (50°C-65°C) the core material is in the viscoelastic region; the
structure response starts to reduce rapidly owing to the increase
of damping. Compared to the constant thermal load at 65°C, the
acceleration decay is faster under the time-linear load because
as discussed in section “Frequency Shift,” the damping ratio is
higher at 55°C and 60°C than that at 65°C. After 5 s, when the
joint core material reaches the transition temperature of 65°C,
the structure response becomes very similar to that controlled
by applying a constant thermal load at 65°C. Considering a time
delay of 5 s, results in a marginally higher controlled acceleration
compared to the case without time delay. Similar conclusion
applies to the displacement response. Note that, when the linear
thermal load is applied, the peak displacements are smaller than
those under the constant thermal load because the structure is
stiffer in the first 5 s.

When considering time delay due to heating, vibration
suppression becomes effective once the joint core material enters
the viscoelastic region.

Joint and Element Utilization
Supplementary Figure A2 shows the plot of the average von
Mises stress vs. strain for the joint core and reinforcement skin

at 40°C, 55°C, and 65°C under the 1x speed load. At 40°C
the behavior of the SMP core material is almost purely elastic
hence the stress vs. strain curve is a straight line. When the
joints are actuated to 50°C and above, stress and strain are out
of phase and hence the curves feature hysteresis loops. The stress
in the joint core decreases as the temperature increases due to
loss of stiffness. The SMP-aramid skin is modeled as an elastic
material and therefore the stress vs. strain curve is linear at all
temperatures. As expected, the stress in the reinforcement skin
increases when the temperature increases due to loss of stiffness
of the joint core.

Maximum demand over capacity for the truss elements under
tension, compression, bending, shear and buckling are evaluated
using BS EN 1993-1-1 (Eqs 5-9) from ambient to transition
temperature (25°C-65°C) under the moving load (1x speed).
The utilization factors given in Table 2 are obtained from full
transient analysis using the viscoelastic material model.

N,

Tension Ed <1 (5)
Nt rd
N,

Compression Ed <1 (6)
Nc,Rd
M

Bending Ed <1 (7)
Mc,Rd
\%

Shear B < (8)
Vc,Rd

N, M
Buckling £d rh )
X Nerd XLT Merd

Ngg and Mg, are the maximum for tension/compression and
bending moment computed through transient analysis (1 x speed
load); Ny rg> Ne ra» and M, gg are the tension, compression and
moment resistance. x and ¥ 7 are the reduction factors for axial
and torsional buckling. The elements with the highest utilization
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TABLE 2 | Utilization factors for chord and bracing elements.

25°C 40°C 45°C 50°C 55°C 60°C 65°C
Tension 0.166 0.166 0.164 0.147 0.129 0.128 0.138
Compression 0.319 0.318 0.314 0.283 0.247 0.247 0.265
Bending 0.181 0.179 0.178 0.163 0.161 0.158 0.153
Shear 0.042 0.041 0.041 0.038 0.038 0.038 0.037
Buckling 0.823 0.821 0.812 0.735 0.622 0.608 0.684

are the top and bottom chord elements at mid span (Figure 4).
Generally, element utilization decreases as the joints are actuated
from ambient to 60°C and then increases slightly due to the
decrease of damping when the SMP core approaches the rubbery
state (see section “Material Characterization”). On average, the
utilization factors reduce by 23% for tension and compression,
13% for bending, 10% for shear, and 26% for buckling at 60°C,
with respect to the non-controlled state (25°C).

CASE STUDY B: FOUR-STORY FRAME

Model Features

Structural Model

The structure considered in this study is a 6 m (width) x 16
m (height) planar frame which is designed as a 4-story building

reduced to two dimensions. Figure 9A shows dimensions and
support conditions. The frame is equipped with eight variable
stiffness and damping joints which are installed at all nodes
except for the supports. The adaptive joints, which are indicated
by yellow contour lines, are fitted between the bracing and the
floor beams without interrupting column continuity. The finite
element mesh comprises elements of type BEAMI188 for the
columns and floor beams and elements of type SOLID186 for the
joints. The beam element material is structural steel S355. The
beams have a 200 mm x 200 mm square hollow section and a
wall thickness of 10 mm. The joint element material is the SMP
material described in section “Variable Stiffness and Damping
Joint.” The joint elements and geometry have been modeled
similarly to the truss bridge case study. The reinforcement skin is
modeled with “surface coating” elements of type SURF156 with
a thickness of 6.88 mm which is obtained by stacking four layers
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FIGURE 9 | Four-story frame: (A) dimensions, support conditions, finite element mesh; (B) first and (C) second mode shapes.

of the SMP-aramid composite described in section “SMP-aramid
Skin: Isotropic Elastic Material Model” (1.72 mm per layer). The
skin element material is the same of that used for the truss
bridge case study.

Loading and Analysis

The structure is subjected to a dead load which is uniformly
distributed on each floor beam with an intensity of 300 kg/m?
and assuming 6 m of cover. Full transient analysis using the
viscoelastic material model is carried out to test vibration control
under El-Centro earthquake loading. Since the location of the
degree of freedom subjected to maximum displacement and
acceleration changes with time, an average value among all
degrees of freedom is taken because it is more representative of
the dynamic response. The average value of the displacements is
denoted as “deformation.”

In each analysis the joints are assumed to be actuated through
resistive heating from ambient 25°C to transition temperature
65°C in discrete steps. The same types of thermal load considered
in the truss bridge case study (section “Case Study A: Truss
Bridge”) are applied here: (1) a constant thermal load is applied
to increase the joint temperature in discrete steps; a time-linear
thermal load is applied to increase the joint temperature from
25°Ct0 65°Cin 5.

All simulations are carried out in Ansys Workbench.

Frequency Shift and Damping Variation

Modal analysis and a free vibration test have been carried out
to evaluate frequency shift and damping variation for first and
second modes. The joints are actuated from ambient to transition
temperature (25-65°C). The free vibration test is carried out
by applying a horizontal 1 N impulse force to the middle node

TABLE 3 | Four-story frame: frequency, frequency shift, and first
modal damping ratio.

25°C 40°C 45°C 50°C 55°C 60°C 65°C
w1 (Hz) 5.01 4.97 4.95 4.89 4.66 4.40 4.27
wp (H2) 15.84 15.71 15.67 15.46 14.68 13.80 13.35
Se1 (%) - 0.78 1.01 2.30 6.96 12.1 14.8
Se2 (%) - 0.79 1.03 2.37 7.32 12.9 16.7
¢1 (%) - 0.18 0.18 0.41 1.37 2.26 1.88
Four-story frame: deformation vs frequency from FFT for 1* mode
1E-4 T ,
40°C
——45°C
g 1E-5 —50°C
g | ——55°C
g 1 60 °C
E=i 1E-6 —55-°C
g
S
A 1B7

1E-8 -
4 42 44 46 438 5 52 54 56 58 6

Frequency (Hz)

of the left column elements in order to excite the first mode.
Modal analysis is carried out using the thermo-elastic material
model for the joints while the free vibration test is carried out
through full transient analysis using the viscoelastic material
model for the joints. The first two mode frequencies w;, wo,
and frequency shifts S,;, Sy,2 are given in Table 3. Due to joint
stiffness reduction, the structure natural frequency shifts up to
14.8% for the first mode and 15.7% for the second mode. The first
and second mode shapes are shown in Figures 9B,C, respectively.
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The deformation vs. frequency curves for the first mode
are shown in Table 3. At 40°C, the first mode frequency
computed through modal analysis and FFT is 4.97 and 4.91
Hz, respectively. The difference in percentage terms is 1.2%. At
60°C, this difference reaches a maximum value of 3.0% (4.40
Hz from modal analysis and 4.53 Hz from FFT). The damping
ratio ¢; has been obtained through the half-power bandwidth
method (Eq. 4). The damping ratio increases by up to 2.26%
from undamped conditions (25°C) as the joints are actuated to
60°C and then it decreases as the temperature increases further.
This explains why the peak amplitude for the deformation
vs. frequency curve at 65°C is higher than that at 60°C. As
observed previously (see section “Material Characterization”),
above transition temperature (65°C) damping decreases, as the
SMP material leaves the viscoelastic region and enters the rubbery
state. The deformation vs. time curves for the free vibration test
are shown in Supplementary Figure A3.

Vibration Control Under Earthquake
Loading

Mitigation of the dynamic response under El Centro earthquake
loading through frequency shift and damping variation is
evaluated. The joints are actuated from ambient to transition
temperature (25-65°C). Full transient analysis is carried out
using both the thermo-elastic and viscoelastic material model for
the joints.

Figure 10 shows the horizontal component (axis x in
Figure 9) of the average acceleration (absolute) and deformation
relative to the ground vs. time for all temperatures in the
considered range 25°C, 40°C, 45°C, 50°C, 55°C, 60°C, and 65°C.
For the elastic case, the dynamic response increases significantly
at 45°C, 50°C, and at 60°C due to resonance. In the frequency
range 4-5 Hz, the load has high energy components at 4.94, 4.89,
and 4.38 Hz which are very close to the natural frequency at
45°C (4.95 Hz), 50°C (4.89 Hz), and 60°C (4.40 Hz), respectively.
For the viscoelastic case instead, the dynamic response reduces
significantly. The average acceleration (absolute) peak amplitude
reduces from 1.6 g at 25°C to 0.6 g at 60°C. However, due to
resonance conditions caused by the frequency shift, the response
increases at 40°C and 45°C. When the temperature reaches
50°C, resonance is avoided, and the effect of damping becomes
dominant. The slight increase of acceleration and deformation at
65°C is due to the decrease of damping as the SMP enters the
rubbery state (see section “Material Characterization”). Despite
this, at 65°C, the average acceleration (absolute) and deformation
peak amplitudes reduce by 87% and 83%, respectively, compared
to the non-controlled case (25°C) after 35 s.

For seismic design, the inter-story drift d, should be
contained within the damage limitation (European Committee
for Standardization [CEN], 2004):

d,v

N <a, (10)

where h is the story height; v is the reduction factor which
accounts for the return period of the seismic action associated
with damage limitation requirements and « is a factor which

considers non-structural element types (i.e., elements that do
not add stiffness to the structure). The recommended value for
v is 0.4 for buildings with importance class III and IV and 0.5
for importance class I and II. The recommended value for « is
0.005, 0.0075, and 0.01 for elements made of brittle materials,
ductile elements, and fixed elements, respectively. The value for
v and a is set to 0.5 and 0.005, respectively. The maximum
inter-story drift d, reduces from 6.3 mm between second and
third floor at 25°C to 3.3 mm (48% reduction) between first
and second floor at 60°C. However, due to resonance conditions
caused by the frequency shift, d, reaches a maximum of
7.52 mm at 40°C between second and third floor. From Eq. 10
% =0.00282 < 0.005, hence the structure can be regarded as
safe with respect to the damage limitation requirement under El
Centro earthquake load.

The difference between results obtained using elastic and
viscoelastic material models, indicates that the dynamic response
reduces primarily because of the increase of damping. As
the temperature of the joints is increased, the frequency shift
might cause resonance. However, as shown by full transient
analysis using the viscoelastic material model, the effect of
damping becomes dominant when the joints are actuated to a
temperature above 50°C, which causes a significant reduction of
the dynamic response.

Vibration Control Under Earthquake

Loading Considering Time Delay

In order to account for time delays due to heating, vibration
control simulation under El Centro earthquake loading is carried
out by applying a time-linear thermal load that increases the
joint temperature from 25°C to 65°C in 5 s (see assumptions
regarding the thermal actuation system given in section “Thermal
Actuation”). Acceleration (absolute) and displacement responses
are shown in Figures 11A,B, respectively. The non-controlled
case (25°C) is indicated by a gray curve while controlled cases
with constant thermal load at 65°C and linear thermal load
(25°C-65°C in 5 s) are indicated by a black-dashed and an
orange curve, respectively. As observed for the truss bridge case
study, the structure response is very similar to the non-controlled
state until the joint core is actuated to the viscoelastic region
(first 3 s). After 5 s, when the joint core material reaches the
transition temperature of 65°C, the structure response becomes
very similar to that controlled by applying a constant thermal
load at 65°C. When considering time delay due to heating,
vibration suppression becomes effective once the joint core
material enters the viscoelastic region.

Joint and Element Utilization

Similar considerations to the truss bridge case study apply with
regard to the average von Mises stress vs. strain for the joint
core and reinforcement skin (see Supplementary Figure A4).
The SMP core behaves almost as a purely elastic material at 40°C
and when the temperature increases, stress and strain go out of
phase because the material enters the viscoelastic region. While
the stress in the joint decreases, the stress in the reinforcement
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FIGURE 10 | Continued

Acceleration (g)

Deformation (mm)

Acceleration (g)

Deformation (mm)

Acceleration (g)

Deformation (mm)

Acceleration (g)

Deformation (mm)

SO Mo w

30
20
10

-10
-20
-30

bV ormrvw

30
20
10

-10
=20
-30

SV horbw

30
20
10

-10
-20
-30

S s oW

30
20
10

-10
-20
-30

.,Nm” I ‘,,m.‘..‘..w, e e e
v ‘WH ul‘ ’l L mun,,mv‘ L R T e
—— elastic
0 10 20 30 40 50
Time (s)
._-’\‘m”m‘”v I s, sttt
" ST T i
HHi 1
——elastic
0 10 20 30 40 50
Time (s)
25°C
i 'l !
' 5 FERSRI
TR .
elastic e viscoelastic

10 20 30 40 50
Time (s)

ull

yﬁwmn;,_é}mmnm L umnm
10 20 30 40 50

Time (s) .
i '“WH\XH‘W"I‘W il »i‘“‘\”W“i‘HH‘ WHH“W!WNW}“WU,

l.nmmumw.‘ L lﬂh
10 20 30 40 50
Time (s)
50°C

Frontiers in Built Environment | www.frontiersin.org 17

October 2020 | Volume 6 | Article 550864


https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org/
https://www.frontiersin.org/journals/built-environment#articles

Wang et al.

Variable Stiffness and Damping Joints

_ W

it

R

LR

O VLR

-1

Acceleration (g)
o

40°C, 45°C, 50°C, 55°C, 60°C, and 65°C.

‘§ ------------- viscoelastic
0 10 20 30 40 50
_ Time (s)
£ 30
£
g 10 HHHHH m 1“\:\”“\\"“”‘ It r"\‘ il \Hu ‘u‘m‘u ‘\
= 0 i
g -10 A i
S -20 :
§ 4 elastic |- viscoelastic
0 10 20 30 40 50
Time (s)
55°C
F
C
g s i muﬁ“‘iMi\i'H\HHHHI‘iM‘uHuu1|WJH\"!l\\u‘mnniJﬂ5\i\%\ihuiuinnww
15} U |
T J "mmuumtmmmulwerH“’“HW H\”””iwmwmnmm‘numuummww lﬂl!hmm HH\IuuuHWHHHHHUW
% 78135‘1(: weeneenne Vi SCOClASEHC
10 20 30 40 50
. Time (s)
E gg " | mqu Wuwuu}m H“\”‘\““ i T
= a M —_— i ———————”
'% 0 Fd R S i g i
g 10 W ‘ I w i i
ggg L Hm\mmw I LA 1’“1\1””[”{ M!M"L&.cw””4
A 0 10 20 30 40 50
Time (s)
60°C
G
&
o
g
5
8 lastic -+ viscoelastic
% ela:
0 10 20 30 40 50
_ Time (s)
£ 30
f:, 20
'E lg I it ‘\H:ui‘.\-"m;‘; 1 T ‘U‘v"*"iH“WJ“‘-‘
5] “n 1 1) NH‘.“
E -10 ! ‘i”"‘\”'“""”HHWIM .H'H\“‘“”'\HU'!H‘H\%”]‘} (T
ug 'g'g - viscoelastic
A 0 10 20 30 40 50
Time (s)
65°C

FIGURE 10 | Four-story frame (A-G): average acceleration (absolute) and deformation (xcomponent relative to the ground) vs. time under El Centro NS at 25°C,

skin increases as the temperature increases due to the loss of
stiffness of the joint core.

Maximum demand over capacity for the column, bracing
and floor beam elements are evaluated using BS EN 1993-1-1
(Egs 5-9). The utilization factors given in Table 4 are obtained
through full transient analysis using the viscoelastic material
model for the joints. The elements with the highest utilization
are the first-floor bracing and right column elements. Generally,
element utilization decreases as the joints are actuated from
ambient to 60°C and then increases slightly due to the decrease
of damping when the SMP core approaches the rubbery state (see
section “Material Characterization”). The initial increase from

25°C to 40°C is caused by resonance conditions that occur due
to frequency shift. On average, the utilization factors are reduced
by 72% for tension, 56% for compression, 21% for bending, 25%
for shear, and 53% for buckling at 60°C, with respect to the
non-controlled state (25°C).

DISCUSSION

This paper has presented a new semi-active vibration control
device for truss and frame structures. The variable stiffness and
damping joint discussed in this work comprises a SMP core
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FIGURE 11 | Four-story frame: (A) average acceleration (absolute) and (B) displacement response. The joints are actuated through a time-linear thermal load which
increases the core temperature from 25°C to 65°Cin 5 s.

TABLE 4 | Utilization factors for columns, bracing, and floor beams.

25°C 40°C 45°C 50°C 55°C 60°C 65°C
Tension 0.222 0.282 0.249 0.216 0.106 0.080 0.086
Compression 0.351 0.448 0.407 0.368 0.246 0.199 0.236
Bending 0.376 0.384 0.377 0.351 0.319 0.304 0.310
Shear 0.107 0.107 0.105 0.095 0.085 0.080 0.082
Buckling 0.582 0.718 0.674 0.587 0.407 0.338 0.389

which is reinforced by an SMP-aramid composite skin. The joints
are assumed to be actuated through resistive heating. When
the joints are actuated, the stiffness decreases and in parallel
damping increases due to viscoelastic effects. The combined effect
is a significant shift of the structure natural frequencies and an
increase of damping. Simulations on a truss bridge and a four-
story frame equipped with such variable stiffness and damping
joints, have shown that this strategy is effective to mitigate the
dynamic response under different loading scenarios including
resonance, transient and earthquake loading.

Simulation results of a truss bridge under resonance
loading have shown that the response is reduced significantly
when the joints are actuated to 50°C and above. The
average acceleration and deformation peak amplitudes reduce
by 91% and 82% with respect to the non-controlled case
(25°C). Under resonance loading, frequency shift caused by
the joint stiffness reduction is effective to avoid resonance.

When viscoelastic effects (frequency dependency) are ignored,
the frequency shift due to joint stiffness reduction, might
cause resonance if the excitation has important frequency
components which are relatively close to the structure natural
frequencies. However, when the effect of damping is considered
through the viscoelastic material model, the overall effect
is a significant reduction of the dynamic response. When
the joints are actuated to 60°C, the damping ratio for
the first mode increases by up to 2.2% and 2.3% from
undamped conditions (25°C) for the truss bridge and four-story
building, respectively.

For both case studies, the joints are assumed to be actuated
through resistive heating from ambient 25°C to transition
temperature 65°C. Thermal actuation of the joints has been
simulated by applying two types of thermal load: (1) a constant
thermal load is applied to increase the joint temperature in
discrete steps without accounting for time delays due to heating;
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(2) a time-linear thermal load is applied to increase the joint
temperature from 25°C to 65°C in 5 s. For the truss bridge
under moving load, the average acceleration peak amplitude
reduces by up to 95% with respect to the non-controlled case
(25°C) in approximately 7 s with and without including time
delays due to heating. Compared to the constant thermal load
(65°C), the acceleration decay is faster under the time-linear load
because the damping ratio is higher at 55°C and 60°C than that
at 65°C. For the four-story building under earthquake loading
and joints actuated to the transition temperature (65°C), the
average acceleration (absolute) and deformation peak amplitudes
and the inter-story drift reduce by 87%, 83%, and by 32%,
respectively, with respect to the non-controlled case (25°C) after
35 s. Also in this case, the response reduction is very similar
with and without accounting for time delays except in the first
5 s. When considering time delay due to heating, vibration
suppression becomes effective once the joint core material enters
the viscoelastic region (in this case after 3 s).

A transition temperature of 65°C is specific to the type of
SMP adopted in this study which was selected primarily based on
commercial availability. SMPs characteristics should be chosen
appropriately depending on location in order to minimize control
effort and energy requirements for thermal actuation by limiting
interference with field temperature. For example, in cold regions,
SMPs that feature a lower transition temperature should be
selected. There exist several other SMP materials which feature
a transition temperature that varies from 10°C to 178°C (Kusy
and Whitley, 1994; Takahashi et al., 1996; Kumar et al., 2014). In
addition, suitable insulation materials can be applied to the joints
in order to reduce further interference with field temperature and
the effect of seasonal temperature variation.

CONCLUSION

Dynamic response mitigation through control of variable
stiffness and damping joints is possible due to a combination
of frequency shift and damping variation. When the joints are
actuated to the transition phase, the storage modulus (or stiffness)
decreases while the material damping increases. When the
excitation has a dominant frequency component that is close to
the structure natural frequency, the response is reduced primarily
through frequency shift. Conversely, when the excitation has
several important frequency components, the response reduces
primarily through the increase of damping due to viscoelastic
effects. For the SMP material employed in this work, the
response is reduced significantly using a control temperature
between 55°C and 65°C. When considering time delay due to
heating, vibration suppression becomes effective once the joint
core material enters the viscoelastic region. SMPs characteristics
should be chosen appropriately depending on location in order
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