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Vibration is a common phenomenon when a structure is exposed to one or multiple 
mechanical or environmental actions, always at great cost to lives and to the 
economy. In order to reduce the adverse impact of vibration, vibration mitigation 
materials and structures have recently been at the center of attention. This book 
“Structure Vibration: Vibration Mitigation Materials and Structures” as the tip of the 
iceberg, provides a window to let people know about the flourishing of this young 
field. Twelve original research papers and one review paper have been included in this 
book to represent the recent development of vibration mitigation technology. The 
vibration mitigation material manufacture process, testing, analysis, and application 
have completely thoroughly studied. We wish more cutting-edge achievements 
will arise to benefit mankind and continually promote the development of vibration 
mitigation materials and structures.
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Editorial on the Research Topic

Vibration Mitigation Materials and Structures

For more than half a century, vibration mitigation technology has made significant contributions
to social development and human progress. With the excellent hysteretic behavior and energy
dissipation capability, vibration mitigation materials, and structures can effectively reduce the
damage induced by harmful vibrations, and guarantee the safety of the equipment, infrastructure,
environment, and human life. A lot of researchers have made substantial achievements in this field.
New vibration mitigation materials successively spring up and continually update the traditional
vibration mitigation structures. The new passive vibration mitigation materials (e.g., viscoelastic
materials, rubber), new smart materials (e.g., magnetorheological fluid, magnetorheological
elastomers, piezoelectric ceramics), new damper types, and new vibration mitigation structures
have appeared in rapid succession, leading to the booming of this young field.

The Research Topic “Vibration Mitigation Materials and Structures,” as the tip of the iceberg,
provides a window to let people know about the flourishing of this young field. Twelve original
research papers and one review paper have been included in this Research Topic to represent
the recent development of vibration mitigation technology. The vibration mitigation material
manufacture process, testing, analysis, and application have completely thoroughly studied. The
articles in this topic are divided into five areas, namely (1) next-generation vibration mitigation
materials manufacturing, (2) mechanical properties tests of vibration mitigation materials, (3)
mechanical models of vibrationmitigationmaterials, (4) vibrationmitigationmaterials application,
and (5) non-linear dynamic analysis of a structure reinforced by vibration mitigation materials.

The new generation vibration mitigation materials manufacture is the most interesting area.
Liu and Han present a new kind of PVA-steel hybrid fiber reinforced cementitious composite
(PVA-steel HyFRCC). The material mechanical properties of the material are discussed, together
with the different fiber contents, fiber types, and fiber shapes. Due to the fiber hybridization, the
material with a suitable fiber status can have excellent peak strain, compressive toughness, and
post-peak ductility. PVA-steel HyFRCC, as a new generation vibration mitigation material, can
enhance the energy dissipation and damage control capacity of vibration mitigation structures.

The study of the mechanical property tests of vibration mitigation materials is a
multidisciplinary area. Guo et al., established the hybrid test system, which consists of upper
computer and lower machine. The test system control method and hybrid test procedure are
introduced. This hybrid test system is employed to test the dynamic performance of nominal
viscoelastic material, which provided the robust operate program and benchmark index for
research of viscoelastic material.
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Establishing mathematical models to express material
behavior is significant for vibration mitigation materials. Huang
et al. transformed the Equivalent Standard Solid model into
time domain by two-step approach and present the time
domain oriented mathematical model to describe the behavior
of the viscoelastic material. Sun et al. introduced the dynamic
sandwich-type shear test for the viscous damping wall and
presented the simplified method to calculate the velocity
exponent, storage modulus and loss modulus of the polymer in
viscous material. Based on the temperature-frequency equivalent
principle, Xu et al. described the non-linear mechanical behavior
of the viscoelastic material by modified the traditional seven
parameters fractional derivative model. The influence of
environment temperature and loading frequency was taken
into account.

The application of vibration mitigation materials is a
popular field in vibration mitigation technology. In reality,
most vibration mitigation materials are designed as dampers
to ensure the maximization of material efficiency. New damper
design, mechanical model of the damper and control of the
damper are three subareas of vibration mitigation materials
application. Based on the vulcanizing-consolidating technology,
Tu et al., designed a new leak-proof magnetorheological damper,
and employed the correction factor of the pressure gradient to
describe the energy dissipation and fluid-structure interaction
property of the viscoelastic material. Jiang et al. designed
a new combination damper based on the metallic vibration
mitigation material and the viscoelastic vibration mitigation
material. The damper has stable hysteretic behavior and excellent
deformability, which is applied in the replaceable coupling
beams. Wang et al. designed a new friction damper which was
used in hybrid coupling beam, and established the thermal-
mechanical model to describe the thermomechanical coupling
effect of damping material existing in the friction damper.
Zhou et al. investigated a new viscoelastic damper with hybrid
non-linear properties and present the mechanical model to
describe the multiple non-linear behavior. Guo et al. present the
particle swarm optimization algorithm to change the mechanical
behavior of magnetorheological damping material. The effective
control and efficient utilization of smart vibration mitigation
material was achieved.

Vibration mitigation materials will be used in practical
projects after the procedures of manufacturing, testing,
analyzing, and applying, which are combined with the traditional
structures. The complete vibration mitigation structure system
is then formed. The non-linear dynamic analysis and design
of a structure reinforced by vibration mitigation materials
and damper is the last step. He et al. introduced the design
and analysis method of the vibration mitigation structural
component taking a concrete filled steel tube structure as an

example. Shi et al. present the design and analysis method of the
vibration mitigation structural joint, taking the steel reinforced
concrete structure as an example.

“Vibration mitigation materials and structures” is a broad and
constructive topic. Recently, new passive vibration mitigation
materials and new smart vibration mitigation materials appeared
in a short time and are widely applied in civil engineering,
mechanical engineering, and aerospace engineering. Viscous
damping material, viscoelastic damping material, metallic
material, magnetorheological elastomer, shape memory alloy,
magneto strictive material, and piezoelectric ceramic material
have been the focus of studies (Xu et al.). Although there
are only 13 papers in this Research Topic, we still tried our
best to present every aspect of vibration mitigation materials
and structures in a complete way. It is expected that (1)
wide temperature domain and wide frequency domain research
of vibration mitigation materials, (2) new hybrid vibration
mitigation materials manufacture, (3) new material mechanical
models and (4) new application of vibration mitigation materials
will continue to play a role in this young topic. We wish more
cutting-edge achievements will arise to benefit mankind and
continually promote the development of vibration mitigation
materials and structures.
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In order to achieve the whole process control of crack formation of engineered

cementitious composites (ECC) under loading and improve the mechanical properties of

ECC, steel fibers are mixed into traditional ECC to get polyvinyl alcohol (PVA)-steel hybrid

fiber reinforced cementitious composites (HyFRCC). And the key parameters to affect

the HyFRCC performance are PVA fiber content, steel fiber content, and aspect ratio of

steel fiber. In order to investigate the mechanical properties of PVA-steel HyFRCC such

as the compressive toughness, 15 PVA-steel HyFRCC specimens with different volume

fraction of steel fiber and PVA fiber, together with 1 non-fibrous cementitious composites

specimen and 3 ECC specimens with PVA fibers only for comparison were designed

and uniaxial compression tests were conducted. Furthermore, the effect of fiber content,

fiber type and fiber geometrical characteristic on the compressive toughness of HyFRCC

were analyzed. The results show that PVA fiber content, steel fiber content and aspect

ratio of steel fiber have little impact on the uniaxial compressive strength of the PVA-steel

HyFRCC, while the peak strain, compressive toughness and the post-peak ductility of

PVA-steel HyFRCC are improved significantly due to fiber hybridization. The formation

of large scale cracks of ECC specimens after post-peak loading is restrained effectively

with the addition of steel fiber. The mixture of PVA and steel fiber has a remarkable effect

on the improvement of ECC compression toughness and crack control. It indicates that

the energy dissipation and damage control capacity of the structural component with

PVA-steel HyFRCC under seismic loading will be enhanced.

Keywords: hybrid fiber, PVA fiber, steel fiber, engineered cementitious composite, compressive toughness,

seismic performance improvement

INTRODUCTION

The brittleness of ordinary concrete is an important factor that seriously restricts the workability
and durability of concrete structures under complex loading conditions. Engineered cementitious
composites (ECC) is a new civil engineering material proposed by Li with high crack resistance
and damage resistance (Li and Leung, 1992; Li, 1993; Wang and Li, 2006). ECC material shows
multiple cracking and strain-hardening behavior under tensile loading. The ultimate tensile strain
of ECC can reach several hundred times that of ordinary concrete, which effectively overcomes the
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brittleness and improves the tensile ductility of ordinary
concrete. The excellent mechanical and durability properties
make ECC potential for resilient, durable, and sustainable civil
infrastructures. A lot of research works on the properties of
ECC material have been done which results in improving the
traditional ECC material to get high performance ECCs such
as the ultra-high ductile ECC that matches strength (Wang
et al., 2015) and low drying shrinkage ECC (LSECC) (Zhang
et al., 2009). At present, ECC has been widely used in many
civil engineering fields such as bridge deck, pavement expansion
joints and structural repair (Qian et al., 2009; Fan et al., 2017;
Zhou et al., 2018).

It is necessary to fully understand the mechanical properties
of the material when designing the structure and simulating
the response of the structure and component. Most researches
on the mechanical properties of ECC material mainly focus
on the uniaxial tensile properties and the bending resistance.
However, the basic uniaxial compression properties of ECC
have not been widely concerned. Xu et al. (2009) and Cai and
Xu (2011) investigated the uniaxial compression behavior of
ECC materials using prismatic specimens and proposed the
uniaxial compression constitutive model of ECC further. Deng
et al. (2015) investigated the influence of different fiber content,
water-binder ratio and fly ash content on ECC compressive
toughness and obtained the relationship between fiber content
and compressive toughness index of ECC. Zhou et al. (2015)
tested the uniaxial compression of ECC with different strength
and found that the compressive toughness of ECC decreases
significantly with the increase of strength. Due to the higher
pullout rate and the smaller dimension of PVA fiber, it is difficult
to obtain full process control of crack formation simply via
PVA fiber only. It was found that the mechanical properties of
traditional ECC materials can be improved with the addition of
high-modulus fibers such as steel fiber (Kawamata et al., 2003;
Lawler et al., 2005; Maalej et al., 2005; Zhang et al., 2007).
Soe et al. (2013) investigated the tensile characteristics and the
rate dependence of the hybrid fiber reinforced ECC material
with 1.75% PVA and 0.58% steel fiber, and it was found that
the hybrid fiber reinforced ECC material exhibits improved
strength, strain capability and impact resistance. Ali et al. (2017)
investigated the impact resistance of an innovative hybrid fiber
reinforced ECC incorporating short randomly dispersed shape
memory alloy and PVA fibers using a drop weight impact test,
and their results indicate that SMA fiber significantly enhances
the tensile and impact performance of the ECC. The addition
of steel fiber to the traditional ECC material is expected to
achieve full crack control and high compressive toughness of
ECC material.

In order to investigate the mechanical properties of PVA-
steel HyFRCC such as the compressive toughness and the
key parameters to affect HyFRCC performance, 15 PVA-steel
HyFRCC specimens with different volume fraction of steel
fiber and PVA fiber, together with 1 non-fibrous cementitious
composites specimen and 3 ECC specimens with PVA fibers only
were designed and uniaxial compression tests were conducted.
And the effect of PVA fiber content, steel fiber content and aspect
ratio of steel fiber on the mechanical properties of HyFRCC

such as axial compressive strength, peak strain and compressive
toughness were analyzed further.

EXPERIMENTAL PROGRAM

Material Composition and Mix Ratio
Ordinary Portland cement P.O 42.5, class II fly ash and standard
sand for cement strength test were used to design the materials
in this study. According to the recommendations for design
and construction of ECC and the previous research results, the
mix ratio of HyFRCC was designed. All of these mixtures that
investigated in this study had the same cement, fly ash, sand, and
water. The only difference was the type of used fibers and their
combination. The quantity of each constituent of the material
except fibers is given in Table 1.

Three types of steel fibers with different aspect ratios shown in
Table 2 were used. The PVA fibers used in this study is made by
Kuraray and titled as KURALON KII RECS15. The properties of
PVA fiber were shown in Table 3.

Specimens Design and Test Setup
Three parameters such as PVA fiber content, steel fiber
content and aspect ratio of steel fiber were considered in
this study. As shown in Table 4, 15 PVA-steel HyFRCC (A5-
A19) with different volume fraction of steel fiber and PVA
fiber, together with 1 non-fibrous cementitious composites
(A1) and 3 ECC with PVA fiber only for comparison
were investigated.

For each composite, three test cubes with the dimension of
150× 150× 150mm and three test prisms with the dimension of
150 × 150 × 300mm were cast in steel molds and compacted by
vibration table. All specimens were demoulded 24 h after casting

TABLE 1 | Mixture design (kg/m3).

Cement Fly ash Sand Water

530 753 467 404.5

TABLE 2 | The mechanical and geometrical properties of steel fiber.

Fiber Length (mm) Diameter

(mm)

Tensile

strength

(MPa)

Density

(g/cm3)

Type

Sa 24 0.6 ≥600 7.8 Crimped steel

Sb 36

Sc 48

TABLE 3 | The mechanical and geometrical properties of PVA fiber.

Length

(mm)

Diameter

(µm)

Tensile

strength

(MPa)

Elongation

(%)

Modulus

(GPa)

Density

(g/cm3)

12 40 1,600 6 40 1.3
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and stored in a standard curing roomwith 20± 2◦C and 95% RH
for additional 27 days.

Loading Device and Control Method
The compression tests were conducted by an electro-hydraulic
servo compression machine with a load capacity of 300t. As
shown in Figure 1A, cubes were tested to obtain the 28-day
compressive strength and the tests were performed under a
constant rate of 0.5 MPa/s. As shown in Figure 1B, prisms
were tested to evaluate the full compressive loading-displacement
response of the composites. A displacement control with 0.3
mm/min loading velocity was applied in the axial direction until
ultimate failure occurred. Two grating displacement sensors were
used to measure the vertical deformation in the gauge range of
the specimens.

Test Phenomena
The axial compression resistance of non-fibrous cementitious
composites is similar to that of ordinary concrete. After the peak
load, a vertical main crack is formed through the prisms. The
matrix on both side of the crack is obviously dislocated and
the prisms lose the bearing capacity. The failure mode of the
non-fibrous matrix is shown in Figure 2A.

There is a significant difference between the fiber reinforced
cementitious composites and non-fibrous cementitious
composites in the process of compression. The development of
cracks is still in control after the peak load due to the addition of
fibers and new cracks develop continuously. The residual loading
capacity of the specimens is still maintained when they come
to failure.

There is obvious difference between the ECC and HyFRCC
prismatic specimens in the process of compression. At the initial

stage of loading, the lateral deformation of the ECC andHyFRCC
prismatic specimens is small, the specimens are in the linear
elastic stage. When the vertical loads come up to 40∼60% of the
peak load, the lateral deformation of the prismatic specimens
is obviously increased. A number of fine cracks appear on the
surface of the prisms. Due to the bridging of PVA fibers at
the micro-crack, the generation and development of the micro-
crack can well be inhibited and the specimens is still in the
elastic stage approximately. When the vertical loads come up to
more than 80% of the peak load, the lateral deformation of the
prismatic specimens increases rapidly. The main vertical crack is
formed and 45◦ oblique cracks are generated between the vertical
cracks and the fizz sound that is produced by pulling out and
snapping of PVA fibers can be clearly heard with the increase
of the crack width. After peak load, the main vertical crack of
the ECC prismatic specimens becomes wider suddenly and the

FIGURE 1 | Test specimens. (A) 150mm cube. (B) 150 × 150

× 300mm prism.

TABLE 4 | Test group and test results.

Specimen number PVA fiber (% vol.) Steel fiber (% vol.) Aspect ratio of steel fiber Peak loading (kN) Peak deformation (mm) Peak strain (µm/mm)

A1 – – – 1033.5 0.363 2,416

A2 0.5 – – 918.00 0.565 3,764

A3 1.0 – – 961.50 0.658 4,384

A4 1.5 – – 996.00 0.745 4,964

A5 1.0 0.5 40 918.75 0.773 5,153

A6 1.0 1.0 40 923.25 0.788 5,253

A7 1.0 1.5 40 954.00 0.802 5,348

A8 1.0 0.5 80 938.25 0.776 5,171

A9 1.0 1.0 80 941.25 0.794 5,293

A10 1.0 1.5 80 951.00 0.811 5,404

A11 0.5 0.5 60 862.50 0.741 4,940

A12 0.5 1.0 60 885.00 0.777 5,180

A13 0.5 1.5 60 895.50 0.794 5,291

A14 1.0 0.5 60 918.75 0.845 5,633

A15 1.0 1.0 60 929.25 0.862 5,748

A16 1.0 1.5 60 945.75 0.879 5,860

A17 1.5 0.5 60 924.00 0.934 6,224

A18 1.5 1.0 60 964.50 0.950 6,335

A19 1.5 1.5 60 979.88 0.968 6,450
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bearing capacity of the prisms drops sharply. Nevertheless, the
existence of PVA fibers makes it still have some residual bearing
capacity. For HyFRCC specimens, due to the presence of steel
fiber, the main vertical crack width does not change abruptly
after the peak load, and the development of the main crack can
be controlled effectively during the decline of bearing capacity.
In the meantime, new cracks are still formed in the prisms.
Furthermore, the residual bearing capacity of the HyFRCC
specimens is higher than that of the ECC specimens significantly.
It indicates that HyFRCC is superior to the mono fiber reinforced
cementitious composites in compressive toughness and crack
control. The failure modes of the ECC specimens and the
HyFRCC specimens are shown in Figures 2B,C.

TEST RESULTS AND ANALYSIS

Load-Deformation Curves
According to the test results, the axial compression load-

deformation curves of the non-fibrous, the ECC and the
HyFRCC prisms are shown in Figure 3. The peak load and peak

deformation of each prism are shown in Table 4.
As shown in Figure 3 and Table 4, the axial compressive

strength of the fiber reinforced cementitious composites is
smaller than that of the non-fibrous cementitious composites.

The axial compressive strength of the ECC is about 10%

lower than that of the non-fibrous cementitious composites,
which is similar to the test results by Zhou et al. (2015) and

FIGURE 2 | Failure modes of tested prisms. (A) Non-fibrous. (B) ECC. (C) HyFRCC.

FIGURE 3 | The uniaxial compressive load-deformation curves of test specimens. (A) Non-fibrous and ECC. (B) Hybrid mixtures with variable aspect ratios of steel

fiber. (C) Hybrid mixtures with variable volume fraction of PVA fiber. (D) Hybrid mixtures with variable volume fraction of steel fiber.
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Wang et al. (2018). The results of the preliminary mix ratio test
show that the axial compressive strength of the mono steel
fiber specimen is about 5% lower than that of the non-fibrous
cementitious composites. The addition of fibers introduces more
defects in the matrix during the mixing, which leads to the
reduction of the axial compressive strength of the specimen.
Since the size of the steel fiber is much larger than the PVA fiber,
the defect introduced by steel fibers is less than that introduced
by PVA fibers with the same volume fraction. Thus, the strength
reduction caused by steel fibers is less than that caused by PVA
fibers. The addition of PVA fiber and steel fiber mainly bridges
the matrix at the crack and improve the ductility of the material.

It can be seen from Figure 3 andTable 4 that the peak strain of
each mixture is in the range from 3,500 to 6,500 µm/mm, which
is much higher than the peak strain of the non-fibrous specimen,
2,416µm/mm. The peak strain of ECC and HyFRCC is increased
by 55∼ 105% and 104∼ 167%, respectively, which indicates that
the addition of steel fiber has a significant effect on improving the
deformation capability of the material before peak load, and the
peak strain of the prismatic specimens increases gradually with
the increase of steel fiber content. The peak strain of the HyFRCC
specimens increases first and then decreases with the increase of
the aspect ratio of steel fiber while the PVA fiber content and steel
fiber content remain constant.When the aspect ratio of steel fiber
is 60, the peak strain is maximum.

Compressive Strength
For the tested specimens in this paper, the axial
compressive strength of ECC and HyFRCC increases
with the increase of fiber content. In order to
accurately quantify the influence of fiber size and
fiber content to the axial compressive strength of the
material, the concept of fiber characteristic value was
introduced as:

{

λpf = ρpflpf/d pf
0.5% ≤ ρpf ≤ 1.5%

λsf = ρsflsf/d sf 0.5% ≤ ρsf ≤ 1.5%
(1)

where ρpf and ρsf are the content of PVA fiber and steel fiber of
the matrix, respectively, lsf/d sf and lpf/d pf

are the aspect ratio of

steel fiber and PVA fiber, respectively.
As shown in Figure 4, the relationship between the fiber

characteristic value and the axial compressive of the material
based on the test results is obtained as:

fc
′
= fc

(

1− 0.1628λpf
−1

− 0.0128λsf
−1

)

(2)

where fc and fc
′ are the axial compressive strength of non-fibrous

andHyFRCCmatrix, respectively.When the content of PVAfiber
and steel fiber are equal to zero, fc

′ is equal to fc.

Compressive Toughness
The compressive toughness index is important for quantitative
analysis of energy dissipating ability of materials. At present,
the commonly used compressive toughness analysis methods

include energy method, strength method, energy ratio method
and feature point method (Liu et al., 2005). The equivalent
compressive toughness method proposed by Deng et al. (2015)
was used to analyze and evaluate the compressive toughness of
each specimen in this paper, as shown in Figure 5.

The compressive toughness index is calculated using the
following equation:

Wu
c =

�u

Al
(3)

where Wu
c represents the equivalent compressive toughness

index,�u is the area under the load–deformation curve at vertical
deformation of1u,1u is the vertical deformation corresponding
to the axial load while the axial load is reduced to u times peak

FIGURE 4 | Fitted curve of uniaxial compression strength of HyFRCC.

FIGURE 5 | The method of equivalent compressive toughness.
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load, A is the uniaxial compression area of the test specimen, l is
the axial height of the test specimen.

As shown in Table 5, the equivalent compressive toughness
index of each specimenwhen u is 1.00, 0.85 and 0.3 was calculated
based on the test results, respectively. W1.00

c corresponds to
the compressive toughness when the specimen reaches to the
ultimate load, which can be used for the analysis of bearing
capacity of structures in the normal service condition. W0.85

c

corresponds to the compressive toughness when the load of the
specimen declines to 0.85 times ultimate load, which can be used
to evaluate the ductility and energy dissipation of structures.
W0.30

c corresponds to the compressive toughness when the load
of the specimen declines to 0.30 times ultimate load, which can
be used for collapse resistance analysis of structures.

The matrix material is typically brittle, and its compressive
toughness index is significantly smaller than that of fibrous
material. The fibers distributed in cementitious composites
can bridge the matrix on both side of cracks, limit the
generation and development of internal cracks in the matrix,
and improve the vertical deformation capacity and compressive
toughness of the specimen. Comparing with the non-fibrous
cementitious composites specimen, W1.00

c , W0.85
c , and W0.30

c

values of fibrous specimens increase by 82.87, 69.16, and 135.32%
on average, respectively.

The PVA fiber and steel fiber in fiber reinforced cementitious
composites can effectively inhibit the formation and
development of cracks. Among them, the PVA fiber with
smaller scale mainly inhibits the formation and development of
fine cracks, while the steel fiber with larger scale mainly controls
the development of wider cracks. As shown in Table 5, due to
the special pullout mechanism of PVA fiber, the compressive

toughness of ECC that with PVA fiber only is not much higher
than that of the non-fibrous cementitious composites specimen.
W1.00

c , W0.85
c , and W0.30

c values of ECC specimens increase by
54.71, 24.92, and 58.90% on average, respectively. With the
addition of steel fiber with larger scale, the uniaxial compressive
toughness of HyFRCC is obviously improved, the W1.00

c , W0.85
c ,

andW0.30
c values of HyFRCC specimens increase by 88.50, 76.46,

and 150.61% on average, respectively.

The Influence of Various Parameters on the
Toughness Index
The relationship between the compressive toughness index of the
material and the PVA fiber content, steel fiber content and aspect
ratio of steel fiber are shown in Figure 6.

The influence of various parameters on the compressive
toughness index are summarized as follows:

As shown in Figures 6B,E,H, the compressive toughness
index values of the fiber reinforced cementitious composites
specimens increases with the increase of volume fraction of PVA
fiber. Due to the special pullout mechanism of PVA fiber, the
compressive toughness of ECC specimens is significantly lower
than that of HyFRCC specimens, as shown in Figure 6H.

Steel fiber can effectively inhibit the development of wide
cracks. However, the addition of steel fiber will inevitably
introduce defects into the matrix. The combination of the
two causes weakens the improvement of the compressive
toughness which was enhanced by steel fibers. As shown
in Figures 6D,G, the compressive toughness index values
of the HyFRCC specimens increase first and then decrease
with the increase of the steel fiber content while the PVA

TABLE 5 | Calculated results of equivalent compressive toughness.

Specimen no. �1.00 �0.85 �0.30 W1.00
c W0.85

c W0.30
c

×105 (N·mm) (×10−2)

A1 2.24 3.10 3.77 3.325 4.594 5.582

A2 2.87 3.21 4.93 4.252 4.759 7.310

A3 3.20 4.02 5.59 4.742 5.950 8.281

A4 4.35 5.12 7.44 6.438 7.579 11.019

A5 3.79 4.59 6.58 5.612 6.801 9.755

A6 4.08 5.69 10.37 6.040 8.433 15.360

A7 4.26 5.46 7.47 6.313 8.086 11.061

A8 3.99 4.83 6.87 5.919 7.152 10.178

A9 4.05 5.12 10.87 6.001 7.593 16.108

A10 4.21 5.00 8.06 6.243 7.400 11.936

A11 3.46 4.23 5.93 5.126 6.267 8.785

A12 3.54 4.59 7.78 5.242 6.802 11.532

A13 3.96 4.46 6.88 5.864 6.604 10.190

A14 4.44 5.42 8.49 6.580 8.036 12.587

A15 4.46 6.74 13.16 6.604 9.982 19.491

A16 4.46 6.01 10.15 6.613 8.908 15.031

A17 4.79 5.91 10.43 7.103 8.760 15.455

A18 4.82 7.22 15.53 7.142 10.693 23.002

A19 5.14 6.80 13.07 7.612 10.079 19.363
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FIGURE 6 | The influence of various parameters for the compressive toughness. (A) Influence of steel fiber content on �1.00. (B) Influence of PVA fiber content on

�1.00. (C) Influence of aspect ratio of steel fiber on �1.00. (D) Influence of steel fiber content on �0.85. (E) Influence of PVA fiber content on �0.85. (F) Influence of

aspect ratio of steel fiber on �0.85. (G) Influence of steel fiber content on �0.30. (H) Influence of PVA fiber content on �0.30. (I) Influence of aspect ratio of steel fiber

on �0.30.

fiber content remains constant. When the volume fraction
of steel fiber is 1%, the compressive toughness index values
are maximum. The negative fiber hybridization effect occurs
when the volume fraction of steel fiber increases from 1.0
to 1.5%.

In HyFRCC, the total number of steel fibers decreases
with the increase of the aspect ratio of steel fiber when the
steel fiber content remains constant. Therefore, the number
of steel fibers that bridging cracks will decrease. As shown in
Figures 6C,F,I, with the increase of the aspect ratio of steel
fiber, the compressive toughness of the HyFRCC specimens
increases first and then decreases. When the aspect ratio
of steel fiber is 60, the compressive toughness index values
are maximum.

CONCLUSION

The fiber content and geometrical characteristics are the main
factors affecting the axial compressive strength of HyFRCC
material. The addition of fibers leads to the reduction of the
axial compressive strength of the matrix material. The axial
compressive strength of HyFRCC material increases with the
increase of the PVA fiber and steel fiber content. The relationship
between the axial compressive strength of HyFRCC and the
fiber characteristic value is established according to the test
results, which provides a reference for engineering application
of HyFRCC.

The uniaxial compressive peak strain of HyFRCC significantly
increases with the addition of fiber. The peak strain of ECC is
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55 ∼ 105% higher than that of the non-fibrous cementitious
composites. The peak strain of HyFRCC increases remarkably
with the addition of steel fiber. And the peak strain of HyFRCC
increases by 104∼167% when the volume fraction of steel fiber is
0.5 ∼ 1.5%. The deformation capability is significantly improved
before reaching peak load.

Comparing with the non-fibrous cementitious composites,
W0.85

c and W0.30
c values of ECC only increases by 24.92 and

58.90% on average, respectively. The crack control capability
of HyFRCC is improved with the addition of steel fiber. The
ductility and compressive toughness after peak load is also
improved significantly. W0.85

c and W0.30
c values of HyFRCC

increase by 76.46 and 150.61% on average, respectively.
The PVA fiber content, steel fiber content and aspect ratio of

steel fiber have a significant effect on the compressive toughness
of HyFRCCmaterial. The compressive toughness of the HyFRCC
is optimized when the PVA fiber content is 1.0%, the steel fiber
content is 1.5%, and the aspect ratio of steel fiber is 60.

The compressive toughness, deformation and energy
dissipation capacity of PVA-steel HyFRCC can be significantly
improved. It is indicated that PVA-steel HyFRCC can be used for
vibration isolation and mitigation of structures to improve the
seismic performance of structures (Kasai et al., 1998; Xu et al.,
2017, 2019).
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The viscoelastic material is one of most popular shock absorbing materials for mitigating

vibrations of building structures due to earthquake. Its dynamic performance is affected

by the temperature, the excitation frequency and the excitation amplitude. Therefore,

in order to study the non-linear dynamic performance of the viscoelastic materials, a

hybrid test system using the electric exciter is proposed, in which the electric exciter

is the actuator, MATLAB is used for the simulation of the numerical substructure and

the communication between the upper computer and the lower machine, and STM32

single-chip microcomputer is used to control the work state of the electric exciter. Based

on the equivalent force control method and the incremental PID control algorithm, a

controller is designed to make sure the electric exciter produces accurate control forces

to the non-linear test component in the physical substructure. It can be shown from the

test results that the developed whole hybrid test system is feasible and effective.

Keywords: viscoelastic damping material, hybrid test, electric exciter, equivalent force control, incremental PID

INTRODUCTION

In the process of the research of the structural dynamic performance induced by different
earthquake, sometimes the core materials or components of the whole structure have very strong
non-linearities and unknown properties, which accurate mathematical model cannot be obtained,
at the same time, the structure is some kind of large-scale structures, so how to analysis the effect
or functions of the core components and the whole structural dynamic performance? Hybrid Test,
also called as on-line experiment (Hakuno et al., 1969; Takanashi et al., 1975) is an innovation
experimental testing method. Hybrid Test mainly includes two parts: one part is the physical test
for the core components of the whole structure; the other part is the numerical simulation for the
rest of the whole structure. These two parts are be effectively combined to realize the evaluation of
the dynamic performance of the structure and components.

Since the twenty-first century, with the advent of large-scale and complex structures, the hybrid
test is developing in two directions: In the spatial domain, in order to integrate the experimental
resources from different regions, the hybrid test is developed from local partial tests to network
collaborative tests (Mosqueda et al., 2008); In the time domain, in order to test the velocity -
dependent specimen, the hybrid test is developed from the rapid test in reality to the real-time test
in the ideal (Nakashima, 2001). In 2004, Pearlman et al. (2004) arranged physical substructures and
numerical substructures at the University of Colorado and the University of Illinois, respectively,
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the communication between the upper and lowermachines relied
on the network, which is a bold attempt to the division and
location restrictions of physical substructures and numerical
substructure of the hybrid test. In 2005, Pan et al. (2005)
developed an Internet online test system which physical test
and associated numerical analysis were different location, and
the two locations communicate over the Internet. In 2006,
Takahashi and Fenves (2006) developed an object-oriented
software framework for distributed experimental-computational
simulation of structural systems. And they carried out a
distributed pseudo-dynamic test using a client-server approach,
in which the server program controlled the test equipment in
Japan and the client program performed the computational
simulation in the United States. In 2009, Carrion et al. (2009)
presented an approach for real-time hybrid simulation in which
compensation for actuator dynamics was implemented using a
model-based feed forward compensator. In 2012, Saouma et al.
(2012) developed a specialized software written explicitly to
perform, single site, hybrid simulation ranging from pseudo-
dynamic to hard real time ones to improve the computational
engine of the hybrid test. Chen et al. (2012) presented a real-
time hybrid simulation system which included the hydraulic
actuators, the IT control architecture, an integration algorithm,
and actuator delay compensation. The integration algorithm
provided a robust and accurate solution to the equations of
motion, and the adaptive inverse compensation method ensured
the accurate application of the command displacements to
experimental substructure(s) by servo-hydraulic actuators. In
2013, Gao et al. (2013) proposed and validated an H loop
shaping design for actuator motion control in real-time hybrid
simulation to improve both the stability limit and test accuracy
compared with several existing strategies. Furthermore, the
feature of the strategy was its robust performance in terms
of unmodeled dynamics and uncertainties. In 2016, Na and
Kim (2016) developed a non-linear finite element analysis
program for hybrid, in which the fixed number iteration method
and parallel computational technique was used to shorten the
computational time. And, in the real-time control system, the
inter-communication between a substructure and an analysis
program was simplified. In 2017, Fermandois and Spencer
(2017) presented a framework for multi-axial real-time hybrid
simulation, which consisted in prescribing multiple degrees-of-
freedom at the interface between numerical and experimental
substructures by using a multi-actuator loading assembly. The
multi-axial real-time hybrid simulation was carried out for a
single-story building structure. Xu et al. (2017) developed a
hybrid dynamic test system based on electro dynamic fatigue
test machine. In this hybrid test system, the electro dynamic
fatigue test machine was used as the actuator, simulation program
was made based on MATLAB which was easy to modify and
debug in accordance with the real test’s requirements; the high-
performance STM32 single-chip microcomputer was used as the
core control chip.

The viscoelastic material is one of most popular shock
absorbing materials for mitigating vibrations of building
structures due to earthquake (Xu et al., 2019). Its dynamic
performance is affected by the temperature, the excitation
frequency and the excitation amplitude. This paper presents a

hybrid test system to study the non-linear dynamic performance
of the viscoelastic materials. In the hybrid test system, the electric
exciter is the actuator, MATLAB is used for the simulation of
the numerical substructure and the communication between the
upper computer and the lower machine, and STM32 single-chip
microcomputer is used to control the work state of the electric
exciter. Based on the equivalent force control method and the
incremental PID control algorithm, a controller is designed to
make sure the electric exciter produces accurate control forces
to the non-linear test component in the physical substructure.
The whole hybrid test system is tested, and the viscoelastic
damper adopted as the non-linear test component. The test
results show that the developed whole hybrid test system is
feasible and effective.

DESIGN SCHEME OF HYBRID TEST

SYSTEM

The hybrid test system using the electric exciter mainly includes
two parts: the upper computer and the lower machine (that
is the physical substructure), as shown in Figure 1. In the
upper computer, MATLAB is used to write the numerical
substructure program and the communication program between
the upper computer and the lower machine. The numerical
substructure program will realize the modeling and simulation
of the numerical substructure. Through the communication
program, the upper computer can send the command signals
to the lower machine, and accept the displacement or the force
signals transmitted by the lower machine. The lower machine,
the physical substructure, mainly includes the non-linear test
component, the controller, the electric exciter and sensors. The
controller takes STM32 single-chip microcomputer as the main
controller to write the serial communication program of the
upper and the lowermachine, the electric exciter control program
and sensors data acquisition procedure.

Figure 2 shows the detail design scheme diagram of the
hybrid test system. The electric exciter is as the actuator (that
is, the power source of the whole system) to realize the loading
of the vibration force of the non-linear test component. The
STM32 single-chip microcomputer is as the core control chip
to realize the data communication between the upper computer
and the lower machine, the data collection of the sensors and
the drive control of the exciter by using the PID controller.
MATLAB is used to complete the modeling and simulation of
the numerical substructure and the data communication of the
upper computer and the lower machine. Serial communication
mode is adopted to realize the real-time two-way communication
between STM32 single-chip microcomputer andMATLAB in the
upper computer, and to establish the relationship between the
numerical substructure and the physical substructure.

DESIGN OF THE HYBRID TEST SYSTEM

CONTROLLER

In this paper, the electric exciter is as the actuator, which works
on the non-linear test component according to the control signal
coming from the upper computer. Here the viscoelastic damper
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FIGURE 1 | The hybrid test system.

FIGURE 2 | The detail design scheme diagram of the hybrid test system.

is chosen as the non-linear test component. In order to make the
electric exciter to produce accurate control forces, the equivalent
force control method and the incremental PID control algorithm
are used at the same time, as shown in Figure 3.

Equivalent Force Control Method
For the electric exciter, its control current is linear with the force it
produces. While the test component is non-linear, the equivalent
force control method (Wu et al., 2007; Bursi et al., 2008) is used to
determine the control signal of the electric exciter. The equations
of motion, the expressions of the displacement and the velocity
in discrete time are as follows:

Mai+1 + Cvi+1 + RNdi+1 + REdi+1 = Fi+1 (1)

di+1 = di + 1tvi +
1t2

4
(ai + ai+1) (2)

vi+1 = vi +
1t

2
(ai + ai+1) (3)

Where, M and C are the mass matrix and the damping
matrix of the structure, respectively, which usually are
constants; RN is the reaction force vector of the numerical
substructure; RE is the reaction force vector of the
non-linear test component; i is the time step; di, vi, ai
are the displacement, the velocity and the acceleration,
respectively; 1t is the integral time interval; F is the external
load vector.

According to Equations (2, 3), the speed and the acceleration
of step i+1 can be described as:

ai+1 =
4

1t2
(−di − 1tvi −

1t2

4
ai + di+1) (4)

vi+1 = −
2

1t
di − vi +

2

1t
di+1 (5)
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FIGURE 3 | Equivalent force control schematic diagram.

Substitute Equations (4, 5) into Equation (1):

RNdi+1 + KPDdi+1 + REdi+1 = FEQ,i+1 (6)

KPD =
4M

1t2
+

2C

1t
(7)

FEQ,i+1 = Fi+1 +Mai + (
4M

1t
+ C)vi + (

4M

1t2
+

2C

1t
)di (8)

KPD is a pseudo-stiffness matrix. FEQ,i+1 is the equivalent force
for each load cycle, which consists of two parts, the external
excitation force Fi+1 in the current loading cycle and the pseudo-
dynamic effect calculated according to the displacement response
in this period. Equation (6) is a non-linear equation about
the displacement variable di+1, which can also be regarded
as an equilibrium equation about the equivalent force FEQ,i+1.
Meanwhile it can be seen from Equation (6) that the left side
of the equation is added by the damping force RNdi+1 of
the numerical substructure, the pseudo-dynamic KPDdi+1 and
the experimental reaction force REQdi+1 of the non-linear test
component,and the right side of the equation can be regarded
as the equivalent external force FEQ,i+1. So the solution of the
equation is the displacement di+1 of the effect system under the
influence of equivalent external force.

The equivalent force control method uses a closed-loop
control system, that is, a feedback control method,the control
method makes the feedback force [left side of Equation (6)]
equal to the equivalent force [right side of Equation (6)]steadily
and asymptotically, as shown in Figure 3. In each integral
time interval 1t, with the equivalent force controller and the
force conversion coefficient C F , the equivalent force difference
EEQ,i+1(t) between the equivalent force command FEQ,i+1(t)
and the equivalent force feedback value F′EQ,i+1(t) obtain the
next force command Fci+1(t). At the end of each loading
cycle, when the equivalent force feedback value F′EQ,i+1(t)can
infinitely approximate the equivalent force F EQ,i+1(t) command
in corresponding to the loading cycle, the actual displacement
dmi+1(t) will be infinitely close to the target displacement di+1(t)
and will become the solution of Equation (6). By the solution of

Equation (6), the exciter outputs a corresponding displacement,
which in turn produces equivalent force. Among them, CF is the
force distribution coefficient, its effect is equivalent to Newton
iterative method in the Jacobian matrix, the value of the force
distribution coefficient CF is as follows:

CF =
KE

KPD+KN+KE
(9)

Where, KN and KE are the initial stiffness matrices
of the numerical substructure and the non-linear test
component respectively.

Design of the Incremental PID Controller
The function of the controller is enabling the equivalent force
feedback value track the equivalent force command accurately,
the controller is divided into the inner-loop force controller
and the outer-loop equivalent force controller. The outer-loop
controller is equal-effect control to calculate the force loading
command of the electric exciter by the force distribution
coefficient. The inner-loop controller is the force control of the
electric exciter, so that the electric exciter can accurately reach
the force command. The PID controllers are adopted as these
two controllers.

In the control system involving computer technology, most
of the traditional analog PID cannot be used successfully,
because the computer cannot perform integral or differential
operation directly,computers can only be simulated infinitely
to approach this mathematical calculation in other ways. On
the other hand, in the single-chip microcomputer technology,
the signal acquisition is also discrete, only can collect signal
for feedback periodically through the signal acquisition module.
Digital PID algorithm is divided into two kinds, the incremental
PID algorithm and the position PID algorithm. The position PID
algorithm directly produces the final output of the system in each
control period, which is a relatively direct control method. But
in this approach, each of the previous errors are accumulated,
and the entire system is closely linked before and after each
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adjustment cycle. It can easily lead to excessive adjustment of
the amplitude, and even cause serious control accidents. The
incremental PID algorithm converts the analog signal into a
digital signal, which is convenient for computer calculation and
the single-chip acquisition. On the other hand, compared with
the position PID algorithm, the incremental PID algorithm has a
smaller calculation, which can guarantee the reliability and real-
time performance of the system. Therefore, the incremental PID
controller is chosen, and the discrete incremental PID algorithm
is as follows:

u
(

k
)

= Kp{e(k)+
T

Ti

m
∑

k=0

e(k)+
Td

T
[e(k)− e(k− 1)]} (10)

Where, u
(

k
)

is the output of the k-th sampling period of the
control system, and e(k) is the input deviation of the k-th
sampling period of the control system; KP is the proportional
coefficient of the control system; Ti is the integral time constant
of the control system; Td is the differential time constant of the
control system; and T is the system sampling period. According
Equation (10) the output value of the k-1-th sampling cycle is:

u
(

k− 1
)

= Kp{e(k− 1)+
T

Ti

m
∑

k=0

e(k− 1)

+
Td

T
[e(k− 1)− e(k− 2)]} (11)

The each adjustment cycle output of the incremental PID
controller is the increment of adjustment on the basis of the
first 2 times adjustment cycles, so by subtracting Equation (11)
from Equation (10), the output equation of the incremental PID
controller can be obtained:

1u(k) = u(k)− u(k-1)1u(k) = Ae(k)+ Be(k-1)+ Ce(k-2) (12)

Where, A = Kp(1+
T
Ti

+
Td
T ); B = Kp(1+ 2

Td
T ); C = Kp

Td
T .

Simulation Model of System
According to the above principle of equivalent force control,
the Matlab/Simulink simulation model of the equivalent force
control system of the hybrid test system is shown in Figure 4.
In the hybrid test system there are two PID controllers, an inner-
loop force PID controller and an outer-loop equivalent force PID
controller. The “Subsystem” block includes the electric exciter
model and the inner-loop force PID controller. The input of
the inner-loop force PID controller is the difference between the
target force and the actual force, and the output is the control
value of the electric exciter. The function of the outer-loop
equivalent force PID controller is “forcing” the motion Equation
(6) of the hybrid test system to be established to ensure the
stability and accuracy of the whole hybrid test system. And its
input is the difference of equivalent force.

In the simulation model the viscoelastic damper is chosen as
the non-linear test component, and its transfer function is:

Fs =
1

Ce · s+ Ke
(13)

Where Ce is the equivalent damping of the viscoelastic damper
and Ke is the equivalent stiffness of the viscoelastic damper.
According to the basic theory of the viscoelastic damper, its
parameters can be obtained. The shear modulus is:

G1 =
F1 × h

n× A× u0
(14)

The loss factor is:

η =
F2

F1
(15)

The loss modulus is:

G2 = ηG1 (16)

The equivalent stiffness is:

Ke =
F1

u0
=

G1A

h
(17)

The equivalent damping is:

Ce =
ηKE

ω
=

G2A

ωh
(18)

Where n is the number of layers of the viscoelastic damping
material, A is the shear area of viscoelastic damping material
layer, h is the thickness of the viscoelastic damping material layer;
u0 is the maximum displacement of the viscoelastic damper in
horizontal direction; F0 is the maximum damping force of the
viscoelastic damper; F1 is the damping force at the maximum
displacement of the viscoelastic damper; F2 is the damping force
at zero displacement of the viscoelastic damper; ω is the loading
circular frequency.

TEST ANALYSIS

The test device of the hybrid test system designed in this paper is
shown in Figure 5. The physical substructure ismainly composed
of the electric exciter, the force sensor, the displacement sensor,
the viscoelastic damper and STM32 controller. The specific
model of the electric exciter is KDJ100. Its maximum exciting
force is 1,000N, its maximum amplitude is ±15mm and its
maximum current is 30A. A plate viscoelastic damper is used
as the non-linear component in the hybrid test system, which
consists of an intermediate steel plate, two constrain steel plates
and two pieces of viscoelastic material, as shown in Figure 6. For
each piece of viscoelastic material, its area is 20 × 25mm, and its
thickness is 8mm. The thickness of all steel plates is 7mm. The
damping of the viscoelastic damper Ce=5KN·s/m, the stiffness
of the viscoelastic damper Ke=200 KN/m. Three sets different
sinusoidal signals are used to tests the physical substructure. El-
Centro earthquake wave and Tianjin earthquake wave are used as
the excitation signals of the whole hybrid test system.

Before testing the performance of the whole hybrid test
system, the dynamic performance of the physical substructure
is tested firstly. Three sets of sinusoidal signals with the same
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FIGURE 4 | Simulink simulation model of the equivalent control system.

FIGURE 5 | The test device of the hybrid test system.
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FIGURE 6 | The viscoelastic damper.

FIGURE 7 | Force-displacement hysteretic curve of the viscoelastic damper.

frequency and different amplitudes are used as the control signals
of the electric exciter, which will make the electric exciter to
produce the frequencies of the forces all are 5Hz, and the
amplitudes of the forces are 5, 100, and 150N, respectively. Under
these three sets of the forces the force-displacement relationship
of the viscoelastic damper are detected by using the force sensor
and the displacement sensor in the hybrid test system, and then
the results are shown in Figure 7. It can be seen that at the
same loading frequency, with the increase of the force amplitude,
the inclination angle of hysteretic curves of the viscous damper
decreases, the envelope area increases, that is, the equivalent
stiffness of the viscoelastic damper decreases with the increase of
the force amplitude, and the energy dissipation capacity increases
with the increase of the force amplitude. Meanwhile, it can
be obtained that the physical substructure of the hybrid test
system can work normally, and the non-linear component, the
viscoelastic damper, has strong non-linearity and good energy
dissipation characteristics.

El-Centro earthquake wave and Tianjin earthquake wave are
used as the excitation signals of the whole hybrid test system to
test its performance. Under different earthquake wave excitation,
the output forces of the electric exciter collected in real-time
are compared with expected output forces, as shown Figure 8.
It can be seen from Figure 8 that whether under El-Centro
earthquake wave or under Tianjin earthquake wave, the forces

applied to the viscoelastic damper by the electric exciter is in good
agreement with the expected forces of theoretical analysis, only
there is a certain error at the individual point. Under El-Centro
earthquake wave, the maximum force produced by the electric
exciter is 191N, the maximum expected value of the theoretical
analysis is 200N. The absolute error is 9N and the relative error
is 4.5%. The maximum error occurs at the 300th data point,
where the experimental value is 141N and the expected value is
160N. And the absolute error is 19N, the relative error is 11.9%.
Under Tianjin earthquake wave, the maximum force produced
by the electric exciter is 275N, the maximum expected value
of the theoretical analysis is 285N. The absolute error is 10N
and the relative error is 3.5%. The maximum error appears at
the 624th data point, the experimental value is 218N and the
expected value is 250N. The absolute error is 32N and the
relative error is 12.8%. The main reason for these errors is that
the viscoelastic damper is a kind of non-linear damping device,
especially the viscoelastic material used in the device has strong
non-linear characteristics which dynamic performance is affected
by the temperature, the excitation frequency and the excitation
amplitude (Xu et al., 2016). In the theoretical analysis, the model
parameters of the viscoelastic damper are obtained by analyzing
the data of its performance experiment. Within the allowable
range of error, these model parameters of the viscoelastic damper
can meet the requirements of most excitation frequency and
excitation amplitude, but they are fixed values and cannot change
with the change of the temperature, the excitation frequency
and the excitation amplitude. However, the frequency and the
amplitude of El-Centro earthquake wave and Tianjin earthquake
wave used in the whole hybrid test system are changed at all
times. This causes a certain error between the experimental value
and the theoretical value at individual points. In addition, the
parameters of the PID controller used in the entire hybrid test
system are fixed during the whole test process, so that the control
requirements under most excitation can be guaranteed. However,
the parameters of the PID controller are not adjusted in real time
with the change of the non-linear characteristics of the load, so
that the optimal control effect cannot be achieved at individual
points in the test process, and a certain error occurs.

CONCLUDING REMARKS

In this paper, a hybrid test system is proposed, in whichMATLAB
is used for the simulation of the numerical substructure and the
communication between the upper computer and the physical
substructure; the electric exciter is the actuator; STM32 single-
chip microcomputer is used to control the work state of the
electric exciter; the viscoelastic damper adopted as the non-linear
test component; the force sensor and the displacement sensor
are used to measure the force and the displacement of the non-
linear test component. In order to make the electric exciter to
produce accurate control forces to the non-linear test component
in the physical substructure, the controller is designed based on
the equivalent force control method and the incremental PID
control algorithm. The dynamic performance of the physical
substructure and the performance of the whole hybrid test system
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FIGURE 8 | Comparison between experimental value and expected value under different earthquake wave. (A) El-Centro earthquake wave. (B) Tianjin earthquake

wave.

are tested. The test results show that the physical substructure can
work normally; the viscoelastic damper has strong non-linearity
and good energy dissipation characteristics; and the whole system
is feasible and effective.
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ESS (Equivalent Standard solid) model is proofed to be accurate for describing the

physical properties of viscoelastic material under different temperatures and excitation

frequencies. However, the ESS model faces difficulties for calculating time history

responses. Therefore, a two-step transformation approach for ESSmodel to time domain

is proposed, which can obtain precise time history response of structural finite element

models of with dampers made of viscoelastic materials. In the first step of the approach,

ESS model is extended from frequency domain to complex frequency domain. In the

second step, a high-precision numerical inverse Laplace transform method is chosen to

transform the model from complex frequency domain to time domain. Experimental and

numerical tests are conducted to verify the effectiveness of the two-step transformation

approach under simple harmonic external excitation. The comparisons indicate that the

approach is accurate under different temperatures and excitation frequencies. Finally,

the time domain dynamic responses of the viscoelastic dampers are obtained under

earthquake excitations. Comparing to the equivalent linearization method for ESS model,

the proposed two-step transformation approach has absolute advantage to obtain

accurate results under random excitation, such as earthquake excitations.

Keywords: viscoelastic material, ESS model, transformation approach, earthquake excitation, equivalent

linearization method

INTRODUCTION

Viscoelastic material has strong energy dissipation capacity based on massive fillers within
high molecular polymers, which exhibits physical properties of both viscous and elastic. When
deformations occur under the reciprocating stress, the motion of the matrix molecular chain
inside the material will fracture and recombination. In the meantime, mutual friction will occur
between the fillers, or between the filler and the matrix. In such physical movement, a part
of the energy is stored, and the other part of the energy is converted into thermal energy
dissipated to the air (Trindade et al., 2000). The viscoelastic damper is a kind of energy dissipation
device used in structural wind-resistant and seismic engineering, which is mainly composed of
viscoelastic material and constrained steel plates. The dampers based on viscoelastic material has
the characteristics of reliable performance, convenient installation, good damping effect and low
cost of produce and maintenance (Park, 2001). However, the physical properties of viscoelastic
material are affected significantly greatly by temperature and excitation frequency (Xu et al.,
2019). As a result the viscoelastic dampers show strong non-linear characteristics in the working
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environment. And how to accurately calculate or simulate the
mechanical properties of viscoelastic materials is a complex
problem (Lewandowski and Chorazyczewski, 2010). A large
number of scholars have studied viscoelastic materials and put
forward a series of mechanical models, includingMaxwell model,
Kelvin model, standard solid model (Kim et al., 2003), ESS
(equivalent standard solid) model (Xu, 2007; Xu et al., 2011),
equivalent stiffness and equivalent damping model (Yoshida
et al., 2002), fractional derivative model (Xu et al., 2015), Finite
element model, complex stiffness model, Standard rheological
model (Mould et al., 2011; Lee and Choi, 2018), fractional index
model (Gonzalez et al., 2016; Chen et al., 2018), micro-oscillator
model (Mctavish and Hughes, 1993), and so on. The ESS model
is a new computational model based on temperature frequency
equivalent principle and standard linear solid model, which
can correctly describe the variation of viscoelastic damper with
the change of temperature and frequency. Besides, the physical
concept of the model is clear, and parameters of the ESS model
can be quickly obtained through simple harmonic loading tests.
As a result, it becomes one of the classical mechanical models of
viscoelastic materials in the field of scientific research, and has
been widely promoted and applied in engineering (Bhatti, 2013;
Xu et al., 2014; Mehrabi et al., 2017; Xu Y. et al., 2017; Xu Z. et al.,
2017).

However, the ESS model is the constitutive model based on
frequency domain, which needs special mathematical strategy
to obtain the time history response under forced vibration or
free vibration determined by initial value problem. The most
conventional mean current is to use the equivalent linearization
method. By the equivalent linearization method, the viscoelastic
material is expressed with two constant simplified parameters,
i.e., equivalent stiffness and equivalent damping (Park et al.,
2007). With the change of dynamic characteristics caused by
variation of frequency and temperature, inestimable error will
be introduced both in theory or practical application. So the
ESS model lose its advantage, which is the high precision
for describing the physical property of viscoelastic models.
Aiming at the above problems, this paper presents a two-
step transformation approach for ESS model of viscoelastic
material to time domain, which can accurately obtain the
time-domain dynamic response and avoid the establishment of
differential equations. The approach directly starts from the
frequency domain expressions of the ESS model, and then
take two steps to solve the problem. The key innovation of
the proposed method is making the ESS model suitable for
random excitations. The standard theoretical tools in frequency
domain, like the SS model and ESS model, are accurate and
simple, but is not applicable in time domain. The standard
models in time domain, like fractional derivative model and
finite element model, are applicable in time domain, but they
are complex in both mathematical formula and experimental
tests. The presented model have the advantages in both
frequency-domain and time domain, which is the main novel
advances of this paper. As a result, the ESS model can be
transferred to time domain and produce time history responses
of viscoelastic dampers under earthquake excitations or any other
stochastic excitations.

TWO-STEP TRANSFORM APPROACH OF

ESS MODEL

The ESS model is suitable in frequency domain, which means it
cannot be transformed to time domain directly. In the first step,
the ESS model is extended to Laplace domain. In this step the key
problem is the imaginary part will cause failure of the second step.
As a result the imaginary unit j should be eliminated by certain
substitution to prepare for the next step. In the second step, the
Laplace expression is transformed to time domain. In this step
the key problem is to simplify the formula to reduce the amount
of calculation work.

STEP 1
ESS model is a mechanical model describing viscoelastic
materials, which can not only describe the influence of
performance change with frequency and temperature, but
can also describe the relaxation and creep characteristics
of viscoelastic dampers. Its expression is known as follows
(Xu Y. et al., 2017):

G1 =
(

q0 + p1q1α
c
Tωc

)

/
(

1+ p21α
c
Tωc

)

η =
(

q1 − p1q0
)

αd
Tωd/

(

q0 + p1q1α
2d
T ω2d

)

(1)

In the equation, G1 represents the energy storage modulus, η is
loss factor, ω represents the circular frequency of the excitation
load, p1, q0, q, c, d, T0 are the material parameters of the ESS
model respectively, which are generally obtained according to the
performance test of the representative material. The dissipation
modulus G2 can be obtained from Equation (1):

G2 = G1η=

(

q0 + p1q1α
c
Tωc

) (

q1 − p1q0
)

αd
Tωd

(

1+ p21α
c
Tωc

)

(

q0 + p1q1α
2d
T ω2d

) (2)

The frequency response function H(ω) of the system can be
determined by the ESS model, as shown in equation (3):

H (ω) =
τ (ω)

γ (ω)
= G1 (ω) + jG2 (ω) (3)

In the equation, τ is the shear stress of the material, γ is the shear
strain of the material, and j indicates the unit imaginary number.
Equation (3) belongs to the category of frequency domain, which
is a specific form (σ = 0) of Laplace domain (s = σ+jω), so it
is necessary to transform the equivalent standard solid model of
frequency category to Laplace domain. The frequency response
function is transformed into system function H(s), as shown in
Equation (4):

H (s) = G1 (s) + jG2 (s)

=
(q0+j−cp1q1α

c
T s

c)
(

q0+j−2dp1q1α
2d
T s2d

)

(1+j−cp21α
c
T s

c)
(

q0+j−2dp1q1α
2d
T s2d

)

+
j1−d(q0+j−cp1q1α

c
T s

c)(q1−p1q0)αd
T s

d

(1+j−cp21α
c
T s

c)
(

q0+j−2dp1q1α
2d
T s2d

)

(4)

Both real and imaginary parts exist in the system function as
Equation. The transform methods of real part and imaginary
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part of system function are different, because the imaginary
part cannot be transformed to the time domain directly. Some
derivation and transformation have to be performed before final
transformation. Firstly the real part and imaginary part has to
be separated, so the imaginary term j−−c and j−2d should be
factorized as Equation (5):

j−c
=

(

ejπ /2
)−c

= ejπc/2 = cos (πc/2) − j sin (πc/2)

j−2d
=

(

ejπ /2
)−2d

= e−jπ2d
= cos

(

πd
)

− j sin
(

πd
)

(5)

After substituting Equation to Equation, the real and imaginary
part of the system function will be separated as Equation (6)

H (s) = real (H (s)) + jimag (H (s)) = H1 (s) + jH2 (s) (6)

where H1(s) represents the real part, and jH2(s) represents the
imaginary parts of the system function. The physical meaning of
Equation (6) is two systems connected in parallel. Because s =
σ+jω and σ = 0, so j = s/ω. As a result the imaginary part can
be expressed in another form as Equation (7) to transform the
imaginary part into time domain.

H (s) = H1 (s) +
s

ω
H2 (s) (7)

For the real part H1(s), the system function can be transformed
to frequency response function H1(jω) in frequency domain by
letting σ = 0. The frequency response function H1(jω) can be
represented by Equation (8)

H1

(

jω
)

= G1_1 + jG1_2 (8)

whereG1_1 is the storage modulus of the systemH1(s),G1_2 is the
loss modulus ofH1(s). When sinusoidal excitation u= u0sin(ωt)
applies on the system H1(s), the output of the system can be
expressed as Equation (9)

f1 (t) = G1_1 sin (ωt) + G1_2 cos (ωt) (9)

For the imaginary part jH2(s), the system function cannot be
converted to time domain directly. So at first, we transformH2(s)
in to time domain. The frequency response function H2(jω) can
be represented by Equation (10)

H2

(

jω
)

= G2_1 + jG2_2 (10)

whereG2_1 is the storage modulus of the systemH2(s),G2_2 is the
loss modulus ofH2(s). When sinusoidal excitation u= u0sin(ωt)
applies on the systemH2(s), the output of the system g2(t) can be
expressed as Equation (11).

g (t) = G2_1 sin (ωt) + G2_2 cos (ωt) (11)

As mentioned above, sH2(s)/ω is chosen to represent
jH2(s).When g(t) is the original function of H2(s), the inverse

Laplace transform of sH2(s) is f 2(t) = g
′

(t), which means the

derivative of the original function g(t). So the output of the
system can be expressed as Equation (12).

f2 (t) =
g′ (t)

ω
= −G2_2 sin (ωt) + G2_1 cos (ωt) (12)

So the final system output f (t) of the viscoelastic material in time
domain can be expressed as Equation (13).

f (t) = f1 (t) + f2 (t) =
(

G1_1 − G2_2

)

sin (ωt)

+
(

G1_2 + G2_1

)

cos (ωt) (13)

The above formula (13) shows the expression of the system
output of the viscoelastic material under the harmonic excitation.
However, the excitation in reality is often a non-harmonic
random excitation. The derivation for the time domain
response of the viscoelastic material under random displacement
excitation is derived in the similar as the system in harmonic
excitation. In Laplace domain, the output force of the system can
be expressed as Equation (14).

τ (s) = H (s) · γ (s) = H1 (s) · γ (s) + jH2 (s) · γ (s) (14)

where the input displacement γ can be decomposed into a
superposition of multiple sinusoidal signals. The decomposition
can be realize by Fourier transformation as Equation (15).

γ (t) =

∞
∑

n=1

γn (nω0t) = a0 +

∞
∑

n=1

an cos nω0t + bn sin nω0t (15)

where n is the order of Fourier transformation, and ω0 is the
minimum circular frequency of the decomposed signals, and it
is correlated with the sampling frequency of the original random
signal γ (t). a0, an, bn are the Fourier coefficients. Then Equation
can be modified as Equation (16).

τ (s) = H1 (s) · γ (s) +H2 (s) ·

N
∑

n=1

sγn (s)

ωn
(16)

whereωn = nω0, whichmeans the circular frequency of the order
n of the input signal. Then inverse Laplace transformation is
performed on Equation. The following derivation will focus on
the invers Laplace transformation of Equation (16).

STEP 2:
After the system function in Laplace domain is obtained, the
numerical method of inverse Laplace transformation can be used
to obtain the dynamic response in time domain. The direct
inversion method is only suitable for simple function which
can be decomposed into simple polynomial combination. As for
the complexity of the system function of ESS model in Laplace
domain, a numerical method is implemented to calculate the
inverse transformation (Valsa and Brancik, 1998). The inverse
Laplace transform expressions are as follows:

f (t) = L−1
{F (s)} =

1

2π j

∫ σ+j∞

σ−j∞
F (s)estds (17)
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Because the upper and lower limits of the integral of Equation
(17) contain the positive and negative infinite amount in the
imaginary part, it is not possible to integrate Equation (17)
directly, so it is necessary to conduct mathematical substitution,
if constant a>σ t, then |e−2a+2st|<<1, so:

est =
est

1+ e−2a+2st
=

ea

ea−st + e−a+st

.
=

ea

2 cosh (a− st)

= πea
∞
∑

n=0

(−1)n (n+ 1/2)

(n+ 1/2)2π2 + (a− st)2
(18)

The time domain results can be expressed as Equation (19):

fc (t, a) =
ea

2j

∫ σ+j∞

σ−j∞
F (s)

∞
∑

n=0

(−1)n (n+ 1/2)

(n+ 1/2)2π2 + (a− st)2
ds (19)

Equation (19) can be simplified to:

fc (t, a) =
ea

2j

∞
∑

n=0

(−1)n (n+ 1/2) In (20)

In which

In =

∫ σ+j∞

σ−j∞

F (s)

(n+ 1/2)2π2 + z2
ds

=

∫ σ+j∞

σ−j∞

F (s)

Gn (s)
ds =

∫ σ+j∞

σ−j∞
Kn (s) ds (21)

In order to solve Equation (21), the original integral path can be
regarded as the integral path of the semicircle of the right half
plane radius of the coordinate system, so the system singularity
points can be obtained as follows:

s1,2 =
a± j (n+ 1/2) π

t
(22)

The integral along the contour is equal to the sum of the
remaining digits of all singularities in the contour, so:

In = −2πj
[

ress=s1Kn (s) + ress=s2Kn (s)
]

= −2πj

[

F (s1)

G′
n (s1)

+
F (s2)

G′
n (s2)

]

=
F (s2) − F (s1)

t (n+ 1/2)

=
F

[

a− j (n+ 1/2) π
]

− F
[

a+ j (n+ 1/2) π
]

t (n+ 1/2)
(23)

Finally, the time domain results are obtained:

fc (t, a) =
ea

2j

∞
∑

n=0

(−1)n (n+ 1/2)
F (s2) − F (s1)

t (n+ 1/2)

=
ea

2jt

∞
∑

n=0

(−1)n [F (s2) − F (s1)] (24)

The system function Equation (16) of the equivalent standard
solid model is substituted into the Equation (15) to obtain the
final result:

fc (t, a) =
ea

2jt

∞
∑

n=0

(−1)n [K (s2) − K (s1)] (25)

According to Equation (16), the system function H(s) in the
complex frequency domain is transformed to the time domain.
Under arbitrary input load, the response of the system at any time
t can be directly solved by the above functions.

τc (t, a) =
ea

2jt

∞
∑

n=0

(−1)n [τ (s2) − τ (s1)] (26)

Note that the inverse Laplace transformation on Equation (26)
can be simplified. In Equation (16), because γ (t)is the original
function of γ (s), so the original function of sγ (s) is γ ’(t), which
means the derivative of γ (t). As a result, the inverse transform
only performed on H1(s) and H2(s), the remaining term only
need to be derivation and convolution. So the final force output of
the viscoelastic material under random displacement excitation
can be expressed as Equation (27)

τ (t) = L−1 [H1 (s)] ∗ γ (t) + L−1 [H2 (s)] ∗

N
∑

n=1

γ ′
n (t)

ωn
(27)

Where L−1 means the inverse Laplace transform operator, ∗

means the convolution operator.

VALIDATION UNDER HARMONIC LOAD

In order to verify the correctness of the above method, the
preliminary test data of 9050A viscoelastic material in Wuxi
Shock absorber Company are analyzed. The 9050A material is
composed of high polymer, and is based on Nitrile Butadiene
Rubber matrix and vulcanized at high temperature and pressure
with variety of additives. The parameters of the material are also
listed below. During the experimental test, the temperature is
assumed to be uniform in the material, so only the temperature
of the surface is measured. According to the test results of the
material at different temperature and different frequency, the
material parameters are determined by the ESS model, which are,
p1 = 0.0240, q0 = 2.8440 × 106, q1 = 5.940 × 105, c = 1.5650, d
= 0.7825, T0 = 45.639oC. The above parameters will determine
the mechanical properties of viscoelastic materials.

The dynamic response of the viscoelastic damper of 9050A
viscoelastic material under harmonic displacement excitation is
calculated by equivalent linearization method and time domain
extension method, respectively. The excitation frequency is
1Hz, the excitation amplitude is 1 cm, and the force-time
curve is shown in Figure 1, the force-displacement curve is
shown in Figure 2.

As can be seen from Figures 1, 2, the results are different
at the initial moment between the proposed approach and
equivalent linearization method. The force response obtained by
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FIGURE 1 | Time history response of viscoelastic damper under

harmonic load.

the proposed approach starts from the origin point, which reflects
the relaxation characteristics of viscoelastic materials. The stress
relaxation phenomenon is important in viscoelastic materials.
When displacement is applied on a system with stress relaxation
behavior, the output force of should start from 0, which is proved
by Maxwell model. The Maxwell model is good at predicting the
stress relaxation phenomenon by akin to a spring being in series
with a dashpot. In contrast, the equivalent linearization model
cannot reflect the relaxation response of viscoelastic materials. In
addition, the results of the two methods tend to be equal after
about 1 s, which indicates that the steady-state solution of the
two-step transformation approach is correct.

The calculation formula of the storage modulus G1 and the
loss factor η from the force-displacement hysteresis curve is
as follows:

G1 =
2E

γ 2
0

η =
Edγ

4
0

2πE
(28)

Where Ed represents the area surrounded by the force-
displacement hysteresis curve, E represents the strain energy
stored when the material produces the maximum strain γ 0, and
γ 0 represents the maximum strain of the material. According
to formula (17), in the case of the viscoelastic dampers at
a temperature of −10oC, 0oC, 10oC, 20oC, under the input
frequency for 0.1, 0.5, 1, 2 rad, the storage modulus and
loss factor test and theoretical analysis of the results of the
comparison can be calculated and as shown in Table 1. From
the table, the comparison of the calculation results between the
proposed approach and the equivalent linearization method, the
maximum error of the energy storage modulus G1 is 0.0054%,
the maximum error of the loss Factor η is 0.2797%, and the
error analysis indicates that the time domain extension method

FIGURE 2 | Force-Displacement curve of viscoelastic resistance under

harmonic load.

has sufficient precision for solving the solution. Note that the
comparison is between the ESS model and the proposed two-
step transformation approach. There are limitations of the ESS
model that it cannot be used under earthquake excitations. So
the two-step transformation approach is proposed to conquer
this shortage. The comparison between ESS model and the
proposed method indicates that the proposed method is indeed
transferring the ESS model to time domain without bring
much errors.

VALIDATION UNDER RANDOM

EXCITATION

The two-step transformation approach adopts exactly the same
mathematical strategy to process both harmonic and earthquake
excitations. The comparisons under harmonic excitation indicate
that not only the results under harmonic excitation is correct,
but also the total mathematical strategy is accurate. So the
results under earthquake excitation is also accurate, because
it adopts the same accurate mathematical strategy. In other
words, themathematical formulas of the two-step transformation
approach cannot tell the difference between harmonic signals and
earthquake signals, which are both a series of different numbers.
As a result, if the approach dealt with harmonic number correctly,
they must dealt with earthquake signals correctly. Both El Centro
and Taft earthquake waves are chosen as excitations to verify the
applicability of the proposed method.

The equivalent linearization method is also adopted in the
following comparisons because it is based on ESS model and is
usually adopted to calculate the response of viscoelastic material.
Although the equivalent linearization method will bring errors
to the system, it is simple and practical. The comparisons can
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TABLE 1 | Calculation results of 9050A models of viscoelastic materials.

T ω Test value ESS model Two-step approach Error of two-step approach

oC rad G1 Mpa η G1 Mpa η G1 Mpa η G1 Mpa η

−10 1 5.8 1.39 4.7805 1.3008 4.7811 1.302 0.0126% 0.0923%

−10 2 10 1.4 7.7279 1.1799 7.7289 1.1807 0.0129% 0.0678%

0 0.1 2.5 0.4 2.8651 0.237 2.865 0.2383 0.0035% 0.5485%

0 0.5 3.3 0.9 3.1027 0.7627 3.1027 0.7641 0.0000% 0.1836%

0 1 3.8 1.1 3.592 1.1075 3.5922 1.109 0.0056% 0.1354%

10 1 3 0.71 3.1343 0.7993 3.1343 0.8007 0.0000% 0.1752%

10 2 3.4 0.92 3.6813 1.1409 3.6815 1.1423 0.0054% 0.1227%

20 1 2.7 0.4 2.9596 0.5362 2.9595 0.5377 0.0034% 0.2797%

FIGURE 3 | Force-time curve of viscoelastic damper under seismic load

(assuming working frequency is 0.2Hz).

quantify the exact error that the equivalent linearization method
brings to the system.

Validation Under El Centro Earthquake

Wave
The two-step transformation approach is used to calculate
the response of the Viscoelastic damper under the El-Centro
earthquake excitation with 400 gal amplitude. The time history
curve of force is shown in the red solid line in Figure 3.
The force-displacement cure is shown in the red solid line in
Figure 4. At the same time, equivalent linearization method is
used to make approximate calculation on the viscoelastic system.
The equivalent linearization method assumes that the system
works under simple harmonic loads of fixed frequency, and the
excitation frequency usually equals to the nature frequency of the
system. In this working condition, the frequency of the equivalent
linearization method assumes to be 0.2 and 5Hz, respectively.

For example, when the assuming frequency is 0.2Hz,
the equivalent linearization method considers that the
damper’s operating frequency is ω = 2πf = 1.2566 rad.

FIGURE 4 | Force-Displacement curve of viscoelastic resistance under

seismic load (assuming working frequency is 0.2Hz).

So based on the assumptions, the storage modulus G1 =

5.5113 × 106 Pa, Loss factor η = 1.2998, and the time
history curve of force and force-displacement curves of
the damper are plotted as shown in the blue dashed lines
of Figures 3, 4.

Through comparisons, the maximum output of the system
calculated by the two-step transformation approach is 56.2315
kN, and the maximum output of the damper calculated
by the equivalent linearization method is 124.6607 kN,
and the proposed method improve the system accuracy by
121.69%. The force-displacement curve can also be found
that the hysteresis loop calculated by the equivalence method
is extremely full, so the energy dissipation effect of the
damper is overestimated, which is an unsafe behavior in
engineering design.

When the working frequency of the viscoelastic system
is assumed to be 5Hz, the equivalent linearization method
considers that the working frequency of the system is ω =

2πf = 31.4159 rad, so it can be calculated based on the
assumption that the storage modulusG1 = 23.7705× 106 Pa, loss
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FIGURE 5 | Force time curve of viscoelastic damper under seismic load

(assuming working frequency 5Hz).

FIGURE 6 | Force-Displacement curve of viscoelastic resistance under

seismic load (assuming working frequency 5Hz).

factor η = 0.1905, The force-time curve and force-displacement
curve of the viscoelastic system are shown in the blue dashed
lines of Figures 5, 6.

Through comparisons, it is concluded that the maximum
output force of the damper calculated by the proposed approach
is 56.2315 kN, and the maximum output force of the damper
calculated by the equivalent linearization method is 68.7177
kN. The proposed method improve the system accuracy reaches
22.2%. The force-displacement curve can also concludes that the
hysteresis loop of the equivalent linearization method is not full
and the slope increases. It is shown that the equilibration method
underestimates the energy consumption effect of the damper, and
overestimates the stiffness of the damper, which is quite different
from the real result.

FIGURE 7 | Force-time curve of viscoelastic damper under seismic load

(assuming working frequency is 0.2Hz).

In addition, when the frequency is 0.2Hz, it means the first
frequency of the system is assumed to be 0.2Hz for equivalent
linearization method. This condition is usually suitable for the
high rise building which is soft. On the other hand, 5Hz means
the period of the structure is 0.2 s which means the structure is
low and stiff. For viscoelastic material, the loss factor decreases
with increasing frequency, so the curve in high frequency is not
as full as in low frequency.

Validation Under Taft Earthquake Wave

In order to verify the universality of the proposed two-step
transformation approach. Taft earthquake excitation with 400 gal
amplitude is chosen as the input excitation on the viscoelastic
system. The force time history curve of the damping system is
shown in the red solid line in Figure 7. The force-displacement
cure is shown in the red solid line in Figure 8. At the same time,
equivalent linearization method is used to make estimation of
the response of the viscoelastic system. The working frequency
of the approximate method is also assumed to be 0.2 and
5Hz, respectively.

As mentioned before, when the assuming working frequency
is 0.2Hz, the equivalent linearization method considers that the
damper’s working frequency is ω = 2πf = 1.2566 rad, and the
calculated energy storage modulus G1 = 5.5113 × 106 Pa, Loss
factor η = 1.2998, the time history curve of force and force-
displacement curves of the damper are calculated as shown in the
blue dotted lines of Figures 7, 8.

Through comparison, the maximum output of the viscoelastic
system calculated by the two-step transformation approach is
55.7772 kN, and the maximum output of the damper calculated
by the equivalent linearization method is 108.7909 kN, and the
proposed method improve the system accuracy reaches 95.05%.
The same as El Centro earthquake, the force-displacement curve
of Taft earthquake wave can also be found that the hysteresis loop
calculated by the equivalence method is extremely full, and the
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FIGURE 8 | Force-Displacement curve of viscoelastic resistance under

seismic load (assuming working frequency is 0.2Hz).

FIGURE 9 | Force time curve of viscoelastic damper under seismic load

(assuming working frequency 5Hz).

energy dissipation effect of the damper is overestimated, which is
an unsafe behavior in engineering design.

When the operating frequency of the damper is assumed to
be 5Hz, the equivalent linearization method considers that the
operating frequency of the damper is ω = 2πf = 31.4159 rad,
and the calculated storage modulusG1 = 23.7705 × 106 Pa, loss
factor η = 0.1905, The force-time curve and force-displacement
curve for calculating the damper are shown in the blue dashed
lines of Figures 9, 10.

Through comparison, it is concluded that the maximum
output force of the damper calculated by the proposed approach
is 55.7772 kN, and the maximum output force of the damper
calculated by the equivalent linearization method is 69.3388
kN. The proposed method improve the system accuracy
reaches 24.31%.

FIGURE 10 | Force-Displacement curve of viscoelastic resistance under

seismic load (assuming working frequency 5Hz).

Same as El Centro earthquake, the force-displacement curve
under Taft earthquake can also be found that the hysteresis
loop of the equivalent linearization method is not full, and the
slope increases. It is also shown that the equilibration method
underestimates the energy consumption effect of the damper, and
overestimates the stiffness of the damper, which is quite different
from the real result.

In addition, because the ESS model is only suitable for
harmonic signal, so an equivalent linearization method is usually
adopted to extend the ESS model to time domain. However,
the equivalent linearization method is approximate, and the
two-step transformation approach is more accurate. As a result,
the difference is large when using earthquake excitation. The
equivalent linear model can only deal with signals with one
frequency, while the earthquake contain plenty of frequencies. So
only one representative frequency of earthquake waves is choose
to perform the calculation. That’s the reason why the equivalent
linearization method is approximate and inaccurate, and why the
two-step transformation approach is proposed.

CONCLUSION AND PROSPECT

In this paper, a two-step transformation approach is used to
calculate the response of the viscoelastic damper under the El-
Centro earthquake excitation. The proposed approach avoids
the establishment of complex time-domain differential equations,
which can start directly from the frequency domain expression
of the ESS model of viscoelastic materials, and calculate the
time domain response of viscoelastic materials under harmonic
excitation and seismic excitation.

The following conclusions are drawn by experimental tests
and numerical solutions:

(1) The proposedmethod can accurately calculate the ESSmodel
in the time domain range. The comparison calculation
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results show that the error is small, the maximum error of
the energy storage modulus G1 0.0054%, and the maximum
error of the loss Factor η 0.2797%.

(2) The traditional solution method with equivalent stiffness
and equivalent damping will bring large errors, when it
is assumed that ω is large, the hysteresis loop is very full
calculated by the equivalence method, the energy dissipation
effect of the damper is overestimated, and when the ω

is assumed to be small, the energy dissipation effect of
the damper is estimated low. On the other hand, the
stiffness of the damper is over estimated. The engineers is
encouraged to use the two-step transformation approach
to evaluate and predict the mechanical properties of
viscoelastic materials.

(3) In the current stage, the two-step transformation approach
under random earthquakes is mainly verified by numerical
results. The future research will focus on the experimental
verification under random excitations. Also the accuracy of
the models should be improved and the computation cost
should be reduced in the following research.
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Viscous damping wall (VDW) is an effective velocity-dependent damper, which can

dissipate earthquake energy by shear strain of viscous material. The damping force

equation of VDW can only be obtained from regression of VDW dynamic test results,

as velocity exponent of power-law material can not be obtained from rheometers. In

this study, a Dynamic Sandwich-Type Shear test was designed matching the design

working conditions of VDW. A series of experiments with different frequencies and

strain amplitudes were conducted. Simple data procession methods were proposed to

calculate velocity exponent and storage/lossmodulus of polymer from experimental data.

Comparison with methods adapted from those for VDW formula validated that radial

linear regression method was proper to separate stress components and pivotal point

method was accurate to evaluate velocity exponent. The velocity exponents obtained

varied from 0.8 to 1, with various loading frequency and strain amplitude. Finally, the

differences between the results of storage/loss modulus in DSTS test and ARES test

were compared. Due to the extrusion effect caused by engineering working condition, the

storage and loss modulus obtained by DSTS test was larger than the modulus obtained

by ARES test.

Keywords: polymer, dynamic mechanical property, velocity exponent, viscous damping wall, dynamic

sandwich-type shear (DSTS) test

INTRODUCTION

One of the most challenging tasks for civil engineers in recent decades has been solving
overwhelming earthquake problems, which may cause heavy casualties. Besides vibration isolation
design (Xu et al., 2019), researchers have been focusing on seismic mitigation technologies using
viscous damping components (Xu et al., 2003, 2004, 2016; Xu, 2007). Viscous damping wall
(VDW) is a new type of wall-shaped energy absorber, which can be hidden in building walls and
provides large energy absorbing capacity. The performance of VDW is largely dependent on its
viscous material. However, the investigations on mechanical properties of such viscous materials
are insufficient, causing a major obstacle for in-depth research on VDW.

Researchers have investigated the performance of VDW itself and damping force formula.
Miyazaki et al. (1986) carried out a series of cyclic tests to investigate the performance of VDW
itself and obtained a design formula. Ou et al. (2005a) proposed a VDW damping force model
by regression method and conducted a series of dynamic experiments to study the dynamic
performance of VDW with variable temperature, displacement amplitude, velocity, and vibration

33

https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/journals/materials#editorial-board
https://www.frontiersin.org/journals/materials#editorial-board
https://www.frontiersin.org/journals/materials#editorial-board
https://www.frontiersin.org/journals/materials#editorial-board
https://doi.org/10.3389/fmats.2019.00112
http://crossmark.crossref.org/dialog/?doi=10.3389/fmats.2019.00112&domain=pdf&date_stamp=2019-05-17
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles
https://creativecommons.org/licenses/by/4.0/
mailto:yjqjarvis@tongji.edu.cn
https://doi.org/10.3389/fmats.2019.00112
https://www.frontiersin.org/articles/10.3389/fmats.2019.00112/full
http://loop.frontiersin.org/people/646638/overview


Sun et al. Dynamic Experiment of Viscous Material

frequency. Sasaki et al. (2012) conducted a series of oscillation
tests against large earthquakes to clarify the characteristics of
VDW. A simplified design formula neglecting the influence of
stiffness was proposed and compared with experimental curves.
Experimental results showed that VDW can still dissipate energy
of oscillations even though the damping force decreased over
a long time. Sun et al. (2018) conducted a small-scale shaking
table test and a large-scale dynamic actuator test to investigate
the influence of loading frequency on VDW’s performance, and
proposed a unified model considering the influence of loading
frequency by means of introducing the effect of loading history.

Viscous materials for VDW are mainly semi-solid material
such as polymer having both elastic properties and viscous
properties. In the field of civil engineering, the investigations of
polymer’s mechanical properties are insufficient. Ou et al. (2005b)
investigated the stability under high temperatures, durability,
chemical security and dynamic performance of a new type of
viscous material for VDW. Bouix et al. (2009) investigated the
compressive stress- strain behavior of Polypropylene over a wide
range of engineering strain rates from 0.01 to 1,500microstrain/s.
Drozdov et al. (2010) conducted a uniaxial tensile test for
polypropylene/polyethylene blends with constant strain rates,
relaxation tests and creep tests at room temperature. Ardakani
et al. (2012) studied the rheology of Polypropylene/polybutene-1
blend with low frequency and large shear rate.

Several kinds of testing methods have been used to measure
themechanical parameters of polymer. A cone-and-plate method
was used to investigate the storage and loss modulus of
viscous fluid (Makris et al., 1993). Several scholars used a
non-linear ultrasound method called Dynamic Acoustoelastic
Testing (DAET) to assess the non-linear mechanical properties
of viscoelastic material. The DAET method is based on
the interaction between a low-frequency acoustic wave to
successively compress and expand the material, and ultrasound
pulse to probe this medium. The Time of Flight Modulations
(TOFM) of the ultrasound pluses are plotted as a function
of the low-frequency pressure amplitude on DAET diagrams
(Trarieux et al., 2013). The mechanical properties of silicone
oils were investigated by DAET. An analytical model to describe
non-linear viscoelastic properties of silicone oil was proposed
and validated the accuracy by comparing analytical results with
DAET results (Trarieux et al., 2012, 2013). However, DAET
cannot measure the parameters of polymer under shear strain
excitation. Rheometer is another technique to investigate the
mechanical properties of polymer under shear strain. Dynamic
Shear Rheometer (DSR) was used to investigated the effect of
time and temperature on blending level between fresh and actual
RAP blinders (Yousefi Rad et al., 2014). ARES system is a is an
advanced strain controlled rheometer, which tests the polymer’s
modulus precisely. ARES test usually used to measure the linear
mechanical property under shear strain of polymer. Polymers
such as SBR and PEKK were investigated on the influences
of frequencies, strain rates and strain amplitudes on modulus
of polymers (Hu et al., 2008; Snijkers and Vlassopoulos, 2011;
Dessi et al., 2016; Coulson et al., 2018). However, polymers
are usually shear-thinning material and following the power-law
whose velocity exponent is not equal to 1 (Fatkullin et al., 2011; Li

et al., 2013), while rheometers assume that the velocity exponent
is always equal to 1 during measuring process. Therefore, a
method to measure the velocity exponent is needed.

Rheometers and other testing methods do not consider
velocity exponent’s effects and the working condition of viscous
material in VDW. In order to solve these problems, a new DSTS
(Dynamic Sandwich-Type Shear) test was designed and used
in this research. Moreover, a processing method is proposed
in order to measure the storage/loss modulus and velocity
exponent of polymer. The influence of loading frequency and
strain amplitude on storage, loss modulus and velocity exponent
was also studied in this paper by DSTS test.

MATERIALS AND METHODS

In this experiment, Oppanol-B12-PIB supplied by BASF SE
(BASF SE, Ludwigshafen, Germany) has been used. Oppanol-
B12-PIB is a kind of polymer containing 200 mg/kg of hexane
and 4 mg/kg of fluorine with viscose average molecular weight
of 60,000 and specific gravity 0.92 g/cm3. Viscosity of Oppanol-
B12-PIB under 100 degree Celsius is 30,000mPa·s and coefficient
of expansion under 20 degree Celsius is 6.3 · 10−4k−1. The
dissipation coefficient of Oppanol-B12-PIB under the loading
frequency 50Hz is 5 · 10−4. The melting point of Oppanol-B12-
PIB is−64 degree Celsius.

Storage Modulus and Loss Modulus
Consider an oscillatory shear flow between two parallel plates
at a distance h apart, where the bottom plate is stationary and
top plate is sinusoidal displaced by a small amount δ sin (ωt) .
According to Boltzmann’s concept of fading memory (Phan-
Thien, 2002), shear stress can be obtained as

τ = G
′

(ω) γ (t) + µ′(ω) γ̇ (t) (1)

where ω is angular frequency (rad/s), γ (t) is the shear
strain and γ (t) =

δ
h
sin (ωt), γ̇ (t) is shear strain rate, and

γ̇ (t) = δ
h
ω cos (ωt)(microstrain/s).G′(ω) is the storage modulus

(N/m2), µ′(ω) is the dynamic viscosity (N·s/m2). The other
two related quantities, the loss modulus G′′ (ω) (N/m2), and the
storage viscosity µ′′ (ω) (N·s/m2) are defined as

µ′′(ω) =
G′(ω)

ω
(2)

G′′ (ω) = ωµ′(ω) (3)

Power Law
Polymers are usually Non-Newtonian material, and the velocity
exponent α of Non-Newtonian fluid does not equal to 1. In the
other words, the relationship between viscous stress and strain
rate of polymers is non-linear, which is called power law.

The constitutive equation of power law is

τV = µ′
· γ̇ α (4)

where α is velocity exponent, τV is viscous shear stress, γ̇ is shear
strain rate, µ′ is viscosity.
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Concept of DSTS Test
To investigate the mechanical properties of PIB under shear
strain like VDW, and to obtain the velocity exponent, a Dynamic
Sandwich-Type Shear test (DSTS test) is proposed with schematic
diagram shown in Figure 1. As in the actual engineering
condition in VDW, the shear plate is sandwiched in the polymers,
and the PIB is bonding on the surface of shear plate. When
the shear plate undergoes displacement, the shear plate drives
PIB to move together, which causes shear strain of PIB. At
the same time, the PIB provides corresponding shear stress on
bonding surface of shear plate, and the resultant force of the shear
stress is damping force. The shear force and displacement can be
converted into shear stress and shear strain as:

τ =
Q

A
(5)

γ =
S

H
(6)

Where Q is damping force, S is displacement of shear plate, and
H is the gap between polymers A is the area of shear plate that
inserted in the polymer, A= 2ab, a is the width of shear plate and
b is the insertion depth, γ is shear strain τ is shear stress.

According to the material mechanic of viscoelastic material
and power law, the constative equation can be written as:

τ = τV + τE = µ′γ̇ α
+ G′γ (7)

where τV is viscous shear stress, τE is elastic shear stress. α is
velocity exponent, γ̇ is shear strain rate. γ is shear strain, µ′ is
viscosity, G′is storage modulus.

Methods for Data Processing
Radial Linear Regression for Stress Separation

As indicated in Equation (7), the measured shear stress is a direct
sum of two components of τV and τE. Given the complexity
due to the power of the first derivative combined with a linear
term, it is not a straightforward issue to separate the stress
components. Observing the symmetry of the hysteresis curve,
radial linear regression is proposed to regress the linear term
from the hysteretic curve, and the slope of the regression line is
the storage modulus G′ which is shown in Figure 2A. Thus, the
viscous shear stress can be isolated from total shear stress as:

τV = τ − G′γ (8)

Pivotal Point Method for Velocity Exponent

As there are two undetermined quantities in Equation (4), two
conditions are needed to solve the velocity exponent and loss
modulus. This paper used maximum strain rate point and 0.5
times maximum strain rate point to calculate the parameters, as
the two pivotal points shown in Figure 2B.

The equations are expressed as:

ln(τVγmax
ω) = ln(G′′)+ αln(γ̇max) (9)

ln(τVγ 1
2max

ω) = ln(G′′)+ αln(γ̇ 1
2max) (10)

where γ̇max is the maximum strain rate, γ̇ 1
2max =

1
2 γ̇max

, τVγmax

is the stress at γ̇ = γ̇max, τVγ 1
2max

is the stress at γ̇ = γ̇ 1
2max.

Fitting Method for Strain Rate

The shear stain γ can be obtained from the measured
displacement S by Equation (6). Regarding the shear strain rate
γ̇ , as the pivotal point method is sensitive to its accuracy, it

FIGURE 1 | Schematic diagram of Dynamic Sandwich-Type Shear test. (A) Top view (B) Front view.

FIGURE 2 | Data procession. (A) Radial linear regression (B) Pivotal points.
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is not appropriate to use numerical differences to calculate the
first derivate of γ . Therefore, the strain curves were fitted by
sinusoidal functions firstly, and then the strain rates were derived
as the first derivate of the fitted sinusoidal functions, as illustrated
later in sub-section Calculation Results.

Experimental Set-Up
As shown in Figure 3A, the test specimen is composed of a steel
plate sandwiched by PIB filled in a steel box. The insertion depth
of shear plate is 25mm, and the gap distance between steel shear
plate and steel box is 5mm, which is shown in Figure 3A. The
width of shear plate is 40mm (shown in Figure 3B), and the
overall dimensions of steel box are 138 ×22 × 49 mm (shown
in Figure 3C).

The experiments were conducted at the Structural Laboratory
of Tongji University. The Instrumentation schematic is shown in

FIGURE 3 | Test specimen, shear plate and steel box (unit: mm). (A) Installed

specimen (B) Steel plate (C)Steel box.

Figure 4A and the actual installation of DSTS test is shown in
Figure 4B. The reaction frame is fixed and load cell is fixed on
the end of the reaction frame. The shear plate is connected on the
load cell rigidly, and the shear plate is inserted in the steel box
which is filled with PIB. And the steel box is rigidly connected on
the shake table.

During the experiment, the shake table is going to provide
sinusoidal excitation and the steel box which is rigidly connected
on shake table is going to move together, the load cell is going
to receive reaction force signal and laser displacement meter is
going to receive displacement signal.

A series of test cases were conducted and the test cases
are shown in Table 1. In variable frequency test, the imposed
displacement amplitude was 4mm, while the angular frequencies
of loading sine wave were 0.63, 1, 1.6, 2.5, 4, 6.3 rad/s,
respectively. During variable frequency test, the excitation
angular frequencies of ARES tests were 0.63, 1, 1.6, 2.5, 4, 6.3
rad/s, respectively which were set in the ARES’s program and
cannot be changed. In order to compare with the results of ARES
test, this paper selected the same test cases as ARES test during
DSTS test. In variable strain test, the imposed displacement
amplitudes were 1.25, 2.5, 4, 6, 8, 10mm, respectively, while
the angular frequency of loading sine wave was 6.3 rad/s. In
order to investigate the behavior of PIB under small and large
shear strain, this paper selected small displacement amplitudes
1.25 and 2.5mm, while the large displacement amplitudes were
4, 6, 8, 10mm. Cycles of each testing case were 5. Sine wave
used as excitation wave in the loading process according to the
displacement control scheme. The displacement was measured
by laser displacement meters with measurement period of 20ms,
and the force was measured by load cell with period of 20 ms.

TABLE 1 | Test cases.

Number Variable frequency test Variable strain test

Frequency

(rad/s)

Displacement

(mm)

Frequency

(rad/s)

Displacement

(mm)

1 0.63 4 6.3 1.25

2 1 4 6.3 2.5

3 1.6 4 6.3 4

4 2.5 4 6.3 6

5 4 4 6.3 8

6 6.3 4 6.3 10

FIGURE 4 | Instrumentation schematic and Actual installation of DSTS test. (A) Instrumentation schematic (B) Actual Installation of DSTS test.
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FIGURE 5 | Hysteretic curves of DSTS test. (A) Variable loading frequency (B) Variable loading strain.

FIGURE 6 | Results of DSTS test (variable loading frequency test). (A) Storage/loss modulus (B) Velocity exponent.

FIGURE 7 | Results of DSTS test (variable strain amplitude test). (A) Storage/loss modulus (B) Velocity exponent.

RESULTS

Hysteretic Curve
The hysteretic curves of variable loading frequency test are
shown in Figure 5A. As the frequency increases, the peak
stress increases, and the slope of the hysteretic curve increases

gradually. The hysteretic curves under 4 and 6.3 rad/s are almost

overlapping, indicating that PIB is insensitive to frequency
variations over this frequency range.

The hysteretic curves of variable strain amplitude test
are shown in Figure 5B. The displacement amplitudes were
transformed into strain amplitudes by Equation (6) and strain

amplitudes were shown in the legend of Figure 5B. As the strain
amplitude increases, the area of hysteretic loop increases rapidly,
the peak stress also increases and the slope of the hysteretic
curve decreases.

Calculation Results
Taking the third cycle of hysteretic loop for calculation. The
strain time history curves were fitted by sinusoidal functions.
Taking the case at the frequency of 0.63Hz and the strain
amplitude of 0.8 as an example, the strain time history was fitted
as 0.7293sin(3.958t + 0.6208), with a coefficient of regression of
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FIGURE 8 | Viscous stress hysteretic curve.

FIGURE 9 | Comparison between velocity exponent between pivotal point

method and Equation (12).

R2 = 0.991. The needed strain rates of the pivotal points were
then calculated with the first derivative of the fitting function.

The relationship between frequency and mechanical
parameters of PIB are shown in Figure 6. As the frequency
increases, the storage modulus and loss modulus increase (shown
in Figure 6A). And these phenomena are typical for polymer in
the test results obtained in other investigations (Ardakani et al.,
2012). As the frequency increases, velocity exponents decreases
in the range of 0.94∼1.02 (shown in Figure 6B).

The relationship between strain amplitude and mechanical
parameters of PIB are shown in Figure 7. As the amplitude
increases, the storage modulus decreases, and the loss modulus
increases (shown in Figure 7A). And these phenomena are
typical for polymer in the test results obtained in other
investigations (Ou et al., 2005b). Velocity exponent exhibits no

FIGURE 10 | Regression results of viscous stress amplitudes.

clear trend with the frequency increase, and fluctuates within the
range of 0.8∼1 (shown in Figure 7B).

DISCUSSION

Validation of Stress Separation Method
In comparison with the radial linear regression method
mentioned in sub-section Radical Linear Regression for Stress
Separation, the maximum strain point, adapted from the
approach often intuitively used for VDW, is also applied here to
separate the stress components with the following equation.

G′
=

τγmax

γmax
(11)

where τγmax is stress at the maximum strain, γmax is the
maximum strain.

The test case with frequency 2.5 rad/s, strain 0.8 is taken as
an example to illustrate effect of two different ways of stress
separation. After calculating storage modulus, bringing storage
modulus into Equation (8) can separate elastic stress and obtain
viscosity hysteretic curve. Figure 8 presents the comparison of
viscous stress-strain hysteretic curves obtained by radial linear
method and maximum strain point method. It can be seen from
Figure 8, the curve obtained by the former method is symmetric
while the other one is obviously asymmetric about horizontal
axis, indicating that some elastic strain has not been taken out.
Therefore, the radial linear method is more suitable to separate
stress components.

Validation of Pivotal Point Method
Qualitative Validation

The following Equation (12) (Japan Society of Seismic Isolation,
2008) was adapted from the regressed energy formula of the
relationship between dissipation energy and velocity power
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FIGURE 11 | Comparison of hysteretic curves between experimental results and simulated results with Equation (7).

exponent of VDW based on enormous amount of test data
of VDWs.

Ed = 4e−0.24ατVγ ,maxγγ ,max (12)

where Ed is the dissipated energy Ed equals to the area of
hysteretic loop. α is velocity exponent, γγ ,max is the maximum
strain, τVγ ,max is the corresponding viscous shear stress when γ

is the maximum strain.
The comparison of velocity exponents by pivotal point

method and Equation (12) are presented in Figure 9.
Under variable loading frequency test, the velocity exponent

obtained from two methods both tend to decrease as the
frequency increases. The velocity exponent obtained by
Equation (12) is larger than 1, while the velocity exponent
obtained by pivotal point method is smaller than 1. As the
testing material in DSTS test is a kind of shear-thinning
material for VDW, the results of pivotal point method are
more acceptable.

Accuracy Validation

In practice, viscous damping force of VDW is expressed as
a power function of stroke velocity, which can be regressed
with measured data of viscous damping force amplitudes and
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FIGURE 12 | Comparison of storage modulus and loss modulus between ARES test and DSTS test. (A) Storage modulus (B) Loss modulus.

velocity amplitudes of a series of test cases with different
loading frequencies. The same regression approach was applied
herein for the present data of viscous shear stress amplitudes
and shear strain rate amplitudes under variable loading
frequencies, which were separated by radial linear regression.
As shown in Figure 10, the regression produces parameters
value G′′ = 26942N/m2 and α = 0.32. In this way
the obtained α is smaller than 1, and is far from the
values in Figure 6B, which is qualitatively acceptable. This
approach produces a single set of parameters over a range of
loading frequency.

Figure 11 presents the comparison of hysteresis curve
between experimental results and simulated results by Equation
(7) with the parameters obtained by pivotal point method
and the above regression approach. It can be seen that all
the simulated curves obtained by the pivotal point method fit
experimental curves well, while the other simulated curves depart
significantly from experimental curve. Therefore, the pivotal
point method is quite accurate and more reasonable to calculate
velocity exponent.

Comparison of Modulus Between ARES

Test and DSTS Test
ARES system is an advanced strain controlled rheometer, which
tests the specimen’s storage modulus and loss modulus precisely.
This paper also conducted an ARES test on the samematerial and
the results of ARES test and DSTS test are compared. In the ARES
test, the diameter of plate is 25mm, the gap between two plate is
1mm and the frequency ranges from 0.63 to 6.3 rad/s.

The comparison of storage modulus between ARES test and
DSTS test is shown in Figure 12A. It is shown that the storage
modulus increases as the frequency increases in ARES test. The
storage modulus obtained by DSTS test is 1.4∼3.5 times ARES’s
result. This phenomenon was caused by extrusion effect. When
the shear plate was moving in the steel box, the moving path of
shear plate and surface of polymer did not fit smoothly which
can cause additional lateral compression, namely the extrusion
effect, while the ARES test is pure shear test without the extrusion
effect. The extrusion effect does unavoidably exist in the behavior
of VDW, showing the necessity of DSTS test.

The comparison of loss modulus between ARES test and
DSTS test is shown in Figure 12B. It is shown that the loss
modulus increases as the frequency increases in ARES test. The
loss modulus obtained by DSTS test is 2.1∼2.5 times ARES’s
result. This phenomenon was also caused by the extrusion
effect. The comparison here above indicates that the DSTS test
can capture dynamic mechanical properties of materials under
engineering condition.

CONCLUSION

The influence of loading frequency and strain amplitude on
mechanical properties of PIB has been investigated by DSTS
test which was designed by considering the engineering working
condition of PIB in VDW. The main conclusion can be
summarized as follow:

1. Radial linear regression method was proposed to calculate
storage modulus and pivotal point method was proposed
to calculate loss modulus and velocity exponent. The radial
linear regression method could accurately separate stress
components The velocity exponent obtained by pivotal point
method was both qualitatively reasonable and accurate to
simulate the experimental curves.

2. The velocity exponent obtained was generally smaller than 1,
and varied from 0.8 to 1. With strain amplitude in the range
of “0.4∼2.4” and the angular frequency in the range of “0.63
∼6.3 rad/s”, the velocity exponent tends to decrease with the
increase of frequency and strain.

3. The storage modulus of PIB decreases as the strain amplitude
increases, while it increases as the frequency increases. The
loss modulus of PIB increases as the strain amplitude and
frequency increase.

4. Due to the extrusion effect caused by engineering working
condition, Storage modulus obtained by DSTS test is 1.4∼3.5
times ARES’s result, and loss modulus obtained by DSTS test
is 2.1∼2.5 times ARES’s result.

In the variable strain amplitude test cases, the modulus and
velocity exponent of PIB exhibited obvious fluctuation with the
increase of strain amplitude. This phenomenon will affect the
performance of VDW, and it will be systematically studied in the
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future. The suitable viscousmaterials for VDWare rare, therefore
only DSTS tests of one kind of PIB were conducted in this paper.
In the future, DSTS test will be used to find more material that
suitable for VDW.
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In the present paper, several dynamic properties tests of the viscoelastic damper at−5◦C

are conducted under different frequencies and displacements to investigate the dynamic

behavior of the viscoelastic damper at low temperature. The seven-parameter fractional

derivative model is modified with the temperature-frequency equivalent principle and

utilized to describe the dynamic properties of the viscoelastic damper. The 9050A and

ZN22 viscoelastic materials are used to verify the modified seven-parameter fractional

derivative model. The experimental and numerical results show that the viscoelastic

damper has perfect energy dissipation capacity at low temperature, and the modified

seven-parameter fractional derivative model can well capture the dynamic behavior of

viscoelastic materials and dampers.

Keywords: viscoelastic damper, properties tests, mathematical modeling, temperature-frequency equivalent

principle, seven-parameter fractional derivative model

INTRODUCTION

Viscoelastic materials and dampers are a kind of passive energy dissipation techniques, which
are widely used for vibration isolation and suppression in the fields of aerospace, mechanical
engineering, precision instruments, and civil engineering. Rao (2003) introduced the noise control
and vibration isolation technology with special treated viscoelastic laminates and spray paints
and its application in vehicles and commercial airplanes. Rashid and Nicolescu (2008) developed
a tuned viscoelastic damper for the unwanted vibration control of a workpiece on a palletized
workholding system in milling operations. The tuned viscoelastic damper has high damping
performance over a wide range of excitation frequencies, and can effectively reducethe vibration
amplitudes during the milling process. Xu Z. D. et al. (2019) utilized a new kind of vibration
isolation and mitigation system with high damping viscoelastic materials for reducing dynamic
responses of a platform structure. The simulation results show that the system can significantly
reduce the dynamic responses of the platform. Xu (2007) and Tsai and Lee (1993) applied the
viscoelastic dampers in civil engineering to control the seismic behaviors of the reinforced concrete
frame structures and high-rise buildings, respectively. The mathematical models for viscoelastic
materials are investigated, and the effectiveness of the viscoelastic dampers are verified with
dynamic experiments.
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In practical applications, viscoelastic dampers are always
added to the building structures or equipment, and work together
to reduce the vibration responses. The dynamic properties,
structure design and applications of viscoelastic dampers have
been extensively studied by scholars. Min et al. (2004) carried
out the seismic experiments of a 5-story full-scale steel structure
model with added viscoelastic dampers, and presented a design
process of the viscoelastic dampers by using the modal strain
energy method. Samali and Kwok (1995) summarized the usage
of viscoelastic dampers in building structures, and identified
the factors affecting the dynamic performance and design
procedure of viscoelastic dampers. Matsagar and Jangid (2005)
investigated the seismic behaviors of multi-storied base-isolated
structures with various types of isolation systems. The structures
were also connected to the adjacent base-isolated or base-
fixed structures by using viscoelastic dampers. The governing
equations of motions for the structures were derived and
solved with the Newmark’s step-by-step method. The viscoelastic
damper connection is found to be effective and useful in
upgrading the seismic performance of the combined structures.
Xu et al. (2003, 2004) introduced the simplex method to optimize
the design parameters and locations of viscoelastic dampers,
and conducted shaking table tests about reinforced concrete
structures with viscoelastic dampers to validate the efficiency of
the simplex method.

Viscoelastic materials are the main components of the
viscoelastic damper, and the mechanical properties of the
viscoelastic damper are greatly affected by the damping
performance of the viscoelastic materials. Therefore, it is
necessary to study the dynamic properties of viscoelastic
materials. The appropriate selection of mathematical models is
the basis for the investigation of energy dissipation and material
application of viscoelastic materials. The classical models, such
as the Kelvin model, Maxwell model, generalized viscoelastic
models et al. (Christensen, 1971), can well describe the dynamic
properties of the viscoelastic materials with varying frequencies.
Based on classical models, Payne (1963) found that the amplitude
of loading displacement had a significant influence on the
dynamic properties of viscoelastic materials and proposed the
Krous model to capture the displacement effect. Drozdov
and Dorfmann (2002) studied the fracture and reformation
phenomenon of the polymer molecular chains and formulated
the viscoelastic constitutive relations of the rubber polymers
considering the temperature influence.

The theory of fractional derivative is a concept from
mathematical field, which unifies and generalizes classical
calculus for non-integer order of derivation. After the first
introduction by Abel in the last decades of nineteenth century,
the fractional derivative was successfully applied in many
areas such as heat conduction, diffusion, viscoelasticity, and
mechanics of solids, control theory, and electricity (Caputo,
1974; Bagley and Torvik, 1983; Koeller, 1984; Rossikhin and
Shitikova, 1997). Pritz (2003) and Schiessel et al. (1995) utilized
the fractional derivative to study the viscoelastic materials and
obtained the five-parameter fractional derivative model and
generalized fractional derivative mathematical model. Poojary
and Gangadharan (2018) introduced fractional calculation

to modify the traditional viscoelastic theories and used the
fractional Maxwell model to describe the viscous behavior
of magnetorheological elastomers. Liu and Xu (2006) adopt
the higher-order fractional derivative model to discuss the
rheological properties of human bones, and the test and
numerical results show that the higher-order fractional derivative
model is successful and efficient in describing the viscoelasticity
of human tissues. Xu et al. (2014, 2015, 2016), Xu Y. S. et al.
(2019) combined the fractional derivative mathematical models
and the temperature-frequency equivalent theory to characterize
the effects of ambient temperature and frequency on dynamic
performance of viscoelastic dampers.

It can be seen that there are few studies on the dynamic
properties of viscoelastic materials and dampers at extreme
low temperature with fractional derivative. In the present
paper, several dynamic properties tests of the viscoelastic
damper at −5◦C are conducted under different frequencies
and displacements. The seven-parameter fractional derivative
model is modified with the temperature-frequency equivalent
principle and utilized to describe the dynamic behaviors of
the viscoelastic damper. The 9050A and ZN22 viscoelastic
materials are used to verify the modified seven-parameter
fractional derivative model. The experimental and numerical
results show that the viscoelastic damper has perfect energy
dissipation at low temperature (−5◦C), and the modified seven-
parameter fractional derivative model can well capture the
dynamic behavior of viscoelastic materials and dampers under
different frequencies and temperatures.

PROPERTIES TESTS

To investigate the mechanical properties of the viscoelastic
damper at low temperature, the dynamic properties tests under
different excitation frequencies and displacement amplitudes
with−5◦C are carried out and analyzed. The results show that the
viscoelastic damper has perfect energy dissipation capacity, and
the dynamic properties are increasing with excitation frequency
and reduces when the displacement amplitude increases.

Test Procedure
The viscoelastic damper used in this paper consists of two 10-
mm thick parallel viscoelastic layers and three 7-mm thick steel
plates, as seen in Figure 1. The viscoelastic material used for the
viscoelastic layers is based on the nitrile butadiene rubber, which
has been developed and tested in our previous research (Xu et al.,
2016), and has high energy dissipation capacity. The viscoelastic
layers and the steel plates are connected together by chemical
bonding in vulcanization, and deform in the opposite direction.
The viscoelastic layer of the viscoelastic damper undergoes
almost pure shear deformation and the external energy can be
transferred into heat during the loading process.

In order to study the influence of excitation frequency
and displacement amplitude on mechanic properties of the
viscoelastic damper, the performance tests are conducted with a
100 kN servo-hydraulic test machine in RC&PC Key Laboratory
of Education Ministry, China, as shown in Figure 2. Each test
is conducted with 10 cycles of sinusoidal displacement ud =
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FIGURE 1 | Photo of the viscoelastic damper.

FIGURE 2 | Properties tests of the viscoelastic damper.

u0 sin
(

2π ft
)

, where u0 is the maximum displacement during
one loading circle, and f is the excitation frequency, the loading
conditions are listed in Table 1. The environmental temperature
of the viscoelastic damper is kept at −5◦C with a temperature
controlling device during the whole test, as seen in Figure 2.

Test Results and Analysis
To obtain the dynamic properties of the viscoelastic damper, the
force-displacement recording of the fifth loading circle at each
test condition is picked up and vividly graphed. Additionally, the
dynamic properties parameters of the viscoelastic damper at each
test condition is obtained and analyzed.

The representative hysteresis curves of the viscoelastic damper
are given in Figure 3. It can be seen that the hysteresis
curves of the viscoelastic damper are almost full ellipse, which
demonstrates that the viscoelastic damper has perfect energy

TABLE 1 | Loading conditions for properties tests of the viscoelastic damper.

Temperature

t (◦C)

Displacement

amplitude

d (mm)

Frequency

f (Hz)

Cycle number

(cycles)

−5 0.2, 0.5, 1.0, 1.5, 2 0.1, 0.2, 0.5, 1.0 10

dissipation (Tsai and Lee, 1993; Samali and Kwok, 1995; Min
et al., 2004). It can be seen in Figures 3A,B that, the slope
and area of the hysteresis curves increase when the frequency
increases, meaning that the energy dissipation capacity and
stiffness increase with increasing frequency. Figures 3C,D show
that the area of the hysteresis curves increases with increasing
displacement, while the slope of the hysteresis curves is slightly
decreased. As the slope and area of the hysteresis curves
are directly related to the energy dissipation and stiffness of
the viscoelastic damper, it can be concluded that the energy
dissipation increases with increasing displacement and the
stiffness decreases.

According to the energy dissipation theory of viscoelastic
dampers (Tsai and Lee, 1993; Samali and Kwok, 1995; Min et al.,
2004), each single hysteresis curve of the viscoelastic damper with
the sinusoidal excitation ud = u0 sin

(

2π ft
)

can be taken as a full
ellipse as shown in Figure 4. The force-displacement relationship
has the form

(

Fd − Keud

ηKeu0

)2

+

(

ud

u0

)2

= 1 (1)

where Fd and ud is the damping force and displacement of the
viscoelastic damper, respectively; Ke is the equivalent stiffness
and Ke =

F1
u0
, and u0 is the displacement amplitude, and F1

is the damping force at the maximum displacement; F2 is the
corresponding force at the zero displacement, and F is the biggest
damping force in the single hysteresis curve.

Then, the most important dynamic parameters, the storage
modulus G1 and loss factor η of the viscoelastic damper can be
expressed as

G1 =
F1hv

nvAvu0
(2)

η =
F2

F1
(3)

where nv presents the number of viscoelastic material layers, Av

and hv is the shear area and thickness of the viscoelastic material
layer. For the viscoelastic damper used in this study, nv = 2,Av =

3000mm2 and hv = 10mm. Then, with Equations (2) and (3), the
storage modulus G1 and loss factor η of the viscoelastic damper
at each test condition can be calculated and listed in Table 2.

To clearly reveal the dynamic properties and energy
dissipation of the viscoelastic damper, the storage modulus G1

and loss factor η at each test condition are pictured in Figure 5.
Figures 5A,B show the relationship of characteristic

parameters and excitation frequency. It can be seen that the
storage modulus and loss factor increase rapidly with increasing
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FIGURE 3 | The representative force-displacement hysteresis loops of the viscoelastic damper. (A–D) d = 0.5mm, d = 2.0mm, f = 0.1Hz, and

f = 1.0Hz, respectively.

FIGURE 4 | Force-displacement hysteresis curve.

frequency. Take 1mm as an example, the storage modulus is
increased by 14.59% in the range of 0.1–0.2Hz, increased by
32.03% in the range of 0.2–0.5Hz, and increased by 19.52% in
the range of 0.5–1.0Hz. The loss factor is increased by 24.6%
in the range of 0.1–0.2Hz, increased by 24.63% in the range of

0.2–0.5Hz and increased by 20.46% in the range of 0.5–1.0Hz. In
summary, the storage modulus and loss factor of the viscoelastic
damper are greatly influenced by the excitation frequency.

Figures 5C,D give the relationships between the characteristic

parameters and displacement amplitude. It can be seen that

the storage modulus and loss factor decreases with increasing
displacement amplitude. Taking the condition of 0.5Hz as an

example, the storage modulus is decreased by 9.52% in the

range of 0.2–0.5mm, decreased by 4.69% in the range of
0.5–1.0mm, decreased by 9.07% in the range of 1.0–1.5mm,

and decreased by 8.4% in the range of 1.5–2.0mm. The loss

factor is decreased by 1.29% in the range of 0.2–0.5mm,
decreased by 8.48% in the range of 0.5–1.0mm, decreased by

2.19% in the range of 1.0–1.5mm and decreased by 8.45%
in the range of 1.5–2.0mm. It also should be noted that

the storage modulus with frequency 0.1Hz and displacement
0.2mm are much larger than that with frequency 0.2Hz

and displacement 0.2mm, this abnormal phenomenon may

occur due to the test errors during the experimental process
and the properties complexity of viscoelastic materials at low

temperature situations. In summary, the displacement amplitude

have important influence on the storage modulus and loss factor
of the viscoelastic damper.
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TABLE 2 | Characteristic parameters G1, η of the viscoelastic damper.

Displacement

d (mm)

Frequency

f (Hz)

Storage modulus

G1 (MPa)

Loss factor

η

0.2 0.1 2.5578 0.6942

0.2 2.2325 0.8012

0.5 2.9713 0.8442

1.0 3.8817 0.9869

0.5 0.1 1.7238 0.5332

0.2 2.0579 0.6507

0.5 2.6885 0.8333

1.0 3.6217 0.9282

1.0 0.1 1.6943 0.4911

0.2 1.9408 0.6119

0.5 2.5625 0.7626

1.0 3.0626 0.9186

1.5 0.1 1.5822 0.4547

0.2 1.8828 0.5825

0.5 2.3300 0.7459

1.0 2.7726 0.8716

2.0 0.1 1.5546 0.4254

0.2 1.7681 0.5352

0.5 2.1343 0.6829

0.1 2.4470 0.7688

MODIFICATION OF THE
SEVEN-PARAMETER FRACTIONAL
DERIVATIVE MODEL

The seven-parameter fractional derivative model include three
parallel elements, one Hook spring element and two fractional
Maxwell models (Müller et al., 2011), as shown in Figure 6. The
stress-strain relation of the Hook spring can be given as

µ0ε0 = σ0 (4)

where µ0 presents the modulus of the Hook spring element. For
the two fractional Maxwell models

µiεis = ηiD
αiεid = σi (5)

εis + εid = εi (6)

where µi and ηi present the modulus of the spring and
the damping coefficient of the fractional dashpot for the i-th
fractional Maxwell model, respectively, i = 1, 2; Dαi denotes
the αi-order fractional derivative, and 0 < αi < 1; σi and εi
denote the stress and strain of i-th fractional Maxwell model,
respectively; εis andεid present the strain of the spring and
dashpot, respectively. Then we have

ε0 = ε1 = ε2 = εt (7)

σ0 + σ1 + σ2 = σt (8)

where σt and εt are the stress and strain of the seven-parameter
fractional derivative model.

From Equations (5) and (6), we can obtain

µiηiD
αiεi =

(

µi + ηiD
αi

)

σi (9)

By performing the Fourier transform on Equation (9), we can get

µiηi
(

jω
)αi

ε∗i =
(

µi + ηi
(

jω
)αi

)

σ ∗
i (10)

where ω is the angular frequency of the loading stress or strain;
and j is the unit complex number; and the star symbol denotes
that the strain and stress are in complex form. Then the modulus
of each fractional Maxwell model in complex form, expressed in
the frequency domain, can be obtained as

G∗
i =

µiηi
(

jω
)αi

µi + ηi
(

jω
)αi

(11)

Together with Equations (4), (7), (8), and (11), we can
obtain the complex modulus of the seven-parameter fractional
derivative model

G∗
= µ0 +

2
∑

i=1

µiηi
(

jω
)αi

µi + ηi
(

jω
)αi

(12)

By applying the relation jαi = cos
(

αiπ
2

)

+sin
(

αiπ
2

)

j into
Equation (12), the complexmodulus can be decomposed into two
parts, the real part and the imaginary part, which are defined as
the storage modulus and loss modulus of viscoelastic materials,
and the ratio of the loss modulus to the storage modulus is taken
as the loss factor, then

G1 =Re
(

G∗
)

= µ0 +

2
∑

i=1

µ2
i ηiω

αicos
(

αiπ
2

)

+ µiη
2
i ω

2αi

µ2
i + 2µiηiωαicos

(

αiπ
2

)

+ η2i ω
2αi

(13)

G2 =Im
(

G∗
)

=

2
∑

i=1

µ2
i ηiω

αisin
(

αiπ
2

)

µ2
i + 2µiηiωαicos

(

αiπ
2

)

+ η2i ω
2αi

(14)

η =
G2

G1
(15)

Where G1, G2, and η denote the storage modulus, loss modulus
and loss factor of viscoelastic materials.

There is an equivalent relationship between high temperature
and low frequency for most viscoelastic materials when the
temperature is from the glass transition temperature Tg to Tg+

100◦C, which can be described by the temperature-frequency
equivalent theory (Xu et al., 2014, 2015, 2016; Xu Y. S. et al.,
2019), as shown in Equation (16)

G1 (ω,T) = G1 (αTω,T0)

η (ω,T) = η (αTω,T0) (16)

where T0 is the reference temperature, and αT is the function of
temperature and has the form

αT = 10−12(T−T0)/[525+(T−T0)] (17)
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FIGURE 5 | The storage modulus and loss factor of the viscoelastic damper with different test conditions. (A–D) Storage modulus, loss factor, storage modulus, and

loss factor, respectively.

FIGURE 6 | The seven-parameter fractional derivative model.

when this theory is used to describe the dynamic properties of
the viscoelastic damper with different temperatures, the dynamic
parameters of the viscoelastic damper in Equations (13)–(15) can

be changed as

G1 = µ0 +

2
∑

i=1

µ2
i ηi(αTω)αicos

(

αiπ
2

)

+ µiη
2
i (αTω)2αi

µ2
i + 2µiηi(αTω)αicos

(

αiπ
2

)

+ η2i (αTω)2αi

(18)

G2 =

2
∑

i=1

µ2
i ηi(αTω)αisin

(

αiπ
2

)

µ2
i + 2µiηi(αTω)αicos

(

αiπ
2

)

+ η2i (αTω)2αi
(19)

η =
G2

G1
(20)

Equations (17)–(20) are the formulations of the modified seven-
parameter fractional derivative model. The advantage of this
modified model is that it is more efficient in describing the
nonlinear behavior of viscoelastic materials (Müller et al., 2011),
and it can reveal the influence of different temperatures and
frequencies on the mechanical properties of viscoelastic materials
at the same time.
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MODEL APPLICATION FOR THE
VISCOELASTIC DAMPER

In this section, in order to deeply investigate the influence of
frequency on the dynamic properties of the viscoelastic damper
at low temperature (−5◦C), the abovementioned mathematical
model, the modified seven-parameter fractional derivative
model, and the equivalent fractional Kelvin model (Xu et al.,
2015) are employed to numerically calculate the storage modulus
and loss factor of the viscoelastic damper. The expression of the
equivalent fractional Kelvin model has the form

G1 = q0 + q1(αTω)γ cos
(γπ

2

)

(21)

η =
q1(αTω)γ sin

( γπ
2

)

q0 + q1(αTω)γ cos
( γπ

2

) (22)

where q0 and q1 are the coefficients related to the viscoelastic
materials, γ is the order of fractional derivative, αT has been
given in Equation (17).

Because Equations (17)–(22) in the two models could not
describe the displacement amplitude influence, the impact of
displacement amplitude on dynamic properties of viscoelastic
dampers is ignored, and only parts of the test data (with
displacement 0.2 and 1.5mm) in Table 2 are used to determine
the parameters of the modified seven-parameter fractional
derivative model and the equivalent fractional Kelvin model with
the least squares method. Then for the modified seven-parameter
fractional derivative model, the parameters can be obtained as,
µ0 = 2.8954 × 105, µ1 = 4.4113 × 107, η1 = 1.5075 × 106,
α1 = 0.2054, µ2 = 2.1123 × 108, η2 = 1.0714 × 106, α2 =

0.7104, and T0 = −16.89◦C. For the equivalent fractional Kelvin
model, q0 = 9.3111 × 105, q1 = 1.831 × 107, γ = 0.5516,
and T0 = −114.15◦C. The test data with the displacement
1.0mm (which are not used for the parameters determination)
are used to verify the numerical results of the proposed model.
The experimental and numerical results comparisons of the
modified seven-parameter fractional derivative model and the
equivalent fractional Kelvin model of the viscoelastic damper are
summarized in Table 3 and graphed in Figure 7.

It can be obviously seen in Figure 7 that both the modified
seven-parameter fractional derivative model and equivalent
fractional Kelvin model have perfect accuracy in describing
the characteristic parameters of the viscoelastic damper with
different frequencies. The errors of both models for storage
modulus and loss factor are <10%, but the errors of the modified
seven-parameter fractional derivative model always have smaller
values. For example, when the frequency is 1Hz, the storage
modulus and loss factor of the viscoelastic damper in test data
are 3.0626 MPa and 0.9186; while for the numerical results from
the modified seven-parameter fractional derivative model, the
storage modulus and loss factor are 3.2062 MPa and 0.8836,
and the errors are 4.69 and 3.52%, respectively; for equivalent
fractional Kelvin model, the storage modulus and loss factor are
3.3053MPa and 0.845, the errors are 7.83 and 8.02%, respectively.

MODEL VERIFICATION

To further verify the accuracy of the modified seven-parameter
fractional derivative model with different temperatures,
the experimental data (Xu et al., 2015) for 9050A and
ZN22 viscoelastic materials under different frequencies and
temperatures are compared with the numerical results calculated
from the modified seven-parameter fractional derivative model
and the equivalent fractional Kelvin model.

Some parts of the experimental data are used to evaluate the
model parameters, and the numerical results are compared with
the whole test results. With the least squares method, the model
parameters of 9050A materials can be determined as, µ0 =

1.0563 × 106, µ1 = 4.6305 × 107, η1=6.1554, α1 = 0.9741,
µ2 = 7.5296 × 108, η2 = 4.685 × 104, α2 = 0.3144, and T0 =

153.85◦C for the modified seven-parameter fractional derivative
model; and q0 = 1.9032 × 106, q1 = 229.7502, γ = 0.6888,
and T0 = 164.57◦C for the equivalent fractional Kelvin model.
The model parameters of ZN22 materials can also be obtained as,
µ0 = 2.1575× 106, µ1 = 4.6317× 108, η1=0.0547, α1 = 0.6682,
µ2 = 3.9676 × 108, η2 = 0.0733, α2 = 0.6326, and T0 =

272.2◦C for the modified seven-parameter fractional derivative
model; and q0 = 2.1972 × 106, q1 = 0.1322, γ = 0.6575, and
T0 = 270.72◦C for the equivalent fractional Kelvin model. The
experimental and numerical results comparisons of 9050A and
Zn22 viscoelastic materials are given in Tables 4, 5, and vividly
graphed in Figures 8, 9. Figure 8 shows the experimental and
numerical results comparisons of 9050A material.

It can be concluded from Figure 8A that the modified seven-
parameter fractional derivative model is more accurate than
the equivalent fractional Kelvin model when describing the
storage modulus with different frequencies. Take 0.1Hz as an
example, the test data for storage modulus is 2.5 MPa; and the
numerical results from the modified seven-parameter fractional
derivative model is 2.3737 Mpa with error 5.05%; and the
numerical results from the equivalent fractional Kelvin model
are 2.369 Mpa with error 5.24%. It can be seen in Figure 8B

that with the frequencies 0.2–1.0Hz, the errors of the modified
seven-parameter fractional derivative model is a little larger
than the equivalent fractional Kelvin model when describing
the loss factor with different frequencies, this may due to
the complexity of viscoelastic materials at low temperatures,
test errors, or the local distortion when determining the
model parameters.

It also can be revealed from Figures 8C,D that the modified
seven-parameter fractional derivative model is better than the
equivalent fractional Kelvin model in capturing the variation
trends of storage modulus and loss factor with different
temperatures. Take−20◦C as an example, the test data for storage
modulus and loss factor are 17 MPa and 1.38; and the numerical
results from the modified seven-parameter fractional derivative
model are 15.8014 Mpa and 1.3002, with errors 7.05 and 5.78%;
the numerical results from the equivalent fractional Kelvinmodel
are 13.5023 Mpa and 1.6153, with errors 20.57 and 17.05%. It
should be emphasized in Figure 8D that the numerical loss factor
curve from the modified seven-parameter fractional derivative
model has more consistency with the experimental loss factor
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TABLE 3 | Comparison of experimental and numerical results when d = 1.0mm.

Frequency f (Hz) Experimental results Modified seven-parameter fractional

derivative model

Equivalent fractional Kelvin model

Storage modulus

G1 (MPa)

Loss factor

η

Storage modulus

G1 (MPa)

Loss factor

η

Storage modulus

G1 (MPa)

Loss factor

η

0.1 1.6943 0.4911 1.6295 0.4977 1.597 0.4907

0.2 1.9408 0.6119 1.9371 0.5921 1.9071 0.6022

0.5 2.5625 0.7626 2.5292 0.7484 2.5489 0.7469

1.0 3.0626 0.9186 3.2062 0.8863 3.3023 0.845

FIGURE 7 | The experimental and numerical results comparison of the viscoelastic damper when d = 1.0mm. (A,B) Storage modulus, and loss factor, respectively.

TABLE 4 | Experimental and numerical results comparison for 9050A viscoelastic material.

Temperature

t (◦C)

Frequency

f (Hz)

Experimental results Modified seven-parameter fractional

derivative model

Equivalent fractional Kelvin model

Storage modulus

G1 (MPa)

Loss factor

η

Storage modulus

G1 (MPa)

Loss factor

η

Storage modulus

G1 (MPa)

Loss factor

η

−20 1 17 1.38 15.8014 1.3002 13.5023 1.6153

−10 1 5.8 1.39 6.2628 1.4611 6.9226 1.3634

−10 2 10 1.40 10.3450 1.4929 9.9943 1.5223

0 0.1 2.5 0.4 2.3737 0.4106 2.3690 0.3697

0 0.5 3.3 0.9 3.3091 0.7464 3.3148 0.8007

0 1 3.8 1.10 3.9911 1.0028 4.1786 1.0239

0 5 9.7 1.39 9.0002 1.5222 8.7982 1.4736

10 1 3.0 0.71 3.0625 0.6511 2.9797 0.6793

10 2 3.4 0.92 3.6285 0.8700 3.6385 0.8968

20 1 2.7 0.40 2.5096 0.4539 2.4330 0.4094

curve than that from the equivalent fractional Kelvin model,
which proves the advantage of the modified seven-parameter
fractional derivative model in describing the nonlinear dynamic
behaviors of viscoelastic materials, especially at low temperature.
The same conclusion can be obtained from Figure 9 which
compares the experimental and numerical results of ZN22
viscoelastic material.

CONCLUSIONS

In present paper, the dynamic properties tests of the viscoelastic
damper are carried out at low temperature (−5◦C). The
influence of frequency and displacement on the dynamic
properties of the viscoelastic damper are discussed. The seven-
parameter fractional derivative model is modified and applied to
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TABLE 5 | Experimental and numerical results comparison for Zn22 viscoelastic material.

Temperature

t (◦C)

Frequency

f (Hz)

Experimental results Modified seven-parameter fractional

derivative model

Equivalent fractional Kelvin model

Storage modulus

G1 (MPa)

Loss factor

η

Storage modulus

G1 (MPa)

Loss factor

η

Storage modulus

G1 (MPa)

Loss factor

η

15 0.5 6 1.14 6.7519 1.1116 6.6662 1.1235

15 1 9.7 1.32 9.4360 1.2457 9.2464 1.2776

15 2 14.0 1.40 13.7233 1.3362 13.3163 1.3993

20 0.1 3.1 0.5 2.9859 0.4600 3.0104 0.4527

20 0.5 4.6 0.86 4.5429 0.8657 4.5404 0.8649

20 1 5.9 1.01 5.9258 1.0425 5.8932 1.0510

20 2 8.3 1.19 8.1212 1.1926 8.0271 1.2171

25 0.5 3.1 0.6 3.4286 0.6138 3.4545 0.6099

25 1 4.3 0.72 4.1624 0.7953 4.1804 0.7950

30 1 3.6 0.58 3.2503 0.5570 3.2849 0.5549

FIGURE 8 | The experimental and numerical results comparison of 9050A viscoelastic material. (A–D) Storage modulus, loss factor, storage modulus, and loss

factor, respectively.

describe the dynamic behaviors of the viscoelastic damper. The
experimental data for 9050A and ZN22 viscoelastic materials
under different frequencies and temperatures are utilized to

validate the modified seven-parameter fractional derivative
model. Finally, some notable conclusions can be obtained
as follows:
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FIGURE 9 | The experimental and numerical results comparison of ZN22 viscoelastic material. (A–D) Storage modulus, loss factor, storage modulus, and loss

factor, respectively.

(1) The viscoelastic damper has perfect energy dissipation
capacity with nearly full ellipse hysteretic curves at
low temperature.

(2) The loading frequency and displacement amplitude have
important influence on the dynamic properties of the
viscoelastic damper. The storage modulus and loss factor
increase quickly with increasing frequency, while decrease
when the displacement amplitude increases.

(3) The dynamic behavior of the viscoelastic damper and
viscoelastic materials (9050A and ZN22) can be precisely
depicted by the modified seven-parameter fractional
derivative model, which can simulate the nonlinear dynamic
properties of viscoelastic materials with varying frequencies
and temperatures.

(4) Viscoelastic dampers can serve in a wide temperatures
ranges (−20–50◦C) with larger displacements. The present
work only studies the viscoelastic damper at −5◦C with
displacements 0.2–2.0mm. The dynamic properties and
mathematical modeling of viscoelastic dampers at extreme
temperatures (for example, −20 or 50◦C) and large
displacement amplitudes still need to be further investigated.
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As a semi-active control device, the magnetorheological (MR) damper has received

much praise for its great controllability, quick response, and lower input power. However,

the problem of liquid leakage arises after its long-term service, severely affecting its

performance and service life. To solve this problem, this paper proposes fully vulcanizing

and consolidating viscoelastic material, the cylinder barrel and the piston rod, which

replaces the traditional dynamic seal with a static seal, and developing a new leak-proof

MR damper. Considering that viscoelastic material has a certain energy dissipation and

fluid-structure interaction with MR fluid, the correction factor of the pressure gradient is

introduced to establish the mechanical model of the leak-proof MR damper which is to

be tested. The testing result shows that warpage deformation of viscoelastic material

weakens the damping force of the MR damper and the weakening effect increases with

current intensity. Given the influence of current intensity on the correction factor, the

complete mechanical model of the leak-proof MR damper is obtained on the basis of

the verified model. Through the comparison between the theoretical calculation curve

and the test curve, the revised mechanical model is found to well reflect the mechanical

properties of the leak-proof MR damper.

Keywords: magnetorheological (MR) damper, leak-proof, viscoelastic material, mechanical model,

performance test

INTRODUCTION

Magnetorheological (MR) Fluid is a solid/liquid two-phase suspension produced by magnetizable
particles dispersing in the carrier fluid. It is a new smart fluid material whose mechanical properties
are adjusted remarkably by the external magnetic field. In the external magnetic field, the random
disorder state of magnetizable particles is transformed into an orderly chain along the external
magnetic field direction, changing MR material from homogeneously dispersed solid/liquid
two-phase suspension into solid-like material. This process is fast, reversible, and controllable
(Hardy, 1951; Jacob, 1951; Carlson and Spencer, 1996). Researches indicate that MR fluid is
typically characterized by the shear stress, and apparent viscosity changing with the external shear
rate andmagnetic field intensity, and that the type, saturation magnetization, surface characteristic,
size, andmorphology ofmagnetizable particles (Jolly et al., 1999; Hato et al., 2011; Susan-Resiga and
Vékás, 2014; Liu et al., 2015; Vereda et al., 2016; Mohamad et al., 2018) have a great influence on
the mechanical properties of the MR material. Due to the apparent sedimentation of MR fluid, MR
grease has been proposed, improving its anti-sedimentation greatly (Zhu, 2006; Hu et al., 2015). At
present, the most outstanding use of MR fluid (grease) is that it is placed into a sealed container
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with an adjusted magnetic field to make a smart shock absorber
with an adjustable damping force (Xu et al., 2013; Deng et al.,
2017; Zhang et al., 2017; Christie et al., 2019), which is applied
in many areas such as vibration reduction, vibration isolation,
vibration absorption, and protection (Xu et al., 2000; Qu et al.,
2009). For instance, there are applications in vibration control of
truck seats in the auto industry (Choi et al., 2000; Sun et al., 2016),
vibration control to reduce low-frequency vibration and high-
frequency shock vibration of vessels in navigation field (Yao et al.,
2008), vibration control to reduce the ground shock vibration
of airplane landing in aviation field (Zhu et al., 2011), vibration
isolation and mitigation for the precision platform of precision
instrument (Xu et al., 2019).

However, the problem of liquid leakage will take place
after long-term service because most magnetorheological fluid
(grease) dampers are sealed with rubber seal rings. When the
damper piston is moving in a reciprocating motion, friction
between magnetizable particles embedded in the rubber ring
and the piston rod creates vertical nicks on the rod and
the carrier fluid will leak from those nicks, causing the seal
failure of the damper. Some research shows that with fluid
leakage, its mechanical properties will change greatly, the energy
consumption area will decrease sharply, and controlling time
delay will be longer, which seriously affects the vibration control
effect of the MR fluid (grease) damper (Iyengar et al., 2004; Lu
et al., 2011; Wang et al., 2012; Tudón-Martínez and Morales-
Menendez, 2015; Jeyasenthil and Choi, 2018). Therefore, leakage
shortens the service life of the MR fluid (grease) damper and
restricts its application in practical projects.

To solve the problem of its leakage, Carlson (1999) has used a
porous sponge material in the MR fluid damper. Under suction
of capillary tubes, MR fluid is stored in the pores of the porous
sponge to reduce MR fluid leakage. Kelso et al. (2003) have
designed a two-tiered seal device in the damper. The first tier is at
the in-out position of the piston rod, and the second is between
the piston and cylinder body. The two-tiered seal can effectively
prevent the damper fluid leakage. Iyengar et al. (2004) carried out
the seal wear test of rod seals in a MR damper to research the
wear process of the rod when the damper was working. The best
sealing material is determined by wear test of fluids on sealing
materials. Xu and Cao (2004) installed MRF sealing device on
the inner side of cylinder barrel. The magnetic field generated
by the permanent magnet is used to make the MRF form a
strong liquid film, which avoids the wear and liquid leakage of
theMR damper. Giorgetti et al. (2010) have designed a rotaryMR
damper, remarkably decreasingMR fluid sedimentation andwear
of the seal device, and improving the damper durability. Tu et al.
(2011) have sprayed a hard alloy coat onto the damper piston rod
to improve its rigidity and delay its nicking damage, which can
effectively lengthen the damper service life. Yan et al. (2013) have
stored MR material with porous metallic foams in the damper to
make a porous metallic foam MR damper, which can effectively
reduce its leakage without a sophisticated seal. Zhou et al. (2013)
used metal sealing device instead of rubber sealing to overcome
the leakage problem of damper caused by aging and corrosion of
rubber sealing ring. Yazid et al. (2014) have proposed a new radial
hydraulic seal device, which can effectively reduce the leakage at

the sealing device. Sun et al. (2016) proposes to use a rotatingMR
damper in seat suspension to effectively solve the shortcomings
of linear dampers. The rotating MR damper can reduce not only
the amount of MRF needed but also the sealing requirements.
Since the O-ring cannot completely prevent hydraulic oil leakage,
Delgado and SanAndres (2010) have employed an end seal device
with a spring contact, which has been found in testing to reduce
oil leakage and air ingestion.

Most researchers propose improving the original O-
ring/piston seal, and optimizing and applying a multi-tiered
sealing device. Those methods can delay the fluid leakage,
lengthen the service life of the MR fluid (grease) damper,
but they cannot completely solve its leakage problem mainly
because the dynamic seal between the O-ring and the piston will
inevitably create friction damage and cause leakage. This paper
proposes a static seal for the MR fluid (grease) damper. The static
seal adopts viscoelastic material as the sealing material, which
can produce large elastic-plastic shear deformation to ensure
that viscoelastic material moves with the piston and avoids
being damaged in shear deformation. This material has two
properties of energy dissipation and energy storage (Christensen
and Freund, 1982). When suffering external forces, its strain
obviously lags behind stress, whose straining motion works over
a great resistance. Some of the energy is consumed by conversion
into heat and some is stored in the form of potential energy,
which has a good energy dissipation action (Samali and Kwok,
1995). Viscoelastic material is extensively applied in the ship
industry (Townsend et al., 2018), space industry (Cunha-Filho
et al., 2016), civil engineering (Tezcan and Uluca, 2003; Xu
et al., 2016) etc. Viscoelastic material is selected to be the sealing
material for the leakage-proof MR damper. It is connected
between the damper cylinder barrel and the piston through
microwave vulcanization so that relative motion and friction will
not occur between the sealing material and the piston rod in its
reciprocating motion. A relative displacement is created between
the piston rod and the cylinder barrel by the material’s own shear
deformation, forming a static seal and the viscoelastic material
can absorb energy to improve the damper through its own
deformation. According to this principle, a new leakage-proof
MR damper is developed to radically resolve the problem of MR
fluid (grease) leakage from the damper.

After applying a viscoelastic material and making the static
seal device, the mechanical model of the new leakage-proof
MR damper has been changed significantly and must describe
the dynamic properties of both viscoelastic material and MR
material. In studying the mechanical model of MR material,
Stanway et al. (1987) have treated MR fluid as yield stress
material and suggested the Bingham model concerning the
linear relationship between shear stress and shear rate of MR
fluid. Based on Bingham model, Çeşmeci and Engin (2010)
have performed experiments on the linear MR fluid damper,
which can predict well the outputting force of the MR fluid
damper. Yang (2001) have proposed the Herschel-Bulkley model
to describe the shear-thinning behaviors of MR fluid while Wen
(1976) has suggested the Bouc-Wen model which is universal
and is able to calculate and reflect various hysteresis curves. In
studying the mechanical model of viscoelastic material, Chang
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et al. (1993) have suggested the Kelvin model which is formed by
parallel connection of the linear spring and linear damper unit,
reflecting creep and relaxation of viscoelastic material. Zhang
and Soong (1992) have proposed the Maxwell model, which is
formed by a series connection of the linear spring and linear
damper unit. Liu (1990) has suggested the standard linear solid
model, which is formed by a series connection of the spring
unit and Kelvin model, reflecting both creep and relaxation of
viscoelastic material and its property changes with frequency. On
the basis of a standard linear solid model, Xu et al. (2010) have
proposed the equivalent standard solid model with temperature-
frequency equivalent theory which can accurately reflect its
property changes with temperature and frequency. This paper
establishes the mechanical model of a new leakage-proof MR
fluid damper and tests it through the damper performance tests.

From the above research, a leakage-proof MR damper
is developed to solve the leakage problem of MR damper.
The leakage-proof MR damper uses viscoelastic material to
vulcanize both the cylinder and piston rod, which replaces
the traditional dynamic seal with a static seal. However,
considering the energy-consumption of viscoelastic material
and the fluid-structure interaction between viscoelastic
material and magnetorheological fluid, the mechanical
model of leakage-proof MR damper is changed. Based on
the traditional MR damper mechanical model, the correction
factor of a pressure gradient is introduced to consider the
influence of viscoelastic materials on leak-proof dampers
and establish the mechanical model of the leak-proof MR
damper. In addition, the mechanical properties of the new
MR damper also tested. It can be found that the new MR
damper has good sealing performance and can fundamentally
solve the leakage problem of MR damper. The mechanical
model of leakage-proof MR damper can well reflect its
mechanical properties.

THE SEALING STRUCTURE OF THE NEW

LEAKAGE-PROOF MR DAMPER

When the MR damper works, its chamber is filled with MR fluid
in a high-pressure condition. To prevent leakage, an O-ringmade
of rubber is usually devised at the port to seal the damper, as is
shown in Figure 1. The O-ring, a regular sealing element of fluid
damper, is characterized by easy manufacture, simple structure,
and low cost.

As for a MR damper, magnetizable particles are embedded
into the rubber O-ring by the great pressure inside the chamber,
and then produce dry friction with the piston rod at the fixed
position on the sealing ring. Due to the great rigidity of those
particles, vertical nicks are created on the rod when it moves
many times. MR fluid in the damper will leak from those
nicks, seriously influencing its performance and service life.
In order to solve the leakage problem of the traditional MR
damper, a new leakage-proof MR damper is designed in Figure 2.
Viscoelastic material is inserted between the cylinder barrel
and the piston rod. And cylinder barrel, viscoelastic material
and the piston rod are entirely connected through microwave

FIGURE 1 | The sealing device of a regular MR damper.

FIGURE 2 | The new leakage-proof MR damper.

vulcanization. The connection strength can reach the failure
strength of viscoelastic materials.

When the damper operates, the reciprocating motion of the
piston will cause viscoelastic material to move along, using
the material’s own shear deformation to make up for the
displacement difference between the external cylinder barrel
and the piston, as shown in Figure 3. In this case, no friction
exists between the viscoelastic material and the piston rod,
which replaces the dynamic seal with a static seal successfully.
Magnetizable particles are unlikely to be embedded into the
viscoelastic material to produce friction damage to the piston
rod, so that the leakage problem of the traditional MR damper
is radically resolved, as is shown in Figure 4. Besides, viscoelastic
material has a stable chemical performance and strong corrosion
and fatigue resistance, lengthening the damper service life and
improving its engineering applicability, as shown in Figure 5.
In the new sealing device, thickness and coherent length
of viscoelastic material need designing according to reality,
and a new mechanical model needs establishing to describe
the mechanical properties because many changes happen to
the damper.

Frontiers in Materials | www.frontiersin.org June 2019 | Volume 6 | Article 11855

https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


Tu et al. The Leak-Proof Magnetorheological Damper

FIGURE 3 | Shear deformation of viscoelastic material.

FIGURE 4 | The section diagram of the leakage-proof MR damper.

FIGURE 5 | The real diagram of the leakage-proof MR damper.

THE MECHANICAL MODEL OF THE NEW

LEAKAGE-PROOF MR DAMPER

With viscoelastic material, the new leakage-proof MR damper
is changed, compared with the traditional one in the following

FIGURE 6 | Deformation computing model of viscoelastic material.

manner: (1) viscoelastic material itself is an energy-consume
damping material. Serving as a sealing device, it will change
the damping and stiffness of the device; (2) fluid-structure
interaction will occur between viscoelastic material andMR fluid.
On the one hand, when the MR damper works, the high pressure
created by internal fluid produces warpage deformation of the
viscoelastic material; on the other hand, its warpage deformation
will influence the internal pressure of the damper in return. Those
changes alter the damping force of the new leakage-proof MR
damper. A new mechanical model must be established.

The Inner Chamber Volume Increment

Caused by Warpage Deformation of

Viscoelastic Material
The fluid pressure of the inner chamber produces warpage
deformation of the viscoelastic material, as shown in Figure 6,
which results in larger inner chamber capacity, smaller
inner chamber pressure, and then less fluid flow through
the gap channel of the damper. Fluid flow Q1V can be
obtained as:

Q1V =
V −1V

t
=

(

1−
1V

V

)

V

t
=

(

1−
1V

V

)

Q0 (1)

in whichV is the fluid volume through the gap channel,1V is the
inner chamber volume increment caused by viscoelastic material
deformation, and Q0 is the fluid flow through the gap channel
without considering viscoelastic material deformation.

The relationship between viscoelastic material deformation
1V and the inner chamber fluid pressure 1p is obtained by the
first-order shear deformation plate theory (Wang and Ma, 2004).
The dimensions of the new leakage-proof damper are shown
in Figure 6.

Under the pressure, the corner close-form expression ψ

and the deflection close-form ω of viscoelastic material can be
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obtained as:

ψ = −
1p

16�
r3 + (C1 + C2 ln r)r + C3

1

r
(2)

ω =
1p

64�
r4 −

1

2
(
1p

2As
+ C1)r

2
+ C2(−

r2

2
ln r +

r2

4
+

2�

As
ln r)

−C3 ln r + C4 (3)

in which � = EH3/12(1− v2), and As = ksEH/2(1+ µ
2); 1p

is the pressure difference at the damper gap channel; r is the
difference between inside and outside diameters of viscoelastic
materials; E is the elastic modulus of viscoelastic material; H is
the vulcanizing and coherent length of viscoelastic material and
the piston; µ is the Poisson ratio of viscoelastic material; ks is the
shear correction factor.

The boundary conditions of viscoelastic tier are:
Ψa = Ψb = 0, ωa = ωb = 0. Four unknown numbers
C1,C2,C3,C4 can be obtained and substituted into Formula (3)
to obtain the deflection curve. Volume increment of viscoelastic
material is obtained by integrating the deflection curve. Because
the fluid pressure changes with time, the deformation volume of
the viscoelastic material also changes with time:

1V(t) = 2π
a+ b

2

∫ a

b
ω(r, t)dr = π(a+ b)

∫ a

b
ω(r, t)dr (4)

in which a and b are the distance between the center line of the
piston rod and the two bonding surface; ω(r, t) is the deflection
curve of viscoelastic material.

The Correction Factor of Pressure Gradient
Because the ratio of the gap between the external cylinder barrel
and the piston and the inner diameter of cylinder is very small,
a parallel model (Yang, 2001) can be used to approximately
simulate an axisymmetric fluid model. Figure 7 shows the
velocity profile diagram of MR fluids through parallel plates. For
the different regions in Figure 7, the fluid velocity formulas are
as follows:

I : ux(z) =
1

2
(−

1

η

dp

dx
)[h21 − (h1 − z)2]0 ≤ z ≤ h1 (5)

II : ux(z) =
1

2
(−

1

η

dp

dx
)[(h− h2)

2
− (z − h0)

2]− v0h2 ≤ z ≤ h

(6)

MR fluids in the core region “C” will flow as a whole, and the
velocity of flow in the core region is ux(h1) = ux(h2).

From the above formulas, the fluid flow through the damper
gap can be obtained:

Q = Apv0 = s
∫ h
0 ux(z)dz

=
s
2 (−

1
η

dp
dx
)h1

2[h− 1
3 (h+ h1 − h2)]−

s
3v0(h− h2)

(7)

in which Ap is the effective area of the piston; v0 is the speed of
the piston; s is the circumference of the piston; ux(z) is the gap
fluid velocity equation; η is the viscosity of MR fluid; dp/dx is
the pressure gradient; h, h1, and h2 are shown in Figure 7.

FIGURE 7 | The velocity profile diagram of MR fluids through the gap.

The gap pressure gradient is expressed from (7):

dp

dx
=

Q+
s
3v0(h− h2)

h1
2[ 13 (h+ h1 − h2)− h] s2

1
η

(8)

From (1) and (8), warpage deformation of viscoelastic material
will influence the gap flow ofMR fluid, and then influence the gap
pressure gradient, while the pressure gradient will directly change
the damping force of the MR damper. To consider the influence
of viscoelastic material deformation on the gap pressure gradient,
the correction factor of pressure gradient α is obtained:

α =
(
dp
dx
)
1V

dp
dx

=
Q1V +

b
3v0(h− h2)

Q+
b
3v0(h− h2)

(9)

in which(
dp
dx
)
1V

is the gap pressure gradient considering the
influence of viscoelastic material deformation.

Tomost gap-typeMR dampers, the ratio between h2 and h can
be set to be 0.7 (Spencer et al., 1998).

α =
(
dp
dx
)
1V

dp
dx

=

(

1-1V
V

)

Ap + 0.1bh

Ap + 0.1bh
(10)

In the movement of the damper piston, the gap pressure
gradient changes at any moment, so that the correction factor
of pressure gradient α also changes with time. Also, with
the external current intensity increasing, the internal pressure
of the damper increases, causing warpage deformation of the
viscoelastic material to increase and influence the gap pressure
gradient. Therefore, the correction factor of pressure gradient
also considers the influence of current intensity.

The correction factor of pressure gradient of the MR damper
is obtained by cycle computing of liquid-structure interaction.
The computing process is: the initial pressure gradient 1p(t0)
of the moment t0 = 0 is substituted into (2) and (3) to
calculate the deflection curve ω(r, t0) of viscoelastic material, and
then the deformation volume 1V(t0) of viscoelastic material is
obtained by integrating (4); the correction factor of pressure
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gradient at the next moment is obtained by (10); the pressure
difference 1p(t1) with consideration of the viscoelastic material
deformation influence at the next moment is obtained by (12);
the correction factor of pressure gradient α changing with time is
obtained by cycle computing.

According to the capacity formula of the MR damper gap, the
modified damping force produced by MR fluid with considering
viscoelastic material deformation influence is obtained:

F1V = −(
dp

dx
)
1V

LAp = −α
dp

dx
LAp = α1pAp = αFsv (11)

in which F1V is the MR damping force considering the
viscoelastic material deformation influence; Fsv is the traditional
MR damping force; L is the effective length of the piston.

When the damper works, its inner chamber pressure
difference changes with time, and a fluid-structure interaction
exists between viscoelastic material and the inner chamber MR
fluid. The inner chamber fluid pressure difference produces
deformation of viscoelastic material, leading to the increase of the
damper inner chamber volume, and the decrease of the gap flow
and pressure difference. The decrease of the pressure difference
results in the decrease of viscoelastic material deformation and
then of the damper inner chamber volume, and the increase
of the gap flow and of the pressure difference. Thus, a time
formula related to the correction factor of pressure gradient
should be established to obtain the mechanical model of the
damper at work.

The internal pressure difference of the damper mostly
originates from the MR damping force. The formula for
the pressure difference considering the viscoelastic material
deformation influence is:

1p = F1V/AP = αFsv/AP (12)

The Damping Force of the New

Leakage-Proof MR Damper
The new leakage-proof MR damper is composed of two
parts: one is provided by the pressure gradient created
at the gap the MR fluid flows through, and the other
is provided by elastic-plastic deformation of viscoelastic
material. The damping force created by the pressure gradient
is obtained:

F1V = −(
dp

dx
)
1V

LAp = −α(
dp

dx
)
0
LAp = αF0 = αFsv (13)

The piecewise 3-order polynomial model with high
fitting accuracy is used to calculate the damping force of

traditional dampers.
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(14)

in which, ad1, ad2, ad3, au1, au2, au3 are coefficients of piecewise
polynomials respectively; v1,v3are the yielding velocities of the
negative acceleration section; v2,v4 are the yielding velocities of
the positive acceleration section; v1,v2,v3,v4 are the velocity values
at the turning points of the two branch curves, and they are all
functions of the current.

The damping force provided by viscoelastic material is:

Fv =
nG1A

t
u+

nG1η2A

ωt
v0 (15)

According to the standard linear solid model (Xu et al., 2010), the
formula of its modulus and dissipation factor is:

G1 = (q0 + p1q1λ
2)/(1+ p21λ

2)

G2 = (q1 − p1q0)λ/(1+ p21λ
2)

η2 = G2/G1=(q1 − p1q0)λ/(q0 + p1q1λ
2)







(16)

in which n is the number of viscoelastic material; G1 and G2

are storage modulus and consuming modulus respectively; u is
the relative displacement of the piston; v0 is the velocity of the
piston;A is the equivalent flat area of viscoelastic material; t is the
thickness of material; η2 is the loss factor of viscoelastic material;
λ is excitation frequency. The coefficients of q0, q1, and p1 are
determined by the properties of viscoelastic materials.

Finally, the damping force of the leakage-proof MR damper
is obtained:

F = F1V + Fv (17)

THE PERFORMANCE TEST OF THE NEW

LEAKAGE-PROOF MR DAMPER

The Test Surveys
The parameters of self-made leakage-proof MR damper are
shown in Table 1. A regular MR damper with an O-ring seal
is also made, and its main parameters are the same as those
of the leakage-proof MR damper, except with no viscoelastic
material as the seal device. Performance tests are conducted
on both dampers. There are three operating conditions: (1) the
performance test for the leakage-proof MR damper without MR
fluid, that is, only considering the outputting force of viscoelastic
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TABLE 1 | The main parameters of the leakage-proof MR damper.

h/mm D/mm d/mm L/mm Viscoelastic material

Length/mm Thickness/mm

2 110 40 79 30 15

h indicates the gap width of the MR damper, D indicates the inner diameter of the cylinder,

d indicates the diameter of the piston, L indicates the effective length of the piston.

TABLE 2 | The operating conditions of test 1.

Frequency/Hz Displacement amplitude/mm Cycle index

0.1, 0.5, 1.0 4, 6, 10 20

TABLE 3 | The operating conditions of test 2 and test 3.

Frequency/Hz Current

intensity/A

Displacement

amplitude/mm

Cycle index

0.1, 0.5, 1.0 0 4, 6, 10 20

0.5

1.0

1.5

2.0

TABLE 4 | Parameter identification of viscoelastic material.

Model parameters p1 q0 q1

Identification result 0.43622 0.29997 0.24157

material; (2) the performance test for the regular MR damper;
(3) the performance test for the leakage-proof MR damper with
MR fluid, as shown in Tables 2–4. The fatigue performance test
was conducted for both dampers. The hydraulic servo system
is used to perform the loading test to the damper, as shown in
Figure 8 and the test data for force and displacement are obtained
through data acquisition system to draw the corresponding
hysteresis curve.

The Test Results
Figure 9 shows the hysteresis curves of the leakage-proof MR
damper without MR fluid in operating conditions of 0.1, 0.5,
and 1Hz. The energy-consuming hysteresis curve of viscoelastic
material is an oval. The hysteresis curve area is small but
cannot be ignored, which means that the influence of viscoelastic
material in the leakage-proof MR damper on its damping force
cannot be ignored. With the increase of displacement amplitude,
the hysteresis curve area of viscoelastic material increases, and as
does its energy consumption. Besides, in the same displacement
amplitude the hysteresis curve area of viscoelastic material
increases with frequency, but the increase effect is not so apparent
as amplitude change.

Figures 10, 11 indicate the performance test results of
the regular MR damper and the leakage-proof MR damper

FIGURE 8 | Diagram of the hydraulic servo loading system to the damper.

respectively. The outputting force of either one increases with
current intensity, that is, the damper has an obvious MR effect.
The force-displacement hysteresis curve of the regular MR
damper is almost rectangular with a slightly bulging central
part, which is caused by the viscous damping force provided by
damper velocity, whereas that of the leakage-proof MR damper
is a parallelogram with a certain inclination. And the force-
displacement hysteresis curve of the leakage-proof MR damper
has a sinking central part. The reason for the different shapes
between the two results is that viscoelastic material provides
additional stiffness for MR damper. When the displacement of
the damper is larger, the damping force provided by viscoelastic
material is larger. Therefore, the force-displacement hysteretic
curve of the leakage-proof MR damper is a parallelogram with a
certain inclination comparedwith that of the regularMRdamper.
In addition, the inner chamber pressure gradually increases in
the process of the damper returning to the equilibrium position,
which results in large warping deformation of the viscoelastic
material, thus continuously weakening the damper’s damping
force. And when the displacement of the damper is 0, the
weakening effect is greatest. Figure 11 also shows that with the
increase of current intensity, the sinking degree of the hysteresis
curve of the leakage-proof MR damper increases. This is because
with the increase of current intensity, the inner pressure of the
damper increases, warpage deformation of viscoelastic material
also increases and the correction factor of pressure gradient
decreases, leading to a more evident weakening effect on the
damping force, which proves that it is reasonable to introduce a
correction factor of pressure gradient into the mechanical model.

The same phenomenon can be reflected in the force-velocity
hysteresis curve. With the maximum velocity, the curve end of
the regular MR damper is a diagonal and the damping force
is not weakened; while with the maximum velocity, the curve
end of the leakage-proof MR damper has a descent stage, the
damping force is weakened, and the force-velocity curve is a ring
at the end, which means that viscoelastic material participates in
energy consumption.
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FIGURE 9 | Hysteresis curves of the empty leakage-proof MR damper with varying frequency and amplitude. (A) Frequency 0.1Hz. (B) Frequency 0.5Hz. (C)

Frequency 1Hz. (D) Amplitude 10mm.

FIGURE 10 | The hysteresis curve of the regular MR damper at frequency 1Hz and amplitude 10mm. (A) The relationship curve of displacement and damping force.

(B) The relationship curve of velocity and damping force.

The fatigue property test on the MR damper adopts the
load condition of frequency 5Hz and amplitude 2mm to
apply a current intensity of 1A. In the loading process,
the sealing position of the damper is checked once every
50,000 cycle intervals. In the beginning, both the regular
MR damper and the leakage-proof one keep a favorable
sealing effect; after 200,000 fatigue tests some subtle nicks
are found on the piston rod of the regular MR damper,

but the damper is sealed well; after 500,000 fatigue tests,
evident nicks appear on the piston rod of the regular MR
damper and fluid leaks from them; after 550,000–600,000
fatigue tests, MR fluid begins to leak and drop, which means
its seal is invalid, as is shown in Figure 12. Meanwhile,
viscoelastic material at the sealing position on the leakage-proof
MR damper and the joint between the piston and cylinder
barrel are still in good condition, even after 2,000,000 loading
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FIGURE 11 | The hysteresis curve of the leakage-proof MR damper at frequency 1Hz and amplitude 10mm. (A) The relationship curve of displacement and damping

force. (B) The relationship curve of velocity and damping force.

FIGURE 12 | Diagram of the regular MR damper.

FIGURE 13 | Diagram of the leakage-proof MR damper.

cycles, as shown in Figure 13. The fatigue test for the MR
damper indicates that the leakage-proof MR damper replaces
the dynamic seal with a static seal which has a significant
sealing property.

PARAMETER IDENTIFICATION OF THE

MECHANICAL MODEL OF THE

LEAKAGE-PROOF MR DAMPER

Constant Current Intensity

Working Condition
According to the test results of the MR damper without fluid
under every working condition, parameter identification in (15)
can be accomplished by using the least squares method. The
result is shown in Table 4:

From the above results, the storage modulus,
consuming modulus, and loss factor can be
obtained. Combining with the size parameters of
viscoelastic materials, the formula for calculating
the damping force of viscoelastic materials can
be obtained.

Fv = 326.121u+ 9.126v0 (18)

According to the performance test result of the
regular MR damper, the relationship between
yield velocity and current is obtained, as shown
in (19–22).

v1 = −0.81913 ∗ I3 + 3.51066 ∗ I2 − 4.35913 ∗ I + 6.68888

(19)

v2 = −3.64167 ∗ I3 + 7.20377 ∗ I2+8.66757 ∗ I+5.61514

(20)

v3 = −2.46407 ∗ I3 + 11.4098 ∗ I2 − 23.224 ∗ I − 7.75205

(21)

v4 = −4.62173 ∗ I3 + 17.82669 ∗ I2 − 20.63274 ∗ I − 6.05764

(22)

The least squares method is used to identify the parameters of
the piecewise 3-order polynomial model. In order to ensure the
accuracy of the polynomial calculation results, the relationship
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between the current and the coefficients of each piecewise
polynomial is fitted by a second order polynomial, such as
a = b + c ∗ I + d ∗ I2.The damping force of conventional
dampers can be calculated by the parameters of Equation
(14). The results of parameter identification are shown in the
Table 5.

With those identified parameters, the mechanical model of the
newly-established leakage-proof MR damper is verified. For the
working condition of loading frequency 1Hz, amplitude 10mm
and current intensity 2A the maximum outputting force of the
regular MR damper is 17.4 kN, implying that the initial inner
pressure of the damper is 2.11 MPa. Through the fluid-structure
interaction calculation the correction factor of pressure gradient
under this working condition is obtained:

α(t) = 0.93147− 0.1214
∣

∣cos(2π t)
∣

∣ (23)

The damping force of the leakage-proof MR damper under this
working condition is obtained from (17):

F = (0.93147− 0.1214
∣

∣cos(2π t)
∣

∣)Fsv + 326.121u+ 9.126v0 (24)

Figure 14 compares the results of testing and the mechanical
model under this working condition. It indicates that the
theoretical result is basically coincident with the testing result.
The mechanical model can reflect that the damping force is
weakened when the damper is at the equilibrium position,
meaning that it is appropriate to introduce the correction factor
of pressure gradient when establishing the mechanical model
of the leakage-proof MR damper. This model can effectively
describe its mechanical properties.

Varying Current Intensity

Working Condition
The tests prove that the sinking degree of the hysteresis curve of
the leakage-proof MR damper is correlated to current intensity,
that is, the more powerful the current intensity is, the greater
sinking degree becomes in the middle of the curve. It means
that the introduced correction factor of pressure gradient is also

influenced by the impressed current intensity. The correction
factor of pressure gradient under harmonic loads can be
expressed as:

α(I, t) = m(I)− n(I)
∣

∣cos(ωt)
∣

∣ (25)

TABLE 5 | Parametric identification of the piecewise 3-order polynomial model.

Positive

acceleration

section

bd10 −2106.7421 cd10 −2092.7288 dd10 2053.6462

bd11 12.9445 cd11 797.0635 dd11 −125.9840

bd12 −0.0207 cd12 15.9877 dd12 −2.6906

bd13 −0.0014 cd13 0.1066 dd13 −0.0191

bd20 303.1206 cd20 7705.2593 dd20 −1469.1559

bd21 367.1054 cd21 704.5939 dd21 −254.8764

bd22 −2.2314 cd22 −17.6380 dd22 6.8074

bd23 −1.0225 cd23 0.6041 dd23 −0.1069

bd30 2299.6605 cd30 8344.1253 dd30 −1551.4238

bd31 13.5024 cd31 385.1932 dd31 −152.9216

bd32 −0.1771 cd32 −7.2350 dd32 3.1837

bd33 0.0009 cd33 0.0464 dd33 −0.0222

Negative

acceleration

section

bu10 −2191.2561 cu10 −9074.1753 du10 2328.0807

bu11 27.7848 cu11 427.3314 du11 −116.2428

bu12 0.5858 cu12 9.5401 cu12 −2.5921

bu13 0.0042 cu13 0.0693 du13 −0.0188

bu20 330.8933 cu20 −3220.3091 du20 266.1578

bu21 489.8708 cu21 588.1777 du21 −201.4163

bu22 −0.6123 cu22 7.3300 du22 −2.4648

bu23 −2.1275 cu23 2.4383 du23 −0.7646

bu30 2809.9376 cu30 4532.3688 du30 −2935.9542

bu31 −14.7112 cu31 618.6743 du31 −47.3269

bu32 0.2892 cu32 −12.0503 du32 0.7181

bu33 −0.0015 cu33 0.0790 du33 −0.0039

Subscript d indicates the positive acceleration section and u indicates the negative

acceleration section; the first value of subscript (1,2,3) indicates the section of the curve;

the second value 0,1,2,3 in the subscript indicates the coefficients of the constant term,

the first term, the second term, and the third term of the polynomial, respectively. For

example, bd10, cd10, and dd10 indicate the fitting parameter of the constant term ad10 in

the first polynomial of the positive acceleration curve, ad10 = bd10 + cd10 ∗ I+ dd10 ∗ I
2.

FIGURE 14 | The comparison between the theoretical mechanical model and the test result of the leakage-proof MR damper. (A) Hysteresis curves of displacement

and damping force. (B) Hysteresis curves of velocity and damping force.
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FIGURE 15 | The comparison between the theoretical mechanical model and the test result of the leakage-proof MR damper under the varying current condition. (A)

Hysteresis curves of displacement and damping force. (B) Hysteresis curves of velocity and damping force.

in which m(I) and n(I) are parameters concerning current
intensity; ω is the angular frequency of the piston.

With data from the test, it is obtained by using the least
squares method:

m(I) = −0.00822I3 + 0.03439I2 − 0.07016I + 1
n(I) = 0.02442I3 − 0.10417I2 + 0.16353I + 0.01565

}

(26)

After obtaining two current intensity parameters in the
correction factor, the mechanical model of the new leakage-proof
MR damper can be obtained from (17):

F = [m(I)− n(I)
∣

∣cos(ωt)
∣

∣]Fsv + Fv (27)

Figure 15 is the comparison between the mechanical model and
the test result under the working condition of frequency 1HZ
and amplitude 10mm. It shows that the hysteresis curve obtained
by the mechanical model under different working conditions is
basically consistent with the curve from the test result, meaning
that the newly-establishedmechanical model of the leakage-proof
MR damper can well reflect the mechanical properties of the
damper under different working conditions.

CONCLUSION

In order to solve the leaking problem of the MR damper, a
leakage-proof MR damper is designed and created to accomplish
this task fundamentally by using a softer viscoelastic material to
provide a static seal for the damper. Considering that warpage
deformation occurs to viscoelastic material under the load of
its internal fluid, the correction factor of pressure gradient is
proposed and then the mechanical model is established for the
leakage-proof MR damper. After verification, the test results
show that:

(1) The external cylinder barrel is vulcanized and connected with
the piston by using viscoelastic material, and the traditional

dynamic seal is replaced by a static seal. The test proves that
its durability is greatly improved.

(2) Compared with the regular damper, the hysteresis curve
of the leakage-proof MR grease damper has a sinking
part in the middle, proving that warpage deformation
of the viscoelastic material can weaken the damper
capacity and the weakening effect increases with the
current intensity. The correction factor of pressure
gradient is introduced to consider that it is reasonable
for warpage deformation of viscoelastic material and
current intensity to influence the damping force of the
MR damper.

(3) The calculated result of the mechanical model for
the new leakage-proof MR damper is basically
consistent with the test results, verifying the
validity of the mechanical model of the leakage-
proof MR damper and reflecting its mechanical
properties well.
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To enhance the seismic resilience of coupled reinforced concrete shear walls, a new

damper working in the replaceable coupling beam is proposed in present study. The

new damper is a combination of metallic damper and viscoelastic (VE) damper. The

metallic damper consists of an I-shaped steel beam with multiple low-yield-point steel

plate webs paralleled to each other; the VE damper is composed of multiple layers

of VE material bonded between multiple steel plates. Through the composite use of

viscoelastic material and low-yield-point steel, the new damper is expected to work

effectively against both the earthquake and the wind. To study the respective mechanical

behavior of each component of the combined new damper, eight metallic dampers, two

VE dampers, and one combined damper are tested under cyclic loading first. The variable

parameters of the metallic damper are strength grade of web steel, web dimensions, and

end stiffener configuration. It is found that the effect of the strength grade of web steel

is most significant. Compared with the metallic damper using the steel web with normal

strength grade, the ductility, ultimate plastic shear rotation, and cumulative plastic shear

rotation of the damper using the low-yield-point steel web are much larger. The effect of

web dimensions on the deformation capacity is slight. With the addition of end stiffener,

plasticity concentrates thereby, which prevents the flange-to-end plate weld fracture.

The VE damper exhibits extraordinary deformability. The storage modulus, shear loss

modulus and loss factor of the VEmaterial decrease with the increase of strain amplitude.

The storage modulus and shear loss modulus of the VE material decrease slightly as the

excitation frequency increases within the range between 0.1 and 1Hz, and the effect

of the excitation on the loss factor is not significant. At last, the combined damper, an

assembly of onemetallic damper component and two VE damper components, is tested,

which exhibits stable hysteretic behavior and excellent deformability. The predicted yield

shear strength and elastic stiffness agree well with test results.
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INTRODUCTION

Reinforced concrete shear walls are widely used in medium-
and high-rise building structures due to their large capacity
of axial/lateral strength and stiffness. As commonly adopted in
practice, short coupling beams are used to connect adjacent walls
to have an efficient structural wall system. In case of a damaging
earthquake, coupling beams as the first defense level of the
coupled wall system will undergo large deformation and dissipate
most energy. Therefore, coupling beams concentrate most of the
damage during earthquakes, which is difficult to repair (Kam and
Pampanin, 2011; Wallace, 2012). Even if the coupling beams can
be repaired, the cost of time and expense is great.

To solve the problem, several researchers have proposed
various types of dampers installed within the coupling beam.
Most of them belong to displacement-dependent dampers which
provide high initial stiffness and exhibit significant energy-
dissipation capacity, such as metallic yielding dampers and
friction dampers. Fortney et al. (2007) developed a new steel
coupling beam with a central fuse. Test results showed that the
coupling beam demonstrated good energy-dissipation capacity.
Chung et al. (2009) developed a friction damper that applied
in the middle of coupling beams. A non-linear time history
analysis was conducted, and the analysis results showed that
the seismic performance of the coupled shear wall system with
friction dampers was superior to the traditional coupled shear
wall system. As the metallic damper is commonly cheaper
and more reliable in terms of durability, a number of studies
have been focused on them in recent years (Wang et al.,
2012; Ji et al., 2016; Lu X. et al., 2018a,b; Lu Z. et al.,
2018a,b). However, for the I-section steel damper, the filet
welds between the web and the stiffener fractured, leading
to the damper failure. For the I-section steel beam with a
diamond-shaped opening in the web, the stress concentrated
around the opening, and corners tore with the increase of shear
rotation, causing the early failure of the damper (Lu X. et al.,
2018a,b; Lu Z. et al., 2018a,b). Velocity-dependent devices such
as viscoelastic (VE) dampers and viscous fluid dampers can
dissipate energy for all magnitudes of dynamic deformation.
Therefore, VE dampers were installed in the mid-span of
the coupling beams (Montgomery and Christopoulos, 2015).
Non-linear dynamic analysis of tall buildings incorporating VE
dampers demonstrated good performance under wind andminor
earthquakes, but the improvement was not obvious under major
earthquakes (Mackay-Lyons et al., 2012).

Meanwhile, different types of seismic energy absorption
devices have been developed, such as viscoelastic dampers,
viscous dampers, metallic dampers, tuned mass dampers,
earthquake isolation devices, magnetorheological
dampers, particle mass dampers, and et al (Xu et al., 2013b, 2016;
Jiang et al., 2017; Lu X. et al., 2018a,b; Lu Z. et al., 2018a,b).
Through the optimization of placing these devices, the structural
vibration can be largely reduced (Xu et al., 2003, 2004, 2013a,
2019). Among these devices, metallic dampers are increasingly
used, such as X-shaped metal dampers (Tsai et al., 1993),
shape memory alloy dampers (Wang and Zhu, 2017), bucking
restrained braces (Takeuchi et al., 2012; Shi et al., 2018), steel

slit shear walls (Hitaka and Matsui, 2003; Kurata et al., 2015; He

et al., 2016), and among others. The reasons for their popularity
include low cost, stable hysteretic behavior, good reliability and so
on. A certain amount of dissatisfaction onmetallic dampers is the
relatively large lateral deformation needed to trigger the energy
dissipation and thus the efficiency in dissipating energy is usually
not desirable underminor earthquakes or wind excitation.While,
VE dampers are known to be effective in controlling vibrations
under small ground motions. However, the stiffness they provide
is limited and damping is not sufficient when experiencing strong
earthquakes. Naturally, the idea comes that a proper combination
of metallic dampers and VE dampers used in coupling beams
might give satisfactory performance for the coupled shear wall
system under both minor and strong earthquakes.

With the above background, a new combined damper installed
in the mid-span of coupling beams is proposed in this paper.
The new damper is a combination of the VE damper and
metallic damper, so as to achieve vibration control demands
under different excitation levels. A series of cyclic loading tests
were carried out to gain a better understanding of the mechanical
behavior of the combined damper. Comparative investigations
on the failure mode, shear strength, hysteretic behavior, ductility,
and energy dissipation etc. were conducted using test results.

DESCRIPTION OF NEW COMBINED
DAMPER FOR REPLACEABLE COUPLING
BEAMS

Figure 1A shows the schematic diagram of the replaceable
coupling beam, which comprises of the new replaceable damper
in the middle and non-replaceable parts at two ends of the
coupling beam. In case of an earthquake, damage is expected
to be concentrated on the combined damper and the non-
replaceable parts remain elastic. Figure 1B shows the schematic
drawing of the combined damper, which is the combination
of one central metallic damper and two edge VE dampers.
The metallic damper is an I-shaped steel beam with two steel
plate webs placed in parallel, which were welded together
by complete joint penetration groove welds. The VE damper
consists of multiple layers of VE materials bonded between
multiple steel plates.

Previous studies suggested that it was preferred to have the
metallic damper yielding in shear because of its stable behavior
under cyclic loading (Okazaki and Engelhardt, 2007).Meanwhile,
studies also showed that for the web with stiffeners, the shear
strains were observed to increase near the web stiffeners. In
contrast, for web without stiffeners the distribution of strains was
more uniform along the length (Dusicka et al., 2009). Therefore,
to avoid web buckling, trying to have a smaller web depth-
thickness ratio of the web through reducing height or increasing
thickness was adopted in this study. Meanwhile, end plate
stiffener was also used in one metallic damper for comparison.

TEST PROGRAM

Test Specimens
Eight metallic dampers, two VE dampers and one combined
damper were designed, the dimensions of which are illustrated
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FIGURE 1 | Schematic drawing: (A) replaceable coupling beam; (B) the combined damper.

FIGURE 2 | Test specimens: (A) metallic dampers M1–M7; (B) metallic damper M8; (C) VE damper; (D) combined damper.

in Figure 2. For the metallic damper, the variable parameters
studied are the steel grade, dimensions of the web, and
end stiffener configuration. Q345 steel, one kind of Chinese

standardized mild steel with the yield strength of 345 MPa, is
used for flanges. For the web, three types of steel, LY160 (low
yield point steel with a nominal yield stress of 160 MPa), LY225
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TABLE 1 | Detailed parameters of metallic dampers.

Specimen No. Flange width

(mm)

Flange

thickness (mm)

Web depth

hw (mm)

Web thickness

tw (mm)

Web number Length L

(mm)

Web steel Flange

steel

M1 60 14 57 6 2 160 LY225 Q345

M2 60 14 60 8 2 160 LY160 Q345

M3 60 14 57 6 2 160 Q235 Q345

M4 60 14 57 6 2 100 LY225 Q345

M5 60 14 57 6 2 200 LY225 Q345

M6 60 14 72 6 2 160 LY225 Q345

M7 60 14 45 6 2 160 LY225 Q345

M8 60 14 57 6 2 160 LY225 Q345

TABLE 2 | Mechanical properties for steel of metallic dampers.

Steel grade Part Yield strength (MPa) Ultimate strength (MPa) Elongation (%) Elastic modulus (× 105MPa)

LY160-8mm Web 207 314 52.7 1.91

LY225-6mm Web 266 353 42.0 2.02

Q235-6mm Web 336 470 29.7 2.08

Q345-10mm Stiffener 382 525 26.0 2.13

Q345-14mm Flange 464 582 24.5 2.06

(low yield point steel with a nominal yield stress of 225MPa), and
Q235 (Chinese standardized mild steel with a yield strength of
235 MPa), respectively, are adopted. To reduce the strain levels at
the ends of the flange and web and prevent the failure of the end-
plate welds, the approach of using end stiffeners is investigated.
A metallic damper specimen (M8) with four parallel end plate
stiffeners is designed. The dimensions of the end plate stiffener
is 35 × 57 × 10mm. For all the metallic damper specimens,
the flanges, and webs are welded together by complete joint
penetration groove welds. The detailed parameters of metallic
dampers are shown in Table 1. Uniaxial tensile specimen tests
gave the mechanical properties of the steel grade used, as listed
in Table 2.

The VE damper consisted of two layers of 70 × 90mm VE
materials bonded between Q345 steel plates with a thickness of
10mm. The VE material used in this study was an elastomeric
one, which presented improved energy absorption capacity. For
illustrative purpose, the two VE dampers were noted as V1 and
V2, respectively. The thickness of the VE material for V1 was 6
and 8mm for V2.

The combined damper was manufactured by placing two
edge VE damper components and one central metallic damper
component in parallel. Both ends of the three components were
welded together to the 30mm thick end plates.

Test Setup
The VE dampers were tested in a MTS uniaxial testing system
(Figure 3A). The cyclic axial force was applied to the central VE
damper through the specially designed connections. Figure 3B
shows the setup for both the metallic damper and the combined
damper. The test setup is a portal frame with four pins at each
corner, with the tested dampers installed between the top loading
beam and bottom foundation beam by high-strength bolts.
Lateral load from the actuator is applied to the top loading beam.

Loading Protocol
For the metallic dampers and the combined damper, the lateral
load was applied by displacement control with each amplitude
repeated three times according to Chinese specification of
testing methods for earthquake resistant building (Ministry of
Construction of China, 1997). The amplitude increment was 1%
rotation, defined as the ratio of lateral displacement divided by
the specimen height.

The displacement controlled loading was also applied to the
VE dampers. Different from the loading protocol adopted for
the above dampers, the displacement in the form of sinusoidal
wave was used and five cycles were repeated for each amplitude.
Also, to study the effect of loading frequency on its mechanical
behavior, different loading frequencies were used for certain
amplitudes. Table 3 gives the detailed loading protocol adopted.
For Specimen V1, 12 loading frequencies are used at the
amplitudes of 50 and 100%, and the constant frequency of
0.1Hz is used for other amplitudes. For Specimen V2, to save
the loading time, only 6 loading frequencies are used at the
amplitude of 100%, and the constant frequency of 0.1Hz is used
for other amplitudes.

The loading protocol of the combined damper basically
followed that of the VE damper. The loading frequency was kept
constant, i.e., 0.1Hz, for all the amplitudes.

TEST RESULTS AND DISCUSSIONS

Metallic Dampers
Failure Mode
No web or flange buckling or local instability was observed
during the test, indicating that the method to avoid web
buckling by adopting small depth-thickness ratio was effective.
The maximum depth-thickness ratio of 12 can be used as
the threshold value in designing the web. Overall, the fracture
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FIGURE 3 | Test setup: (A) VE damper; (B) metallic damper and combined damper.

TABLE 3 | Loading protocol of VE dampers.

Specimen

No.

Loading

sequence

Peak amplitude (%) Frequency (Hz)

V1 I 25 0.1

II 50 0.1, 0.2, 0.3, 0.4, 0.5, 0.75,

0.85, 1.0, 1.5, 2.0, 2.5, 3.0

III 75 0.1

IV 100 0.1, 0.2, 0.3, 0.4, 0.5, 0.75,

0.85, 1.0, 1.5, 2.0, 2.5, 3.0

V 125, 150, 175, 200, 250,

300, 350

0.1

V2 I 25, 50, 75 0.1

II 100 0.1, 0.3, 0.5, 1.0, 2.0, 3.0

III 125, 150, 175, 200, 250,

300, 350

0.1

occurred in the following positions as shown in Figure 4: (1)
flange-to-end plate weld; (2) corners of the web next to the welds;
and (3) web-to-flange weld.

For SpecimensM1 andM6, the fracture occurred at the flange-
to-end plate weld and the corners of the web next to the welds.
Cracks were first observed in the flange next to the steel plate
weld. These cracks did not immediately propagate and enlarge.
And the resistance did not decrease obviously until the corner of
the web next to the welds fractured.

The flange-to-end plate weld fracture caused the failure of
Specimens M2 andM5. No web damage was observed during the
test. The main reason is that the web of Specimen M2 was made
of LY160 steel whose ductility was better than that of LY225 steel
and Q235 steel. As for Specimen M5, its length of 200mm was
the largest among all the specimens, which was more dominated
by flexual behavior. The more obvious effect of diagonal tension
at large shear deformation gave the higher stress level at the
flange-to-end plate welds. Specimens M3, M4, and M7 had a
similar damage development process. Cracks were first observed
in the flange-steel plate weld, followed by the web-to-flange weld
fracture. In the end, the development of the web-to-flange weld
fracture caused the failure.

The flange-to-end plate weld fracture was not observed in
SpecimenM8. As previously stated, end plate stiffeners were used
in Specimen M8. With the aid of stiffeners, the stress level at the
flange-to-end plate weld was largely reduced, which shifted large
plasticity position toward the middle part of the damper. The
effectiveness of the stiffeners in preventing the flange-to-end plate
weld fracture was demonstrated. With the increases of lateral
displacement, fracture occurred in the stiffener-flange welds
first. Finally, the web-to-flange weld was totally torn, causing
the failure of Specimen M8. The failure mode is illustrated
in Figure 4D.

Shear Force-Shear Rotation Relationship
Figure 5 shows the hysteretic curves, with abscissa being
shear rotation defined as the ratio between the lateral
displacement and the specimen height. The metallic dampers
show very stable hysteretic loops and exhibit excellent
deformation and energy-dissipation capability. With the
increase of lateral displacement, the shear strength hardening
is apparent, and there is no decline in bearing capacity
until failure.

The normalized shear force-shear rotation envelope curves are
illustrated in Figure 6. The ordinate of shear force is normalized
by the yield shear strength (Vy), which is calculated as 0.6
f yAw, where f y is the actual measured yield stress of the steel
obtained from tensile coupon test, and Aw is the web sectional
area. Table 4 summarizes the shear strength and deformation
capacity of metallic dampers. The overstrength ratio (Vmax/Vy,
with Vmax being the maximum shear force obtained in the test)
is an important parameter to design the non-replaceable part
of the coupling beam. Test results in this study found that the
overstrength ratio increased with the decrease of length and
height of web and yield stress of web steel. The overstrength
ratio ranged from 2.27 to 3.24, and the average of overstrength
ratio was 2.62. Specimen M2 made of LY160 demonstrated
the largest ductility and shear strength. The only difference
among Specimens M1, M4, and M5 was the specimen length.
The shortest M4 exhibited the largest shear strength. Among
Specimens M1, M6, and M7, M7 had the smallest web depth and
exhibited the largest shear strength. Compared with the reference
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FIGURE 4 | Damage pattern of fractures: (A) flange-to-end plate weld; (B) web corners next to the welds; (C) web-to-flange weld; (D) Specimen M8.

FIGURE 5 | Hysteretic curves of metallic dampers: (A) M1; (B) M2; (C) M3; (D) M4; (E) M5; (F) M6; (G) M7; (H) M8.

Specimen M1, Specimen M8 with end plate stiffener presented
higher shear strength.

The ductility coefficient, defined as the ratio between the
ultimate shear rotation and the yield shear rotation, is listed in
Table 4. Compared with Specimen M3 (Q235 steel), the ductility
coefficient of Specimens M1 (LY225 steel) and M2 (LY160 steel)
increases by 28.1 and 67.3%, respectively. With the adoption
of low-yield-point steel in the web, the ductility of the metallic
damper is significantly enhanced. While the length and depth
of the damper and the end stiffener have limited effect on the
ductility. Table 4 also lists the ultimate plastic shear rotation and
cumulative plastic rotation. The average ultimate plastic shear
rotation is 0.11, which is larger than the value of 0.08 specified
in the provisions of the AISC 341-10 (ANSI/AISC, 2010). The

effect of web steel grade on the deformation capacity, such as the
ultimate plastic shear rotation and cumulative plastic rotation, is
remarkable. The ultimate plastic shear rotation and cumulative
plastic rotation increase with decrease of yield stress of the web
steel. Basically, the effect of length and depth of the damper on
the ultimate plastic shear rotation and cumulative plastic rotation
is slight.

Energy Dissipation Capacity
The energy dissipation capacity was generally evaluated by using
equivalent viscous damping coefficient Ceq, which is calculated
according to the following formula:

Ceq =
1

2π
×

Ehyst

Emax
(1)
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FIGURE 6 | Normalized shear force-shear rotation envelope curves: (A) different web steel; (B) different specimen length; (C) different web depth; (D) different

detailing.

TABLE 4 | Shear strength and deformation capacity of metallic dampers.

Specimen No. Yield shear

strength (kN)

Maximum shear

strength (kN)

Overstrength

ratio

Yield shear

rotation (%)

Ultimate plastic

shear rotation (%)

Ductility

coefficient

Cumulative

plastic rotation

M1 109 269 2.46 0.26 11.03 44.40 7.31

M2 113 322 2.84 0.21 11.44 57.98 7.93

M3 138 316 2.29 0.32 11.97 34.65 5.46

M4 109 353 3.24 0.22 10.62 52.9 7.42

M5 109 253 2.32 0.32 11.60 38.13 7.75

M6 138 313 2.27 0.29 11.81 40.18 8.13

M7 86 245 2.84 0.29 11.45 39.87 7.39

M8 109 302 2.76 0.25 11.26 45.08 6.88

where Ehyst is the sum of the area enclosed by hysteretic loops,
and Emax is energy absorbed by equivalent elastomers at the same
displacement amplitude.

Figure 7 illustrates the calculated equivalent viscous damping
coefficients of metallic dampers, using the first cycle at each shear
rotation amplitude. The equivalent viscous damping coefficient
rises as the shear rotation increases before the metallic damper
damaged. The equivalent viscous damping coefficients are >0.5
for all specimens at the rotation beyond 0.03. For specimens
with different web steel grade, the equivalent viscous damping
coefficient increases as the web steel yield stress decreases
(Figure 7A). With the decrease of length of web, the equivalent
viscous damping coefficient increases slightly (Figure 7B). The
height of the web has little effect on energy dissipation capacity
(Figure 7C). With or without the end plate stiffener, the
equivalent viscous damping coefficient is similar (Figure 7D).

VE Dampers
Failure Mode
There was no separation observed between the VE layer and steel
plate until 300% strain for both Specimens V1 and V2. When the
strain amplitude reached 350%, the VE layer separated from the
steel plate and the bearing capacity dropped subsequently.

Energy Dissipation and Strain Dependency
Figure 8 shows the hysteretic loops of Specimens V1 and V2
under various strains subject to a constant frequency 0.1Hz. It
can be seen that the VE damper dissipates energy at all strain
ranges. In addition, hardening behavior under relatively large
strain is clearly observed for both specimens. The shear storage
modulus (G′), shear loss modulus (G′′) and loss factor (η) are the
most important factors reflecting the properties of VE damper.
These factors can be obtained from the hysteresis curves, and can
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FIGURE 7 | Equivalent viscous damping coefficients of metallic dampers: (A) different web steel; (B) different specimen length; (C) different web depth; (D) different

detailing.

be expressed as:

G′
=

F1h

nAµ0
(2)

G′′
=

F2

F1
G′ (3)

η =
F2

F1
(4)

where A is the VE material area, h is the thickness of the VE
material, n is the layers of VE material, µ0 is the maximum
displacement, F1 is the corresponding force at displacement µ0,
and F2 is the corresponding force at zero displacement.

The variation of these factors with strain levels for two
specimens are shown in Figure 9. Because of the thicker VE
material layer, both the shear storage modulus and shear loss
modulus of Specimen V2 are larger than that of Specimen V1.
While the loss factor is quite similar for both specimens. In
addition, the shear storage modulus, shear loss modulus and loss
factor decrease with increase of strain. Beyond the strain of 250%,
the storage shear modulus stops to decrease as hardening starts.

Frequency Dependency
As previously described, different loading frequencies were
adopted for Specimen V1 at strain amplitudes of 50% and 100%
and Specimen V2 at a strain amplitude of 100%. Figure 10
illustrates the variation of the shear storage modulus, shear loss
modulus, and loss factor under different frequency. It can be
seen that both the shear storage modulus and shear loss modulus
decrease slightly as the excitation frequency increases within the

frequency range between 0.1 and 1Hz. However, the dependency
on frequency is not obvious when the frequency exceeds 1Hz.
With the increase of strain amplitude, both the shear storage
modulus and shear loss modulus decrease (Specimen V1). The
loss factor is not significantly dependent on both of the shear
strain amplitude and the frequency.

Combined Damper
Failure Mode
The combined damper had the failure mode similar to Specimen
M1. Cracks were first observed in the flange next to the steel
plate weld when the rotation was 8.93%, and the bearing capacity
continued to increase. The maximum shear strength reached 314
kN at the rotation of 9.92%. During the following loading cycles,
cracks were observed at the coner of the web. Ultimately, the
cracks tore through the entire length of the web along the flange
welds, and the bearing capacity decreased. No damage of the VE
damper was observed till the shear rotation of 12% when the
equivalent strain of the VE material reached 240%.

Lateral Force-Displacement Relationship
Figure 11A shows the shear force vs. rotation hysteretic curves
of the combined damper. With the increase of the displacement,
the strength hardening is apparent. The hysteretic loop becomes
S-shaped after the shear rotation of 12% because the hysteresis
curve of the VE damper is S-shaped and the hardening is
apparent when the strain of the VE material is >200%. The
comparison of envelope curve between Specimen M1 and the
combined damper is shown in Figure 11B. The strength and
the stiffness of the combined damper are higher than that of
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FIGURE 8 | Hysteretic curves of VE dampers: (A) V1; (B) V2.

FIGURE 9 | Strain dependency: (A) shear storage modulus of V1; (B) shear loss modulus of V1; (C) loss factor of V1; (D) shear storage modulus of V2; (E) shear loss

modulus of V2; (F) loss factor of V2.

metallic damper due to the contribution of VE damper. In
comparison with the metallic damper, the initial stiffness of
combined damper increases from 259 to 270 kN/mm, and the
maximum shear strength increases from 269 to 314 kN. The VE
damper contributes about 14% on the bearing capacity and 4%
on the stiffness.

Energy Dissipation
It can be seen from Figure 11B that, basically, the combined
damper experiences a greater force at the same deformation,
indicating that the combined damper dissipates more energy
than metallic damper. Figure 11C shows the ratio of the energy
dissipated by the VE damper to that of the total energy in the
combined damper. As indicated in the figure, the additional
energy dissipation ratio is 8% at small deformation level,
and then drops to 5.5% as the energy dissipated by metallic
damper increases. After the metallic damper fails, the ratio
increases significantly.

Estimation of Elastic Stiffness and Yield Strength
The stiffness of the metallic damper (KM) and VE damper (KV)
can be expressed respectively as follows:

KM =
1

L3

12EI +
µL
GA

(5)

KV =
G′Av

h
(6)

where L is the length of the metallic damper, µ is the correction
coefficients, A and Av are, respectively the web cross sectional
area of metallic damper and the shear area of the VE damper,
I is the cross sectional moment of inertia of metallic damper, E
and G are respectively the elastic modulus and shear modulus
of metallic damper, and G′ is shear storage modulus of the
VE material.
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FIGURE 10 | Frequency dependency: (A) shear storage modulus of V1; (B) shear loss modulus of V1; (C) loss factor of V1; (D) shear storage modulus of V2; (E)

shear loss modulus of V2; (F) loss factor of V2.

FIGURE 11 | Combined damper: (A) hysteretic curve; (B) skeleton comparison with the metallic damper M1; (C) energy dissipation by VE damper.

The elastic stiffness of the combined damper is then the
summation of metallic damper and VE damper:

K = KM + KV (7)

As previously mentioned, the yield shear strength (Vy) of the
metallic damper was calculated as:

Vy = 0.6fyAw (8)

where f y is the yield strength of the steel, and Aw is the web
sectional area.

As shown in Figure 6, the ordinate of ±1 gives the inflection
point in the shear force-rotation envelope curve, which indicates
that Equation (8) is capable of capturing the yield shear strength
of the metallic dampers. As there is no clear yield point in the
hysteresis of the VE damper, its yield shear strength can be
conservatively estimated as the shear strength at the moment
when the metallic damper yields. The yield shear strength of the
combined damper can be calculated as:

V = Vy + KV1y (9)

where 1y is the yield displacement of metallic damper,
determined as the ratio between the yield shear strength derived
by Equation (8) and the stiffness derived by Equation (5).

According to Equation (7), the predicted elastic stiffness of the
combined damper is 280 kN/mmwith an error of 3.7% compared
with the test result of 270 kN/mm. Equation (9) gives the yield
shear strength of 112 kN, with an error of 7.4% compared
with the test result of 122 kN. Basically, the analytical solutions
predicts well both the elastic stiffness and yield shear strength.

CONCLUSIONS

A new damper, combining the viscoelastic damper and metallic
damper used for replaceable coupling beams, is proposed and
studied in this paper. Through a series of experimental study, the
major findings are summarized as follows:

(1) No web instability was observed, indicating that unstiffened
webs with depth-thickness ratio <12 was sufficient to avoid
web buckling. The web end stiffeners effectively reduced the
flange stress at the ends of the specimen, which prevented the
failure of flange-to-end plate welds.
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(2) The maximum overstrength ratio of the metallic damper
reached 3.24 with an average of 2.62. The overstrength ratio
increased with the decrease of the length or depth of web or
the yield strength of web steel.

(3) The effect of web steel grade on the deformation and energy
dissipation capacity of the metallic damper was remarkable.
The metallic damper using low-yield-point steel exhibited
excellent ductility and energy dissipation capacity. While the
length and depth of the damper and the installation of end
stiffener had limited effect.

(4) No damage occurred at the shear surface between the VE
layer and steel plate until the strain of 300%, and the
VE layer and steel plate started to separate at the strain
of 350%.

(5) The shear storage modulus, shear loss modulus, and loss
factor of the VE material decreased with the increase
of strain. Both the shear storage modulus and shear
loss modulus decreased slightly with the increase of
loading frequency ranging from 0.1 to 1Hz. However,
the dependency on frequency was not obvious when

the frequency exceeded 1Hz. The loss factor was not
significantly dependent on the loading frequency.

(6) The combined damper illustrated stable hysteretic loops and
exhibited excellent deformation capability. The predicted
elastic stiffness and yield shear strength agreed well with
test results.
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RC coupling beams have been reported to have had serious damages during the 2008

Wenchuan earthquake. Beams are very difficult to repair once cracks occur. To improve

the ductility and reparability of the traditional RC coupling beam, a damage-controllable

hybrid coupling beam is proposed in this study. The hybrid coupling beam couples

the wall limbs by a friction damper connected through steel beam segments. The

strength and stiffness of the friction damper are carefully designed to concentrate more

deformation on the damper. The frictionmechanism could dissipate more energy than the

traditional RC coupling beam. The uncertainties introduced by the design process and

the inherent characteristics of traditional RC coupling beams or other types of dampers

are significantly reduced. High-strength bolts are used for all connections so that it

could be quickly replaced once any damage is observed after an earthquake. In this

study, a friction damper using semi-metallic friction plates and stainless-steel shims as

the contact pair was tested at different loading rates. The temperature was measured.

A thermal–mechanical model was then developed to correlate the dissipated energy

with the friction coefficient or friction force, which can be easily incorporated into the

structural design process. Finally, the hybrid coupling beam was designed and tested

quasi-statically. The force, deformation, and energy dissipation capacity were compared

with the traditional RC coupling beam, which also demonstrated damage controllability

by using the proposed hybrid coupling beam.

Keywords: hybrid coupling beam, friction damper, damage controllability, friction coefficient, temperature

dependency

INTRODUCTION

High-rise buildings often adopt the reinforced concrete (RC) shear wall system as the lateral
force resistance member. The dual seismic defense mechanism, i.e., the coupling beams and the
shear walls, is particularly suitable to balance comfort living and earthquake safety. During an
earthquake, the coupling beams are damaged first, and the entire structure becomes more flexible,
thus preventing high-frequency dominated energy entering the structure. Therefore, the coupling
beam is often expected to be ductile, as suggested bymany seismic design codes (International Code
Council (ICC), 2015; MOHURD, 2016a,b). However, more ductility of RC members implies more
damage, because the ductility relies on the crack of concrete and yielding of steel rebars. Once the

78

https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/journals/materials#editorial-board
https://www.frontiersin.org/journals/materials#editorial-board
https://www.frontiersin.org/journals/materials#editorial-board
https://www.frontiersin.org/journals/materials#editorial-board
https://doi.org/10.3389/fmats.2019.00135
http://crossmark.crossref.org/dialog/?doi=10.3389/fmats.2019.00135&domain=pdf&date_stamp=2019-07-09
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles
https://creativecommons.org/licenses/by/4.0/
mailto:wangtao@iem.ac.cn
https://doi.org/10.3389/fmats.2019.00135
https://www.frontiersin.org/articles/10.3389/fmats.2019.00135/full
http://loop.frontiersin.org/people/294052/overview
http://loop.frontiersin.org/people/732741/overview


Wang et al. Hybrid Coupling Beams With Friction Dampers

RC coupling beam cracks, it is very difficult to repair, as reported
in the 2008 Wenchuan earthquake (Wang, 2008).

The coupling beam, once combined with dampers, also called
hybrid coupling beams, is appealing because of its damage
controllability that is superior to traditional RC coupling beams.
Recent studies (Fortney et al., 2007; Xu, 2007; Teng et al.,
2010; Lu et al., 2013; Xu et al., 2016) have demonstrated that
the ductility is greatly improved by use of dampers in the
coupling beam. A viscoelastic coupling damper was employed by
Montgomery and Christopoulos (2015) to enhance the seismic
performance of high-rise buildings. The performance of two
wall limbs coupled by the viscoelastic link under the wind
and the earthquake loads was also validated experimentally. A
self-centering damper using SMA wires for the RC coupling
beam has been developed to render the system a re-centering
capability, which has been demonstrated effective by experiments
(Mao et al., 2012). More recently, Ji et al. (2017) proposed a
short steel shear link to replace the entire RC coupling beam.
Both energy dissipation capacity and quick replaceability have
been verified through quasi-static cyclic tests. A 1/2 scaled four-
story specimen was constructed, which was installed with low-
yield steel coupling beams (Cheng et al., 2015). The connection
between the steel coupling beam and the RC shear wall worked
well during the entire test. However, most of the configurations
mentioned above lack replacement mechansim. The dampers are
found difficult to be replaced once damaged. Moreover, some
metallic dampers, although connected through bolts, performed
significant over-strength, making the connection damaged at
large deformations.

To solve these problems, the friction damper is often
employed. Theoretically, the friction damper has infinite initial
stiffness, and a stable post-sliding force, which is superior to
other types of dampers in the coupling beam application, as
demonstrated by Ahn et al. (2013) and Ye et al. (2018). Most
friction dampers are featured with a line type working in axial
direction, such as the Pall friction damper (Pall and Marsh, 1982)
and the Sumitomo damper (Aiken et al., 1993). They are often
combined with other mechanisms to realize more sophisticated
behavior, such as the self-centering damper (Filiatrault et al.,
2000) and the semi-actively controlled damper (Xu and Ng,
2008). The energy can also be dissipated by the friction torqued
(Mualla and Belev, 2002) or by the bolted connections (Loo
et al., 2014). The key to realizing a stable friction behavior is the
materials of contact pair. Several types of friction materials have
been examined extensively in the past two decades, including
the semi-metallic friction material, metallic alloy material, iron-
based ceramic material, carbon-based composite material, and
so on (Jang et al., 2004; Gurunath and Bijwe, 2007; Yun
et al., 2010; Latour et al., 2014; Lee et al., 2016). These studies
examined the microscopic behavior of contact surface, such
as adhesion, abrasion, fatigue, corrosion, and so on, by using
scanning electron microscopy. In engineering practice, it could
be difficult to measure such behavior during an earthquake.
Instead, displacement, velocity, and force could be obtained from
the available design process. Therefore, relating friction behavior
to displacement, velocity, or the dissipated energy could be very
helpful for the design application.

To this end, this study proposes a friction damper using
semi-metallic friction plates and stainless-steel shims as the
contact pair. The dampers were tested at different loading
rates, and the temperature was measured. A thermal–mechanical
model was then developed to correlate the dissipated energy
with the friction coefficient or friction force, which can be
easily incorporated into the structural design process. Finally,
the hybrid coupling beam was designed and tested quasi-
statically. The force, deformation, and energy dissipation capacity
were compared with the traditional RC coupling beam, and
conclusions are given to provide design guidance.

MECHANICAL BEHAVIOR OF FRICTION
DAMPER

Friction dampers are featured with an infinite initial stiffness
and almost constant slip force, which are very appealing because
the larger stiffness is helpful to resist the wind load and small
or moderate earthquakes, while the constant slip force prevents
unpredictable force transferred into the primary structural
member due to the over-strength effect. This study developed a
friction damper that works in the shear direction to adapt to the
deformation of coupling beams. Although it works in the shear
deformation mode, the configuration is similar to those working
the axial direction.

Configuration of the Friction Damper
The proposed shear-type friction damper is configured as in
Figure 1. It is primarily composed of five parts, i.e., one T-shaped
inner steel plate pasted with one piece of 2-mm-thick stainless-
steel shim on each surface, two pieces of friction plates made of
semi-steel friction material commonly used as the brakes, and
two pieces of L-shaped outer steel plates having two restrainers
at both sides to confine the friction plates from movement.
The friction material contains steel fibers, resin-based material,
adhesives, rubber, and asbestos. Preliminary tests on the material
showed a stable friction coefficient, high-pressure resistance,
small abrasion, and low friction noise. Bolt holes are placed on the
flanges of the inner and outer plates through which the damper
can be connected to the main structures. Two friction pairs are
formed between the friction plates and the stainless-steel shims.
It should be noted that although the outer plate is also contacted
with the friction plate, there is no relative movement on the
interface because of the restrainers. Two high-strength bolts of
Grade 10.9 penetrating all plates are used to provide the contact
pressure. The diameter of the high-strength bolts is 20mm. In
order to reduce the stress relaxation, six pieces of disc springs are
used as the washers for each high-strength bolt, three pieces for
each side. The three pieces of disc springs work in a parallel mode.
There is a slot for the bolts on the web of the inner plates and
the associated stainless-steel shims, because of which, the inner
plate can move smoothly in the shear direction. The dampers are
usually installed after the construction of the primary structure.
When installing the damper, the components are first assembled
by the high-strength bolts with 10–30% of the expected load.
At this moment, the height of the damper shall be smaller than
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FIGURE 1 | Configuration of proposed friction damper.

the installation space. After positioning the damper, the bolts on
the flanges of the inner and outer plates are securely tightened.
A slight sliding in the vertical direction is allowed. Therefore,
the holes in the friction plates and the slot in the inner plate
shall be large enough to accommodate such slippage. Once the
bolts on the flanges of the inner and outer plates are tightened,
the two high-strength bolts are screwed by the torque wrench
to the designed value. Two ways could be employed to achieve
the design contact pressure. One is to calibrate the relationship
of the pressure with respect to the torque of high-strength bolts
(Cavallaro et al., 2018). The other is to relate the deformation of
disc springs to the pressure, and the stiffness of the disc spring
shall be verified experimentally.

Loading Setup and Measurement Scheme
In order to demonstrate the mechanical behavior of the proposed
friction damper and develop an equation to predict the behavior
for the design, cyclic tests were conducted. The test setup is
given in Figure 2, where the friction damper is installed within
a pin-connected loading frame. The flanges of the damper are
connected to the upper and lower connectors, respectively, which
are further connected to the upper and lower jigs. The upper jig
is securely fixed on the bottom flange of the loading beam. To
the left end of the loading beam is attached a dynamic actuator.
The maximum force of the actuator is 50 tons, the stroke is 0.5m,
and the largest loading rate is 0.6 m/s. The lower jig is attached
to an adapter with free adjustability in the vertical direction.
With this mechanism of adapter, the high-strength bolts can be
completely screwed to the design value before the installation.
The adapter is fixed on the top of the foundation beam, which
is securely fixed on the strong floor by eight anchor rebars with a
diameter of 70mm. The loading beam and the foundation beam
are connected by two columns through four hinges. The inherent
friction force provided by the loading frame can be ignored. The
distance between the hinges at both ends of a column is 2.07m.
Considering the limited design stroke of the damper, 40mm in
this study, the vertical deformation introduced by the second-
order effect is 0.4mm, whose influence on the lateral behavior
of the damper can be ignored.

FIGURE 2 | Loading setup for the friction damper.

The loading profile adopts 100 cycles of a sine wave with an
amplitude of 40mm in the actuator. The real deformation applied
on the damper might be smaller due to the deformation of the
loading frame and slippage on connecting surfaces. Different
loading frequencies, denoted as f, are adopted, i.e., 0.02, 0.1,
0.5, and 1.0Hz. The design tensile force of M20 Grade 10.9
high-strength bolt is 155 kN. Three levels of tightening force,
denoted as P, are designed for each high-strength bolt, i.e., 80,
120, and 140 kN. Three specimens were tested, each with different
tightening forces. The loading sequence can be found in Table 1,
where the averaged tightening force directly measured at the
beginning of each test is also given.

The measurement scheme is relatively simple, as shown in
Figure 3, where two displacement transducers are employed
to measure the relative displacement between inner and outer
plates, with two load cells to measure the tightening forces
of high-strength bolts and one Pt100 platinum resistance
thermometer to measure temperature on the contact surface. The
thermometer is pasted on the back of one of the stainless-steel
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TABLE 1 | Loading sequence and parameters.

Specimen no. Load no. Name Pdesign/kN Pactual/kN f/Hz

S1 1 P80-f 0.02 80 79.5 0.02

2 P80-f 0.1 80 82.5 0.1

3 P80-f 0.5 80 79.0 0.5

4 P80-f 1 80 86.0 1.0

S2 5 P120-f 0.02 120 118.0 0.02

6 P120-f 0.1 120 97.0 0.1

7 P120-f 0.5 120 114.5 0.5

8 P120-f 1 120 92.0 1.0

S3 9 P140-f 0.02 140 128.5 0.02

10 P140-f 0.1 140 144.5 0.1

11 P140-f 0.5 140 132.5 0.5

12 P140- f1 140 141.0 1.0

FIGURE 3 | Measurement scheme.

shims, and there is a groove cut in the web of the inner plate
to host the thermometer. The force of the actuator is also
synchronically measured in this measuring system.

Results
The three specimens, 12 tests in total, were loaded cyclically.
Between two tests, there was a 2-h period to wait for the contact
surface cooling down automatically to the room temperature.

Time Histories of Friction Forces for S2
The friction force histories, F, of the four tests for specimen S2
with the tightening force of 120 kN are shown in Figures 4A–D

corresponding to the loading frequencies 0.02, 0.1, 0.5, and 1Hz,
respectively. At the smaller loading frequencies, 0.02 and 0.1Hz,
there is a small variation in the skeleton curves. After 100 cycles,
the maximum force changed by 16.8 and 18.6%, respectively,
for the two cases in the positive direction and 20.4 and 5.3% in
the negative direction. When the loading frequency increased
to 0.5 and 1Hz, pronounced variation can be observed in the
skeleton curves. For the test of 0.5Hz, it is 50.2% in the positive
direction and 49.1% in the negative direction. For the test of
1.0Hz, they are 52.8 and 50.4% in the positive and negative

directions, respectively. A similar phenomenon can be observed
for the specimens S1 and S2. The reason behind this will be
discussed in the section Friction Coefficient.

Hysteretic Curves
The hysteretic curves for all tests are listed in Figure 5, where
the pictures in each row have identical frequency but different
tightening forces, while those in each column have the same
tightening force but different frequencies. For some tests, the
connection bolts were not well fastened, and slippage occurred,
such as the four tests of S3 and the test of S1 with a frequency
of 0.02Hz. From the comparison, we can also observe that the
force degradation occurred if the loading frequency increased
or the tightening force increased. For the tests with a loading
frequency of 1Hz, significant vibration was observed after each
unloading–slipping action. One of the possible reasons is that
the stuck of the contact surface was suddenly changed and
the energy was released abruptly. However, details shall be
examined more closely on the microscopy mechanism, which
depends on the microscopic real contact area (Ar) and the
compatibility of the two sliding materials (Rabinowicz, 1995;
Williams, 2005; Khoo et al., 2016). When the loading direction
changes, the microscopic real contact area changes, and so does
the friction coefficient. Therefore, a large oscillation would occur
when unloading. From these curves, the initial stiffness was also
measured from each test. Generally, the initial stiffness did not
change toomuch. The averaged initial stiffness is 286 kN/mm and
the standard deviation is 11 kN/mm.

Friction Coefficient
To examine the variation of friction coefficient, the friction
force corresponding to the maximum velocity or zero
displacement is selected and drawn in Figure 6. Generally,
the friction coefficients were relatively stable for the
smaller loading frequencies such as 0.02 and 0.1Hz, and
significantly degraded for larger frequencies of 0.5 and 1.0Hz.
The temperature histories are also given in Figure 6. The
degradation of friction coefficient is correlated with the increase
in temperature.

Thermal–Mechanical Model
The friction coefficient is first examined at the room temperature.
To avoid potential loading instability in the first cycle, the data
obtained from the first three cycles are used. As shown in
Figure 7, the friction coefficients for the 12 tests are plotted
with respect to the total tightening force. The friction coefficient
did not change significantly with the total tightening force.
They varied between 0.361 and 0.447, and the averaged value
is 0.408. Therefore, at the particular study, the contact pressure
dependency can be ignored.

Several studies have regressed the friction coefficient with
respect to the pressure, temperature, and the dissipated energy
(Kato, 2001; Latour et al., 2014). It is found that the
dissipated energy, to some extent, can reflect such micro-
mechanism of contact surfaces as progressive wearing and
material degradation. The correlation of the friction coefficient
with the velocity and the dissipated energy is very appealing
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FIGURE 4 | Time histories of friction forces for S2.

because these variables can be easily obtained from the dynamic
time history analysis and thus can be directly used in the
design procedure.

The force of the friction damper, F, is first written as
Equation (1) where P0 is the nominal surface pressure
force, and µeff is the effective friction coefficient, which
is a function of dissipated energy, Eaccu, and the nominal
velocity, v0, defined in Equation (2) where A is the
nominal amplitude.

F = P0µeff (1)

v0 = 2π fA (2)

Since the surface pressure or the tightening force has limited
influence on the friction coefficient, it is reasonable to take
the results of S2 for the recursive analysis and use the results
of S1 and S3 for the demonstration. As shown in Figure 8A,
the friction coefficient can be expressed as a function of
temperature, and the fitting function is adopted as Equation
(3), where a, b, c, and d are fitting parameters and T is the
measured temperature.

µeff=aebT+cedT (3)

Four sets of parameters [a, b, c, d] can be obtained at different
loading frequencies. These parameters, again, can be fitted as the
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FIGURE 5 | Comparison of hysteretic curves.

functions of nominal velocity, expressed as Equations (4–7):

a(v0) = p1v0+p2 (4)

b(v0) = p3v0+p4 (5)

c = 2.0 (6)

d = −0.14 (7)

where p1 = 0.002518, p2 = 0.3979, p3 = −0.00001, and
p4 = 0.000255. According to the thermodyanmics, the increase
of temperature 1T is related to the energy G, as shown in
Figure 8B. Similar as the above procedure, Equation (8) can be
recursed as:

G(1T) =k1T+l (8)

k and l can be also expressed as the functions of the nominal
velocity, as Equations (9, 10):

k(v0) =q1ln(v0)+q2 (9)

l(v0) =q3ln(v0)+q4 (10)

where q1 = 0.01329, q2 = −0.00555, q3 = −4.984, and q4 =

12.19. Note that the units used during the above regression
procedure are kilojoule, centigrade, millimeter, and second.

To demonstrate the effectiveness of the proposed thermo-
mechanical model, the above equations are applied for the cases
with different tightening forces; the results are shown in Figure 9,
and the fitting curve agrees well with the measured data for the
S1 case, with all differences <5%. For S3, however, the difference
is much larger. The maximum difference is 31%. The reason
is that the tightening force was too big for the friction plate,
and the plate was damaged during the test. The recommended
pressure design value by the “Manual of design and construction
for passive-controlled structure” (The Japan Society of Seismic
Isolation, 2008) is 5–15 MPa. In the following hybrid coupling
beam, the pressure was pre-loaded to 5 MPa.

HYBRID COUPLING BEAM INSTALLED
WITH FRICTION DAMPER

Design of Specimens
The effectiveness of the friction damper is examined
experimentally by a substructure test of the coupling beam.

Frontiers in Materials | www.frontiersin.org July 2019 | Volume 6 | Article 13583

https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


Wang et al. Hybrid Coupling Beams With Friction Dampers

FIGURE 6 | Variation of friction coefficients: (A) f = 0.02Hz; (B) f = 0.1Hz; (C) f = 0.5Hz; (D) f = 1Hz.

FIGURE 7 | Variation of friction coefficient with respect to total tightening force.

FIGURE 8 | Regression of friction coefficient using S2 data: (A) Friction coefficient related temperature; (B) Temperature incremental related to accumulated energy.
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FIGURE 9 | Validation of recursive formula: (A) S1 at loading frequency of 0.1Hz; (B) S3 at loading frequency of 0.1Hz.

Two 2/3 scaled coupling beam specimens were designed: one
being a traditional RC coupling beam and the other being a
hybrid coupling beam with similar dimensions, as shown in
Figures 10A,B, respectively. The span-to-height ratio of the RC
specimen is 2, and the thickness of the slab is 70mm. The scaled
coupling beam is 240mm thick and 675mm high, with a span of
1,350mm. The demands of the shear force and bending moment
for the scaled model are 425.8 and 134.8 kN, respectively. The
design satisfied the concrete design code and the seismic design
code of China (MOHURD, 2016a,b). All longitudinal rebars in
the coupling beam, boundary elements, wall limbs, slab, diagonal
strut, and connection beams were HRB400, while the rest were
HRB335. The concrete was C30. When fabricating the specimen,
each diagonal strut was replaced by a pair of rebars because of
the limited space of the scaled model, and the cover thickness
was chosen as 20mm. The anchorage length was not scaled to
avoid bond slippage failure, which was 600mm. The stiffness was
calculated as 420 kN/mm.

The RC part of the hybrid coupling beam has the same design

as the RC coupling beam. The friction damper was placed at
the mid-span of the beam. The flanges of the friction damper
were modified as the wide flange steel beams and connected the
connecting beams with the same cross-section of W570 × 240
× 20 × 20mm. Grade 10.9 high-strength bolts with a diameter
of 20mm were used to connect the damper to the connecting
beams at both flanges and the web. It was supposed that a rigid

connection could be realized. The steel connecting beam was
welded to an end plate with a thickness of 30mm. The end plate
was embedded into the RC wall through with a 25-mm-thick
steel plate to sustain the shear force and five pairs of anchorage
rebars to take the bending moment. The anchorage rebars were
25mm in diameter and 740mm in length. The damper slip
force was taken as 80% of the design value of the RC coupling
beam to avoid concrete damage introduced by uncertainties of
friction behavior. The connecting beam and the bolt connection
were designed using 1.4 times of the damper slip force and the
associated bending moment, considering the difference between
static and dynamic friction coefficients. The anchor design took
2.0 times the slip force of the damper. All the steel used for
the hybrid coupling beam were Q345. The design satisfied the

FIGURE 10 | Design of specimen: (A) RC coupling beam; (B) Hybrid coupling

beam.

design code of steel structures of China (MOHURD, 2017). It
should be noted that the friction damper would concentrate more
deformation within a much smaller span than the RC coupling
beam. To avoid serious slab damage, the RC slab was separated
from the steel coupling beam, and the 35-mm gap was inserted
between them. However, to maintain the same architectural
requirement of space, the total height of the hybrid coupling
beam including the slab was not changed, and the calculated
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FIGURE 11 | Loading setup.

stiffness was similar to the RC coupling beam, with the difference
being <5%.

Loading Setup and Measurement Scheme
The loading frame as shown in Figure 11 was used to load the
coupling beams. There are four columns and one set of beams
to form the loading frame. The specimen was turned 90◦ for
the convenience of loading, and it was securely fastened to the
foundation beam, which was further fixed on the strong floor. On
the top of the specimen an L-shaped loading beam was attached.
The specimen was connected to the foundation beam and the
loading beam by high-strength bolts, and the holes of concrete
part were filled by high-strength CSV cement. This was specially
designed to reduce the potential slippage of the specimen. The
right bottom end of the L-shaped loading beam was attached
to a 100-ton static actuator. The actuator was displacement
controlled following a typical steadily increasing load profile.
Several amplitudes were selected as 1/2,000, 1/1,000, 1/800, 1/500,
1/200, 1/120, 1/75, 1/50, and 1/30 of the span of the coupling
beam. Two cycles were conducted at each amplitude. On the
top of the loading beam, there is a parallelogram mechanism to
restrain the rotation on the top of the specimen. Note that the
center line of the actuator is through themid-span of the coupling
beam. This will reduce the overturning moment of the entire
specimen and the idealized shear-type loading can be achieved.

Similar measurement schemes were adopted for both
specimens, as shown in Figure 12. Horizontally, there were six

displacement transducers to measure the relative deformations of
the overall coupling beam, the connecting beams, and the friction
damper. Vertically, there are two displacement transducers to
measure the relative rotation between the wall limbs. Diagonally,
there are two pairs of diagonal transducers to measure the shear
deformation of steel connecting beams and the RC coupling
beam. For the hybrid coupling beam, the bending deformations
of steel connecting beams were also measured. Together with the
transducers, the actuator force was also synchronically measured
by using the same data acquisition system.

Discussion of Experimental Results
The RC coupling beam was loaded to an amplitude of 1/30.
When loading in the negative direction of the first cycle, the
lateral force dropped quickly from 659 to 400 kN. Because
a large crack occurred in the RC wall, the loading was
stopped. The hybrid coupling beam was also loaded to an
amplitude of 1/30. Different from the RC coupling beam,
the hybrid coupling beam survived after two cycle loadings,
and the bearing force was observed to be quite stable. The
loading was stopped because it almost reached the stroke of
the actuator.

The hysteretic curves are shown in Figures 13A,B for the
RC coupling beam and the hybrid coupling beam, respectively.
The peak forces of the RC coupling beam are 648 and
−659 kN, respectively, in the positive and negative directions.
However, the design force was 426 kN. The over-strength
ratio is about 1.5, which cannot be predicted without real
loading. The hybrid coupling beam performed very stably. The
maximum forces are 348 and −298 kN in the positive and
negative direction, respectively. Due to the asymmetry of the
loading device, the forces in the positive and negative directions
are inconsistent, and the curve is asymmetrical. Considering
the design value, 341 kN, the maximum difference is 12.6%.
The hysteretic curve of the friction damper is also given in
Figure 13B. It can be observed that most energy was dissipated
by the damper.

As plotted in Figure 14, the deformation of coupling beam

(D2 – D1) is compared with the deformation of damper (D5 –

D4). At an amplitude smaller than 1/120, the friction damper

almost did not move. At this stage, a large stiffness is helpful to
limit the horizontal deformation of a building. With the loading
increasing, at an amplitude of 1/120, the damper took larger
than 50% of the overall deformation, and it took more than
80% deformation at an amplitude of 1/30. On the one hand,
the damper dissipated more energy and the lateral response
would be reduced. On the other hand, the deformation of
the primary structure decreased, and the damage would be
mitigated. As shown in Figure 15, the RC coupling beam suffered
significant damage in the coupling beam and the wall. The

longest crack was over 1m and the maximum width was larger

than 20mm. It is very difficult to repair. The RC part of the
hybrid coupling beam, however, was damaged slightly. The width

of the largest crack was <0.2mm. Upon unloading, the crack
closed. It almost did not have any effect and was thus deemed
repair-free or seismic-resilient.
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FIGURE 12 | Measurement scheme: (A) RC coupling beam; (B) Hybrid coupling beam.

FIGURE 13 | Hysteretic curves: (A) RC coupling beam; (B) Hybrid coupling

beam.

CONCLUSIONS

This study proposed a hybrid coupling beam installed in a
friction damper using semi-steel friction material. Damage
controllability and energy dissipation capacity are significantly
improved. To comprehensively demonstrate its effectiveness, a
set of experiments on the damper and the hybrid coupling
beam were conducted quasi-statically and cyclically. The major
findings are as follows:

(1) Significant temperature-dependent behavior was observed
on the friction damper. Although at the smaller loading rate,
the damper behaved quite stable, force degradation was observed
at the faster loading. When the loading rate is slow, the heat
generated by the friction radiates quickly to the surrounding
environment, and the temperature will not significantly increase.
However, if the loading rate is very high, the heat accumulates in
the damper, and the physical characteristics of the contact surface
change, then the friction coefficient drops.

(2) A practical thermo-mechanical model was regressed from
the test data. The nominal surface pressure was used, and
the friction coefficient was related to the energy and speed
that can be obtained directly from the time history analysis.
However, the physical meaning of some parameters is not clear
and was calibrated with limited data. The accuracy shall be
further improved. Moreover, the parameters are dependent on
the configuration of the damper. Before any application, it is
necessary to calibrate them through the test.

(3) The proposed hybrid coupling beam is configured with
steel connecting beams, embedded steel plates, and a friction
damper. All connection parts shall be designed considering the
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FIGURE 14 | Proportional deformation of dampers over the total lateral deformation.

FIGURE 15 | Comparison of crack patterns: (A) RC coupling beam; (B)

Hybrid coupling beam.

over-strength introduced by the friction coefficient variation. In
this study, the connections worked well without any premature
failure. The proposed hybrid coupling beam using a friction
damper performed a larger energy dissipation capacity and better
damage controllability than the traditional RC coupling beam.

The experimental results are reported in this study together
with the thermo-mechanical model developed for the friction
damper. However, this is a preliminary study. More studies are

required to provide a theoretical basis for the thermo-mechanical
model that needs to be further extensively examined. Moreover,
the application of the thermo-mechanical model in the numerical
analysis shall be elaborated, and the design procedures need to be
developed. These issues will be resolved in future studies.
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This paper proposes a new viscoelastic (VE) material damping device with hybrid

non-linear properties. Compared with traditional linear material dampers, the new

non-linear VE material damping device is characterized by its better energy dissipation

and deformation capability. The series performance tests of the VE device are conducted,

based on which the sources and variation law of material non-linearities are analyzed.

Five aspects of material non-linearities are summarized, including the shape change

of hysteresis loop caused by phase difference, the initial stiffness caused by large

loading rate, the softening effect caused by high temperature and fatigue, and the

softening and stiffening effect under large strain deformation. A mechanic model for this

device is proposed which considers multiple non-linear effects of the material. For the

verifications of the proposed mechanic model, a shaking table test on a steel frame

equipped with the new VE devices is designed and performed. Based on the proposed

mathematic mechanic model, the numerical mechanic model is implemented in the

OpenSees software. The accuracy of the mechanic model is firstly verified by comparing

the performance tests data with the simulation results. Then the numerical model is also

used to calculate the time history response of the shake table tested steel frame under

earthquake loading. It is concluded that the mechanic model can well-depict several

non-linear material behaviors of the new VE device, and the corresponding numerical

model created in the open source calculation platform is reliable to be used to calculate

non-linear time history response of a structure equipped with the new VE material

damping devices.

Keywords: viscoelastic material, hybrid non-linearity, mechanic model, non-linear analysis, shake table test

INTRODUCTION

The viscoelastic (VE) damper is one of the most popular passive energy dissipation devices for
building structures under earthquake and wind disasters. In 1969, the VE damper was firstly used
in the New York World Trade Center for wind-induced vibration control (Mahmoodi et al., 1987).
After that, the VE dampers began to be used in the seismic design for buildings. In 1993, the
VE dampers were used in seismic design for a 13-story steel frame retrofit project (Crosby et al.,
1994). Since then, increasing research attentions have been paid on this topic, the VE damping
devices have been investigated for vibration control of different types of structures including
concrete building, steel building, prefab building, wood structure, bridge, base isolated structures,
etc. (Samali and Kwok, 1995; Soong and Spencer, 2002; Xu et al., 2003a, 2011, 2013; Molinera et al.,
2012; Wu et al., 2015; Gong et al., 2017).
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With the fast development of viscoelastic damping material,
VE damping devices with better energy dissipation and
deformation capacity have been proposed. The better
performance devices are always characterized by complex
non-linear properties. By the stress-strain relation, the VE
dampers can be categorized into four types: the linear, softening,
hardening, and hybrid non-linear type (Gong and Zhou, 2017).
For the linear type device, the mechanic properties are strain
independent if the temperature influence is not included (Lai
et al., 1996). The stiffness of the softening and hardening type
devices will decrease and increase, respectively, with larger
strain. In addition to these, this paper reveals a new type of VE
damping device containing both softening and hardening effects
which are defined as hybrid non-linearity.

Many previous studies have been investigating the working
performance of the VE damping devices. Chang et al. (1992,
1995) and Lai et al. (1995) conducted extensive performance tests
and a small scaled shake table test on a five-story steel frame with
the linear VE dampers. The results prove that the VE damping
devices can have a significant earthquake control effect and the
mechanic behavior of the device can be well-represented using
effective linear stiffness and effective damping. Xu et al. (2003b,
2004) and Xu (2009) experimentally investigated the effect of the
VE dampers on a reinforced concrete building. It is concluded
that the earthquake mitigation effect is significant, especially

FIGURE 1 | Diagram of the different type of test specimens of (A) type “VE40 × 40 × 8,” (B) type “VE60 × 60 × 10” and (C) type “VE100 × 100 × 5”.

for the floor acceleration and displacement reduction. Another
conclusion is that the control effect for higher frequency input is
superior to lower frequency.

For non-linear VE damping devices, the investigations are
fundamentally based on tests and also focus on the mechanic
models which can depict the complex mechanic behavior of non-
linear VE dampers. Aiken et al. (1993) studied on softening
VE dampers, and the frequency dependent property of the VE
dampers is summarized based on the tests. Yokota et al. (1992)
conducted a comparison study between models with and without
non-linear VE damping devices. It is concluded that the seismic
mitigation effect for floor displacement is significant but the
effect on floor shear force reduction is limited and the main
seismic reduction effect comes from the additional damping.
Xu et al. (2016) proposed an equivalent higher-order fractional
derivativemodel which takes into account the temperature effects
and frequency-dependent character of the non-linear VE devices
with different matrix rubbers. Ghaemmaghami and Kwon (2018)
proposed an extended recursive parameter model to simulate
the frequency-, strain- and temperature-dependent properties
of non-linear VE damper and the simulation results can
better depict the experiment behavior compared with traditional
Kelvin-Voigt model. The investigations on the hardening type
device are limited. (Dall’Asta and Ragni, 2006) conducted
performance tests on a type of high damping rubber material,
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and the material shows a significant stiffen character. Pant
et al. (2018) performed a full-scale test of a viscoelastic damper,
and the accuracy of four different macroscopic numerical
models are discussed. Results reveal that different models are
suitable for modeling VE damping devices under different
loading conditions.

According to the above literature review, we still lack
enough knowledge of the non-linear sources and laws of
non-linearities. Many experiment phenomenon cannot have
convincible explanations, and few mechanic models can
accurately depict the mechanic behavior of VE damping device
with multiple non-linear mechanic behaviors or hybrid non-
linearities coexisting in VE damping devices.

This paper introduces a VE damping device using new
viscoelastic material. The main components of the material
are natural rubber, damping agent, and antioxygen. The new
damping device is characterized by its hybrid non-linearities
which can have a better energy dissipation and deformation
capacity, and it is supposed to have a better seismic reduction
effect compared with linear type devices. Based on the analysis
of the different sources of non-linearities, a new mathematic

FIGURE 2 | Testing facilities of (A) performance tests and (B) performance

tests under different temperatures.

mechanic model which considers multiple non-linear behaviors
is proposed. The results of performance tests are compared with
the theoretical curves to validate the model. Then, a shake table
test on a steel frame with new VE damping devices is conducted,
and a discrete numerical model is created in an open source
computing platform to calculate the time history response of the
tested model. By comparing the shake table test and numerical
simulation results, the remarkable seismic control effect of the
new VE damping device is proved, and also the accuracy of the
mechanic model is verified.

PERFORMANCE TESTS

Three different types of hybrid non-linear VE dampers are tested,
numbered as “VE40× 40× 8,” “VE100× 100× 5,” and “VE60×
60 × 10.” The size and configuration of the three different types
of specimens are shown in Figure 1. The performance tests were
performed at the State Key Laboratory of Disaster Reduction
in Civil Engineering of Tongji University. The testing facilities
are shown in Figure 2A. The “INSTRON” tension-compression
loading device is used to perform harmonic displacement-control
loading process. The range of loading frequency is 0.1–6.0Hz,
and the strain deformation is 50–400%. The temperature related
performance tests were conducted at General Building Research
Corporation of Japan. The testing picture is shown in Figure 2B.
The variation of temperature is between −20 and 60◦C. The
loading scheme is listed in Table 1. A single specimen of different
damper sizes are used for each test case.

Figure 3 presents typical hysteresis curves from the
performance tests. Based on the hysteresis results, significant
characters are concluded as (a) The stiffness and damping of the
VE damper decrease with the increase of deformation, but the
stiffness begins to increase under larger strain (≥200%); (b) The
device presents a large initial stiffness for the loading process of
the first cycle; (c) The performance of the damper significantly
deteriorate with more loading cycles. After the hysteresis loading
of 30 cycles, the damper remains intact and effective; (d) The
mechanic behavior of the damper is nearly independent of the
loading frequency; (e) The maximum stress of the damper is

TABLE 1 | The loading scheme of the mechanic performance test.

Contents Frequency (Hz) Strain

amplitude (%)

Cycles Damper size

Different strain amplitude 0.1 50, 100, 110,

120, 130, 140,

150, 180, 200,

250, 300

5 VE60 × 60 × 10

VE100 × 100 × 5

Different loading

frequencies

0.25, 0.50, 0.75,

0.85, 1.00, 1.50,

2.00, 2.50, 3.00,

3.50, 4.00, 4.50,

5.00, 6.00

100 5 VE60 × 60 × 10

VE100 × 100 × 5

Ultimate test 0.1 400 5 VE100 × 100 × 5

Fatigue test 0.1 100 30 VE60 × 60 × 10

Temperature relevant test

(−20/0/20/30/40/60◦C)

0.1 100 5 VE40 × 40 × 8
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dependent on the environment temperature, based on the fitting
of test results, the relation expression is given as

τ0(θ) = 0.2823+0.8574e−0.0313θ (1)

τ0 is the maximum stress in damper, θ is the temperature
(◦C). The variations of the damper behavior under different
temperatures are shown in Table 2.

SOURCES AND LAWS
OF NON-LINEARITIES

The non-linear behaviors of the new VE damping device are
obvious and comprehensive which is affected by many factors.
Based on the performance tests, five sources of material non-
linearity are summarized as phase different, initial stiffness,
softening under repeated loading, softening under great strain,
and stiffening under considerable strain.

Non-linearity Caused by the Variation of
Phase Difference
For viscoelastic damping devices, the phase difference exists
between the strain and the stress which essentially creates
the hysteresis loops of the stress-strain relation. Under
harmonic displacement control loading, the strain deformation
of the VE damper γ (t) = γo sinωt, and the stress

responseτ (t) = τ0 sin(ωt + δ). The stress-strain relation meets
the elliptic equation. However, for linear type VE damper, the
phase difference δ is a constant value. In contrast, for this
new non-linear VE damping device, the phase difference δ(t)
varies with time which can cause the shape change of the
hysteresis loop.

A more complicated stress response is observed for the
non-linear VE damper. The phase difference of the non-
linear damper in one period (the duration of one single
harmonic loading period) under different strain amplitude is
presented in Figure 4. It clearly shows that the phase difference
periodically changes with time. The basic reasons are the ultra-
harmonic response caused by the stiffness non-linearity. Another

TABLE 2 | Mechanic parameters of the VE damping device under different

temperatures.

Temperatures (◦C) Maximum stress

τ0(MPa)

Effective viscous

damping ratio (%)

−20 1.894 31.7

0 1.106 33.1

10 0.917 34.5

20 0.746 34.5

30 0.638 34.5

40 0.547 34.2

60 0.386 34.0

FIGURE 3 | Performance test results of (A) typical hysteresis curve, (B) fatigue test, (C) ultimate strain test, and (D) different strain amplitude tests.
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interesting observation is that the phase variation amplitude is
strain related. The phase change is more drastic under high
strain situation (strain amplitude exceeds 200%). The reason is
that when the strain goes large, the stiffening effect becomes
significant, which would cause more strong ultra-harmonic
components in the response.

Initial Stiffness
Figure 3B shows that there is a large initial stiffness in the
first cycle due to the sudden increase of the loading frequency
(from static to dynamic excitation). If the additional VE devices
are not well-designed, the dampers will not generate hysteretic
deformation which means the dampers provide only stiffness but
no additional damping under this situation. The control effect
will be limited if the dampers are not activated. Nevertheless,
the problem of the initial stiffness only occurs in the first
loading cycle and can be easily overcome by appropriate design.
Generally, for the seismic design of buildings, the initial stiffness
of VE damper can be ignored if the dampers go through plastic
deformation under seismic loading.

Softening Caused by Temperature Rise
and Fatigue
The previous study (Lai et al., 1996) concluded that one
primary source of non-linearity of VE dampers comes from the

FIGURE 4 | Phase difference comparison in one period.

temperature effect in the viscoelastic material. Based on this,
for the design and analysis of the structures with VE dampers,
identical mechanic parameters with temperature correction
are used for a large variation range of temperature. The VE
material will inevitably subject to temperature rise and fatigue
simultaneously under the cyclic loading.

For the new VE damping device, the fatigue tests are
conducted using the “VE60 × 60 × 10” specimens. For each
testing specimen, 30 loading cycles are conducted. Figure 5

presents the degradation law of different mechanic parameters.
Results present that with the increase of the loading cycles,
the storage shear modulus, and the loss shear modulus will
significantly drop at the first few cycles, but the decrease slows
down for the after cycles. Only a slight decrease is observed for
the loss factor. For the whole loading process, the effective viscous
damping ratio is about 30%. The damping ratio is almost half of
the loss factor which is in agreement with linear VE dampers. The
definition of the three mechanic parameters are given as,

G′
= F1h/nAu0 (2)

FIGURE 6 | Backbone curve.

FIGURE 5 | Performance degradation law under cyclic loading on (A) storage shear modulus, (B) loss factor, and (C) loss shear modulus.
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FIGURE 7 | Softening effect on the mechanic parameters of (A) Storage shear modulus, (B) loss factor, and (C) loss shear modulus.

FIGURE 8 | Comparison between the mechanic model and the performance test hysteresis loop (VE60 × 60 × 10) under strain deformation of (A) 50%, (B) 100%,

(C) 150%, (D) 200%, (E) 250%, and (F) 300%.
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η = F2/F1 (3)

G′′
= ηG′ (4)

where the G′, η , and G′′ are the storage shear modulus,
loss factor and loss shear modulus. F1and F2 are the
damping force correlate to the maximum shear deformation
u0 and no shear deformation, respectively. h, n, and
A are the height, number of layers and area of the
damping material.

Softening and Stiffening Caused by
Large Strain
The softening and stiffening effect of the new VE damping device
is illustrated in Figure 6. The maximum damping force under
different strain deformation is plotted in this backbone curve. It is
shown that the stiffness will decrease first with the increase of the
strain, then the stiffness begins to increase as the strain goes up to
about 200%.

The softening phenomenon can be explained as the rubber-
like material’s Mullins effect (Mullins, 1969). Mullins effect can
be illustrated as an instantaneous and irreversible softening
that occurs whenever the strain increases beyond its maximum
historical value. After that, the equivalent stiffness of VE damper
will decrease under all strains. However, there is still no accurate
insight physical mechanism that can explain this effect (Diani
et al., 2009). If the VE material is bolted tight with its end-plates,
the damping device will show an increase in stiffness at large
shear deformation. The intrinsic reason for the stiffening effect
lies on the strain-induced crystallization of the filled rubber-
like material at large shear strain (Kikuchi and Aiken, 1997),
(Imbimbo and Kelly, 1998).

The variation of the different mechanic parameters with strain
amplitude is presented in Figure 7. Results indicate that the
storage shear modulus shows a negative exponential decrease,
while the loss shear modulus undergoes linear decrease. The
two trends mean that the additional damping decreases faster
than the additional stiffness due to the stiffening phenomenon.
The loss factor increases initially and then drop down with
the increase of strain amplitude. The maximum loss factor
corresponds to a strain amplitude range between about 100–
150%, which also have a good agreement with the shaking table
tests (Zhou et al., 2014).

MECHANIC MODEL OF THE HYBRID
NON-LINEAR VE DAMPER

Many classical mechanic models have proposed to depict
the mechanic behavior of VE dampers, including the
Maxwell, Kelvin-Voigt, and fractional derivative models
(Lewandowski and Chora̧życzewski, 2010). These are the
most popular models for VE dampers for the past decades.
However, they are not suitable to represent the mechanic
properties for this hybrid non-linear type damper. Based on
the above performance test investigations, a more accurate
model which considers multiple sources of non-linearity
is proposed.

Three mechanic elements are set in parallel, including
two non-linear stiffness elements and one non-linear
viscous dashpot element. The K1(ũ) is the Mullins
stiffness element which considers Mullins effect, the
stiffness of the element is related to the maximum strain

FIGURE 9 | Test structure with VE damping device, (A) overall model on the table, (B) connection detail of the VE dampers, and (C) picture of an installed VE damper.
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amplitude ũ (in absolute value). The expression of K1(ũ) is
given as,

K1(ũ) = a1ũ
2
+ a2ũ+ a3 (5)

Equation (5) is a quadratic function that can depict softening
effect with the increase of strain amplitude. The K2(u)
non-linear stiffness element is introduced to include the
stiffening effect under large shear strain in the following
quadratic form,

K2(u) = b1u
2
+ b2 (6)

The comprehensive expression for the mechanic model of the
hybrid non-linear model is given as,















F = λ1λ2(F1 + F2 + F3)
F1 = K1(ũ)u = a1ũ

2u+ a2ũu+ a3u
F2 = K2(u)u = b1u

3 + b2u
F3 = Cu̇α = c(u̇/f )α

(7)

where F, u, and u̇ are the force, displacement, and velocity of the
damping device; F1, F2, and F3 are the forces provided byMullins
effect element, non-linear stiffness element, and the non-linear
dashpot element; K1 and K2 are the stiffness expression of the
two corresponding stiffness elements; C and α are the damping
coefficient and damping exponent; f is the basic frequency of
the structure; ũ is the strain amplitude; a1, a2, a3, b1, b2, C, and
α are the mechanic parameters that to be identified based on

FIGURE 10 | Hysteresis curve comparison between shake table test and numerical modeling for (A) 1st floor-El Centro-0.3 g, (B) 2nd floor-El Centro-0.4 g, (C) 1st

floor-Taft-0.3 g, (D) 2nd floor-Taft-0.4 g, (E) 1st floor-AW-0.3 g, and (F) 2nd floor-AW-0.4 g.
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the performance tests. λ1is the correction factor considering the
influence by the ambient temperature; λ2is the correction factor
considering the heating-fatigue softening.

The mathematic expression of the proposed mechanical
model is concise, and it can depict multiple non-linear
behaviors of the hybrid non-linear device, such as the heating-
fatigue softening, ambient temperature dependency, frequency-
independency, softening, and hardening under large strain.
Besides, the parameters are not case dependent, they can be
identified and decided by the performance tests described before.
The temperature related parameters are given as follow,

{

λ1=0.396+1.203e
−0.0313θ

λ2 =
4.044+4.190e−0.222−0.109ωt

4.044+4.190e−0.222−0.109ω0

(8)

where θ is the ambient temperature; ω0is the initial accumulative
dissipative energy density; ωtis the accumulative dissipated
density at a given time t. Other mechanic related parameters are
identified in kN-mm unit as: a1 = 2.60 × 10−4; a2 = −2.45 ×

10−2; a3 = 0.50; b1 = 1.91 × 10−4; b2 = 5.34 × 10−2; C = 0.8
and α = 0.3.

VERIFICATIONS OF THE MECHANIC
MODEL OF THE VE DAMPING DEVICE

Verifications Via Performance Tests
The proposed model is verified via the performance tests.
Figure 8 presents the comparisons between test and modeling
curves under different strain amplitude. Results indicate that the
hysteresis loops derived by the mechanic model agree well with
the testing curves.

Design of the Shake Table Tests
A three-story steel frame with a height of 4.90m. In the first
and second stories, there are additional beams in the mid-
story level in y direction. The “VE60 × 60 × 10” type VE

dampers are installed and the ground motions are excited in
the x direction. The shake table test is briefly illustrated in
Figure 9. Three earthquakes are selected as the input excitations,
including two natural records (El Centro and Taft records) and
one artificial wave (AW) generated based on the design spectrum.
More information of the shaking table test can be found
in Zhou et al. (2014).

Implementation of the Numerical Model
The proposedmechanical model of VE damping device is created
in a discrete numerical form in an open source finite element
software—OpenSees (McKenna, 2011). The mechanical model is
implemented as a uniaxial material, andVE dampers aremodeled
by two Node Link elements. It should be noted that the value of
λ1 is 1.0 considering the ambient temperature is 22◦C. For the
mechanic model, to degrade its non-linearity and achieve a better
convergence performance, the value of λ2 is taken as 0.9 and 0.7,
respectively, for dampers installed in the first floor and second
floor. The selection of λ2 value also considers the difference in
deformation and fatigue damage.

The tested three-story steel frame structure can be modeled
as a shear-type multi-degree of freedom (MDOF) system. The
concentrated mass for 1st−3rd floor are 2517, 2671, and 2606 kg.
The shear stiffness for 1st to 3rd floor are 0.682, 0.367, and
2.864 kN/mm. The modal results between the numerical and
physical models are also compared to verify the accuracy of the
establishment of the numerical model. The first 3 order natural
frequency error between the two models can be controlled
within 1.5%.

Verifications Via Shake Table Tests
The numerical simulation is performed in the OpenSees platform
according to the test cases, and the mechanical model is
fundamentally verified by comparing the simulation results with
the test data. The mechanic behaviors of the VE damping
devices are shown in Figure 10. Typical hysteresis behaviors are
compared under maximum input value of 0.3 g for the first floor

FIGURE 11 | Comparison between OpenSees and test result under AW-0.6 g wave of (A) acceleration time history, and (B) displacement time history.
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and 0.4 g peak input for the second floor. It is concluded that
for most cases, the test curves and the numerical modeling result
can correlate well. Except for the second floor under Taft input-
0.4 g, the significant connection bolt slide is the main reason for
the difference.

The time history response of the relative acceleration and
displacement at the top of the test model under AW input
with 0.6 g peak input acceleration are shown in Figure 11.

The time history response comparison confirms a good shape
agreement between the test and numerical modeling during
the integral input process. The time history comparison is not
presented in detail. Instead, the maximum response of the
floor acceleration and floor displacement under different input
level and different earthquake waves are shown in Figures 12,
13. Results indicate that, with the increase of the peak input
acceleration, the numerical modeling get closer to the real

FIGURE 12 | Peak floor acceleration response comparison under input of (A) El Centro-0.2 g, (B) El Centro-0.4 g, (C) El Centro-0.6 g, (D) Taft-0.2 g, (E) Taft-0.4 g,

(F) Taft-0.6 g, (G) AW-0.2 g, (H) AW-0.4 g, and (I) AW-0.6 g.

Frontiers in Materials | www.frontiersin.org March 2019 | Volume 6 | Article 3399

https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


Zhou et al. Mechanical Model and Verifications

FIGURE 13 | Peak floor displacement response comparison under input of (A) El Centro-0.2 g, (B) El Centro-0.4 g, (C) El Centro-0.6 g, (D) Taft-0.2 g, (E) Taft-0.4 g,

(F) Taft-0.6 g, (G) AW-0.2 g, (H) AW-0.4 g, and (I) AW-0.6 g.

physical tests. The reason is that the other disturbances become
less significant compared to the earthquake-induced response.
Another observation is that the displacement simulation result
is closer to the test data compared to the acceleration
simulation. In general, the simulation results closely match
the test data, regarding the time history response and peak
values. It is concluded that the proposed mechanic model
can be used to accurately represent the mechanic property

of the new VE damping device under both static and
dynamic loading.

CONCLUSIONS

This paper presents a new VE damping device with hybrid non-

linearity. The different sources of non-linearity are analyzed and
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an accurate mechanic model which can consider multi-non-

linear behavior is proposed and validated via performance tests

and shake table tests. The main conclusions from this study are
as follows:

Five sources of non-linearity of this new VE damping device
are summarized, including the non-linearity of phase difference,
initial stiffness, softening caused by temperature rise and low-
cycle fatigue, and the softening and hardening under large
strain amplitude.

A seven-parameter mechanic model which considers
the multi-non-linear behaviors is proposed based on the
performance tests. The mechanic model is first verified
by comparing the simulation hysteresis curves with the
performance tests.

The mathematic mechanic model is implemented in
a discrete numerical form in an open source calculation
platform to apply the mechanic model into practical
numerical calculation use. A series of shake table tests on
a steel frame with the new VE dampers are performed as
a comparison.

The shake table test results, regarding the VE damper
hysteresis loops, time history response, and the floor peak
response are compared with numerical simulation. The test
results are in good agreement with the simulation results which
prove the accuracy of the proposed mechanic model and the
practical application of the numerical model.

AUTHOR CONTRIBUTIONS

YZ contributed conception and design of the study. YZ and SG
performed the tests. PC write the first draft manuscript. YZ and
PC contributed to manuscript revision, read, and approved the
submitted version.

ACKNOWLEDGMENTS

The authors acknowledge the finical support from National
Natural Science Foundation of China (Grant No. 51678449)
and the Key innovation team program of innovation talents
promotion plan by MOST of China (No. 2016RA4059).

REFERENCES

Aiken, I. D., Nims, D. K., Whittaker, A. S., and James, M. K. (1993).

Testing of passive energy dissipation systems. Earthquake Spectr. 9, 335–370.

doi: 10.1193/1.1585720

Chang, K. C., Soong, T. T., Oh, S. T., and Lai, L. (1995). Seismic behavior of

steel frame with added viscoelastic dampers. J. Struct. Eng. 121, 1418–1426.

doi: 10.1061/(ASCE)0733-9445(1995)121:10(1418)

Chang, K. C., Soong, T. T., Oh, S. T., and Lai, M. L. (1992). Effect of

ambient temperature on viscoelastically damped structure. J. Struct. Eng. 118,

1955–1973. doi: 10.1061/(ASCE)0733-9445(1992)118:7(1955)

Crosby, P., Kelly, J., and Singh, J. P. (1994). “Utilizing visco-elastic dampers in the

seismic retrofit of a thirteen story steel framed building,” in Structures Congress

X. I. I. ASCE (Atlanta, GA), 1286–1291.

Dall’Asta, A., and Ragni, L. (2006). Experimental tests and analytical model

of high damping rubber dissipating devices. Eng. Struct. 28, 1874–1884.

doi: 10.1016/j.engstruct.2006.03.025

Diani, J., Fayolle, B., and Gilormini, P. (2009). A review on the mullins effect. Eur.

Polym. J. 45, 601–612. doi: 10.1016/j.eurpolymj.2008.11.017

Ghaemmaghami, A. R., and Kwon, O. S. (2018). Non-linear modeling

of MDOF structures equipped with viscoelastic dampers with strain,

temperature and frequency-dependent properties. Eng. Struct. 168, 903–914.

doi: 10.1016/j.engstruct.2018.04.037

Gong, S., and Zhou, Y. (2017). Experimental study and numerical simulation on a

new type of viscoelastic damper with strong non-linear characteristics. Struct.

Control Health Monit. 24:e1897. doi: 10.1002/stc.1897

Gong, S., Zhou, Y., and Ge, P. (2017). Seismic analysis for tall and irregular temple

buildings: a case study of strong non-linear viscoelastic dampers. Struct. Design

Tall Special Build. 26:e1352. doi: 10.1002/tal.1352

Imbimbo, M., and Kelly, J. M. (1998). Influence of material stiffening on stability

of elastomeric bearings at large displacements. J. Eng. Mechan. 124, 1045–1049.

doi: 10.1061/(ASCE)0733-9399(1998)124:9(1045)

Kikuchi, M., and Aiken, I. D. (1997). An analytical hysteresis model for

elastomeric seismic isolation bearings. Earthquake Eng. Struct. Dynam.

26, 215–231. doi: 10.1002/(SICI)1096-9845(199702)26:2&lt;215::AID-

EQE640&gt;3.0.CO;2-9

Lai, M. L., Chang, K. C., Soong, T. T., Hao, D. S., and Yeh, Y. C. (1995).

Full-scale viscoelastically damped steel frame. J. Struct. Eng. 121, 1443–1447.

doi: 10.1061/(ASCE)0733-9445(1995)121:10(1443)

Lai, M. L., Lu, P., Lunsford, D. A., Kasai, K., and Chang, K. C. (1996). “Viscoelastic

damper: a damper with linear or non-linear material,” in Proceedings of 11th

World Conference on Earthquake Engineering (Acapulco).
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The magnetorheological (MR) damping material is a kind of smart shock absorption

material, and it can be made into MR dampers for reducing the vibration or dynamic

response of structures. During the vibration mitigation control of structures with MR

dampers, the displacement and acceleration responses are always concerned firstly

because the displacement responses determine the safety of structures and, at the

same time, the acceleration responses determine the comfort level of the human body

staying in structures. That means, the control currents choice of MR dampers during

the vibration process is a multi-objective optimization control problem. In this paper, the

particle swarm optimization (PSO) algorithm is developed to control the displacement

and acceleration responses simultaneously. Numerical analysis for a five-floor steel frame

structure with one MR damper installed on each floor is carried out. Simulation results

of the PSO control structure are compared with those of passive control (including the

ON-control and the OFF-control) structures and the uncontrolled structure. Analysis

results demonstrate that the PSO algorithm can reduce the displacement responses of

the structure obviously and, at the same time, it can reduce the acceleration responses

of the structure to a certain extent. Furthermore, the PSO algorithm reduces the seismic

responses of structures more effectively than those of passive control structures.

Keywords: magnetorheological (MR) damping material, MR damper, the particle swarm optimization (PSO)

algorithm, multi-objective optimization control, building structure

INTRODUCTION

The magnetorheological (MR) damping material is a kind of smart shock absorption material,
which was discovered by Jacob Rabinow at the US National Bureau of Standards in 1948 (Rabinow,
1948). The MR damping material is composed of carbonyl iron particles, a carrier liquid and some
additives. Normally, it is a free-flowing liquid with a certain viscosity similar to that of motor oil.
However, when subjected to amagnetic field, the liquid becomes viscoelastic solid. And the stronger
the magnetic field, the harder theMR damping material becomes. That is, the yield stress of theMR
damping material can be controlled very accurately by changing the intensity of the magnetic field.
On the other hand, removing themagnetic field causes the solidMRdampingmaterial to once again
become liquid. Furthermore, the change can occur in only a few milliseconds (Guo et al., 2017).
MR dampers are developed to take advantage of these characteristics of MR damping material.
Because of these properties, more and more researchers are attracted to develop MR clutches and
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automotive MR suspensions, etc. In the civil engineering field,
MR dampers are used to reduce the dynamic responses of
structures in earthquake excitation or in strong wind, cable-
stayed bridges, and seismic protection.

After the MR damper is installed into the structure, its
damping and stiffness will change the parameters of the structure
itself and further affect the anti-vibration ability of the structure
(Xu et al., 2013). However, the controllable damping and
controllable stiffness of the MR damper are controlled by its
control currents (or voltages), that is to say, one of the important
factors determining the effect of its vibration reduction is how to
effectively select control currents (or voltages) of theMR damper.
Many control algorithms of control currents (or voltages) of MR
dampers have been developed. A linear optimal controller based
on acceleration feedback, named a semi-active clipped-optimal
control strategy, was designed to adjust the control voltage
of the MR damper (Dyke et al., 1996). Another acceleration
feedback control method of seismic structures was used to
realize vibration mitigation of structures successfully (Chung
et al., 1998). An intelligent neuro-fuzzy control strategy was
developed relying on the correlation between accelerations of
the building (controller input) and voltage applied to the MR
damper (controller output) (Schurter and Roschke, 2001). A non-
clipping semi-active control method, a stochastic optimal control
strategy, was proposed for randomly excited non-linear systems
using semi-active MR dampers (Ying et al., 2002). An on-line
real-time control method by using neural networks techniques
for semi-active control of structures with MR dampers was
proposed. This method considered the time-delay problem of
semi-active control, which can solve distortion of the responses
of structures (Xu et al., 2003). An inverse neural network model
for MR dampers was established to adjust the control voltage
of the MR damper to realize the semi-active control mode of
structures with MR dampers (Wang and Liao, 2005). A fuzzy
control algorithm with a neural network forecasting model
was proposed. According to the structural dynamic response
predicted by the neural network forecasting model, the fuzzy
controller can update control currents of MR dampers (Guo
et al., 2008). Combining with modified adaptive control, Phu
et al. built an interval type 2 fuzzy model to obtain the desired
damping force of a MR damper, and then realize the vibration
control of a washing machine (Phu et al., 2014). A semi-active
control method for a non-linear benchmark building with MR
dampers included two parts. One an optimal compact Takagi-
Sugeno-Kang fuzzy inverse model for the MR damper. The
other is voltage regulator based on the maximum and minimum
capacities of the MR damper at each time-step (Askari et al.,
2016). An adaptive Fuzzy-PID controller was implemented to
ensure that the MR damper performs well, even at varying
frequencies (Nordin et al., 2018).

In this paper, the particle swarm optimization (PSO)
algorithm is developed to control the displacement and
acceleration responses simultaneously. Numerical analysis for a
five-floor steel frame structure with one MR damper installed
on each floor is carried out. Simulation results of the PSO
control structure are compared with those of passive control
(including the ON-control and the OFF-control) structures

and the uncontrolled structure. Analysis results demonstrate
that the PSO algorithm can reduce the displacement responses
of the structure and obviously, at the same time, it can
reduce the acceleration responses of the structure to a
certain extent. Furthermore, the PSO algorithm reduces seismic
responses of structures more effectively than those of passive
control structures.

CONTROLLED STRUCTURE MODEL

MR Damper Model
In this paper, the shear-valve type of the MR damper (Xu and
Guo, 2006) is used for the structural seismic mitigation control,
as shown in Figure 1. And the Bingham model of the MR
damper is proposed by Phillips (1969), which is one of the classic
models and equivalent to a friction component augmented by
a Newtonian viscosity component, as shown in Figure 2 (Guo
et al., 2008). The relationship between the stress and strain rate
can be describe as Xu and Shen (2003)

τ = τy sgn(γ̇ )+ ηγ̇ (1)

τy = A1e
−Ic + A2 ln(Ic + e)+ A3Ic (2)

where τ is the shear stress in the MR damping material; τy,
the yielding shear stress can be adjusted by the magnitude
of the external magnetic field; η is the Newtonian viscosity,
which is independent of the external magnetic field; γ̇ is the
shear strain rate. The magnitude of the external magnetic field
can be controlled by control currents, so τy is the function
of control currents Ic as shown in Equation (2) (Xu et al.,
2003). A1, A2, and A3 are coefficients of the MR damping

FIGURE 1 | Schematic diagram of the shear-valve type MR damper.

FIGURE 2 | Bingham model (Guo et al., 2008).
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FIGURE 3 | The structure with MR dampers.

material, and e is the natural constant. Based on Equation (1)
the relationship between the force and displacement of the MR
damper is (Xu and Guo, 2006),

fdi = fc sgn[u̇(t)]+ c0u̇(t) (3)

where fc =
3LdApτy

hd
is frictional force; c0 =

12ηLdA
2
p

πDh3
d

is damping

coefficient; Ld and Ap are the effective length and the cross-
sectional area of the piston; D represents the inner diameter of
the outer cylinder and hd represents the gap between the piston
and the outer cylinder, u(t) represents the relative displacement
of the piston to the outer cylinder.

Dynamic Equation of the Controlled
Structure
In this paper, MR dampers are equipped between the chevron
brace on each floor of the steel frame structure, as shown in
Figure 3. The dynamic equation for the n-floor steel frame
structure equipped MR dampers can be descripted as

Mẍ + Cẋ + Kx = −MIs̈e − Bfd (4)

whereM, C, and K are the mass, damping, and stiffness matrixes
of the steel frame structure, respectively; x is an n-dimensional
vector to represent the displacement response of each floor
of the steel frame structure relative to the ground; I is an n-
dimensional column vector with 1 for each element; s̈e is the
seismic acceleration; B is an n-dimensional vector to show the
number of MR dampers installed on each floor of the steel
frame structure; fd is an n-dimensional vector of control forces
generated by MR dampers at each floor.

PARTICLE SWARM OPTIMIZATION
ALGORITHM

Based on the social behavior of bird flocking, fish schooling, and
swarming theory, James Kennedy and Russell Eberhart proposed
PSO algorithm in 1995 (Eberhart and Shi, 2001). That means, the
birds in the group are abstracted into “particles” without mass
and volume. Through the mutual cooperation and information
sharing of these “particles,” the speed of their movement is
affected by the information of the historical movement status of
the group and themselves. The historical optimal position affects
the current motion direction and motion speed of the particles
and can better coordinate the relationship between the particles
themselves and the group motion, and find the optimal solution
in a complex solution space.

The Original Version PSO Algorithm
In an m-dimensional problem space there is a particle swarm,
and zi is the current position of the i-th particle; vi is the current
velocity of the i-th particle; pi is the optimal position experienced
by the i-th particle in the particle group, which is called the
optimal position of the individual; pg is the optimal position of
the all particles of the swarm that were experienced, which is
called the global optimal position. Then the evolution equation of
the original version PSO algorithm can be described as Eberhart
and Shi (2001)

vij(t + 1) = vij(t)+ c1 ∗ rand1( ) ∗ (pij(t)− zij(t))

+ c2 ∗ rand2( ) ∗ (pgj(t)− zij(t)) (5)

zij(t + 1) = zij(t)+ vij(t + 1) (6)

where the subscript j means the j-th dimension of the particle;
the subscript i means the i-th particle in the particle swarm;
t is the t-th generation; c1 represents the cognitive learning
coefficient which is used to adjust the step of particle that
flies toward the best location of itself; c2 represents the social
learning coefficient which is used to adjust the step of a
particle that flies toward the global best position; rand1( ) and
rand2( ) are two independent random functions within the
range of [0,1].

The PSO Algorithm With Constriction
Factor
In order to control the flying speed of the particle effectively
and let the algorithm achieve a balance between global detection
and particle exploitation, that is, in order to ensure convergence
of the particle swarm algorithm, in 1999, Clerc proposed the
PSO algorithm with constriction factor (Clerc, 1999). In 2000,
Eberhart and Shi simplified the constriction factor and enhanced
its practicality (Eberhart and Shi, 2000). The velocity evolution
equation of the particle swarm algorithm with constriction factor
can be described as

vij(t + 1) = k ∗ (vij(t)+ c1 ∗ rand1( ) ∗ (pij(t)− zij(t))

+ c2 ∗ rand2( ) ∗ (pgj(t)− zij(t))) (7)
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k =
2

∣

∣

∣
2− ϕ −

√

ϕ2 − 4ϕ
∣

∣

∣

, where ϕ = c1 + c2, ϕ > 4 (8)

where k represents constriction factor which is a function
of c1 and c2.

PSO ALGORITHM DESIGN OF MR
INTELLIGENT STRUCTURE

In the earthquake mitigation control of an MR intelligent
structure, choosing a reasonable control current for the MR
damper is key to reducing seismic damage to the structure. The
displacement and acceleration responses of the MR intelligent
structure can reflect whether the structure will be damaged or
not. In this case, the displacement, and acceleration responses
control constitute a multi-objective control system in the seismic
mitigation control of the MR intelligent structure. The following
is a detailed description of how to use the PSO algorithm to
accurately select control currents of MR dampers, and then
achieve multi-objective control of the MR intelligent structure
and meet the requirements of building codes.

Definition of Fitness Function
In the PSO control of an MR intelligent structure, a multi-
objective optimal control algorithm is adopted, that is, structural
displacement targets, and structural acceleration targets.
Therefore, the fitness function, namely the objective function
can be set as:

Min F(t) : F(t) = αf1(t)+ βf2(t) (9)

f1(t) =
|xn|

Maxxn
(10)

f2(t) =

|ẍ1|
Maxẍ1

+
|ẍ2|

Maxẍ2
+ · · · +

|ẍn|
Maxẍn

n
(11)

where f1(t) is the objective function of the structural
displacement; f2(t) is the objective function of the structural
acceleration; α and β are weighting coefficients and α + β = 1;
t represents the t-th moment; xn represents the n-th floor
displacement of the structure; ẍn represents the n-th floor
acceleration of the structure; Maxxn and Maxẍn are the
maximum allowable displacement and acceleration response of
the n-th floor of the structure.

It can be seen from Equation (9) that weighting coefficients
α and β determine the weight relationship between the
displacement target and the acceleration target in fitness
function. According to the seismic requirements buildings
and building codes, during the earthquake, the magnitude of
the structural displacement is closely related to the safety of
structures, which is the main control target. The structural
acceleration is mainly to affect the safety of the internal furniture
or equipment of the structure, which is the secondary control
target. So, in general, 0 ≤ β < α ≤ 1.

In Equation (10), according to the seismic requirements
buildings and building codes (China Building Code Compilation
Group, 2001),Maxxn can be determined.When the structure is in

an elastic state, the structural maximum inter-story displacement
response is h/550 (h is the floor height of the structure), so
Maxxn can be set as h/550 in the fitness function. When the
structure is in an elastoplastic state, the structural maximum
inter-story displacement is h/50 .

Choice of PSO Algorithm
In the PSO control of the MR intelligent structure, the PSO
algorithm with constriction factor proposed by Clerc (1999) was
chosen, as shown in the Equation (3) and (4). The constriction
factor k in the algorithm is more effective in controlling and
constraining the flight speed of the particles, at the same time,
enhancing the local search ability of the algorithm (Eberhart and
Shi, 2000).

Termination Condition Setting of PSO
Algorithm
In the PSO control of the MR intelligent structure, the
termination condition of the PSO algorithms is whether the
structural displacement response and the acceleration response
meet the seismic requirements buildings and building codes.
That is, when the displacement response and the acceleration
response are less than the preset maximum value, the search for
the optimal solution can be terminated, and the corresponding
control current (or voltage) value of the MR damper is output.
The setting of the termination conditions can not only ensure the
safety of building structures but also ensure the rapid selection of
the control current (or voltage) of the MR damper.

NUMERICAL ANALYSIS

Modeling and simulation analysis of a five-floor steel frame
structure with one MR damper installed on each floor are carried
out in MATLAB to verify the correctness and effectiveness
of the designed PSO algorithm. The parameters of the five-
floor steel frame structure are the each-floor mass: m =

[2.60 2.30 2.30 2.30 2.30]× 104 kg; the each-floor initial stiffness:
k = [2.06 2.32 2.32 2.32 2.32] × 107 N/M; the each floor height:
h = [3.9 3.3 3.3 3.3 3.3]m. The Newtonian viscosity η is 0.9
Pa· s (Yang et al., 2002) in the Equation (1). Parameters in the
Equation (2) are A1 = -11374, A2 = 14580, and A3 = 1281.
Parameters in the equation (3) are Ld = 400mm, hd = 2mm,
and D = 100mm. Parameters of the designed PSO algorithm
are: the size of particle swarm is 30, the particle dimension is 5,
the weighting coefficient in fitness function α = 0.7 and β = 0.3,
the cognitive learning coefficient c1 = 2.8, the social learning
coefficient c2 = 1.3. El-Centro seismic waves and Taft seismic
waves with 200 gal acceleration amplitude are selected, and the
sampling time is 0.02 s.

In the numerical analysis, El Centro seismic waves first are
used for the seismic excitation of different structures, and the
seismic responses of the PSO control structure are compared
with those of the passive control structures and the uncontrolled
structure. Figure 4 shows the structural 5th floor responses of the
PSO control and the uncontrolled structure. It can be obtained
from Figure 4 that under the PSO algorithm the structural
displacement and acceleration responses of the structure both
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FIGURE 4 | The structural 5th floor response of the PSO control and the uncontrolled structure (El-Centrol). (A) The displacement response. (B) The acceleration

response.

FIGURE 5 | The structural 5th floor response of the PSO control and the ON-control structure (El-Centrol). (A) The displacement response. (B) The acceleration

response.

are effective. Under the PSO algorithm, the structural 5th floor
maximum displacement response is 19.3mm, which is effectively
reduced by 66.43% compared to that of the uncontrolled
structure, 57.5mm. And under the PSO algorithm, the structural
5th floor maximum acceleration response, 5.90 m/s2, is reduced
by 10.58% compared to that of the uncontrolled structure, 6.60
m/s2. That is because, in order to ensure the safety of the
structure, it is necessary to increase the stiffness of the MR
damper by increasing the control currents of the MR damper to
reduce the structural displacement responses. It means the more
stiffness increases, the more displacement response decreases.
But when the stiffness is increased, the structural acceleration
responses will also be affected. Moreover, the large stiffness
will lead to the increase of the structural acceleration response

frequency and excessive stiffness will lead to the amplification of
acceleration amplitude. That is, the large stiffness is unfavorable
to the control of structural acceleration responses.

To further illustrate the effectiveness of the PSO algorithm,
the structural displacement and acceleration responses of the
PSO control structure are compared with those of the ON-
control structure and the OFF-control structure. The ON-control
method and the OFF-control method belong to the passive
control method. For the control current of the MR damper,
when it is set as the maximum current level (2A), the control
method is the ON-control method; when it is set as the minimum
current level (0A), the control method is the OFF-control
method. Figure 5 shows the structural 5th floor responses of
the PSO control and the ON-control structure. Figure 6 shows
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FIGURE 6 | The structural 5th floor response of the PSO control and the OFF-control structure (El-Centrol). (A) The displacement response. (B) The

acceleration response.

FIGURE 7 | The maximum response comparison of each floor under different control method (El-Centrol). (A) The maximum displacement response. (B) The

maximum acceleration response.

TABLE 1 | The maximum displacement responses comparison of each floor (El-Centro).

Floor Maximum displacement (mm) Reduction rate of the PSO algorithm compared with other

control algorithms (%)

PSO ON OFF Uncontrolled ON OFF Uncontrolled

1 7.8 4.9 14.6 16.8 −59.18 46.58 53.57

2 12.8 8.5 27.7 30.5 −50.58 53.79 58.03

3 16.4 11.6 39.5 43.3 −41.37 58.48 62.12

4 18.5 13.7 48.0 52.7 −35.03 61.46 64.90

5 19.3 14.8 52.2 57.5 −30.40 63.03 66.43

the structural 5th floor responses of the PSO control and the
OFF-control structure.

It can be obtained from Figure 5 that the displacement
responses of the PSO control structure are inferior to those of

the ON-control structure. However, the acceleration responses
of the PSO control structure are far superior to those of the
ON-control structure. Under the PSO algorithm, the structural
5th floor maximum displacement response is 19.3mm, which
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TABLE 2 | The maximum acceleration responses comparison of each floor (El-Centrol).

Floor Maximum acceleration (m/s2) Reduction rate of the PSO algorithm compared with other

control algorithms (%)

PSO ON OFF Uncontrolled ON OFF Uncontrolled

1 1.66 5.21 2.83 2.36 68.13 41.32 29.59

2 2.76 5.77 3.91 3.87 52.11 29.39 28.70

3 3.99 5.79 4.47 4.88 30.94 10.52 18.09

4 4.88 5.76 5.35 6.00 15.25 8.75 18.61

5 5.90 7.12 5.75 6.60 17.11 -2.63 10.58

FIGURE 8 | Control currents of MR dampers of each floor of the PSO control structure (El-Centrol). (A) The 1st floor control currents. (B) The 2nd floor control

currents. (C) The 3rd floor control currents. (D) The 4th floor control currents. (E) The 5th floor control currents.

is effectively reduced by −30.40% compared to that of the
uncontrolled structure, 14.8mm. But under the PSO algorithm,
the structural 5th floor maximum acceleration response, 5.90

m/s2, is reduced by 17.11% compared to that of the uncontrolled
structure, 7.12 m/s2. This is because under ON-control method
the control currents applied to MR dampers are always the
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maximum current 2A, this inevitably makes the structural
stiffness always very large. In this case, as mentioned above,
the structural displacement responses must be significantly
improved. However, the cost is that the frequency and amplitude
of the structural acceleration responses are obviously amplified,
which is not expected in the control process.

It can be obtained from Figure 6 that the displacement
responses of the PSO control structure are significantly better
than those of the OFF-control structure but the acceleration
responses of the PSO control structure are not as much as
those of the ON-control structure. Under the PSO algorithm, the
structural 5th floor maximum displacement response is 19.3mm,
which is effectively reduced by 63.03% compared to that of the
uncontrolled structure, 52.2mm yet under the PSO algorithm,
the structural 5th floor maximum acceleration response, 5.90
m/s2, is reduced by−2.61% compared to that of the uncontrolled
structure, 5.75 m/s2.

Figure 7 shows the maximum seismic responses of each floor
under different control methods. Table 1 lists the maximum
displacement responses as a numeric comparison of each floor
under different control methods. Table 2 lists the maximum
acceleration responses as a numeric comparison of each floor
under different control methods. It can be seen that for the
displacement responses of each floor, the PSO control algorithm
is slightly inferior to ON-control method, however, its shock
absorption effect has reached the seismic requirements of the
buildings and building codes and the reduced amplitude of
each floor relative to the uncontrolled structure is also reduced
by a minimum of 53.57%. For the maximum acceleration
response of each floor, the ON-control method not only fails
to reduce the maximum amplitude of each floor, but also
causes a large scale-up. This is mainly due to the fact that
the maximum current (2A) is always given to the MR damper
in each floor under ON-control method, which makes the
structural stiffness increase too much. Nonetheless, the PSO
algorithm reduces the maximum acceleration of each floor
to a certain extent because it can define more appropriate
control currents according to the fitness function, which makes
sure that structural displacement responses and acceleration
responses are reduced as much as possible at the same
time.

Figure 8 shows control currents of MR dampers of each floor
of the PSO control structure. Figure 9 shows control currents vs.
forces of the 5th floor of the PSO control structure. It can be
seen in Figure 8 that control currents applied to MR dampers
at each time are completely different and most currents are
<1.5A in most of the time. It can not only effectively reduce
the damage to building structures caused by earthquakes, but
also reduce energy waste as much as possible. It can be seen in
Figure 9 that the amplitude of damping force produced by the
MR damper increases with the increase of the control current.
In addition, it can be seen that there are positive and negative
damping forces, and sometimes there are different damping
forces under the same control current such as 0.5A, because
the damping force generated by the MR damper is related not
only to the control current, but also to the speed of the MR
damper at the current moment. Therefore, in the case of the
same current, if the direction and/or magnitude of velocity is

FIGURE 9 | Control currents vs. forces of the MR damper of the 5th floor PSO

control structure (El-Centrol).

different, the damping force generated by the MR damper is
also different.

When the earthquake excitation is changed, is the PSO
control algorithm still valid? Taft seismic waves are used as
the earthquake excitation to illustrate the effectiveness the
PSO control algorithm under different the earthquake excitation.
Figure 10 shows the maximum seismic responses of each floor
under different control methods due to Taft earthquake. Table 3
lists the maximum displacement responses numeric comparison
of each floor under different control methods. Table 4 lists the
maximum acceleration responses numeric comparison of each
floor under different control methods. It can be obtained that
similar to El-Centro seismic excitation, for the displacement
responses of each floor, the PSO control algorithm is slightly
inferior to ON-control method, however, its shock absorption
effect has reached the seismic requirements of buildings and
building codes, moreover, and the reduced amplitude of each
floor relative to the uncontrolled structure is also reduced by a
minimum of 44.29%. For the maximum acceleration response
of each floor, the PSO algorithm can reduce the maximum
acceleration of each floor to a certain extent, and it works better
than other methods.

CONCLUDING REMARKS

In the PSO control of the MR intelligent structure, both
the structural displacement and acceleration responses are
the control objectives, so a multi-objective control algorithm
is required. In this paper, the PSO algorithm as a multi-
objective optimal control method for the MR intelligent
structure is investigated, and numerical analysis for a five-
floor structure with one MR damper installed on each floor
under different seismic excitation is carried out. Simulation
results of the PSO control structure are compared with those
of the ON-control structure, the OFF-control structure and the
uncontrolled structure. The following conclusions are obtained
from this study.
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FIGURE 10 | The maximum response comparison of each floor under different control method. (A) The maximum displacement response. (B) The maximum

acceleration response.

TABLE 3 | The maximum displacement responses comparison of each floor (Taft).

Floor Maximum displacement (mm) Reduction rate of the PSO algorithm compared with other

control algorithms (%)

PSO ON OFF Uncontrolled ON OFF Uncontrolled

1 3.9 3.1 5.1 7.0 −25.80 23.52 44.29

2 6.3 5.2 8.5 12.6 −21.15 25.88 50.00

3 8.1 7.1 11.2 16.7 −14.08 27.67 51.49

4 9.7 8.3 13.6 19.3 −16.86 28.67 49.74

5 10.8 8.8 15.5 20.8 −22.72 30.32 48.07

TABLE 4 | The maximum acceleration responses comparison of each floor (Taft).

Floor Maximum acceleration (m/s2) Reduction rate of the PSO algorithm compared with other

control algorithms (%)

PSO ON OFF Uncontrolled ON OFF Uncontrolled

1 1.53 5.83 1.70 2.00 73.76 10.14 23.43

2 1.93 7.25 2.45 2.76 73.24 21.00 29.74

3 2.49 7.44 2.32 2.82 66.52 -7.36 11.78

4 2.66 8.87 2.58 2.68 69.94 -3.46 0.56

5 2.98 7.64 3.00 3.31 60.94 0.62 9.82

In the seismic control of structures, the magnitude of
structural displacement responses is related to the safety of
building structures, and the structural acceleration responses
are related to the destruction of the internal appendages and
furniture of the structure, and even the safety of people in it.
Therefore, the weighted sum of structural displacement and
acceleration is selected as the fitness function in the PSO control
algorithm. The simulation results show that the selection of the
fitness function is reasonable and effective.

Whether with El Centro seismic waves or Taft seismic
waves as the seismic excitation, under the PSO algorithm,

the structural displacement responses can be significantly
reduced, meanwhile the structural acceleration responses also
can be reduced to some extent, while the reduced amplitude
is relatively small. This is mainly because in the seismic
control of building structures, the displacement control is more
important than the acceleration control, the weight of the
displacement is greater than that of the acceleration in the
fitness function.

ON-control method can reduce the structural displacement
responses very-well and the result is better than that of the PSO
method. However, since the control current is always set to the
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maximum, the structural stiffness is always very large, and finally
the structural acceleration responses is greatly amplified.
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Concrete-filled steel tube (CFST) columns are increasingly used in composite

construction. Under axial compression, the steel tube will sustain partial axial force

and meanwhile provides the confinement to the infill concrete. The high axial strength

capacity of CFST columns is largely related to the confinement provided by the steel

tube. Extensive studies on CFST columns have been conducted. Nevertheless, how to

quantify the efficiency of confinement effect in CFST columns using concrete with different

strength grades is still missing. To address this issue, a series of compressive loading

tests on CFST columns were conducted in present study. The variable parameters

studied include concrete strength and diameter-to-thickness ratio of the steel tube. Six

CFST stub columns in total were designed and tested under uniaxial compression.

Axial strength, stress state in the steel tube, confined concrete strength and confining

pressure acting on the infill concrete were carefully investigated. Test results show that

the confinement factor (defined as the ratio of the nominal strength of empty steel tube to

that of the unconfined concrete) is the most dominant factor influencing the confinement

effect, and a larger confinement factor gives higher confinement effect. The low-strength

concrete exhibits better performance of ductility and confinement compared with the

high-strength concrete. The index of equivalent confining pressure was used to quantify

the level of passive confinement provided by the steel tube in CFST columns. Based on

the test results, a method to quickly quantify the confining pressure provided by the steel

tube was proposed.

Keywords: concrete filled steel tube, confinement effect, confined concrete, active confining, passive confining

INTRODUCTION

Concrete-filled steel tube (CFST) columns are increasingly used in the construction of highrise
buildings which require high strength and large working space especially at lower stories. As
compared to reinforced concrete columns, existence of the exterior steel tube not only bears a
portion of axial load but alsomost importantly provides confinement to the infill concrete.With the
confinement provided by the steel tube, axial strength of the infill concrete can be largely enhanced.
Also, the restraining effect of the infill concrete can prevent or at least delay the local buckling of
the steel tube. This interaction between the infill concrete and steel tube together contributes to the
high strength and good ductility.
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Within the domain of researches focusing on confined
concrete, there were basically two categories according to the
way how the confinement was applied, active confining and
passive confining. In the study of actively confined concrete,
the confining pressure was either initially increased to a target
value and then kept constant or increased from zero to the
target value and then kept constant (Imran and Pantazopoulou,
1996; Lim and Ozbakkaloglu, 2015; Zhao et al., 2018). In
active confining, a significant level of confining pressure is
applied to the concrete from the very beginning. While in
CFST columns, the steel tube provides confinement to the infill
concrete in a passive way. At very small axial shortening, there
is basically no confining pressure applied to the infill concrete
because of the larger Poisson’s ratio of the steel than that of
concrete. The confining stress from the steel tube develops slowly
even when the concrete stress reaches 80% of its unconfined
compressive strength (Kinoshita et al., 1994). Also, with the
increase of axial shortening, the efficiency of confinement
degrades after the steel tube enters into the inelastic outward
buckling. Therefore, the confinement of the passively confined
concrete as in CFST columns is different from that in the actively
confined concrete. Nevertheless, many compressive strength
models for the confined concrete adopt the results of actively
confined concrete (Mander et al., 1988; Attard and Setunge,
1996). Meanwhile, among many types, CFST columns using
circular steel tubes are considered more effective in obtaining
high compressive strength and ductility. In the previous study
on circular CFST columns, primary research focuses include
diameter-to-thickness ratio of the steel tube (Sakino et al.,
2004; Han et al., 2005; Gupta et al., 2007; Abed et al., 2013),
concrete strength (Giakoumelis and Lam, 2004; Yu et al., 2007;
Lam and Gardner, 2008), bond behavior between steel tube
and concrete (Xue et al., 2012; Liao et al., 2013; Tao et al.,
2016; Chen et al., 2017), etc. Many studies conclude that the

FIGURE 1 | Stress state: (A) axial direction; (B) steel tube and infill concrete; (C) free body diagram.

confinement effect from the exterior steel tube to the infill
concrete is the key parameter in CFST columns and various
means to enhance the confinement effect have been reported
(Hu et al., 2011; Ho and Lai, 2013; Lai and Ho, 2015; He et al.,
2018; Shen et al., 2019). The level of confinement in active
confining is quite straightforward and the confining pressure can
be directly adopted as a direct index in quantification. However,
different from active confining, the confining pressure in CFST
columns is not constant. So far, there is still less work available
yet regarding the quantification of the confinement effect in
CFST columns.

This paper aims to quantify the passive confinement effect
in CFST columns. To address this, a series of CFST column
specimens with infill concrete of different strength grades were
designed and uniaxially compressed. Axial strength, stress state
of steel tube and development and quantification of confinement
effect were carefully investigated.

STRESS STATE OF STEEL TUBE

For CFST columns under axial compression, the axial load N is
sustained by both the steel tube (σz) and infill concrete (σcc), as
shown in Figure 1. The stress component σθ of the steel tube
is the source for the lateral confining pressure σr applied to the
infill concrete. With the existence of σr , the concrete compressive
strength is largely enhanced. In the actively confined concrete, the
confined concrete strength, fcc, can be estimated by the following
equation (Mander et al., 1988):

fcc = fc + kσr (1)

where fc is the compressive strength of unconfined concrete; k is
a confinement coefficient, the value of which depends on the infill
concrete; and σr is the lateral confining pressure.
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The value of the confinement coefficient k is often taken
as 4.1 after the work by Richart et al. (1928). Though
k should be a function of the concrete mix, its value
is not much different for stronger or weaker concrete
(Imran and Pantazopoulou, 1996).

In CFST columns, the lateral confining pressure can be
calculated according to the force equilibrium condition of the
cross section. As it can be seen from Figure 1C, the equilibrium
of σr and σsθ gives

(D− 2t)σr = −2tσθ (2)

whereD is the external diameter of the steel tube, and t is the steel
tube thickness.

Once the hoop stress in the steel tube is obtained, the
confining pressure provided by the steel tube to the infill concrete
can be estimated.

Rewriting Equation 2 gives

σr =
−2t

D− 2t
σθ (3)

Compressive strength of the infill concrete can be obtained by

subtracting the force undertook by the steel tube from the overall

axial strength of the column as follows.

fcc =
N − σzAs

Ac
(4)

where fcc is the compressive stress of the infill concrete; N is the
axial load; As and Ac are the cross-sectional area of steel tube and
concrete, respectively; and σz is the axial stress in the steel tube.

For the thin-walled steel tube, the vonMises yield criterion can
be applied. Under both axial stress component σz and the hoop
stress component σθ , the equivalent stress σe can be determined
as follows.

σe =
√

σθ
2 − σθσz + σz2 (5)

In this study, elastic-perfectly plastic model is assumed for the
tube steel. By comparing the equivalent stress σe with the yield
stress, the steel tube can be identified to being yielding or not.
The stress state of the steel tube can be calculated using the strain
increment method (Hu et al., 2011). In the elastic range, the stress
state is calculated by the generalized Hooke law:

{

dσ i
z

dσ i
θ

}

=
Es

1− ϑ2

[

1 ϑ

ϑ 1

]{

dεiz
dεiθ

}

(6)

TABLE 1 | Summary of test specimens.

Specimen D (mm) t (mm) D/t fc (N/mm2) fs (N/mm2) λ=
fsAs
fcAc

N0 (kN) Nu
N0

1 165.2 3.7 44.6 29.5 366.0 1.19 1,264 1.13

2 165.2 3.7 44.6 43.5 366.0 0.81 1,538 1.09

3 165.2 3.7 44.6 58.0 366.0 0.61 1,821 1.15

4 165.2 3.7 44.6 81.6 366.0 0.43 2,283 1.10

5 230.0 2.3 100.0 32.0 360.8 0.46 1,870 1.06

6 230.0 2.3 100.0 64.0 360.8 0.23 3,147 1.04

FIGURE 2 | Test setup: (A) diagram; (B) photograph in test.
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where σz and σθ are the axial stress and hoop stress, respectively;
εz and εθ are the axial strain and hoop strain, respectively; Es is
the elastic modulus; ϑ is Poisson’s ratio of the steel tube; and i is
the present strain increment number.

For the elastic-plastic range, the stress increments are
calculated from strain increments by the following equation:

{

dσ i
z

dσ i
θ

}

=
Es

1− ϑ2

[

1− s2a/sc ϑ − sasb/sc
ϑ − sasb/sc 1− s2

b
/sc

] {

dεiz
dεiθ

}

(7)

sa = sx + ϑsθ (8)

sb = sθ + ϑsx (9)

sc = s2x + s2θ + 2ϑsxsθ (10)

sx =
1

3
(2σ i−1

z − σ i−1
θ ) (11)

sθ =
1

3
(2σ i−1

θ − σ i−1
x ) (12)

where sx and sθ are the deviatoric strain and stress, respectively.
After obtaining the axial and hoop stresses of the steel tube

based upon the measured axial and hoop strains at each loading
step and the above equations, the confined concrete strength can
be estimated according to Equation 4.

EXPERIMENTAL PROGRAM

Test Specimens
All specimens were designed to have a same length-to-diameter
ratio of 3 to ensure stub column behavior. Table 1 gives the
summary of the six specimens designed. Basically, they can be
divided into two groups, Specimens 1–4 are in Group 1 with
a tube diameter of 165.2mm and thickness of 3.7mm, and
Specimens 5 and 6 in Group 2 use a tube diameter of 230mm
and thickness of 2.3mm. The concrete was commercial ready-
mixed concrete with normal mixing and curing techniques. The
concrete strength of Specimens in Group 1 used four grades,
with cylinder (with a diameter of 100mm and height of 200mm)
compressive strengths of 29.5, 43.5, 58.0, and 81.6 N/mm2,
respectively; Specimens in Group 2 used two grades of concrete,
with cylinder compressive strengths of 32.0 and 64.0 N/mm2,
respectively. All steel tubes were cold-formed carbon steel and
seam welded by machine welding. To get the basic mechanical
property of the steel material, three coupons were randomly
cut from the steel tube and were tested according to standard
procedures (Davis, 2004). The yield strengths of the steel tube
were found to be 366.0 MPa for Group 1, and 360.8 MPa for
Group 2, respectively. Before casting the infill concrete, the inner
surface of the steel tube was smeared with a thin layer of grease
to reduce the friction between the steel tube and concrete.

Test Setup and Instrumentation
All specimens were subjected to monotonic axial compression
exerted by a universal testing machine with a maximum capacity
of 5,000 kN. At two end surfaces of the CFST column, two
steel plates with a thickness of 50mm were used to ensure even
axial compression. Monotonic axial loading with displacement
control was applied. For displacement control, axial shortening,

FIGURE 3 | Failure modes: (A) specimen 1; (B) specimen 2; (C) specimen 3;

(D) specimen 4; (E) specimen 5; (F) specimen 6.

the relative displacement between the top and bottom steel plates,
was recorded and used as the actual compressive deformation.
Two linear variable differential transducers (LVDTs) with a stroke
of 50mm was installed in parallel with the longitudinal axis of
specimens to measure the axial shortening, as shown in Figure 2.
To measure the strain state of the steel tubes, two bidirectional
strain gauges were installed on the external surface of the steel
tube at the mid-height.

TEST RESULTS AND DISCUSSIONS

All specimens were centrally compressed. The compression
loading was stopped when either the maximum axial shortening
reached 5% of column length or axial strength dropped sharply.

General Observation
All loadings went smooth without brittle deformation observed.
Figure 3 shows the final failure mode of all six specimens. All
of them experienced similar failure mode, such as the outward
buckling of the steel tube at both ends at large axial shortening
and continuous expansion at the mid-height. For Specimens 4
and 6 using high-strength infill concrete, cylinder compressive
strength of 81.6 and 64.0 N/mm2 respectively, exhibited clear
sign of concrete crushing at the mid-height, which indicated the
brittle characteristic of the high-strength concrete.

Axial Strength Capacity
In order to compare the results, the nominal axial strength of
CFT columns is defined as N0 = fsAs + fcAc, where fs is steel
tube yield strength; As is the sectional area of steel tube; fc is
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FIGURE 4 | Axial load-deformation curves: (A) fc = 29.5, λ = 1.19; (B) fc = 43.5, λ = 0.81; (C) fc = 58.0, λ = 0.61; (D) fc = 81.6, λ = 0.43; (E) fc = 32.0, λ =

0.46; (F) fc = 64.0, λ = 0.23.

concrete cylinder compressive strength; and Ac is the sectional
area of concrete.

Figure 4 shows the measured axial load vs. compressive
deformation for all specimens. The ordinate is the normalized
axial strength, defined as themeasured axial loadN divided by the
nominal axial strength N0, and the abscissa of axial shortening is
the ratio of axial displacement measured by LVDTs to the height
of columns. The most obvious difference in the load-deformation
curves is the post-peak behavior. Only Specimen 1 demonstrated
hardening behavior while the rest specimens showedmore or less
softening. Specimen 6 showed the sharpest decrease of strength
beyond the peak strength and its deformability was the worst
with the maximum axial displacement of only about 1% of the
column length. Its axial strength dropped to less than half of the
peak strength almost right after reaching the peak strength. Such
a sudden decrease of axial strength needs to be avoided in view
of collapse resistance capacity of the building. For specimens in
both Group 1 and Group 2, low-strength concrete demonstrated
less post-peak strength decrease than high-strength concrete.

The width-to-thickness ratio of specimens in Group 2 is much
larger than that of specimens in Group 1. While there is no
clear difference in the shape of axial load-deformation curve,
which means the width-to-thickness of the steel tube is not the
controlling parameter for the post-peak behavior. As listed in the
last column of Table 1, there is no much difference among the
maximum normalized axial strength (Nu

N0
) for all the specimens,

with the value of Nu
N0

ranging between 1.04 and 1.15.

Strain State of Steel Tube and Calculated
Stress
As introduced in the section of instrumentation, both the axial
and hoop strains in the steel tube were measured by electrical
strain gauges. The recorded strain readings were given in
Figure 5. The ordinate of “nominal axial stress” was the ratio of
axial load divided by the whole sectional area. With the increase
of axial load, both the axial and hoop strains in the steel tube
increased. In the linear branch, the absolute value of axial strain
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FIGURE 5 | Recorded strain data: (A) fc = 29.5, λ = 1.19; (B) fc = 43.5, λ = 0.81; (C) fc = 58.0, λ = 0.61; (D) fc = 81.6, λ = 0.43; (E) fc = 32.0, λ = 0.46; (F)

fc = 64.0, λ = 0.23.

was about 3 times that of the hoop strain. Beyond the peak
strength, Specimen 1 exhibited the most stable development of
both axial strain and hoop strain, and Specimen 6 showed the
most abrupt decrease of axial strain and hoop strain.

Substituting the recorded strain data into Equations 6 and 7
gives the axial stress σz and hoop stress σθ of the steel tube, as
shown in Figure 6. It is clear that the axial stress component was
much larger than the hoop stress component. For instance, at
an axial shortening of 0.5%, the axial stress in the steel tube of
Specimen 1 was about 4 times the hoop stress; for Specimen 6,
the ratio was about 25. In view of providing confinement to the
infill concrete through the hoop stress component, the steel tube
is far from being fully used.

Confinement Effect
The improved compressive strength of CFST columns is ascribed
to the confinement provided by the steel tube to the infill
concrete. The confinement effect is usually quantified by the

confinement factor λ, expressed by λ =
fsAs

fcAc
in which As and

Ac are the cross-sectional area of steel tube and concrete; and fs
and fc are the strength of steel and concrete, respectively.

As described in a previous session, the maximum normalized
axial strength (Nu

N0
) for specimens with different λ values was not

much different for all the specimens. However, after the reaching
of the maximum axial strength, the post-peak behavior was
closely related to the value of λ. Specimens with a larger λ showed
better ductility, which also answered the hardening or softening
behavior in the axial load-deformation curves. For Specimens 4
and 5 having similar confinement factor, Specimen 5 using low
strength concrete exhibited smaller decrease of axial strength. For
instance, nominal axial strength deceased to 0.95 for Specimen
5 at an axial shortening of 1.5%, while 0.79 for Specimen 4

using high strength concrete. Further loading of Specimen 5 was

terminated after a drift ratio of 1.6% due to the malfunction of
LVDT sensor rather than the sharp decrease of strength as in

other specimens. Smaller strength decrease can be expected in
CFST columns using low strength concrete. Specimen 6 with

the smallest value of λ demonstrated the most serious strength
degradation beyond the peak strength.
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FIGURE 6 | Calculated stress data: (A) fc = 29.5, λ = 1.19; (B) fc = 43.5, λ = 0.81; (C) fc = 58.0, λ = 0.61; (D) fc = 81.6, λ = 0.43; (E) fc = 32.0, λ = 0.46; (F)

fc = 64.0, λ = 0.23.

It is also can be seen from Figure 6 that the value of λ

influenced the ratio of axial stress to hoop stress of the steel
tube. For the four specimens with the same overall dimensions
in Group 1, the smaller the value of λ was, the larger the
ratio became. For instance, at an axial shortening of 0.5%, the
ratios were 4.2, 5.6, 12.0, and 29.0 for Specimens 1, 2, 3, and
4, respectively. The two specimens in Group 2 had the similar
pattern. According to Equation 3, the hoop stress component
is the source for confinement. The smaller ratio between axial
stress and hoop stress meant larger hoop stress and thus larger
confinement. However, the strength grade of infill concrete also
had an influence on the value of confinement. For Specimens 4
and 5 having a similar value of λ, the ratio of Specimen 5 using
low strength concrete was about one third of that of Specimen
4, which indicated that the confinement in CFST columns using
low strength infill concrete was greater.

After obtaining the axial stress and hoop stress in the steel
tube, the confining pressure applied by the exterior steel tube
to the infill concrete can be calculated according to Equation 3;
the confined concrete strength can be calculated according to
Equation 4. Figure 7 shows the relationship between the confined

concrete strength and confining pressure, with the abscissa being
the normalized confined concrete strength defined by the ratio
between the confined concrete strength and unconfined concrete
strength. It is clear that the confining pressure is not constant in
CFST columns. The confining pressure increased from zero to a
nearly constant value eventually. The confined concrete strength
increased with the increase of confining pressure. The larger the
value of λ is, the larger the confining pressure, which is consistent
with the previous discussion.

For actively confined concrete with constant confining
pressure, the relationship between the compressive strength and
confining pressure can be given by the following equation (Zhao
et al., 2018):

fcc = fc + 2.2f 0.3c σ 0.81
r (13)

To quantify the level of confinement effect in passively
confined CFST columns, Equation 13 can be adopted as an
equivalent method. The level of confinement effect in CFST
columns can be estimated by the equivalent confining pressure
which gives the same confined concrete strength in the actively
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FIGURE 7 | Relationship between confined concrete strength and confining

pressure.

FIGURE 8 | Equivalent confining pressure.

confined concrete. Equation 13 was also plotted in Figure 7

in dashed line. The intersections were the equivalent confining
pressure for each specimen. Figure 8 gives the relationship
between the confinement factor λ and equivalent confining
pressure σreq. From a regression analysis, the equivalent
confining pressure in CFST columns can be roughly estimated
as follows.

σreq = 3.59λ − 0.68 (14)

The mean and coefficient of variance of the ratio of estimation
according to Equation (14) to tested values are 1.0209 and
0.3255, respectively.

To this end, knowing the confinement factor of a CFST
column, the level of confinement effect can be quickly estimated.

CONCLUSIONS

This study worked on the confinement effect in CFST columns
and a method to quantify the equivalent confining pressure
applied to the infill concrete by the steel tube was developed. The
major findings are summarized as follows:

(1) The confinement factor was verified as the key parameter
for the axial load carrying capacity. Basically, a larger
confinement factor gave smaller post-peak axial
strength decrease and larger ductility. With the similar
confinement factor, the low-strength concrete exhibited less
strength decrease.

(2) The confinement factor was directly related to the level of
confining pressure provided by the steel tube to the infill
concrete. The strength grade of infill concrete also influenced
the confining pressure and CFST columns using low-
strength infill concrete showed greater confining pressure.

(3) The stress state of the steel tube and the confined concrete
strength were analyzed. To quantify the confinement level in
CFST columns, the concept of confining pressure in actively
confined concrete was adopted and an index of equivalent
confining pressure was proposed. An equation capable of
quickly estimating the passive confining pressure in CFST
columns was proposed.
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In this study, a finite element (FE) analysis of a composite joint with the concrete-filled

steel tubular (CFST) column and steel beam, with a through bolt-extended endplate,

was carried out in a progressive collapse. The reasonable constitutive model of a steel

plate, through bolt and core concrete materials under a large deformation were selected,

and the comprehensive fracture criterion and damage evolution path of the ductile

damage, shear damage and mixed damage modes based on the stress triaxiality, were

considered in the steel constitutive structure, respectively. The accuracy of the modeling

method andmaterial constitutive, was verified by a comparison of the overall deformation

processes, failure modes and resistances of joints, with both experimental and FE

results. A typical composite joint, with the CFST column and steel beam with through

bolt-extended endplate was designed, and four joints were derived for comparison by

adjusting the diameter of the through bolt and the thickness of the extended endplate.

The FE models of these five joints were established to investigate failure modes and

resistance mechanisms by using the ABAQUS/Explicit module. The results showed that

the failure modes of the composite joint with the CFST column and steel beam with

through bolt-extended endplate, can be divided into three types: steel beam and through

bolts failure, through bolts failure, and steel beam failure. The different strengths and

weaknesses between the through bolt, extended endplate and steel beam affect the

progressive collapse resistance of the joint directly. With the increase of the diameter of

the through bolt and the thickness of the extended endplate, the failure mode of the

joint gradually turns from through bolt failure to steel beam failure, and the resistance

and ductility of the joint are enhanced and the anti-progressive collapse ability of the

composite joint, with a CFST column and steel beam with a through bolt-extended

endplate, increases.

Keywords: concrete-filled steel tubular (CFST) structures, through bolt, extended endplate, steel constitutive, core

concrete constitutive, bolt constitutive, steel fracture criterion, progressive collapse
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INTRODUCTION

Progressive collapse is the collapse or the disproportionate
damage from the initial damage of a structure. Since the incident
of Ronan Point apartment in 1958, progressive collapse captured
the public’s attention. After the incident of the World Trade
Center buildings in 2001, studies on progressive collapse entered
a climax (Adam et al., 2018). Yi et al. (2008) conducted an
experimental study on progressive collapse resistance of a four-
bay and three-story reinforced concrete frame and analyzed
the resistance mechanism. Dinu et al. (2016) carried out a
test on a 2 × 2 bay one-story steel frame under column loss,
and the beam to column connection type was a bolt-extended
endplate. The influence of the main and secondary beam
connection was considered in the test in general. Pirmoz and
Liu (2016) carried out an experimental and FE study on a three-
story double-span steel frame against a progressive collapse,
which uses a post-tensioned beam to column connection. Li
et al. (2017) conducted a static test on the 3D reduced scale
steel frame under inter column loss and analyzed the torsion
effect of the main and secondary beam connection mainly.
Wang et al. (2017) established FE models of CFST column to
steel beam frame, using multi-scale modeling under static and
dynamic loads.

As the preliminary resistance of a structural defense against
a progressive collapse, the joint plays an important role in
the frame structure. Recently, many researchers have carried
out large-scale studies on the progressive collapse resistance of
the joint. Sadek et al. (2011) conducted a comparison test of
ordinary steel connections, reduced beam steel connections and
ordinary concrete connections against a progressive collapse.
Yang and Tan (2013) carried out static loading tests on
steel beam to column joints with simple connections and
semi-rigid connections and investigated the failure modes of
joints with different bolt configurations. Oosterhof and Driver
(2015) conducted a study on the shear beam to column
connections under column removal. Wang et al. (2016) carried
out an experimental and FE study on the anti-progressive
collapse of three types of steel tube column to steel beam
substructures. Guo et al. (2013) and Guo et al. (2015) conducted
tests on the steel-concrete composite frames with rigid and semi-
rigid connections, respectively. And Guo et al. (2014) and Gao
et al. (2017) conducted experimental studies on the sagging
moment, hogging moment, and tensile force of these two types of
composite joints. Gong (2017) conducted an experimental study
on the bolted-angle connections against progressive collapse, and
the test results included the deformation and resistance curves

of specimens. Dinu et al. (2017) conducted an anti-progressive

collapse test on four specimens with a three-column double-
span substructure and discussed the influence of rigid and semi-

rigid connections. Xu et al. (2018a) conducted an experimental
study about the resistance of a CFST column to steel beam
with different bolted configurations, and the connection types
covered the flush end-plate, extended the end-plate and stiffened
the angle. Wang et al. (2018) performed an FE analysis of a
CFST column to steel beam with a through-center construct
against a progressive collapse. The characteristics, advantages,
and disadvantages of the failure mode at the beam and at

the column were analyzed, respectively. However, the above-
mentioned research mainly focuses on steel structures and
reinforced concrete structures, while there are few studies on
composite structures such as CFST structures. In addition, there
are few studies on the connections of through bolt-extended
endplate, so it is necessary to carry out the resistance of a
progressive collapse of the composite joint with the CFST column
and steel beam with through bolt-extended endplate.

Indeed, the study of progressive collapse involves the fracture
of metallic materials under a large deformation, including the
fracture criterion and damage evolution path. Early scholars
judged the damage criterion of steel based on the principle
of micro-holes and micro-cracks inside the metal (McClintock,
1968; Roy et al., 1981; Atkins, 1996), and then scholars began
to pay attention to the decisive influence of stress triaxiality on
the damage criterion of steel (Rice and Tracey, 1969; Hancock
and Mackenzie, 1976; Mirza et al., 1996; Rosa et al., 2001;
Bao and Wierzbicki, 2004). The widely used fracture criterion
includes VGM criterion, SMCS criterion and X-W criterion. Rice
and Tracey (1969) proposed the VGM criterion, that is, the
degradation mechanism of nucleation, expansion, aggregation
and shrinkage of the hole. When the material stress and strain
history integral amount reaches a certain value, the material is
judged as damaged. Hancock andMackenzie (1976) proposed the
SMCS criterion, which instead of considering the integral form of
stress triaxiality to plastic strain, assumes that the stress triaxiality
remains unchanged in the damage process. Wierzbicki and Xue
(2005) and Xue (2005) proposed the X-W criterion, which
is mainly based on the equivalent plastic strain accumulation
mechanism, that is, when the internal equivalent plastic strain
accumulation reaches the critical value, the materials begin to
enter the damage state. Xu and Wu (2012) and Xu et al. (2013,
2018b, 2019) carried out damage detection studies of structures
and bridges based on different damage criterion and evolution
processes. Indeed, the damage evaluation criterion and evolution
process of steel at the degradation stage are relatively complex,
moreover, the fracture criterion and damage evolution path of
materials are key issues in the study of joint anti-progressive
collapse. However, previous scholars did not pay much attention
to these two issues, which should be considered in detail.

In this paper, the reasonable steel constitutive model was
selected, and the comprehensive fracture criterion and within
this model, the damage evolution path based on stress triaxiality
was considered. The results of relevant tests were selected to
simulate and verify the accuracy of the modeling method and
material constitutive. One typical composite joint with a CFST
column and steel beam with a through bolt-extended endplate
named SJ-EP-TB-1 was designed, and four joints were derived for
comparison, by adjusting the diameter of the through bolt and
the thickness of the extended endplate. The FE models of these
five joints were established to investigate the failure modes and
resistance mechanisms, using the ABAQUS/Explicit module.

MATERIALS CONSTITUTIVE MODELS

This paper involves the CFST column and the stress of this type of
concrete is more complicated than ordinary concrete. Due to the
interaction between the steel tube and core concrete, the restraint
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of the steel tube on concrete, should be considered. This paper
refers to the constitutive model of the compressive state of core
concrete with a square section, considering the constraint effect
of the steel tube proposed by Han et al. (2007).

y =

{

2x− x2 , x ≤ 1;
x

β·(x−1)η+x , x > 1
(1)

where, x = ε
ε0
, y = σ

σ0
, σ0 = f ′c,

ε0 = εc + 800ξ 0.2 × 10−6, εc =
(

1300+ 12.5f ′c
)

× 10−6,

η = 1.6+
1.5

x
,β =

(

f ′c
)0.1

1.2
√
1+ ξ

In which, ε and ε0 is the concrete compressive strain and
peak compressive strain, respectively. σ and σ0 is the concrete
compressive stress and peak compressive stress, respectively. The
units for stress and strain are N/mm2 and µε, respectively. f ′c is
the cylinder strength of concrete. ξ is the confinement factor, and
is defined as following:

ξ =
ASfy

ACfck
(2)

Where, AS and AC is the cross-sectional areas of the steel and
concrete, respectively. fy is the yield strength of steel and fck is the
characteristic strength of the concrete.

In addition, the ABAQUS/Explicit module is used to analyze
the progressive collapse performance of the substructure, which
involves the tension and compression yield, plastic deformation
and damage evolution of low-alloy steel materials. The reasonable
constitutive models of steel plate and through bolt under large
deformation should to be reconsidered in this paper. The
comprehensive fracture criterion and damage evolution path
of metal ductile damage, shear damage, and mixed damage
modes based on stress triaxiality are considered in the steel
constitutive structure.

The constitutive model before the degradation of steel is
based on the steel plate or reinforcement model proposed
by Esmaeily and Xiao (2005), which is considered as the
stress and strain relationship between the elastic stage,
the yield platform stage, and the strengthening stage
simply. By controlling k1, k2, k3, the shape at the yield
platform stage and the strengthening stage in the uniaxial
tensile stress-strain curve are adjusted (see Figure 1).
The simplified stress-strain relationship is as shown in
Equation (3). In the FE model of this paper, low-alloy
steel plates are used for the steel beam, steel tube and
extended endplate, the values are set as k1 = 3, k2 = 300,
and k3 = 1.4. And the 10.9S high strength bolts are used
for through bolts, with the values set as k1 = 3, k2 = 60,
and k3 = 1.3.

σ =











Esε , ε ≤ εy;

fy , εy < ε ≤ k1εy;

k3fy +
Es(1−k3)

εy(k2−k1)
2

(

ε − k2εy
)2

, k1εy < ε ≤ k2εy

(3)

FIGURE 1 | The constitutive model before the degradation of steel.

Where,
Es is the elastic modulus of steel,
f y is the yield strength of steel,
εy is the yield strain of steel,
k1 is the ratio of the starting strain of the strengthening stage to
the yield strain,
k2 is the ratio of the peak strain to the yield strain,
k3 is the ratio of the peak stress to the yield strength.
According to the relevant test data of low-alloy steel in the real
tensile condition (Chen et al., 2015, 2016, 2017), the stress-strain
curve of steel at the strength degradation stage does not satisfy
the shape characteristics of the second-order parabola, so the
constitutive relationship of the fracture degradation stage of steel
does not adopt the steel model proposed by Esmaeily and Xiao
(2005). Moreover, the damage criterion and evolution process
of steel at the degradation stage are relatively complex. Based
on the X-W fracture criterion proposed by Wierzbicki and Xue
(2005) and Xue (2005), the simplified equivalent plastic strain
formula under the influence of stress triaxiality is proposed with
reference to Yu and Jeong (2010) and Zhou et al. (2014):

ε̄
pl
0 =















∞ , η ≤ −1/3;
C1/ (1+ 3η) ,−1/3 < η ≤ 0;

C1 + (C2 − C1) (η/η0)
2 , 0 < η ≤ η0;

C2η0/η , η0 < η

(4)

Where,
η0 is 0.33,
C1 is the critical plastic damage strain under pure
shear condition,
C2 is the critical plastic damage strain under uniaxial tension
condition, which can be determined by the area reduction rate
(AR) after the material test is interrupted.

C2 = − ln (1− AR) (5)
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The conversion relationship between C1 and C2 can be
determined by the following equations:

C1 = C2

(√
3/2

)1/n
(6)

σ = K(ε)n (7)

Where K and n are steel hardening parameters which can be
derived from the true stress-strain curve, respectively.

Figure 2 shows the relationship between the stress triaxiality
and critical equivalent plastic strain. It can be seen from the
figure that the damage state can be judged by the value of stress
triaxiality: shear damage (−1/3 < η ≤ 0), mixed damage (0 <

η ≤ η0), ductile damage (η0 < η). The comprehensive fracture
criterion for steel used in this paper is to simulate the damage
of steel by inputting the relevant parameters of shear and ductile
damage standard in the ABAQUS material module. The relevant
parameters include the critical equivalent plastic strain, stress
triaxiality, and strain rate. The critical equivalent plastic strain
and stress triaxiality are mainly determined by Equation (4).
Since the influence of the loading rate is not considered in the
model, the strain rate is consistent with the loading rate of the
FE model. In other words, this comprehensive fracture criterion
covers the critical equivalent plastic strain of different damage
modes of steel at the same strain rate.

Figure 3 shows the damage evolution path of steel. As shown
by the red line in the figure, when the true strain reaches the

critical equivalent plastic strain (ε̄
pl
0 ), the steel begins to enter

the damage mode. The falling section of the curve is the damage
evolution path of steel and the true strain is between the critical

equivalent plastic strain (ε̄
pl
0 ) and the fracture strain (ε̄

pl
f
). In

the case of progressive collapse, the steel beam or through bolt
may become damaged. The fracture process may be either a
ductile fracture or brittle damage, and the partial fracture process
will have a great impact on the resistance mechanism of the
remaining key components. Therefore, the damage evolution
path in the material constitutive is crucial.

FIGURE 2 | The comprehensive fracture criterion of steel based on stress

triaxiality.

The damage evolution path of steel can be controlled by the
damage factor (D). When D = 0, the material does not damage.
And when D = 1, the material completely fails. As shown in
Figure 3, the residual modulus and residual stress can express the
steel degradation process curve:

Ē = (1− D)E (8)

σ̄ = (1− D) σ (9)

Where,
E is the elastic modulus,
σ is the stress at the elastic stage,
Ē is the residual modulus at the degradation stage,
σ̄ is the residual stress at the degradation stage,
D is the damage parameter.
The ABAQUS/Explicit module provides two methods to define
the damage evolution path, one is based on the fracture
displacement and the other is based on the energy. In this paper,
the linear displacement method is adopted, that is, the damage
path evolution is realized by defining the damage displacement

(ū
pl
f
) at D = 1. In order to reduce the influence of damage

evolution on FE mesh size and quality, the plastic displacement
(ūpl) is defined as follows:

ūpl = Leε̄
pl (10)

Where Le is the characteristic length of the FE mesh, which is
defined by ABAQUS as the square root of the integral point
area of the shell element and the cube root of the integral point
volume of the solid element (Dassault Systemes Simulia Corp.,
2014; ABAQUS Analysis User’s Manual Version 6.14).

When the material plastic displacement (ūpl) of one

element reaches the material fracture displacement (ū
pl
f
), the

ABAQUS/Explicit module can delete the element automatically.

The material fracture displacement (ū
pl
f
) can be measured by a

uniaxial tensile material test:

ū
pl
f
= el · dl (11)

FIGURE 3 | The damage evolution path of steel.
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Where el and dl are the elongation and gauge length measured by
the uniaxial tensile property test, respectively.

FE METHOD

The ABAQUS/Explicit module is used to analyze the resistance
to progressive collapse of the composite joint with the CFST
column and steel beamwith through bolt-extended endplate. The
rationality of this modeling method is verified by comparing the
relevant static tests. Instances of one FE model include: loading
plate, steel tube, core concrete, H-shaped steel beams, through
bolts, extended endplates, and all of them use a C3D8R solid
element. The loading plate is connected with the top of the CFST
column and the steel beams on both sides are connected with
the extended endplates, and the connection modes of theses use
a “tie” interaction. In addition, the core concrete and the inner
wall of the steel tube are set to “surface to surface” contact,
with a friction penalty of 0.25. The bolt holes are reserved for
the extended endplates and the steel tube, since that should
be passed through by the through bolts. And the remaining
contact faces are defined as “general contact” with a friction
penalty of 0.45. The steel beam sections at both ends are coupled
to two reference points, which are defined as hinged supports.
The vertical load controlled by displacement is applied to the
loading plate. Considering the influence of the loading rate on
the kinetic energy of the model and the inertia of the joint in
the ABAQUS/Explicit module, the smoothing loading curve is
applied to the loading process. In order to ensure the reasonable
development of the fracture effect in the model, the through bolts
and the section of steel beam which may fracture is treated with
mesh refinement, respectively (see Figure 4).

FE MODEL VERIFICATION

Yang and Tan (2013) carried out a test on the progressive
collapse resistance of four simple connections and three semi-
rigid connections. In this paper, Specimen 6 was selected for
FE verification. The connection type was a high strength bolt-
extended end plate. UB 254× 146× 37 S355 was selected for the

steel beam, UC 203× 203× 71 S355 for the steel column, Grade
8.8 M20 steel for the high-strength bolt, and JR 436 × 200 × 12
S275 for the extended end plate, respectively. In order to obtain
better simulation results, the FE model of Specimen 6 adopted
the C3D8R solid element as shown in Figure 5A. In addition, in
the FE model, the weld between the steel beam and extended end
plate was weakened according to the test (Yang and Tan, 2013).
During the test, the load (P) was applied to the top of column
and the displacement of column (1) was recorded.

It can be seen from Figure 5B that the FE load-displacement
at the top of the column curve deviates from the experimental
results slightly. In the early stage of loading, the FE curve stiffness
agreed well with the test curve. However, the FE model bearing
capacity was slightly lower than Specimen 6 in the test at the
elastic-plastic stage. When the test was loaded to 140.68mm,
Specimen 6 was damaged at the weld between the right beam and
the extended end plate, and its bearing capacity reached 125.79
kN. When the fracture of weld at the right side occurs in the
FE model, the bearing capacity of the joint is 122.31 kN at the
displacement of 150.76mm, which only differs by 2.77% from
the experimental value. In the test, the left bolts fractured from
the bottom to the top at the displacement of 284.72, 360.37, and
452.07mm, respectively. When the bolts fractured, the bearing
capacity of Specimen 6 reached 113.22, 95.36, and 67.77 kN,
respectively. It is worth mentioning that the FE model also
simulates the fracture of bolts three times at the displacement
of 278.97, 339.62, and 384.76mm, respectively. In addition, the
bearing capacity at the fracture of bolts reached 110.64, 14.84,
and 70.16 kN, respectively. It is not difficult to see that there is
little difference between the simulation results and test results of
the fracturing of bolts.

Figure 5C provides the failure mode comparison of the
simulated and experimental Specimen 6. It was observed that by
considering the fracturing properties of materials, the FE model
can more accurately simulate the fracture at the weld and bolt,
while the time and mode of failure do not differ much from the
test results.

Dinu et al. (2017) conducted a progressive collapse test on four
single-layer steel frames. In this paper, Specimen EP was selected

FIGURE 4 | Mesh refinement.
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FIGURE 5 | Comparison of simulated and experimental Specimen 6. (A) FE model of Specimen 6. (B) Load-displacement at the top of column curve comparison.

(C) Failure mode comparison.

for FE verification. The connections type was bolt-extended end
plate. HEB 260 × 160 × 10 × 17.5 S275 was selected for the
steel beam of this specimen, IPE 220 × 110 × 5.9 × 9.2 S275
for the steel column, and Grade 10.9S M16 for the high-strength
bolt. In order to obtain better simulation results, the FE model
of Specimen EP adopted the C3D8R solid element as shown in
Figure 6A. During the test, the load (P) was applied to the top of
the middle column and the displacement of the middle column
(1) was recorded.

Figure 6B provides the load-displacement at the top of
the middle column curve comparison of the simulated and
experimental Specimen EP. The comparative result shows

a good agreement between the simulated and experimental
curves of Specimen EP in general. In the elastic stage,
the simulated curve stiffness is slightly lower than the test
curve. When the test was loaded to 195.66mm, Specimen
EP was damaged. While the failure displacement of the FE
model is 192.96mm, the difference between them is only
1.38%. Meanwhile, the ultimate bearing capacity of Specimen
EP in test was 181.85 kN, which was 154.94 kN in the
FE model. When Specimen EP entered the failure stage,
the bolts were destroyed in sequence. However, the bearing
capacity curve rose briefly and continued to oscillate since
the structure did not completely lose the bearing capacity
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FIGURE 6 | Comparison of simulated and experimental Specimen EP. (A) FE

model of Specimen EP. (B) Load-displacement at the top of middle column

curve comparison. (C) Overall deformation comparison. (D) Failure

mode comparison.

after parts of bolts fractured. The FE model achieves the
above phenomenon completely and agrees well with the
experimental results.

Figure 6C provides the overall deformation comparison of
the simulated and the experimental Specimen EP. When the
middle column had a large vertical displacement, the steel beam
on both sides rotated around the rotating center. However, the
asymmetric deformation of the joint occurred in the test. The

failure of bolts occurred on one side first and then the fracture
spread in this side gradually, while the other side of the joint did
not damage. The FE method adopted in this paper can simulate
the deformation mode accurately by considering the fracture
property parameters.

Figure 6D provides the failure mode comparison of the
simulated and experimental Specimen EP. During the test,
the bolts on the right side of the middle column fractured
when the displacement reached 195.66, 234.66, and 267.87mm,
respectively. In the FE model, the failure sequence of the bolt
group and the deformation mode of the extended end plate are
consistent with the test results. And the displacement of the
simulated Specimen EP is similar to the test results at the bolts
that are fractured. When the displacement reached 365.34mm
at the end of the test, the lower 6 bolts on the right side were
damaged and the upper 4 were not damaged. The FE results are
completely consistent with the experimental results.

Gao et al. (2017) conducted an experimental study on the
saggingmoment, hoggingmoment and tensile force of semi-rigid
composite joints, respectively. In this paper, Specimen SJS was
selected for FE verification. The connections type was a bolt-
flush end plate. HN 200 × 100 × 5.5 × 8 was selected for the
steel beam of this specimen, HW200× 200× 8× 12 for the steel
column, andGrade 10.9SM16 for the high-strength bolt. In order
to obtain better simulation results, the FE model of Specimen
SJS adopted the C3D8R solid element as shown in Figure 7A.
During the test, the load was applied to the top of column and
the displacement of column (1) was recorded. The calculation
method of the bending moment (M) and rotation angle (θ) are
referred to in Gao et al. (2017).

Figure 7B provides the bending moment-rotation angle curve
comparison of the simulated and experimental Specimen SJS.
The comparative result shows a good agreement between the
simulated and experimental curves of Specimen SJS. In the
elastic stage, the simulated curve stiffness is slightly higher than
the experimental curve, and the simulated curve enters the
elastoplastic stage later than the experimental curve. In the plastic
stage, the simulated curve shows a slight downward trend, which
is not reflected in the test curve. When the rotation angle of
Specimen SJS was loaded to 0.82 in the test, the bending moment
was 115.89 kNm. In addition, the bending moment was 104.10
kNm at the rotation angle of the simulated Specimen SJS is 0.82.

Figure 7C provides the failure mode comparison of the
simulated and the experimental Specimen SJS. In the test, the
lower bolts on both sides of the middle column fractured,
which was realized perfectly in the FE model. Meanwhile,
the flush end plates on both sides showed obvious bending
phenomenon in the test, and the bending of the flush
end plates of simulated Specimen SJS is similar to the test
results. In brief, the FE results are completely consistent with
experimental results.

JOINTS MODEL DESIGN

A typical composite joint with the CFST column and steel beam
with through bolt-extended endplate was designed, named SJ-EP-
TB-1, whose predictable fractured component would be the steel
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FIGURE 7 | Comparison of simulated and experimental Specimen SJS. (A) FE model of Specimen SJS. (B) Bending moment-rotation angle curve comparison.

(C) Failure mode comparison.

beam and the through bolts. On the basis of typical joint SJ-EP-
TB-1, it was proposed to control different predictable fractured
components by adjusting the diameter of the through bolt and the
thickness of the extended endplate. The joints whose predictable
fractured component would be the through bolts, were named
SJ-EP-TB-2 (by reducing the diameter of the through bolt) and
SJ-EP-TB-4 (by reducing the thickness of the extended endplate),
respectively. The joints whose predictable fractured component
would be the steel beam, were named SJ-EP-TB-3 (by increasing
the diameter of the through bolt) and SJ-EP-TB-5 (by increasing
the thickness of the extended endplate), respectively. The section
of the CFST column of joints is square, the span of the steel beams

is 5600mm, and the length of the CFST columns is 2000mm. The
parameters of the joints are shown in Table 1. The construction
details of joints are shown in Figure 8.

THE INFLUENCE OF KEY
COMPONENT CHARACTERISTIC

Table 2 provides the results of joints with different diameters
of through bolts. Figure 9 provides the resistance curve
comparison. According to the comparison results, the diameter
of the through bolt had a great influence on the progressive
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TABLE 1 | Parameters of joints.

Joint ID Steel beam section/mm Column section/mm Through bolt/mm × mm Extended endplate/mm Predictable fractured component

SJ-EP-TB-1 H 300 × 150 × 6 × 8 300 × 300 × 6 M 24 × 340 490 × 200 × 20 Steel beam and through bolts

SJ-EP-TB-2 H 300 × 150 × 6 × 8 300 × 300 × 6 M 20 × 340 490 × 200 × 20 Through bolts

SJ-EP-TB-3 H 300 × 150 × 6 × 8 300 × 300 × 6 M 28 × 340 490 × 200 × 20 Steel beam

SJ-EP-TB-4 H 300 × 150 × 6 × 8 300 × 300 × 6 M 24 × 324 490 × 200 × 12 Through bolts

SJ-EP-TB-5 H 300 × 150 × 6 × 8 300 × 300 × 6 M 24 × 356 490 × 200 × 28 Steel beam

FIGURE 8 | Construction details of joints.

TABLE 2 | Results of joints with different diameter of through bolt.

Joint ID dTB/mm Failure component Pf/kN 1max/mm Pmax/kN

SJ-EP-TB-1 24 Steel beam and through bolts 111.16 433.10 463.91

SJ-EP-TB-2 20 Through bolts 94.86 380.05 391.13

SJ-EP-TB-3 28 Steel beam 111.84 592.45 623.08

dTB, Diameter of through bolt; Pf , Resistance at the end of bending mechanism; Pmax ,

Maximum resistance of joint; 1max , Vertical displacement corresponding to the maximum

resistance of joint.

collapse resistance of the composite joint with a CFST column
and the steel beam with a through bolt-extended endplate.
The failure mode is usually the through bolts failure when the
diameter of the through bolt is too small. However, with the
increase of the diameter of the through bolt, the possibility of
the through bolts fracture is reduced, that is, the failure mode is
gradually transformed to the steel beam failure.

Specifically, the bolt diameters of SJ-EP-TB-2, SJ-EP-TB-1,
and SJ-EP-TB-3 are 20, 24, and 28mm, respectively. The diameter
of the through bolt of SJ-EP-TB-2 is the smallest among the
three, and its failure mode is the through bolts failure. At the
end of bending mechanism, the resistance of the column top (Pf)
is 94.86 kN. When the ultimate bearing capacity is reached, the
displacement (1max) is 380.05mm and the maximum resistance
of joint (Pmax) is 391.13 kN. The diameter of the through bolt
of SJ-EP-TB-1 is between the other two, and its failure mode is
the steel beam and the through bolts failure. The top resistance
at the end of the bending mechanism (Pf) is 111.16 kN, which
is 17.18% higher than that of SJ-EP-TB-2. When SJ-EP-TB-1

FIGURE 9 | Resistance curves comparison with a different diameter of the

through bolt.

reaches the ultimate bearing capacity, its vertical displacement
(1max) and maximum resistance (Pmax) are 433.10mm and
463.91 kN, respectively, which is 13.94 and 18.61% higher than
that of SJ-EP-TB-2. The diameter of the through bolt of SJ-
EP-TB-3 is the largest among the three, and its failure mode
turns to a steel beam failure. The top resistance at the end
of bending mechanism (Pf) is 111.84 kN, which is 17.18%
higher than that of SJ-EP-TB-2. When SJ-EP-TB-3 reaches
the ultimate bearing capacity, the vertical displacement (1max)
and maximum resistance (Pmax) are 592.45mm and 623.08
kN, respectively, which is 55.89 and 59.30% higher than that
of SJ-EP-TB-2.
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It can be seen that with the increase of the diameter of
the through bolt, the failure mode of the joint gradually turns
from bolt failure to steel beam failure. And the resistance at
the bending mechanism, the ultimate bearing capacity and the
ductility of the joint is enhanced. In summary, with the increase
of the diameter of the through bolt, the anti-progressive collapse
ability of the composite joint with a CFST column and steel beam
with a through bolt-extended endplate obviously increases.

Table 3 provides the results of the joints with different
thicknesses of the extended endplate. Figure 10 provides the
resistance curves comparison. According to the comparison
results, the thickness of the extended endplate has a certain
influence on the progressive collapse resistance of the composite
joint with a CFST column and steel beam with a through bolt-
extended endplate. The failure mode is usually the through bolts
failure when the thickness of the extended endplate is too small.
However, with the increase of the extended endplate thickness,
the possibility of the through bolt fracture is reduced, that is, the
failure mode is gradually transformed to the steel beam failure.

Specifically, the extended endplate thickness of SJ-EP-TB-4,
SJ-EP-TB-1, and SJ-EP-TB-5 was 12, 20, and 28mm, respectively.
The thickness of the extended endplate of SJ-EP-TB-4 was
the smallest among the three, whose failure mode was the
through bolts failure. At the end of the bending mechanism,
the resistance of the column top (Pf) was 79.92 kN. When the
ultimate bearing capacity is reached, the displacement (1max)
is 460.20mm and the maximum resistance of the joint (Pmax)

TABLE 3 | Results of joints with different thickness of extended endplate.

Joint ID dEP/mm Failure component Pf/kN Pmax/kN 1max/mm

SJ-EP-TB-1 20 Steel beam and through bolts 111.16 433.10 463.91

SJ-EP-TB-4 12 Through bolts 79.92 460.20 461.86

SJ-EP-TB-5 28 Steel beam 136.38 556.40 587.46

dEP, Thickness of extended endplate.

FIGURE 10 | Resistance curves comparison different thickness of extended

endplate.

is 461.86 kN. The thickness of the extended endplate of SJ-
EP-TB-1 is between the other two, whose failure mode is the
steel beam and the through bolts failure. The top resistance
at the end of the bending mechanism (Pf) was 111.16 kN,
which is 39.09% higher than that of SJ-EP-TB-4. When SJ-
EP-TB-1 reaches the ultimate bearing capacity, the vertical
displacement (1max) is 433.10mm, which is 5.89% lower than
that of SJ-EP-TB-4. And the maximum resistance (Pmax) of
SJ-EP-TB-1 is 463.91 kN, which is 0.44% higher than that
of SJ-EP-TB-4. The thickness of the extended endplate of SJ-
EP-TB-5 is the largest among the three, whose failure mode
turns to a steel beam failure. The top resistance at the end
of the bending mechanism (Pf) is 136.28 kN, which is 70.52%
higher than that of SJ-EP-TB-4. When SJ-EP-TB-5 reaches
the ultimate bearing capacity, the vertical displacement (1max)
and maximum resistance (Pmax) is 556.40mm and 587.46
kN, respectively, which is 20.90 and 27.19% higher than that
of SJ-EP-TB-4.

It can be seen that with the increase of the thickness
of the extended endplate, the failure mode of the joint
turns from the bolt failure to the steel beam failure
gradually. And the resistance and stiffness of the curve at
the bending mechanism, the maximum resistance and the
ductility of the joint are all enhanced to a certain extent.
In summary, with the increase of the thickness of the
extended endplate, the resistance to a progressive collapse
of the composite joint with a CFST column and steel
beam with a through bolt-extended endplate, increases to a
certain extent.

CONCLUSIONS

In this paper, the reasonable constitutive model of steel
plate, through bolt and core concrete was selected. The
accuracy of the modeling method and material constitutive
was verified by the comparison between the experimental
and FE results. One typical composite joint with a CFST
column and steel beam with a through bolt-extended
endplate named SJ-EP-TB-1 was designed, and four joints
were derived for comparison, by adjusting the diameter of the
through bolt and the thickness of the extended endplate.
The FE models of these five joints were established to
investigate failure modes and resistance mechanisms using
the ABAQUS/Explicit module. The conclusions may be
summarized as follows:

(1) The comprehensive fracture criterion and damage evolution
path of metal ductile damage, shear damage, and mixed
damage modes, based on stress triaxiality, were considered
in the steel constitutive model, which were used as the
basis for the study of a large deformation of joints under
progressive collapse.

(2) The failure modes of the composite joint with a CFST
column and steel beam with a through bolt-extended
endplate can be divided into three types: steel beam and
through bolts failure, through bolts failure, and steel beam
failure, and the different strengths and weaknesses between
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the through bolt, extended endplate and steel beam affect the
progressive collapse resistance of the joint directly.

(3) With the increase of the diameter of the through bolt, the
failure mode of the joint gradually turns from bolt failure
to steel beam failure, and the resistance at the bending
mechanism, the ultimate bearing capacity and the ductility
of joint are enhanced. In summary, the anti-progressive
collapse ability of the composite joint with a CFST column
and steel beam with a through bolt-extended endplate
increases obviously.

(4) With the increase of the thickness of the extended endplate,
the failure mode of the joint gradually turns from a bolt
failure to a steel beam failure, and the resistance and stiffness
of the curve at the bending mechanism, the maximum
resistance and the ductility of the joint are enhanced to a
certain extent. In summary, the resistance to a progressive
collapse of the composite joint with a CFST column and steel

beam with a through bolt-extended endplate increases to a
certain extent.
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Harmful vibrations can cause many engineering problems, such as disasters of civil

engineering structures, failure of precision equipment, and the disruption of some

spacecraft components. In most situations, the vibrations are usually three-dimensional

excitations. Therefore, research on multi-dimensional vibration control has become a

world-wide hotspot in engineering. This article presents a comprehensive assessment of

recent developments of multi-dimensional vibration mitigation devices and the material

applied in such devices. The vibration mitigation materials mainly include the passive

vibration mitigation materials and smart vibration mitigation materials. Subsequently, the

vibration mitigation devices in civil engineering, mechanical engineering, and aerospace

engineering are reviewed and commented, respectively. Above all, the multi-dimensional

vibration mitigation devices and materials are found to be effective for reducing

multi-dimensional vibrations. However, enhancing the mitigation performance of the

devices in each direction, including improving the mitigation capability of materials, is

still a challenging issue.

Keywords: multi-dimensional vibration isolator, vibration control, vibration mitigation material, civil engineering,

mechanical engineering, aerospace engineering

INTRODUCTION

Vibration is a cyclical reciprocating motion that exists widely in nature and engineering. When
vibration exceeds a certain limit, it will cause harm to equipment, infrastructure, the environment,
and the human body. Therefore, more scholars have begun to study the field of vibration isolation
and mitigation, which is important for the safety, reliability, and durability of infrastructure and
equipment. In this field, the vibration mitigation materials, and devices are two key factors that
affect the performance of the vibration control effect.

Over the past few decades, significant contributions have been made by researchers
around the world toward research on vibration mitigation materials. Many different kinds
of materials are widely concerned in this field, from traditional passive vibration mitigation
materials (viscoelastic materials, rubber, etc.) to smart materials (magnetorheological fluid,
magnetorheological elastomers, piezoelectric ceramics, etc.). However, it is still significant to
continually investigate and improve the properties of the vibration mitigation materials.

On the other hand, conventional mitigation/isolation technology of vibration usually focused on
one dimension, which was far from enough. Consequently, multi-dimensional vibration isolation
technology was put forward in the middle of the last century and gradually became a hotspot
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of research. The multi-dimensional vibration isolator was
proposed by Stewart and named after himself (Stewart, 1965),
and represents the beginning of research on the passive
vibration isolators working in multi-dimensions. Afterwards,
more optimized theories and precise models were proposed for
multi-dimensional vibration isolation devices. For example, as
for the description of viscoelastic dampers, the traditional models
based on one dimension such as the Kelvin model, the Maxwell
model, and the standard linear solid model were developed into
the fractional-derivative equivalent standard solid model and the
integrated mathematical model to meet the demands of multi-
dimensional vibration isolation (Xu et al., 2014, 2017b). The
application of these devices has been expanded in a variety of
fields, such as civil engineering, mechanical engineering and
aerospace engineering.

VIBRATION MITIGATION MATERIALS

Research on multi-dimensional vibration mitigation devices
is committed to achieving and improving multi-directional
mitigation capacity, which requires finding and developing the
most suitable materials to apply to multi-dimensional vibration
mitigation devices, so as to make great progress in vibration
mitigation and isolation technology.

Passive Vibration Mitigation Materials
Viscous damping material usually refers to viscous fluids, which
makes viscous dampers widely used in the field of vibration
mitigation. The fluid damping medium commonly used in
engineering is high viscosity organic material, such as hydraulic
oil, silicone oil, special suspension, etc. Hydraulic oil is not
suitable as a viscous medium or viscous damper due to its
high freezing point and poor viscosity-temperature performance.
Among the silicone oils, dimethyl silicone oil is the most
suitable material for viscousmedium due to its excellent high/low
temperature resistance, chemical stability, shearing resistance,
viscosity-temperature characteristics, and high compressibility.
Many scholars have studied the viscosity, shear properties
and chemical stability of methyl silicone oil. The special
suspension mainly refers to magnetorheological fluid, which will
be introduced later as a smart vibration mitigation material.

Viscoelastic (VE) damping material is composed of high
polymer and has the characteristics of both viscous fluid
and elastic solid. Many polymeric materials having long-chain
molecules exhibit viscoelastic behavior, such as plastics, rubbers,
acrylics, silicones, vinyls, adhesives, urethanes, epoxies, etc.
Rubber is the most widely developed vibration mitigation
material. In order to broaden the range of working temperature
and frequency, many researchers have studied techniques such as
blending (Lu et al., 2017), copolymerization (Pukkate et al., 2007;
Suksawad et al., 2011; Yamazaki et al., 2011), and interpenetrating
polymer networks (Manoj et al., 2002; Patri et al., 2007; Xu
et al., 2016a) to improve the damping performance of VE
materials. Liu et al. (2017) investigated the beneficial effect of
in-situ polymerization blends on rubber damping properties,
which proves that compared with mechanical blending, the
damping temperature range is obviously expanded, meanwhile

the peak and valley of the damping temperature range are greatly
promoted. Qin et al. (2018) investigated gradient laminating
to prepare NR/ENR composites, which proves that the layered
structure can effectively improve the damping performance and
the mechanical properties. Xu et al. (2016c) studied several kinds
of VE materials based on different matrix rubbers, conducted
experiments on VE dampers based on nitrile butadiene rubber
(NBR) matrix and silicone rubber (SR) matrix. The results
demonstrate that the NBR matrix VE dampers possess higher
energy dissipation capacity, while the performance of the
SR matrix VE dampers under various working conditions is
more stable. Xu et al. (2016b) investigated the effects of the
micromolecular structures and fillers on the VE properties of
the VE materials and established an equivalent fractional order
microstructure standard linear solid model.

Metallic materials are widely used in passive control,
including alloys, metal matrix composites, and foam metals.
The researchers studied the influence of heat treatment (Pulino-
Sagradi et al., 1998; Murakami et al., 2006; González-Martínez
et al., 2007), processing technology (Nishiyama et al., 2003), and
the addition of reinforcing phase (Luo et al., 2004; Lihua et al.,
2007) on the damping and mechanical properties of the alloy.
Metal matrix composite material is a composite material made
by adding reinforcing phase into the metal matrix, which has
both good damping performance and mechanical properties. Jia
(2007) investigated the damping performance of FeAl3 reinforced
composites and base alloy over the temperature range of 30–
300◦C, which proves that the Al/FeAl3 composites exhibit higher
damping capacity compared to Al matrix composites. Cell
aluminum foams are widely used to absorb impact energy in
the aero and automotive industries. Raj et al. (2009) investigated
the plateau stress and energy absorption of closed-cell aluminum
foam under quasi-static and dynamic compression, which shows
that the plateau stress of aluminum foam improves with the
increase of relative density and strain rate.

Smart Vibration Mitigation Materials
As a new type of damping material, smart materials
are widely used in the field of vibration mitigation and
isolation. Magnetorheological fluid (MRF) has reversible and
instantaneous rheological properties, and the viscosity and yield
stress change with the magnetic field intensity. The general MRF
is composed of ferromagnetic particles dispersed in the carrier
fluid. The density difference between particles and the carrier
fluid leads to clear sedimentation, which reduces the adjustability
and seismic performance of the MR device. Researchers
investigated the influence of particle shape (Bell et al., 2008; De
Vicente et al., 2009), size (Bondi, 1956), multi-diameter ratio
(Foister, 1997; Guo et al., 2017), and material (Thomas, 1966)
on the performance of magnetorheological fluids. In addition,
many researchers have found that different from conventional
silicon oil carrier fluids, ionic liquids (Guerrero-Sanchez et al.,
2007), magnetofluids (Ginder et al., 1996), polymers (Iyengar
et al., 2004) and other carrier fluids improve the properties of
magnetorheological fluids. At present, it has become a hot topic
to coat magnetic particles with submicron filler or polymer
such as multi-walled carbon nanotubes (Guo et al., 2018),
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single-walled carbon nanotubes (Fang et al., 2009), graphene
oxide (Xu et al., 2018b), gas-phase silica (Liu et al., 2013), etc., to
improve the stability of MRF deposition.

Magnetorheological elastomers (MREs) are composed
of magnetic particles dispersed in non-magnetic polymers.
Compared with MRF, MREs have obvious advantages of
preventing particle deposition, environmental pollution, and
leakage. Stepanov et al. (2007) studied and compared the
mechanical property of isotropic and anisotropic “soft” MREs in
homogeneous magnetic fields of different intensities: elongation,
static, and dynamic shears. Kamath et al. (1999) and Padalka et al.
(2010) studied MREs composites with Fe and Co microparticles
and nanowires of the sameweight fraction, and the result was that
the composites based on nanowire have much higher dynamic
stiffness and equivalent damping coefficient values compared
to the composites based on microparticles. Additionally, the
properties of the aligned MRE composites filled with nanowires
synthesized from typical ferromagnetic metals (Fe, Co, and
Ni) were investigated. Zhu et al. (2012, 2013) and Xu et al.
(2018a) investigated the magnetoviscoelasticity properties of the
MREs in the condition of different magnetic fields, displacement
amplitudes, and frequencies under sinusoidal loadings, then
proposed a parameter model to describe MREs performances.

Shape memory alloys (SMAs) are widely used in the design of
structural vibration mitigation and isolation devices due to the
unique shape memory effect and superelasticity. Ferromagnetic
shape memory alloys (FSMAs) as an attractive category of SMAs
can change their dimensions based on the external magnetic field.
Compared with traditional temperature-controlled SMAs, it has
the advantages of fast response. Kainuma et al. (2006) reported
the magnetic-field-induced shape recovery of a compressively
deformed Ni-Co-Mn-In alloy. Stress of over 100 MPa exists
in the material in a magnetic field of 70 kOe, and 3 percent
deformation then almost completely recover the original shape of
the alloy. Wang et al. (2008) firstly revealed that the application
of a magnetic field at the martensitic transition temperature
results in redistributions of local strains of martensitic variants,
and investigated the effect of inhomogeneous microstructures
on the magnetic-field-induced reverse transformation in the
polycrystalline Ni-Co-Mn-In alloy by X-ray tomography.

Magnetostrictive materials have the property of strain with
the change of magnetization state (Magnetostriction effect), thus
realizing the mutual conversion of electromagnetic energy and
mechanical energy. Giant magnetostrictive materials (GMM)
represented by TbDyFe have become a research hotspot due to
their large displacement, large output power, and fast response.
Duenas and Carman (2001) studied the particle size and range of
size distribution in magnetostrictive composites with low volume
percentage and its influence onmagnetostrictive properties. Since
Guruswamy et al. (2000) found that Fe-Ga alloys have more
advantages than Terfenol-D alloys, it has become a new type
of promising magnetostrictive material. Many scholars have
investigated the influence of the third elements (Jin et al., 2014;
He et al., 2016; Meng and Jiang, 2016), heat treatment (Clark
et al., 2000; Lograsso and Summers, 2006), preparation process
(Yang et al., 2006; Li et al., 2008) and other factors on the
magnetostrictive property of Fe-Ga alloys.

Piezoelectric ceramics produce stress/strain under the action
of electric current and electric charge under stress/strain. The
active control can be realized by adjusting the current level. Being
environmentally friendly and lead-free, piezoelectric ceramics
have gradually become one of the hotspots in the research
of piezoelectric ceramics, and the main research objects are
KNN, BNT, and BT ceramics. Liu and Ren (2009) reported a
non-Pb piezoelectric ceramic system BaO3-TiO3 which shows
a surprisingly high piezoelectric coefficient of d33∼620 Pc/N at
optimal composition. This is the first time in more than 50
years that the performance of lead-free piezoelectric materials
surpasses PZT piezoelectric ceramics. Leontsev and Eitel (2009)
investigated dielectric, ferroelectric, and piezoelectric properties
of Mn-modified (1-x) BF-xBT ceramics, which proves that the
addition of Mn improves dielectric losses and increases DC
resistivity by one to five orders of magnitude in bulk BF–BT.

MULTI-DIMENSIONAL VIBRATION

MITIGATION/ISOLATION DEVICES

APPLIED IN CIVIL ENGINEERING

Mitigation and Isolation Devices With

Springs
The passive control device composed of horizontal and
vertical components is the most widely used multi-dimensional
mitigation and isolation device which can independently achieve
isolation performance in all directions. This kind of device
has strong carrying capacity under normal use, and energy
dissipation capacity is provided by the springs. On the other
hand, since the springs and horizontal components are usually
combined in the vertical direction, the height of the device
is difficult to control and the stability is relatively low. The
application of springs, including air springs and metal springs,
is a common vertical isolation method. Suhara et al. (2002)
tested the workability of three-dimensional seismic isolation
using the laminated rubber bearing and the rolling seal type
air spring working in series, which demonstrates that this
device combines excellent 3D seismic isolation performance with
sufficient vertical load carrying capacity. Two parameters were
considered in the design of the experiment, which decided the
different contact of the horizontal and vertical loads. Kageyama
et al. (2003) studied the feasibility of applying an isolation
device using three-dimensional cable reinforcing air spring to
actual nuclear power plants, which shows that the air spring
enables isolation in three dimensions with a single device,
achieving a cost reduction. Zhao et al. (2008) studied the valid
performance of a newly multi-dimensional isolation using one
main and eight auxiliary disk springs in parallel to modify the
conventional rubber bearing in the vertical direction, which
shows that this device can isolate three-dimensional earthquake
energy remarkably. Mori et al. (2012) verified a new method to
achieve three-dimensional isolation for building by exploiting a
device which consists of the rubber bearing, the air spring and
oil damping, which proves that both the three-direction seismic
response and the rocking motion are successfully suppressed
by the device. Cai et al. (2016) analyzed the influence of a
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FIGURE 1 | The structural diagram of the MHEID (Xu et al., 2014).

three-dimensional isolation bearing using the combination of
horizontal, vertical spring and sliding surface, “which indicates
that the isolated lattice shell structures have better performance
with respect to the absolute acceleration response to the axial
force of components. Miyagawa et al. (2017) proposed a
new combination system achieving three-dimensional seismic
isolation by combing coned disc springs with rubber bearings,”
which mitigates vertical motion and suppresses rocking without
any suppression system to provide a reasonable aseismic design
for a sodium-cooled fast reactor. By combining the vertical
spring with the horizontal isolation, it is possible to reduce the
vertical stiffness of the device while providing a large bearing
capacity, which can provide good multi-dimensional isolation
performance. Furthermore, through the friction of the spring
system, the seismic energy can be dissipated and the mitigation
effect can be achieved.

Mitigation and Isolation Devices With High

Damping Materials
Another efficient multi-dimensional mitigation and isolation
method uses a high damping material such as viscous fluid
and viscoelastic materials, etc. Devices with high damping
materials have an excellent energy dissipation effect at the
time of isolation. The structure of these devices is generally
simple, therefore the stability is improved and the overturn of
a superstructure under a large earthquake can be prevented
effectively. Shimada et al. (2004) evaluated the performance of
a three-dimensional earthquake isolation and mitigation system
adopting a novel viscous damper wall, which shows that the
damper wall can dissipate horizontal and vertical earthquake
energy simultaneously by displacing it out of the plane direction.
Xu et al. (2014) proposed an innovative multi-dimensional high-
damping passive control device, named the multi-dimensional
high damping earthquake isolation device (MHEID), for large-
span reticulate structures, as shown in Figure 1. From the tests
on the properties of the device, including the effect of excitation
frequency and amplitude, “it is observed that the device has
good capability of energy dissipation in the vertical direction and
perpendicular paper direction” (Xu et al., 2012). The device has
been applied on the large pipelines of Luoyang petrochemical
corporation inHenan Province, China. A correctionmodel based
on the equivalent standard solid model is presented and used
during the design, and excitation amplitude is taken into account.

Xu et al. (2017b) studied the excellent performance of an
innovative device using viscoelastic material named MEIMD
for multi-dimensional earthquake isolation and mitigation, as
shown in Figure 2. Based on the experimental results of property
tests and shaking table tests, it proves that this device has good
isolation ability and damping performance both horizontally and
vertically (Xu, 2009). The device has been applied on Kunming
planning museum in Yunnan province, China, and effectively
reduces the displacement and vertical tensile stress of the isolated
layer under rare earthquakes. This study provides a new avenue
for building structures to achieve multi-dimensional vibration
control by adopting the viscoelastic materials with high energy
dissipation capacity.

Due to the introduction of high energy-consuming materials,
it not only exploits the advantages of the isolation bearing but also
greatly increases the damping ratio of the whole system. Through
the movement of the isolation layer and the additional damping
device, it can mitigate a large amount of seismic energy to ensure
safety and stability.

Other Mitigation and Isolation Devices
In addition to conceptual simplicity and moderate cost,
good durability and temperature insensitivity are also basic
requirements in the application of multi-dimensional vibration
mitigation and devices in the field of civil engineering (Lu et al.,
2018a). Shi and Huang (2013) verified the unique performance
of an innovative three-dimensional seismic isolation, called
periodic foundation, that was integrated with a high-density core,
a soft coating and a concrete matrix, which shows that both
horizontal and vertical seismic action can be greatly reduced
after crossing the periodic foundation. He et al. (2014) verified
the control effect of a multi-dimensional tuned mass damper
named MDTMD, including tuned mass blocks, torsional blocks,
and a rotation lever, which shows that the coupled responses
decrease significantly by MDTMD and the vibration reduction
ration is much higher compared to traditional TMD. Li et al.
(2011) verified the effectiveness of a novel three-dimensional
seismic isolation made up of martensitic shape memory alloy
wires named 3-D SMAPRI, which proves that the 3-D isolator
has effective mechanical properties as well as energy dissipation
performance along both horizontal and vertical directions.

Hybrid Multi-Dimensional Mitigation and

Isolation Device
The combination of various types of devices into a hybrid
device is a novel multi-dimensional mitigation and isolation
method with high control efficiency. One type of hybrid device
is the passive hybrid multi-dimensional mitigation and isolation
device. Ou and Jia (2010) validated the effectiveness of a three-
dimensional isolation bearing consisting of a laminated rubber
bearing and a combined coned disc spring with a vertical energy
dissipation device, which shows that the 3D seismic isolation
bearing is expected to be applied to the medium-to-short span
bridges. Okamura et al. (2011) evaluated the effectiveness of an
advanced seismic isolation system adopting thicker laminated
rubber bearings and oil dampers, which confirms the possibility
of isolating three-dimensional earthquake motion to protect

Frontiers in Materials | www.frontiersin.org July 2019 | Volume 6 | Article 143137

https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


Xu et al. Multi-Dimensional Vibration Mitigation Materials/Devices

FIGURE 2 | The structural diagram and the mechanics model of MEIMD (Xu et al., 2017b).

nuclear power plants by increasing the thickness of the rubber
layer of conventional rubber bearings. Yang and Niu (2012)
studied the beneficial effect of a new three-dimensional isolation
combining SMA strands and the disc spring with laminated
rubber bearings, which indicates that the application of SMA
causes clear seismic energy dissipation and reduces upper
structure deformation in all directions. Jia et al. (2014) illustrated
the advantages of a 3D isolation device composed of combined
disk springs, rhombic steel plate damper and lead rubber bearing,
which indicates that the isolator supplies appropriate vertical
and horizontal stiffness and an energy dissipation mechanism to
protect engineering structures in severe 3D earthquake motions.
Kitayama et al. (2017) assessed the seismic performance of a
three-dimensional isolator composed of a triple FP isolator in
the horizontal direction and a spring-damper system in the
vertical direction by incremental dynamic analysis, which is
demonstrated to be a reliable way to seismically protect the
electric power system. Liu et al. (2018a) analyzed the excellent
property of a separation type three-dimensional isolation system
with multiple guide rails to decouple horizontal and vertical
motion, which indicates that the system not only displays
desirable isolation but also contributes significantly to resist the
overturning moment. Liu et al. (2018b) studied the property
of a new multi-dimensional device using several inclined lead
rubber bearings to decompose vertical seismic action, as shown
in Figure 3. From the analysis of dynamic properties such as
vertical acceleration, it is found that the seismic response is
largely reduced compared with that of fixed-base structures. It
is indicated that this device balances a high supporting capacity
and low vertical stiffness to realize 3D isolation by optimizing the
inclination angle of the lead rubber bearings.

Cimellaro et al. (2018) investigated the performance of a novel
three-dimensional base isolation system adopting an adoptive
passive protection system called a negative stiffness device, as
shown in Figure 4. From the numerical analyses of the isolated
frame in strong earthquake, it can be observed that the vertical
acceleration in the structure is apparently decreased. This study
proposes a new method to reduce the multi-direction seismic
responses of superstructures by way of combining the negative
stiffness device with the conventional bearing systems.

Another type of hybrid device is the intelligent hybrid multi-
dimensional mitigation and isolation device. Fujita et al. (2011)
studied the basic property and performance of an intelligent
three-dimensional isolation system encompassing air bearings
and an earthquake early warning system, which indicates that
this system is suitable for earthquakes in multiple directions
and complex situations, even against near-field earthquakes. MR
damper is also considered to be an effective intelligent control
method. Xu et al. (2003) presented an on-line real-time control
method for structures with MR dampers and proposed a novel
design method for MR dampers (Xu et al., 2013), both of which
promote the use of MR dampers in multi-dimensional mitigation
and isolation devices. Cesmeci et al. (2018) demonstrated the
superiority of a new device utilizing controllable MR damper
and liquid springs in series with an elastomeric bearing for the
three-dimensional isolation of building structures, as shown in
Figure 5. From the experiments which reflect the device’s real-
life loading condition, it proves that the device operates well
under the combined axial and shearing loading without any loss
in performance. This study is the first time an MR damper has
been tested in combination with horizontal and vertical seismic
loads. Through semi-active control, the stability of the mitigation
and isolation system during normal use can be ensured, while the
horizontal and vertical performance can be fully exhibited under
multi-dimensional earthquakes.

The hybrid multi-dimensional mitigation and isolation device
not only involves the advantages of each component, but also
overcomes the deficiencies of the individual parts. Taking devices
combining springs and high damping materials as an example,
the springs arranged vertically isolate the earthquake efficiently,
but the capability of energy dissipation is relatively weak.
The addition of high damping materials enhances the energy
dissipation performance during the earthquake; consequently,
both the vibration isolation and vibration mitigation properties
are realized in the device. Therefore, this has become the
most mainstream research direction in the field of multi-
dimensional mitigation and isolation device. On the other hand,
these devices are currently in the theoretical research stage and
are not yet applicable in practical engineering because of the
immature technology.
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FIGURE 3 | The 3D structural diagram and the mathematical model of the inclined lead rubber bearings (Liu et al., 2018b).

FIGURE 4 | 3D view and detailed diagram of the Negative Stiffness Devices (Cimellaro et al., 2018).

FIGURE 5 | The installation of the liquid spring–magnetorheological damper in structure and its cutout view (Cesmeci et al., 2018).

MULTI-DIMENSIONAL VIBRATION

MITIGATION/ISOLATION DEVICES

APPLIED IN MECHANICAL ENGINEERING

Passive Control Devices
Passive control systems add an energy mitigation device or
substructure system to the appropriate portion of the structure

to optimize the dynamic characteristics of the structural system.
Carrella et al. (2007) investigated the static characteristics of a
quasi-zero-stiffness (QZS) mechanism consisting of a vertical
spring and two oblique springs, which uses a negative stiffness
component and realizes low stiffness without overlarge static
deflection. Hoque et al. (2011) presented a module-type 3 degree
of freedom (DOF) vibration isolation system using reformative
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zero-power control and parallel mechanism technique, whose
reliability and efficiency has been verified by the analytical and
experimental studies. Kim et al. (2013) presented an optimal
design of a QZS isolator consisting of flexures, a vertical spring,
a horizontal spring, and a vertical gravity compensator. The
isolator has strong vertical stiffness to sustain a wide range
of payloads because the properties of vertical springs lead to
more gravity compensation within a given stroke. Sun and
Jing (2015) presented an advanced vibration isolator with 3D
QZS property, as shown in Figure 6. The isolator applies
symmetrically scissor-like structures (SLS) in the horizontal
directions and a conventional spring-mass-damper system in
the vertical direction with positive stiffness. Due to the non-
linear stiffness and damping properties produced by the non-
linearity of geometric relations within the SLSs, the isolator has
noticeable performance with structural non-linearity and only
passive elements.

Wu et al. (2016) studied on a novel 6-DOF passive vibration
isolator which has been validated with experiments that the
isolator has effective isolation behavior in all the six directions
and takes the advantage of passive control on account of the
combination of the Stewart platform and the X-shape structure.
Zhou et al. (2017) extended the QZS vibration isolation method
from one DOF to six DOFs by the method of applying a new-type
QZS strut to establish a 6-DOF QZS vibration isolation platform,
which possesses broader bandwidth and higher effectiveness
compared with the linear counterpart. Ramesh et al. (2019)
combined rigid body isolation and modal analysis principles
to obtain the elastic and dissipative properties of the vibration
isolator and analyzed several kinds of 3-DOF model isolation
systems on the modal experiments and system characterization
for validation purposes. Traditional linear energy dissipative
methods and devices are greatly limited for wider application on
account of the unsatisfactory properties under certain conditions,
while non-linear vibration mitigation devices with broadband
response and high robustness are being widely investigated
and applied (Lu et al., 2018b). Non-linear stiffness is designed
on the QZS vibration isolators, whose static stiffness is high
while dynamic stiffness is low. The studies using passive control
take advantage of non-linearity to enhance the performance of
isolation, and the bandwidth of isolators has been broadened into
both lower and higher frequencies.

Intelligent Control Devices
Different from passive control systems, intelligent control
systems often require the input of external energy, while they
have superior vibration control performance. Yoshioka et al.
(2001) presented an active 6-DOF micro-vibration isolation
system consisting of voice-coil linear motors and pneumatic and
piezoelectric actuators with a feed-forward control link applied to
the sway elements in each direction, which shows good vibration
control performance in the vibration isolation table test. Liao
and Wang (2003) investigated a semi-active secondary train
suspension system with MR dampers which has been verified
to be significantly effective in attenuating the vertical pitch and
roll vibrations of the car body. Unsal et al. (2008) proposed a 6-
DOF parallel platform model for which each leg is modeled as

a 2-DOF system with a coil-over MR damper to adjust damping
and an actuator for positioning, and it provides effective vibration
isolation performance and precise positioning capability with
reduced cost and reduced power requirements. Zareh et al.
(2012) proposed an 11-DOF passenger car’s suspension system
which uses MR dampers with neuro-fuzzy (NF) control strategy
as well as a novel intelligent semi-active control system. The
inverse mapping model is proposed to estimate the force needed
for a semi-active damper. Xu and Sun (2015) investigated the
potential remarkable behavior of a multi-direction QZS vibration
isolator using linear time-delayed active control, as shown in
Figure 7. “From the research on the inherent property such as
natural frequency, it can be observed that the performance of the
isolator in different dimensions can be adjusted independently”.
“The study provides an advanced insight into the design and
analysis of multi-dimensional vibration isolation devices by
utilizing potential non-linear superiority of the time delay in
active vibration control”.

Zhou et al. (2015) demonstrated experimentally an ultra-low
frequency active vibration isolation system which suppresses the
vibration noise in three dimensions. The system is provided for
atom gravimeters, especially for the gravimeter whose sensitivity
is adversely affected by vibration couplings. The performance
of multi-dimensional isolators using MR dampers is verified by
the simulation and experiment and enhanced by a variety of
control strategies (Xu et al., 2016d,f). In the field of mechanical
engineering, the novel instruments put forward higher demands
for precision and the rheological properties of the MR dampers
meet the needs. For further research, it is imperative to establish
a more accurate model of MR dampers to improve the control
effect because of its highly non-linear nature.

Hybrid Control Devices
Aside from the passive control systems and intelligent control
systems, hybrid systems combining active and passive devices
are also one of the main development directions of multi-
dimensional vibration isolation systems. Wang and Liu (2009)
presented a hybrid control system comprising five air springs
installed vertically in parallel and eight actuators installed in both
vertically and horizontally, whose control performance against
ground motion and direct disturbance is superior to that of
the passive control system verified by the simulation. Hoque
et al. (2010) presented a 6-DOF hybrid vibration isolation system
composed of an active negative suspension, an active–passive
positive suspension and a passive weight support mechanism, as
shown in Figure 8. The system possesses outstanding behavior
on direct disturbance suppression and payload supporting
capabilities without diminishing transmissibility characteristics.
Additionally, the influence of on-board generated direct
disturbances of the six-axis motions in vertical and horizontal
directions and ground vibrations could be isolated effectively.
The mathematical model of the system has been developed and
it is indicated that zero compliance to direct disturbance is
provided by the system.

Li et al. (2012) proposed a novel vibration isolator
possessing three translational DOFs and two rotational
DOFs, which widens the range of frequency by decoupling
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FIGURE 6 | The structural diagram of the multi-direction isolation system (Sun and Jing, 2015).

FIGURE 7 | Structural diagram of the multi-direction QZS vibration isolator (Xu and Sun, 2015).

FIGURE 8 | The structural diagram of the solation table for six-axis motions (Hoque et al., 2010).

the translations and rotations of the manipulator. The
systems reviewed above achieve a superior performance to
passive control systems within a wide frequency range of
vibrations. The dynamic characteristics of the systems are

related to the control parameters as well as the physical
parameters, hence, the optimal design of control and physical
parameters is imperative to improve the dynamic performance
of the systems.
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MULTI-DIMENSIONAL VIBRATION

MITIGATION/ISOLATION DEVICES

APPLIED IN AEROSPACE ENGINEERING

Vibration Mitigation/Isolation of

Whole-Spacecraft
Vibration control in aerospace engineering falls into two main
categories—whole-spacecraft vibration isolation (WSVI) and
micro-vibration control of satellites. WSVI is for the reduction
of the vibration loads during launch, and it greatly reduces
the risk of the spacecraft and its instruments being damaged
before entering orbit. Jun et al. (2007) presented a whole-
spacecraft passive isolation system with a demonstration unit
integrated with all kinds of isolator components. The payload
attach fitting is limited by the constrained viscoelastic layer on
the outer surface, thus its damping is enhanced obviously. Li
et al. (2016) designed and tested an active vibration isolator,
which includes flexible piezoelectric sensors and actuators. The
thin shell hypothesis and the converse piezoelectric effect are
considered to obtain the modal control force during the design
of the isolator.

Tang et al. (2018) designed, fabricated, and tested a novel
active whole-spacecraft isolation system based on voice coil
motors (VCMs), as shown in Figure 9. Vibration tests were
conducted on the developed prototype for the verification
purpose, and the experiment results indicate that the new system
attenuates the resonant peak remarkably well. The study provides
advanced insight into the analysis and design of whole-spacecraft
isolator in active vibration control.

ESA developed an active payload adaptor to take the place
of the traditional passive payload adaptors whose framework
is a truss structure with 24 active struts in the load path
applying piezo-ceramics as actuator (Rittweger et al., 2005). The
adaptor is designed to reduce the vibration below 100Hz to a
quarter for Ariane 5, and the result is obtained in the frame
of the ESA GSP program. Liu et al. (2006) proposed an octo-
strut passive vibration isolation platform for whole-spacecraft
vibration isolation which introduces redundancy. Liu et al. (2010)
presented a novel Circular Payload Adapter Fitting (CPAF)
which integrates passive and active vibration control with the
piezoelectric stack actuators based on passive control. Based on
the CPAF, Chi et al. (2014) designed an active vibration isolation
method applying the voice coil based actuator whose voice coil
motor is designed and optimized as the active control actuator.
The passive isolator is simpler and more convenient than the
new adapter, but the new adapter has better vibration isolation
performance. The active isolator proposed by Tang is in between.
Both whole-space vibration isolator and new payload adaptors
have great vibration isolation performance and as a result, more
sensitive equipment is able to be launched into space.

Micro-Vibration Mitigation/Isolation of

Satellite
The micro-vibration of satellites in orbit is an important factor
that restricts the resolution of the payload. Therefore, it is
necessary to control the micro-vibration of satellites in orbit.

The James Webb Space Telescope employed dual-stage passive
isolation (Bronowicki, 2006). The first stage of isolation is at the
disturbance source in which individual reaction wheels use the
flight-proven Chandra isolator while the second stage of isolation
is a full isolator positioned between the top of the spacecraft
bus and the pop-up thermal isolation tower which orientates the
telescope. More than one kind of damping material are added,
thus, the analysis methodology is extended to fit the multiple
structural partitions. Kamesh et al. (2010) proposed a passive
and active space frame platform integrated with four folded
continuous beams arranged in three directions.

The Air Force Research Laboratory (AFRL) Space Vehicle
Directorate and Honeywell Defense and Space designed MVIS-
II for miniature hybrid (passive/active) vibration isolation of
sensitive optical payloads (McMickell et al., 2007), as shown in
Figure 10. Results of the experiment based on ground lead to the
expectation of better on-orbit isolation properties, and the study
provides a useful insight into the design of payload isolators in
vibration hybrid control.

Dai et al. (2018) proposed a bio-inspired quadrilateral shape
(BIQS) structure inspired by the smooth movement of a running
kangaroo to suppress the vibrations of a free-floating spacecraft
suffered from periodic or impulsive forces, as shown in Figure 11.
Numerical simulation shows that the BIQS system has superior
behavior under conditions of either periodic or impulsive forces.
The study provides a highly efficient passive way for vibration
suppression in free-floating spacecraft.

Compared to the vibration isolation method of the James
Webb Space Telescope, the integrated attitude control and
vibration isolation of MVIS-II is more convenient but more
expensive. Dai’s design includes the idea of simulation, which
is a promising research direction. In addition, hybrid control is
also worth studying. For example, Xu et al. (2016e) presented
a platform combining MR and VE devices, which is able
to effectively isolate 0–500Hz vibrations. Above all, with the
development of high-resolution satellites, the research of micro-
vibration control methods will be further deepened.

CONCLUSIONS AND PROSPECTS

Usingmaterials of high performance, including wide temperature
domain and wide frequency domain, is supposed to be an
efficient way to reduce the vibration, even for high-intensity
vibrations. Meanwhile, there still exists promising prospects for
the coupling application of various materials and promoting
them to multi-dimensional vibration mitigation and isolation
devices. The research will continuously focus on optimizing
the performance of existing materials and establishing accurate
constitutive models for describing the behavior of materials and
in the future.

In the field of civil engineering, research started late on
multi-dimensional mitigation and isolation devices. Most of the
traditional research focuses on a single direction or a single
function, while little research is concerned about mitigation
and isolation in multiple directions or multiple functions. For
example, most of the current isolation systems just focus on
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FIGURE 9 | (A) WSVI system (B) Structure of the electromagnetic actuator (Tang et al., 2018).

FIGURE 10 | (A) Two hybrid MVIS-II Isolators (B) MVIS-II original flight demonstration with integral launch lock (McMickell et al., 2007).

FIGURE 11 | The schematic diagram of an on-orbit capture

mission (Dai et al., 2018).

horizontal or vertical isolation, while the shocking effect after
the combination of horizontal and vertical motion and the
uplifting action caused by the swing of superstructure are less
involved. Additionally, the existingmulti-dimensionalmitigation
and isolation devices commonly adopt different combinations
of springs and a variety of dampers. Few devices utilize high

damping material or smart mitigation material. Therefore,
research should accelerate when it comes to the development of
hybrid multi-dimensional mitigation and isolation devices and
the application of high damping and smart mitigation materials.

In the field of mechanical engineering, precision for
instruments and instantaneity of mitigation are in great demand.
Thus, intelligent control under different directions is a promising
approach for mitigating multi-dimensional vibration responses.
As for semi-active vibration control devices, the accuracy of the
parametric dynamic modeling is of great importance due to the
inherent non-linearity. Although the research on active control
devices is still a small proportion of multi-dimensional isolators,
it will be promoted in further research. Furthermore, the optimal
design for intelligent control devices needs to be investigated and
more work should look at the problems of control algorithms.

In the field of aerospace engineering, multi-dimensional
vibration control is an important means to ensure the safety
of satellites and their equipment in the launch stage, while
improving the accuracy of satellite payloads in orbit. Meanwhile,
the vibrations during launch are generated by a variety of
flight events such as engine ignition, booster separation, and
acoustic excitation, and the frequency domains of each excitation
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are different. Thus, the vibration mitigation and isolation of
wide frequency domains in multiple dimensions will be the
future development priority. For whole-spacecraft vibration
isolation, passive control devices have been widely used, but their
performance in vibration isolation is inferior to active control
devices, which are more complex and expensive. Therefore,
research on semi-active control devices deserves more attention
because of relatively excellent performance and simple structure.
For micro-vibration control of satellites in orbit, it has great
prospects to combine attitude control and the isolation of micro-
vibrations generated by the attitude control unit. Additionally,
current research focuses on internal vibration sources such as the
attitude control unit, while vibration caused by external sources
deserves more attention.

At present, research on multi-dimensional mitigation and
isolation devices is relatively scarce. Moreover, research on most
devices is still in the theoretical and experimental stages, and
there are few examples of using thesemulti-dimensional isolation
devices in practical engineering. The authors aim to devote
themselves to researching the wide temperature domain and wide

frequency domain of vibration mitigation materials, meanwhile
the application of the materials and devices is also an important
research direction. However, there is still a long way to go
to expand different multi-dimensional mitigation and isolation
devices and promote applications in practical engineering.
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