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Vibrations of various structures subjected to dynamic loading
become a critical issue in regard to both safety and economic
concerns. High-performance materials have been developed
for preventing damage from shocks or blast loading, espe-
cially for engineering structures.Thenovelty of this issue is an
optimal application of advanced newmaterials for preventing
or controlling structural damage under dynamic effects.

Advanced materials for structural vibration controls
are studied by a host of investigators using a variety of
approaches. H. Han et al. dealt with numerical investigation
onhigh frequency self-excited noises suppression of armature
assembly in a torque motor using ferrofluid. B. Tang et
al. performed a shaking table test of a RC frame with
an EPSC (expansive polystyrene granule cement) latticed
concrete infill wall. J. Ma et al. investigated effects of a precast
cladding system on the dynamic characteristics of a full-
scale one-story moment-resisting steel frame and studied
the amplitude dependency of dynamic characteristics. The
precast cladding system considered in the paper mainly
consists of ALC (Autoclaved Lightweight Concrete) external
wall cladding panels, gypsum plasterboard interior linings,
and corresponding window glazing systems. M. R. Kaloop et
al. studied performances of structure-controller coupled sys-
tems analysis using probabilistic evaluation and identification
model approach.

Besides those, there are several interesting topics in
the issue. P. Kulhavy et al. dealt with possibilities of the
additional damping of unidirectional fiber composites by
implementation viscoelastic neoprene and rubber layers.
In the presented work, the experimental and numerical
determination of the own frequencies and transient response

for prepreg plates consisting of 4 layers have been carried
out. S.-Y. Lee et al. investigated high-energy impact behaviors
of hybrid composite plates strengthened with 3D-UHMWPE
(Ultra-High Molecular Weight Polyethylene) composites. To
compare the effects of the UHMWPE composites against
impacts, three kinds of experimental models were schemed
and tested for six parameter cases. For nondestructive evalu-
ation, the specimens after impact loading are inspected in the
thermographic measuring procedure.

By compiling these papers, we hope to enrich our readers
and researchers with respect to various advanced materials
for structural vibration controls.

Sang-Youl Lee
Guillermo Rus

Abdollah Shafieezadeh
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This study deals with drop-impact effects of new hybrid concrete plates strengthened with an ultrahigh molecular weight
polyethylene (UHMWPE).Theproposed 3D-UHMWPE results in excellentmechanical properties such as high abrasion resistance,
impact strength, and low coefficient of friction. These special properties allow the product to be used in several high-performance
applications. In this study, we used two kinds of high-performance materials for the impact reinforcement of a structure made of
conventional materials such as a concrete. In particular, the impact mechanism of a fiber-concrete hybrid structure was studied
using various parameters. The parametric studies are focused on the various effects of drop-impact on the structural performance.
The combined effects of using different fiber-reinforced materials on the impact behavers are also investigated.

1. Introduction

Impact resistance is one of the most important properties
for component designers to consider as well as the most
difficult to quantify. It is a critical measure of service life,
and more importantly these days it measures the safety and
reliability of the structure. In particular, civil structures show
various impact effects caused by earthquakes, car crashes,
unpredictable blasting loading, and so on. Concretes are
mostly used as construction materials; however, they are
vulnerable to impact loads because of their brittleness. Fiber-
reinforced polymers (FRPs) have been commonly used in
the field of civil engineering to reinforce concrete in the last
few decades [1–4]. This material can be utilized to improve
the blast and impact resistance of structures. It has been
used for strengthening and retrofitting existing structures, as
well as for building new structures including beams, slabs,
columns, and walls [5–7]. The use of FRPs has been shown
to increase the strength, stiffness, and ductility of structures.
Its use has now become popular worldwide because of its
superior properties, such as high strength-to-weight ratios
and excellent corrosion resistance [8].

Numerical and experimental analyses of structures
strengthened with FRPs under static loads have been studied
previously using a variety of approaches [9–11]. However,
studies concerning the dynamic response of structures
strengthened with FRPs are relatively limited. Most studies
have investigated the dynamic resistance of these structures
against blasting loading, rather than impact loading [12].
Studies of FRP strengthened structures against impact load-
ing are limited by few investigators [13, 14]. It is necessary to
investigate the impact resistance of these structures in order
to obtain a better understanding of their response under all
loading conditions.

Recently, ultrahigh molecular weight polyethylene
(UHMWPE) composites have become increasingly
popular for use in various engineering structures. The
UHMWPE results in excellent mechanical properties such
as high abrasion resistance, high impact strength, and low
coefficients of friction. These special properties allow the
product to be used in several high-performance applications.
For example, Lässig et al. [15] studied the shock response of
UHMWPE composites using the inverse planar plate impact
test and the shock reverberation technique. Zhang et al.
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2 Shock and Vibration

Figure 1: Concept applications of concrete columns strengthened with UHMWPE.

(a) Type A (UHMWPE) (b) Type B (UHMWPE + carbon fibers)

Figure 2: Two kinds of woven UHMWPE specimens.

[16] analyzed the ballistic impact response of UHMWPE
composites used in combat helmets. O’Masta et al. [17]
studied the ballistic impact response of a UHMWPE fiber-
reinforced laminate casing of an aluminum alumina hybrid
panel. However, these studies do not provide the detailed
impact behavior of a concrete reinforced with UHMWPE.
There are very few studies that have researched concrete
structures strengthened with UHMWPE, and they did not
focus on impact loading.

The scope of the aforementioned studies is limited
because they analyze only UHMWPE or concretes strength-
ened with FRPs. Moreover, they mostly focused on blast
loading. In this study, we extend previous studies on fiber-
reinforced concrete to investigate the behavior of concrete
strengthened with UHMWPE, subjected to high-energy
impact loading due to a heavy weight drop. We use three
kinds of experimentalmodels: (1) pure concrete without rein-
forcement, (2) concrete strengthened with only UHMWPE
fabric weaved into finemeshes, and (3) concrete strengthened
with aUHMWPE fabric weaved intowidemeshes, connected
by carbon fibers at the upper and lower face. The displace-
ment, absorption energy, and force due to impact could play
a dominant role in determining and efficiently controlling
the impact characteristics of concrete structures strengthened
withUHMWPE.We also further extend the study to consider
the effects of UHMWPE reinforcement using high-resolution
thermographic measurement.

2. Concrete Strengthened with UHMWPE

UHMWPE has a molecular weight about 10 times higher
than that of high density polyethylene (HDPE) resins. These

special properties allow the product to be used in several
high-performance applications. UHMWPE is sold in powder
form in grades that vary according to the molecular weight
and average particle size. The molecular weight may be in
the low (3 million g/mol), medium (5 million g/mol), or
high ranges (7 to 10 million g/mol). Products with different
molecular weights are available in small (average diameter:
∼130 𝜇m) or large particle sizes (average diameter: ∼190 𝜇m).
Figure 1 shows conceptual applications of concrete columns
strengthened with a UHMWPE fabric. The hybrid concrete
structures strengthened with UHMWPE can reduce the
serious effects of impacts such as seismic or blast loading.

Figure 2 shows different types of woven 3D-UHMWPE
specimens. In the figure, Type A is woven using a fine
mesh of UHMWPE (Figure 2(a)) in the upper and lower
faces, and Type B (Figure 2(b)) is a loose shape tied up
using carbon fiber in the upper and lower layers of the
UHMWPE. Table 1 shows the material and mechanical
properties of UHMWPE and carbon fibers. Figure 3 shows
concrete specimens strengthened with Types A and B, which
are stacked in a sandwich-like manner.The interface between
the concrete and stiffener is bonded using epoxy, as shown in
Figure 2(b). Figure 4 shows the manufacturing procedure for
UHMWPE-reinforced concrete specimens.

3. Experimental Setup

The impact tests were carried out using a drop towermachine
(INSTRON CEAST 9350), with a hemispherical impactor
with a mass of 1.161 kg and diameter of 12.7mm, as shown in
Figure 5 [18]. Additional weight was installed for the high-
energy impact, and thus a total mass of 35.5 kg was applied
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Figure 3: Details of single and hybrid concrete specimens.

(a) (b)

(c) (d)

Figure 4: Manufacturing process of UHMWPE reinforced concrete specimens.

Table 1: Material and mechanical properties of UHMWPE and
carbon fiber.

UHMWPE Carbon fiber
Type code 1600D/440F T300
Weight/unit length (Denier) 1,600 -
Weight/unit length (Decitex) 1,760 -
Density (g/cm3) 0.97 1.76
Filaments/tow 440 6,000
Tenacity (g/den) 32 -
Tenacity (N/tex) 2.8 -
Tensile strength Gpa 2.7 3,530
Specific modulus (g/den) 1,100 -
Specific modulus (N/tex) 97 -
Modulus (Gpa) 95 -
Elongation at break (%) 3.2 1.5
Single filament weight (dpf) 3.6 -

for the experiment. The target material is fixed between
upper and lower hollow objects as shown in Figure 5(b). The
impact tests were conducted with and without UHMWPE
stiffeners using different types of stiffeners and at varying
loading magnitudes. Table 2 shows the parameters for the
experiments. The magnitude of the applied impact load was
appropriately determined to ensure penetration through the
specimen by conducting a preliminary test. Displacements,
energies, and forces were obtained for each time step by using
sensors installed at the tube head.

Figure 6 shows the experimental setup for using the
thermographic camera, which can detect invisible damage
within structures after impact loading. The other advantage
of thermographic measurement is that it does not require
contact sensors like ultrasonic measurements do. The non-
destructive evaluation was carried out using an FLIR A600-
Series IR camera with 640 × 480 pixels and temperature
ranges of −20–350∘C (NETD: 0.05∘C) using a 2 KWHalogen
lamp for heating.
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(a) Impact tower (b) Specimen installation

(c) Tup head (d) Sensor part

Figure 5: Drop-induced impact test instruments.

(a) (b)

Figure 6: Thermographic measurement.

4. Results and Discussions

4.1. Fracture Shapes. Figure 7 shows a comparison of the
high-energy impact-induced fracture shapes for Cases I, II,
and III. The drop-impact load of 260 J (35.5 kg) at a velocity
of 3.63m/s is applied for all the cases. It can be observed
from the figure that the specimen in Case I is completely
broken and separated by the impact load, because it is a pure
concrete specimen without UHMWPE reinforcement. For
Cases II and III, the specimens are damaged but maintain

their shape due to the reinforcements. The specimen in Case
II shows better resistance against impact loading compared
to that in Case III. In addition, the specimen in Case II is
not completely penetrated by the impact, but that in Case
III is completely penetrated on both sides. However, the
concrete plate in Case III is not fragmented even though it
is cracked and penetrated around the area of impact loading.
This phenomenon is similar in the case of an impact loading
of 270 Jwith a velocity of 3.73m/s, as shown in Figure 8. In the
figure, the penetrated hole size inCaseVI is larger than that in



Shock and Vibration 5

Front side Back side
(a) Case I

Front side Back side
(b) Case II

Front side Back side
(c) Case III

Figure 7: Comparison of impact induced fracture shapes for different cases (impact load: 260 J).

Case III because of the increased impact load.However, Cases
III and VI also show good performances in preventing the
fragmentation of concrete. Among the experimental cases,
Cases II and V using UHMWPE with fine meshes show the
best impact-absorbing capacity.

Therefore, it can be concluded that the reinforcement
using a simple UHMWPE mesh without carbon fiber is
sufficient to protect concrete structures from impact effects.
However, Figures 7 and 8 suggest that the influence of carbon

fibers inUHMWPEwith widemeshes (Cases III andVI)may
also play a role in reducing the serious damage due to an
impact.

4.2. Displacements. Figure 9 shows a comparison of the
induced displacements with increasing time steps. The
central displacements aremeasured for different impact loads
for six cases. It can be observed from the figure that the
induced displacements for Cases I and IV tend to increase
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Front side Back side
(a) Case IV

Front side Back side
(b) Case V

Front side Back side
(c) Case VI

Figure 8: Comparison of impact induced fracture shapes for different cases (impact load: 270 J).

sharply in the same range. This is because the pure concrete
under impact loading shows a brittle fracture trend. How-
ever, the displacement of concrete plates with UHMWPE
approaches a constant value with time increases. This is
because the displacement may be significantly influenced
by UHMWPE. The displacements in Cases II and V (Type
A) are 20–25% lower than those in Cases III and VI (Type
B) because of the aforementioned reason. For the impact
load of 260 J, the displacement in Case II is 15–20% lower

than that in Case III. We can observe from the figure that
the differences in displacements increase for higher energy
impact load. Displacements for impact load of 270 J are
different by 25–35%. From the results, it may be concluded
from the results that the resistance inCases II andV to impact
loading is superior to that in the others.

4.3. Impact Absorption Energies and Forces. The main pur-
pose of an impact test is to determine the absorption energy



Shock and Vibration 7

Case I
Case II
Case III

2 4 6 8 10 12 14 16 18 20 220
Time (ms)

0

10

20

30

40

50

60

70
D

isp
la

ce
m

en
t (

m
m

)

(a) Impact load = 260 J

Case IV
Case V
Case VI

2 4 6 8 10 12 14 16 18 20 220
Time (ms)

0

10

20

30

40

50

60

70

80

D
isp

la
ce

m
en

t (
m

m
)

(b) Impact load = 270 J

Figure 9: Comparison of impact induced displacements for different cases.
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Figure 10: Comparison of impact absorption energies for different cases.

required for a specimen to be fractured by impact loading.
Figure 10 shows comparisons of the impact absorption
energies for different cases. For all the cases, the curves tend to
increase with time and approach a constant at the maximum
point. This means that the impact energy is completely used
for the fracture of specimens and there are not any energy

transformations to the tup head due to the elastic behavior.
For Cases I and IV, the induced absorptive energies for
260 J are 25–35% lower than those for others. The difference
becomes more dramatic (over 50%) for the case of the 270 J
shown in Figure 10(b). We can also observe from the figure
that the impact absorption energies for Type A are 10–15%
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Figure 11: Comparison of impact absorptions for different cases.

Table 2: Case parameters of experiments.

Case Impact load (J) Stiffener
I

260
-

II Type A
III Type B
IV

270
-

V Type A
VI Type B

higher than those for Type B for both impact loads. For
the concrete plates with UHMWPE, it is observed that the
difference in impact energies is negligible with increasing
time. This observation shows that it could be possible to use
UHMWPE with wider meshes to design a hybrid concrete
structure, especially when carbon fibers connect the lower
and upper faces.

Figure 11 shows a comparison of the impact absorption
forces for different cases.We can see that the forces in Cases II
and III for the load of 260 J increase by 30–50% in the 6–16ms
range when compared with Case I. Cases for the load of
270 J show similar trends.This is because concretes reinforced
with UHMWPE are prone to ductile fracture caused by the
absorption of impact. In contrast, impact absorption forces
for concretes without UHMWPE decrease with time because
of the brittle fracture.

4.4. Thermographic Evaluation. We carried out thermo-
graphic evaluations of specimens damaged after the impact
loading. Figures 12–15 show comparisons of thermographic

measurements for different cases.The specimens were heated
by a sunlight or a Halogen lamp as shown in Figure 6,
and then the heating sources were removed to cool off the
specimens. The internal damage regions are identified by
detecting different reactions in temperature during cooling
off. The red colors in the figures indicate higher temperature
reactions in representing damaged regions.

Figure 12 shows a comparison of thermographicmeasure-
ments at the front side for impact loading of 260 J (3.63m/s)
for Cases II and III. We can see cracks around the hole and
their propagations.This observation can be seenmore clearly
on the back side, as shown in Figure 13. Figures 14 and 15
show a comparison of the results for an impact loading of
270 J. Internal cracks around the hole are observed owing to
differences in the temperature reaction under cooling after
heating. The damage regions in Cases II and V are smaller
than those in Cases III and VI. However, the difference is not
significant for front sides. On the other hand, for the back
sides the internal damage regions of Type B (Case VI) are
somewhat slightly larger than those of TypeA (CaseV).How-
ever, the 3D-UHMWPE fabric with wider meshes in Case B
also has excellent resistance against impact loading, because
the mixed carbon fibers play a role in tying up the fabric.

5. Summary and Conclusions

In this study, an experimental approach for identifying
damage and resistances in new 3D- UHMWPE reinforced
concretes under impact loads is proposed. To compare effects
of the UHMWPE composites against impacts, three kinds
of experimental models were schemed and tested for six
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(a) Case II

(b) Case III

Figure 12: Comparison of thermographic measurements for impact loading of 260 J (front side).

(a) Case II

(b) Case III

Figure 13: Comparison of thermographic measurements for impact loading of 260 J (back side).
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(a) Case V

(b) Case VI

Figure 14: Comparison of thermographic measurements for impact loading of 270 J (front side).

(a) Case V

(b) Case VI

Figure 15: Comparison of thermographic measurements for impact loading of 270 J (back side).
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parameter cases. For nondestructive evaluation, the speci-
mens after impact loading are inspected in the thermographic
measuring procedure. Based on the numerical results, the
following conclusions are derived.

(1) It is recommended to use the proposed 3D-
UHMWPE fabric not only to reduce significantly the
brittle fracture of conventional concretes but also to
control the resistance depending on optimal designs
for the hybrid structure.

(2) The reinforcement using a simple UHMWPEwithout
carbon fiber is sufficient to protect concrete structures
from impact effects. However, the influence of carbon
fibers in UHMWPE with wide meshes may also play
certain roles in reducing the serious damage due to
impact.

(3) The nondestructive evaluation using a thermographic
measurement can detect invisible damage within
structures after impact loading, especially for non-
contact cases. Damage regions in concentrates using
UHMWPE with fine meshes are smaller than those
in wider meshed UHMWPE tied by Carbon fibers;
however the difference is not significant for these
cases.

(4) For the 3D-UHMWPE fabric with wider meshes,
hybrid composites tied by carbon fibers could be rec-
ommendable, because carbon fibers play a significant
role in the better resistances against impact loading.

It is concluded from this study that the proposed hybrid
concrete structures strengthened with 3D-UHMWPE fabric
works well for a drop-induced impact loading. However,
it is necessary that this study should be extended to more
realistic dynamic load cases. In addition, for more realistic
situations, more advanced studies that can identify the
condition of hybrid structures strengthened with optimized
3D-UHMWPE fabrics
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The aim of the presented work is to assess modal, transmission, and damping characteristics of layered carbon plates. The base is
to carry experimental analysis verified by FEM model, which evaluates the vibration transfer of tested composites and describes
possibilities of additional damping by implementation of viscoelastic layers. Preimpregnated carbon fibers known as prepreg were
used for creation of the samples composed of four (2 constant and 2 variable) layers. The task was to assess impact of changing
the fiber orientation on the transfer function and individual modal characteristics. As another option, testing of some additional
damping materials was included. Neoprene and thin rubber coat were added as an outside damping element when the neoprene
ply was inserted also among the layers. Expected dependence of the plies orientation onto the shape of the transfer function and
even swapping of some of MOD characters (bending, torsion, and their combinations) have been found. The use of the additional
damping materials is also possible but the right combination of the individual plies layout and stacking sequence is the most
significant part. The results had been statistically analyzed and showed that the created layered shell FE models could be used
to describe the behavior.

1. Introduction

Nowadays, development of composite materials and opti-
mization of their properties have important position in all
industrial sectors. Constructions based on long fiber com-
posites gained significant and irreplaceable position through
almost all traffic sectors especially because of their potential
to target a variety of material properties to suit actual
needs [1]. Long fibers reinforced composites offer generally
the greatest flexibility of mechanical and other properties.
Knowledge of the basic mechanical properties is the most
fundamental factor for the precise modeling and prediction
of the final parts properties as well as knowledge of the
vibration response, damping characteristics, and possibility
of their modification by varying composition of the indi-
vidual plies. Damping of the vibration is usually used to
improve product performance, especially its durability in
terms of avoiding their using in the resonant frequencies.
The use of advanced materials has gained wide acceptance in

the last few decades. Compared to metallic structures, com-
posite laminates offer some unique engineering properties
while presenting interesting and challenging problems for
analysts and designers [2].Themain sought dependencies are
the transfer function, modal characteristics, and structural
damping in dependency on the angle of the individual
layers. In real cases it is possible to produce and find
almost unlimited combinations of individual layers. Another
important requirement is to specifically target the resulting
synergistic effect; this means the significant anisotropy of the
materials, considering, for example, a direction of the real
load as can be seen in Figure 1. For accurate description of
layered composite structures, their internal layout and their
behavior must be accurately predicted and carefully mon-
itored. The material properties determined from standard
specimens tested in laboratory often significantly deviate
from properties of components manufactured in factory
[3, 4]. The important features in the field of mechanical
design are energy dissipation in structures and requirements
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Figure 1: The base coordinate and basic material characteristics of some tested samples.

to reduce the amplitudes of vibrations. For fiber-reinforced
composite materials, the material damping is high and it
depends on the materials constitution [5]. In the reduction of
the vibration, we usually would like to improve parameters
of created devices including their durability and eliminate
resonance at the range along the operating frequency of the
device. The second target of this article is to assess properties
modified by adding some viscoelastic layers in order to
improve the damping characteristics of testedmaterials.With
this idea of additional layers [5, 6], a nonlinear superposi-
tion method was used for the creation of models and the
behavior of laminates with interleaved viscoelastic layers
was subsequently experimentally evaluated. Fiber-reinforced
composites are induced by different processes such as the
viscoelastic behavior of matrix and the damping at the fiber-
matrix interface. At the laminate level, damping depends on
the constituent layers properties as well as their orientations,
interlaminar effects, stacking sequence, and so on. The use
of modern advanced composite materials has gained wide
acceptance over the last few decades because of their high
strength-to-weight and stiffness-to-weight ratios. Compared
tometallic structures, composite laminates offer some unique
engineering properties while presenting interesting but chal-
lenging problems for analysts and designers. Authors [7–10]
compared the vibration characteristics of steel and composite
materials and pointed to relatively small damping in metal
materials. This leads to significant amplitudes of vibration.
Damping in fibers reinforced materials is much higher and
significantly depends on the material composition. Metal
materials are characterized by their isotropy whereas the
long fiber composite materials have modulus of elasticity for
the relevant axis always dependent on the orientation of all
layers constituting the laminate. Lepoittevin [6] mentioned
advantages of using composite materials, for example, the
fact that the damping rate of a glass fiber beam is almost five
times larger than the one of an aluminumbeam.However, the
question is how they were compared, whether with the same
mass, rigidity, or just volume (easily) which is not the decisive
factor. Frequent imprecision of some producers or authors
is to try to compare different materials. It is possible to find
studies of specimens having the same shape but not having
equal weight and stiffness. That is why the direct comparison
of mutual results is not possible. It is always necessary to
compare samples with identical mass and stiffness or like in
our case use the relative parameter, structural damping ratio.
Bena et al. [10] studied methodology for finding material

damping properties at higher frequency and at relatively
lower amplitudes. Kyriazoglou and Guild [11] used the
finite element method for prediction and comparison of the
damping characteristics of carbon and glass fiber-reinforced
polymers (CFRP, GFRP) laminates. Zou et al. [12] tried to
identify some delaminated zones based on the vibration
response. Saravanos [13] investigated the integrated damping
for composite plates with constrained interlayers of polymer
materials. Yim and Gillespie [14] studied dependency of the
loss factor on the length/thickness ratio for free clamped
laminated plates. Plagianakos and Saravanos [15] described
the sensitivity of entire response on the individual plies
orientation.They used a term, so-called passive damping, and
marked it as the critical parameter for improving dynamic
performance of flexible structures from the point of view of
fatigue, aeroelastic stability, and accurate positioning of some
specific devices and sensors in micromechanics. Lee and
Kosmatka [16] developed discrete-layer triangular elements
used for predicting damping in composite plates, includ-
ing higher order terms in the displacement approximation
through the thickness, and presented experimental results
for composite plates with an interlaminar damping layer.
Birman and Byrd [17] based on free vibration studied the
loss factor of orthotropic materials and this way created
models implemented into a sandwich structures. Lepoittevin
[6] studied the structural damping ratio of UD composites
and also emphasized that there is a big advantage in using the
inner viscoelastic layers regarding bending stability, stiffness,
and also buckling properties. Sepahvand [7] emphasized that
the viscoelastic properties of the polymeric matrix and the
damping of the FRC are several orders of magnitude higher
than those for the conventional materials. However, increas-
ing the matrix volume has contrast impact on the structure
stiffness and strength. In his study, the thermoplasticmatrices
that exhibit higher damping levels were compared also to
thermoset ones. Pritz [18] based on the Kramers–Kronig
dispersion relations studied the causality requirement for the
dynamic modulus as a function of frequency from the loss
modulus. He also emphasized that the frequency dependence
of the dynamic modulus obeys the power law of the same
type as the loss modulus and that the coefficients in these
frequency functions are interrelated. Talbot and Woodhouse
[19] had tried to describe whether the laminate theory could
be inverted in order to obtain the ply properties directly
from the experimental results. Furthermore they tried to
verify whether the approach with thin plate could predict
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the low frequency vibration with sufficient accuracy. They
also emphasized that the elastic constants are very sensitive
to variations during the manufacturing process. Canor et al.
[20] studied behavior of dynamic systems based on modal
characteristics with added virtual loadings. They also men-
tioned that, with an assumption that the structural damping
is proportional, the modal transfer matrix is diagonal and the
inversion operation is trivial and straightforward. Morzfeld
et al. [21] computationally and theoretically studied level of
errors that arose due to the decoupling approximation and
mentioned that a common procedure, termed the decoupling
approximation, is to ignore these off-diagonal elements if they
are small enough. This does not mean, however, that errors
due to the decoupling approximation are minimized. Finally
quite similar research like that in our article is the one byKishi
et al. [8] who studied the damping properties of carbon fiber-
reinforced epoxy composites by the mechanical impedance
method. He used several types of thermoplastic-elastomer
films, such as polyurethane elastomers and polyethylene-
based ionomers as the interleaving materials.

2. Materials and Methods

The basic, simplest, and simultaneously the most complex
way that takes into account the entire spectrum of subme-
chanic parameters for mutual comparison seems to be the
vibration test, namely,modal and response analysis.The value
of natural frequencies and found damping characteristics
could show us the interrelationship of the basic mechanical
parameters of the two compared methods. Experimental
and analytical characterization of damping is not easy, even
with conventional structural materials, and the anisotropic
nature of composite materials makes it even more difficult.
The techniques for damping measurement often deal with
natural frequency or resonant frequency of the system. In
general, all apparatus for the investigation of vibration can
be categorized as free vibration or forced vibration. Free
vibration is a systemwith absence of any external input except
the initial impulse of displacement and velocity [22]. For
the forced vibration a periodic exciting force or a random
noise is applied to the structure. Typical forced vibration
techniques include the free-free beam technique and the
piezoelectric ultrasonic composite oscillator technique [23].
Material damping represents the cumulative contributions
of the viscoelastic response of the constituents, cyclic heat
flow, and friction at the fiber/matrix interface. Materials
with internal interfaces, as indicated by the interfaces of the
laminate of conventional composite materials, can dissipate
mechanical energy through the movement of the interface
by mechanisms such as a discontinuity of stress across the
interface or by friction losses [14].

2.1. Theory. Composite materials fall into two categories:
fiber-reinforced and particle-reinforced (or whisker-
reinforced) materials. Both are widely used in advanced
structures. In engineering applications among all of the
various kinds of composites, glass fiber-reinforced polymers
(GFRP) and carbon fiber-reinforced polymers (CFRP)
become important due to their acceptable cost, light weight,

high specific strength, and good corrosion resistance. Plastic
materials reinforced by long fibers are widely used because
of their high strength and modulus to density ratio. Long
carbon fibers or fabrics which are preimpregnated with
resin are called prepregs. For this, unidirectional material is
the longitudinal Young’s modulus in comparison with the
transverse one which significantly lower. By using the “rule
of mixtures,” it is possible to estimate longitudinal modulus
of each ply in unidirectional long fiber composite with
formula (1). In Figure 1 there is comparison of 𝐸1, 𝐸2, and
shear modulus at the plane 12, 𝐺12 for three tested samples at
different direction of two plies and equal direction of the last
two.
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(1)

where for a transversal isotropic composite 𝜎𝑖𝑖, 𝜀𝑖𝑖 are the
main stress and strains in the direction of the individual
axes of the main coordinate system 𝑥1, 𝑥2, 𝑥3, when also𝜎11 > 𝜎22 = 𝜎33 and 𝜀11 ̸= 𝜀22 = 𝜀33. 𝜏12, 𝜏23 = 𝜏13 are the
shear stresses in the respective planes, 𝛾12, 𝛾23 = 𝛾13 expresses
the bevel relative to the individual planes, 𝐸11, 𝐸22 = 𝐸33
express the longitudinal and transverse modulus of elasticity,𝐺12, 𝐺23 are the shear moduli in the plane of the main
loading direction and in the plane perpendicular to the main
loading direction, ]12 is the Poisson number in the direction
of plane of the main load, and ]23 is the Poisson number in a
plane perpendicular to the main loading direction.

2.2. Models for Study of Mechanical Properties of Unidirec-
tional Fiber Composites. The prediction of the mechanical
properties of the transverse isotropic composite has been
part of many researches [24–36] and studies in the past,
and it is also the subject of research at present, where
most of the studies show that, for the integrated values, it
depends on the knowledge of all elastic constants entering the
model according to (1). It should be noted that these elastic
constants are generally different for each type of composite,
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and therefore it is difficult to determine all the constants
through the analytical models. Due to this fact, especially
in the past in the design of composite structures, some of
these constants were neglected and obtained subsequently
through their direct measurement. Over time, some of the
analytical relationships have been expanded upon and now
the comprehensive approach exists. Based on this approach it
is possible to obtain all elastic constants through the following
models:

(i) Phenomenological models
(ii) Semiempirical models
(iii) Homogenized models
(iv) Flexible-elastic models.

Phenomenological models were created in the past for a pri-
mary mathematical derivation of the mechanical properties
of transversally isotropic fibrous composite structures, but
they could be used sufficiently well also in this day. Such
models are the Voigt and Reuss models. These models use
the rule ofmixture (blending of individual input components,
that is, fiber andmatrix).The Voigt model is characterized by
isotropic strain, being very well usable for determining the
elastic constants 𝐸11, ]12 defined by expressions (2) and (3).
The Reuss model is usable for determination of the constants𝐸22, 𝐺12 defined by expressions (4) and (5) and unlike the
Voigt model, it is characterized by isotropic tension.

𝑑𝜎11𝑑𝜀11 = 𝑉𝑓
𝑑𝜎𝑓𝑑𝜀𝑓 + 𝑉𝑚 𝑑𝜎

𝑚

𝑑𝜀𝑚 ⇒
𝐸11 = 𝑉𝑓𝐸𝑓11 + 𝑉𝑚𝐸𝑚,

(2)

]12 = 𝑉𝑓]𝑓12 + 𝑉𝑚]𝑚, (3)

𝐸22 = 𝐸𝑓22𝐸𝑚𝐸𝑚𝑉𝑓 + 𝐸𝑓22𝐸𝑚 , (4)

𝐺12 = 𝐺𝑓12𝐺𝑚𝐺𝑚𝑉𝑓 + 𝐺𝑓12𝐸𝑚 , (5)

where 𝐸𝑓11, 𝐸𝑓22 are the longitudinal and transverse modulus
of the elasticity of the fibers, 𝐺𝑓12 is the shear modulus of
the fibers, and ]𝑓12 is the Poisson number in the plane of the
principal direction of the fiber load.

The semiempirical, homogenized and elastic-elasticmod-
els were created later than phenomenological models, and
based on the new information and knowledge they are still
being modified. Their development led in particular to the
further expansion of the Voigt and Reuss models, generally
modifying these models onto some correction factors that
refine the resulting elastic constants for the given types
of input components. This category includes models that
are implemented in certain modifications into numerical
programs using finite element methods such as the Chamis
model.TheChamismodel in order to calculate the other elas-
tic constants introduces a root square of the fiber volume ratio

Table 1: Mechanical properties of the UD prepreg material (with
reference to fiber direction).

𝐸1 [MPa] 𝐸2 [MPa] 𝜌 [g/cm3] 𝜇 [—] Ductility [%]
Carbon 101,000 9,000 1,8 0,25 lim→ 0

√𝑉𝑓, which, in accordance with the weight conservation law,
has in (6) the character of the fiber incompressibility.

𝐺23 = 𝐺𝑚
1 − √𝑉𝑓 (1 − 𝐺𝑚/𝐺𝑓23) , (6)

where𝐺𝑓23 is the shearmodulus of the fiber elasticity in a plane
perpendicular to the main direction of loading.

From the elastic model, based on the volume module
obtained from the longitudinal strain, it is possible to get the
Poisson number expressed by the following relation:

]23 = 𝐾 − 𝑐∗𝐺23𝐾 + 𝑐∗𝐺23 , (7)

where 𝑐∗ = 1 + 4𝐾(]212/𝐸11) and 𝐾 is a volume module
obtained from a longitudinal strain expressed as

𝐾 = 𝐾𝑚 (𝐾𝑓 + 𝐺𝑚)𝑉𝑚 + 𝐾𝑓 (𝐾𝑚 + 𝐺𝑚) 𝑉𝑓(𝐾𝑓 + 𝐺𝑚) 𝑉𝑚 + (𝐾𝑚 + 𝐺𝑚) 𝑉𝑓 . (8)

2.3. FEM Model. The fundamental phase for solving vibra-
tional transmission of mechanical systems is to propose
an appropriate analytical and numerical model. The model
should consist of individual discrete elements, model that
describes the body as a continuum, or a numerical model
based on the FEM method. Computer simulations which
use explicit/implicit algorithm can be used to significantly
improve the description of nonlinear viscoelastic and vis-
coplastic behavior for a permanently deformed structure such
as fiber composites. The behavior of mechanical system is
usually described by the motion equations. The number of
equations corresponds to the degrees of freedom in the solved
system. The parameters of the individual discrete elements
create computational model. By solving the equations, we
obtain the dependence of position, velocity, and acceleration
in time. The overall requirements on the complexity of the
model increase with an arising frequency of excitation and
proportionally increase also the number of considered dis-
crete elements and complexity of themodel. Quite interesting
historical research in this field was conducted by Cawley
[37] who compared meshes 6 × 6 and 5 × 5. The obtained
results showed differences in natural frequencies less than
2%.The created model has been carried out in the composite
preprocessor of ANSYS software as a layered shell part
(Figure 2). The material model of UD prepreg plies could
be seen in Table 1. For the standard model, the interlayers
between the individual plies were considered as an ideal;
it means being considered with the standard mechanical
parameters of the used matrix. Here, we used the empirical
equation of the deformation properties of the composite
materials and the verification of its relationship with the
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Figure 2: The created mapped mesh and directional vectors in ACP.

Figure 3: Composite samples from UD carbon prepreg.

simulation model. In the case of the additional layers like
the inner and outer neoprene ply and the rubber coating,
the interface between composite and these materials was
modeled as contact deboning with the defined maximum
normal traction of 30MPa and value of normal and shear
separation of 0.05mm. The mesh statistics for the model
solved as a shell contain 900 nodes and 560 hexa elements.
The composite plate was fixed from one side like in the real
case. In the case of vibrational response, the excitation force
was applied at the free end.

2.4. Used Material Samples. The tested samples of size 120× 40mm were arranged with chosen plies orientation that
should cover the standard values used for functional parts.
The stacking sequence was created in order to minimize
the absolute value in the change of angles, which in case
of inappropriate design could increase stress at the interface
of the layers. So parts with layouts 0/0/0/0, 0/20/0/−20,
0/45/0/−45, 0/60/0/−65, and 0/90/0/−90 have been produced
from wide sheets and subsequently cured under the pressure
and temperature of 150∘C for 15 minutes. In Figure 3, it could
be seen that, in this way, prepared composite samples consist
of four layers of preimpregnatedUDcarbon. Prepregwas pro-
duced from reinforcement of high strength carbon fibers with
unidirectional orientation (nominal area weight 150 g/cm2,
nominal fiber density 180 g/m3) and epoxy resin. Nominal
resin content was 38%, nominal area weight 242 g/m2, and
cure cycle 60min at 120∘C. In Figure 4 there are pictures
from scanning electron microscopy (SEM). The thickness of
individual layers after their finishing was 0.16, 0.29, 0.4, and
0.52mm. According to conductedmeasurements and to [38],
the final thickness after polymerization is approximately 85%
of the original one (0.2mm). In fiber-reinforced composites
we need to distinguish between viscoelastic properties of the
matrix and the fibers and interphase which is the region adja-
cent to the fiber length. Because of those viscous properties
the composite materials have time-dependent behavior.

Other samples supplemented by the inner and outer
neoprene damping layers were produced according to the

original samples. A rubber cover at the top layer was used as
a second possibility of the added damping element.

Samples Weight

(i) Pure composite: 5,34 ± 0,15 g
(ii) With inner damping: 6 g
(iii) With outer damping: 6,34 g (the same value of fiber +

acryl layer)
(iv) Rubber damping layers: 6,8 g.

Considerable amount of research works has been done on
damping analysis of fiber-reinforced composites [2, 5, 23,
33, 37]. The main damping principles can be distinguish
according to the following groups:

(i) Energy dissipation arising due to the high shear strain
in the interphase region

(ii) Damping due to damage
(iii) Frictional damping in the unbounded regions.
(iv) Damping of energy dissipation in the area of matrix

cracks.
(v) Viscoplastic damping: a correlation between the plas-

tic deformation and the increase of damping at high
stresses

(vi) Thermoelastic damping: it describes the coupling
between the elastic deformation in the matrix and an
arising temperature field.

Another significant possibility is inclusion of an additional
viscoelastic damping layer. In one case, the viscoelastic layers
were composed of the base neoprene fiber layer covered by a
rigid layer of acrylate. In the second case, the neoprene layer
was inside the interphase of inner plies in the created part as
could be seen in Figure 5 or as described in [6, 9].

Another possibility to improve or specifically affect the
damping of fiber-reinforced material is with using rubber
layer. In the work of [39] we could read about reinforcing
rubbers with long or short fibers to form composites and
their behavior in dependency on temperature. Advantages
of this so-called advanced hybrid structures based on steel,
rubber, and FRP were described by Sarlin et al. in their
work [40]. They mentioned that, with a good combination
of constituent materials and the interfacial properties, it is
possible to achieve surprising mechanical and also dynamic
properties with low weight. In our case on the top of the
composite material also the coat consisting of three rubber
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Figure 4: Examples of the inner structure of the created composite samples from UD carbon prepreg.
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Figure 5: Possibilities of implementation of damping element: (a) constrained layer damping treatment; (b) integrated layer damping
treatment (edited according to [6]).

plies was created. It was not necessary to use glue or any
special treatment, just to clean and degrease the top ply,
and subsequently the hot rubber material was sprayed. An
example of the pure layer and material covered with one
rubber film could be seen in Figure 6(a). In Figure 6(b) and
Figure 7, the next described variants with inner and outer
viscoelastic layers are shown.

Finally, the samples from standard low carbon steel
(S235JRG1) with the same size as the composite samples, 120× 40mm, and thickness of 1mm have been prepared and
experimentally tested for their transmission characteristics
in order to illustratively compare their properties with the
laminates.

3. Testing of Vibration Response

Two basic methods when the composite body is from one
side vibrationally excited and on the other scanned could be
used to locate the transmission characteristics by experiment.
The first way is to make one-sided clamping jaws excited
by a controlled signal. In terms of excitation, hydraulic
system is better utilized. Its advantages are the fluent speed
regulation and shock absorption, that is, motion without
“jumps” that are typical for pneumatic systems caused by the
compressibility of the inner medium.The second option is to
use so-calledmodal hammer that excites broad spectrumby a
short impulse [1]. The subsequent response is monitored and
evaluated.Thesemethods can be further divided according to

the dynamic responses to modal analysis, frequency domain,
time domain, and the impedance domain. Excitation and
response are processed by the signal analyzer [5]. Damping
characteristics of the beam are derived from the response
of the input signal using the Fourier transform. Also some
nondestructive evaluation (NDE) techniques such as acoustic
emission and vibration damping techniques could be also
applied to characterize the fiber-reinforced composites [1, 8,
13, 37]. The damping capacity of a material is the funda-
mental property for designing and manufacturing structural
components in dynamic applications. Materials with high
damping capabilities are very desirable to suppress mechan-
ical vibration and transmission of waves, thus decreasing
noise and maintaining the stability of structural systems.
Experimental and analytical characterization of damping is
not easy, even with conventional structural materials, and the
anisotropic nature of compositematerials makes it evenmore
difficult.Theories of Lagrange, Euler-Bernoulli, Rayleigh, and
Timoshenko [11, 36, 41, 42] based on a vibration of thin
beams are in this area mostly used. Modal vibration tests
are usually based on the measurement of modal frequencies,
damping factors, and the mode shapes on the specimens
or parts. They have potential quickly and precisely provide
enough basis of rapid and inexpensive characterization of
elastic and viscoelastic properties of the tested materials.
Generally, the damping in metal structures is low, which
results in high amplitudes of the vibrations. The damping of
the fiber-reinforced composite materials is generally higher
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Figure 6: Created samples: (a) the top surface and transition between the pure and rubber coat surface; (b) structure of the viscoelastic
neoprene material.
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Figure 7: Cross section of the tested samples with the additional (a) inner and (b) outer neoprene layers.

and significantly depends on the constitution of materials.
For a cantilever beam subjected to free vibration, the system
is considered as continuous system inwhich the beammass is
considered as distributed along with the stiffness of the shaft;
the equation of motion can be written as follows [43]:

𝑑2𝑑𝑥2 [𝐸𝐼(𝑥)
𝑑2𝑌(𝑥)𝑑𝑥2 ] = 𝜔2𝑚(𝑥)𝑌(𝑥), (9)

where 𝐸 is the modulus of rigidity of beam material, 𝐼 is
the moment of inertia of the beam cross section, 𝑌(𝑥) is
displacement in 𝑦 direction at distance 𝑥 from fixed end, 𝜔 is
the circular natural frequency,𝑚 is the mass per unit length,𝑚 = 𝜌𝐴(𝑥), 𝜌 is the material density, and 𝑥 is the distance
measured from the fixed end.

For our case of cantilever beam, the integral constant is
based on knownboundary conditions at the free and clamped
point of the flat beam (see (10) and (11)):

At 𝑥 = 0,
𝑌(𝑥) = 0,𝑑𝑌(𝑥)𝑑𝑥 = 0

(10)

At 𝑥 = 0,
𝑑2𝑌(𝑥)𝑑𝑥2 = 0,
𝑑3𝑌(𝑥)𝑑𝑥3 = 0.

(11)



8 Shock and Vibration

Berhelot and Summerscales [5, 44] applied the Ritz Method
to perform the damping calculations and experiments of
various composites, including unidirectional glass/Kevlar
fibers composites with some interleaved viscoelastic layers,
and further completed the damping analysis of composite
plate and structures by using this method. On the basis of
transfer functions, the modulus of elasticity and size of the
Poisson’s constant can be determined. Material damping is
commonly modeled for technical purposes, using the so-
called “relaxation model.” This is a parallel connection of
a spring with stiffness (𝑘1 (N/m)) and a viscous damper
(𝑏 = Ns/m) in series connected with spring 𝑘2 (N/m)
mathematically described as

𝐹 (𝑡) = 𝑤𝑜 1𝑘22 + 𝜔2𝑏2 ((𝑘1𝑘
2
2 + 𝜔2𝑏2 (𝑘1 + 𝑘2)) sin𝜔𝑡

+ (𝜔𝑘22𝑏) cos𝜔𝑡) ,
(12)

wherein the process 𝐹(𝑡) precedes the process𝑤(𝑡) by a phase
angle 𝜑, whose tangent tg 𝜑 = 𝜂. 𝜂(𝜔) is the loss tangent,
usually called the loss factor.

For most of damping materials, there is a dependency
of loss tangent 𝜂 on the angular frequency rad/s similar to
the dependency of the ideal relaxation model. According to
[45], an empirical relation (13) for modal frequencies of a flat
cantilever beam is

𝑓𝑛 = (𝜆𝑛𝐿)
2

2𝜋2 ( 𝐸𝐼𝜌𝐴)
2 , (13)

where 𝑓𝑛 is frequency of 𝑛th mode (Hz), 𝐸 is modulus
of beam material, 𝐼 is moment of inertia of beam about
its neutral axis, 𝜌 is density of beam material, 𝐴 is cross-
sectional area of beam, 𝜆𝑛 is eigen value for 𝑛th mode
which depends on boundary conditions, and 𝐿 is the beam
length. Laminated composite plates have been analyzed by
many authors [3, 4, 45]. It is well documented that shear
deformation can have significant influence on the natural
frequencies of such plates.The damping property of this kind
of plates is usually expressed in terms of the modal loss factor𝜂 calculated for each vibration mode of the plate. The degree
of internal damping (14) is calculated by applying the half-
power bandwidth.

𝑄√2 =
1

2√2𝜉 , (14)

where 𝑄 is called quality factor, equal to 𝑄 = 𝑋/𝛿𝑆𝑇 at the
time when the frequency ratio 𝑟 = 𝜛/𝜛𝑛 = 1.

The loss tangent describes properties of materials and
their inner attenuation. Sometimes damping properties coor-
dinate by a phase angle 𝜑 = arctan 𝜂, which is called the loss
angle. The main parameter describing the material damping
properties is the coefficient 𝜉 (in literature often referred
to as just 𝐾SI). Validation was performed on a frequency
response using the so-called loss factor. The loss factor is in
this case given as 𝜂 = 2𝜉, where 𝜉 is structural damping
of material during resonance. The size of the loss factor
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Figure 8: The graph of principle of measurement structural damp-
ing at resonance.

can be determined in two ways: as dynamic damping or
attenuation in dependency on time. Resonance is determined
when performance decreased by 3 dB (15) using the half-
power points 𝜛1 and 𝜛2 as could be seen in Figure 8.

𝜉 = 𝜛2 − 𝜛12𝜛𝑛 . (15)

4. Results and Discussion

The aim of the experiment was to assess dependency of
the layered structure composition on the overall response
and transfer function. The composite rectangular plate was
mounted to a console by inserting them between two
clamping jaws (Figure 9(a)) [1]. It was necessary to provide
polished clamping surfaces for perfect fixing of the sample
and to avoid possible undesirable vibrations. Accelerometer
Acc1 was mounted near to the jaws and at the free end
of the composite sheet the second accelerometer Acc2 was
mounted. The excitation impulse has been done by a modal
hammer. Accelerometer Acc1 was using wax stuck near the
jaws and at the free end of the tube the second accelerometer
Acc2 was stuck. Properties of the used accelerometers are the
mass of 1,2 g, maximal sampling frequency of 5000Hz, and
sensitivity of up to 400 g.The acceleration arising at Acc1 and
its response in Acc2 depending on time are for an angle of
20∘ and 60∘ shown in Figure 9(b). The excitation force and
its response were converted to the frequency spectrum and
calculated ratio of these two functions is called the transfer
function. This function does not depend on the type of exci-
tation. It is possible to be excited harmoniously, randomly, or
by an impulse, and the results of one type of excitation may
be used for predicting response of the structure at a different
type. In our case the method with modal hammer has been
used. The created experimental data were measured with
the maximal frequency 2000Hz. According to the Shannon-
Kotelnik theorem and so-called Nyquist condition (16), the
computational sampling frequency was 5000Hz.The desired
output is called a transfer function PSD (17). The function
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Figure 9: (a) Scheme of the experiment; (b) an example of the measured acceleration.
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Figure 10: Examples of the transfer functions for different damping materials with the plies layout 0/0/0/0.

PSD indicates which part of the total transmitted power is
carried by a respective frequency.

𝑓samp ≥ 2𝑓max, (16)

where 𝑓samp[s−1] is the sampling frequency and 𝑓max[s−1] is
the highest frequency contained in the signal.

𝐻(𝑓) = OUTPUT
INPUT

= √PSD2 (𝑓)
PSD1 (𝑓) =

acc2 (𝑓)
acc1 (𝑓) . (17)

The results for the chosen types of the plies orientation in
dependency on the used damping material could be seen in
Figures 10, 11, 12, 13, and 14. In Figures 15 and 16, results
for the samples with inner neoprene damping material in
dependency on the plies layout are shown. In the graph in
Figure 17(a) there are the sought values of structural damping
coefficient for steel and composite material compared in
order to show another advantage of using layered materials
instead of the conventional materials from the point of view

of the resonant damping. As has been already mentioned,
the structural damping is probably the most appropriate tool
that is possible to use for mutual comparison of two usually
hardly comparable materials due to their different stiffness,
density, and volume. In Figure 17(b) values of the structural
damping for the tested parts with the added viscoelastic layers
are shown.

Finite element analysis allows us to derive the different
strain energies stored in the material directions in the
constituent plies of composite materials [12]. The energy
dissipated by damping in the composite structure could be
obtained as a function of the strain energies and the damping
coefficients associatedwith the different energies stored in the
material directions. It is assumed that the same displacement
distribution in the individual layers is capable of representing
displacement discontinuity conditions at interfaces between
layers. The value of energy dissipated by damping in the
composite structure can be obtained as a function of the
damping coefficient with respect to the reference angles of
individual plies. Simulation of composites uses so-called
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Figure 11: Examples of the transfer functions for different damping materials with the plies layout 0/20/0/−20.
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Figure 12: Examples of the transfer functions for different damping materials with the plies layout 0/45/0/−45.
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Figure 13: Examples of the transfer functions for different damping materials with the plies layout 0/60/0/−60.
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Figure 14: Examples of the transfer functions for different damping materials with the plies layout 0/90/0/−90.
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Figure 15: Transfer functions of composites 0/0/0/0 and 0/45/0/−45, with the inner additional damping materials.
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Figure 16: Transfer functions of composites 0/60/0/−60, 0/20/0/−20, and 0/90/0/−90, with the inner additional damping materials.
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Figure 17: Comparison of the structural damping characteristics between (a) steel and composite parts and (b) individual composites with
the additional layers.
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Figure 18: Example of modifying shape of the fourth mode by changing direction of two from 4 layers.

layer-wise theory. We suppose that based on the distribution
of displacement among the individual layers it is possible to
predict some discontinuous conditions at the layer interface
[3, 4]. Damping measurement in composite materials uses
combined finite element and frequency response method
[10]. Based on the CAD geometry and measured material
characteristics [1] with using the ACP preprocessor a FEM
model of layered shell parts (Figure 2) has been built. The
simulation itself was distributed into 2 parts: modal analysis
and frequency response [12].Thematerial model was defined
as a shell and presented by the necessary tensile and shear
modulus of elasticity for each direction, density, and Poisson’s

ratio. On the chosen resulting visualizations (Figure 18), it is
possible to quite clearly see the individual natural frequencies
and examples of their swapping from bending to torsion
simultaneously with changing the fibers direction. If increase
of the natural frequencies of some mode is required, the fiber
orientation of each layer of the laminates or one of the size
parameters of the plates should be tailored. The resulting
transfer characteristics for various angles of individual plies
direction solved in ACP ANSYS can be seen in Figures 19
and 20. The results are in two separated graphs because the
0/0/0/0 layout has diametrically lower values of the found
transfer characteristics.
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Table 2: Overview of the found natural frequencies [Hz].

Model 35 143 222 640 1061 1314 1536 1925 2295 2295 2988
Experiment 29 144 173 648 1012 1237 1429 1894 2241 2241 3107
Deviation 17% −1% 22% −1% 5% 6% 7% 2% 2% 2% −4%
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Figure 19: Result of the numerical model, transfer function for
0/0/0/0 oriented plies.

All of the found results for continuous carbon fiber-
reinforced composites show that when strain levels are low
the damping characteristics do not depend on strain ampli-
tude but do depend on the fiber orientation. Generally it is
necessary to consider also temperature, moisture absorption,
frequency, and matrix properties. The main fiber properties
have only minimal effects. However, for discontinuous fiber-
reinforced composites it has been shown that the damping
characteristics in the fiber direction are much higher than
any other directions. It is commonly accepted that the
main sources of damping in a composite material come
from microplastic or viscoelastic phenomenon associated
with the matrix and slippage at the interface between the
matrix and the reinforcement of the individual plies. The
experiment is a quick way to find out the basic modal
and transmission characteristics. Then, primarily based on
the practical knowledge, it is possible to determine which
modes are significant and which are just some noise or, for
example, sidebands.The numerical model could give us clear
overview of the modes shape; however, their real size and
relevance are necessarily verified by experiment. Usually in
the model we could find more modes, and then based on
the experiment it is possible to identify their relevance. As
is shown in Table 2 for the selected case of ply orientation,
0/45/0/−45∘ are the numerically and experimentally found
natural values which are quite similar. Significant differences
are primarily at low frequencies and perhaps there is a place
where all the imperfections of manufacturing process, mass
of the accelerometers, and idealization in the material model
will be reflected. Use of an additional damping tool like the
tested inner and outer viscoelastic layers or the rubber cover
of the material can make the entire damping increase with an
almost negligible effect.
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Figure 20: Results of the numerical model, transfer function for 4
different oriented layers.

5. Conclusion

In this presented work the experimental and numerical
determination of the own frequencies and transient response
for prepreg plates consisting of 4 layers have been carried
out. Two layers (1st and 3rd from the top) were oriented
still in the longitudinal direction; for the 2nd one the angle
was variable in the range of 0, 20, 45, 60, and 90∘ and the
remaining 4th one was the inverse to the 2nd (it means 90,−20, −45, −60, and 0∘). The expected strong dependency of
the transition function (its shape at some particle modes
including their size) on the individual plies orientation has
been found. On the basis of the experimentally obtained
material data [25, 26], the numerical model has been com-
piled. Using this model was possible to thoroughly track
the process and explore changes in the shape of individual
modes and the response of the whole structure. Results of
the numerical simulations and experiment were in good
agreement. Generally we could say the following: (1) For
composite parts, the error resulting from the simulation every
time will be bigger than for isotropic materials (e.g., steel
parts). This is caused by many parameters and conditions
that we have to consider during the part creation (grease,
pressure, temperature, imperfect vacuum, and real thickness
of plies) and this fact, whether we like it or not, will almost
always significantly affect the final mechanical parameters.
When creating the numerical model, the results precision
depends also on the chosen approach, whether we could
compute just the shell model or create solid parts that could
be enhanced with the real arising interlaminar defects, error
criteria, and so on. (2)The expected advantages of using some
additional damping presented by the viscoelastic components
have not proved to be significant. Especially at the lower
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frequencies, it is possible to find even some decrease of the
inner structural damping. This could be quite important
for real manufactured parts because they are almost often
coveredwith some gel coat, acryl, or PURpaint, and so on and
the standard simulations do not take into account also those
factors. Even if the use of the additional viscoelastic layers
is measurable, due to significant rise of the cost, increasing
of manufacturing time and necessary higher complexity of
the used technologies are not possible to be recommended.
(3) By changing the orientation of the fibers we can shift
the individual peaks and modify the transmission. It is even
possible to change the character of own frequencies, for
example, in Figure 18, where it is possible to find changes
from bending to torsion.The presented results are important
particularly for the possibility of finding the response of the
whole structure depending on the changes in the angle of
individual layers. This could help us in our concepts to shift
themodes or avoid developed devices to operate in the critical
frequency areas. The results of presented work are important
especially for the idea of how changing the inner structure
of composite material, eventually adding some cover layers,
could influence and change the main characteristic like
the resonant frequency and their shape. The found results
correspond with conclusions of many authors. The only ones
who have achieved quite different results are Kishi et al. [8],
in which case the value of structural damping still increased
even with the increasing frequency. Such possibility has not
been proven in any of carried models or experiments or any
of found publication for either the composite structure or the
composite with the additional viscoelastic layers. Our results
agree with [6], who mentioned high importance of precise
measurement of the material properties also in various tem-
perature dependent behaviors and significant dependency
on the manufacturing conditions, that in the prototype
laboratory conditions means a very poor repeatability. In his
work he also declared that there could be some benefits in
using the inner viscoelastic layer. It could be true for the
mechanical parameters like stiffness and buckling properties,
but in our work anymeasurable improvement of the damping
properties has not been found.Whitney [46]was from today’s
perspective historically devoted to the distribution of stress
in individual composite layers. Nowadays great tool from
this point of view is the numerical simulation, where we
could describe the resulting stress and strain for the whole
material and also each of the individual layers. It is possible
to agree with [10] who mentioned that based on the 𝐾SI
and transfer function the important mechanical parameters
that characterize composite materials could be obtained with
a high level of accuracy. Our results also correspond with
the found high level of the structural damping (compared
with steel materials), especially at the lower frequencies. As
mentioned in [14], when comparing experiment andmodel of
composite parts, seemingly high differences usually arose, but
in fact the model-based trends (mode shape, delamination,
ruptures, etc.) are usually accurate and differ only in their
precise numerical values. The significant dependence on the
orientation and composition of the layers, mentioned by
[7, 15], has been obtained and proved. Their changing could
not only shift the individual modes and their frequencies,

but also change their shapes and significantly affect the inner
structural damping.
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The expansive polystyrene granule cement (EPSC) latticed concrete wall is a new type of energy-saving wall material with load-
bearing, insulation, fireproof, and environmental protection characteristics. A series of shaking table tests were performed to
investigate the seismic behavior of a full-scale reinforced concrete (RC) frame with EPSC latticed concrete infill wall, and data
obtained from the shaking table test were analyzed.The experimental results indicate that the designed RC framewith EPSC latticed
concrete infill wall has satisfactory seismic performance subjected to earthquakes, and the seismic responses of the model structure
are more sensitive to input motions with more high frequency components and long duration. The EPSC latticed concrete infill
wall provided high lateral stiffness so that the walls can be equivalent to a RC shear wall.The horizontal and vertical rebar, arranged
in the concrete lattice beam and column, could effectively restrain the latticed concrete infill wall and RC frame. To achieve a more
comprehensive evaluation on the performance of the RC frame with latticed concrete infill walls, further research on its seismic
responses is expected by comparing with conventional infill walls and nonlinear analytical method.

1. Introduction

Reinforced concrete (RC) frames with brick or block
masonry infill walls are commonly found in most parts of
Europe and in other places around the world [1–3], including
China. They are generally constructed for residential and
commercial purposes. In recent years, negative effects have
been observed in recent earthquakes, for example, in 2014
Mae Lao earthquake [4], 2011 Lorca earthquake [5], 2009
L’Aquila earthquake [6, 7], 2008 Wenchuan earthquake [8],
2007 Pisco-Chincha earthquake [9], and 2006 L’Aquila earth-
quake [10], which highlighted the vulnerability of RC frames
with infill walls.

Moreover, in order to maintain the sustainable devel-
opment of the environment and accelerate the urbanization
process, China has carried out the reform program of wall
materials and restricted solid clay brick [11]. Hence, it is
imperative to introduce or develop new kinds of wall material
and explore the application prospect.

In recent years, expansive polystyrene granule cement
(EPSC) latticed concrete wall was put forward due to

its lightweight, load-bearing, insulation, fireproof, energy-
saving, and environmental protection characteristics [12–15].
The wall material is based on EPSC elements; when these
elements are assembled into a wall, they have a network of
cylindrical cavities and provide a formwork for the liquid
reinforced concrete. The walls are similar to conventional
reinforced concrete block masonry in construction but more
monolithic like reinforced concrete walls in behavior and
function similarly to a stiffened plate [16]. Detailed drawings
of the EPSC latticed concrete components are shown in
Figure 1. Figure 2 shows the skeleton of latticed concrete wall
after removing the EPSC.

Further researches have carried out on the latticed con-
crete wall. Based on modified plate bending theory, Shugar
[16] proposed a preliminary analytical approach for the
vertical and lateral load capacity of latticed concrete walls and
performed model structural tests on the walls to verify the
analytical methodology. Steady-state hot-box tests and finite
difference simulation were done to examine the steady-state
thermal performance of the EPSC latticed concrete wall [12].
Nowadays, cyclic lateral loading tests have been performed to
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investigate the seismic performance of EPSC latticed concrete
wall and check the current design and analysis methods.
Sun et al. [17] studied the seismic behaviors of concrete grill
wall through the testing of 8 pieces of latticed concrete wall
with shear span ratio of 0.77, 0.84, and 1.0 under the action
of vertical load and cyclic lateral load. China Academy of
Building Research conducted a series of cyclic lateral loading
tests on latticed concrete wall and full-scale structure and
established the technical specification for dwelling houses
with EPSC latticed concrete wall [14]. Zhou et al. [18]
conducted a series of cyclic lateral loading tests on latticed
concrete wall to investigate effects of different aspect ratios on
the seismic behavior. Chen et al. [19] presented the numerical
simulation results of EPSC latticed concrete wall in the
vertical and horizontal load. The calculated results indicated
that the stress distribution of seismic wall was uniform.

These studies focus on the physical and mechanical
performance of EPSC latticed concrete wall. Few shaking
table test results or numerical simulations are available in the
literature on seismic performance of RC frame with EPSC
latticed concrete infill wall. In view of this, a series of shaking
table tests on full-scaled RC frame structure with EPSC
latticed concrete infill walls were carried out to investigate the

seismic performance of the structure, and the experimental
data were analyzed in this paper.

2. Shaking Table Test

2.1. Design andConstruction of the TestModel. The testmodel
is a single story RC frame structure with EPSC latticed
concrete infill wall. It is supported by a rigid RC base beam
fastened to a shake table. The test model before testing and
its dimension data are shown in Figure 3. For infill walls,
EPSC with nominal dimension corresponding to 0.9m ×
0.6m × 0.25m (length × width × height) was used. The cross
section of concrete lattice beam and column is circular with a
diameter of 0.16m. The spacing of the concrete lattice beams
or columns is 0.3m, as shown in Figure 4.

The concrete strength grade used in the latticed concrete
infill wall and RC frame is C15 and C40. Before testing,
the compression test of specimen with size of 150mm ×
150mm × 150mm and elasticity modulus test of specimen
with size of 150mm × 150mm × 300mm were conducted.
The average concrete compressive cube strength 𝑓cu was
measured at approximately 43.87MPa for the frame structure
and 10.62MPa for the latticed concrete infill wall. The
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corresponding elasticitymodulus is approximately 33GPa for
the frame concrete and 20GPa for the latticed concrete. The
tensile cube strength of concrete-like materials is generally
equal to about 1/10 compressive cube strength by the code
for design of concrete structures [20]. The yield stresses are
335MPa (HRB335) for the rebar embedded in the frame
structure, 400MPa (HRB400) for that in the latticed concrete
infill wall, and 300MPa (HPB300) for that in the slab, as
shown in Figure 5. The material physical parameters of test
frame structure are shown in Tables 1 and 2. Considering the
effect of live load on the slab, 1500 kg additional mass was
added to the test model. Rectangle lead bricks (46 cm × 8 cm
× 6 cm) were grouted on the model structure as additional
mass. Figure 6 illustrates the distribution of the rectangle lead
bricks on the model structure.

2.2. Test Device. The seismic response test of a RC frame
structure with EPSC latticed concrete wall was performed
by the shaking table at the Institute of Engineering Mechan-
ics, China Earthquake Administration, Harbin, China. The
dimension of the shaking table is 5.0m × 5.0m in plane.
The maximum working load of the table is 300KN, and the

maximum overturning moment is 750KN⋅m. The shaking
table can achievemaximum acceleration of 1.0 g in horizontal
directions and 0.7 g in vertical direction. The displacement
limits of the table are ±80mm in the horizontal directions
and ±50mm in vertical direction. The working frequency of
the table ranges from 0.5 to 40Hz. A data acquisition system
with 128-channel transducers was used to collect the data in
the test.

2.3. Layout of Sensors. A total of 14 force-balance accelerome-
ters and 8 displacement transducers were used tomeasure the
global responses of the structure. 48 strain gauges, including
44 steel strain gauges and 4 concrete strain gauges (measuring
points S-A11, S-B16, S-C8, and S-C9), were used to measure
the strain responses of the latticed concrete infill wall. The
accelerometers have a frequency response of 0–80Hz and
measuring range of ±5 g, while displacement transducers can
measure up to 100mm. Based on the calibration for the strain
gauges, the resistance value is 120 ± 0.2Ω. Sensors are shown
in Figure 7.

The displacement transducers were installed along the
structural height from the base beam to the slab, in which
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Force-balance accelerometer Displacement transducer Strain gauge

Figure 7: Sensors used in the shaking table test.

Table 1: Concrete compressive cube strength of frame structure.

Specimen 1 2 3 4 5 6
𝑓cu (MPa) 44.44 44.45 42.47 44.41 44.42 43.05
𝑓cu (MPa) 43.87

Table 2: Physical parameters of test material.

Material Unit weight
(KN/m3)

Elastic modulus
(GPa) Poisson’s ratio Mix ratio

(water : cement : sand : gravel)
Latticed
concrete 2400 20 0.2 0.44 : 1 : 1.06 : 2.26

Frame concrete 2500 33 0.2 0.47 : 1 : 1.82 : 3.87
HPB300 7800 210 0.3 —
HRB335 7800 200 0.3 —
HRB400 7800 200 0.3 —

those at the base beam were to measure the displacement
of the shake table. 2 × 2 accelerometers were set at the base
beam in both of the 𝑥- and 𝑦-directions in order to measure
actual base excitations.Three accelerometers, one in the edge
and two in the middle, were arranged on the slab, and the
rest of accelerometers were attached to each of walls of struc-
tural height 1.5m. Steel strain gauges were attached to the
horizontal and vertical rebar embedded in the walls; concrete
strain gauges were attached to the bottom of frame column.
Figure 8 depicts the locations of accelerometers, displacement
transducers, and strain gauges. The letters “A,” “D,” and “S”
refer to accelerometers, displacement transducers, and strain
gauges, respectively. All data were acquired simultaneously at
a sampling rate of 200Hz on 70 channels.

2.4. Input Motions and Testing Program. The site condition
is an important factor in determining the input motion for
the dynamic test of structure. Taking site condition into
consideration, three strong motion records were chosen as
the input motions in the shaking table test: (i) El Centro NS
record from the California Imperial Valley earthquake on 18
May 1940, which is specified for site classes III and IV, (ii)
Taft EW record from the California Kern County earthquake
of 21 July 1952, which is specified for site classes II and III, and
(iii)Wolong EW record from theWenchuan earthquake of 12
May 2008,which is specified for site classes I and II inChinese
code [21, 22]. Figure 9 shows the acceleration time histories

and response spectra of the three input motions. It is inferred
that the spectral components of the three input motions is
rich enough for the study.

The intensity of the three input motions was controlled
by adjusting the maximum displacement amplitude of the
shake table, and the three input motions were applied only
in 𝑦-direction. The model structure was tested under 18
cases of inputmotions with gradually increasing peak ground
acceleration (PGA) and 4 cases of input white noises. The
maximum testing PGA was 0.30 g for the input Taft record,
0.30 g for the input El Centro, and 1.00 g for the inputWolong
record. The test was divided into three consecutive stages.
Cases 2 to 10were applied in the first stage, cases 12 to 16 in the
second stage, and cases 18 to 21 in the third stage. To detect the
change in the natural frequencies of the structure, white noise
scanningwas conducted in the𝑥- and𝑦-directions before and
after each stage. The testing cases are listed in Table 3.

3. Experimental Results and Analysis

3.1. Testing Observation. Table 4 summarizes the macro-
scopic phenomena observed at various levels of input
motions. At linear elastic stage (PGA ≤ 0.15 g), there were no
noticeable structure shaking response and damage observed.
Based on the observed response of the model, it is surmised
that the structure was in serviceable condition. When input
motions are with PGA = 0.2 g, some small cracks were first
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Figure 9: Acceleration time histories and spectral acceleration of the ground motion records: (a) Taft record, (b) El Centro record, and (c)
Wolong record (EW).

found at the EPSC in the diagonal and vertical direction.
Those cracks were concentrated at the corners of the open-
ings. After the testing of input motions with PGA = 0.30 g,
cracks were observed at the wall-frame interfaces. After the
testing ofWolong record input with PGA= 0.50 g, horizontal,
diagonal, and vertical cracks appeared on the periphery of

wall openings (see Figure 10(a)). In failure stage (for the
Wolong record inputwith PGA=0.78 g and 1.00 g), themodel
structure vibrated significantly and the cracks in the walls
extended and widened. The roof departed from frame. How-
ever, there were no spalling of concrete and buckling of main
rebar, and also no cracks were found on the surfaces of the RC
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Figure 10: Observed cracks in the model structure: (a) EPSC latticed concrete wall A and (b) EPSC latticed concrete wall B.

frame. It shows that the RC frame was in a state of no dam-
age.

After the tests, removing the EPSC from thewalls, the tiny
horizontal and circular cracks at the concrete lattice column
could be found (see Figure 10(b)). In general, the model
was slightly damaged; it means that some of the structural
members will have to be repaired.

3.2. Fundamental Frequencies. To identify the fundamental
frequencies and modal damping ratios of the tested model,
the testing was done under white noise input of PGA =
0.050 g in the 𝑥-direction and 𝑦-direction before and after
each stage. The acceleration responses recorded were then
processed to obtain the transfer functions [23], from which
the fundamental frequency and modal damping ratios were
achieved. Table 5 shows the fundamental frequencies and
corresponding damping ratios of the model for different
stages of test process. The initial fundamental frequency of
the test model was 17.04Hz in 𝑦-direction and 14.21Hz in
𝑥-direction. But after the Wolong record input with PGA
= 1.00 g, the fundamental frequency decreased to 12.62Hz
(reduction ratio of 25.9%) in 𝑥-direction and 11.99Hz (reduc-
tion ratio of 15.6%) in 𝑦-direction. Meanwhile, the damping
ratio gradually increased from 0.84% for initial stage to
1.30% for elastic stage, 1.97% for crack development stage,

and 2.57% for failure stage. The results indicate that the
postearthquake stiffness of the structure decreased, which
was possibly due to the infill walls being damaged. Changes
of fundamental frequencies and damping ratio agree well
with observations. Some cracks appeared around the wall
openings after the tests. Compared with the fundamental
frequency in 𝑥-direction, it was smaller in 𝑦-direction. This
is because there were openings on the latticed concrete infill
walls in 𝑦-direction, and the stiffness of the model structure
in 𝑦-direction was smaller than that in 𝑥-direction.

3.3. Acceleration Responses. Figure 11 shows the acceleration
time histories of structural response for different input
motions.The in-plane peak acceleration amplification factors
(𝑎max/𝐴max, where 𝐴max is the peak acceleration of the input
motion at base beam and 𝑎max is the peak acceleration of the
responsemotion at infill walls or the slab) along the structural
height are shown in Figure 12. Note that as the PGA of input
motion increased from 0.10 g to 0.30 g, the amplification
factor increased gradually.The amplification factor increased
along the structural height under Wolong record input, and
the amplification factor ranged from 1.20 to 1.35 on the slab.
However, the amplification factor increased firstly and then
decreased along the structural height under El Centro record
input, and the amplification factor on the slab was close
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Table 3: List of testing cases.

Case Input motion PGA (g) Duration
(s) Remark

Design value Measured value

1 White noise 0.05 0.05 180 Frequency
measurement

2 Taft 0.10 0.10 54

First stage
(linear elastic)

3 El Centro 0.10 0.10 54
4 Wolong 0.10 0.09 180
5 Taft 0.15 0.15 54
6 El Centro 0.15 0.15 54
7 Wolong 0.15 0.14 180
8 Taft 0.20 0.20 54
9 El Centro 0.20 0.20 54
10 Wolong 0.20 0.19 180

11 White noise 0.05 0.05 180 Frequency
measurement

12 Taft 0.30 0.30 54

Second stage
(crack development)

13 El Centro 0.30 0.30 54
14 Wolong 0.30 0.30 180
15 Wolong 0.40 0.40 180
16 Wolong 0.50 0.50 180

17 White noise 0.05 0.05 180 Frequency
measurement

18 Wolong 0.60 0.60 180
Third stage
(failure)

19 Wolong 0.700 0.72 180
20 Wolong 0.80 0.78 180
21 Wolong 1.00 1.00 180

22 White noise 0.05 0.05 180 Frequency
measurement

Table 4: Macroscopic phenomena of structure.

Stage Observation and type of damage Condition

Elastic No noticeable shaking and some barely
noticeable small cracks Serviceable condition

Crack development
Observable vibrations and cracks at the EPSC
appeared in the horizontal, diagonal, and

vertical direction
Serviceable condition

Failure
Significant vibration, cracks extended wider

and deeper at the EPSC, and the roof departed
from frame

Slightly damaged and requiring repair

Table 5: Fundamental frequency and damping ratio of the model.

Stage Fundamental frequency (Hz) Damping ratio (%)
𝑥-direction 𝑦-direction

Initial 17.04 14.21 0.84
Elastic 15.63 13.00 1.30
Crack development 13.33 12.61 1.97
Failure 12.62 11.99 2.57
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Figure 11: Acceleration time histories of the model structure under different input motions.

to 1.00. The results show that the spectral characteristics
of the input motion had significant effect on the dynamic
response of the model. The amplification factors induced by
the Wolong record input were greater than those by the El
Centro record input (e.g., PGA = 0.3 g). It indicates that the
seismic response of the model structure was more sensitive
to the ground motions with long duration for the same PGA.
When PGA was greater than 0.30 g, the amplification factor
decreased slightly as a result of the stiffness degradation of the
model structure.

The out-of-plane peak acceleration amplification factors
along the structural height are shown in Figure 13. Note that
the amplification factor increased firstly and then decreased
along the structural height for input motions with PGA
= 0.15 g. However, for input motions with PGA = 0.30 g
and above, the amplification factor approximately increased
along the structural height. The amplification factor induced
by Wolong record input was greater than those by Taft or

El Centro record input. This agrees well with the in-plane
acceleration response.

Figure 14 presents the response spectral acceleration ratio
(𝑆Ai/𝑆A, where 𝑆A is the spectral acceleration of the input
motion at the base beam and 𝑆Ai is the spectral acceleration
of the structural response motion at the infill walls or the
slab) under different input motions. Note that the spectral
acceleration ratio increases slightly and then decreases with
the increase of input PGA from 0.09 g to 0.30 g and 0.72 g
under Wolong record input. From Figures 14(a), 14(c), and
14(d), it is clear that the peak dominant period moves toward
longer periods with the increase of PGA of the input motion.
The results indicate that some of the structural members
might be damaged under strong input motions and the
stiffness of the model structure also decreased. From Figures
14(b) and 14(c), the spectral acceleration ratios underWolong
record input are larger than those under Taft record input
with the same PGA = 0.30 g. The spectral acceleration ratio
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Figure 12: Peak acceleration amplification factors of the model structure: (a) under Wolong record input and (b) under El Centro record
input.
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Figure 13: Comparison of out-of-plane peak acceleration amplification factors of the model for different input motions: (a) input motion
with PGA = 0.15 g and (b) input motion with PGA = 0.3 g.

has positive correlation with the structural height, which
agrees well with the acceleration response. It is clear that the
spectral acceleration ratios are almost larger than 1, and the
curve shapes at different points are approximately similar,
which means that the RC frame with infill walls exhibited
excellent integrity.

3.4. Displacement Responses. Figure 15 shows the displace-
ment time history of structural response at the frame beam
(point D5) and the top of infill wall (point D6) under the
Taft record input with PGA = 0.10 g, El Centro record input
with PGA = 0.30 g, and Wolong record input with PGA
= 1.00 g. The residual displacement was minimal for input
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Figure 14: Spectral acceleration ratio of the structural responses under different input motions: (a) case 4, (b) case 12, (c) case 14, and (d) case
19.

motion with PGA = 0.30 g. Table 6 shows the maximum
displacement of structural responses along the structural
height. The maximum displacement of slab response was
69.07mmwhichwas recorded atD5under theWolong record
input with PGA = 0.72 g. The maximum displacement at D6
(on the top of wall) was smaller than that at D7 (in themiddle
of wall). The result indicates that the vertical and horizontal
rebar, embedded in the top of latticed concrete infill wall and
their surrounding RC frames, could effectively restrain the
wall displacement.

Figure 16 presents the relative displacements of measur-
ing points (D5–D8) along the structural height. It shows

that the deformation shape of RC frame with latticed con-
crete infill wall was basically shearing type. The maximum
displacements of measuring points D5 and D6 exhibited
remarkable difference. It suggests that there was relative
displacement between the latticed concrete infill wall and
RC frame beam under earthquake excitations, and the frame
beam-latticed concrete infill wall could be equivalent to a
hinge joint. The maximum story drift was about 5.0mm
under the Wolong record input with PGA = 1.00 g. Mean-
while, the interstory drift reached 1/513, which is close to the
limit value of the elastic interstory drift of RC frame structure
1/550 (GB 50011-2010). It means that the model structure
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Figure 15: Displacement time histories of structural response at the frame beam and the top of infill wall under different input motions (unit:
mm).
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Figure 16: Relative displacement along structural height under Wolong records.

Table 6: Displacement response of the model for different input motions (unit: mm).

Sensor
Input motion

Taft El Centro Wolong
0.10 g 0.20 g 0.30 g 0.10 g 0.20 g 0.30 g 0.14 g 0.30 g 0.50 g 0.72 g

D5 28.77 56.61 72.40 32.38 56.88 72.54 14.47 33.59 49.09 69.07
D6 26.56 55.11 71.20 30.11 55.26 71.37 13.44 32.16 47.27 67.86
D7 27.52 55.76 71.81 31.13 55.93 71.76 13.75 32.29 47.62 67.95
D8 26.81 54.30 70.11 29.86 53.80 69.87 13.45 31.08 46.01 65.81
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Figure 17: Strain time histories of the rebar and concrete under Wolong record input: (a) rebar and (b) concrete.

Table 7: Peak tensile strain of latticed concrete infill walls (𝜇𝜀).

Input motion Strain gauge PGA (g) Rebar spacing (mm)
0.09 0.19 0.30 0.40 0.60 0.72 0.78

Wolong

S-A1 6.5 12.1 68.8 109.5 317.9 507.2 633.4 600
S-A2 5.3 9.6 13.7 35.0 51.1 64.5 73.4 300
S-B1 121.1 392.4 554.7 980.3 1179.2 1411.5 1531.6 600
S-B5 14.4 31.4 62.6 97.7 136.4 167.8 154.6 300

might remain in serviceable condition after Wolong record
input with PGA = 1.00 g. The interstory drift was minimal,
which demonstrated the EPSC latticed concrete infill wall
with higher stiffness. In general, the infill wall could bear
larger shear force and significantly reduce the story drift of
the model structure, and the walls could be equivalent to the
RC shear wall.

3.5. Strain Responses. Figure 17 shows the strain time histo-
ries of the rebar in the bottom of infill wall and the concrete
on the frame column under Wolong record input. It is clear
that residual strains were evident underWolong record input
with PGA = 0.72 g. The strain response of the rebar (900 𝜇𝜀)
was much larger than that of the concrete (120 𝜇𝜀) for the
same PGA = 0.72 g, which means that the infill walls could
effectively bear the internal forces (shear force and bending
moment).

The distribution of peak tensile strains on the latticed
concrete infill wall A and wall B is shown in Figure 18. The
tensile strain in the infill walls varied significantly, which
exhibited remarkable spatial effect. This might be caused by
the openings of the walls and spacing of the steel rebar.

As shown in Figures 8 and 18, the spacing of vertical steel
rebar is 600mm on the left side of the opening and 300mm
on the right side. Comparing of the strain gauges measuring
at points S-A1 and S-A2, S-B1, and S-B5, respectively, the peak
tensile strains on the left side of the opening (S-A1 and S-B1)
were larger than that on right side (S-A2 and S-B5), as listed
in Table 7. This indicates that the smaller the rebar spacing,
the smaller the tensile strain measured, and the peak tensile
strain had positive correlation with the steel rebar spacing.

Meanwhile, it is observed that the amount and width of
cracks on the left side of the openings were significantly more
than those on the right side, which means that vertical rebar
embedded into latticed concrete infill walls could effectively
delay the cracks appearing and restrain the cracks extending.
Hence, the ductility of the infill walls could be enhanced.

Figure 19 plots the distribution of peak tensile strains
on the latticed concrete infill wall A and wall B under
Wolong record input. Before test cases of PGA = 0.3 g, the
peak tensile strains of most measuring points were less than
100 𝜇𝜀. With the increased of PGA, the internal forces and
deformations of model structure increased gradually, and the
initial cracks appeared when concrete tensile strain reaches
ultimate tensile strain. During the failure stage, the rebar
tensile strain increased significantly, and the peak tensile
strain at point S-B12 reached to 1077.8 𝜇𝜀 (53.89% 𝜀𝑦𝑘), where
𝜀𝑦𝑘 is the yield strain.

From Figure 19(a), the peak tensile strains in the bottom
of the latticed concrete infill wall A (point S-A10) and wall
B (point S-B15) were larger than those in the middle of
wall A and wall B. The experimental results show that the
failure modes of latticed concrete infill walls with the height-
width ratio of 2.57 and 1.57 were bending shear mode when
subjected to earthquake excitation.

From Figure 19(b), the maximum concrete tensile strain
was 120.0 𝜇𝜀 (measuring point S-B16) under Wolong record
input with PGA = 0.78 g. Because the input motions was only
applied in the 𝑦-direction, the maximum measuring points
S-C8 and S-C9 (out-of-plane) were just 28.4 𝜇𝜀 and 28.9 𝜇𝜀,
respectively, which were smaller than that of the measuring
points S-A11 and S-B16 (in-plane). According to the code for
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Figure 18: Distribution of the peak tensile strain under different input motions (unit: 𝜇𝜀): (a) Taft 0.1 g, (b) Taft 0.3 g, (c) El Centro 0.1 g, and
(d) El Centro 0.3 g.

design of concrete structures in China GB 50011-2010, the
concrete ultimate tensile strainwas approximately 150 𝜇𝜀.The
results indicate that some barely noticeable small cracks or
no cracks would be found on the surface of the RC frame.
After each case of the input motions, there was no spalling of
concrete, and no noticeable cracks were found on the surface
of the RC frame column around the concrete strain gauges.
The experimental observation agrees well with the concrete
strain measurements. This experimental result shows that
RC frame with EPSC latticed concrete infill wall has a good
seismic performance.

3.6. Base Shear. In dynamics of structures, the equation of
motion for linearly elastic single-degree-of-freedom (SDOF)
system at the seismic excitation can be written in the form of

𝑚�̈� (𝑡) + 𝑐�̇� (𝑡) + 𝑘𝑥 (𝑡) = −𝑚�̈�𝑔 (𝑡) , (1)

where 𝑚, 𝑐, and 𝑘 denote the mass, damping constant, and
stiffness of the structural system; �̈�(𝑡), �̇�(𝑡), and 𝑥(𝑡) is the
acceleration, velocity, and displacement of system; �̈�𝑔(𝑡) is the
ground acceleration.



16 Shock and Vibration
Pe

ak
 te

ns
ile

 st
ra

in
 


S-A3
S-A4

S-A9
S-A10

600

500

400

300

200

100

0
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.80.0

Peak ground acceleration (g)

Pe
ak

 te
ns

ile
 st

ra
in

 


S-B3
S-B12
S-B14

S-B15
S-B17

1200

1000

800

600

400

200

0
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.80.0

Peak ground acceleration (g)

(a)

Pe
ak

 te
ns

ile
 st

ra
in

 


S-A11
S-B16

S-C8
S-C9

140
120
100

80
60
40
20

0
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.80

Peak ground acceleration (g)

(b)

Figure 19: Peak tensile strains under Wolong earthquake records: (a) steel rebar and (b) concrete.
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Equation
Weight No weighting
Residual sum
of squares 356.27335

Pearson’s r 0.99194
Adj. R-Square 0.98127

Value Standard error

Base shear
Intercept 5.43976

Slope 245.689 12.81185
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Figure 20: The relationship between max base shear and PGA under Wolong record input.

Usually the inertial force as a kind of equivalent force
reflected the seismic impact on the structural system, the
seismic action can be written as follows:

𝐹 (𝑡) = −𝑚 [�̈� (𝑡) + �̈�𝑔 (𝑡)] . (2)

Then the maximum seismic action can be conveniently
expressed when subjected to earthquake:

𝐹 = 𝑚 �̈� (𝑡) + �̈�𝑔 (𝑡)
max = 𝑚𝑆𝑎. (3)

In this equation, 𝑆𝑎 denotes the maximum absolute accelera-
tion response.

Meanwhile, the maximum shear 𝑉 acting on the SDOF
system can be written as follows:

𝑉 = 𝑘 |𝑥 (𝑡)|max = 𝑘𝑆𝑑, (4)

where 𝑆𝑑 represents the maximum relative displacement
response.

Clearly, since the maximum absolute acceleration re-
sponse 𝑆𝑎 and the maximum relative displacement response
𝑆𝑑 have the approximate relation,

𝑆𝑎 = 𝜔
2𝑆𝑑 =
𝑘
𝑚
𝑆𝑑, (5)

inwhich𝜔 represents undampednatural circular frequencies.
Thus, the following equation can be got from (2):

𝐹 = 𝑚𝑆𝑎 = 𝑘𝑆𝑑 = 𝑉; (6)

that is to say, the maximum seismic action 𝐹 can be equal to
the base shear 𝑉.

Figure 20 plots the relationship between max base shear
and peak acceleration under Wolong record input. It is clear
that, with the increase of PGA, the max base shear of testing
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model approximately increased linearly. The fitting equation
is given as follows:

𝑦 = −4.40032 + 245.689 × 𝑥, (7)

where 𝑥 denotes the peak acceleration and 𝑦 is max base
shear.The value of adjusted coefficient of determination (Adj.
𝑅-Square) is close to 1; it indicates that the linear fit was good.
The result shows that some of the structural members might
be damaged under strong input motions, while the stiffness
and strength of the model structure decreased slightly, and
the RC frame with EPSC latticed concrete infill wall has
satisfactory seismic performance under severe earthquakes in
particular.

4. Conclusions

A series of shaking table tests were conducted to investigate
the seismic performance of RC frame with EPSC latticed
concrete infill wall. The results of the investigation presented
in this paper are summarized as follows:

(1) RC frame with EPSC latticed concrete infill wall
has satisfactory seismic performance, under severe
earthquakes in particular. The test model was still in
elastic state under input motion with PGA of 0.20 g.
The RC frame structure had no damage even if the
PGA was up to 1.00 g.

(2) The RC frame with EPSC latticed concrete wall is
more sensitive to input motions with more high
frequency components and long duration.

(3) EPSC latticed concrete wall provides higher stiffness,
which could bear larger shear force and significantly
reduce the story drift of the structure, and the walls
could be equivalent to the RC shear wall. Meanwhile,
the stiffness could be weakened for the latticed con-
crete infill walls with large openings.

(4) The horizontal and vertical rebar, arranged in the
EPSC latticed concrete infill walls, could effectively
restrain the cracks extending and provide sufficient
connections to avoid the infill walls falling out of their
surrounding RC frames. Meanwhile, the smaller the
rebar spacing, the smaller the tensile strainmeasured.

To achieve a more comprehensive evaluation on the
performance of RC frame with latticed concrete infill wall,
more relative studies are expected, for example, comparing
with conventional infill walls and developing a numerical
model.
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This study evaluates the performance of passively controlled steel frame building under dynamic loads using time series analysis.
A novel application is utilized for the time and frequency domains evaluation to analyze the behavior of controlling systems. In
addition, the autoregressive moving average (ARMA) neural networks are employed to identify the performance of the controller
system.Three passive vibration control devices are utilized in this study, namely, tuned mass damper (TMD), tuned liquid damper
(TLD), and tuned liquid column damper (TLCD). The results show that the TMD control system is a more reliable controller
than TLD and TLCD systems in terms of vibration mitigation. The probabilistic evaluation and identification model showed that
the probability analysis and ARMA neural network model are suitable to evaluate and predict the response of coupled building-
controller systems.

1. Introduction

In order to maintain structures safety and service, the
application of controllers has been an important option for
skyscrapers and important structure all over the world. Con-
trolling systems are designed to protect buildings; bridges;
and industrial plants from severe vibrations in seismically
active regions [1]. There are different controlling systems,
also known as earthquake protective systems, such as simple
passive devices and fully active and hybrid systems [1–6].

Passive control systems are being progressively used in
vibration control of structures subjected to dynamic loads
[7]. The most commonly used passive control systems are
tunedmass damper (TMD), tuned liquid damper (TLD), and
tuned liquid column damper (TLCD). Tuned liquid column
damper, proposed by Sakai et al. [8], combines the liquid
mass and orifice damping effect to minimize the vibration.
The TLD also uses similar concept to reduce the structural

vibration. The advantages and disadvantages of using each
passive control system for vibration mitigation are presented
in [1, 3, 7, 9]. Chen et al. [10] presented a passive control
system for a high-rise building in Beijing. They found that
the passive control is an economic system that can be used
to decrease the displacement response of structures under
seismic or dynamic loads. In addition, Kasai et al. [11]
concluded that the most common passive control systems
are used in Japan and they found that the performance of
passive control dampers is higher with earthquake effects.
Bigdeli and Kim [3] and Bigdeli [9] have applied different
cases of simulation and experimental studies for different
cases of passive control systems. They applied the TMD,
TLD, and TLCD controller systems and found that the
TMD performance system is better to reduce the vibration
of structures in frequency domain. Moreover, many papers
are published on the performance investigation of these
controlling systems in time and frequency domains [3, 9–15].
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This study applies a novel analysis in time and frequency
domains based on probabilistic and identification theories.

The time series analysis was used widely to evaluate the
performance and identify the damage of structures in real
monitoring measurements and experimental studies [15–20].
Kaloop and Hu [17] and Kaloop and Kim [18] have used
the statistical analysis to evaluate the performance of bridges
under moving loads and damage effects. The traditional
probabilistic evaluation was used to assess and evaluate the
seismic effects and risks due to earthquakes [21–23]. It,
also, can be used to evaluate structures lifespan [24]. In
addition, the probabilistic evaluation method was used as
an additional procedure to assess the behavior of structures
under seismic effects; moreover, the behavior and damage
level of structures were expressed using the probability of
exceeding the limit state by site-specific earthquakes during
design service life of structures [21]. Kralik [25] utilized the
probability analysis to estimate the containment failure of
concrete structures. Matos et al. [26] evaluated the behavior
of simple beam experimentally and numerically using a linear
and nonlinear probability analyses and concluded that the
nonlinear probability analysis can be used to estimate the
behavior of structures.

Performance models identification was used to predict
the behavior of structures under dynamic loads. The pre-
dicting models were designed based on input and output
or output only of the input and response performance of
structures [27, 28]. This study is focused on input-output
models based on experimental studies. The artificial neural
networks (ANN) are one of the most accurate and widely
used predicting models that have fruitful applications in
many engineering problems [28, 29]. The basics of ANN
are presented in [28, 29]; in addition, the application of
ANN to predict the performance and damage detection
of structures showed that the ANN is a good tool that
can be used in this area [18, 19]. Bigdeli and Kim [12]
used ANN to predict the behavior of irregular building-
controller system under dynamic loads and found that the
ANN can be used to identify the performance of building
structures. In addition, Li et al. [30] found that the ANN
is feasible to model the linear and nonlinear performance
of structures under seismic loads. Autoregressive models
gave the best performance results when coupled with ANN
[28]. Khashei and Bijari [27] introduced an integrated ANN
with autoregressive integrated moving average (ARIMA) to
identify the time series problems and found that it is more
accurate thanANN.However, in this study, the autoregressive
and autoregressive moving average are utilized and evaluated
with ANN to develop a prediction model that can be used to
identify the behavior of structures controllers under dynamic
loads.

The main objective of this study is to investigate the
probability analysis and prediction models to evaluate the
behavior of an experimental study for a three-story building
attached with TMD, TLD, and TLCD controlling systems.
Also, a novel application for the probability in time and
frequency domains is evaluated and discussed for the con-
trolling systems. Furthermore, an autoregressive moving
average-neural network model identification response is

designed to predict and investigate the behavior of structures
under dynamic loads.

2. Materials and Methods

2.1. Response Theory and Experimental Setup. The mechani-
cal configuration of a controlling system consists of a spring
and a mass attached on the top of a multistory structure.This
system is used as a vibration absorber in order to mitigate
structural vibrations. The dominant general equation of
motion used for the coupled structure and the absorber for
a three-dimensional (3D) structure is given as follows [3, 31]

𝑀�̈� + 𝐶�̇� + 𝐾𝑥 = −𝑀𝑟𝑔�̈�𝑔, (1)

where 𝑀, 𝐶, and 𝐾 denote mass, damping, and stiffness
matrices of the structure, respectively. The �̈�, �̇�, and 𝑥 repre-
sent the acceleration, velocity, and displacement response of
the structure, respectively. The excitation signal is indicated
by 𝑥 and 𝑟𝑔 which are defined as the displacement and the
ground influence vectors, respectively.

A scaled structural model of a 3D 3-story moment-
resisting steel frame building structure is selected to conduct
the experiments; see Figure 1(a). This study evaluates a steel
structure system, widely used in high-risk areas [6, 9]. The
characteristics of the structure are as follows: the total height
is 930mm and the natural frequency is 2.7Hz. The diameter
of the cross-section area of every column is 5mm and the
story height equals 310mm. All degrees of freedom (DOFs)
are restricted at the base level. Each floor configuration
includes a rigid steel square plate of 300mm× 300mmwhich
weights 3,436 gr with threeDOFs for translations in 𝑥- and𝑦-
directions as well as a rotation around a vertical line passing
through the center of mass at every floor. The total number
of DOFs (42) after application of the boundary conditions
(i.e., rigid diaphragm, Guyan reduction of vertical DOFs,
and rotational DOFs around 𝑥- and 𝑦-axes) equals 9. The
input signal generated artificially through shaking table [29]
generates an acceleration signal having a waveform in which
parameters such as strong motion duration, ramp times, and
number of strong motion peaks are variables. The input and
output signals generation andmeasurements are presented in
[3, 31–33].

Three passive controllers included in this study, TLD,
TLCD, and TMD systems, were used as shown in Figures
1(b), 1(c), and 1(d), respectively. TLCD and TLD devices
are fabricated by using a light fiberglass material, while
the TMD system is fabricated by using steel material. The
total weight of each device is less than 3% of the whole
steel structure. The controllers’ weight was kept constant
during the conduction of the experiments for all systems.The
water inside the containers was in a direct contact with the
atmosphere and it also could freelymove inside the container.
In order to compare the results properly, the following points
are considered: firstly, all the three devices have the same
primary mass, which means that TLCD and TLD and TMD
are identical in weight. Secondly, the same amount of solid or
water mass was added to the system including water mass to
TLCD and TLD and solid mass to TMD at each step of the
tests. Moreover, the total mass used in this study is 1.80 Kg.
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Figure 1: Experimental instruments and setup process, (a) building model, (b) TLD system, (c) TLCD system, and (d) TMD system.

Lastly, the dimensions of the devices are designed in a way to
be identical in order to ensure theminimumeffects on results.

Figure 2 represents the experimental setup for the con-
trolling system. As shown in Figure 2, a regular structure
system is used and the accelerometer sensor is used to
measure the response of the three-floor roofs. In this study,
the maximum response for the third floor is evaluated.

2.2. Statistical Analysis. The statistical analysis for the con-
trolling system is applied in two ways; conventional (Mean,
Skewness, and Kurtosis) and advanced (probability analysis).
The statistical moments are used previously to assess the
behavior of structures and evaluate structures’ monitoring
systems [17, 18], and also the probability analysis is used to
analyze the monitoring system of structures, wind energy,
and aerospace evaluation [17, 20, 34, 35]. In this study, the
two statistical methods are used to evaluate and assess the
behavior of the controlling systems. It is noteworthy that no
studies have implemented the probability analysis in control
system analysis in time and frequency domain.

In time domain, the Weibull distribution (WD) analysis
is widely used to evaluate the behavior of structures [20].
The WD is a probability distribution used to measure the

reliability of structures due to its versatility and relative
simplicity [36–38], while the reliability of structures can be
evaluated by analyzing the interaction between two proba-
bility distributions [39]. In WD analysis, the shape (𝑘) and
scale (𝑐) parameters are used to extract the Weibull prob-
ability density function (PDF) and cumulative distribution
function (CDF) [20, 34].These parameters can determine the
optimumperformance of the behavior of structure-controller
system [20, 40]:

𝑓 (𝑚) = (𝑘𝑐 ) (𝑚𝑐 )𝑘−1 𝑒−(𝑚/𝑐)𝑘 ,
for PDF distribution,

𝐹 (𝑚) = 1 − 𝑒−(𝑚/𝑐)𝑘 , for CDF distribution,
(2)

where 𝑚 is the time series of the structure behavior mea-
surements (acceleration or displacement), 𝑘 > 0 is the
dimensionless shape parameter, and 𝑐 > 0 is the scale
parameter in the measurement unites. Several methods are
used to estimate the WD parameters [40]. In this study, the
least squaremethod is applied as it ismore efficient than other
methods [40]. The estimation of the WD parameters in (2)
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Figure 2: The experimental design for the structure-controller system, (a) TLD, (b) TLCD, and (c) TMD.

refers to probability changes of the response of structures
[36]. For instance, the 𝑘 value measured the failure of the
structure response [20]. The smallest value of 𝑘 parameters
refers to more stability and long life [20, 36, 41]. In addition,
the parameters changes refer to the changes of the peak of
PDF curve distribution; it means that the structure behavior
should be changed [20, 36–38].

In frequency domain, Trauth [42] presented the Lomb-
Scargle (LS) periodogram considered a modify power spec-
trum with an exponential theoretical probability distribution
withmean unit, and it is used to estimate the power spectrum
density of themeasurements signals [39, 42]. In this study, the
LS normalized periodogram (𝑃𝑎𝑐(𝜔), 𝜔 = 2𝜋𝑓) is calculated
using the time series accelerationmeasurements for each con-
trol system based on least square fit of harmonic function of
acceleration data [42]. Therefore, the probability of extracted𝑃𝑎𝑐(𝜔) can be found in between some positive quantities 𝑍
and 𝑍 + 𝑑𝑧 being exp(−𝑍)𝑑𝑧 [42]. With assuming the 𝑀
independent frequency contents, the probability of none of
them having a larger value than𝑍 is (1 − exp(−𝑍))𝑀 [17, 42].
To compute the false-alarm probability of the null hypothesis,
the insignificant probability for the peak of the periodogram
can be extracted by [42]

𝑃 (> 𝑍) = 1 − (1 − 𝑒−𝑍)𝑀 . (3)

Herein, to estimate the significant frequency, two steps are
processed; first: the LS periodogram is used to normalize the
signal frequency; then the significance level of any peak in
the power spectrum can be calculated [42]. The probability
calculation in (3) indicates the false-alarm probability of the

null hypothesis. Therefore, a low probability indicates a high
significant power spectrum peak. However, the false-alarm
probability peaks are referred to high significance of the
structures’ dynamic behavior [17].

2.3. Model Identification Approach. In this study, the pro-
posed model is built based on feedforward neural network
model with one hidden layer to provide the third-floor
behavior, as presented in Figure 3. The parametric identifi-
cation models are used to detect the behavior of structures
[43–45]. The autoregressive (AR) and autoregressive moving
average (ARMA) are among the common and simplified
parametric models [28, 43]. In this study, the two methods
are evaluated with feedforward neural network solution.
The components of the proposed model are described and
explained with details in [43]. A multi-input single-output
(MISO) three-layer model is designed for building behavior
analysis (Figure 3).The input parameters of themodel are the
time series of the seismic signal (input shaking table load)
and response of structure measurements. The hyperbolic
tangent (𝑓(⋅)) and linear activation (𝐹(⋅)) functions are used
for the hidden and output layers, respectively. This model is
designed to detect the nonlinearity of the structure behavior
[28, 44]. The ARMA neural network (ARMANN) process is
a time series consisting of a random error component and
a nonlinear combination of inputs values and past residuals
[43]. The ARNN model is a special case of the ARMANN
model. However, in general the ARMANN process can be
summarized in the following equations [43].
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Figure 3: Autoregressive Average Moving-Neural Network (ARMANN) structure.

The regression vector is

𝜑 (𝑡) = [𝑦 (𝑡) ⋅ ⋅ ⋅ 𝑦 (𝑡 − 𝑛𝑎) 𝑢 (𝑡 − 𝑛𝑘) ⋅ ⋅ ⋅ 𝑢 (𝑡 − 𝑛𝑏 − 𝑛𝑘 + 1) 𝑒 (𝑡 − 1) ⋅ ⋅ ⋅ 𝑒 (𝑡 − 𝑛𝑐)]𝑇 (4)

and prediction is

𝑦( 𝑡𝜃) = 𝑔 (𝜑 (𝑡) , 𝜃) , (5)

where 𝜑(𝑡) is a vector containing the input dynamic load
(𝑢), output behavior (𝑦), and model errors (𝑒), 𝜃 is a vector
containing the weights, and 𝑔 is the function realized by
NN. 𝑦 is the prediction vector, 𝑛𝑎 is the past output used for
determining the prediction, 𝑛𝑏 is the past input, 𝑛𝑘 is the time
delay, and 𝑛𝑐 is the past residuals.

The relationship between the output and inputs has the
following mathematical representation [43]:

𝑦 (𝑡) = 𝐹𝑘( 𝑞∑
𝑗=0

𝑊𝑘𝑗𝑓𝑗( 𝑚∑
𝑖=0

𝑊𝑗𝑖𝑍𝑖 + 𝑝∑
𝑙=0

𝑊𝑗𝑙𝑒 (𝑡 − 𝑙) + 𝑤𝑗0)

+ 𝑤𝑘0) ,
(6)

where 𝑊𝑘𝑗, 𝑊𝑗𝑖, and 𝑊𝑗𝑙 are representing the model param-
eters often called connection weights; 𝑙 refers to the input
nodes of the model errors only; 𝑚 is the number of autore-
gressive (AR) input nodes;𝑝 is the number ofmoving average
(MA) parameters input nodes; and 𝑞 is the number of hidden

nodes; 𝑤𝑗0 and 𝑤𝑘0 are the bias parameters; 𝑍𝑖 refers to the
AR inputs parameters (𝑦(𝑡); 𝑢(𝑡)).

The main purpose of this model is to determine a
mapping from the selected input data to the set of possible
weights. So that the network will produce predictions vector,
which in some sense are close to the true output vector. The
determination of the optimalweight valuesmay be completed
by using a trial and error process on an error function (see
(7)), which is called loss function or mean square error (𝐸) of
the training process. The loss function is a criterion defined
in the mathematical approach as below (𝑛 is the number of
observations):

𝐸 = 1𝑛
𝑛∑
𝑡=1

(𝑦 (𝑡) − 𝑦 (𝑡))2 . (7)

The presented strategy tries to minimize the loss function
through the model design. By following so, the provided
output becomes closer to the controller response measure-
ments (optimum outputs). Eventually, the optimum outputs
are going to be predicted after having the input data received
through enough number of trial and error efforts. Consider-
ing the desired output as a control signal, the network will be
known as a controller. In addition, to assess the performance
of themodel, themean absolute error (𝑀) is determinedwith
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Figure 4: (a) The excitation signal of seismic design and (b) acceleration responses for the top floor of the uncontrolled structural, TMD,
TLD, and TLCD controlled system.

Table 1: Statistical parameters for the acceleration and displacement response.

Statistical parameter Uncontrolled TMD TLD TLCD
Acc (g) Disp (mm) Acc (g) Disp (mm) Acc (g) Disp (mm) Acc (g) Disp (mm)

Mean 0.022 0.611 0.017 0.558 0.016 0.507 0.018 0.573
Maximum 0.13 3.862 0.10 3.420 0.08 2.708 0.11 3.598
Kurtosis 7.20 7.16 7.20 6.24 5.71 5.31 7.32 6.39
Skewness 2.04 2.11 1.91 1.94 1.61 1.71 1.99 1.96

𝐸 to measure predicting performance of the proposed model
in comparison to other predicting models.

3. Results and Discussions

3.1. Response Statistical Analysis. The time series analyses in
time and frequency domains are presented in this section.
Figure 4 illustrates the time series of seismic shaking table
signals and acceleration responses for the uncontrolled sys-
tem and also for the controlled systems by using TMD, TLD,
and TLCD where the entire system was under seismic load
effects.

FromFigure 4, themaximum seismic excitation occurred
at 11.53 seconds, while themaximum acceleration response of
the uncontrolled, TMD, TLD, and TLCD systems occurred
at 12.71, 7.85, 10.40, and 10.95 seconds, respectively. The

TMD structure response is delayed by 4.86 seconds, and it
means that the TMD control system is more sensitive to
the loads than TLD and TLCD systems. In addition, the
peak displacement reductions are significant with 16.9, 15.0,
and 16.0% for the TMD, TLD, and TLCD controlling sys-
tems, respectively. Table 1 reports the moments of statistical
analyses for the acceleration and computed displacements
of the three models. The mean, maximum, Skewness, and
Kurtosis are often calculated in order to examine the raw
time series data obtained for the excitations and responses of
a structure. Herein, the statistical analysis is performed for
the absolute measurements acceleration and calculations of
displacements.

The acceleration absolute mean shows that the structure
vibration is decreased by 22.7, 27.3, and 18.2% with TMD,
TLD, and TLCD, respectively. The maximum acceleration
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Figure 5: Weibull distribution for the controlling systems. (a) Linearized curve and fitted line comparison of TMD controller system. (b)
Exceedance of the displacement probability. (c) Weibull slope.

and displacement response of the structure with the TLD
controller are lower than the TMD and TLCD controllers.
Based on the Kurtosis and Skewness results, the TLD prob-
ability distribution is better than TMD and TLCD. From
Table 1, the statistical acceleration and displacement parame-
ters for the TLD controlling system are more significant, but
the TMD controlling system takes 7.85 seconds to control the
structure response while the TLD takes 10.40 seconds.

The Weibull distribution of the structure’s displacement
of the uncontrolled, TMD, TLD, and TLCD systems is
presented in Figure 5. TheWeibull probability distribution is
applied in this case for the absolute displacement response of
each case. Figure 5(a) presents the TMD controller linearized

displacement measurements for the Weibull parameters. The
probability exceeded for the displacement is presented in
Figure 5(b), and the Weibull parameter slope is presented in
Figure 5(c). Also, the Weibull parameters for the controlling
systems are presented in Table 2.

The calculation of the autocorrelation coefficients for the
fitting lines of the TMD, TLD, and TLCD is found 0.99,
0.97, and 0.95, respectively; the TMD fitting is presented
in Figure 5(a). It means that the hypothesis testing for the
TMD controller response with WD is high goodness-of-fit.
In addition, the probability exceeded of the displacement
shows that the TLD displacement is lower than TMD and
TLCD. Also, the CDF for the TLD and TMD are very close.
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Figure 6: (a) Power spectrum density and (b) probability for the controlling systems.

Table 2: WD parameters for the uncontrolled and controlled displacement measurement.

WD parameters Uncontrolled TMD TLD TLCD𝑘 0.85 0.80 0.82 0.84𝑐(𝑚) 5.24𝑒 − 4 4.28𝑒 − 4 4.32𝑒 − 4 4.58𝑒 − 4

In addition, the Weibull slope presentation shows that the
TMD slope is lower compared to TLD and TLCD of the
displacementmeasurement. Also, the TMDandTLDWeibull
slopes are very close. This means that the TMD controlling
system is more reliable than other systems [35]. The two
control systems TMD and TLD behaviors are close in a time
domain performance. The WD parameters in Table 2 show
that the scale parameter (𝑐) is very small and can be neglected,
with close values for the three controlling systems.The shape
parameter (𝑘) for the TMD is smaller compared to the TLD
and TLCD. It means that the distribution of the structure
performance with TMD controlling system is more normal
than TLD and TLCD. The 𝑘 value measures the structure
failure, and the smallest value of 𝑘 parameters refers to more
stability and long life [20, 36, 41]. Therefore, the response of
the TMD controlling system ismore stable than other control
systems.

The probabilities of the frequency contents are illustrated
in Figure 6. The Lomb-Scargle power spectrum and proba-
bility methods were used to estimate the frequencies contents
and the significant frequency components.

From Figure 6, the three frequency modes of the TMD
and TLD controlling systems are 2.2, 2.5, and 5.2 and
2.2, 2.6, and 5.2Hz, respectively. Two frequency modes are
shown only with the TLCD controlling system, 2.6 and
5.2Hz, whereas, with uncontrolled system, one frequency
mode is shown at 2.8Hz only. The probability exceeded
for the frequency contents is between the values of 2.5
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Figure 7: Damping contribution with effective mass of the TMD
and TLD controlling systems.

and 3.5; 2.3 and 3.0; 2.3 and 3.1; and 2.1 and 3.0 for the
uncontrolled, TLD, TLCD, and TMD systems, respectively.
These results show that the damping contribution of the TMD
and TLD controlling systems is more effective in suppressing
the structure displacement. Therefore, the relation between
mass effectiveness and damping contribution is presented in
Figure 7. The effective masses of 1.8, 2.1, 2.39, and 2.54 kg
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Table 3: Statistical parameters analysis for the models’ design.

AR[na nb nk] 𝐸 (g) 𝑀 (g) ARMA[na nb nk nc] 𝐸 (g) 𝑀 (g)
AR[1 1 1] 2.27𝑒 − 4 1.46𝑒 − 4 ARMA[1 1 1 1] 0.0015 0.0010
AR[1 1 0] 2.05𝑒 − 4 1.32𝑒 − 4 ARMA[1 1 01] 1.46𝑒 − 4 1.21𝑒 − 4
AR[2 2 1] 0.0061 0.0041 ARMA[2 2 2 1] 0.0061 0.0041
AR[2 3 1] 0.0091 0.0061 ARMA[2 2 22] 0.0091 0.0061
AR[3 2 1] 0.0091 0.0061 ARMA[2 3 0 1] 0.0091 0.0061
AR[2 2 2] 0.0091 0.0061 ARMA[3 2 0 1] 0.0091 0.0061

and 1.8, 2.0, 2.26, and 2.54 kg are utilized for the TMD and
TLD, respectively; in addition, the damping contribution is
calculated based on the power spectrum calculation by fast
Fourier transformation method for each effective mass of the
controlling system [9].

From Figure 7, the linear trend fitting for the TMD
controlling system is linear with 𝑅2 = 0.99, while the trend
of the TLD fitting shows linear fitting with 𝑅2 = 0.81. This
can occur because the behavior of lampedmass TMD ismore
accurate because of solid mass movement while for TLD
the liquid moving inside to provide damping shows more
complicated behavior and energy dissipation process. The
linear fitting of the two systems is considered as a damping
index to predict the performance of the controlling system
before actual applications. The TMD controlling system
has high damping contribution than the TLD and TLCD.
Accordingly, it is concluded that the TMD controlling system
is more effective in the frequency and time domains than
other controlling systems.

3.2. Response Model Identification Analysis. Based on the
previous analysis, the structure design predictionmodel with
the TMD controlling system is considered in this section.
Two identification models, AR and ARMA, are evaluated
using ANN. From (4), the AR model contains input parame-
ters only without model error time delay. The autoregressive
neural network (ARNN)model can be defined by the number
of input parameters [𝑛𝑎 𝑛𝑏 𝑛𝑘], while ARMANN model can
be defined by [𝑛𝑎 𝑛𝑏 𝑛𝑘 𝑛𝑐]. The acceleration of the input
loads and third-floor response measurements are considered
as input parameters. The third-floor response acceleration
is utilized as an output parameter. Training the feedforward

neural network (like AR model) and recurrent (like ARMA
model) neural network is accomplished through iterative
adjustments of the free parameters, that is, the weights and
bias, of the network till we obtain the optimal values. There
exist various learning algorithms, which are fundamental to
the design of neural networks. The Levenberg-Marquardt
learning algorithm is the most widely used algorithm for
feedforward neural networks and recurrent neural network,
which is used in this research [28, 43]. Table 3 represents the
statistical analysis for six trails of themodel design for the AR
and ARMAmodels with 100 iterations and 5 hidden neurons.

The trail models’ performance evaluation show that two
designmodels can be used for the identification of structures’
behavior equipped with passive TMD controlling systems.
The 𝐸 and 𝑀 values are shown equally from trails three to
six for the AR and ARMA models. The obtained statistical
analysis shows that the AR[110] and ARMA[1101] are more
suitable to use in the current study, while it can be seen that
the MAE and RMSE values for the two models are smaller
than othermodels.The time delay is amain factor for the per-
formance of the model design, where models’ performance
depends on the seismic inputs variables. The comparison
between the AR and ARMA models shows that the ARMA
model is better thanARmodel to predict the structure behav-
ior. The ARMANN[1 1 0 1] model can be used to detect
the behavior of the controlled structure. In addition, the
results show that the recurrent identificationmodels aremore
effective than the feed forward to predict the behavior of the
controlled structures. Figure 8 represents the measurements,
prediction, and errors for the ARMANN[1 1 0 1] model.
From this figure, it can be seen that the maximum error for
the model is 0.013 g, and the correlation coefficient between
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the measurements and prediction signals is high (0.98). This
means that theARMANNmodel is suitable for use as a tool to
predict the behavior of controlled structures under dynamic
loads.

4. Conclusions

Structural vibration control is a challenging and important
problem in the structural engineering.The passive and active
controlling systems are being used for the vibration control of
buildings under various seismic excitations. The time series,
frequency contents, and statistical analyses were discussed
for TMD, TLD, and TLCD coupled with building structure
systems in terms of vibration mitigation. A novel application
for the probabilistic evaluation is utilized to analyze the
behavior of structures coupled with controlling systems. The
results show that the probability analysis of the performance
of the TMD and TLD controlling systems is seen closed
in time and frequency domains. In addition, the vibration
damping of the TMD controlling system is highest than
TLD and TLCD. Therefore, the TMD control system is more
reliable controller than the TLD and TLCD systems.

Two autoregressive models (i.e., AR and ARMA) are
used with neural networks solution to predict the behav-
ior of structure coupled with TMD controlling system.
The performances of two models are evaluated and the
results showed that the ARMA model is more effective. The
recurrent identifying models predict the behavior of the
controlled structures in more accurate way. Evaluating the
performance of the ARMANN model through experimental
measurements showed that the model is a promising tool to
predict the behavior of controlled structures under dynamic
loads.

Conflicts of Interest

The authors declare that there are no conflicts of interest
regarding the publication of this paper.

Acknowledgments

This research was supported by Basic Science Research
Program through theNational Research Foundation of Korea
(NRF) funded by the Ministry of Science, ICT & Future
Planning (2017R1A2B2010120).

References

[1] I. Buckle, “Passive control of structures for seismic loads,”
in Proceeding of the 12th World Conference on Earthquake
Engineering, p. 2825, Auckland, New Zeland, 2000.

[2] A. Arzeytoon, A. A. Golafshani, V. Toufigh, and H. Moham-
madi, “Seismic performance of ribbed bracing system in passive
control of structures,” Journal of Vibration and Control, 2015.

[3] Y. Bigdeli and D. Kim, “Damping effects of the passive control
devices on structural vibration control: TMD, TLC and TLCD
for varying total masses,”KSCE Journal of Civil Engineering, vol.
20, no. 1, pp. 301–308, 2015.

[4] H.-Y. Wang and J.-S. Chen, “Study of thin film transition liquid
crystal display (TFT-LCD) optical waste glass applied in early-
high-strength controlled low strength materials,” Computers
and Concrete, vol. 5, no. 5, pp. 491–501, 2008.

[5] J. D. Marshall and F. A. Charney, “A hybrid passive control
device for steel structures, I: Development and analysis,” Journal
of Constructional Steel Research, vol. 66, no. 10, pp. 1278–1286,
2010.

[6] J. D. Marshall and F. A. Charney, “Seismic response of steel
frame structures with hybrid passive control systems,” Earth-
quake Engineering and Structural Dynamics, vol. 41, no. 4, pp.
715–733, 2012.

[7] H. Adeli and H. Kim, “Recent advances and novel concepts
for motion control of bridges and high-rise buildings under
extreme winds and earthquakes,” Asian Journal of Civil Engi-
neering (building and housing), vol. 7, no. 4, pp. 335–342, 2006.

[8] F. Sakai, S. Takaeda, and T. Tamaki, “Tuned liquid column
damper (TLCD) for cable-stayedbridges,” in Proceeding of the
specialty Conf. Invitation in Cable-stayed Bridges, Fukuoka,
Japan.

[9] Y. Bigdeli, Development of Neuro-Controller, and TLCD- Struc-
ture coupled systems for Active Control of Irregular Structures
[Ph.D. thesis], Kunsan National University, Kunsan, South
Korea, 2014.

[10] Y. Chen, T. Cao, L. Ma, and C. Luo, “Structural vibration
passive control and economic analysis of a high-rise building
in Beijing,” Earthquake Engineering and Engineering Vibration,
vol. 8, pp. 561–568, 2009.

[11] K. Kasai, M. Nakai, Y. Nakamura, H. Asai, Y. Suzuki, and
M. Ishii, “Current status of building passive control in Japan,”
in Proceeding of the 14th World Conference on Earthquake
Engineering, Beijing, China, 2008.

[12] Y. Bigdeli and D. Kim, “Active control of 3-D irregular building
by using energy based neuro-controller,” Advances in Structural
Engineering, vol. 17, no. 6, pp. 837–849, 2014.

[13] Y. Bigdeli and D. Kim, “Response control of irregular structures
using structure-TLCD coupled system under seismic excita-
tions,” KSCE Journal of Civil Engineering, vol. 19, no. 3, pp. 672–
681, 2015.

[14] J. N. Yang, A. Danielians, and S. C. Liu, “Hybrid control of
nonlinear and hysteretic systems,” J. of Engineering Mechanics,
vol. 18, no. 1423–1439, pp. 1441–1457, 1992.

[15] S. Arangio and F. Bontempi, “Structural health monitoring of
a cable-stayed bridge with Bayesian neural networks,” Structure
and Infrastructure Engineering, vol. 11, no. 4, pp. 575–587, 2014.

[16] A. Indriyatmoko, T. Kang, Y. J. Lee, and J. R. Kim, “ARMA
model for neural networks predictor of DGPS carrier phase
correction,” Journal of the Korean Physical Society, vol. 51, pp.
S62–S66, 2007.

[17] M. R. Kaloop and J. W. Hu, “Stayed-cable bridge damage
detection and localization based on accelerometer health mon-
itoring measurements,” Shock and Vibration, vol. 2015, Article
ID 102680, 11 pages, 2015.

[18] M. Kaloop and D. Kim, “GPS-structural health monitoring of
a long span bridge using neural network adaptive filter,” Survey
Review, vol. 46, no. 334, pp. 7–14, 2014.

[19] V. Meruane and J. Mahu, “Real-time structural damage assess-
ment using artificial neural networks and antiresonant frequen-
cies,” Shock and Vibration, vol. 2014, Article ID 653279, 14 pages,
2014.



Shock and Vibration 11

[20] M. R. Kaloop, J. W. Hu, and M. A. Sayed, “Yonjung High-
Speed Railway Bridge Assessment Using Output-Only Struc-
tural Health Monitoring Measurements under Train Speed
Changing,” Journal of Sensors, vol. 2016, Article ID 4869638, 15
pages, 2016.

[21] G. Deierlein, “Overview of a comprehensive framework for
earthquake performance assessment,” in Proceedings of the
Performance-Based Seismic Design Concepts and Implementa-
tion, Bled, Slovenia, June-July 2004.

[22] B. Kim, “Probabilistic performance risk evaluation of infras-
tructure projects,” in proceedings of the First International
Symposium on Uncertainty Modeling and Analysis and Man-
agement (ICVRAM ’11) and Fifth International Symposium on
Uncertainty Modeling and Anaylsis (ISUMA), Hyattsville, MD,
USA, April 2011.

[23] A. Cornell, “Hazard, ground motions and probabilistic assess-
ments for PBSD,” in Proceedings of the Performance-based seis-
mic design concepts and implementation, vol. 1, Bled, Slovenia,
June- July 2004.

[24] S. K. Verma, S. S. Bhadauria, and S. Akhtar, “Probabilistic
Evaluation of Service Life for Reinforced Concrete Structures,”
Chinese Journal of Engineering, vol. 2014, Article ID 648438, 8
pages, 2014.

[25] J. Kralik, “A RSM method for nonlinear probabilistic analysis
of the reinforced concrete structure failure of a nuclear power
plant—type VVER 440,” Engineering MECHANICS, vol. 18, no.
1, pp. 3–21, 2011.

[26] J. Matos, P. Cruz, I. Valente, L. Neves, and V.Moreira, “An inno-
vative framework for probabilistic-based structural assessment
with an application to existing reinforced concrete structures,”
Engineering Structures, vol. 111, pp. 552–564, 2016.

[27] M. Khashei and M. Bijari, “An artificial neural network (p,
d, q) model for timeseries forecasting,” Expert Systems with
Applications, vol. 37, no. 1, pp. 479–489, 2010.

[28] M. El-Diasty, “An accurate heave signal prediction using artifi-
cial neural network,” International Journal of Multidisciplinary
and Current Research, vol. 2, pp. 989–993, 2014.

[29] A. Alarifi, N. Alarifi, and S. Al-Humidan, “Earthquakes mag-
nitude predication using artificial neural network in northern
Red Sea area,” Journal of King Saud University—Science, vol. 24,
no. 4, pp. 301–313, 2012.

[30] Y. Li, F. Zhang, B. Wu, and Q. Yang, “Simulation of structural
seismic responses based on neural networks,” in Proceedings of
the 13th World Conference on Earthquake Engineering, p. 1534,
Vancouver, British Columbia, Canada, August 2004.

[31] Y. Bigdeli and D. Kim, “Investigation of the performance of
two passive controllers in mitigating the rotational response
of irregular buildings,” Advances in Materials Science and
Engineering, vol. 2016, Article ID 1898792, 9 pages, 2016.

[32] S. M. Takhirov, G. L. Fenves, E. Fujisaki, and D. Clyde, “Ground
motions for earthquake simulator qualification of electrical
substation equipment,” Peer report 2004/7, 2005.

[33] M. Kaloop, J. Hu, and Y. Bigdeli, “Identification of the response
of a controlled building structure subjected to seismic load by
using nonlinear system models,” Applied Sciences, vol. 6, no. 10,
p. 301, 2016.

[34] J. V. Seguro and T. W. Lambert, “Modern estimation of the
parameters of the Weibull wind speed distribution for wind
energy analysis,” Journal of Wind Engineering & Industrial
Aerodynamics, vol. 85, no. 1, pp. 75–84, 2000.

[35] E. V. Zaretsky, R. C. Hendricks, and S. Soditus, “Weibull-
Based Design Methodology for Rotating Structures in Aircraft

Engines,” International Journal of RotatingMachinery, vol. 9, pp.
313–325, 2003.

[36] http://www.weibull.com/hotwire/issue14/relbasics14.htm.
[37] J. Margetson and J. Laurillard, “Reliability analysis of structures

with weibull distributions of load and strength to a given
confidence level,” Tech. Rep. Technical Report No. 182, Defense
technical information center, USA, 1980.
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Attempting to suppress high frequency self-excited noises of armature assembly, ferrofluid is added to the working clearances of
torque motor. The mathematical model of resistance force of ferrofluid applied to armature is derived theoretically from parallel
plate squeeze flow theory and ferrofluid constitutive model in which shear thickening and shear thinning effects are taken into
account. Then the equivalent physical model of ferrofluid is established according to the resistance force, and, through analysis,
it can be further simplified as viscous damping model. Finally, the suppressing effect introduced by ferrofluid on high frequency
noises of armature assembly is verified by comparing the results of numerical simulation with ferrofluid and that without ferrofluid.

1. Introduction

Hydraulic valve plays an important role in hydraulic control
systems [1]. However, high frequency self-excited vibra-
tions appear frequently during its working process due to
vibrations of components in torque motor, unpredictable
pressure oscillations in flow field around flapper, fluid-
structure coupling, and unmatched design parameters [2–
5]. The high frequency self-excited noises can deteriorate the
control accuracy or even cause the failure of servo valves. So
it is crucial to suppress the high frequency noises of armature
assembly in torque motor.

Ferrofluid, also known as magnetic fluid, is a kind of
colloidal suspension liquid which has the property of mag-
netism.The flow characteristic of ferrofluid can be controlled
by the magnetic field intensity [6]. Ferrofluid consists of base
fluid, surfactant, andmagnetic nanoparticles whose diameter
size is in the order of 10 nm. Magnetic particles remain
stable and can be evenly distributed in the base fluid under
the cover of the surfactant [6]. Ferrofluids are widely used

in the areas of sealing, lubrication, grinding, speakers, and
shock absorbers [7–11]. In recent years, it has begun to be
applied in the fields of sensors and microflow controlling
[12, 13]. The magnetoviscous properties of ferrofluid after
introducing magnetic field were studied [14, 15]. In the case
of different compositions and ratios, there is usually shear
thinning phenomenon, where the viscosity of the ferrofluid
decreases with the increase of shear rate [16, 17]. However,
thorough grasping of working principle and some properties
is still far from clear.

In recent years, the application of ferrofluid in hydraulic
servo valves was studied in [18, 19].This paper investigates the
high frequency self-excited noises suppression of armature
assembly by introducing ferrofluid into a torque motor
of electro-hydraulic servo valve. Construction of electric-
hydraulic servo valve is displayed in Figure 1. It consists of
the torquemotor, the prestage amplifier of nozzle-flapper, and
power-stage amplifier as spool valve. Ferrofluid is added to
the working clearances between armature andmagnetizers in
the torque motor.
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Figure 1: Structure of electric-hydraulic servo valve with ferrofluid.

The equivalent physical model of ferrofluid is studied
through theoretical analysis of resistance force due to fer-
rofluid acting on the armature. The suppressing effect intro-
duced by ferrofluid on high frequency noises of armature
assembly is verified by numerical simulation.

2. Constructing Equivalent Physical
Model of Ferrofluid

2.1. Constitutive Model of Ferrofluid. Ferrofluid, magne-
torheological fluid, and other suspension fluids are non-
Newtonian fluids [20].There are various kinds of constitutive
models which are used to describe different ferrofluids and
magnetorheological fluids, such as Bingham model, Casson
model, Herschel-Bulkley model, and the model which is a
combination of Newtonian fluid and non-Newtonian fluid
[20–24]. Many researchers have explained existence of yield
stress as the transition from a solid-like (high viscosity)
state to a liquid-like (low viscosity) state. This phenomenon
happens abruptly at very small shear rate [20]. According
to these researches, the constitutive model of ferrofluid is
formulated as follows:

𝜏𝑦𝑥 = 𝜂𝑦 ̇𝛾, 𝜏𝑦𝑥 < 𝜏1
𝜏𝑦𝑥 = 𝜏0 + 𝑘 ̇𝛾𝑛, 𝜏𝑦𝑥 ≥ 𝜏1. (1)

The constitutive model (1) can be simplified to Bingham
model, Herschel-Bulkley model, biviscosity model, and a
combination model. In (1), 𝜏 and ̇𝛾 represent the shear stress
and shear rate; 𝜏0 is the dynamic yield stress of ferrofluid,
determined by the intensity of magnetic field; 𝜏1 is the yield
stress of ferrofluid; 𝜂𝑦 is viscosity of ferrofluid in no-yield

zone; 𝑘 is viscosity coefficient of ferrofluid in yield zone;𝑛 is power-law index. The relationship between 𝜏𝑦𝑥 and ̇𝛾 is
illustrated in Figure 2.

Figure 2 shows that when shear stress 𝜏 is smaller than
yield stress 𝜏1, the ferrofluid lays in no-yield zone, where
ferrofluid follows Newton shearing theorem. In this zone,
viscosity 𝜂𝑦 is independent of shear rate ̇𝛾 and it is constant.
As shear stress 𝜏 is larger than yield stress 𝜏1, ferrofluid lays
in yield zone, where viscosity of ferrofluid is expressed as 𝜂 =𝑘 ̇𝛾𝑛−1. Generally, it is divided into three kinds of situations:
when 𝑛 > 1, ferrofluid shows shear thickening characteristics;
As 𝑛 = 1, viscosity is constant; 𝜂 = 𝑘; additionally,
when 𝑛 < 1, ferrofluid shows shear thinning characteristics.
Dynamic yield stress 𝜏0 increases with increasing magnetic
field intensity 𝐻 until 𝐻 reaches a certain value; then
continual increase of 𝐻 hardly contributes to the change
of 𝜏0, which reaches a stable value. This is because the
magnetization of the ferrofluid reaches saturation.

2.2. Mathematical Formulations of Resistance Force. When
torque motor operates, armature assembly rotates around its
center and the armature continuously squeezes the ferrofluid
introduced into the working clearances. The operation mode
of ferrofluid can be seen as squeeze mode, as shown in
Figure 3.

Because the armature’s rotation angle is in a small range
when it is experiencing vibrations, the squeeze flow of
ferrofluid in the working clearance is simplified as parallel
symmetric squeeze flow between two plates as shown in
Figure 4. 𝐿 is half of length of the working clearance. ℎ is half
of the height of theworking clearance.𝑉0 is squeezing velocity
of each plate.𝐻 is the intensity of applied magnetic field.
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In phase II, the constitutive model of ferrofluid can be
expressed as

𝜏𝑦𝑥 = 𝜂𝑦 𝜕𝑢𝑥𝜕𝑦 , 𝜏𝑦𝑥 < 𝜏1
𝜏𝑦𝑥 = 𝜏0 + 𝑘(𝜕𝑢𝑥𝜕𝑦 )

𝑛 , 𝜏𝑦𝑥 ≥ 𝜏1,
(2)

where 𝜏𝑦𝑥 and 𝑢𝑥 represent the shear stress and the squeeze
flow velocity at point (𝑥, 𝑦) along 𝑥 direction; 𝜕𝑢𝑥/𝜕𝑦 is shear
velocity gradient along 𝑦 direction. Because of 𝜕𝑢𝑥/𝜕𝑦 >0 and 𝜏𝑦𝑥 > 0 in phase II, it is convenient to carry out
theoretical analysis in this phase.

Supposing that ferrofluid is incompressible fluid, the
squeeze flow of ferrofluid in the clearances between armature
and magnetizers is considered to be steady flow. Because of𝐿 ≫ ℎ and ignoring gravity and inertial force, the velocity
and pressure of squeeze flow are regarded as 𝑢𝑥 = 𝑢𝑥(𝑥, 𝑦)
and 𝑢𝑦 = 𝑢𝑦(𝑦) and 𝑝 = 𝑝(𝑥).

o

Yield zone

II I

III IV

No-yield zone

Plate
Ferro�uid
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y
L

h

x0

y1(x)

V0
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Figure 4: Diagram of parallel symmetric squeeze flow of ferrofluid.

Flow continuity equation is

𝜕𝑢𝑥𝜕𝑥 +
𝜕𝑢𝑦𝜕𝑦 = 0. (3)

Momentum conservation equation is

𝜕𝜏𝑦𝑥𝜕𝑦 = d𝑝
d𝑥 . (4)

Mass conservation equation is

∫ℎ
0
𝑢𝑥d𝑦 = 𝑥𝑉0. (5)

According to (2), (3), (4), and (5), the physical parameters
of squeeze flow field in phase II are derived. In (4), by
integrating variable 𝑦 under the boundary condition of𝜏𝑦𝑥(𝑦 = 0) = 0, we obtain the following expression:

𝜏𝑦𝑥 = 𝑦d𝑝d𝑥 . (6)
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In the region |𝑥| < |𝑥0|, ferrofluid lays in no-yield zone.
The squeeze flow velocity can be derived as

𝑢𝑥 (𝑥, 𝑦) = −3𝑉02ℎ3 𝑥 (𝑦2 − ℎ2)
𝑢𝑦 (𝑦) = 3𝑉02ℎ3 (13𝑦3 − ℎ2𝑦) .

(7)

The pressure gradient is expressed as

d𝑝1
d𝑥 = −

3𝜂𝑦𝑉0ℎ3 𝑥. (8)

Taking (8) to (6) under the boundary condition of 𝜏𝑦𝑥(𝑥 =𝑥0, 𝑦 = ℎ) = 𝜏1, we obtain the following expression:

𝑥0 = − 𝜏1ℎ23𝜂𝑦𝑉0 . (9)

By integrating d𝑝1/d𝑥, 𝑝1(𝑥) is formulated as follows:

𝑝1 (𝑥) = −3𝜂𝑦𝑉02ℎ3 𝑥2 + 𝐶, (10)

where 𝐶 is constant of integration.

As pressure distribution in the flow field is continuous,
the expression of 𝑝1(𝑥) is derived under the boundary
condition of 𝑝1(𝑥0) = 𝑝2(𝑥0):

𝑝1 (𝑥) = −3𝜂𝑦𝑉02ℎ3 𝑥2 − 3𝑘𝑉02ℎ3 (𝑥02 − 𝐿2) +
3𝜂𝑦𝑉02ℎ3 𝑥02

+ 3𝜏02ℎ (𝑥0 + 𝐿) − 𝜏𝑥𝑥,
(11)

where 𝜏𝑥𝑥 is the normal stress along 𝑥 direction at flow field
boundary.

The resistance force applied to the armature is

𝐹1 = 2∫0
𝑥0

𝑝1 (𝑥)𝑊 d𝑥. (12)

In the region |𝑥| > |𝑥0|, as 0 ≤ 𝑦 < 𝑦1, ferrofluid lays in
yield zone. As 𝑦1 < 𝑦 ≤ ℎ, ferrofluid lays in no-yield zone,
where 𝑦1 = 𝜏1(d𝑝2/d𝑥)−1.

The squeeze flow velocity can be derived as

𝑢𝑥 (𝑥, 𝑦) =
{{{{{{{{{

𝑛𝑛 + 1𝑘−1/𝑛 (d𝑝2d𝑥 )
−1 [(d𝑝2

d𝑥 𝑦 − 𝜏0)
(𝑛+1)/𝑛 − (d𝑝2

d𝑥 ℎ − 𝜏0)
(𝑛+1)/𝑛] , 𝑦1 < 𝑦 ≤ ℎ

12𝜂𝑦
d𝑝2
d𝑥 (𝑦2 − 𝑦12) + 𝑛𝑛 + 1𝑘−1/𝑛 (d𝑝2d𝑥 )

−1 [(d𝑝2
d𝑥 𝑦1 − 𝜏0)

(𝑛+1)/𝑛 − (d𝑝2
d𝑥 ℎ − 𝜏0)

(𝑛+1)/𝑛] , 0 ≤ 𝑦 < 𝑦1.
(13)

The implicit expression of pressure gradient is

[− 𝜏133𝜂𝑦 +
𝑛𝑛 + 1𝑘−1/𝑛𝜏1 (𝜏1 − 𝜏0)(𝑛+1)/𝑛

− 𝑛2(𝑛 + 1) (2𝑛 + 1)𝑘−1/𝑛 (𝜏1 − 𝜏0)(2𝑛+1)/𝑛](
d𝑝2
d𝑥 )
−2

− 𝑛𝑛 + 1𝑘−1/𝑛ℎ(d𝑝2d𝑥 )
−1 (d𝑝2

d𝑥 ℎ − 𝜏0)
(𝑛+1)/𝑛

+ 𝑛2(𝑛 + 1) (2𝑛 + 1)𝑘−1/𝑛 (
d𝑝2
d𝑥 )
−2 (d𝑝2

d𝑥 ℎ
− 𝜏0)(2𝑛+1)/𝑛 = 𝑉0𝑥.

(14)

According to the experimental research of viscosity, the
power-law index 𝑛 of the applied ferrofluid is approximated to
1. After simplifying the equation above, d𝑝2/d𝑥 is expressed
as follows:

d𝑝2
d𝑥 = −3𝑘𝑉0ℎ3 𝑥 + 3𝜏02ℎ . (15)

By integrating d𝑝2/d𝑥, 𝑝2(𝑥) is derived as follows:

𝑝2 (𝑥) = −3𝑘𝑉02ℎ3 (𝑥2 − 𝐿2) + 3𝜏02ℎ (𝑥 + 𝐿) − 𝜏𝑥𝑥 (16)

The resistance force applied to the armature is

𝐹2 = 2∫𝑥0
−𝐿
𝑝2 (𝑥)𝑊 d𝑥. (17)

The total resistance force applied to the armature is
expressed as

𝐹 = 𝐹1 + 𝐹2 = 2 (𝑘 − 𝜂𝑦)𝑉0𝑊𝑥0
3

ℎ3 + 2𝑘𝑉0𝑊𝐿3ℎ3
+ 3𝜏0𝑊(𝐿2 − 𝑥02)2ℎ
+ 4𝐿𝑊𝜂𝑦


−3𝑘𝑉0𝜏12𝜂𝑦 (3𝑘𝑉0𝐿ℎ2 + 3𝜏02 )

−3

+ 𝑉0𝜏1 (𝜏1 − 2𝜏0)6ℎ (𝑘𝑉0𝐿ℎ2 + 𝜏02 )
−2 + 3𝑉02ℎ

 ,

(18)

where𝑊 is width of the working clearance.

ℎ = 𝐻0 − 𝑋2 , (19)
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Figure 5: Resistance forces acting on the armature at different
velocities.

where𝐻0 is half of the height of the working clearance when
armature is at zero position.𝑋 is the squeezing displacement
of the armature.

The final expression of total resistance force is derived by
taking (9) and (19) to (18):

𝐹 = 𝜏12𝑊(2𝐻0 − 𝑋)
3 [4 (𝜂𝑦 − 𝑘) 𝜏1 + 9𝜂𝑦𝜏0]
432𝜂𝑦3𝑉02

+ 4𝑊𝐿2 (4𝑘𝑉0𝐿 + 3𝜏0ℎ2)(2𝐻0 − 𝑋)3

+ 4𝐿𝑊𝜂𝑦

−3𝑘𝑉0𝜏12𝜂𝑦 ( 12𝑘𝑉0𝐿(2𝐻0 − 𝑋)2 +

3𝜏02 )
−3

+ 𝑉0𝜏1 (𝜏1 − 2𝜏0)3 (2𝐻0 − 𝑋) (
4𝑘𝑉0𝐿(2𝐻0 − 𝑋)2 +

𝜏02 )
−2

+ 3𝑉02𝐻0 − 𝑋
 .

(20)

2.3. Equivalent Physical Model of the Ferrofluid. In (20), 𝑘,𝜂𝑦, 𝜏0, and 𝜏1 are ferrofluid viscosity parameters obtained by
ferrofluid viscosity experiment.𝐿,𝑊, and𝐻0 are dimensional
parameters of torque motor. The resistance forces applied to
the armature are derived by using (20) at different squeezing
velocities. The results are shown in Figure 5.

Figure 5 shows that the resistance force applied to the
armature increases linearly with squeezing displacement
at given squeezing velocity. In addition, as the squeezing
speed increases, the resistance force is also increasing. From
Figure 5, it can be concluded that the squeezing displacement

Armature

Magnetizer

K Bc

Figure 6: The equivalent physical model of ferrofluid.

0.5

0.52

0.54

0.56

0.58

0.6

D
am

pi
ng

 co
e�

ci
en

tB
c

(N
s/

m
)

Bc

K

0.05 0.1 0.15 0.2 0.25 0.30
Armature squeezing velocity V0 (m/s)

0

80

160

240

320

400

Sp
rin

g 
sti

�n
es

sK
(N

/m
)

Figure 7: The spring stiffness and damping coefficient versus
armature squeezing velocity.

and the squeezing velocity are crucial for the resistance force
introduced by ferrofluid.

Therefore, the resistance force applied to the armature
after introducing the ferrofluid can be formulated as

𝐹 = 𝐾 ⋅ 𝑋 + 𝐵𝑐 ⋅ 𝑉0, (21)

where𝐾 is equivalent spring stiffness; 𝐵𝑐 is equivalent damp-
ing coefficient. 𝐾 and 𝐵𝑐 are related to the viscosity param-
eters of the ferrofluid, dimensional parameters of working
clearance of torque motor, and the squeezing velocity.

Equation (21) means that the effect of the ferrofluid
between armature and magnetizer can be equivalent to
the spring and damper connected in parallel, as shown in
Figure 6.

The equivalent spring stiffness𝐾 and damping coefficient𝐵𝑐 introduced by ferrofluid are affected by armature squeez-
ing velocity, as shown in Figure 7.

Figure 7 shows that the equivalent spring stiffness 𝐾
introduced by ferrofluid increases linearly with armature
squeezing velocity. However, the equivalent damping coef-
ficient 𝐵𝑐 introduced by ferrofluid decreases dramatically
with armature squeezing velocity. The results show that the
squeezing speed has positive effect on spring stiffness 𝐾 and
adverse effect on damping coefficient 𝐵𝑐.
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Table 1:𝐾 and 𝐵𝑐 introduced by ferrofluid at each resonant frequency.

Resonant frequency (Hz) Resonant peak (𝜇m) Squeezing velocity (m/s) 𝐾 (N/m) 𝐵𝑐 (Ns/m)
470 40.473 0.0761 86.72 0.5371
1140 62.694 0.2859 339.51 0.5317
2580 3.314 0.0342 36.47 0.5447
3585 1.42 0.0204 21.95 0.5531

Table 2: The results of modal analysis of armature assembly with and without ferrofluid.

𝐾 (N/m) 1st order (Hz) 4th order (Hz) 6th order (Hz) 8th order (Hz) 9th order (Hz) Other orders
0 590.6 1127.9 2595.4 3705.4 3734.6
21.95 591.2 1128.1 2594.4 3708.3 3735.4 Unchanged
36.47 591.8 1128.2 2594.5 3708.5 3735.4 Unchanged
86.72 593.7 1128.4 2594.6 3709.3 3737.6 Unchanged
339.51 603.1 1129.7 2595.1 3713.2 3736.7 Unchanged

3. Numerical Investigation on Dynamic
Behavior of Armature Assembly

3.1. Modal Analysis of Armature Assembly without Ferrofluid.
In order to examine the dynamic characteristics of the arma-
ture assembly,modal analysis of the armature assembly is car-
ried out in the range of 0∼5000Hz. Total 9 vibration modes
and the corresponding natural frequencies are obtained.
The 1st-order, 4th-order, 6th-order, 8th-order, and 9th-order
vibration modes, as shown in Figure 8, are associated with
high frequency vibrations in the working plane.

The 1st vibration mode is the swing movement around
rotating center of spring tube in the working plane; the
maximum displacement occurs at the feedback rod end part.
The 4th-order, 6th-order, and 9th-order vibration modes
are bending motion of the armature assembly in the work-
ing plane. The maximum displacement also occurs at the
feedback rod end part. The 8th-order vibration mode is
the warping motion of armature; maximum displacement
occurs at the armature end. The high frequency sympathetic
vibration of feedback rod end part is mainly affected by
the 1st-order, 4th-order, 6th-order, and 9th-order vibration
modes and corresponding natural frequencies.

3.2. Modal Analysis of Armature Assembly with Ferrofluid.
Through the experiment of dynamic characteristics, four
resonant frequencies in the range of 0∼5000Hz and the
corresponding resonant peaks of armature assembly with
ferrofluid are measured. Average armature squeezing speed
can be obtained at each resonant frequency. Then the corre-
sponding𝐾 and 𝐵𝑐 introduced by ferrofluid can be obtained,
respectively, at each squeezing speed using parallel plate
squeezing theory. The results are shown in Table 1.

The equivalent physical model and finite element model
of armature assembly with ferrofluid are shown in Figure 9.

Ferrofluid is simulated using spring-damper elements in
Figure 9(b). Four holes on the flange of armature assembly
are fixed. The results of modal analysis of armature assembly
using different spring stiffness𝐾 introduced by ferrofluid are
compared to the results of being without ferrofluid in Table 2.

Table 2 shows that 1st-order, 4th-order, 6th-order, 8th-
order, and 9th-order natural frequencies increase slightly
with the increase of 𝐾. It is because spring stiffness 𝐾
introduced by ferrofluid raises the structure stiffness of
working plane in which these vibration modes would appear.
Compared to the natural frequencies of being without fer-
rofluid, the biggest change of natural frequency occurs at the
first order when 𝐾 is equal to 339.51 N/m. The difference of
frequency is 12.5Hz, and the relative change is 2.12%. Based
on the above analysis, it can be known that several natural
frequencies increase due to introducing ferrofluid into the
working clearances of torque motor. But the increment is
very small; the influence of 𝐾 introduced by ferrofluid can
be ignored in modal analysis.

3.3. Further Simplifying Equivalent Physical Model of Fer-
rofluid. In order to study the suppression of high frequency
self-excited noises of the armature assembly, harmonic
response analysis of armature assembly is carried out by
method of using different ferrofluid parameters (in Table 2)
in different frequency domains. The frequency of exciting
electromagnetic force applied to the armature ranges from
0Hz to 5000Hz. Also the simulation is carried out in the case
of 𝐾 = 0N/m and 𝐵𝑐 = 0.5416Ns/m (𝐵𝑐 is the average value
of 𝐵𝑐1∼𝐵𝑐4). The dynamic analyzing results of feedback rod
end part are compared in Figure 10.

Figure 10 shows that the biggest gap of resonant peaks
between the results of two different methods occurs at
the first-order natural frequency of feedback rod, and the
difference is smaller than 6 𝜇m. When the frequency of
exciting force is larger than 800Hz, the results based on the
two different methods are basically the same. According to
the above results of the simulation, the equivalent physical
model of ferrofluid introduced into the working clearances
can be further simplified as viscous dampingmodel, as shown
in Figure 11, and the damping coefficient 𝐵𝑐 is equal to
0.5461Ns/m.

3.4. Comparison of Harmonic Response Analysis Results.
Then harmonic response analysis of armature assembly is



Shock and Vibration 7

MN

MX

XY
Z

0

8.
38

73
3

16
.7

74
7

25
.1

62

33
.5

49
3

41
.9

36
6

50
.3

24

58
.7

11
3

67
.0

98
6

75
.4

86
(a) The 1st order

MN

MX

XY
Z

0

20
.7

77
2

41
.5

54
3

62
.3

31
5

83
.1

08
6

10
3.

88
6

12
4.

66
3

14
5.

44

16
6.

21
7

18
6.

99
4

(b) The 4th order

MN

MX

XY
Z

0

6.
12

32
8

12
.2

46
6

18
.3

69
8

24
.4

93
1

30
.6

16
4

36
.7

39
7

42
.8

63

48
.9

86
3

55
.1

09
5

(c) The 6th order

MN

MX

XY
Z

0

4.
78

71
6

9.
57

43
2

14
.3

61
5

19
.1

48
6

23
.9

35
8

28
.7

23

33
.5

10
1

38
.2

97
3

43
.0

84
4

(d) The 8th order

MN

MX

XY
Z

0

10
.2

85
5

20
.5

70
9

30
.8

56
4

41
.1

41
8

51
.4

27
3

61
.7

12
7

71
.9

98
2

82
.2

83
6

92
.5

69
1

(e) The 9th order

Figure 8: The vibration modes associated with the vibrations in the working plane.
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Table 3: Simulation results of dynamic characteristics of armature assembly.

Without ferrofluid With ferrofluid Amplitude dropped by
Resonant frequency (Hz) Resonant amplitude (𝜇m) Resonant frequency (Hz) Resonant amplitude (𝜇m)
590 320.02 590 66.35 79.27%
1125 149.22 1120 92.54 37.98%
2605 6.83 2610 5.81 14.93%
3725 7.08 3710 5.26 25.71%

(a) Physical model (b) Finite element model

Figure 9: Armature assembly with ferrofluid.
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Figure 10: Harmonic response of feedback rod end part with
ferrofluid.

carried out and the results of numerical analysis with and
without ferrofluid are displayed in Figure 12.

It can be seen from Figure 12 that sympathetic vibration
of the armature assembly may happen during the process
of harmonic excitation. The resonant peaks occurred at
the 1st-order, 4th-order, 6th-order, and 9th-order natural

Armature

Magnetizer

K

Armature

Magnetizer

Bc Bc

Figure 11: The simplified physical model of ferrofluid.

frequencies, respectively. The amplitudes of the feedback rod
end part at four resonant peaks are displayed in Table 3.

Table 3 shows that, after adding ferrofluid, the amplitudes
of resonant peaks are all reduced compared to the situation
without ferrofluid. The reduction is from 14.93% up to
79.27%.Amplitudes of high frequency sympathetic vibrations
are suppressed obviously because the ferrofluid introduced
into the working clearances acts as a damper in the system.

From the above simulation analysis, it can be concluded
that introducing ferrofluid can significantly reduce the ampli-
tudes of resonant peaks of the armature assembly.

Considering that different types of ferrofluid are added
in the working clearances and assuming that the equivalent
viscous damping coefficient 𝐵𝑐 changes from 0.1 Ns/m to
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Figure 12: Harmonic responses of end part of feedback rod.
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Figure 13: Influence of viscous damping coefficient 𝐵𝑐 on harmonic response.

5Ns/m, the harmonic responses of feedback rod end part are
shown in Figure 13.

In Figure 13, the different damping effects on high fre-
quency noises are investigated through introducing different
types of ferrofluid into the working clearances. It also shows
that high frequency noises of feedback rod end part are
reducedwith the increase of𝐵𝑐. Damping ratio 𝜉 of the system
becomes larger with the increase of the viscous damping
coefficient 𝐵𝑐. When 𝐵𝑐 reaches 3Ns/m, the high frequency
noise at the 1st-order natural frequency will vanish. It is most
likely because the damping ratio 𝜉 is larger than 1 as 𝐵𝑐 ≥3Ns/m and the system is an overdamped system.

4. Conclusions

Numerical studies have shown that the amplitudes of high
frequency resonant peaks reduce significantly after introduc-
ing the ferrofluid into theworking clearances of torquemotor.

It means that ferrofluid can introduce a damping force to
torque motor and can suppress high frequency self-excited
noises of armature assembly in torque motor. By selecting
proper kind of ferrofluid, there is a strong possibility of
making the certain high frequency self-excited noises in the
servo valve disappear completely. Therefore, ferrofluid can
be used to increase the stability and control accuracy of
hydraulic servo valve.
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Full-scale tests on a one-story steel frame structure with a typical precast cladding system using ambient and free vibrationmethods
are described in detail. The cladding system is primarily composed of ALC (Autoclaved Lightweight Concrete) external wall
cladding panels, gypsum plasterboard interior linings, and window glazing systems. Ten test cases including the bare steel frame
and the steel frame with addition of different parts of the precast cladding system are prepared for detailed investigations. The
amplitude-dependent dynamic characteristics of the test cases including natural frequencies and damping ratios determined from
the tests are presented. The effects of the ALC external wall cladding panels, the gypsum plasterboard interior linings, and the
window glazing systems on the stiffness and structural damping of the steel frame are discussed in detail. The effect of the precast
cladding systems on the amplitude dependency of the dynamic characteristics and the tendencies of the dynamic parameters with
respect to the structural response amplitude are investigated over a wide range. Furthermore, results estimated from the ambient
vibration method are compared with those from the free vibration tests to evaluate the feasibility of the ambient vibration method.

1. Introduction

Steel frames with precast cladding systems are very com-
monly used in both residential and office construction in
many parts of the world including North America, Europe,
and Japan. According to current design codes, steel frames
are required to resist lateral and vertical loads under ultimate
and serviceability loading conditions, while precast cladding
systems are considered as non-load-bearing components
considering only their mass and hence are ignored in the
structural design. However, experimental investigations and
analytical studies have demonstrated that precast cladding
systems can in fact have a significant impact on the stiffness
and dynamic response of steel frames.The addition of precast
cladding systems to an originally bare moment-resisting steel
frame may enhance both the lateral stiffness and strength
of the steel frames and alter the dynamic response of the
overall structural system [1–7]. Precast cladding systems do

in fact interact with steel frames and alter their intended
performance.

Dynamic behavior is one of the most important design
considerations for buildings, and dynamic responses of
steel frame buildings under wind- or earthquake-induced
loadings are strongly dependent on dynamic parameters
such as natural frequencies, damping ratios, and mode
shapes. Several experimental studies have shown that pre-
cast cladding systems can affect the dynamic characteristics
of steel frames. They can cause stiffening of steel frame
structures and result in an increase in natural frequencies
[8–10]. Interaction between precast cladding systems and
steel frames can lead to friction at the interfaces between
primary structural members and secondary components and
result in an increase in damping ratios [11, 12]. However,
in current design practice, the effect of precast cladding
systems is often neglected because of lack of knowledge of
the complex interaction between them and steel frames. As a
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result, computed dynamic responses based on the bare frame
model may be quite different from those actually experienced
by the clad steel frame.

Moreover, from field measurements made over the last
three decades, it has been recognized that natural fre-
quencies and damping ratios are nonlinear parameters and
may increase with vibration amplitude [13–15]. However, in
structural design, natural frequencies and damping ratios
are usually assumed to be constant and independent of
structural response magnitudes, and the limited number of
studies of dynamic response analysis of buildings consider-
ing amplitude-dependent dynamic characteristics has shown
that the current design assumption does not appear to be
conservative [16]. An understanding of the precise nature of
amplitude-dependent dynamic characteristics is of utmost
importance in design of steel frame buildings subject to
dynamic lateral loads.

This paper investigates the effects of a precast cladding
system on the dynamic characteristics of a full-scale one-
story moment-resisting steel frame and studies the ampli-
tude dependency of dynamic characteristics. The precast
cladding system considered in this paper mainly consists
of ALC (Autoclaved Lightweight Concrete) external wall
cladding panels, gypsum plasterboard interior linings, and
corresponding window glazing systems. Ambient vibration
tests (AVT) and free vibration tests (FVT) were conducted
on the steel frame to provide a basis for evaluation of
dynamic characteristics, and corresponding output-only sys-
tem identification algorithms were applied to field acceler-
ation measurements to estimate those dynamic parameters
with respect to response amplitude.The outcome of this study
is expected to promote understanding of the effects of precast
cladding systems on the evaluation of dynamic parameters
of steel frame buildings and on the amplitude dependency
of dynamic characteristics and to evaluate the adequacy of
current design practices.

2. Experimental Works

2.1. Description of Steel Frame and Precast Cladding System.
A full-scale one-story one-bay steel frame with a precast
cladding system was designed and fabricated, and ambient
vibration and free vibration tests were conducted.

The steel frame was designed as one section of an
actual low-rise residential house. Figure 1 shows plans and
elevations. The steel frame was 3050 × 3050mm in plan and
3120mmhigh.The four corner columns,markedC1, were box
sections 150× 150× 9mm thick, and all the beams,markedG1
in the first and second floors, were H sections 250 × 125 × 4.5
× 9mm thick.The yield strength of all the columns and beams
was 235Mpa. Sixteen steel plates were set on the second floor
to simulate real surface loads. Their dimensions were 1210
× 905 × 55mm thick and they each weighted 4.64KN. In
order to support them, two steel beam layers were fixed on the
second floor. The lower layer consisted of H-section beams
250 × 125 × 4.5 × 9mm thick, and the upper layer consisted
of H-section beams 125 × 125 × 6.5 × 9mm thick.

The precast cladding system was designed and fabri-
cated following conventional construction procedures. ALC

external wall cladding panels, gypsum plasterboard interior
linings, and window glazing systems were installed symmet-
rically on the steel frame. These cladding components are
detailed in Table 1. The ALC external wall cladding panels
were fixed onto the steel frame using the “Rocking Installa-
tion System” method, and the ALC panels were connected to
the beams at the top and bottom to permit rocking in case
of earthquakes [17]. Figure 2 illustrates the typical “Rocking
Installation Method” between ALC claddings and the steel
frame. Each external wall comprised three vertically installed
general ALC panels and two corner ALC panels, and the gaps
between panels were filled with silicone sealing compound.
Plasterboard 12.5mm thick was used as the lining material
and was attached to the internal face of the ALC external
wall claddings through wood stud framings. Three window
glazing systems were also considered in this study.

In order to investigate the effects of the precast cladding
system in detail, ten cases were tested, and the effects of
the ALC cladding panels, plasterboard, and window glazing
systems were investigated in detail and separately. The test
cases are summarized in Table 2, and the layout of each
case is shown in Figure 3. In order to speed up the testing
process, two test cases were assembled in the steel frame
simultaneously, one along 𝑋 direction and the other along 𝑌
direction. As the free vibration tests conducted are made in
one direction per step, each case is made independently but
two cases are tested on the same structure. Figure 4 shows
external views of Case 2 and Case 4, in which ALC claddings
and small windows were installed in the steel frame. Figure 5
shows external views of Case 6 and Case 8, in which middle
windows and large windows were installed. Figure 6 shows
internal view of Case 7, in which plasterboard was installed
as interior lining. Figure 7 shows the external view of Case 10,
in which two ALC layers were installed along𝑋 direction.

2.2. Testing Procedure and Instrumentation. Ambient vibra-
tion and free vibration tests were conducted to estimate
corresponding natural frequencies and damping ratios for
each test case. Ambient vibration tests were adopted due
to their advantages of being economical and practical, and
experience with this testing procedure has shown its validity
[15, 18, 19]. In the current study, ambient vibration tests
were carried out in the laboratory using microtremors, and
the response magnitudes to ambient excitation were low.
An ambient vibration test was conducted before each free
vibration test, and the duration of the ambient vibration test
was 60 minutes.

Free vibration tests were conducted after each ambient
vibration test.The free vibration test is a common and simple
method for identifying dynamic characteristics, and it is
known to be a reliable excitation method to provide accurate
mode parameters. In the current study, the free vibration tests
were carried out using an electromagnetic shaker.The shaker
was placed at the center of the second floor, and its excitation
orientation was kept along with the direction of each case.
The setup of the shaker was illustrated in Figure 1.The shaker
was used so that it excited each case at its fundamental
natural frequency at first and then suddenly stopped to
allow the “free vibration” to occur. Free vibration tests were
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Figure 1: Plans and elevations of steel frame (unit: mm).

Table 1: Details of precast cladding components.

Cladding components Dimensions Weight
ALC external wall cladding panels 2130 × 2870 × 75mm thick 0.49KN/m2

Plasterboard interior linings 1830 × 2620 × 12.5mm thick 0.20KN/m2

Window openings
Small size 610 × 460mm —
Middle size 610 × 1420mm —
Large size 1830 × 1420mm —
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Table 2: Summary of test cases.

Case number Construction characteristics Direction
1 Bare steel frame 𝑋
2 Steel frame + ALC claddings 𝑌
3 Steel frame + ALC claddings + plasterboard 𝑌
4 Steel frame + ALC claddings + small window 𝑋
5 Steel frame + ALC claddings + plasterboard + small window 𝑋
6 Steel frame + ALC claddings + middle window 𝑌
7 Steel frame + ALC claddings + plasterboard + middle window 𝑌
8 Steel frame + ALC claddings + large window 𝑋
9 Steel frame + ALC claddings + plasterboard + large window 𝑋
10 Steel frame + ALC claddings composed of two layers 𝑋

ALC panel

Sealant

Fire-resistant
joint material

O Bolt

Anchor rod Rectangular plate

Angle section

Mortar

Dead load bracket
O Bolt
Anchor rod

Figure 2: A typical “Rocking Installation Method”.

repeated three times for each case in order to obtain more
data and reduce errors, and each acceleration amplitude was
made independently. Natural frequencies and damping ratios
were estimated from each test data and then were averaged.
The estimated natural frequencies and damping ratios were
derived in an amplitude range that was wider than that of the
ambient vibration tests.

Six servo-type accelerometers, marked A1 to A6, were
utilized to collect the response acceleration data.Their layout
was illustrated in Figure 1. A1 to A3 were located on the first
floor, and A4 to A6 were located on the top floor. On each
floor, one accelerometer was located at the center and the
other two were located at two diagonally opposite corners.

Each servo-type accelerometer could record response accel-
eration data at a rate of 100 samples per second in the 𝑋 and
𝑌 directions simultaneously.

3. Processing of Ambient Vibration Test
Data and Results

3.1. Description of Applied Mode Identification Method. In
ambient vibration tests, only output data can be measured
and recorded, while there is no way to obtain input infor-
mation. Thus, characteristic dynamic parameters can only
be identified from output data using output-only modal
identification techniques. In the past several decades, output-
only modal identification techniques have developed fast
and there are already a lot of output-only modal identifi-
cation techniques available. Moreover, several output-only
mode identification methods have succeeded in estimating
dynamic parameters from ambient vibration tests, like fre-
quency domain decomposition (FDD), Random Decrement
Technique (RDT), stochastic subspace identification (SSI),
eigensystem realization algorithm (ERA), and so forth [15,
19–21].

Asmentioned in the Introduction, dynamic characteristic
parameters are nonlinear with respect to response magni-
tudes. In order to estimate amplitude-dependent parameters,
the Random Decrement Technique was adopted in this
study to process ambient vibration test data. The Random
Decrement Technique is a powerful method for estimat-
ing amplitude-dependent dynamic characteristics and some
researchers have succeeded in using it to identify amplitude-
dependent dynamic parameters for full-scale structures [15,
16, 22]. The principle of RDT is based on the assumption
that the dynamic response of a structure is composed of a
deterministic part and a random part. With a given trigger
value, the dynamic response can be decomposed into a series
of time segments with equal time length 𝜏 in the time interval
[𝑡𝑖, 𝑡𝑖+𝜏] (𝑖 = 1, 2, . . . , 2𝑛). By taking the average of a large
number of time segments, the random part in the dynamic
response tends to zero, leaving only the deterministic part,
which is called the RD function and represents a free
vibration signal of the structure caused by the trigger value.
The natural frequency and damping ratio with respect to the
trigger value can be estimated from the RD function by using
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algorithms developed to extract modal parameters from free
decay functions, like the Logarithmic Decrement Technique
(LDT), the Curve Fitting Technique (CFT), and so forth.The
RD function extracted from the dynamic response can be
expressed as

𝑧 (𝜏, 𝑐) = 1
2𝑁
2𝑁

∑
𝑖=1

sgn [𝑦 (𝑡𝑖 + 𝜏, 𝑐)] ⋅ 𝑦 (𝑡𝑖 + 𝜏, 𝑐) , (1)

where 𝑦(𝑡, 𝑐) is the displacement, velocity, or acceleration
response at time 𝑡 with the trigger value of c, sgn[𝑦(𝑡, 𝑐)]
is the signum function of 𝑦(𝑡, 𝑐), 𝑡𝑖 is the 𝑖th time instant

corresponding to the trigger value, and 2N is the number of
time segments.

RDT allows an estimation of amplitude-dependent
dynamic parameters. With a set of gradually increasing
trigger values in the range of structure response, a set of
RD functions can be extracted from the dynamic response
and corresponding dynamic characteristic parameters can be
evaluated.Thus, the relationship between dynamic character-
istic parameters and trigger values, which is physically the
structure response amplitude, can be established. The proce-
dure of processing ambient vibration test data is described in
Section 3.2.
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Y X
Case 2 Case 4

Figure 4: External views of Case 2 and Case 4.

Y XCase 6 Case 8

Figure 5: External views of Case 6 and Case 8.

3.2. Data Processing Procedure. During the processing proce-
dure, ambient vibration test data first passes through a band-
pass filter to isolate the contribution of the targetmode.Then,
RDT is applied to extract RD functions. Finally, natural fre-
quencies and damping ratios with respect to corresponding
trigger values are evaluated from free decay functions using
the Curve Fitting Technique. The processing procedure is
described in the following steps.

(1) The response acceleration data is transformed into
the frequency domain using Fourier transformation
and then passes through a bass-pass filter to isolate

YCase 7

Figure 6: Internal view of Case 7.

Y X
Case 10

Figure 7: External view of Case 10.

the contribution of the target mode. Afterwards, the
filtered acceleration time-history data containing the
target modal information is derived from inverse
Fourier transformation. An appropriate band-pass
filter is required in this step, in which the band-
pass filter should not be too wide or too narrow.
The band-pass filter’s width is determined using a
successive approximation approach that the band-
pass filter’s width increases gradually in the vicinity
of the target natural frequency until the estimated
natural frequency or damping ratio stays stable with
increasing width.
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Figure 8: Data processing procedure of ambient vibration test data of Case 3.

(2) RD functions corresponding to the prescribed trigger
values are extracted from the filtered acceleration data
using RDT. Appropriate trigger values and time seg-
ment length are two important parameters, because
these two parameters determine the number of time
segments and the quality of the RD functions. Trigger
values can be checked according to RD functions, so
that a trigger value should be denied if its correspond-
ing RD function does not well represent the free decay
function. Time segment length can be determined
such that the relationship between segment length
and natural frequency or damping ratio is established
first and then the segment length is selected in the
range in which natural frequency or damping ratio
stays stable. Although high amplitude and long free
decay records are anticipated, it should be noted that
a high trigger value and a long segment length will
lead to an insufficient number of time segments and
induce low quality RD functions.

(3) The Curve Fitting Technique is adopted to evaluate
natural frequencies and damping ratios from RD
functions.The first ten cycles of each RD function are
fitted with the theoretical formula of the free decay
function, and corresponding natural frequency and
damping ratio are identified. The error ratio between

RD function and fitting result is restricted to less
than 3%. The theoretical formula for the free decay
function is written as

𝑥 (𝑡) = 𝑥0𝑒−𝜔𝑛𝜁𝑡cos(√1 − 𝜁2𝜔𝑛𝑡) , (2)

where 𝑥0 is the amplitude determined by the initial
condition or trigger values in the current study; 𝜔𝑛 is
natural circular frequency and 𝜁 is damping ratio.

Figure 8 illustrates the application of the processing
procedure suggested above to the ambient vibration test data
of Case 3, and the response acceleration data at the top/center
of the roof was employed. The time history of the response
acceleration data and the corresponding Fourier spectrum
are shown in Figures 8(a) and 8(b), respectively. A band-
pass filter with the width shown in Figure 8(b) was applied
to extract the contribution of the fundamental mode. The
natural frequency of the fundamental mode is 4.1 Hz, and the
band-pass filter width is determined from0 to 10Hz using the
successive approximation approach. An RD function with a
trigger value of 6.5 × 10−4m/s2 and a time segment length of
10 seconds was extracted from the filtered acceleration data
as shown in Figure 8(c), and the Curve Fitting Technique
was applied to fit the first ten cycles as shown in Figure 8(d).
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The estimated amplitude-dependent natural frequencies and
damping ratios are shown in Figure 9(c).

3.3. Ambient Vibration Test Results. Amplitude-dependent
fundamental natural frequencies and damping ratios were
estimated from ambient vibration test data using the pro-
posed procedure for the test cases. The response acceleration
data at the top/center of the roof was adopted for analysis.The
mean values, standard deviations, and variable coefficients of
the fundamental natural frequencies and damping ratios are
presented in Table 3 with corresponding peak acceleration
values. As shown, the addition of cladding components to
the steel frame results in higher natural frequencies than that
of the bare steel frame. With those cladding components,
the fundamental natural frequencies of the test cases ranged
between 3.59Hz and 4.65Hz, while the natural frequency of
the bare steel frame was only 3.40Hz; that is, the natural
frequencies increased by about 5% to 40%. The increase
in natural frequencies indicates that the cladding compo-
nents had a significant effect in stiffening the structure and
increased in the stiffness relative to the mass of the steel
frame, and they also greatly increased the damping ratios.
The damping ratios of the bare steel frame were only 0.1%.
However, with the inclusion of cladding components, they
ranged between 0.9% and 2.0%; that is, they were 8 to 18
times larger than that of the bare frame. The contribution of
cladding components to structural damping was remarkable.

Figure 9 illustrates the estimated dynamic parameters
with respect to the magnitudes of acceleration response. In
the ambient vibration tests, the magnitudes of acceleration
response were very small.Thus, the amplitude dependency of
the dynamic parameters was examined in a low- and narrow-
amplitude range, which mainly varied between 0 and 0.5 ×
10−2m/s2. The fundamental natural frequencies are generally
observed to be constant in all test cases, and damping ratios
show a slight scatter. Especially in Case 5, a decrease of
damping ratio with respect to acceleration amplitude can be
noticed. Generally, constant natural frequencies and slight
amplitude dependency of damping ratios can be observed
from ambient vibration tests for low excitation amplitude.

4. Processing of Free Vibration Test
Data and Results

4.1. Description of Data Processing Procedure. Free vibration
tests were conducted following the ambient vibration test
for each case and three times at the fundamental resonance
frequency of each case to obtainmore data and reduce errors.

In order to estimate amplitude-dependent dynamic char-
acteristics, free vibration test data was processed in the
following steps. The response acceleration data was passed
through a band-pass filter and the contribution of the target
mode was isolated at first. Then, the filtered free vibration
signal was decomposed into a set of subsignals, and each sub-
signal was defined as the oscillation cycle between two suc-
cessive positive peaks. Afterwards, natural frequencies and
damping ratios could be evaluated from subsignals by using
Curve Fitting Technique, and corresponding amplitude could
be defined as the starting positive peak of each subsignal, so

that amplitude-dependent dynamic characteristics could be
estimated from the free vibration test data.

Figure 10 illustrates the application of the processing
procedure suggested above to one set of free vibration test
data of Case 3. The time history of response acceleration
data measured at the center of top roof is shown in Fig-
ure 10(a), and corresponding Fourier spectrum is shown in
Figure 10(b). The filtered free vibration signal is shown in
Figure 10(c) and is decomposed into a series of subsignals. A
Curve Fitting Technique is applied to fit the first subsignal as
shown in Figure 10(d). The estimated amplitude-dependent
natural frequencies and damping ratios can be checked in
Figures 11(c) and 12(c), respectively.

4.2. Free Vibration Test Results. Amplitude-dependent fun-
damental natural frequencies and damping ratios estimated
from free vibration test data are presented in this section,
and Table 4 summarizes the estimated fundamental natural
frequencies and damping ratios of test cases with corre-
sponding peak acceleration values. It can be appreciated
that, with the inclusion of the cladding components, the
fundamental frequencies of the steel frame were higher than
that calculated from the bare frame, indicating that cladding
components provide an apparent increase in stiffness, which
far outweighs the increase in mass. Meanwhile, the results
estimated from the free vibration test data demonstrate that
cladding components make a big contribution to structural
damping. The estimated fundamental damping ratio of the
bare frame only varies from 0.1% to 0.5%, but a significant
increase in damping ratios is observed with the addition of
cladding components. The upper bound values of damping
ratios in other test cases were found to be 4 to 8 times
larger than that of the bare frame. The addition of cladding
components to the steel frame increased the dissipation
of energy in the structure, thus increasing the structural
damping.

Figures 11 and 12 illustrate the amplitude dependency of
fundamental natural frequencies and damping ratios esti-
mated from free vibration test data, respectively. In the free
vibration tests, the magnitudes of acceleration response are
much wider than those in the ambient vibration tests. Thus,
significant amplitude dependency of dynamic characteristics
can be observed in the figures. As shown in Figure 11,
the fundamental natural frequencies generally decrease with
amplitude, so that the natural frequencies in the high-
amplitude range are appropriately 0.2∼0.5Hz lower than the
initial values for most cases. However, it should be noted
that there is almost no amplitude dependency of natural
frequencies for the bare steel frame in Figure 11(a). A similar
phenomenon has also been observed for damping ratios
in Figure 12. Damping ratios are observed to generally
increase with amplitude in the low-amplitude range and
then decrease with increasing amplitude for most cases.
However, the estimated damping ratios of the bare steel frame
hardly change with amplitude in Figure 12(a). Considering
that the amplitude dependency of dynamic characteristics
appears in test cases with inclusion of cladding components,
it is clear that the addition of cladding components to
the steel frame is the cause of the amplitude dependency
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Figure 9: Amplitude-dependent dynamic characteristics estimated from ambient vibration tests.
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Table 3: Natural frequencies and damping ratios estimated from ambient vibration tests.

Case Peak acc.
(×10−2m/s2)

Frequency Damping ratio
f (Hz) 𝜎𝑓 (Hz) COV (%) 𝜁 (%) 𝜎𝜁 (%) COV (%)

1 0.90 3.40 0.001 0.029 0.1 0.01 10.0
2 0.27 3.92 0.001 0.026 2.0 0.05 2.6
3 0.50 4.07 0.002 0.049 1.9 0.07 3.7
4 0.47 3.95 0.001 0.025 1.3 0.04 3.0
5 0.63 4.42 0.001 0.023 1.5 0.01 0.7
6 0.86 3.90 0.001 0.026 1.7 0.09 5.3
7 1.43 4.27 0.007 0.163 0.9 0.06 6.5
8 1.00 3.59 0.005 0.139 1.2 0.12 9.9
9 0.85 3.76 0.003 0.080 1.3 0.05 3.9
10 0.52 4.65 0.006 0.129 1.9 0.02 1.1
Note: f denotesmean value of natural frequency; 𝜁 denotesmean value of damping ratio;𝜎 denotes standard deviation; andCOVdenotes coefficient of variation
= standard deviation/mean.

Table 4: Natural frequencies and damping ratios estimated from free vibration tests.

Case Peak acc.
(×10−2m/s2)

Frequency Damping ratio
𝜁 (%)f (Hz) 𝜎𝑓 (Hz) COV (%)

1 96.2 3.41 0.007 0.21 0.1∼0.5
2 36.1 3.63 0.132 3.64 1.5∼3.2
3 32.5 3.77 0.128 3.40 1.3∼3.1
4 33.5 3.81 0.146 3.83 0.8∼3.4
5 32.1 4.16 0.118 2.84 0.8∼3.0
6 44.9 3.70 0.106 2.86 0.7∼2.8
7 39.8 3.95 0.100 2.53 0.5∼2.7
8 94.0 3.44 0.042 1.22 0.5∼2.0
9 94.3 3.53 0.048 1.36 0.5∼2.2
10 21.9 4.53 0.134 2.96 0.9∼3.5
Note: f denotes mean value of natural frequency; 𝜎 denotes standard deviation; and COV denotes coefficient of variation.

for dynamic characteristics, while dynamic parameters are
almost independent of response amplitude for the bare steel
frame.

5. Discussion

5.1. Effect of Precast Cladding Systems on Evaluation of
Dynamic Parameters. The main objective of the work pre-
sented in this paper was to evaluate the effect of precast
cladding systems on the dynamic characteristics of steel
frame buildings. To improve understanding of the effect
of cladding components, this section starts by comparing
the natural frequencies and damping ratios provided by
ambient and free vibration tests. The mean values of the
results estimated from ambient vibration tests are adopted,
and scopes of the results estimated from free vibration tests
are given for comparison. In addition, the estimated results
corresponding to the response amplitudes of 5 × 10−2m/s2
and 20 × 10−2m/s2 in free vibration tests are presented,
which represent the dynamic properties in the low- and high-
amplitude range, respectively.

Figure 13 illustrates the effect of ALC external wall
cladding panels on the dynamic characteristics of the steel
frame. Different numbers of ALC external wall cladding
layers were considered in constructing Case 2 and Case 10,
and this allowed investigation of the effect of ALC external
wall claddings. From Figure 13(a) it is found that the natural
frequency generally increases with the addition of ALC
external wall cladding layers. The maximum fundamental
natural frequency estimated from free vibration test data
increases by approximately 20% and 40%, respectively, with
the addition of single layer ALC claddings and double
layers. From Figure 13(b) it is found that damping ratio also
generally increases with the addition of ALC cladding layers.
A dramatic increase in damping ratio appears as single layer
ALC claddings are attached to the bare frame in Case 2, and
free vibrationmaximum fundamental damping ratios of Case
2 and Case 10 are almost 7 and 8 times larger than that
of the bare frame, respectively. Although the damping ratio
corresponding to the amplitude of 5 × 10−2m/s2 decreases
from Case 2 to Case 10, the reason for this decrease is the
difference between the amplitude dependencies of Case 2
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Figure 10: Data processing procedure of free vibration test data of Case 3.

and Case 10, which can be checked in Figure 12. Therefore,
the addition of ALC claddings to the steel frame provided a
large increase in stiffness, which is because the ALC external
claddings became active in resisting lateral loads. Meanwhile,
the addition of ALC claddings increases the number of
friction surfaces, so that structural damping is enhanced.

Figure 14 illustrates the effect of gypsum plasterboard
on the dynamic characteristics of the steel frame. In order
to explain these effects, Case 2 to Case 9 are classified into
four groups, and corresponding results are compared in pairs.
Each group includes two test cases: one with the addition of
plasterboard and the other without. The comparisons pre-
sented in Figure 14(a) show that all the fundamental natural
frequencies of test cases with plasterboard are higher than
the corresponding estimates of cases without plasterboard.
The increase in free vibration maximum natural frequencies
provided by the plasterboard is approximately in the range
from 3% to 9%.The effect of plasterboard on damping ratio is
compared in Figure 14(b), and the damping ratio is generally
found to decrease with the addition of plasterboard. The
reason for this decrease is that the rotational displacement
of ALC external claddings was restricted by the addition of
plasterboard. Asmentioned in the Introduction and observed
in this study, damping ratio develops with response ampli-
tude. At the design stage, each ALC panel is allowed to rotate

freely with the story drift of the structural frame. However,
when plasterboard is attached to ALC claddings through
wood stud framings, those wood stud framings provide a
combination of ALC panels. Thus, the rotational capacity
of ALC panels is limited, and damping ratio declines with
the addition of plasterboard. From the above comparisons,
it can be concluded that inclusion of plasterboard in the steel
frame results in an increase in stiffness relative to mass, but
interactions between plasterboard and ALC claddings have a
negative effect on damping ratios.

Figure 15 illustrates the effect of window glazing systems
on the dynamic characteristics of the steel frame. Window
glazing systems in precast cladding systems are inevitable due
to functional and ventilation requirements, and introducing
window openings in precast cladding systems adds complex-
ity in structural behavior. In order to examine the effect of
window glazing systems, Case 2 to Case 9 are classified into
two groups, and a similar tendency of frequency and damping
ratio can be observed in these two groups, respectively. As
observed in Figure 15(a), an increase in natural frequency
is obtained with the addition of small window openings.
These increases are about 5% and 10%, respectively, in the
two groups. Frequency decreases as window size increases.
The effect of a window glazing system on damping ratio is
illustrated in Figure 15(b). As shown, damping ratio generally
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Figure 11: Continued.
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Figure 11: Amplitude-dependent natural frequencies estimated from free vibration tests.

decreases as window size increases. From the comparisons
shown in Figure 15, it is realized that window glazing
systems integrated into precast cladding systems help to
stiffen the steel frame, because the window frames used
to hold windows in place are fixed to steel beams and
hence provide lateral stiffness to the steel frame. Meanwhile,
window openings reduce the effective area of ALC claddings
and plasterboard. Thus, the stiffness contribution of precast
cladding systems decreases when window openings become
larger. Furthermore, window openings reduce the number of
friction surfaces between primary structural members and
the precast cladding systems, so structural damping decreases
when window size increases.

The comparisons above demonstrate that the effects of
precast cladding systems on dynamic characteristics of steel
frames far exceed those that had been anticipated previously.
As current design is based on the assumption that the
steel frame carries the lateral loads and precast cladding
systems are considered as nonstructural components, it can
be appreciated that there is a huge discrepancy between
design and actual performance of steel frame buildings. For
accurate design of steel frame structures, it is essential to
take into account the effect of precast cladding systems on
dynamic characteristics in current design practice.

5.2. Effect of Precast Cladding Systems on Evaluation of Lateral
Stiffness. The test steel frame with precast cladding systems
can be simplified analytically as a single degree of freedom
system. Hence, the effective lateral stiffness of the bare steel
frame and the steel frame with addition of different parts of
precast cladding systems can be determined in accordance
with the effective mass and the fundamental natural fre-
quency, based on the idealization of a lightly damped single
degree of freedom system using

𝐾 = 𝑀𝑒 (2𝜋𝑓)2 , (3)

where 𝐾 is the stiffness, 𝑀𝑒 is the calculated effective mass,
and 𝑓 is the fundamental natural frequency.

Given the effective masses and the fundamental natural
frequencies measured in free vibration tests, values of lateral

stiffness of the bare steel frame and the steel frame with
precast cladding systems are evaluated, and the effects of
ALC claddings, plasterboard, and window glazing systems
on lateral stiffness are illustrated in Figures 16, 17, and 18,
respectively. Figure 16 illustrates the effect of ALC external
wall cladding panels on lateral stiffness of the steel frame.
It can be observed that ALC cladding panels provide a big
increase in lateral stiffness, which far outweighs the increase
in mass. The lateral stiffness of the bare frame is calculated
to be 4.03 × 106N/m, while the lateral stiffness of the steel
frame with ALC claddings in Case 2 and Case 10 is 4.88 ×
106N/m and 7.86 × 106N/m, respectively. The lateral stiffness
increases by approximately 21% and 95%, respectively, with
the addition of single layer ALC claddings and double
layers. Figure 17 illustrates the effect of gypsum plasterboard
on lateral stiffness of the steel frame. The contribution of
plasterboard on lateral stiffness is compared in four groups,
and the comparisons show that addition of plasterboard
in the steel frame results in a greater lateral stiffness. The
increases in lateral stiffness provided by plasterboard are
11%, 23%, 15%, and 6% in the four groups, respectively.
Figure 18 illustrates the effect of window glazing systems
on lateral stiffness of the steel frame. The effect of window
glazing systems on lateral stiffness is compared in two groups,
and a similar tendency can be observed. An increase in
lateral stiffness is observed when small window openings
are added to the steel frame. The increases are 10% and
22% in the two groups, respectively. Afterwards, the stiffness
contribution of window glazing systems decreases when
middle and large window openings are added to the steel
frame.

The evaluation of lateral stiffness demonstrates that pre-
cast cladding systems including ALC external wall cladding
panels, gypsum plasterboard interior linings, and window
glazing systems contribute significantly to structural stiffness.
The significant stiffness contribution indicates that seismic
loads may be underestimated while response displacement
may be overestimated on condition that the effects of precast
cladding systems are ignored in the design of steel frame
structures.
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Figure 12: Continued.
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Figure 12: Amplitude-dependent damping ratios estimated from free vibration tests.
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Figure 13: Effect of ALC external claddings on dynamic characteristics of steel frame.

5.3. Effect of Precast Cladding Systems on Amplitude Depen-
dency of Dynamic Characteristics. Another important objec-
tive of this study was to examine the amplitude dependency
of dynamic characteristics. The results of free vibration tests
illustrated in Figures 11 and 12 show significant amplitude
dependency of natural frequency and damping ratio and
hence provide a basis for a better understanding of the ampli-
tude dependency of dynamic characteristics. By comparing
the amplitude-dependent natural frequency and damping
ratio of the bare steel frame with those of other test cases, it is
observed that amplitude dependency of dynamic characteris-
tics takes place with the existence of precast cladding systems.
As observed in Figures 11(a) and 12(a), both natural frequency
and damping ratio of the bare steel frame remain almost
the same with gradually changing amplitude. However, when
precast cladding systems are attached to the steel frame
in other test cases, those estimated results show nonlinear
characteristics with respect to the response magnitudes. The
effect of precast cladding systems on amplitude dependency
of dynamic characteristics can be explained by the stick-
slip mechanism that happens at the interfaces between

primary structural members and secondary components.
This mechanism assumes that the contact surfaces between
primary structural members and secondary components are
in stuck or slip condition. As vibration amplitude increases,
the contact surfaces gradually change from stuck condition
to slip condition, which leads to an increase in friction
but loss of stiffness contribution from secondary members.
Thus, dynamic parameters develop with gradually changing
amplitude.

Another important observation is the tendency of
dynamic characteristics with increase in response amplitude.
In order to explain this tendency, Figure 19 gives a typical
amplitude dependency of natural frequency and damping
ratio estimated from the free vibration test data of Case 3. It
can be appreciated that natural frequency tends to decrease
with increasing amplitude, while damping ratio first increases
and then decreases with increasing response amplitude. The
decrease of natural frequency can be expressed by the stick-
slip mechanism. The stick-slip mechanism assumes that
the stick-slip contact surfaces between primary structural
members and secondary components are in stuck or slip
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Figure 14: Effect of plasterboard on dynamic characteristics of steel frame.

condition. In low-amplitude range, almost all contact surfaces
are stuck and do not move, and the secondary members
contribute to structural stiffness. As vibration amplitude
increases, stick-slip contact surfaces begin to slip at their
particular amplitudes; thus the effective contribution of
secondary components to the total system stiffness starts to
decrease. As the number of slipping contact surfaces increases
with amplitude, natural frequency decreases with amplitude.
Furthermore, it is noteworthy that an obvious decreasing
trend of damping ratio is observed, which is quite different
from early assumptions. The fundamental damping ratio
reaches its maximum at around the response acceleration
𝑎𝐻 ≈ 0.02m/s2. Thus, the tip response displacement 𝑥𝐻 ≈
𝑎𝐻/(2𝜋𝑓1)2 is roughly estimated at 3.9 × 10−5mwhen natural
frequency 𝑓1 is considered as 3.6Hz, and the critical tip
drift ratio is estimated at 𝑥𝐻/𝐻 ≈ 1.25 × 10−5. Although
earlier damping predictors usually assume that damping
ratio increases in the low-amplitude range and remains at
a constant maximum value up to the linear elastic limits of
the primary structure [13, 14, 23], it should be noted that

most of those studies are based onmeasurements at relatively
low amplitudes, and damping trends at higher amplitudes
are assumed. So far, there is still insufficient damping ratio
data at very high amplitudes, but the limited studies carried
out in the relatively high-amplitude range have shown that
damping ratio may decrease at higher amplitudes [11, 15, 24].
Tamura [25] clearly demonstrated that damping ratio first
increases with amplitude but decreases after reaching the
critical tip drift ratio, which is in accordance with the results
in this study. It should be noted that damping ratio never
keeps increasing with amplitude but may decrease after the
response amplitude reaches the critical tip drift ratio.

5.4. Comparison of Results Provided by Ambient and Free
Vibration Tests. The comparison of dynamic parameters
provided by ambient vibration tests with those derived
from free vibration tests is another issue that should be
addressed. Table 5 compares the dynamic parameters of
10 test cases estimated from ambient vibration tests with
corresponding results from free vibration tests.The estimated
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Figure 15: Effect of Window glazing systems on dynamic characteristics of steel frame.
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Figure 16: Effect of ALC external claddings on lateral stiffness.

natural frequencies and damping ratios are represented by the
average values. The comparison between the results of AVT
and FVT shows very little difference for the bare steel frame.
But significant differences can be observed for other test cases

with the addition of precast cladding systems. It is observed
that natural frequencies estimated from ambient vibration
tests are always 3% to 8% higher than those determined by
free vibration tests, and the damping ratios estimated from
ambient vibration tests are generally 21% to 57% lower than
those determined by free vibration tests, except for Case 8 and
Case 9.

The differences between the results estimated from ambi-
ent vibration test data and those determined by free vibration
tests can be explained by the dependence of dynamic parame-
ters with the vibration amplitude. As the response amplitudes
involved in ambient vibration studies are significantly smaller
than those for the free vibration tests, most contact surfaces
between primary structural members and secondary compo-
nents are still in the stuck condition. Thus, the frequencies
determined by ambient vibration tests are higher than those
determined by free vibration tests, while damping ratios
determined by ambient vibration tests are lower than those
determined by free vibration tests. The particular conditions
observed for damping ratios of Case 8 and Case 9 in Table 5
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Figure 18: Effect of window glazing systems on lateral stiffness.
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are also attributed to the amplitude dependency of dynamic
characteristics. The largest damping ratios estimated from
free vibration test data are 2.0% and 2.2% for Case 8 and Case
9, respectively, far exceeding those determined by ambient
vibration tests. Structural identification through ambient
vibrations has been successful in numerous cases, and the
characteristics of the dynamic parameters determined by
ambient vibration tests should be realized and considered in
the following studies.

6. Conclusions

This paper has highlighted the effects of precast cladding
systems typically used for Japanese steel buildings on the
dynamic characteristics of steel frame structures. Dynamic
tests on a full-scale one-story moment-resisting steel frame
with the addition of ALC external wall cladding panels,
gypsum plasterboard interior linings, and window glazing
systemshave been presented.Ambient vibration tests and free
vibration tests were conducted to determine the fundamental
characteristics of the test cases. The Random Decrement
Technique and theCurve FittingTechniquewere employed to
estimate natural frequencies and damping ratios with respect
to response amplitudes.The findings of the present studymay
be summarized as follows:

(1) Precast cladding systems provide a big increase in
lateral stiffness over a bare steel frame that far out-
weighs the increase in mass. The increase in natural
frequency of the bare steel frame due to the effect
of ALC claddings could reach 40% at most, and the
stiffness contributions fromplasterboard andwindow
glazing systems could increase the natural frequency
of the bare steel frame by up to 10% separately.

(2) The addition of precast cladding systems to a bare
steel frame greatly improves structural damping. The
contributions of ALC cladding panels to structural
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Table 5: Comparison of dynamic parameters estimated from ambient and free vibration tests.

Case Natural frequency Damping ratio
AVT (Hz) FVT (Hz) AVT/FVT AVT (%) FVT (%) AVT/FVT

1 3.40 3.41 1.00 0.1 0.20 0.50
2 3.92 3.63 1.08 2.0 2.7 0.72
3 4.07 3.77 1.08 1.9 2.4 0.78
4 3.95 3.81 1.04 1.3 2.4 0.56
5 4.42 4.16 1.06 1.5 2.4 0.63
6 3.90 3.70 1.05 1.7 2.2 0.78
7 4.27 3.95 1.08 0.9 2.2 0.43
8 3.59 3.44 1.04 1.2 0.8 1.51
9 3.76 3.53 1.07 1.3 1.0 1.27
10 4.65 4.53 1.03 1.9 2.4 0.79

damping lead to an increase in the damping ratio
of a bare steel frame up to 18-fold. However, plas-
terboard attached to ALC claddings restricts their
rotational capacity, thus reducing the damping ratio.
Window glazing systems also contribute to structural
damping, and damping ratio decreases aswindow size
increases.

(3) Amplitude dependency of dynamic characteristics
develops with the existence of precast cladding sys-
tems. The dynamic parameters show nonlinearity
with respect to response magnitude. Natural fre-
quency tends to decrease with increasing amplitude,
while damping ratio first increases but eventually
decreases with increasing of response amplitude after
reaching critical amplitude.

(4) The dynamic parameters derived from ambient vibra-
tion measurements are compared with those esti-
mated from free vibration tests. It is found that natural
frequencies estimated from ambient vibration tests
are higher than those determined by free vibration
tests, while damping ratios estimated from ambi-
ent vibration tests are generally lower than those
determined by free vibration tests. These may be
explained by the amplitude dependency of dynamic
characteristics.

The findings in this study have some important implica-
tions for the design of steel frame structures in many parts
of the world. While precast cladding systems are generally
considered as nonstructural components in the design stage,
interactions between precast cladding systems and primary
structural members are inevitable, and the effect of precast
cladding systems on dynamic characteristics should be taken
into account; that is, the stiffness provided by precast cladding
systems should be considered in determining the seismic
loads on a structure, and amplitude-dependent damping ratio
should be considered in predictions of structural dynamic
responses. Hence, for accurate evaluation and design of steel
frame buildings, it is essential to understand the effects of
precast cladding systems on the dynamic characteristics of
steel frame structures and to take account of these effects in
the design stage.
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