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Damage will appear in the wind-break wall under the e�ects of many factors.  e wind-break wall may be destroyed when the
damage is accumulated to some extent, which may cause accidents. To identify damage within the wind-break wall structure, the
Wavelet Packet frequency bands energy ratio spectrum analysis of the virtual impulse response function of responses to the wind-
break wall was performed under the e�ects of excitation. Based on the damage sensitivity analysis of subfrequency bands, a further
updated Wavelet Packet frequency bands energy ratio spectrum was proposed. To re�ect the damage information sensitively, the
feature bands, which were more sensitive to damage, were selected via the threshold value ε0.  en, the Wavelet Packet damage
feature vector and damage identi�cation index, which can re�ect damage information of the wind-break walls sensitively, were
proposed. A damage identi�cation method for wind-break walls was proposed. To verify the validity of this damage identi�cation
method, the vibration tests on a pile plate wind-break wall were performed. Damage within the wall was identi�ed via the method.
 e tests results show that the damage feature vector is a zero vector and the value of damage index is zero, when the wind-break
wall is not damaged. e damage feature vector is a nonzero vector and the value of damage index is positive, when the wind-break
wall is damaged.  us, the damage state of the wind-break wall can be detected via the damage feature vector and damage index.
With increase of damage accumulated within the wall, the damage intensity and the value of the damage index increase.  e
quantitative relationship between the damage index and damage intensity is established.  e damage intensity can be calculated
reversely, when the damage index is available.  us, the damage intensity of the wind-break wall can be identi�ed via the
quantitative relationship between the damage index and damage intensity. In addition, the damage index value of the measuring
point, which is much closer to the partial damage, is much larger.  e damage index value of the point, which is located at the
partial damage, is the largest.  us, the damage location of the wind-break wall can be diagnosed via the characteristics of damage
index for di�erent measurement points. us, the damage state, damage location, and damage intensity of the wind-break wall can
be identi�ed via this damage identi�cation method.

1. Introduction

 e wind-break wall structures, which were mainly used to
resist the wind, stabilize the sand, protect the train, and
withstand the wind and wave, were widely applied in railway
engineering, highway engineering, ocean engineering, and
so forth. To protect the train from strong wind and sand,
hundreds of miles of wind-break walls were built along the
Lanzhou-Xinjiang high-speed railway in the strong wind
area in China [1]. However, under such e�ects as wind-sand

erosion, material aging, climate change, and load variation,
such damage as the concrete crack of the wind-break wall
and cementation failure between steels and concrete would
appear and accumulate continuously in the wall. For in-
stance, the concrete of wind-break walls always cracked
prematurely under the e�ects of high temperature, large
temperature di�erence, and wind-sand erosion in the
Turpan area of Lanzhou-Xinjiang high-speed railway [2].
 e accumulated damage might cause partial destruction
and collapse of the wall when the damage is accumulated to
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some extent, which would reduce the protective capability of
the wall. In particular, the destruction or failure of the wind-
break wall would reduce the protective capability of the wall
in the strong wind area, which might cause such accidents as
interruption of the running train and even derailment of the
train [3]. In addition, the sand and stone, which moved
through the wind-break wall with damage, might hit the
running train with high speed or pile upon the railway. *is
would affect the safety of train seriously. Consequently, it is
necessary to conduct health monitor for the wind-break wall
and repair the damage within the wall in time so as to avoid
or decrease accidents.

Nowadays, most research works on wind-break wall
structures are listed as follows: (1) *e characteristics of
resisting winds about wind-break walls and the dynamic
response regularities of the coupled air between the running
train and wind-break walls were investigated. For instance,
Li et al. studied the dynamic response regularities of the
coupled air between the Electric Multiple Unit train and
wind-break walls with different height via the wind tunnel
tests, and the efficiencies of resisting winds about wind-
break walls were also compared [4]. Han et al. analyzed the
structural characteristics of wind-sand flow of wind-break
walls in strong wind area via the field tests and numerical
simulations [5]. (2) Dynamic response regularities of wind-
break wall structures and the deposition mechanism of the
sand behind the wind-break walls were investigated under
the effects of wind-sand flow. For example, Xin et al. ana-
lyzed the movement characteristics of wind-sand in either
side of the wind-break wall along the Lanzhou-Xinjiang
high-speed railway via the numerical simulations. *e
distribution characteristics of flow field and deposition
regularities of the sand behind the wind-break walls were
acquired [6]. Cheng et al. investigated the efficiencies of
resisting winds and deposition regularities of the sand about
single wind-break walls and double ones via the wind tunnel
tests [7]. *e reasonable type, height, thickness, and distance
of the wind-break walls were investigated under the effects of
wind-sand flow and running trains with high speed. Ye and
Li et al. analyzed the influences of different types and heights
of the wind-break walls on the distribution regularities of
sand under the effects of wind and running trains with high
speed [8]. Niu and Du investigated the influences of the
height and distance of wind-break walls on the efficiencies of
resisting wind in high-speed railway.*e optimal height and
distance of wind-break walls were obtained [9]. However,
the investigation of the damage identification for wind-break
walls is rare at present.

So far, the research works of damage identification on
civil engineering structures are mainly focused on the
structural components, building structures, bridge struc-
tures, and so forth. For instance, Martin et al. studied the
effects of damage on the inherent parameters of a beam via
the laboratory tests and numerical simulations. *e damage
of the beam was identified precisely via the changes of modal
parameters [10]. Fu et al. proposed a damage identification
method, which was based on the finite element model
updating, to diagnose damage within plate structures with
consideration of the influences of time-frequency dynamic

responses on sensitivity to damage parameters. *e results
showed that damage could be localized validly and precisely
via this method [11]. Based on the element strain energy and
modal sensitivity analysis, Zhang et al. identified the damage
location and damage intensity of a pile via the variation rate
of modal strain energy [12]. On the basis of genetic algo-
rithm, Li proposed an updated damage identification
method to identify damage within a three-story frame
structure. *e results indicated that the damage location and
damage intensity could be detected at the same time via this
method [13]. Wang et al. proposed a damage alarming index
based on the statistical Wavelet Packet energy spectrum via
combination of ambient excitation technology and Wavelet
Packet analysis, and this alarming index was used to diag-
nose and alarm the damage within Yangluo River Bridge in
Wuhan of China [14]. Jiao et al. proposed a damage iden-
tification method to detect damage within bridge structures
based on the Chebyshev polynomial fitting and fuzzy logic,
when the test information is incomplete [15]. Liu et al.
proposed a damage identificationmethod to diagnose damage
within urban overpass based on the processing structural
static characteristics and dynamic ones via the genetic algo-
rithm [16]. Based on the Wavelet Packet frequency bands
energy spectrum analysis of the virtual impulse response
function of structural dynamic responses to a retaining wall,
Xu proposed a damage identification method for retaining
wall structures. *e damage state, damage intensity, and
damage location could be identified via this method [17].
However, the number of research works on damage identi-
fication for wind-break wall structures is much less.

Given lack of research works on health diagnosis and
safety alarming for wind-break wall structures at present, the
Wavelet Packet frequency bands energy ratio spectrum
analysis of virtual impulse response function of dynamic
responses to the wind-break wall is performed in this paper.
A further updated Wavelet Packet frequency bands energy
ratio spectrum is proposed with consideration of the in-
fluences of the damage sensitivity of subbands, and the
damage feature vector and damage identification index are
created. Based on the damage feature vector and damage
index, a damage identificationmethod for wind-break wall is
proposed. To verify the validity of this damage identification
method, damage within a pile plate wind-break wall is di-
agnosed via tests.

2. Damage Identification Methods

In the light of the research in [18], in comparison with VIRF
(the Virtual Impulse Response Function of structural dy-
namic responses) between the damaged structure and un-
damaged one, the damage information can be selected. *us,
the Wavelet Packet frequency bands energy spectrum
analysis of VIRF is performed to extract damage information.

2.1. $e Further Updated Wavelet Packet Frequency Bands
Energy Ratio Spectrum. *e Wavelet Packet Transforms of
hu and hd are performed, respectively, and hu and hd can be
expressed as
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hu � h1u,r h2u,r · · · hju,r · · · h2iu,r 
T

hd � h1d,r h2d,r · · · hjd,r · · · h2id,r 
T

⎧⎪⎨

⎪⎩
,(r � 1,2,3, . . . l), (1)

where i is the number of Wavelet Packet decomposition
orders, l is the number of signal sample points, hju,r and hjd,r
are signal components, and hu and hd are response signals of
undamaged wind-break wall and damaged one, respectively.

According to theWavelet Packet frequency bands energy
spectrum theory [19], the subfrequency bands energies Eju
and Ejd can be expressed as

Eju �  hju,r




2

Ejd �  hjd,r




2

⎧⎪⎪⎨

⎪⎪⎩
, (2)

where Eju and Ejd are the subband energies of hju,r and hjd,r,
respectively.

*en, the Wavelet Packet frequency bands spectrums Eu
and Ed can be calculated and expressed as

Eu � E1u E2u · · · Eju · · · E2iu 
T

Ed � E1d E2d · · · Ejd · · · E2id 
T

⎧⎪⎨

⎪⎩
, (3)

where Eu and Ed are the initial Wavelet Packet frequency
bands energy spectrums of hu and hd, respectively.

To reflect energy distribution characteristics of bandswith
different frequencies, new frequency-ordered energy spec-
trumsare obtainedvia sorting from low frequency tohighone.
*en, the frequency-orderedWavelet Packet frequency bands
energy spectrums E(ω)u and E(ω)d can be expressed as

E(ω)u � Eω1u Eω2u · · · Eωju · · · Eω2iu 
T

E(ω)d � Eω1d Eω2d · · · Eωjd · · · Eω2id 
T

⎧⎪⎨

⎪⎩
, ωj <ωj+1 .

(4)

In the light of literature [18], damage will cause changes
of subfrequency bands energies. In comparison with E(ω)u
and E(ω)d, damage information can be acquired. E(ω)u and
E(ω)d can be used to reflect damage information from ab-
solute energy perspective. However, such relative energy
index as energy ratio is always used to reflect damage in-
formation [17, 18]. *us, the energy ratio is defined as

ERju �
Eωju


2i

j�1 Eωju

,

ERjd �
Eωjd


2i

j�1 Eωjd

.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

(5)

*en, the frequency-ordered Wavelet Packet frequency
bands energy ratio spectrums ER(ω)u and ER(ω)d are ob-
tained and expressed as

ER(ω)u � ERω1u ERω2u · · · ERωju · · · ERω2iu 
T
,

ER(ω)d � ERω1d ERω2d · · · ERωjd · · · ERω2id 
T
.

⎧⎪⎨

⎪⎩
(6)

In comparison with ER(ω)u and ER(ω)d, damage in-
formation can be acquired.

In the light of literature [17], not all the subfrequency
bands can be used to detect structural damage. Generally
speaking, only those bands with larger energy can reflect
damage information effectively under such interferences as
structural inherent frequencies, excitation frequencies,
measurement noise, and so forth. *us, ER(ω)u and ER(ω)d
are sorted from large energy value to small one. *en the
energy-ordered Wavelet Packet frequency bands energy
ratio spectrums ERU and ERD are proposed and expressed as

ERU � ER1U ER2U · · · ERJU · · · ER2iU 
T
,

ERD � ER1D ER2D · · · ERJD · · · ER2iD 
T
,

⎧⎪⎨

⎪⎩
(7)

where ERJU≥ER(J+ 1)U, ERJD≥ ER(J+ 1)D.
Due to the fact that only partial subbands are useful for

damage identification, to select these useful subbands, the
relative accumulative energy ratio η is introduced and de-
fined as

η �


P
J�1 ERJU


2i

J�1 ERJU

× 100%(0≤ η≤ 100%). (8)

*e first P subbands can be selected from ERU to reflect
damage information,whenη≥ η0 (η0 is a threshold value).*e
residual (2i − P) subbands are merged into one band, which is
called residual band and defined as the (P+ 1)th band with
consideration of damage information completeness. *en
updated Wavelet Packet frequency bands energy ratio spec-
trums ER(P+ 1)U and ER(P+1)D are proposed and expressed as

ER(P+1)U � ER1U ER2U · · · ERPU ER(P+1)U 
T
,

ER(P+1)D � ER1D ER2D · · · ERPD ER(P+1)D 
T
,

⎧⎪⎨

⎪⎩
(9)

where ER(P+1)U � 1 − 
P
J�1 ERJU, ER(P+1)D � 1 − 

P
J�1 ERJD.

Nevertheless, those bands with larger energies may be
not necessarily sensitive to damage. *us, reflecting damage
information via those bands with larger damage sensitivity
should be more reasonable. To select those bands with
stronger damage sensitivity, the ratio of energy ratio devi-
ation ε is introduced and defined as

ε �
ERJU − ERJD




ERJU − ERJD


max

(0≤ ε≤ 1). (10)

*e damage sensitivity of each subband can be evaluated
via ε. *e value of ε is much larger, and the damage sen-
sitivity of the subband is much stronger. *us, ER(P+ 1)U and
ER(P+ 1)D are sorted again from large ε value to small one.
*en further updated Wavelet Packet frequency bands
energy ratio spectrums ER (P+1)U and ER (P+1)D are proposed
and expressed as

ER (P+1)U � ER 1U ER 2U · · · ER PU ER (P+1)U 
T
,

ER (P+1)D � ER 1D ER 2D · · · ER PD ER (P+1)D 
T
,

⎧⎪⎨

⎪⎩

(11)
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where ER (P+1)U and ER (P+1)D are the further updated
Wavelet Packet frequency bands energy ratio spectrums of
hu and hd, respectively.

However, the effects of those bands with poorer damage
sensitivity on damage identification are much weaker. To
reflect the damage information more effectively, the first
Q(Q≤ (P+ 1)) bands are extracted from the further updated
Wavelet Packet frequency bands energy ratio spectrum,
when ε≥ ε0 (ε0 is a threshold value). *ese Q bands can be
used to reflect the damage information more effectively. *e
residual ((P+ 1)−Q) bands are merged into the (Q+ 1)th
band which is called additional band with consideration of
damage information completeness, and these (Q+ 1) fre-
quency bands are defined as feature frequency bands. *en,
the Wavelet Packet feature vectors ERV U and ERV D are
created and expressed as

ERVU � ERV 1U ERV 2U · · · ERVQU ERV (Q+1)U 
T
,

ERVD � ERV 1D ERV 2D · · · ERV QD ERV(Q+1)D 
T

,

⎧⎪⎨

⎪⎩
(12)

where ERV U and ERV D are the feature vectors of hu and hd,
respectively, ERV JU and ERV JD (J� 1,2, . . ., (Q+ 1)) are the
energy ratios of feature bands respectively, and
ERV (Q+1)U � 1 − 

Q
J�1 ER JU, ERV (Q+1)D � 1 − 

Q
J�1 ER JD.

Based on ERV U and ERV D, energy ration deviation of a
feature band ERDK can be expressed as

ERDK � ERVKU − ERV KD


(K � 1,2, . . . ,Q,Q +1). (13)

*en, the Wavelet Packet damage feature vector ERD is
created and expressed as

ERD � ERD1 ERD2 · · · ERDQ ERDQ+1 
T
. (14)

*e fluctuation degree of energy ratios on the feature
bands can be reflected via the ERD. *e energy ratios on the
feature bands are not changed, when the ERD is a zero
vector. In contrast, the energy ratios on the feature bands are
changed, when the ERD is a nonzero vector. *e ERD is a
zero vector, when the wind-break wall is undamaged, and
the ERD is a nonzero vector, when the wall is damaged.
*us, the damage state can be detected via the ERD.

2.2. Damage Identification Index. Based on the ERD, a
damage identification index (Energy Ratios Variation Co-
efficient of the feature bands) is defined and expressed as

ERVC �

�������������



Q+1

K�1

ERD K

ERV KU

 

2



. (15)

*e value of ERVC is nonnegative. *e value of ERVC is
zero, when the energy ratios of the feature bands are not
changed. *us, the wind-break wall is undamaged. In
contrast, the value of ERVC is positive, when the energy
ratios of the feature bands are changed.*us, the wind-break
wall is damaged. *e value of ERVC becomes much larger,
when the accumulated damage becomes much bigger. In
addition, the damage will cause stiffness changes of the

wind-break wall, which will cause changes of dynamic re-
sponses to the wind-break wall. *is will result in variations
of ERVC which is based on the VIRF. *e stiffness changes
in the partial damage are the largest, and the change of ERVC
value is the biggest in the partial damage too. *us, the
position where the value of ERVC is the biggest is the most
close to the partial damage. *us, the damage location of
partial damage can be diagnosed via analyzing the charac-
teristics of ERVC values. With increase of the damage in-
tensity, the ERVC value increases continuously. *e damage
intensity can be calculated reversely via ERVC, if the
quantitative relationship between the damage intensity and
ERVC is known. *us, the partial damage intensity can be
identified via the quantitative relationship between the
damage intensity and damage index.

3. Tests Analyses

To verify the validity of this damage identification method,
vibration tests on a pile plate wind-break wall (reinforced
concrete wall) are performed. *e geometrical parameters
and material parameters of the wall are listed in Table 1. To
obtain dynamic response signals, an impulse excitation is
loaded on the wall via the DFC-2 hammer, as shown in
Figure 1(a). *e positions of excitation are from point I to
point III, as shown in Figure 1(b). To collect the dynamic
response signals, six sensors are fixed on the wall. *e
positions of sensors are from point 1 to point 6, as shown in
Figure 1(b), and the sensors are 941B acceleration sensors
(the frequency range of these sensors is 0.17∼100Hz, and
the sensitivity is 0.3 V·s2/m). *e signals recorded via
sensors are collected by the signal collecting system, the
JM3863A wireless vibration test system. *e signals col-
lected by the JM3863A are transmitted to a computer by the
JM1802 gateway. *e 941B sensor, JM3863A wireless vi-
bration test system, and JM1802 gateway are shown in
Figure 2. In the light of literature [20], damage can be
simulated via reducing the elasticity modulus (such as
changing material), changing the cross-sectional area (such
as drilling holes and reducing section dimension), and
weakening connection performances. In this paper, holes
are drilled in the wall to simulate damage, as shown in
Figure 3, and the parameters of the holes are listed in
Table 2. Generally speaking, the early damage will appear in
partial area. With damage increase in partial area, the total
structure tends to be destroyed. Here, the partial damage is
simulated in the area with 0.0625m2, as shown in
Figure 1(b). To define the partial damage intensity, DI
(damage intensity) is introduced and expressed as

DI �
N · Vh

V
 , (16)

where N is the number of holes, Vh is the volume of a single
hole, and V is the total volume of the partial area
(V� 0.25m× 0.25m× 0.1m). Seven damage cases are sim-
ulated to identify the damage within the wind-break wall, as
listed in Table 3. Case 1 is the undamaged case, and cases 2 to
7 are damaged cases. With increase of the number of holes,
the value of DI increases, as shown in Figure 4.
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Figure 1: Vibration tests on the pile plate wind-break wall. (a) Loading impulse excitation. (b) Position of the measurement points and
partial damage.

(a) (b) (c)

Figure 2: Sensors, signal collecting system, and signal transmission system of vibration tests. (a) 941B sensor. (b) JM3863A vibration test
system. (c) JM1802 wireless gateway.

Figure 3: Simulation of partial damage in the wind-break wall.

Table 2: *e parameters of drilled holes.

Geometrical
parameters Unit

Diameter of a single
hole 0.2m

Depth of a single hole 0.1m
Area of holes drilled 0.25m× 0.25m� 6.25e−2m2

Scope of holes drilled {L∈(2.475m, 2.725m), H∈(1.775m,
2.025m)}

where L is the length of the wall and H is the height of the wall

Table 1: *e geometrical parameters and material parameters of the wind-break wall.

Geometrical parameters Material parameters
Height/m 2.2 Density/(kg/m3) 2500
Length/m 3.0 Elasticity modulus/MPa 2.11× 104

*ickness/m 0.2 Poisson’ ratio 0.2
Anchored depth/m 0.6 Cohesive force/kPa —
Distance between piles/m 0.9 Internal friction angle/° —
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*e test steps are as follows: (1) *e wind-break wall is
forced to vibrate under the hammer excitation. (2) *e
dynamic response signals are collected and transmitted to a
computer. VIRF are acquired via data processing. (3) *e
Wavelet Packet frequency bands energy ratio spectrums are
obtained via the Wavelet Packet Transform of VIRF. (4) *e
further updated Wavelet Packet frequency bands energy
ratio spectrums are obtained. (5) *e feature band vectors
are created via analyzing the damage sensitivity of bands. (6)
*e damage feature vector and damage index are created and
calculated. (7) *e damage state of the wind-break wall is
detected. (8) *e damage location of the wind-break wall is
diagnosed. (9) *e damage intensity of the wind-break wall
is identified.

To analyze the influences of excitation positions on the
damage index, vibration tests are performed for three times at
each excitation point under every damage case. In the light of
literature [19], the measurement point with smaller response
is selected as the virtual excitation point, and those mea-
surement points with larger response are selected as virtual
response points to obtain a better VIRF. In view of mea-
surement point 3 with smaller response, point 3 is regarded
as the virtual excitation, and five other measurement points

are regarded as virtual responses. To select an optimal order
of the Wavelet Packet decomposition and optimal wavelet
basis function, after the Wavelet Packet decomposition of
VIRF for many times, the analysis results are optimal when
the Wavelet Packet decomposition (seven orders) of VIRF
with Daubechies 18 wavelet basis function is performed.
*us, the wavelet basis function is selected as Daubechies 18,
and the number of decomposition orders is seven.

3.1. Detecting the Damage State of theWall. To eliminate the
interference of measurement noise, the Wavelet Packet
denoising of dynamic responses to the wind-break wall is
performed under the hammer excitation. After the Wavelet
Packet denoising of responses, it is found that only the signal
within the first six minutes can be used to extract damage
information effectively. Based on the signal processing of the
signal within the first six minutes, VIRF are obtained. *e
time history curves of VIRF of different points under dif-
ferent cases are shown in Figure 5. Obviously, the time
history curves of VIRF nearly overlap under different
damage cases. *us, it is difficult to extract damage infor-
mation via the VIRF time history curves.

Table 3: Damage cases.

Case Case 1 Case 2 (%) Case 3 (%) Case 4 (%) Case 5 (%) Case 6 (%) Case 7 (%)
DI 0 1.00 2.01 4.02 6.03 8.04 10.05

case 2 (2 holes) case 3 (4 holes) case 4 (8 holes)

case 5 (12 holes) case 6 (16 holes) case 7 (20 holes)

Figure 4: Partial damage: case 2 (2 holes), case 3 (4 holes), case 4 (8 holes), case 5 (12 holes), case 6 (16 holes), and case 7 (20 holes).
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After the Wavelet Packet decomposition (seven orders)
of VIRF with Daubechies 18 wavelet basis function, 128
subband energy ratios are acquired. As mentioned above, not
each energy ratio of subband can be measured under such
interferences as measurement noise, position of excitation,
frequencies of excitation, and frequencies of the wind-break
wall. *e majority of energies are distributed on the minority
bands with lower frequency, as shown in Figure 6. Here, only
the first sixteen energies of subbands are exhibited. Taking
point 5 as an example, the total energies of the first thirteen
subbands are more than 99% of the total energies of energy
ratio spectrum. Energies of the residual 115 subbands are
nearly ignored, as shown in curves of Figure 7(b). *us, the
first thirteen subbands are useful for damage identification.
With consideration of completeness of damage information,
the residual 115 subbands are merged into one band (the
fourteenth subband) via the threshold η0. *en, the updated
Wavelet Packet frequency bands energy ratio spectrum is
acquired, as shown in Figure 7.

*e relationship between η0 and subband number is
proportionate. With decrease of η0, the number of subbands
with larger energies also reduces, which may cause absence
of damage information. With increase of η0, the number of
subbands with smaller energies also increases. However, the
contribution of those subbands with smaller energies to
damage identification is nearly neglected. *us, addition of
those subbands with smaller energies will reduce the effi-
ciency of damage identification. *e value of η0 not only
affects the number of subbands in the updated energy ratio
spectrum but also affects the efficiency of damage identifi-
cation. *us, a reasonable value for η0 should be considered.
It is recommended that the value of η0 should be in the range
from 95% to 100%.

As mentioned above, the damage sensitivity of those
bands with larger energies is not necessarily strong. To
extract damage information sensitively, the further updated
Wavelet Packet frequency bands energy ratio spectrums are
obtained via sorting from strong damage sensitivity to weak
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Figure 5: VIRF time history curves of measurement points (the second time test at excitation point II). (a) Point 4. (b) Point 5. (c) Point 6.
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one, as shown in Figure 8. *e damage sensitivity of these
bands with larger energy is much stronger in comparison
with those bands with smaller energy. However, the energy
of the band is much larger, and the damage sensitivity of this
band is not necessarily stronger. Taking point 5 and point 6
as examples, the energy on the 6th band of point 5 and the
energy on the 2nd band of point 6 are the largest, but the
damage sensitivities of these two bands are not the strongest,
as shown in Figures 8(b) and 8(c). In addition, the variation
of damage intensity may cause changes of damage sensi-
tivities to partial subbands. Taking point 5 as an example,
with increase of the damage intensity, the damage sensi-
tivities of the 4th band to the 8th band fluctuate greatly.

To improve the damage sensitivities of bands, these bands,
which are much more sensitive to damage, are extracted from
the further updated Wavelet Packet frequency bands energy

ratio spectrums via the threshold ε0, and the residual sub-
bands are merged into the additional band. *en the feature
bands are created. Based on the feature bands, the Wavelet
Packet feature vector is created, as shown in Figure 9. From
the curves in Figure 9, it is found that energies of these bands
which are selected via ε0 are nearly more than 95% of the total
energies, which indicates that most of energies in the further
updated energy spectrum are distributed on the bands se-
lected via ε0. In addition, the energies of feature vectors are
also equal to the ones of the further updated Wavelet Packet
frequency bands energy ratio spectrums. *us, the feature
vector, which can replace the further updated Wavelet Packet
frequency bands energy ratio spectrums, can be used to
identify damage within the wind-break wall sensitively.

*e relationship between the threshold value ε0 and
number of feature bands is inversely proportional. With
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Figure 6: *e frequency-ordered Wavelet Packet frequency bands energy ratio spectrum of different measurement points (the second time
test at excitation point II). (a) Point 4. (b) Point 5. (c) Point 6.

8 Shock and Vibration



decrease of ε0 value, the number of feature bands increases.
*is may cause the increase of the number of these bands
with poorer damage sensitivity, which is not beneficial to
damage identification. With increase of ε0 value, the number
of feature bands decreases. *is may cause absence of some
bands with stronger damage sensitivity, which results in
absence of damage information. *e value of ε0 not only
affects the number of feature bands but also affects the ef-
ficiency of damage identification. *us, a reasonable value
for ε0 should be considered. It is recommended that the value
of ε0 should be in the range from 0 to 0.2.

Based on the feature vector, the Wavelet Packet damage
feature vector is created, as shown in Figure 10. Obviously,
the damage feature vectors are nonzero vectors. It is indi-
cated that the wind-break wall is damaged. With increase of
damage intensity, the fluctuation intensity of the damage

feature vectors of different measurement points becomes
larger and larger. *us, the damage feature vector can be
used to detect damage state of the wind-break wall. Under
the influences of the excitation location and damage loca-
tion, the damage sensitivities of different measuring points
are different. *e damage sensitivity of the point, which is
much closer to partial damage, is much stronger. In contrast,
the damage sensitivity of the point, which is far away from
partial damage, is much weaker. Taking point 4 and point 6
as examples, the damage sensitivity of point 4 which is
located in the partial damage is much stronger, while the one
of point 6 which is far away from damage location is much
poorer.

Based on the damage feature vector, the values of
damage index of different measurement points are calcu-
lated under different damage cases, as shown in Figure 11(a).
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Figure 7: *e updated Wavelet Packet frequency bands energy ratio spectrum of different measurement points (the second time test at
excitation point II, η0 � 99%). (a) Point 4. (b) Point 5. (c) Point 6.
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With increase of damage intensity, the damage index values
of measurement points also increase. Obviously, the damage
state of the wind-break wall can be identified quantitatively
via the values of damage index. Under the influence of
location of partial damage, the damage index value of the
point, which is closer to partial damage, is much larger under
each damage case. For instance, the damage index value of
point 4, which is located at the partial damage, is the largest.
In contrast, the damage index value of point 6, which is far
away from the partial damage, is much smaller, as shown in
Figure 11(a). In addition, the amplifications of damage index
value for different points are different under the influence of
location of partial damage. To describe the amplification
characteristics of damage index values, the slope curves of
damage index curves are plotted, as shown in Figure 11(b).
*e slope of the damage index curve of the measurement

point, which is much closer to partial damage, is much
larger. For instance, the slope of the damage index curve of
point 4, which is located at the partial damage, is the largest.
*e slope value of the damage index curve of point 4 is in the
range from 14 to 33 under different cases. In contrast, the
slope of the damage index curve of point 6, which is far away
from the partial damage, is much smaller. *e slope value of
the damage index curve of point 6 is in the range from 0.4 to
3.5 under different cases. *us, the damage location of the
wind-break wall can be diagnosed via the characteristics of
damage index curves. Besides, the efficiency of damage
localization is poorer via the characteristics of damage index
values, if every measurement point is far away from the
partial damage. *e efficiency of damage localization is the
best, only when measurement points are assigned closely
enough to the partial damage. *us, whether the partial
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Figure 8:*e further updatedWavelet Packet frequency bands energy ratio spectrum of different measurement points (the second time test
at excitation point II). (a) Point 4. (b) Point 5. (c) Point 6.
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damage can be diagnosed precisely depends on the distances
betweenmeasurement points and partial damage area. In the
light of literature [17, 20], 25 measurement points are
assigned on the retaining wall model to localize damage.
However, a larger number of measurement points are
assigned on the practical structure with huge volume and big
mass to localize damage, which will cause the cost increase
greatly. *us, adjusting locations of measurement points
repeatedly may be economical and reasonable in practical
engineering to localize damages.

*e value of damage index changes when the location
of hammer excitation changes. *us, the location of
hammer excitation has some influences on the damage
index value. Taking point 4 as an example, the variance
analysis of the damage index value is performed to de-
scribe this influence, as shown in Figure 12. *e values of

damage index are close under the different excitation
location when the damage intensity is smaller. *e var-
iance values of damage index are also smaller. With in-
crease of damage intensity, the variance values of damage
index increase when the location of hammer excitation
changes. *us, with increase of damage intensity, the
influence of excitation location on the values of damage
index becomes larger and larger.

As mentioned above, the quantitative relationship be-
tween the damage intensity and damage index can be ac-
quired via the polynomial fitting. Such problems as larger
polynomial coefficient, larger degree of polynomial, and
poorer fitting may occur, if the relationship between the
damage intensity and damage index which is much larger
than the value of damage intensity is fitted directly.*us, the
quantitative relationship between the relative damage
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Figure 9:*eWavelet Packet feature vector of different measurement points (the second time test at excitation point II, ε0 � 0.1). (a) Point 4.
(b) Point 5. (c) Point 6.
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intensity and damage index value is fitted. *en, the
quantitative relationships between relative damage intensity
and damage index values are expressed as

di�−15604x
4
1+6658x

3
1−682.63x

2
1+42.69x1+0.014,

di�−210320x
4
2+49853x

3
2−3182.8x

2
2+92.62x2−0.004,

di�1.127x
5
4−5.81x

4
4+9.665x

3
4−5.358x

2
4+5.235x4+0.05,

di�1131.3x
5
5−1776x

4
5+991.2x

3
5−200.29x

2
5+22x5+0.0095,

di�−1089100x
4
6+209140x

3
6−10911x

2
6+194x6+0.0076,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(17)

where di (di�DI× 100) is the relative damage intensity and
xm(m� 1, 2, 4, 5, 6) is the mean value of ERVC of different
measurement points for three times tests at different exci-
tation points.

*e quantitative relationships between relative damage
intensity and damage index in equation (17) can be plotted
as five fitting curves. Five tests curves can also be plotted via

the tests. Each measurement point is corresponding to one
group’s curves, and each group’s curves contain a test curve
and fitting one. Five group curves, which are corresponding
to five measurement points, are plotted, as shown in Fig-
ure 13. To describe the fitting degree of each group curves,
the goodness of fit analysis for each group’s curves is per-
formed, and the value of coefficient of determination is used
to describe the fitting degree of each group’s curves. *e
value of coefficient of determination is much larger, and the
fitting degree of the test curve and fitting curve is much
better. Here, the coefficient of determination values of each
group’s curves are in the range from 0.93 to 0.95. *us,
fitting degree of each group’s curves is better. However, the
polynomial coefficient values of those points, which are far
away from the partial damage area, are much larger, as listed
in equation (17). Due to larger polynomial coefficient, the
fitting precision becomes poorer, and the identification
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Figure 10: *eWavelet Packet damage feature vector of different measurement points (the second time test at excitation point II). (a) Point 4.
(b) Point 5. (c) Point 6.
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efficiency of damage intensity is poorer too. In contrast, the
polynomial coefficient values of the point, which is close to
the partial damage area, are much smaller. To ensure better
fitting precision and identification efficiency, the damage
intensity of the wind-break wall is identified via the quan-
titative relationship between the damage intensity and
damage index values of point 4 which is located at the partial
damage area. *en, the damage intensity can be calculated
reversely, when the damage index is known. For instance,
di� 4.909, when ERVC� 1. *us, DI� di/100� 4.909%.
*us, the partial damage intensity of the wind-break wall can
be identified via the quantitative relationship.

4. Conclusions

In this paper, based on theWavelet Packet decomposition of
VIRF of responses to the wind-break wall, the Wavelet
Packet frequency bands energy ratio spectrum analyses of
VIRF are performed. *e further updated Wavelet Packet
frequency bands energy ratio spectrum is proposed via the
damage sensitivity analysis of subbands. *en, the feature
bands which are more sensitive to damage are selected via
the threshold value ε0. Based on the feature bands, the
damage feature vector, which can reflect damage informa-
tion sensitively, is created. Based on the damage feature
vector, a damage index is proposed. *e wind-break wall is
damaged, if the damage feature vector is a nonzero vector or
the value of the damage index is positive. *e partial damage
can be localized via the variation characteristics of damage
index. *e damage intensity of the wind-break wall can be
identified via the quantitative relationship between the
damage index and damage intensity. *en, a damage
identification method for wind-break wall is proposed, and
damage within a wind-break wall is identified via this
method. *e results indicate that the wall is damaged when
the damage feature vector is a nonzero vector. *e damage
can be localized by the measurement point whose damage
index value is the largest. *e damage intensity can be
identified via the quantitative relationship between the
damage index and damage intensity. *us, the damage state,
damage location, and damage intensity of the wind-break
wall can be identified via this method, and this method is
also suitable for such solid-web structures or components as
building structures, bridge structures, retaining structures,
plates, beams, and columns. However, this method may be
unsuitable for lattice structures or components.

*e number of bands in the further updated Wavelet
Packet frequency bands energy ratio spectrum is determined
by the threshold value η0. With decrease of the value of η0,
the number of bands decreases too, which may cause loss of
some bands with stronger damage sensitivity.*us, the value
of η0 should be larger to avoid loss of those bands with
stronger damage sensitivity. Additionally, the threshold
value ε0 has bigger influences on the number of feature
bands.With increase of the value of ε0, the number of feature
bands decreases, which may cause loss of some bands with
stronger damage sensitivity. To collect enough damage

information, the value of ε0 should be smaller. Either the η0
value or the ε0 value has influences on extracting damage
information.

*us, the values of η0 and ε0 should be reasonable. How
to select reasonable values for η0 and ε0 needs to be con-
sidered in the future.

In this paper, such early damage types as microfracture
and microholes are identified via this method. Whether such
later damage types as plastic deformation and structural
slide can be diagnosed via this method is still studied further.
In addition, the wind-break wall is forced to vibrate due to
such low strain excitation as hammer excitation. Under the
effects of low strain excitation, dynamic responses to the
wind-break wall can be regarded as linear ones. However,
the responses to the wall may be nonlinear, when such
ambient excitations as wind loads, blast loads, and seismic
loads are loaded on the wall. Besides, the adaptation of the
Wavelet Packet Transform to nonlinear responses is much
poorer, which may affect the efficiency of damage identi-
fication. *us, this method may be unsuitable for the
structures with nonlinear responses.

Under the influences of excitation position, distance be-
tween measurement point and partial damage, inherent fre-
quencies of wind-break wall, and excitation frequencies, the
damage sensitivities of measurement points are affected. In the
light of test results, those points with strong damage sensitivity
have larger contribution to detecting damage state and diag-
nosing damage location. To improve damage sensitivities of
measurement points, enough points should be assigned or
locations of points should be adjusted repeatedly. In addition,
the test data has larger influences on identifying damage in-
tensity.*e test data is more sufficient, and the precision of the
quantitative relationship between damage intensity and
damage index is better, which makes the damage identification
efficiency better. *us, to improve the precision of identifying
damage intensity, collecting sufficient test data is required.
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