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Tree-dimensional fnite element model of the wood structure-foundation of the North House’s main hall in Tianshui under
ground trafc excitation was established, and the damage of the frst-foor longitudinal beam of the wood structure was simulated
by the fnite element method. Te node acceleration response signals on beams were decomposed with a wavelet packet. Te
wavelet packet energy curvature diference index was proposed to determine the structural damage location.Te results show that
the wavelet packet energy curvature diference can decide the damage location of the middle part of the frst-foor longitudinal
beam, and the index value increases with the increase of damage degree. If SNR is 40 db or larger, the damage index can accurately
identify the damage of ancient wooden structures. When SNR increases, the damage index will have an increasingly higher
sensitivity and certain ability to resist the efect of noise.Te function relation between the damage index and the damage degree is
obtained to determine the structural damage degree. Te study results provide a theoretical basis for the damage diagnosis of the
wood structure of ancient buildings along the trafc line.

1. Introduction

Tianshui is a historic city which boasts a large number of
ancient architectures. Among others, Tianshui ancient
dwellings were declared as one of the endangered heritage
sites by Te World Cultural Heritage Foundation in June
2005 [1]. Hu’s ancient house is the representative of Tianshui
Ming Dynasty houses, which is composed by North and
South Houses. North House is grand, and its wood carving is
unique. Te North House’s main hall building is the core
part of the North House building with a unique design and
magnifcent atmosphere, which fully embodies the exquisite
architectural art and profound cultural connotation of the
Ming Dynasty. Te plane of the main hall building is
rectangular and faces south. Te fve rooms are 20.05 meters
wide, the three rooms are 14.41 meters deep, and the height
to the ridge is 11.4 meters. Te plane of the North House’s
main hall in the courtyard is a double-eaved two-storied
pavilion of hard hilltop brick and wood structure. Figure 1 is

the front elevation of the main hall of the middle courtyard
of the North House.

Temain hall of themiddle courtyard of the NorthHouse is
located in MinZhu Road of QinZhou District Central Street in
Tianshui city of GanSu province, only 20meters away from the
main road of the city trafc.Tewood structure of themain hall
building was seriously damaged in the WenChuan earthquake
May 12th, 2008. With the development of urbanization in
Tianshui, the number of ground trafc vehicles is increasing
rapidly, and the continuous vibration of ground trafc makes
structure fatigue damage and tenon and mortise loose, which
threatens its safety. Terefore it is urgent to adopt efective
technical means to repair and control structural damage.

Wavelet analysis has the functions of amplifcation,
contraction, and shift. It can study the characteristics of
signals by checking the changes under diferent magnif-
cations. It has excellent time-frequency localization char-
acteristics but has the disadvantage of poor resolution in
high frequency band [2]. Wavelet packet analysis is an
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extension of the wavelet transform, which can provide a
more refned analysis method for signals.Te high frequency
part of wavelet analysis without subdivision is further
decomposed, and the corresponding frequency band is se-
lected according to the characteristics of the analyzed signal
to match the signal spectrum. Terefore, wavelet packet
analysis was widely used in the feld of damage diagnosis of
civil engineering.

Since the 1980s, many scholars have engaged in the feld of
wavelet packets and achieved fruitful results. Ding et al. [3]
adopted the wavelet packet energy spectrum method for
structural damage early warning. Karami et al. [4] presented a
method to identify the location of multiple damages in the piles
of a dolphin pier, based on a combination of theWavelet Packet
Energy Curvature Diference (WPECD) and the richardson
extrapolation. Angelo et al. [5] described the documentary and
functional features of this peculiar antiseismic timber-based
building technique. After a comparative analysis of the tech-
nique’s features, the case of three T-F buildings, belonging to
three diferent social classes is reported. Pan et al. [6] analyzed
the acceleration response signal and identifed the structural
damage in real timewith thewavelet packet energy spectrum. Lu
et al. [7] extracted time-domain features and wavelet decom-
position features of the parameters, and the patterns stored
within each event were identifed using the artifcial neural
network and support vector machine. Zhu et al. [8] simulated
the damage of the beam in two working conditions, identifed
the damage with the wavelet packet energy curvature diference,
and investigated the infuence of the wavelet function and the
number of decomposition layers on the recognition efect.
Kankanamge et al. [9] described the latest application of
wavelet transform in the health monitoring of civil engi-
neering structures. Fan [10] established a fnite element
model of a wood frame and adopted a damage identifcation
method combining the wavelet packet analysis method and
stochastic resonance theory to evaluate the damage location
and degree of the structure. Mei et al. [11] proposed a PQD
detection method based on the wavelet packet transform
(WPT) and improved complete ensemble empirical mode
decomposition with adaptive noise (ICEEMDAN). Liu et al.
[12] proposed the damage identifcation method of simply
supported beam bridge based on wavelet analysis and co-
efcient of variation.

Te damage of the frst-foor longitudinal beam of the
North House’s main hall in Tianshui was simulated by fnite
element method under ground trafc excitation. Te

acceleration response signals of each node on the beam were
decomposed by wavelet packet, and the damage location was
studied by wavelet packet energy curvature diference. Te
index was sensitive to damage identifcation and can accurately
determine the specifc location of wood structure damage.

2. Wavelet Packet Analysis

Wavelet packet is composed of wavelet function, and i, j and
k refer to its frequency, scale and shift parameters:

ψi
j,k(t) � 2j/2ψi 2j

t − k􏼐 􏼑, i � 1, 2, 3, · · · . (1)

Te recursive relation of wavelet function ψi is
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where ψ is the wavelet generating function; h (k) and g (k) are
the integral mirror flter coefcients, which are associated
with the scaling function and the wavelet generating
function.

j, j+ 1 order recursion formula are
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In the formula (4) and (5):
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H and G are fltering operators of expansion factor h (k)
and g (k).

Te initial signal f (t) is
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3. Damage Diagnosis of Ancient
Wood Structure

Tedamage diagnosis of ancient wood structure is divided into
two parts: (1) the acceleration response signal of each node on
the beam is decomposed by wavelet packet; (2) the energy

Figure 1: Front elevation of the North House’s main hall.
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curvature diference of wavelet packet is calculated to locate
and identify structural damage, including the selection of
wavelet function and wavelet packet decomposition level.

3.1. Selection of Wavelet Function [13]. From the vanishing
moment and support length, Daubechies wavelet (as well
referred to dbN, N is Daubechies wavelet order) is selected.
A larger N means a higher vanishing moment and a better
time domain resolution. But the locality of time domain will
become worse with the increase in the support length of
Daubechies wavelet. Terefore, it is important to decide an
appropriate order N of the Daubechies wavelet.

Te structural dynamic response f (N, K) is decomposed
at a wavelet packet decomposition level of i, fij represents the
structural response of the node (i, j), and the energy Eij of the
structure responds in each frequency band is [14]:

Eij � 􏽘
​

fij

􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌
2
, j � 0, 1, 2, · · · , 2i

− 1􏼐 􏼑. (8)

Te wavelet packet energy spectrum Ei of the structural
dynamic response f (N,K) on the ith decomposition level can
be expressed as follows:

Ei � Ei,j􏽮 􏽯 � Ei0 · · · Ei1 · · · Eij · · · Ei2i− 1􏽨 􏽩
T
. (9)

Te cost function of each frequency band energy coef-
fcient {Eij} on the ith decomposition level is defned to
measure the good and bad of wavelet function. Te norm
entropy lp is used as the cost function. On the same de-
composition level of the wavelet packet, the cost function
value of diferent wavelet functions is calculated and com-
pared to decide an appropriate Daubechies order N. Usually,
smaller is better regarding the cost function value calculated
from diferent orders; Te norm entropy lp (1≤p≤ 2) is
defned as follows [14]:

SL Ei( 􏼁 � 􏽘
j

Ei,j

􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌
p
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3.2. Selection of Wavelet Packet Decomposition Level [13].
Both the cost function and operation time are taken into
consideration to decide the appropriate decomposition level
of wavelet packet. In general, a smaller cost function means
less operation time and better decomposition level of the
wavelet packet. Similar to the selection of wavelet function
order, the norm entropy lp is used as the cost function to
decide the appropriate decomposition level of wavelet packet,
Te norm entropy lp (1≤p≤ 2) is defned as follows [14]:
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3.3. Calculation Method of Curvature [8]. In practical en-
gineering, the curvature is obtained from the second-order
diference of the variable, namely, the rate of change of the
slope, it is shown in Figure 2.

Its formula is
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∗
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. (12)

Te numerator is the diference between the slope of the
left and right node, and the denominator is the distance
between the slope of the left and right node. If hi− 1 = hi+ 1,
the curvature formula is expressed as follows:
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Y is replaced by wavelet packet energy spectrum, and the
energy curvature diference of the wavelet packet is

ΔKi � K
u
i − K

d
i . (14)

ku
i , kd

i are the wavelet packet energy curvature of intact
and damaged structures.

4. The Establishment of the Finite Element
Model of the North House’s Main hall

In the course of fnite element simulation, frstly the beam-
column nodes are established, and secondly the corre-
sponding nodes are connected to build the beam-column
elements. Te wood beam and column are simulated with
3D elastic elements Beam188, which can withstand tension,
compression and torsion, and each node has three trans-
lational degrees of freedom along x, y, and z direction and
three reverse degrees of freedom around x, y, and z axis.
Combin element 14 is used to simulate the mortise-and-
tenon joints of beam-column. A mortise- and- tenon joint
has three translational degrees of freedom (UX, UY, and UZ)
and three reverse degrees of freedom (ROTX, ROTY, and
ROTZ).Te fnite element overlapping nodes are established
at the positions of the beam-column mortise and tenon
joints. Te spring element connects the column end node①
and the beam end node ②③④⑤, respectively. So the six
spring elements are applied in the column and beam con-
nection position to simulate the mortise-and-tenon joints
are shown in Figure 3. Te spring stifness coefcient is

yi+1

y

x

yi–1

yi–yi–1

yi+1–yi

hi–1 hi+1

0

yi

Figure 2: Diagram of curvature.
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Kx � 1.26×109 kN/m, KY �Kz � 1.41× 109 kN/m, Kθx �Kθy �

Kθz � 1.5×1010 kN/m/rad [15].
Te wood structure of the North House’s main hall is

measured by the research group. Because it has been built for
a long time, no relevant measured material property index
shows at present. With reference to the material parameters
in literature [16, 17], the material parameters of wood and
soil are shown in Table 1.

Te large roof is simulated with Mass21, which has three
translational degrees of freedom along x, y, and z direction
and three reverse degrees of freedom around x, y, and z axis,
and each direction has diferent mass and moment of inertia.
Using the area equivalent method, the roof load is con-
centrated at the corresponding column ends, and obtain as
G= 1.925 kN/m2 [18].

According to the size of the wood structure of the main
hall of the North House, the length, width, and depth of the
foundation soil are 67.02, 39.25 and 8m respectively [19].
Te foundation soil is simulated with Solid 45, which has
three translational degrees of freedom along x, y and z di-
rection and plasticity, creep, expansion, stress strengthening,
large deformation, and large strain capabilities, and the
length of the foundation soil unit is 2m. Te corresponding
node of the column heel and the foundation soil is coupled,
and the system damping ratio is ξi � ξj � 0.03 [20].

Around the base and foundation soil with the method of
fxed constraint, and the ground is free. Te fnite element
model of the wood structure of the main hall and the
foundation soil are shown in Figure 4∼5.

5. Damage Diagnosis of the Wood Structure of
the North House’s Main hall

Te main road in front of North House is four lanes, rep-
resentative buses are selected to simulate the infuence of
trafc vehicles on the wood structure of the main hall. Te
vehicle speed of the city is low, so the speed of 40 km/h is
selected to damage identifcation of the wood structure of
the main hall. Te vehicle load is applied vertically to the
node of the lane unit, and the vehicle load is: F(t) � 35000 +

8.64 sin(6t), Te time history curve and spectrum diagram
are shown in Figure 6 [21], and the vehicle loading method is
shown in Figure 7.

Te midspan of longitudinal beam on the frst foor of
the upper timber structure is selected for damage diagnosis.
Te damage location and corresponding nodes are set as
shown in Figure 8.

Damage can change the physical properties of the structure
(mass, stifness, and damping), it leads to change the modal
characteristics of the structure (vibration frequency, mode
shape andmode damping).Te damage degree of the structure
is represented by the reduction of the elastic modulus of the
beam by 10% and 20% [14], and the damage Case 1 (ss10%)
and the damage Case 2 (ss20%) are shown in Table 2.

5.1. Te Selection of the Wavelet Function [13]. Te vertical
acceleration of midspan 134 node of the middle span beam
on the frst foor of the intact structure of the main hall is

column

column

beambeam

beam beam

1
2

43

5

Figure 3: Te simulation of the mortise-and-tenon joints of beam-
column.

Table 1: Wood and soil parameters.

Materials Tickness (m) Elasticity
modulus (MPa)

Density
(kg/m3)

Poisson
ratio

Wood — 8307 410 0.25
Foundation
soil 8 11.2 1780 0.33

Figure 4: Te FEM model of main hall wood structure of north
house.

Figure 5: Te FEM model of main hall wood structure of north
house-foundation.
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decomposed with wavelet packet Daubechies, and the de-
composition is selected as 6 layers, the norm entropy is
shown in Table 3. When N is 9, the norm entropy is
minimum, so the Daubechies 9 is selected.

5.2.TeSelectionof theDecompositionLevel [13]. Te vertical
acceleration of midspan 134 node of the middle span beam
on the frst foor of the intact structure of the main hall is
decomposed with the wavelet Daubechies 9, and decompose
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Figure 6: Time-history curve of vehicle load (a) and spectrogram (b).

Figure 7: Vehicle loading mode.
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Figure 8: Damage position of wood beam (a) and corresponding nodes (b).
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layers are 1–8. Te norm entropy and time consumption are
shown in Table 4. According to the time consumption, the
decomposition level is set as 6.

5.3. Analysis of Wavelet Packet Energy Curvature Diference.
Te vertical acceleration of the beam node 132 to 136 of
the main hall before and after the damage is decomposed
with the wavelet Daubechies 9, and the decomposition
level is 6. Te energy curvature diference of the front
eight wavelet packets and the corresponding nodes are
taken as shown in Figure 9.

It could be seen from Figures 9(a)∼9(h) that the energy
curvature diference of the wavelet packet appears an
obvious protrude at node 134, which is the same as the
damage position of unit 162 and 163 under the damage
Case 1 and 2 assumed above. Terefore, conclusion is
drawn that the energy curvature of the wavelet packet can
locate the damage of the structure.

5.4. Te Analysis of the Sum of the front Eight Components of
Wavelet Packet EnergyCurvatureDiference. Te sum of the
front eight components of wavelet packet energy cur-
vature diference is taken as shown in Figure 10.

From Figures 10(a) and 10(b) the sum of the front eight
components of wavelet packet energy curvature diference
has an obvious protrusion at node 134, which is the same as
the damage position 162 and 163 assumed above, and the
distance to midspan is further, the damage index is smaller.
Compared with wavelet packet energy curvature diference,
the sum of the front eight components can better diagnose
the damage location of the wood structure, and the damage
degree increases and the index value increases.

5.5. Efect of Noise onDamage Diagnosis [13]. In the process
of structural health monitoring, the signals collected
from sensors are inevitably subject to the noise inter-
ference, generally assumed as Gaussian white noise. Te
original signals are overlaid with a value that is normally

distributed and has a mean value of zero as the mea-
surement noise. Te level of signal noise is measured by
the signal to noise ratio (SNR), which is defned as
follows:

SNR � 10 log
􏽐 x

2
(n)

􏽐 y
2
(n)

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌
� 20 log

AS

AN

(db), (15)

where AS is the root mean square of signal x (n) and AN is
the root mean square of signal y (n).

Here is the analysis of damage Case 1. To analyze how
the white noise efect on the damage localization, Gaussian
white noise with a SNR of 10 db, 20 db, 30 db, 40 db, and
50 db is added separately to the vertical acceleration re-
sponse signal of each node on the beam in the intact
structure and damaged structure. Te wavelet packet is
decomposed with Daubechies 9 and decomposition level 6.
Te sum of the front eight components of wavelet packet
energy curvature diference under diferent noise levels is
shown in Figure 11.

As can be seen from Figure 11, the damage index has a
signifcant variation when SNR is 20 db or less, indicating
that the damage index is greatly infuenced by noise and is
no longer able to identify the damage location. When SNR
is 30 db, the damage index is less infuenced by noise and
could identify the damage. When SNR is 40 db or larger, the
damage index is hardly infuenced by noise and has a
damage diagnosis ability similar to that under a noise-free
condition. With the increase of SNR, the damage index will
have an increasingly higher sensitivity to structural damage
and certain ability to resist noise. If SNR is small, the
damage index will be greatly infuenced by noise, so the
noise signal should be denoised as as possible to restore to
the original.

5.6. Te Analysis of Damage Degree. Assuming that the
midspan of the frst-foor longitudinal beam is damaged
10%∼60%, the sum of the front eight components of the
wavelet packet energy curvature diference at node 134 is
defned as the damage index as shown in Table 5.

Table 2: Damage cases of wood structures.

Damage case Damage position Damage degree (%) Remarks

1 Elements no. 162 and no. 163 (Corresponding nodes 133, 134, 135) 10 Te mid-span of frst-foor
longitudinal beam

2 Elements no. 162 and no. 163 (Corresponding nodes 133, 134, 135) 20 Te mid-span of frst-foor
longitudinal beam

Table 3: Te cost function values for diferent wavelet orders.

Wavelet order N 6 7 8 9
Sl(Ej) (p� 1.5) 1.927e5 1.916e5 1.991e5 1.389e5

wavelet order N 10 11 12 13
Sl(Ej) (p� 1.5) 1.516e5 1.562e5 1.663e5 1.679e5

wavelet order N 14 15 16 17
Sl(Ej) (p� 1.5) 1.795e5 1.834e5 1.917e5 1.952e5

wavelet order N 18 19 20 21
Sl(Ej) (p� 1.5) 2.087e5 2.135e5 2.280e5 2.212e5

Table 4: Te cost function values and computation time for dif-
ferent decomposition levels.

Decomposition level i 1 2 3 4
Sl(Ej) (p� 1.5) 9.881e4 9.829e4 9.775e4 9.705e4

Operation time (s) 0.022 0.045 0.060 0.104
Decomposition level i 5 6 7 8
Sl(Ej) (p� 1.5) 9.576e4 9.337e4 8.849e4 7.187e4

Operation time (s) 0.204 0.392 0.735 1.583
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Figure 9: Wavelet packet energy curvature diference for damage cases 1 and 2.
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Figure 10: Sum of wavelet packet energy curvature diference for damage cases 1 and 2. (a) Damage cases 1. (b) Damage cases 2.
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Figure 11: Continued.
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Te relationship between the damage index and the
damage degree at node 134 is obtained by using the nu-
merical ftting of Matlab program as shown in Figure 12.

Based on Figure 12, the relationship between damage
index and damage degree is obtained as follows.
Y� 0.000495X2 + 0.04625X− 0.0016. If y is obtained, x can be
fgured out from Figure 9.

6. Conclusion

Te energy curvature diference of wavelet packet is pro-
posed to damage location analysis for the longitudinal beam
in the frst foor of the wood structure of the main hall of the
north house under ground trafc, and the conclusions are
drawn as follows:

(1) Compared with the energy curvature diference of
the wavelet packet, the localization efect of the sum
of the front eight components is more obvious.

When the damage degree increases, the index value
increases.

(2) If SNR is 40 db or larger, the damage index can
accurately identify the damage of ancient wood
structures. When SNR increases, the damage index
will have an increasingly higher sensitivity and
certain ability to resist efect of noise.

(3) Te relationship of the damage index and degree is
developed by using Matlab program to judge the
damage degree of the wood structure of the main hall
of the North House, it will provide theoretical
foundation for the damage diagnosis of the ancient
wood structure under trafc excitation.
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