
1 INTRODUCTIONS 

When buildings suffer damage from external 
excitations like earthquakes, it is important to 
immediately detect damages. To grasp the damage 
situation of buildings in real time, a structural health 
monitoring, which combines sensing techniques 
with assessment methods, is very efficient. Recently, 
much effort has been made to the development of 
health monitoring method (Ou, J. & Guan, X. 1999). 
In three main phases of health monitoring, namely, 
sensing, data processing and damage detection, 
important things are what kind of physical data of 
buildings is monitored and what method to apply to 
detect damage is adopted. 

For wooden structures, the damage detection is 
very difficult because the material properties of 
timber members are quite uncertain because of the 
density of annual rings, the locations of knots, the 
drying shrinkage and so on. Furthermore, timber 
joints are complex in structural mechanics, and the 
types of timber joints also affect the structural 
characteristics. 

In this study, two criteria for damage detection of 
timber frame structures are proposed; Criterion 1 is 
based on the relationship between the time rate of 
the bending moment and that of the deformation 
angle and Criterion 2 is based on the derivative of 
the strain energy. By using these criteria, a neural 
network approach is developed. The validities of 
them are verified by applying to the results of full-
scale static and dynamic tests of timber frame 
structures. 

2 CRITERIA FOR DAMAGE DETECTION 

Here, the basic concepts and the mathematical 
expressions of the criteria for the damage detection 
are described. And the procedure to construct a 
neural network is also briefly described. 

2.1 Criterion 1 
When the column is loaded and goes into the plastic 
region, the relationship between the bending 
moment and the deformation angle, M-R, forms the 
hysteresis loop and the energy is absorbed. If some 
cracks or partial breakages of the column occur in 
the process of loading, the stored strain energy is 
released instantaneously. At this moment, the 
deformation angle, R, still increases while the 
bending moment, M, drops significantly. Therefore, 
a steep negative slope must appear in the hysteresis 
loop. The time when damages occur must coincide 
with the time when a steep negative slope appears. 

Criterion 1, denoting by f1, is defined as follows: 

f1(M,R) = dM(t)/dt × dR(t)/dt (1) 
where M = the bending moment; R = the 
deformation angle; d/dt = the differentiation with 
reference to time. Criterion 1 is summarized as 
follows, 
(a) dM/dt × dR/dt shows a negative pulse 
(b) f1(M,R) ≤ -C1, where C1 is a positive critical 

value. 
A critical value, C1, must be chosen appropriately 

to distinguish major negative slopes caused by 
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damages from minor ones. Minor negative slopes 
may appear at the turn-round of the hysteresis loop 
or due to the influence of noises 

For Criterion 1, the strains at both sides of the 
column and the lateral displacements at the top and 
bottom of the column must be monitored. It is 
desirable to measure the strain at the position nearby 
where the damage is anticipated to occur. 

2.2 Criterion 2 
Before damages occur in the structures subjected to 
excitations, the time variation of the strain energy is 
continuous. When cracks appear on the outermost 
side of the column section, the concentrated stress is 
suddenly released and a jump phenomenon appears 
in the time history of strain energy. 

The strain energy is expressed as follows: 
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where E = Young’s modulus; ε0 = (ε1-ε2)/2; ε1 and ε2 
= the strains at the left and right sides of the column. 
Criterion 2, denoting by f2, is defined as follows: 
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Thus f2 is the derivative of strain energy, which is 
normalized with reference to Young’s modulus, is 
the stored strain energy induced by the bending 
moment in a unit volume on the outermost side of 
section. 

Criterion 2 detects the damage occurring time 
when the derivative of the strain energy turns 
negative, and is summarized as follows. 
(a) ε0(dε0/dt) is negative. 
(b) f2(ε0) ≤ -C2, where C2 is a positive critical 

value. 
A critical value, C2, must be also chosen 

appropriately. However, the criteria may be 
dependent on the locations of the installed strain 
gauges, the critical strain of the column and 
specifications of the connection (deficit of section). 
Therefore, many factors must be taken into 
consideration in choosing the critical value C2. 

For Criterion 2, the only strains at both sides of 
the column must be monitored. It is also desirable to 
measure the strain at the position nearby where the 
damage is anticipated to occur. 

2.3 Construction of a neural network for damage 
detection by using the proposed criteria 
In this section, by using the proposed two criteria, a 
neural network for the damage detection is 
constructed ( Ju, D. et al 2004 ). 
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Figure 1. Structure of BP network 

The adopted neural network here is the BP 
network, which has four layers with one input and 
one output, The BP network’s structure is shown in 
Figure 1. At the learning stage, random data are 
input, and the appearing patterns of cracks are 
judged by the proposed criteria and memorized. The 
results of learning with a teacher are expressed as 
one or zero, which is corresponding to cracks 
appearing or not, respectively. 

3 APLICATION TO DATA OF FULL-SCALE 
STATIC AND DYNAMIC TESTS 

Here, the proposed criteria and the neural network 
approach for the damage detection are applied to the 
results of the full-scale static and dynamic tests. The 
validity of the proposed two criteria is proved. 

3.1 Application to data of Full-scale static test 

3.1.1 Outline of static test 
The specimen is a traditional wooden house which 
was built in 1897 and located in Tahara city, Aichi 
Prefecture, Japan. The building area of 184m2 (18.4 
m × 10 m).  

As shown in Figure 2, there are 13 columns with 
section size of 180mm × 180mm, which are put on 
the base stone without protruding pins. The house is 
mainly composed of four structural frames along 

C-11 C-21 C-31 C-41

C-12 C-22 C-32 C-42
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Loading direction  
Figure 2. Plan view of the traditional wooden house. 



north-south direction and three frames along east-
west direction. The frames are constructed of a waist 
tie-beam and a mud hanging wall with a lintel 
beneath it. Because mud hanging walls and lintels 
are main seismic-resisting components, the damage 
around the connections of column and lintel is 
focused on in the following. 

The specimen was loaded statically and 
repeatedly by the displacement control along north-
south direction, from small to large deformations 
(Fig.3). When the lateral displacement of the top of 
column exceeded 400mm, cracks of many columns 
were observed around connections of column and 
lintel and the test finished (Nakaji, H. et al 2005). 

3.1.2 Measuring position 
The strain gauges and the displacement sensors were 
installed in the main four frames, X1, X6, X11, and 
X15 (Fig.2). The central column in X11 frame was 
used as the reference height, and then all sensors 
were installed on top and bottom of columns at the 
same height. 

The data of strain gauges that were installed at 
left and right side just beneath the column-lintel 
connections, and the data of displacement sensors 
installed on columns at the height of lintel and 
bottom are used in the following analyses. Figure 4 
shows locations of the installed sensors. 

3.1.3 Damage situations 
When the deformation angle reached 1/100rad (40 
mm), cracks were observed in the corners of mud 
hanging walls; at the deformation angle of 1/50rad 
(80mm), shear cracks in mud hanging walls 
appeared; at the deformation angle of 1/26rad 
(150mm), the bended peg was observed at the 
connection of column C-21 and lintel. At the 
deformation angle of 1/10rad (400mm), cracks 
appeared in many columns around the connection, as 
shown in Figure 5. 
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Figure 6. Results of damage detection for the full-scale static 
test using Criterion 1, where ▲ stands for detected damage. 

3.1.4 Numerical simulation and discussion 

a) Damage detection by using the Criterion 1 
In order to apply Criterion 1 to the data of static test, 
the data need to be converted to a time history. In 
this study, the initial data processing is conducted as 
described below. 
 

 

Figure 3. Static loading test of the traditional
wooden house. 

Figure 5. Damaged column, C-21.
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Figure 4. Measuring position
in the static test. 
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First, the recorded data of the strains and the 
displacements are filtered to remove the influence of 
noise Next, to calculate the variation of dM/dt × 
dR/dt at each step, a constant variation of 
deformation, dR/dt, is determined so that the 
moment data are converted, using liner revision, 
correspondingly. For convenience, the 
corresponding time interval is regarded as 1 second. 

Figure 6 shows the results of the damage 
detection for three columns, C-21, 22 and 23 of the 
frame X6. From this figure, the time when a positive 
f1, representing the variation of the stored energy, 
turns negative can be pointed. The pointed time is 
consistent with that when cracks were firstly 
confirmed at the deformation angle of over 1/26rad 
(150mm) in the test. The negative values of f1 
observed in the following are considered as the 
results of the cracks enlargement in progress. From 
the results, it is found that f1 is positive until no 
damage occurs, and damage can be detected when a 
negative pulse happens. 

b) Neural network for damage detection by using 
Criterion 1 
Here, the neural network for damage detection using 
Criterion 1 is constructed. The constant critical 
value, C1, is set as much as 0.01 times the largest 
amplitude of positive pulse, and is expressed as 

C1=0.01× max(dM/dt×dR/dt) (4) 
The recorded data of damaged columns C-11, 21, 

31 and undamaged column C-41 are input to the 
constructed neural network. From the results shown 
in Figure 7, it is found that this network is able to 
track the restoring force and to detect steep negative 
slopes due to the cracks. Therefore, the specified 
critical value, C1, is appropriate in this case. 

3.2 Application to data of Full-scale dynamic test 

3.2.1 Outline of dynamic test 
The full-scale dynamic test was carried out at 
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Figure 7. Results of the damage detection based on neural 
network approach for the dynamic test, where the solid line (─)  
stands for restoring force curve and the circle (○) for detected 
damage. 

Disaster Prevention Research Institute, Kyoto 
University (Ohnishi, K. et al 2003). 

The specimen was a unit timber frame 
(H2940mm×W3640mm×D1820mm), composed of 
girder, column, and base, by traditional construction 
method (Fig. 8). The mud hanging wall and the lintel 
are also installed. The Japanese cypress is used for 
column and base, and the American pine is for beam 
and lintel. The section of column and lintel are 
120mm×120mm and 120mm×270mm, respectively. 
The connection of column and lintel in this 
specimen is the “through tenon with inserted peg”. 

The artificial acceleration record regulated by 
Building Center of Japan, BCJ-L2, which is used 
widely for the seismic design of buildings, was input 
in one direction. The peak amplitudes of input 
acceleration were adjusted to be from 50cm/sec2 to 
1000cm/sec2 in increments of 100cm/sec2. 

3.2.2 Measuring position 
To detect damage of column, the data of strain 
gauges installed at left and right sides just beneath 
the column-lintel connections, and the data of 
displacement sensors installed on beam and base 
(Fig. 9) were used in the following. 

C-4 

C-1 

Figure 10. Damaged condition
of the columns. 

Figure 8. Dynamic test of a full-scale timber 
frame structure with mud hanging walls. 

Figure 9. Measuring position 
in the dynamic test. 
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3.2.3 Damage situations 
At the deformation angle of 1/32rad (250cm/sec2), 
the peg of column C-1 became loose; at the 
deformation angle of 1/25rad (350cm/sec2), the peg 
of column C-1 split and was pulled out. At the 
deformation angle of 1/20rad (400cm/sec2), the peg 
of column C-1 broke up completely, and after 
installing a new peg the test continued. When the 
deformation angle attained 1/18rad (450cm/sec2), all 
the four columns broke up and the test finished. 
Figure 10 shows two of the four broken columns.  

3.2.4 Numerical simulation and discussion 

a) Damage detection by using Criterion 1 
The data processing of the response of the columns, 
C-1, 2, 3 and 4, when the deformation angle reached 
1/18rad (450cm/sec2), is conducted. The critical 
value, C1, is set as the same as in section 3.1.4 b). 
Before the data processing, a low-pass filter is 
applied to the recorded data in the frequency 
domain. 

Figure 11 shows the time history of f1 of column 
C-1 to C-4. The negative pulses, which were large 
enough to be interpreted as damages, were observed 
in the column C-3 and 4 at 7 seconds; in the column 
C-1 at 15 seconds; and in the column C-2 at 45 
seconds. The observed minor pulses after the major 
ones are interpreted as the influence of the crack 
enlargement. The results show the capability of 
detecting the damage occurring time of columns. 

b) Neural network for damage detection by using 
Criterion 1 
The neural network using Criterion 1 to detect 
damage of the four columns is constructed. Figure 
12 shows the result. From this figure, it is found that 
the damage can be detected as the point where the 
large negative slope in the restoring force curve 
appears. 

c) Neural network for damage detection by using 
Criterion 2 
Furthermore, a neural network using Criterion 2 to 
detect damage of the four columns is constructed. 
Figure 13 shows the relation of f2 versus | ε0 | for the 
four columns. 

The influence of two different critical values, C2 
= 3 × 10-5 and 2 × 10-5, on the detection results are 
shown in Figure 14(a) and (b), respectively. When 
setting C2 = 3 × 10-5, the time when initial cracks 
happen in these four columns cannot be found 
apparently. However, the crack enlargement can be 
observed as the large negative slope. In contrast to 
the previous case, when setting C2 = 2 × 10-5, the 
time when initial cracks happen can be detected 
accurately. However, there is a fault result of 
column C-2 that damage was detected though crack 
didn’t enlarge. Therefore, it is very important to 

choose a proper judging rule for the accurate 
damage detection. 
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Figure 11. Results of damage detection for the dynamic test 
using Criterion 1, where ▲ stands for detected damage. 
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Figure 12. Results of the damage detection for the dynamic test 
using Criterion 1, where the solid line (─) stands for restoring 
force curve and the circle (○) for detected damage. 
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derivative of strain energy of the four columns, C-1 to C-4. 
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(a) Results in setting C2=3×10-5 
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(b) Results in setting C2=2×10-5

 

Figure 14. Results of the damage detection for the dynamic test 
using Criterion 2, where the solid line (─) stands for restoring 
force curve and the circle (○) for detected damage. 

3.3 Summary of verification of proposed criteria 
Based on the results of applying the proposed 
criteria to the experimental data, discussions may be 
summarized as follows: 
• Criterion 1 can detect damage by a steep 

negative slope of the restoring force curve due to 
cracks. To use Criterion 1, the strain and the 
displacement data are needed. However, even if 
only accelerometers are installed in objective 
structures, by calculating the displacement and 
restoring force based on acceleration data, the 
criterion is still applicable. 

• Criterion 2 can detect damage by the released 
strain energy due to cracks. To use Criterion 2, 
only the strain gauges at the left and right sides 
beneath the connection are necessary. 
Once the judging values are properly set for the 

criteria, the damage detection can be systematically 
performed based on the neural network approach. 

4 CONCLUSIONS 

In this study, two criteria for the damage detection 
have been proposed. One is based on the 
relationship between the rate of the bending moment 
and that of the deformation angle, and the other is 
based on the normalized derivative of the strain 
energy. The proposed criteria have been applied to 
the data of the full-scale static and dynamic tests. 
The results are summarized as follows: 
1） The proposed criteria showed capabilities to 

detect the damage of timber frame structures by 
setting critical values properly. 

2） If the judging values for the criteria can be 
adequately determined, the neural network 
approach can achieve systematically the damage 
detection. 

In our future research, the sophistication of more 
reasonable criteria than those proposed in this paper 
and the development of a practical method of the 
damage detection based on the neural network will 
be focused on. 
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