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ABSTRACT

In recent years, the importance of the fracturing test using the full-scale model is recognized in order to
upgrade an earthquake resistant design. It is, moreover, important to develop a new measurement technique
which can measure complex three-dimensional behaviour in such fracturing test. This study has been doing
research and development of new three-dimensional measurement technique using image processing technique
for a measurement of dynamic displacement caused by the fracturing process in shake table test without any
contact. This measurement system is a very convenient system because it can measure the three-dimensional
dynamic displacement in the simple experimental condition that the several makers are only attached to the
surface of an experimental structure. The system therefore is the most suitable measurement system for an
evaluation of complex three-dimensional behavior of test model. This measurement system will measure the
fracturing process of the real scale structures of bridges, buildings, tanks, electric power facilities, soils,
underground structure and so on. Fundamental hardware and software for the measurement system has been
constructed until now.  The fundamental dynamic measurement accuracy and effectiveness of the measurement
system has been also confirmed from several shake table tests. This paper describes the measurement
performance in actual fracturing test. The full scale wooden houses were used for the shake table test.

Keywords: Three dimensional measurement, Image processing, Non-contact, Real scale, Shake table test
1. INTRODUCTION
As the experimental approaches evaluating the seismic reliability of structures, shake table tests using scale

model or pseudo dynamic tests using partial structural element are the most popular methods and have been
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taken place for long years. However, we sometimes find difficulties in validating seismic resistant design
capabilities of the real structures especially in the case of clarifying the fracturing process of them because the
limitations regarding the size of test structures and the table capacity exist definitely. National Research
Institute for Earth Science and Disaster Prevention constructed the largest three-dimensional shake table in Miki,
Hyogo prefecture to evaluate fracturing mechanism and process of many types of structures such as bridges,
buildings, containment vessels, electric power facilities, soils, foundations and underground structures of the full
scale.

In this study, the research and development of 3-dimensional measurement method of non-contact
type is now being carried out for establishing a suitable system to measure the structural fracturing process
accurately during the shake table tests using the real scale model[1]. This paper describes the measurement
performance in actual fracturing test. Two types of full scale wooden house were used for the shake table test.
One is the two-storey house model which is a Japanese conventional model. The other is the relocated model
using the mortar wall from the existing house which was constructed 26 years ago.

2. MEASUREMENT METHOD

2.1 Outline of measurement method

The concept of measurement method proposed in this study is a three-dimensional measurement method of
non-contact type using image processing based on stereo method, which is widely recognised as so-called
motion-capture technique and the schematic image of the shake table test using this system is shown in Fig. 1.
Basic ideas of several methods regarding this technology have already been established and they are roughly
divided into passive and active measurement method and the proposed system is categorised in passive one. In
addition to the basic functions of the system, the desired measurement method suitable for seismic testing is
being examined to fulfill the following design requirements.
1) To measure large displacement in excess of elastic deformation in real scale model
2) To measure 3-dimensional structural deflexion
3) To measure structure without any direct contacts
4) To measure structural motion in at least cm order precision till collapse
5) No special environment for measurement is required
6) To capture data at 5ms resolution for continuous 60 seconds
The measuring procedure of this system is roughly described as follows:
Multiple markers ( measuring targets ) are utilised on the surfaces of real-scale structure and the motion of the
markers are captured by the several CCD cameras placed in surrounding area of the shake table. The dynamic
displacements of the markers (structure) are calculated from camera image data.

Although this method is based on a simple theory of measurement, it is a very convenient system which
only requires to install the markers on the object structure and it can be considered as the most suitable
measurement system to evaluate the complex 3-dimensional behaviour of real scale structure.

Figure 1  Image view of shake table test using proposed system

2.2 Theory of measurement method
In this measurement method, 3-dimensional dynamic displacements induced in the test structure are
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obtained from 2-dimensional camera image data. Therefore, the coordinate transformation from 2-dimensional
camera image coordinate system to 3-dimensional object coordinate system is required in the procedure. The
coordinate transformation is carried out by using the transformation matrix which is called ‘camera parameter'[2],
[3]. It is fundamentally possible to express the 2-dimensional camera image in 3-dimensional object
information by using 3-dimensional affine transformation in the case that the object is captured in an optional
camera direction and from an optional position. When the test object is measured by using one camera unit, the
relation between the object coordinate system (x,y,z) and the camera image coordinate system (Xc,Yc) is
obtained from affine transformation equation including the transfer and the rotation, and from the direct view
conversion formula in the homogeneous coordinate style as follows.

Cll C21
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Matrix [Cy] in above equation is called as the camera parameter. By eliminating Hc from above equation, next
two equations can be established.

Cy X +C,Y +Cpyz+C,, —CyyxXe — CyhyyXe — CopzXe = Cy, XC} @
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Since the two equations are formed from one maker, if six or more than six makers are installed in the object, the
camera parameter in the right side of Eq. (1) comprising twelve unknown factors can be obtained. Generally,
the following equation is established for n point markers when n is in excess of six.

AC =R (3)
where,
A=[A A, A] C=[C, C, Cy - Cy Ci], R=[Xc, Yo - Xc, Yc,]

Besides,
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Then the camera parameter is finally going to be obtained from the following equation by using the least square
method.

ATAC=ATR 4)

It is possible to transform each coordinate system by using Eq. (3), so long as camera position and direction do
not change during the measurement process.

In addition to the fundamental measurement procedure described above, it is desirable to improve the
measurement precision by capturing the one marker using multiple camera units in practical situations. In this
case, the coordinate transformation formula using n camera units to measure the optional marker becomes the

following equation, when camera parameter of the n number is made to be C".
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By obtaining x,y,z from above equation, the 3-dimensional coordinate of the object can be deribved from the
two-dimensional camera image coordinate.

3. MEASUREMENT SYSTEM FOR THREE-DIMENSIONAL DYNAMIC DISPLACEMENT USING
IMAGE PROCESSING

3.1CCD camera used for test

Figure 2 show a CCD camera unit used in the shake table test to evaluate the effectiveness of the measurement
method proposed in this study. It is desirable that the dynamic displacement of the structure is measured at the
adequately high sampling frequency to capture the fracturing process of the structure during earthquake with the
highest accuracy. The basic specification of the CCD camera is shown in Table 1. The camera can take 200
frame per second in order to satisfy the requirements described before and the higher speed photographing is
also possible in 400 frame per second if the camera images are reduced to the half size. The resolution of
camera has 504(H) X 242(V). Moreover, the small size and the light weight of the camera make it to be easily
installed in any place. The lowest subject illuminance is 10LUX and it is also suitable for the measurement
under the experimental environment without high-lighting.

Table 1  Basic specification of CCD camera
Photographing System Exclusive Solid-State Imaging Detector
Resolution 504(H) * 242(V)

Photographing Speed 200FPS(full)/400FPS(half)
Useful Detection Area 4.9mm(H) * 3.69mm(V)
Lowest Subject luminance 10lux

S/N Ratio Over 45dB

60

Figure 2 High speed CCD camera used in the shake table test

3.2 Marker

Two different type markers were used for the test. One is present type shown in Fig.3. The spherical diameter
is 70mm and the seventeen red LEDs are placed on it as shown in the figure. The marker can emit light for 90
minutes using a 6[V] lithium power battery which is contained inside the marker box. The marker is equipped
with the wireless switch to turn on and off LEDs. Since the marker becomes cordless, it is possible to install it
into the structure without considering the wiring of the cable for the power supply in any optional position.
Moreover, by placing 17 LEDs around the centre LED with some inclination, it is possible to recognize the
position of the marker when the object structure has a some rotational angle during the shake table test. The
other is small shape type shown in Fig.3. This type had been used before the present type. In this time, small
type marker was used for the examination of upgrading of measurement accuracy in actual shake table test.
Five red LEDs are placed on this marker such as shown in the figure, and radiates as a power 9[V] battery which
is contained the marker box.
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Figure 3 Two kinds of marker used for the shake table test

3.3 Marker recognition method on 2D camera image

In this study, the marker on the camera image with the resolution of the k>Xm pixels is recognized by the
following method. First, the luminance of the whole image is obtained from the image information, and
referring to this luminance, the optional threshold is set. Next, the image having the luminance over the
optional threshold is searched. Fundamentally, the marker used in this study is not a point light source as
shown in Fig.4, and it was designed to have resultant spread light area of some pixels on the camera image.
Therefore, the light source is blurred in the camera image and the luminance distribution of the pixels can be
obtained from the g>x<h pixels which were recognized as the image of marker as shown in Fig.4. The
luminance for the x direction, f, , means the summation of the luminance, c, for the y direction on the ith pixel

for the x direction. The luminance value, f,(i), on the ith pixel of x direction is expressed as

h
fx(i)= X c(i,p) (6)
p=1
then the luminance value f,(j) on the jth pixel of y direction is given by
- g -
()= Zelp. D) M

Next, the position of the marker on the gXxh images is obtained using centre of gravity calculation method.
The position for the x direction is given as

e
Y fx(s)s

(®)
2 fx(s)
S=Is

then the position in y direction is also given by

je
ify(s)s

y= s:ies ©)
> fy(s)
s=js

Since the obtained position is the position on the camera image in the g><h pixels, the position of the marker in
the camera image of the kX' m pixels can be obtained from the relation of the position of the g X h pixels on the k
X'm pixels.
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Figure 4  Marker recognition method on 2D camera image

4. FRACTURING TEST USING WOODEN HOUSE MODEL

4.1 Measurement object of Wooden house model
Figure 5 shows the full scale model of two-story wooden house used for the shake table test (Typel). The size of
the test object is 3.640"[m] *5.450°[m] *5.820"[m]. Natural frequency and damping coefficient are shown in
Table 2. This wooded house was modelled as a Japanese conventional wooden house under the old Japanese
structural code for seismic safety. The strap bolt was used in the edge of the beam, and also the T shape
metallic element was used in the top and the bottom part of the column for estimating the conventional wooden
house based on 1979’s code. The total mass is 6400 [kg] including the additional mass in 1st and 2nd floor.
Figure 6 shows the other type model used for the shake table test. This model has the wall structure plane
for investigating a dynamic behavior and fracturing process of the existing wooden house (Type2).  The walls
were sampled from the north and south side of first floor of the existing house with secular change during 26
years. The other components of the model was made in the new wooden material. The size of the test object
is 3.747%[m] *5.915°[m] *2.910"[m]. Natural frequency and damping coefficient are shown in Table 3.

Table 2  Basic specification of test model (Type 1)
Natural frequency (Hz)  Damping ratio (%)
X direction 2.49 1.8
Y direction 1.98 2.7
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(a) Exterior of wooden house model (b)ISize of the model alnd layout of markelrs
Figure 5 Wooden house model used for the shake table test (Type 1)
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Table2 Basic specification of test model (Type 2)

Natural frequency (Hz)

Damping ratio (%)

X direction
Y direction

5.40
6.30

4.3
4.2

(a) Exterior of wooden house model (b) Size of the model and layout of markers
Figure 6 Wooden house model used for the shake table test (Type 2)

4.2 Measurement and experimental method

Figures 5(b) and 6(b) show the layout of markers on the test objects. In the two-story wooden house model
shown in Fig.5(b), the each face of the object had six markers on the beams to measure the dynamic behavior in
the first and second floors. Two markers were also placed in the front and back of the shake table. Therefore,
twenty-eight markers were used for the test, on the other hand, there were forty-four markers including four
markers on shake table in the model of Type 2 as shown in Fig.6(b). Especially, since the fracturing process of
the Lath mortar wall, eighteen markers and sixteen markers were attached to the right and left face of the test
object. The initial 3-dimensional positions of these markers were measured by the space instruments before the
shake table tests for using the camera parameter matrix.

The nine CCD cameras were placed around the shake table as shown in Fig.7. Figure 8 shows the
instrumental layout for measurement system. The distance between the camera and the origin of the object
coordinate system, which was set to the corner of the shake table, was from about 6 [m] to 17 [m]. The
combination of two CCD cameras basically captured the one face of the object. In the measurement, the infrared

ray filter was installed to the camera lens to reduce the effect of the lighting in the facility and natural light from
the windows.
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Figure 8 Instrumental layout for measurement system

The shake table in Tokyu Construction laboratory was used for the test. The size of the table is 4 [m]*4 [m],
and then this shake table can induce the seismic wave to the object in the three dimensions. In this test, the
seismic wave, which was recorded in Takatori station at Kobe earthquake in 1995, was used as an input wave.
Maximum accelerations in horizontal X and Y-direction are 741 and 624 [Gal], respectively.

The displacement in the shake table obtained from the information of shake table system, and also the
displacement in between each story measured by the displacement transducer of reel type, were used for the
accuracy evaluation of the measurement system using the image processing. Besides, the sampling frequency
was set to 100 [Hz] in the test.

4.3 Measurement result

Figure 9 shows the measurement results of dynamic displacement in which the shake table was induced to the
seismic wave in two horizontal directions. In these figures, the left column shows the measurement result
obtained from the information of shake table system, which is the evaluation index for the image processing
system. The middle column indicates the results of the No. 7 marker by using the image processing system.
The right column means the difference between the monitored results of the shake table and of the image
processing system. Moreover, the upper line shows the measurement results in the X-direction, and then the
lower line shows the results in the Y-direction. Table 3 summarized the main results of the difference in
between the both of the measurement results. It is confirmed that the measurement results captured by the
image processing system agree well with the monitored results from the shake table.  In the shake table test,
the camera were placed in the distance from 6 [m] to 17 [m] against the origin of the coordinate system, and then
the image processing system measured the instrumental space in about 14[m]*14[m]*6.5[m]. Although the
resolutions of the camera became about 28[mm/pixel] in X-direction, 35[mm/pixel] in Y-direction and
27[mm/pixel] in Z-direction, respectively, it is indicated that the image processing system can measure the
dynamic displacement of the shake table on the accuracy of the sub-pixel order.

Figure 10 shows the fracturing process of the two-story wooden house model induced by the seismic wave.
Figure 11 shows the time history of fracturing process at the time, and also the comparison with the dynamic
displacement in the superstructure. These figures show the X, Y and Z-direction from the left column, and then
the results of second story and first story in the upper and lower line are shown. Especially, the measured
results of the first floor and the second floor in the lower line were indicated along with the measured results
using the displacement transducer of wind type shown as a dotted line in the same figures. In this test, the
wooden house model was collapsed. As shown in this figure, it was evaluated that the image processing system
has an adequate performance to be able to measure the fracturing process of real scale structure, which is
difficult to measure by using a conventional displacement transducer. Then, it is possible to express the
fracturing process as shown in Fig.12 by using the captured results.

Figure 13 shows the fracturing process of the mortar in the left side of the house model induced by the
Takatori wave of Y-axis direction. Figure 14 indicates the time history of the No. 11 marker on the upper left of
the opening part in the wall. It was confirmed that the proposed measurement system is possible to measure
three-dimensional flexible dynamic behavior shch the fracturing process of the mortar in detail.
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Figure 9  The comparison with the measurement results of the shake table

Table3  Measurement result of dynamic displacement in shake table on the test case using
Typel model

Max. error [mm] RMS .error [mm] Max disp .error [mm]
X direction 28.4 3.65 6.31
Y direction 27.1 3.61 135
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Figure 10  Fracturing process of two-story wooden house model
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Figure 11  The comparison with the measurement results of the superstructure (Type 1)
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Figure 12 The fracturing process of the wooden house model
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Figure 13  Fracturing process of the mortar wall
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Figure 14  Time history of fracturing process of the mortar

5. CONCLUSIONS

This study has been doing the research and development of three-dimensional measurement method using an
image processing technique for a measurement of dynamic displacement in shake table test without any contact.
This paper describes the measurement performance in actual fracturing test from the measurement results of the
shake table test using the full-scale wooden house model of the different type. One is the second-storey house
model which was modelled as a Japanese conventional wooden house under the old Japanese structural code for
seismic safety. The other is the relocated wooden house model using the mortar wall from an existing house
which was constructed 26 years ago. Each model was used for the investigation of the fracturing process in the
real scale wooden house model. As the results, it was clarified that the proposed measurement system can
measure the three-dimensional fracturing process such a full-scale wooden house model in detail. The
measurement accuracy of the dynamic behavior was estimated to be the error at the several mm order or several
cm order.
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