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ABSTRACT

The RCCV is comprised of a reinforced concrete structure and steel liner plate attached to
its inner side. Many conditions were taken into account in the design to resist seismic load,
pressure load, to shield radiation and to assure non-leakage. But the formation of minute
cracks is inevitable and a change in property of the concrete is anticipated. So it is interesting
and significant to observe and investigate the concrete condition to perfectly confirm its
nature in service. The monitoring by measuring crack pattern and depth on the surface of the
concrete and compressive strength and elastic modulus of concrete at the actual RCCV was
carried out three times so far.

As a result, it is confirmed that these methods are efficient for observing the RCCV
throughout a long period, and show the possibility of automated monitoring:

1. Introduction

The monitoring of crack pattern and depth on the surface of the concrete, and sirength and
elastic modulus of concrete at the RCCV of No.6 plant was carried out at the structural
integrity test (SIT) in 1995, during the periodical inspection in 1997 and during the in-service
in 1998. The monitoring locations at the RCCV of the No.6 plant are shown in Fig.1.
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There are four locations for measuring crack pattern and depth on the surface of the
concrete and three for measuring strength and elastic modulus of concrete.

The general monitoring plan at RCCV was presented in Partl, This paper describes the
monitoring [nethod of each measuring system and, summarizes the resuits of measurements.

2. Crack measurement

2.1 Crack pattern
(1) Monitoring plan
a. Monitoring method

Traditionally, investigation of crack on a concrete surface required lots of labor and time:
sketching crack patterns by hand, measuring crack widths with a loupe or other tools and
measuring lengths along cracks with a ruler. And the accuracy of the record depends on
inspectors. But when a long time measurement is required, the inspector is not necessarily the
same person, so it is difficult to keep the accuracy of the record. We have developed,
therefore, a monitoring method which uses a computerized image processing technology in
order to improve reliability and reduce labor for crack measurement. Fig. 2 provides the
overview of the measuring system.
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Fig.2 Crack Pattern Measuring System
b. Image-pickup devices

Pictures of RCCV's outer surface are taken with two image pickup devices: a still camera
and a CCD (Charge Coupled Device) camera. The still camera of which film size is 60 mm x
45 mm and film sensitivity is 18032 provides both a very high resolution and a
comparatively easy way for obtaining data. The CCD camera of which the total number of
pixels is 4,163,584 is suitable for automatic measurement.

While picture taking with a still camera requires manual operation and development
process to obtain data, a CCD camera has the advantage of recording image data in real time.
It can also be controlled by a computer, which gives us an expectation of automatic crack
measurement. This is the reason a CCD camera has also been selected in this monitoring plan.
The CCD camera method is applied to the monitoring location MON-2 considering the space
required to set the system, and the other locations (MON-1,3,and 4) are measured by the still
camera method.
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c. Data processing
Picked up image data are digitized and stored in a storage device, and then processed by
an image-processor as follows. Fig. 3 provides the general idea of the data processing.
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Fig.3 General Idea of Data Processing

i ) Crack extraction
Image data of cracked parts on a concrete have two characteristics of their being darker
than their vicinities and also having a continuous form. Using these characteristics, we have
developed an image processing method which enables automatic revealing or extraction of
cracked parts from image data of concrete surfaces.
ii) Crack length
To obtain a crack length, extracted image data are converted into a single line which
passes the center of a crack. A length is measured by counting the number of pixels
constituting the line.
iii} Crack width
The crack center line which is made for length measuring exists on the extracted crack
image. For each of pixels constituting the crack center line, we count the number of pixels of
the cracked part around the center line in vertical, horizontal and two diagonal directions.
Among these numbers counted in the four-direction, the smailest is defined as the crack
width.
iv) Resolution of crack measurement
Image data consist of many pixels. Measurement resolution basically is governed by the
actual size equivalent to one pixel. For this measurement, a crack width of 0.25 mm (1/100
inch) has been set up as a standard value. And we have made a crack width of 0.125 mm
equivalent to one pixel 50 as to ensure measurement accuracy. Additionally the system also
has a method for presuming finer cracks by calculation of contrast between image data of
cracks and concrete surfaces. The greater the crack width, the darker the image data of the
crack part (from light gray to black). We can presume a crack width of about 1/4 pixel
{ 0.04mm in this case) . To obtain this resolution, therefore, one location monitored by still
camera was divided into from 6 to 15 parts for taking pictures according to its size; one part
is about 1500cm” in area. Each part is digitized and input to the image input device. The
image processor removes distortion of the every part and make one process area by
connecting these digitized images. For the CCD-camera method, the location was divided
into 25 parts {size of one part is about 400 cin?).
v) Forms of representing measured data
Measured data can be represented into the following four forms:
- Crack map: graphs crack locations and patterns.
- Crack histogram: represents total length for each crack width.
- Crack radar chart: represents length for each crack direction.
- Crack’s temporal-change chart: represents change in total crack length for each crack width.
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(2) Measurement results
a. Measuring time
The first monitoring was carried out during the pressure test of the RCCV in 1995 to
obtain the initia! data. During this period, three measurements were conducted to understand
the initial nature of the RCCV.
i) Measurement before pressurization
As a status of the just completed building, the RCCV's surface was measured before any
internal pressure is loaded.
ii) Measurement during pressurization
RCCV's surface status was measured under the maximum pressure.
ity Measurement after depressurization
Crack data are measured after completion of a series of pressure tests and before the start of
operation. These data are used as standard initial for comparison with the data got by the
subsequent measurements,
The second monitoring was carried out during the periodical inspection in 1997 and the
third was at during the in-service in 1998 to observe the transition,
b. Data summary and consideration
i) During pressurization, no significant crack was developed for any of the four locations.
ii) Among the cracks produced, MON-2 witmessed the greatest crack difference between at
the maximum pressure and after depressurization. The maximum crack widths at MON-2
were about 0.08 mm (during the maximum pressure) and 0.05mm (after pressurization).
iii) Crack lengths were greater at the second and the third measurements than at the first
measurement, but no significant crack like a crack width of over 0.25mm was developed.
iv)We could measure four locations in three hours by three workers,

2.2 Crack depth
(1) Monitoring plan
a. Monitoring method

Ultrasonic-wave velocity method is a non-destructive method, the most frequently used
for measuring the crack depth of concrete. For this method, an ultrasonic-wave transmitter
and an ultrasonic-wave receiver are installed, each at one side of a crack on the concrete
surface. Ultrasonic waves from the transmitter propagate the concrete, passes the intemal
crack tip, and reaches the receiver. The time required for this entire behavior is used to obtain
crack depth. This method, however, had a measuring errors due to dispersion in velocity of
ultrasonic-wave propagation through a concrete.

Then, we have developed the " initial phase-diffraction method ", which uses propagation
wave-forms instead of propagation time to measure crack depths. For this method, a pair of
an ultrasonic-wave transmitter and a receiver is set equally apart from the crack, The
receiving wave-forms start upwards when the distance between each sensor and the crack is
smaller than the crack depth, and the receiving wave-forms start downwards when the
distance is greater than the crack depth. These phenomena are determined only by crack
depths, consequently enabling high-precision measurement. The following is the propagation
theory related to this method:

+ Phase change of diffracting P waves (upper and lower parts) passing the crack tip is made,
with an entry angle of ¢ as a Hmit.

* @ is changed by Poisson's ratio » of a medium through which waves propagate. The v of
the concrete is about 0.25, with resulting that 8 is about 45 degrees ( strictly 45 to 48
degrees). Therefore, a crack depth is the half of the distance between the transmitter and the
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receiver at a point where the phase is reversed by increasing the distance between the two
devices.
b. Development of an antomatic measuring system

The method for measuring a crack depth using the initial phase-diffraction method
provides a higher accuracy than the traditional method using ultrasonic-wave propagation
time. The method, however, requires changing the distance between a transmitter and a
receiver, to measure a crack depth. For this trial monitoring, an automatic measuring system
has been developed to increase the reproducibility over a long period.

Fig.4 shows the measuring system. Five pairs of the transmitters and receivers are attached
to the concrete surface by the fixing implement, with each pair of transmitter and receiver
being equally apart from the crack. Ultrasonic waves propagates between the paired
transmitter and receiver; and each ultrasonic wave-form is recorded. From the selected five
wave-form data, two adjacent pairs whose phases have been reversed are detected and then
the crack depth is calculated. Resonance frequency of ultrasonic-wave vibrator is 27.6 +
0.5KHz.
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Fig.4 Outline of Crack Depth Measuring System
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(2) Measured results
a. Measuring time and location
Measurement time was the same as that for crack pattern measurement, Measurement

locations had been planed to be the same four points as those for crack pattern measurement.
But no clear cracks were produced during measurement time at the two locations of MON-2
and MON-4, and there had been some cracks at MON-1 and MON-3 wider than those at the
two other locations before the pressure test. Thus the measurement was made for MON-1 and
MON-3.

b. Measurement results

-Crack depths were about 110 mm to 140 mm.

-Measurement of crack depths in MON-1 and MON-3 has disclosed that crack depths vary
within 10 mm regardless of the pressure state. This value indicates that no significant cracks
have been developed in depth during the pressurization.
- For the results above, it was thought that development of crack depths in concrete was
restrained by steel reinforcements.
-We could measure two locations in two hours by three workers.

3. Compressive strength and elastic modulus of concrete
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(1) Monitoring plan

In this study, an ultrasonic wave method is applied to monitor the compressive strength
and elastic modulus of concrete. The instrument for the method consisted of the coupled
ultrasonic sensors to obtain the following six type data about longitudinal wave and shear
wave. And the compressive strength and elastic modulus of concrete are statistically or
theoretically predicted using these dara,

- VI (m/s): ultrasenic velocity of longitudinal wave.

- Vs (m/s): ultrasonic velocity of shear wave.

- PL(dB): difference in received pulse height between the wave through concrete and the
direct wave from source sensor for longitudinal wave.

- Ps (dB): difference in received pulse height between those for shear wave.

- Rl (kHz): frequency of received longitudinal wave at the minimum value of P1,

- Rs (kHz):frequency of received shear wave when at the minimum value of Ps.

At the first, 345 cylindrical specimens (100 mm ¢ x 200 mmH) produced with the
RCCV concrete at the site or the concrete with the same mixture as the RCCYV, were tested on
the lapse of time both by the ultrasonic method and the mechanical compressive tests.

Then, the equation for predicting concrete compressive strength with the ultrasonic wave
data were obtained by multi regression analysis with six ultrasonic data and destructive
strength data as follows;

Fc = 0.0301 Vs - 0.668 P1- 0.149 Rl + 0.390 Ps 4 0.159 Rs - 0.00542 VI + 5.49 - (1)
where, Fc is concrete compressive strength (MPa). A coefficient of correlation was 0.828.
Right items of Eq.(1) are ordered by coefficients of multi correlation. Relationship between
static elastic modulus Es obtained by destructive tests, and dynamic elastic modulus Ed
calculated by the following equation, were described by approximately Ed = 1.1 ~ 1.2 x Es.

Ed= p VP(I+v )(1-2v )g(l-v)=2 p Vs¥ I+ v )/g )
where, p is unit weight, v is Poisson’s ratio, g is gravity acceleration.

Ultrasonic method is conventionally used by attaching two sensors on both surfaces of
tested member. However, this method is not applicable for RCCV, because the thickness is
very large, large amount of steel reinforcements and lining plate exist, and the inside surface
can’t be accessed. Therefore, the sensors were embedded in the concrete of the RCCV. The
sensors would be subjected to several loads and relatively high temperature during
construction and operation. Considering these conditions, the following experiments were
conducted before the application to the actual RCCV.

- experiment on giving long term high temperature, or cyclic temperature history to large-
scale concrete specimen in which sensors were embedded.
- experiment on effect of steel reinforcement or lining plate existence by three rectangular

specimen those size are 600 mm x 500 mm x 200 mm.

- experiment on pressure-proof and waterproof of sensors in pressured tank to confirm that
the sensors can survive to pressure and water.

Fig. 5 shows the measuring system for the monitoring of the actual RCCV. Four sets of
ultrasonic sensor couples for longitudinal wave and shear wave, thermo-couples, and cables
had been installed in the concrete of the RCCV during the construction (shown in Fig. 1).
Three sets of ultrasonic sensors have been embedded among the most inside (high
temperature side) steel reinforcements, and one set has been embedded among the most
outside (fow temperature side) steel reinforcements. Distance of source sensor’s surface and
receiver’s surface is 200 mm, Thermo-couple has been embedded near the ultrasonic sensors
in order to calibrate the ultrasonic data with the effect of temperature. Lead cables have been
passed through the RCCV concrete and pulled out at the junction box. Transmit frequency of
instrument for ultrasonic data varies from 20 to 1000 kHz.
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Fig.6 Ultrasonic Data of RCCV
(2) Measured results
Fig.6 shows the six ultrasonic data of the RCCV. The concrete temperature of No.1,No.2
and No.3 were about 30°C before operation and 40°C after operation. In general the change
of the vitrasonic data are small in these three years. The ultrasonic velocity data after
operation were slightly reduced than before operation for both longitudinal wave and shear
wave, The pulse height of longitudinal waves Pl at No.{ and No.2 after operation were
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extremely reduced. Therefore it is considered that the contact surface of embedded sensors
and concrete become unstable condition at that point.
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Fig.7 Predicted Concrete Compressive Strength Fig.8 Dynamic Elastic Modulus

Fig.7 shows the predicted concrete compressive strength Fe calculated by Eq.(1) except
No.1 and No.2 after operation. In regarding these points, Fc was modified by regression
analysis with five ultrasonic data except Pl according to the reason described above. The
changes were small at every measuring point. The range of Fc was 46 ~ 57 MPa. This value
is large enough against the design strength 32 MPa. Average destructive strength of
cylindrical test specimens, those are made of the RCCV concrete at the site and cured in
40 °C and tested at the same time of measuring after operation, were 55 MPa and 51 MPa
respectively. Those values were well agreed to the predicted values.

Fig.8 shows the dynamic elastic modulus Ed obtained by Eq.(2). Ed after operation was
slightly reduced than before operation.

It is concluded that the actual RCCV concrete compressive strength and elastic modulus
can be estimated by the uitrasonic method. But, it is observed that some of longitudinal wave
data were unstable after operation. The main source of this condition is seemed to the bad
contact between sensor and concrete, so that it is need to improve the method of embedding
sensors at execution,

4.Conclusion

The methods applied in this study can be summarized as foliows.

The crack pattern was measured clearly with a quite high resolution. It was confirmed that
these methods are suitable to monitor the crack condition of the concrete of the RCCV. In
regard to monitoring the strength and elastic modulus of the actual RCCYV concrete, the
received uitrasonic wave data of embedded sensors were clear, and predicted strength and
calculated dynamic elastic modutus from these data correspond to the destructive test data of
the specimens made of the same mixture and cured in the same environment as the RCCV.

The methods used here are basically automated methods, and are not affected by hurnan
affairs. So, they are essentially very suitable for long-term monitoring. And through the
measurements mentioned above, it is confirmed that these methods are efficient for observing
the RCCV throughout a long period, and show the possibility of automated monitoring,

The applicability of these methods was confirmed for observing the RCCV throughout a
long period, and as a result, the condition of the concrete of the RCCV has been stable for
this monitoring period.
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