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ABSTRACT

It is an important part of the near field performance assessment of
nuclear waste disposal to evaluate ooupled thermo-hydro-mechanical (T-H-M)
phenamena, e.g., thermal effects on groundwater flow through rock matrix and
water seepage into the buffer material, the generation of swelling pressure of
the buffer material, and thermal stresses potentially affecting porosity and
fracture apertures of the rock. An in-situ T-H-M experiment named ‘Engineered
Barrier Experiment’ has been conducted at the Kamaishi Mine, of which host
rock is granodiorite, in order to establish conceptual models of the coupled
T-H-M processes and to build oonfidencé in mathematical models and computer
codes .

In 1995, fourteen boreholes were excavated in order to install the
various sensors. After the hydraulic tests, mechanical tests were carried out
to obtain the rock properties. After that, a test pit, 1.7m in diameter and
5.0m in depth, was excavated. During the excavation, the change of pore
. pressure, displacement and temperature of rock mass were measured. In 1996,
the buffer material and heater were set up in the test pit, and then coupled
thermo-hydro-mechanical test was started. The duration of heating phase was
250 days and that of cooling phase was 180 days. The heater surface was
controlled to be 100 °C during heating phase. Measurement was carried out by a
number of sensors installed in both buffer and rock mass during the test. The
field experiment leads to a better understanding of the behavior of the
coupled thermo-hydro-mechanical phenamena in the near field.
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1. Introduction

It is an important part of the near field performance assessment of nuclear waste disposal
to evaluate the coupled T-H-M phenomena, e.g., thermal effects on ground water flow
through rock matrix and water seepage into the buffer material, and generation of the swelling
pressure of the buffer material and thermal stresses potentially affecting the change in the
porosity and fracture aperture of the rock. In order to observe near field coupled T-H-M
phenomena in situ, many in-situ experiment have been carried out in the world, e.g., the
Buffer Mass Test in Stripa project (Sweden) [Pusch and Bérgesson, 1985] and the Bacchus
Backfill Experiment at the Hades Under-ground Research Facility at Mol (Belgium)
[Neerdael et al., 1992] those are small-scale test, and the Buffer/Container Experiment in
URL (Canada) [Kjartanson et al., 1993] and the FEBEX (Full-scale engineered barriers
experiment in crystalline host rock) in Grimsel (Switzerland) [ENRESA, 1998] those are full-
scale experiment. On the other hand, in Japan, only the mock-up test using the artificial rock
(BIG-BEN) [Sato et al., 1991 ; Fujita et al., 1993] was conducted in the laboratory. Therefore,
a full-scale in-situ experiment was planed at Kamaishi mine of which host rock is granodiorite.
The main objects of the full-scale in-situ experiment at Kamaishi mine were to evaluate
applicability of the engineered barrier technology, to observe near field coupled T-H-M
phenomena in situ and to increase a confidence of coupled T-H-M models. Based on the
current design of a repository considered by Power Reactor and Nuclear Fuel Development
Corporation [PNC, 1993], the experiment was planned. The physical processes involved in
this experiment covers almost spectrum of the T-H-M issues [Stephansson,
1993][Stephansson et al., 1995] related to near field performance of waste repositories as
follows.

eGroundwater flow through rock matrix, fractures, buffer and their interfaces under both

saturated and unsaturated conditions
eHeat transfer through rock matrix, fractures, buffer and their interfaces under both saturated

and unsaturated conditions
eSwelling pressure, possible phase change and multi-phase flow in buffer under both

saturated and unsaturated conditions
oStress, deformation and failure of rock matrix, fractures, buffer and their interfaces.

eCoupled T-H-M responses of rock matrix, fractures and buffer over the whole time period

of the experiment
eInteraction between the deformability and permeability of rock matrix, rock fractures,

buffer and their interfaces

The Kamaishi mine is located approximately 600km north of Tokyo in Japan as shown in
Figure 1-1 [Takeda and Osawa, 1993]. The bedrock in this area consists of Paleozoic
sedimentary rock, Cretaceous sedimentary rock, and igneous complexes. The facilities of T-
H-M experiment were located at the drift 550m above sea level in the Cretaceous-age
Kurihashi granodiorite [Fujita et al., 1994]. The overburden thickness at this location in the
mine is about 260m [Chijimatsu et al., 1996a]. Table 1-1 shows the time schedule of T-H-M
experiment. New drift, which was 5.0 m in width and 7.0 m in height, for performance of
coupled T-H-M experiment was excavated by the drill and blast method in 1994.

In 1995, fourteen boreholes were excavated in order to install the various sensors [Fujita et
al., 1996a]. Then hydraulic tests and mechanical tests [Chijimatsu et al., 1996b, 1996¢] were

_1._..
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carried out to obtain the rock properties. And then fracture survey was carried out [Fujita et al.,
1996b, 1996c¢]. After that, a test pit, 1.7m in diameter and 5.0m in depth, was excavated.
During the excavation, the change of pore pressure, displacement and temperature of rock
were measured [Fujita et al.,, 1997a] and water inflow rate into the test pit was measured
[Chijimatsu et al., 1997]. Mechanical and hydraulic phenomena related to the excavation of
the test were simulated by various methods [Fujita et al., 1997b, 1998 ; Jing et al., 1998].

In 1996, the buffer was set up into the test pit [Sugita et al., 1999]. In this experiment,
granulated bentonite, OT-9607, was used for the buffer material [Fujita et al., 1997c]. This is
the granulated bentonite and mineral composition is the almost same with Kunigel V1.
Bentonite was compacted directly with the tamper. Spreading depth of each layer was 10cm
and initial water content of bentonite was 15 %, which were determined by the results of the
laboratory compaction test and the mock-up test. The mean value of the water content is
14.99 % and standard deviation is 0.911. The mean value of dry density is 1.653 g/cm® and
standard deviation is 0.0408. The heater and various sensors [Sugita. et al., 1997] were
installed in the buffer.

After the emplacement of buffer and heater, T-H-M test was started. In order to establish
the boundary condition for analysis and to accelerate the water flow through the rock mass,
the dam for the pool was constructed on the floor of experiment area. Water head was kept 40
cm at the center of the test pit and temperature of water was constant at 12.3 °C. During

heating phase, the heater frame was controlled to be 100 °C at the center of the bottom.

Heating phase was started on Dec. 17 1996. The temperature of the controlled point went up
quickly to be 100 °C and maintained its stability. Heating phase was stopped on Sept. 1 1997
and then cooling phase was started. The temperature of the controlled point went down
gradually to be room temperature. Cooling phase was stopped on Mar. 10 1998. Therefore,

the duration of heating phase was 260 days and that of cooling phase was 180 days. Before
the end of heating and cooling phase, bentonite samplings were performed.

This note shows the measurement results of heating and cooling phase.
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Figure 1-1 Layout of the experiment site
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2. Layout:of the sensors

Various sensors were installed both in the buffer and rock to observe the T-H-M
phenomena. Figure 2-1 shows the layout of the sensors in the rock and Table 2-1 shows the
coordinates of sensor position. The origin (0.0, 0.0, 0.0) is set on the roof of NW drift and the
X and Y coordinates correspond to the east and north directions, respectively [Fujita et al.,
1996b]. The strain gauge was installed in the boreholes KBM1, KBM2 and KBM3. The
thermocouples were also installed in the same boreholes to monitor the temperature. Figure 2-
2 shows the location of the strain gauge. SD-1, SD-3, SD-5, SB-1 and SB-3 are the strain of
radial direction. The others are the strain of tangential direction. KBM4 and KBM5 were the
boreholes for TRIVEC to measure the rock displacement. In the boreholes KBM6 and KBM7,
joint deformeters were installed to measure the fracture displacement. Figure 2-3 shows the
location of the joint deformeter and displacement direction of fracture. From the entrance of
borehole, longitudinal direction is the X-axis and positive value shows the upward movement
of the front rock. From the entrance of borehole, transverse direction is the Y-axis and
positive value shows the leftward movement of the front rock. Z-axis corresponds to the
opening and closing of the fracture aperture, and positive value shows the closing of the
fracture aperture. In the boreholes KBH1 to KBH6, pore pressure transducer with
thermocouple was installed. Figure 2-4 shows the location of the pore pressure transducer.

Figure 2-5 shows the location of the sensors in the buffer. Sensors were installed at three
sections as shown in Figure 2-5. These three sections were determined according to the
measurement results of water inflow rate into the test pit [Chijimatsu et al., 1997]. The BBC
section is characterized by having no major fracture and less water flux. The CD section is
characterized by having major fracture and relatively much water flux. The DDA section is
characterized by having major fractures and relatively much water flux. Figure 2-5 (a) shows
the location of the sensors to measure the temperature, (b) shows the location of the sensors to
measure the water content, (c) shows the location of the sensors to measure the pore pressure,
(d) shows the location of the sensors to measure the total pressure, (€) shows the location of
the sensors to measure the strain, (d) shows the location of the sensors to measure the heat
flux and (g) shows the location of the sensors at the bottom of the test pit. In order to measure
the water content in the buffer, the thermocouple psychrometer and the hygrometer were
installed. These sensors do not measure the water content directly. The thermocouple
psychrometer measures the chemical potential and the temperature, and the hygrometer
measures the relative humidity and the temperature. Therefore, the equation is necessary to
calculate the water content from the temperature and the chemical potential (or relative
humidity). This equation was obtained by laboratory test in advance. This result is described
in next section. In Table 2-2, sensor numbers, measurement numbers and coordinates of all
sensors installed in the buffer in local cylindrical coordinate as shown in Figure 2-6 are listed.
In the local coordinate, top of the test pit is z=0 and center of the test pit is r=0. In Table 2-3,
sensor numbers, measurement numbers and coordinates of all sensors installed in the buffer
mass in orthogonal coordinate are listed. The origin is the same with the coordinate of sensors
in the rock.

All sensors, except for the thermocouple psychrometer, were connected to the data logger
system, and to acquire the data automatically. The thermocouple psychrometer was used
manually.
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Table 2-1(a) Sensors installed in the rock (Orthogonal ccordinate)

Sensor Sensor| Measurement | Measurement Coordinate(m) Borehole| Section
Number | Number X y z or place

Pore "PT-1H| Pore pressure H-1 -1 0.338{ -1 .764; -3.598| KBH1 | KBH1-1

pressure 2H]} Pore pressure H-2 -10.338| -11.764: -4.948| KBH1 |KBH1-2

transducer 3H| Pore pressure H-3 -10.338 -11.764, -6.523| KBH1 | KBH1-3|

with 4Hj Pore pressure H-4 -10.338, -11.764]| -8.323| KBH1 { KBH1-4

thermometer S5H| Pore pressure H-56 -10.338| -11.764 -10.023{ KBH1 |KBH1-5

6H| Pore pressure H-6 -10.301 -12.2375 -3.667| KBH2 | KBH2-1

7H| Pore pressure H-7 -10.301 12.237| -5.567| KBH2 |KBH2-2

8H| Pore pressure H-8 -10.301 -12.2371 -7.517] KBH2 | KBH2-3

9H| Pore pressure H-9 -10.301 -12.237‘? -9.567] KBH2 | KBH2-4

10H| Pore pressure H-10 -9.226 -10.342' -3525| KBH3 |KBH3-1

11H| Pore pressure H-11 -9.277! -1 0.080‘% -4.899] KBH3 | KBH3-2

12H| Pore pressure H-12 -9.335] —9.785j -6.446] KBH3 | KBH3-3

13H| Pore pressure H-13 -9.397 -9.4663 -8.114] KBH3 | KBH3-4

14H| Pore pressure H-14 -9.462 -9.1291 -9.881f KBH3 | KBH3-5

15H| Pore pressure H-15 -8.656! -1 0.314§ -3.530] KBH4 | KBH4-1

16H| Pore pressure H-16 -8.723 -10.026. -5.051| KBH4 |KBH4-2

17H} Pore pressure H-17 -8.806 -9.663% -6.965| KBH4 | KBH4-3

18H]| Pore pressure H-18 -8.884; —9.328§ -8.732] KBH4 | KBH4-4

19H| Pore pressure H-19 -8.944. -9.06873 -10.107| KBH4 | KBH4-5

20H| Pore pressure H-20 -11.603/ -0.306 -3.633| KBHS5 |KBH5-1

21H{ Pore pressure H-21 -1 .603;1 -8 ,306% -5.183] KBH5 | KBH5-2

22H{ Pore pressure H-22 -1 .6031 -9.3065 -6.783] KBH5 | KBH5-3

23H| Pore pressure H-23 -11 .603? -9.306i -8.333| KBHS5 | KBH5-4

24H| Pore pressure H-24 -11.603! -9.3065 -9.883| KBHS5 | KBH5-5

25H| Pore pressure H-25 -12.035§ -8.896% -3.532| KBH6 | KBH6-1

26H| Pore pressure H-26 -12.035; -8.8965 -5.282| KBH6 |KBH6-2

27H| Pore pressuie H-27 —12.0351 -8.896' -7.082| KBH6 |KBHE-3

28H| Pore pressure H-28 -12.035% -8.896§ -8.5682| KBH6 | KBH6-4

29H| Pore pressure H-29 -12.035: -8.896| -10.032| KBH6 |KBH6-5
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Table 2-1(b) Sensors installed in the rock (Orthogonal coordinate)

Sensor Sensor | Measurement| Measurement Coordinate(m) Borehole | Section
Number Number X y _z or place

Pore PT-1T| Temperature T-1 —10.338§ -11.764? -3.598] KBH1 | KBH1-1
pressure 2T| Temperature T-2 -10.3383 -11.764i -4.948| KBH1 | KBH1-2
transducer 3T| Temperature T-3 -10.338| -11.764| -6.523| K3H1 KBH1-3
with 4T| Temperature T4 -10.338! -11.764| -8.323| KBH1 |KBH1-4
thermometer 5T| Temperature T-6 -10.338 -11.764| -10.023] KBH1 | KBH1-5
6T| Temperature T-6 -10.301| -12.237| -3.667| KBH2 | KBH2-1

7T| Temperature T-7 -10.301! -12.237, -5.567| KBH2 | KBH2-2

8T| Temperature T-8 -10.301E -12.237, -7.517| KBH2 |KBH2-3

9T| Temperature T-9 -10.301; -12.237| -9.567] KBH2 |KBH2-4

10T] Temperature T-10 9.226! -10.342! -3.525| KBH3 |KBH3-1

11T| Temperature T-11 -9.277| -10.080] -4.899] KBH3 | KBH3-2

12T| Temperature T-12 -9.335| -9.785| -6.446] KBH3 | KBH3-3

13T| Temperature T-13 -9.397, -9.466| -8.114] KBH3 |KBH3-4

14T| Temperature T-14 9.462 -9.129| -9.881| KBH3 |KBH3-5

15T| Temperature T-15 -8.656| -10.314| -3.530] KBH4 | KBH4-1

16T| Temperature T-16 -8.723| -10.026| -5.061] KBH4 | KBH4-2

17T]| Temperature T-17 -8.806| -9.663] -6.965| KBH4 | KBH4-3

18T| Temperature T-18 -8.884, -9.328| -8.732| KBH4 | KBH4-4

19T| Temperature T-19 -8.944| -9.068) -10.107| KBH4 | KBH4-5

20T| Temperature T-20 -11.603| -9.306; -3.633] KBH5 | KBH5-1

21T| Temperature T-21 -11.603; -9.306] -5.183| KBH5 | KBH5-2

22T| Temperature T-22 -11.603! -9.306, -6.783] KBH5 | KBH5-3

23T| Temperature T-23 -11.603] -9.306, -8.333] KBH5 | KBH5-4

24T| Temperature T-24 -11.603] -9.306; -9.883| KBH5 | KBH5-5

25T| Temperature T-256 -12.035| -8.896/ -3.532] KBH6 | KBH86-1

26T| Temperature T-26 -12.035| -8.896/ -5.282| KBH6 | KBH6-2

27T| Temperature T-27 -12.035, -8.896| -7.082| KBH6 |KBH6-3

28T| Temperature T-28 -12.035 -8.896, -8.582| KBH6 | KBH6-4

29T| Temperature T-29 -12.035} -8.896 -10.032| KBH6 |KBH6-5
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Table 2-1(c) Sensors installed in the rock (Orthogonal coordinate)

Sensor Sensor| Measurement | Measurement Coordinate(m) Borehole
Number Number X y z or place
Strain gauge SD-1 Strain(r) M-1 -12.042| -10.453! -4.408] KBM1
2 Strain(0) M-2 -12.042| -10.453| -4.408f KBM1
3 Strain(r) M-3 -12.042| -10.453; -7.408| KBM1
4|  Strain(8) M-4 -12.042| -10.453| -7.408| KBM1
5 Strain(r) M-5 -12.042| -10.453| -10.408| KBM1
6 Strain(0) M-6 -12.042| -10.453| -10.408| KBM1
Borehole SB-1 Strain(r) M-7 -10.013| -11.342; -5.360] KBM2
strain meter 2 Strain(e) M-8 -10.013| -11.342| -5.360] KBM2
3 Strain(r) M-9 9913, -11.672, -5.480] KBM3
4 Strain(e) M-10 -9.913, -11.672, -5.480| KBM3
Thermocouple TC-1| Temperature T-30 -12.042| -10.453| -4.408| KBM1
2| Temperature T-31 -12.042| -10.453] -7.408| KBM1
3| Temperature T-32 -12.042| -10.453| -10.408| KBM1
4] Temperature T-33 -10.013| -11.342; -5.360] KBM2
5| Temperature T-34 -9.913| -11.672| -5.480] KBM3
Joint JM-1| Displacement M-11 -11.107! -11.871| -6.359] KBM6
deformeter 2| Displacement M-12 -11.107; -11.871: -6.359] KBM6
3] Displacement M-13 -11.107 '"‘871: -6.359] KBM6
4| Displacement M-14 -9.087 -9.902f -4.821| KBM7
5| Displacement M-15 -9.087| -9.902| -4.821] KBM7
6| Displacement M-16 -9.087! -9.902! -4.821] KBM7
Joint T-1| Displacement M-17 -7.699| -9.819; -2.542} PI3
transducer 2| Displacement M-18 -11.304| -8.995| -2.436{ P4
3| Displacement M-19 -12.570! -10.078/ -2.196] PI2
4| Displacement M-20 -11.635! -11.869;, -2.340] PI1
Surface P-1{ Displacement(90) M-21 -7.699| 0819 2542 PI3
displacement 2| Displacement(45) M-22 -7.699I -9.8193 -2.542| PI3
transducer 3| Displacement(80) M-23 -11.304| -8.995! -2.436| Pl4
4] Displacement(45) M-24 -11.304, -8.995! -2.436| Pl4
5] Displacement(90) M-25 -12.570} -10.078, -2.196] PI2
6| Displacement(45) M-26 -12.570| -10.078/ -2.196| PI2
7| Displacement(90) M-27 -11.635 -11.869; -2.340 Pi1
8| Displacement(45) M-28 -11.635/ -11.869| -2.340] PH
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Table 2-2 (a) Sensors installed in the Buffer (Local coordinate) '

Sensor Sensor | Measurement |Measurement| Unit Coordinate ‘Observation
Number Number 8¢C ) r(m) z (m) line
Pore PC-1H| Pore pressure H-31 kPa | 258.50, 0.150/ --5.030 o
pressure 2H| Pore pressure H-32 kPa| 217.00f 0.840. -4.950, O-CCD
transducer 3H| Pore pressure H-33 kPa | 225.00! 0.840, -4.950 0O-CD
with 4H| Pore pressure H-34 kPa | 233.00f 0.840; -4.950| O-CDD
thermometer 5H| Pore pressure H-35 kPa | 284.00] 0.840; -4.950 o-D
6H| Pore pressure H-36 kPa | 292.50/ 0.840 -4.950] O-DDA
7H| Pore pressure H-37 kPa | 300.50; 0.840] -4.950, O-DA
8H| Pore pressure H-38 kPa| 287.50, 0.840, -4.000f O-DDA
9H| Pore pressure H-39 kPa| 102.50/ 0.840! -3.000] O-BBC
10H| Pore pressure H-40 kPa | 287.50] 0.840 -3.000] O-DDA
11H| Pore pressure H-41 kPa| 235.000 0.840; -3.000f O-CD
12H| Pore pressure H-42 kPa| 287.50] 0.840, -2.050] O-DDA
13H| Pore pressure H-43 kPa| 107.50! 0.840, -1.250] O-BBC
14H| Pore pressure H-44 kPa | 287.50, 0.840;, -1.250; O-DDA
15H] Pore pressure H-45 kPa| 220.00; 0.840; -1.250 O-CD
PC-1T| Temperature T-36 T | 256850, 0.150, -5.030 o]
2T| Temperature T-37 T 217.00 0.840/ -4.950, O-CCD
3T| Temperature T-38 T 225.00f 0.840| -4.950] O-CD
4T| Temperature T-39 T | 233.000 0.840, -4.950] O-CDD
5T| Temperature T-40 T | 284.00/ 0.840] -4.950 o-D
6T| Temperature T-41 T 292.500 0.840, -4.950] O-DDA
7T{ Temperature T-42 T 300.50, 0.840; -4.950 O-DA
8T| Temperature T-43 T 287.50{ 0.840, -4.000{ O-DDA
9T| Temperature T-44 T 102.50, 0.840! -3.000f O-BBC
10T| Temperature T-45 T 287.50, 0.840, -3.000f O-DDA
11T| Temperature T-46 T 235.00, 0.840, -3.000f O-CD
12T| Temperature T-47 T 287.50 0.840° -2.050f O-DDA
13T| Temperature T-48 T 107.50, 0.840 -1.250] O-BBC
14T| Temperature T-49 T | 28750 0.840, -1.250] O-DDA
15T Temperature T-50 T 220.00, 0.840; -1.250 O-CD
Hygrometer HM-1H Humidity H-46 % 258.80, 0.020 -4.030 O
2H Humidity H-47 % 112.50° 0.550{ -4.000f O-BBC
3H Humidity H-48 % 292.50 0.550. -4.000f O-DDA
4H Humidity H-49 % 225.000 0.550, -4.000f O-CD
5H Humidity H-50 % 112.50. 0.550| -3.000{ O-BBC
6H Humidity H-51 % 225.00, 0.550, -3.000] O-CD
7H Humidity H-52 % 292,50, 0.550! -3.000f O-DDA
8H Humidity H-53 % 112.50 0.090| -2.020 o)
9H Humidity H-54 % 112,50 0.550! -2.050] O-BBC
10H Humidity H-55 % 292.50, 0.550; -2.050f O-DDA
11H Humidity H-56 % 225.00, 0.550! -2.050] O-CD
HM-1T| Temperature T-51 T | 268.800 0.020! -4.030 O
2T| Temperature T-52 T 112.50, 0.550! -4.000f O-BBC
3T| Temperature T-53 C | 292,50, 0.550, -4.000] O-DDA
4T| Temperature T-54 T 225.00, 0.550, -4.000f O-CD
5T| Temperature T-55 T 112,50/ 0.550! -3.000f O-BBC
6T| Temperature T-56 T | 225.00f 0.550{ -3.000f O-CD
7T| Temperature T-57 T 292.50: 0.550{ -3.000f O-DDA
8T| Temperature T-58 C | 112,50 0.090' -2.020 0]
9T| Temperature T-59 € | 112,50, 0.550, -2.050] O-BBC
10T| Temperature T-60 T 292.50; 0.550] -2.050] O-DDA
11T| Temperature T-61 T 225.00/ 0.550/ -2.050 O-CD
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Table 2-2 (b) Sensors installed in the Buffer (Local coordinate)

Sensor Sensor| Measurement |Measurement] Unit Coordinate Observation
Number Number dC) r(m) z(m) line
Pcychrometer | WE-1| Water potential W-1 MPa 0.00/ 0.150. -5.030 0
2| Water potential W-2 MPa| 112.50) 0.840: -5.080] O-BBC
3| Water potential W-3 MPa| 230.000 0.840 -5.030] O-CD
4| Water potential W-4 MPa| 287.50, 0.840 -5.030] O-DDA
5| Water potential W-5 MPa 0.000 0.000. -4.500 o)
6] Water potential W-6 MPa| 112.50; 0.520. -4.500, O-BBC
7| Water potential W-7 MPa| 112500 0.840 -4.500{f O-BBC
8| Water potential W-8 MPa| 225.00f 0.520 -4.500f O-CD
9| Water potential W-9 MFa| 221.00[ 0.840 -4.500] O-CD
10{ Water potential W-10 MPa| 292500 0.520 -4.500 O-DDA
11| Water potential W-11 MPa| 29250, 0.840° -4.500] O-DDA
12| Water potential W-12 MPa| 112,500 0.690, -4.000f O-BBC
13| Water potential W-13 MPa| 11250 0.8400 -4.000] O-BBC
14| Water potential W-14 MPa| 225.00 0.690: -4.000f O-CD
15] Water potential W-15 MPa| 225.000 0.840! -4.000 O-CD
16| Water potential W-16 MPa| 29250, 0.690: -4.000f O-DDA
17] Water potential W-17 MPa| 29250, 0.840! -4.000f] O-DDA
18| Water potential W-18 MPa| 112,50, 0.690: -3.000] O-BBC
19| Water potential W-19 MPa| 112,50, 0.840. -3.000f O-BBC
20| Water potential W-20 MPa| 225.00 0.690 -3.000] O-CD
21{ Water potential W-21 MPa| 225.00{ 0.840' -3.000 O-CD
22| Water potential W-22 MPa| 292.50! 0.690; -3.000, O-DDA
23] Water potential W-23 MPa| 292.50/ 0.840; -3.000 O-DDA
24| Water potential W-24 MPa| 112.50; 0.690, -2.050| O-BBC
25| Water potential W-25 MPa| 11250; 0.840! -2.050f; O-BBC
26| Water potential W-26 MPa| 225.000 0.690; -2.050f O-CD
27| Water potential W-27 [ MPa| 225.00, 0.840! -2.050 O-CD .
28| Water potential W-28 MPa| 292,50 0.690! -2.050] O-DDA
29| Water potential W-29 [ MPa| 29250 0.8400 -2.050] O-DDA
30{ Water potential W-30 MPa| 29250/ 0.060: -1.250 (o)
31| Water potential W-31 MPa| 11250, 0.520; -1.250f O-BBC
32 Water potential W-32 MPa| 11250 0.840: -1.250 O-BBC
33| Water potential W-33 MPa| 225.000 0.520 -1.250] O-CD
34{ Water potential W-34 MPa| 225.000 0.840' -1.250] O-CD
35| Water potential W-35 MPa| 29250 0.520/ -1.250] O-DDA
36| Water potential W-36 MPa| 292,50, 0.840! -1.250/ O-DDA
37| Water potential W-37 | MPa| 11250, 0.060 -0.550 0
38| Water potential W-38 MPa| 112500 0.840' -0.550f O-BBC
39| Water potential W-39 MPa| 225.000 0.8400 -0.550] O-CD
40| Water potential W-40 MPa| 29250, 0.840, -0.550{ O-DDA
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Table 2-2 (c) Sensors installed in the Buffer (Local coordinate)

Sensor Sensor | Measurement | Measurement| Unit Coordinate _ Observation
Number Number 6C) r(m z(m) line
Strain gauge KM-1 Strain(V) M-38 © e | 29050 0.6800 -4.500f O-DDA
2 Strain(H) M-39 ¢ e | 296.50. 0.620° -4.500] O-DDA
3 Strain(H) M-40 ¢ e | 244500 0.070 -4.500 O-DDA
4 Strain(H) M-41 pxe| 11200 0.070, -4500, O-BBC
5 Strain(V) - M-42 ue 23.000 0.100! -4.500 (o]
6 Strain(V) M-43 pz e | 290.50; 0.680! -3.500] O-DDA
7 Strain(H) M-44 e | 296.50] 0.650: -3.500] O-DDA
8 Strain(H) M-45 x| 296.50, 0.650 -3.000] O-DDA
9 Strain(V) M-46 pz e | 29050, 0.680 -3.000] O-DDA
10 Strain(V) M-47 # e | 290,500 0.7000 -1.250| O-DDA
11 Strain(H) M-48 ¢ ¢ | 300500 0.660: -1.250f O-DDA
12 Strain(V) M-49 ¢ e | 29750, 0.270, -1.250f O-DDA
13 Strain(H) M-50 u e} 269.500 0.290, -1.250 O-DDA
Pressure cell PS-1 Pressure M-51 kPa 0.00, 0.000; -5.030 (0]
2 Pressure M-52 kPa| 229.50, 0.850, -4.500 O-CD
3 Pressure M-53 kPa | 287.50/ 0.850] -4.500] O-DDA
4 Pressure M-54 kPa| 107.50, 0.850! -4.500f O-BBC
5 Pressure M-55 kPa| 117.50/ 0.850{ -4.000f O-BBC
6 Pressure M-56 kPa| 117.50, 0.520! -4.000f O-BBC
7 Pressure M-57 kPa| 297.50, 0.850/ -4.000f O-DDA
8 Pressure M-58 kPa| 230.00f 0.850, -4.000 O-CD
9 Pressure M-59 kPa | 230.00, 0.520{ -4.000 O-CD
10 Pressure M-60 kPa| 297.50| 0.520| -4.000] O-DDA
11 Pressure M-61 kPa| 297.50, 0.520| -3.000] O-DDA
12 Pressure M-62 kPa| 117.50, 0.850' -3.000f O-BBC
13 Pressure M-63 kPa| 117.50; 0.520; -3.000f O-BBC
14 Pressure M-64 kPa | 297.50/ 0.850/ -3.000f O-DDA
15 Pressure M-65 kPa | 220.00. 0.520! -3.000 O-CD
16 Pressure M-66 kPa| 220.000 0.850 -3.000 O-CD
17 Pressure M-67 kPa| 297.50; 0.520, -2.050f O-DDA
18 Pressure M-68 kPa| 117.50/ 0.850! -2.050] O-BBC
19 Pressure M-69 kPal 117.50 0.520, -2.050f O-BBC
20 Pressure M-70 kPa|{ 230.000 0.850, -2.050 O-CD
21 Pressure M-71 kPa | 230.000 0.520 -2.050 O-CD
22 Pressure M-72 kPa | 297.50, 0.850! -2.050] O-DDA
23 Pressure M-73 kPa | 225.000 0.080: -2.050 (o)
24 Pressure M-74 kPa | 230.00/ 0.850, -1.260f O-CD
25 Pressure M-75 kPa| 117.50/ 0.850: -1.250f O-BBC
26 Pressure M-76 kPa| 297.50! 0.850! -1.250] O-DDA
27 Pressure M-77 kPa| 11250 0.520! -0.500f O-BBC
28 Pressure M-78 kPa| 292.50; 0.520 -0.500f O-DDA
29 Pressure M-79 kPa| 225.00/ 0.520' -0.500 O-CD
30 Pressure M-80 kPa | 292.50] 0.060! -0.500 (o]




INC TN8400 99-034

Table 2-2 (d) Sensors installed in the Buffer (Local coordinate)

Sensor Sensor | Measurement |Measurement| Unit Coordinate(m) Observation

Number Number 0¢C ) r(m) z (m) line

Thermocouple TT-1] Temperature T-62 C | 292,50/ 0.520] -5.030] O-DDA
2| Temperature T-63 T 0.00; 0.020! -4.000 ®)

3] Temperature T-64 T 107.50; 0.850. -4.000f O-BBC

4] Temperature T-65 T | 287.50] 0.690! -4.000f O-DDA

5] Temperature T-66 C 107.50; 0.520/ -3.950f O-BBC

6| Temperature T-67 T | 235.000 0.520; -3.950{ O-CD

7| Temperature T-68 T 107.50 0.690. -4.000f O-BBC

8| Temperature T-69 T | 287.50] 0.520{ -3.950f O-DDA

9] Temperature T-70 C 102.50, 0.690. -3.000f O-BBC

10| Temperature T-71 T | 28750 0.690/ -3.000f O-DDA

11] Temperature T-72 C 287.50: 0.520; -3.030f O-DDA

12| Temperature T-73 C 238.00 0.520; -3.030f O-CD

13| Temperature T-74 T 98.00, 0.520, -3.030] O-BBC

14| Temperature T-75 T 107.50, 0.850; -2.050] O-BBC

16| Temperature T-76 T 107.50 0.690! -2.050f O-BBC

16| Temperature T-77 T 287.50. 0.690: -2.050, O-DDA

171 Temperature T-78 T 108.50 0.520, -2.080; O-BBC

18| Temperature T-79 T 221.00 0.520, -2.080 0O-CD

19| Temperature T-80 T | 288,500 0.520: -2.080] O-DDA

20| Temperature T-81 T 10.00; 0.070. -2.050 o

21| Temperature T-82 T 231.00 0.520; -1.250 O-CD

22| Temperature T-83 C 286.50 0.520! -1.250f O-DDA
23| Temperature T-84 T 0.00 0.0400 -1.250 o]

24| Temperature T-85 1@ 107.50/ 0.850 -0.500{f O-BBC

25| Temperature T-86 T 107.50. 0.520; -0.500, O-BBC
26| Temperature T-87 T 0.000 0.040 -0.500 0

27| Temperature T-88 T | 287500 0.520 -0.500 O-DDA

28| Temperature T-89 C | 287.50. 0.850 -0.500, O-DDA

Heat flux MF-1 Heat flux T-90 w/m?l 107.50. 0.520 -3.000] O-BBC

sensor 2 Heat flux T-91 W/m?| 230.00; 0.520, -3.000 O-CD

3 Heat flux T-92 W/m?| 282.50: 0.520, -3.000] O-DDA

4 Heat flux T-93 W/m?| 282.50/ 0.850, -3.000f O-DDA

5 Heat flux T-94 W/m?| 107.50, 0.850/ -3.000] O-BBC

6 Heat flux T-95 W/m?| 230.00; 0.850! -3.000 0O-CD
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Table 2-3 (a) Sensors installed in the Buffer (Orthogonal coordinate)

Sensor Sensor|{ Measurement |Measurement| Unit Coordinate(m) Observation
Number Number X(m) Y(m) Z(m) line
Pore PC-1H| Pore pressure H-31 kPa | -10.718 -10.386 -7.387 [e)
pressure 2H| Pore pressure H-32 kPa | -11.077. -11.027; -7.307] O-CCD
transducer 3H| Pore pressure H-33 kPa | -11.165 -10.850/ -7.307| O-CD
with 4H| Pore pressure H-34 kPa| -11.242 -10.862] -7.307f O-CDD
thermometer 5H| Pore pressure H-35 kPa | -11.386: -10.153. -7.307 O-D
6H| Pore pressure H-36 kPa | -11.347| -10.035] -7.307] O-DDA
7H| Pore pressure H-37 kPa | -11.295, -9.930/ -7.307 O-DA
8H| Pore pressure H-38 kPa | -11.372' -10.103, -6.357| O-DDA
9H| Pore pressure H-39 kPa| -9.7561 -10.538. -5.357] O-BBC
10H| Pore pressure H-40 xPa | -11.372! -10.103. -5.357| O-DDA
11H| Pore pressure H-41 kPa | -11.259 -10.838. -5.357| O-CD
12H| Pore pressure H-42 kPa | -11.372 -10.103] -4.407f O-DDA
13H| Pore pressure H-43 kPa| -9.770 -10.609' -3.607] O-BBC
14H| Pore pressure H-44 kPa | -11.372' -10.103 -3.607| O-DDA
15H{ Pore pressure H-45 kPa | -11.111. -10.999' -3.607 0O-CD
PC-1T| Temperature T-36 T | -10.718 -10.386  -7.387 0]
2T| Temperature T-37 T | -11.077; -11.027, -7.307] 0O-CCD
3T| Temperature T-38 T | -11.165, -10.9500 -7.307| O-CD
4T Temperature T-39 T | -11.242! -10.862, -7.307| O-CDD
5T| Temperature T-40 T | -11.386. -10.163, -7.307 O-D
6T| Temperature T-41 C | -11.347 -10.035' -7.307| O-DDA
|  7T| Temperature T-42 C [ -11.295° -9.930 -7.307 O-DA
8T| Temperature T-43 T | -11.372| -10.103, -6.357 O-DDA
9T| Temperature T-44 T -9.751. -10.5638 -5.357] O-BBC
10T| Temperature | T-45 C [ -11.372 -10.103. -5.357| O-DDA
11T| Temperature T-46 T | -11.269 -10.838 -5.357 O-CD
12T| Temperature T-47 T | -11.372 -10.103  -4.407] O-DDA
13T| Temperature T-48 T -9.770 -10.609 -3.607| O-BBC
_14T| Temperature T-49 T | -11.372. -10.103_ -3.607| O-DDA
15T] Temperature T-50 T | -11.111 -10.999 -3.607] O-CD
Hygrometer HM-1H Humidity H-46 % | -10.591 -10.360' -6.387 O
2H Humidity H-47 % | -10.063, -10.566 -6.357| O-BBC
3H Humidity H-48 % | -11.079 -10.146, -6.357| O-DDA
4H Humidity H-49 % | -10.960 -10.745 -6.357| O-CD
5H Humidity H-50 % | -10.063 -10.566' -5.357| O-BBC
6H Humidity H-51 % | -10.960 -10.745 -5.357| O-CD
i 7H Humidity H-52 % | -11.079, -10.146, -5.357] O-DDA
8H Humidity H-53 % | -10.488! -10.390° -4.377 0
9H Humidity H-54 % | -10.063! -10.566, -4.407| O-BBC
10H Humidity H-55 % | -11.079 -10.146; -4.407| O-DDA
11H Humidity H-56 % | -10.960. -10.745 -4.407| O-CD
HM-1T| Temperature T-51 T | -10.5691| -10.360 -6.387 0
2T| Temperature T-562 T | -10.063] -10.566. -6.357| O-BBC
3T| Temperature T-53 T | -11.079! -10.146. -6.357| O-DDA
4T| Temperature T-54 € | -10.960 -10.745 -6.357| O-CD
5T| Temperature T-65 T | -10.063, -10.566 -5.357| O-BBC
6T| Temperature T-56 T | -10.960 -10.745 -5357{ O-CD
7T| Temperature T-57 T | -11.079, -10.146; -5.357| O-DDA
8T| Temperature T-58 T | -10.488/ -10.390, -4.377 o)
9T| Temperature T-59 T | -10.063; -10.566] -4.407| O-BBC
10T| Temperature T-60 T | -11.079, -10.146] -4.407| O-DDA
11T| Temperature T-61 T | -10.960; -10.745, -4.407| O-CD
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Table 2-3 (b) Sensors installed in the Buffer (Orthogonal coordinate)

Sensor Sensor | Measurement |Measurement| Unit Coordinate(m) Observation
Number Number X(m) Y(m) Z(m) line
Pcychrometer WE-1] Water potential W-1 MPa| -10.571 -10.206: -7.387 o
2| Water potential W-2 MPa| -9.795 -10.677; -7.387] O-BBC
3| Water potential W-3 MPa| -11.214' -10.896, -7.387| O-CD
4| Water potential W-4 MPa| -11.372' -10.103] -7.387| O-DDA
5| Water potential W-5 MPa| -10.571 -10.356 -6.857 0
6] Water potential W-6 MPa| -10.091;, -10.555 -6.857| O-BBC
7] Water potential W-7 MPa| -9.795/ -10.677 -6.857| O-BBC
8| Water potential W-8 MPa| -10.939, -10.724, -6.857] O-CD
9| Water potential W-9 MPa| -11.122, -10.990° -6.857] O-CD
10] Water potential W-10 MPa| -11.051, -10.157 -6.857| O-DDA
11| Water potential W-11 MPa| -11.347, -10.035; -6.857| O-DDA
12{ Water potential W-12 MPa| -9.934 -10.620! -6.357] O-BBC
13| Water potential W-13 MPa| -9.795: -10.677° -6.357| O-BBC
14| Water potential W-14 MPa| -11.059. -10.844! -6.357] O-CD
15| Water potential W-15 MPa| -11.165' -10.950! -6.357 O-CD
16| Water potential W-16 MPa| -11.208; -10.092: -6.357| O-DDA
17{ Water potential W-17 MPa| -11.347' -10.035 -6.357| O-DDA
18| Water potential W-18 MPa| -9.934| -10.620, -5.357| O-BBC
19( Water potential W-19 MPa| -9.795 -10.677] -5.357] O-BBC
20| Water potential W-20 MPa| -11.059' -10.844, -5.357| O-CD
21| Water potential W-21 MPa| -11.165, -10.950, -5.357| O-CD
22| Water potential W-22 MPa| -11.208' -10.092: -5.357] O-DDA
23] Water potential W-23 MPa| -11.347 -10.035 -5.357| O-DDA
24| Water potential W-24 MPa| -9.934; -10.620, -4.407| O-BBC
25| Water potential W-25 MPa| -9.795/ -10.677 -4.407] O-BBC
26| Water potential W-26 MPa| -11.059. -10.844 -4.407] O-CD
27| Water potential W-27 | MPa| -11.165 -10.950, -4.407| O-CD
28| Water potential W-28 MPa| -11.208, -10.092, -4.407| O-DDA
29| Water potential W-29 MPa| -11.347' -10.035 -4.407| O-DDA
30{ Water potential W-30 MPa| -10.626. -10.333 -3.607 0
31| Water potential W-31 MPa| -10.091; -10.565 -3.607| O-BBC
32| Water potential W-32 MPa| -9.795 -10.677, -3.607] O-BBC
33| Water potential W-33 MPa| -10.939' -10.724. -3.607] O-CD
34| Water potential W-34 | MPa| -11.165 -10.950; -3.607] O-CD
35| Water potential W-35 MPa| -11.0561 -10.157. -3.607| O-DDA
36| Water potential W-36 MPa| -11.347 -10.035| -3.607] O-DDA
37| Water potential W-37 MPa| -10.516 -10.379; -2.907 o]
38| Water potential W-38 MPa| -9.795 -10.677. -2.907| O-BBC
39| Water potential W-39 MPa| -11.165. -10.950! -2.907] O-CD
40{ Water potential W-40 MPa| -11.347 -10.035/ -2.907| O-DDA
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Table 2-3 (c) Sensors installed in the Buffer (Orthogonal coordinate)

Sensor Sensor| Measurement |Measurement| Unit Coordinate(m) Observation
Number Number X(m) Y(m) Z(m) line
Strain gauge KM-1 Strain(V) M-38 p e | -11.208| -10.118/ -6.857| O-DDA
2 Strain(H) M-39 ¢z e | -11.126] -10.079] -6.857| O-DDA
3 Strain(H) M-40 ¢ e | -10.634| -10.386! -6.857] O-DDA
4 Strain(H) M-41 ¢ ¢ | -10.506; -10.382; -6.857| O-BBC
5 Strain(V) M-42 ¢ e | -10.632| -10.264; -6.857 (o)
6 Strain(V) M-43 ¢ e | -11.208| -10.118] -5.857| O-DDA
7 Strain(H) M-44 ¢ e | -11.153| -10.066/ -5.857| O-DDA
8 Strain(H) M-45 ¢ e | -11.153]| -10.066] -5.357] O-DDA
9 Strain(V) M-46 ¢ e | -11.208| -10.118] -5.357| O-DDA
10 Strain(V) M-47 ¢ e | -11.227| -10.111] -3.607] O-DDA
11 Strain(H) M-48 ¢ e | -11.140] -10.021; -3.607| O-DDA
12 Strain(V) M-49 ¢ e | -10.810/ -10.231| -3.607] O-DDA
13 Strain(H) M-50 ¢ e | -10.861] -10.359; -3.607] O-DDA
Pressure cell PS-1 Pressure M-51 kPa | -10.571| -10.356; -7.387 (0]
2 Pressure M-52 kPa | -11.217| -10.908/ -6.857 O-CD
3 Pressure M-53 kPa | -11.382| -10.100 -6.857| O-DDA
4 Pressure M-54 kPa -9.760| -10.612] -6.857] O-BBC
5 Pressure M-55 kPa -9.817| -10.748; -6.357| O-BBC
6 Pressure M-56 kPa | -10.110| -10.596] -6.357] O-BBC
7 Pressure M-57 kPa | -11.325| -9.964| -6.357| O-DDA
8 Pressure M-58 kPa | -11.222| -10.902| -6.357 O-CD
9 Pressure M-59 kPa | -10.969| -10.690, -6.357 O-CD
10 Pressure M-60 kPa | -11.032] -10.116] -6.357] O-DDA
11 Pressure M-61 kPa | -11.032]| -10.116] -5.357] O-DDA
12 Pressure M-62 kPa -9.817| -10.748] -5.357] O-BBC
13 Pressure M-63 kPa | -10.110| -10.596] -5.357| O-BBC
14 Pressure M-64 kPa | -11.325| -9.964| -5.357| O-DDA
15 Pressure M-65 kPa | -10.905, -10.754| -5.357 O-CD
16 Pressure M-66 kPa| -11.117} -11.007] -5.357 O-CD
17 Pressure M-67 kPa | -11.032| -10.116; -4.407| O-DDA
18 Pressure M-68 kPa -9.817, -10.748, -4.407| O-BBC
19 Pressure M-69 kPa | -10.110{ -10.596] -4.407] O-BBC
20 Pressure M-70 kPa | -11.222| -10.902] -4.407 O-CD
21 Pressure M-71 kPa | -10.969| -10.690| -4.407 O-CD
22 Pressure M-72 kPa | -11.325] -9.964| -4.407] O-DDA
23 Pressure M-73 kPa | -10.628 -10.413] -4.407 (o]
24 Pressure M-74 kPa | -11.222| -10.902] -3.607 O-CD
25 Pressure M-75 kPa| -9.817, -10.748) -3.607| O-BBC
26 Pressure M-76 kPa | -11.325] -9.964| -3.607| O-DDA
27 Pressure M-77 kPa | -10.091| -10.555| -2.857] O-BBC
28 Pressure M-78 kPa | -11.051] -10.1567! -2.857] O-DDA
29 Pressure M-79 kPa | -10.939| -10.724! -2.857 O-CD
30 Pressure M-80 kPa | -10.626| -10.333, -2.857 [0}
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Table 2-3 (d) Sensors installed in the Buffer (Orthogonal coordinate)

Sensor Sensor| Measurement |Measurement| Unit Coordinate(m) Observation

Number Number X(m) Y(m) Z(m) line

Thermocouple TT-1| Temperature T-62 C | -11.051] -10.157| -7.387| O-DDA
2| Temperature T-63 C | -10.571] -10.336/ -6.357 o

3| Temperature T-64 T -9.760, -10.612] -6.357] O-BBC

4| Temperature T-65 T | -11.229; -10.149; -6.357] O-DDA

5| Temperature T-66 T | -10.075! -10.512; -6.307| O-BBC

6] Temperature T-67 T | -10.997 -10.654] -6.307] O-CD

7| Temperature T-68 T -9.913| -10.563) -6.357] O-BBC

8| Temperature T-69 T | -11.067| -10.200, -6.307| O-DDA

9] Temperature T-70 T -9.897| -10.505 -5.357| O-BBC

10| Temperature T-71 T | -11.229| -10.149] -5.357| O-DDA

11 Temperature T-72 T | -11.067; -10.200, -5.387| O-DDA

12| Temperature T-73 T | -11.012| -10.632] -5.387 O-CD

13| Temperature T-74 € | -10.056/ -10.428] -5.387| O-BBC

14| Temperature T-75 T -9.760, -10.612, -4.407] O-BBC

| 15| Temperature T-76 T -9.913 -10.563 -4.407| O-BBC

i 16| Temperature T-77 T | -11.229, -10.149 -4.407| O-DDA

17] Temperature T-78 T | -10.078] -10.521 -4.437] O-BBC

18| Temperature T-79 T | -10.912] -10.748] -4.437 O-CD

19| Temperature T-80 T | -11.064] -10.191] -4.437] O-DDA
20| Temperature T-81 T | -10.559! -10.287, -4.407 0

21| Temperature T-82 C | -10.975| -10.683| -3.607] O-CD

22| Temperature T-83 T | -11.070/ -10.208! -3.607] O-DDA
23] Temperature T-84 T | -10.571| -10.316/ -3.607 0]

24] Temperature T-85 T -9.760] -10.612, -2.857] O-BBC

25| Temperature T-86 T | -10.075! -10.512 -2.857| O-BBC
26| Temperature T-87 C | -10.571] -10.316, -2.857 )

27| Temperature T-88 T | -11.067! -10.200 -2.857| O-DDA

28| Temperature T-89 T | -11.382| -10.100; -2.857] O-DDA

Heat flux MF-1 Heat flux T-90 W/m?| -10.075! -10.512] -5.357| O-BBC

sensor 2 Heat flux T-91 W/m®| -10.969 -10.690, -5.357] O-CD

3 Heat flux T-92 W/m?| -11.079] -10.243, -5.357] O-DDA

4 Heat flux T-93 W/m?| -11.401| -10.172; -5.357| O-DDA

5 Heat flux T-94 W/m?| -9.760, -10.612] -5.357| O-BBC

6 Heat flux T-95 W/m?| -11.222/ -10.902] -5.357 O-CD
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3. Applicability test of sensors to obtain the water content

3.1 Introduction

In order to measure the water content in the buffer, the thermocouple psychrometer and the
hygrometer are used. However, these sensors do not measure the water content directly. The
thermocouple psychrometer measures the chemical potential and the temperature, and the
hygrometer measures the relative humidity and the temperature. Therefore, the equation is
necessary to calculate the water content from the temperature and the chemical potential (or
relative humidity). This equation is obtained by laboratory test. This chapter shows the results
of laboratory test.

3.2 Hygrometer

3.2.1 Test method

(1) Bentonite specimen

Applicability test for the hygrometer is carried out by using the five kinds of bentonite

specimen with different gravimetric water content. The gravimetric water contents of
specimens are 5%, 10%, 12%, 15% and 20%. The specimen is put in the sealed acryhc
vessel with 7cm in inside diameter and 10cm in height. The dry density of specimen is
1.6g/cm’. A hole is made at the center of the vessel lid and specimen. The hygrometer is
installed to the center of the specimen from the hole of the vessel lid and the hole is sealed
by the silicon rubber. Figure 3-1 shows the schematic of the test.

(2)Test apparatus and test method
Table 3-1 shows the specification of the test apparatus and Table 3-2 shows the test
conditions. The parameters for the test are water content and temperature as shown in Table
3-2. Figure 3-2 shows the hygrometer. The diameter of sensor is 13.5mm and length is
70mm.

Test procedure is as follow;

(DWater content of bentonite is adjusted to the required value and then the bentonite is

cured
(@Bentonite is compacted to the required dry density and the sensor is installed in the

specimen.
(3The vessel with specimen is set into the thermostat.

(@Temperature in the thermostat is controlled at required value. Temperature control

schedule is shown in Figure 3-3.
(®Measurement program is started. Temperature and relative humidity are measured

automatically during the test period.
(®After the measurement by hygrometer, specimen is took out from the vessel and water

content is measured by oven-dry method. As shown in Figure 3-4, water content of
different part of specimen is measured.

In order to check the temperature distribution in the specimen, thermocouple is installed
in the specimen. Figure 3-5 shows the location of the thermocouples.
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Figure 3-1 Schematic of the test Figure 3-2 Hygrometer

Table 3-1 Specifications of the apparatus

Apparatus Maker, Type Remark
Hygrometer VAISALA(Finland), HMP233
Thermostat Isuzu(Japan), ESF-115S
Data Acquisition NEC San-ei(Japan), 7V 14 Transform of analog
Controller data to digital
Personal Computer Record of data

Table 3-2 Test conditions

Water content | 5% | 10% | 12% | 15% | 20%
Temperature
Heating 25°C O NON NONNON NG
Heating 45°C O NONNONNON KO
Heating 65°C OO OO ] 0O
Heating 80°C OlOl1O|O]O0O
Cooling 65C O NONNONNON NGO
Cooling 45C Q1O (O] O] 0
Cooling 25°C O NONNONNON NG
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3.2.2 Test results
(1)Measurement of temperature distribution
Figure 3-6 shows the temperature distribution in the specimen. When the temperature in

the thermostat is raised gradually, the temperature at the inside of cell is raised quickest,
and that at the middle part of specimen, that at the center part following in that order. After
2 or 3 hours past, the temperature in the specimen becomes uniform. Therefore, it is
indicated that temperature in the specimen becomes uniform after several hours past from
the ascent of temperature of thermostat.
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Figure 3-6 Temperature distribution in the specimen
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(2)Measurement results of water content by oven-dry method :

After the end of experiment, test cell was demolished and water content in the specimen
was measured by oven-dry method. Table 3-3 shows the measurement results. Water
content was measured at the four parts of specimen as shown Figure 3-4. From this table, it
is shown that water content in the specimen is uniform.

Table 3-3 Water content distribution in the specimen

Setting water content (%) 5% 10% 12% 15% 20%
Upper 6.40 10.6 11.1 15.9 18.9

Measured [Middle | Center | 6.39 10.3 10.9 15.8 19.0
value(%) Outer | 627 | 106 | 111 15.9 19.0
Lower 633 | 11.0 11.1 159 | 19.0

Average 6.35 10.6 11.1 15.9 19.0

(3) Measurement results by hygrometer
Figures 3-7 to 3-11 show the measurement results by hygrometer with different water
content. Relative humidity of the specimens with water content of 6.35%, 10.6% and 11.1%
increases with temperature. Relative humidity of the specimens with water content of
15.9% and 19.0% is almost 100%RH at all time. Therefore, it is known from these figures
that water content of 15.9% is above the upper limit water content that can be measured by
hygrometer indirectly.

Relationship between water content, relative humidity and temperature is obtained by use
of the measured relative humidity and temperature value after three hours past from the
ascent of temperature at each setting temperature because temperature becomes uniform at
that time as shown Figure 3-6. Table 3-4 shows the measured value of relative humidity and
temperature.

Figure 3-12 shows the relationship between relative humidity and temperature at each
water content. Relative humidity increases in direct proportion to the temperature except for
the specimen with water content of 15.9% and 19.0%.

Figure 3-13 shows the relationship between relative humidity and water content at each

temperature. From this figure, it is known that relative humidity increases with water
content in the lower water content range down to 15.9%.
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Figure 3-7 Measurement results by hygrometer with water content of 6.35%
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Figure 3-8 Measurement results by hygrometer with water content of 10.6%
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Figure 3-10 Measurement results by hygrometer with water content of 15.9%
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Figure 3-11 Measurement results by hygrometer with water content of 19.0%

Table 3-4 Measurement value by hygrometer at each temperature

Water content | Water content | Water content | Water content | Water content
6.35% 10.6% 11.1% 15.9% 19.0%

Temp. | RH. | Temp.| RH. | Temp. | RH. | Temp.| RH. ! Temp.| R.H.

T %RH C % RH T % RH C % RH T % RH
24.1 53.7 25.6 68.6 23.6 72.2 25.8 99.6 23.7 98.6
45.6 54.7 45.8 73.3 45.8 75.7 45.8 98.7 46.0 99.9
65.5 57.3 65.6 75.7 65.9 78.5 65.7 98.9 66.3 99.9
80.6 60.1 80.7 79.0 81.1 81.9 80.7 99.9 81.7 99.9
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(4)Multi-regression analysis
Multi-regression analysis is carried out by use of the measured relative humidity and
temperature with water content of 6.35%, 10.6%, 11.1% and 15.9%. Linear multi-regression
analysis which is expressed in [z=ax+by+c] is adopted as relative humidity and temperature

for independent variables and as water content for dependent variable. The equation
obtained by the analysis is as follow. .

© = 0.220H-0.0257T-4.52 (3-1)

where, @ is the water content [%], H is the rclative humidity [%RH] and T is the

temperature [°C]. The upper limit of applicability of this equation is water content of
16.0%.

Figure 3-14 shows the comparison between measured water content and analytical water
content by equation (3-1). Analytical values agree well with the measured values.
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Figure 3-14 Comparison between measured and analytical water content
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3.3 Thermocouple psychrometer
3.3.1 Test method
(1)Introduction
Following tests are carried out for the applicability test of thermocouple psychrometer.
® In order to examine the measuring range of thermocouple psychrometer for bentonite
OT-9607, pre-test are carried out by use of bentonite OT-9607 with various
gravimetric water contents under room temperature. (Pre-test)
® Chemical potential with various gravimetric water contents under controlled
temperature (room temperature to 80°C) is measured. (Main test)
® Comparison of measured temperature between the thermocouple psychrometer and the
other sensors are carried out. (Temperature test)

(2)Bentonite specimen
Pre-test is carried out by use of six kinds of bentonite specimen with different gravimetric
water content The gravimetric water content of specimens are 10%, 15%, 20%, 25%, 30%
and 35%. Main test is carried out by use of three kinds of bentonite specimen with different
gravimetric water content. Temperature test is carried out by use of five kinds of bentonite
specimen with different gravimetric water content. The test condition is seen in Table 3-5.
Test conditions for main test are determined on the basis of the results of pre-test.

Table 3-5 Test conditions for the applicability test of thermocouple psychrometer

Water content | 10% | 15% | 20% | 25% | 30% 35% Controlled
temperature
Pre-test @) O O O O O  |Room temperature
Main test X O O O X X | 25,45, 65, 80°C
Temperature X O O O O O 25 - 80°C
test

(3)Test apparatus and test method

Table 3-6 shows the specifications of the test apparatus for the applicability test of
thermocouple psychrometer. In order to measure the water potential, we use the Dew
Point Microvoltmeter (HR-33T) made by WESCOR, USA. HR-33T is shown in Figure 3-
15. This HR-33T can measure the water potential by use of several kinds of devise. In this
time, we use two kinds of devise. First one is sample chamber made by WESCOR, USA (C-
52 chamber, seen in Figure 3-16), and the other is in-situ sensor made by WESCOR, USA
(PST-55, seen in Figure 3-17). In order to measure by in-situ sensor, bentonite specimen is
put in the sealed acrylic vessel like applicability test of hygrometer (PST-55 chamber). This
meter can measure the water potential by two methods. One is hygrometric method and the
other is psychrometric method. In this test, we try to apply both methods.

Measuring procedure of thermocouple psychrometer is as follow.

(OMicrovoltmeter HR-33T is switched on and warmed up for ten minutes before the

start of measurement
@“FUNCTION?” switch is turned on to the “SHORT”, and C-52 chamber and PST-55

chamber are connected to the Microvoltmeter.
@*“RANGE?” switch is changed to 100, 30 and 10, and the zero position of the pointer is

checked by “ ZERO OFFSET” control at every range.
@®“RANGE” switch is changed to 100, “FUNCTION” switch is changed to the
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“READ” and “°C/V” switch is changed to “°C”. And after the temperature (7) is
measured, “°C/V” switch is changed to “V”.

(®The value of “nV” is calculated by following equation
“rV” = “Cooling coefficient” + (7' — 25) x 0.7 (3-2)

While depressing the “nV” button, “ntV” value is adjusted at the calculated value by
the “ tV set” control.

(®* FUNCTION” switch is changed to the “READ”, “RANGE” switch is changed to

100, 30 and 10, and the zero position is checked by “ ZERO OFFSET” control at
every range.
(DWater potential is measured by hygrometric method.

“FUNCTION” switch is changed to the “COOL” and “RANGE” switch is changed
to 100. When the pointer is stopped, “FUNCTION” switch is changed to “DP”.
When the pointer is stopped again, the value shown by the pointer is taken as DI
value. Water potential (P) [bar] is calculated by equation (3-3)

P1=-DI/0.75 (3-3)

(®Water potential is measured by psychrometric method.

“FUNCTION’ switch is changed to the “READ” from the “DP”. When the pointer is
stopped, the value shown by the pointer is taken as 4/. Water potential (P2) [bar] is
calculated equation (3-4)

P2=-41/0.47 (3-4)

In fact, when water potential is measured by psychrometeric method, compensation
by the temperature is needed. However, there is no compensation in this stage
because temperature is considered in the multi-regression equation as described in a
later.

@“FUNCTION?” switch is changed to the “SHORT”
@“FUNCTION?” switch is changed to the “HEAT” and it keeps for ten seconds in order

io avoid the condensation of water.
@”FUNCTION” switch is changed to the “SHORT” and water potential is measured at

another channel.
@@When all works are finished, "FUNCTION” switch is changed to the “SHORT” and

Microvoltmeter is switched off.

The procedure of pre-test is as follow.
(DWater content of bentonite is adjusted to the required value and then the bentonite is

cured.
(@Bentonite is put in the C-52 chamber and the PST-55 chamber

(®Water potential is measured by hygrometric method

(®Water potential is measured by psychrometric method

(®After the measurement by thermocouple psychrometer, specimen is took out from the
chamber and water content is measured by oven-dry method.

__38_
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The procedure of main test is as follow.

(DWater content of bentonite is adjusted to the required value and then the bentonite is

cured.

(@Bentonite is put in the C-52 chamber and the PST-55 chamber

(®Chamber is set in the thermostat to control the temperature

(®Measurement program is started Temperature in the thermostat is controlled at

required value. TIemperature control schedule is shown in Figure 3-3.
(®Temperature and water potential are measured just before the temperature is step up

to the next step. In other words, these are measured after 24 hours past from the set

of temperature at required value. Water potential is measured by two methods.

(©After the measurement by thermocouple psychrometer, specimen is took out from the
chamber and water content is measured by oven-dry method.

According the manual of the thermocouple psychrometer, the thermocouple in the
sensors has an error due to the non-linearity and calibration curve by temperature is shown
under 60°C. Therefore, the temperature test is carried out to check those effects. During the
temperature test, temperature in the PST-55 chamber is measured by resistance

thermometer bulb and thermocouple.

Table 3-6 Specifications of apparatus for the applicability test of thermocouple psychrometer

Apparatus Maker, Type Remark
Microvoltmeter HR-33T, WESCOR (USA)
Sample chamber C-52-SF, WESCOR (USA)
Sample chamber Acrylic vessel
(Water potential is measured by PST-55,
WESCOR (USA))

Thermostat

ESF-1158, Isuzu (Japan)
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V/ESTOR

Figure 3-15 Microvoltmeter (HR-33T)



JNC TN8400 99-034

Figure 3-17 In-situ sensor (PST-55)
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3.3.2 Test results
(1)Pre-test

Table 3-7 shows the results of pre-test regarding the measuring range of thermocouple
psychrometer for bentonite OT-9607. Figures 3-18 and 3-19 show the measurement results
by C-52 chamber and PST-55 chamber, respectively. Pre-test was carried out ubder the
room temperature condition (22°C). From the results, it is shown that it is impossible to
measure the water potential of the specimen with water content of 10%. Absolute value of
water potential decrease with water content increase.

Table 3-7 Results of pre-test regarding the measuring ran

e of thermocouple psychrometer

C-52 sample chamber

PST-55sam

ple chamber

Water content
(%)

Each

I Average
specimen

Temp.
T
()

Hygrometric
Method

Psychrometric
Method

Hygrometric
Method

Psychrometric
Method

DI(nV) | P1(bar)

AI(uV) | P2(bar)

DI(uV) | P1(bar)

AI(uV) [ P2(bar)

10.4
10.6
10.8

10.6

22.0

Impossible

16.4
16.6
16.7

16.6

22.0

40.8 | -54.4

19.0 | -40.0

323 | -43.1

17.8 | -37.9

21.1
20.9
20.8

20.9

22.0

21.0 | -28.0

9.5 | -20.2

19.8 | -26.4

11.0 | -234

26.6
26.2
26.4

26.4

22.0

145 | -193

76 | -16.2

17.5 | -233

9.8 | -20.9

27.2
29.2
28.1

28.2

22.0

142 | -18.9

74 | -157

11.8 | -15.7

3.8 -8.1

36.1
35.9
37.0

36.3

22.0

84 | -112

46 | -9.8

88 | -11.7

4.5 -9.6
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(2)Main test
Water content of the specimens used in the main test were 14.5%, 19.5% and 23.2%.
Measurement results by thermocouple psychrometer are shown in Tables 3-8, 3-9 and 3-10.
Figure 3-20 shows the relationship between temperature and water potential measured by C-
52 chamber and Figure 3-21 shows that measured by PST-55 chamber. Figure 3-22 shows
the relationship between water content and water potential measured by C-52 chamber and
Figure 3-23 shows that measured by PST-55 chamber.

From these figures, following results are obtained.

- Four kinds of the relationship between temperature and water potential are obtained by
use of two chambers and two methods. All results show that absolute value of water
potential is increase with temperature. The relationship between temperature and water
potential shows the linearity.

- Absolute value of water potential decrease with water content increase.

- As compared between two methods, the water potential value measured by hygrometric
method is almost the same with the water potential value measured by psychrometric
method under room temperature condition. However, absolute value measured by
psychrometric method becomes bigger than that measured by hygrometric method when
the temperature is high. This is because measurement value by psychrometric method is
not compensated.

- As compared between two chambers, the water potential values measured under room
temperature are almost the same. However, when temperature becomes high, absolute
value measured by use of C-52 chamber becomes higher than that measured by use of
PST-55 chamber. After the test, water content of each specimen was measured. As a
result, the specimen in the C-52 chamber was dried as shown in Tables 3-8 to 3-10. The
reason is considered that the amount of sample in the C-52 chamber is small as 0. 3g and
the C-52 chamber was not sealed enough.
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Table 3-8 Results of main test with water content of 14.5%

C-52 chamber, Heating phase

C-52 chamber, Cooling phase

Temp. | Hygrometric Psychrometric | Temp. | Hygrometric Psychrometric
Method Method Method Method

T D1 Pl Al P2 T Dl | PI Al P2

O | v) | (bar) | (uv) | (bar) | (°C) | (uv) [ (bar) | (uV) | (bar)

23.0 43.0 | -57.3 | 215 | -45.7 | 84.5 __Impossible

47.0 455 | -60.7 | 33.5 | -71.3 | 64.5 Impossible

68.0 52.5 -70.0 | 44.5 -94.7 | 43.0 Impossible

85.0 63.5 | -84.7 | 57.5 | -122.3 | 27.0 Impossible

(Note)

Mass of chamber: 434.43g
Mass of sample: 0.27g
Before the test (chamber + sample ): 434.70g
After the test (chamber + sample ): 434.64¢g
Difference of mass: 0.06g (Specimen is dried from water content of 14.5%)

PST-55 chamber, Heating phase

PST-55 chamber, Cooling phase

Temp. | Hygrometric Psychrometric | Temp. | Hygrometric Psychrometric
Method Method Method Method
T D1 Pl Al P2 T D1 Pi Al P2
(°C) (wv) | (bar) | (uv) | (bar) | (°C) (uv) | (bar) | (uv) | (bar)
23.5 39.5 | -52.7 | 21.0 | -44.7 | 83.5 450 | -60.0 | 41.0 | -87.2
47.0 41.0 | -54.7 | 30.0 | -63.8 [ 66.5 43.0 | -57.3 | 38.0 | -80.9
68.0 | 435 | -58.0 | 37.0 | -78.7 | 43.0 | 43.0 | -573 | 29.0 | -61.7
85.5 445 | -593 | 405 | -862 | 28.0 | 385 [ -513 | 21.5 | -45.7
(Note)

Mass of chamber: 946.03g
Mass of sample: 38.48g
Before the test (chamber + sample): 984.51g
After the test (chamber + sample): 984.47g

Difference of mass: 0.04g (Water content of sample decreased to 14.4% from 14.5%)
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Table 3-9 Results of main test with water content of 19.5%

C-52 chamber, Heating phase

C-52 chamber, Cooling phase

Temp. | Hygrometric Psychrometric | Temp. | Hygrometric Psychrometric
Method Method Method Method
T DI Pl Al | P2 T D1 Pi Al P2
CC | (V) | (bar) | (uV) | (bar) | (°C) | (uV) [ (bar) | (uV) | (bar)
25.0 17.5 | -23.3 9.5 -20.2 | 845 | 435 | -58.0 | 395 | -84.0
46.0 210 | -280 | 155 | -33.0 | 650 | 43.0 | -573 | 37.0 | -78.7
68.0 25.5 | -34.0 | 22.0 [ 468 | 440 [ 39.0 | -520 | 30.5 | -64.9
85.5 310 | 413 | 280 | -59.6 | 25.5 35.0 | -46.7 | 22.0 [ -46.8
(Note)

Mass of chamber: 434.40g
Mass of sample: 0.18g
Before the test (chamber + sample): 434.58¢g
After the test (chamber + sample): 434.56g
Difference of mass: 0.02g (Water content of sample decreased to 6.7% from 19.5%)

PST-55 chamber, Heating phase

PST-55 chamber, Cooling phase

Temp. | Hygrometric Psychrometric | Temp. | Hygrometric Psychrometric
Method Method Method Method
T DI Pl Al P2 T DI Pl Al P2
CC) | (uv) | (bar) | (uv) | (bar) | (°C) | (uV) [ (bar) | (uv) | (bar)
25.5 19.0 | -25.3 11.0 | -234 | 85.0 | 270 | -36.0 | 245 | -52.1
46.0 20.5 | -27.3 155 | -33.0 | 65.0 250 [ -333 [ 220 | -46.8
68.0 24.0 | -32.0 | 20.5 | -436 | 420 | 22.0 | -29.3 | 18.0 | -383
84.5 25.0 | -33.3 [ 23.0 | -489 | 25.5 19.5 ] -26.0 | 14.0 | -29.8
(Note)

Mass of chamber: 945.96g
Mass of sample: 38.25¢g
Before the test (chamber + sample): 984.21g
After the test (chamber + sample): 984.12g

Difference of mass: 0.09g (Water content of sample decreased to 19.3% from 19.5%)
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Table 3-10 Results of main test with water content of 23.2%

C-52 chamber, Heating phase

C-52 chamber, Cooling phase

Temp. | Hygrometric | Psychrometric | Temp. | Hygrometric | Psychrometric
Method Method Method Method
T DI P1 Al P2 T DI Pl Al P2
CO | V) | (bar) | (uv) | (bar) | (°C) | (uV) | (bar) | (uV) | (bar)
23.5 12.5 | -16.7 6.4 -13.6 | 83.0 [ 245 | -32.7 | 220 | -46.8
46.0 16.0 | -21.3 | 12.0 | -255 | 65.0 | 225 | -30.0 | 19.5 | -415
67.0 190 | -253 | 160 | -34.0 | 440 | 19.0 | 253 | 150 | -31.9
83.0 | 225 | -30.0 | 20.0 | 426 | 240 | 155 | -20.7 9.5 -20.2
(Note)

Mass of chamber: 433.58¢g
Mass of sample: 0.33¢g
Before the test (chamber + sample): 433.91g
After the test (chamber + sample): 433.89¢g
Difference of mass: 0.02g (Water content of sample decreased to 14.8% from 23.2%)

PST-55 chamber, Heating phase

PST-55 chamber, Cooling phase

Temp. | Hygrometric Psychrometric | Temp. | Hygrometric Psychrometric
Method Method Method Method

T DI Pl Al P2 T D1 P1 Al P2
CO | (uv) | (bar) | (uV) | (bar) | (°C) [ (uv) | (bar) | (uv) | (bar)
24.0 9.5 -12.7 5.5 -11.7 | 84.0 175 | -233 | 16.0 | -34.0
46.0 15.0 | -20.0 | 11.5 | -24.5 | 66.0 175 | 233 | 150 | -31.9
67.0 17.0 | -22.7 | 140 | -29.8 | 45.0 17.5 1 233 | 145 | -309
83.0 17.0 | -22.7 | 150 | -319 | 24.0 150 | -20.0 | 10.0 | -21.3

(Note)

Mass of chamber: 945.92g
Mass of sample: 42.93g
Before the test (chamber + sample): 988.85g
After the test (chamber + sample): 988.82¢g
Difference of mass: 0.03g (Water content of sample decreased to 23.1% from 23.2%)
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Figure 3-20 Relationship between temperature and water potential (C-52 chamber)
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(3)Multi-regression analysis

Multi-regression analysis is carried out by use of the measured water potential and
temperature with water content of 14.5%, 19.5% and 23.2%. Linear multi-regression
analysis which is expressed in [z=ax+by+c] is adopted as water potential and temperature
for independent variables and as water content for dependent variable. Multi-regression
analysis is carried out by use of four results; two sample chambers of C-55 chamber and
PST-55 chamber, and two methods of hygrometric method and psychrometric method,
respectively. The equations obtained by the analysis are as follows.

C-52 chamber, Hygrometric method;
= 0.0606P + 0.219T + 7.52 (3-5)

C-52 chamber, Psychrometric method method;
@=0.114P + 0.284T + 7.28 (3-6)

PST-55 chamber, Hygrometric method;
= 0.0265P + 0.198T + 7.19 (3-7

PST-55 chamber, Psychrometric method method;
@=0.102P + 0.254T + 7.50 (3-8)

where, @ is the water content [%], P is the water potential [bar] and T is the

temperature[°C]. The lower limit of applicability of these equations is water content of
15.0%.

Figures 3-24 to 3-27 show the comparisons between measured water content and
analytical water content obtained by above equations. Analytical water content does not
agree with the measured value because the relationship between water content and water
potential is not linear. Maximum error is approximately 40%.

Therefore, non-linear multi-regression analysis which is expressed in [@ = a In(-P)+bTc]

is adopted as logarithm of water potential and temperature for independent variables and as
water content for dependent variable. The results are as follows.

C-52 chamber, Hygrometric method;
W= -7.66 In(-P )+ 0.0636T + 43.03 (3-9)

C-52 chamber, Psychrometric method method;
o= -7.71 In(-P )+ 0.133T + 40.59 (3-10)

PST-55 chamber, Hygrometric method; ,
= -7.70 In(-P )+ 0.0419T + 43.29 (3-11)

PST-55 chamber, Psychrometric methocf method,;
= -7.74 In(-P )+ 0.102T + 41.52 (3-12)
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where, @ is the water content [%], P is the water potential [bar] and T is the

temperature[°C]. The lower limit of applicability of these equations is water content
of 15.0%.

Figures 3-28 to 3-31 show the comparisons between measured water content and
analytical water content obtained by above equations. Analytical values by equations (3-9)
to (3-12) agree with the measured values better than analytical values by equations (3-5) to
(3-8).
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Figure 3-24 Comparison between measured and analytical water content
(Linear analysis, C-52 chamber, Hygrometric method)
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Figure 3-26 Comparison between measured and analytical water content
(Linear analysis, PST-55 chamber, Hygrometric method)
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Figure 3-27 Comparison between measured and analytical water content
(Linear analysis, PST-55 chamber, Psychrometric method)
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Figure 3-28 Comparison between measured and analytical water content
(Non-Linear analysis, C-52 chamber, Hygrometric method)
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Figure 3-29 Comparison between measured and analytical water content
(Non-Linear analysis, C-52 chamber, Psychrometric method)
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Figure 3-30 Comparison between measured and analytical water content
(Non-Linear analysis, PST-55 chamber, Hygrometric method)
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(4) Temperature test
Measurement value of temperature by thermocouple psychrometer has error when the
temperature is high because of the non-linearity of thermocouple in the sensor. Then
temperature test is carried out in order to confirm this error by use of PST-55 chamber. In
order to compare the temperature, two resistance thermometer bulbs (Chino Corp. (Japan))
and one thermocouple (Chino Corp. (Japan)) is installed near the thermocouple
psychrometer in the PST-55 chamber.

Figure 3-32 shows the time history of temperature measured by thermocouple
psychrometer, resistance thermometer bulb and thermocouple. Figure 3-33 shows the
comparison of temperature between thermocouple psychrometer and resistance thermometer
bulb. The value of resistance thermometer bulb is average value of two sensors. From these
figures, it is shown that the temperature measured by the thermocouple psychrometer is a
little higher than that by the others. Figure 3-34 shows the temperature difference between
resistance thermometer bulb and thermocouple psychrometer and Figure 3-35 shows the
relationship between the temperature difference and temperature measured by resistance
thermometer bulb. In the heating phase, temperature difference increses with temperature.
And the temperature difference decreases with temperature decrease. However, hysteresis is
seen during the heating and cooling. Becasuse the heating speed was not so fast, it is
inconceivable that hysteresis is caused by the heat cinduction of material.
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Figure 3-32 Measurement results of temperature by resistance thermometer bulb,
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3.4 Equation to calculate the water content
Applicability tests of hygrometer and thermocouple psychrometer were carried out and
equations to calculate the water conetnt from the relative humidity and temperature
measured by hygrometer, and from the water potential and temperature measured by
thermocouple psychrometer are obtained.

In respect to the thermocouple psychrometer, two chambers were used and two
measuring methods were adopted. As compared between two chambers, C-52 chamber was
not sealed enough, that is, it is difficult to apply this chamber to measure the water potential
at high temperature condition. As compared between two measuring methods, hygrometric
method is unaffected by temperature and the sensitivity coefficient of hygrometric method is
two times of psychrometric method. Therefore, we determine that in-situ measurement will
be carried out by hygrometric method and water content will be calculated by the equation
that was obtained by the result of PST-55 chamber and hygrometric method.

As mentioned above, we determine to use following equations to calculate the water
content by the measurement results of hygrometer and thermocouple psychrometer.

Hygrometer:
o= 0.220H- 0.0257T - 4.52 (0 =16%) @3-

where, @ is the water content [%], H is the relative humidity [%eRH] and T is the
temperature[°C].

Thermocouple psychrometer:
w=-7.70 In(-P )+ 0.0419T + 43.29 (0w =15%) (3-11

where, @ is the water content [%], P is the water potential [bar] and T is the
temperature[°C].
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4. Outline of T-H-M test

4.1 Heater

A heater consists of (D carbon-steel heater annulus and oil circulation system, @ electric
heater and (® internal oil. The heater annulus is cylindrical vessel with a diameter of 1040

mm and a height of 1950 mm. The electric heater and oil are installed in the heater annulus
and temperature on the heater surface is controlled at a constant value by circulating the
internal oil. Specification of each component is mentioned below. Figure 4-1 shows the
schematic of heater used in this test compared with the real concept of the waste package
[Power Reactor and Nuclear Fuel Development Corporation, 1992].

(DCarbon-steel heater annulus and oil circulation system

The carbon-steel heater annulus is made of SM400B, JIS G3106. Figure 4-2 is an
external view of the heater annulus. The dimension of the heater is 1040 mm in diameter
and 1950 in height. The thickness of side part and bottom part is S0 mm, and the
thickness of the top is 55 mm. This heater annulus consists of 4 segments, each 500 mm
thick and 1040 mm in diameter which was installed sequentially as the buffer was
compacted around it [Sugita et al., 1999]. Figure 4-3 shows the inner part of the heater
annulus.

As the oil circulation system, one screw stirrer and two air supply pipes to agitate the
internal oil are installed in the heater annulus.

@Electric heater

The electric heater consists of six cartridges with 1600 mm in length. The capacity of
each cartridge is 1667 W. Maximum capacity of the electric heater is approximately 10
kW and maximum temperature is 300°C.

®Internal oil

Oil is installed in the heater annulus in order to transfer heat from the electric heater to
the heater annulus. Oil is THERMOL No. 32 (Nippon Sekiyu, Japan) and specific gravity
is 0.909, the pour point is —25°C and the flashing point is 230°C. In order to monitor the
oil level, a float is installed in the heater annulus.
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Figure 4-1 Schematic of heater

Figure 4-2 External view of the heater annulus
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T, o,

Figure 4-3 Inner part of the heater annulus

4.2 Concrete lid

Figure 4-4 shows the concrete lid that is settled in order to avoid the extrusion of the buffer.
Figure 4-5 shows the horizontal projection of the concrete lid. The casing pipe that was used
for the excavation of the test pit [Fujita, et al, 1997a] is installed upside down on the top of
buffer and concrete is emplaced into the casing pipe. Sensor cables that were installed in the
bufter are fixed in the tube by resin to avoid the extrusion of the bufter or inflow of the water
from the flooding pool. Sensor cables are threaded through the flexible tube in the concrete lid
not to contact the concrete directly. The flexible tube is filled with the urethane foam. As
shown in Figure 4-5, steel pipe is installed in the concrete lid to perform the core boring for
the sampling of the buffer.

Figure 4-6 shows the fixation method of the concrete lid. The concrete lid is fixed to the
rock by the anchor and four steel H piles are established on the top of the concrete lid. The
hydraulic jack is installed at the bottom part of each steel H pile and pressurized in the
vertical direction to fix the steel H pile. Horizontal steel H piles are established to avoid the
buckling of the vertical steel H pile.
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4.3 Test area

Figure 4-7 shows the test area. In order to control the temperature and the humidity in the
test drift, a bulkhead is established in the test drift and an air conditioner is installed in the test
area. Figure 4-7 shows the location of the bulkhead and Figure 4-8 shows the schematic of the
bulkhead. The air conditioner is installed to control the temperature and the humidity, and the
bulkhead is established to maintain the temperature and the humidity.

A monitoring room is placed at the entrance of the test are as shown in Figure 4-7. Data
loggers, scanners and microvoltmeter are settlement in the monitoring room.

In order to establish the boundary condition for analysis and to accelerate the water flow
through the rock mass, the dam for the pool is constructed on the floor of the test area as
shown in Figure 4-7. Water head is kept 40cm at the center of the test pit as shown in Figure
4-9.

4.4 Test condition

The heating test was started on December 17 1996. During the heating test, the heater
annulus was controlled to be 100°C at the center of the bottom as shown in Figure 4-10.
Heating test stopped on September 1 1997 and then cooling test started. The test period is as
follows.

(OHeating test (Approx. 260days)
December 17, 1996, 14:00 - September 1, 1997, 14:00

(OCooling test (Approx. 180days)
September 1, 1997, 14:00 - March 10, 1998, 15:00

Figure 4-11 shows the time history of the temperature at the control point. The temperature
of the control point went up quickly to be 100°C and maintained its stability. From 8:30 of
June 13, 1997 to 12:50 of June 16, the heater was stopped due to the electricity failure. When
the heater was stopped, temperature went down gradually. However, it did not return to the
initial value. On 12:50 of June 16, heater was started and then temperature returned back to be
100°C immediately. After about 200days past from the start of heating, heater trouble was
occurred. Because of this effect, temperature of heater was raised. However, temperature
became constant again after the repair of the heater. After the heater was stopped on
September 1, temperature at the control point went down gradually.

Temperature of the water of the flooding pool was constant at 12.3°C and water head of the
flooding pool was kept 40cm at the center of the test pit.

At the end of heating test, bentonite sampling was carried out by using the sampling holes
along the sampling line 1 shown in Figure 4-5. At the end of cooling test, bentonite sampling
was carried out by using the sampling holes along the sampling line 2 shown in Figure 4-5.
After the cooling test, the buffer and the heater were demolished and water content and dry
density of buffer were measured.
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5. Measurement results

In this chapter, we discuss the measurement results monitored by sensors that were
installed in the rock mass and the buffer. During the experiment, some sensors were broken.
Then figures are drawn except for the data obtained by these sensors fundamentally. However,
the data those were obtained before the trouble of sensor were plotted in figures. In following
figures, the data by pore pressure transducer and pressure cell were compensated as
mentioned in Appendix A.

5.1 Thermal effect

Figure 5-1 shows the time history of heat flux at the surface of heater and test pit wall.
Just after the heating was started, the heat flux was very high, and it became low and constant
as the temperature became constant. The value of heat flux is approximately 130 W/m* when
it became constant, therefore, total heat flux is estimated to be approximately 1.27kW if heat
flux was the same at all surface of heater. After 180 days from the start of heating, heat flux
decreased due to the electricity failure and it continued about 3 days. After 200 days from the
start of heating, heat flux increased due to the trouble of heater. The ratio of the heat flux at
the surface of heater to that at the surface of test pit wall is in the range of 0.63 to 0.73 as
shown in Table 5-1. The ratio of the heat flux will be proportional to the distance from the
center of the heater if the heat flow is the ideal two-dimensional flow, because the heater is
cylindrical. The diameter of the heater is 0.52m, that of test pit is 0.85m and that of the heat
flux meter is 0.0017m. Then the ratio of the ideal heat flow is calculated to be 0.61 (heat flux
at the surface of the test pit wall/ heat flux at the surface of the heater = 0.61). Therefore, it is
known that heat flow at the center level of the heater is approximately two-dimensional flow.

Figures 5-2 to 5-7 show the time history of temperature in the buffer and Figures 5-8 to 5-
14 show the time history of temperature in the rock mass. The temperature in the buffer is
raised immediately and becomes constant at 20 days past, while that in the rock mass is raised
slowly and becomes constant at 100 days past. At the end of heating test, the temperature at
the buffer-rock interface is 55°C and then radial temperature gradient is approximately
1.3°C/cm. After the heater was turned off, temperature in both buffer and rock decreased
slowly and they became constant at 150 days past from the start of cooling phase.

Figure 5-15 shows the time history of temperature at the center level of the heater. There is
some difference of temperature between the directions at the middle part of buffer. However,
there is no difference of temperature between the directions at the outside part of buffer.
Figure 5-16 shows the relationship between the temperature and the distance from the center
of the heater at the steady state during the heating test. There is no difference of temperature
between the rock mass and the buffer if the distance from the center of the heater is the same.
It is considered from this figure that temperature is the function of the distance from the
center of the heater in this experiment because this experiment was performed under
temperature control of the heater.
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Table 5-1 Ratio of the heat flux at the surface of heater to that at the surface of test pit wall

After 50 days from the start of heating
BBC section | MF-5(outside)/MF-1(inside) | 94.2(w/m?)/129.9(w/m?) = 0.73

DDA section | MF-4(outside)/MF-3(inside) | 89.1(w/m*)/139.4(w/m?) = 0.64
CD section | MF-6(outside)/MF-2(inside) | 85.3(w/m*)/132.7(w/m?) = 0.64

After 100 days from the start of heating

BBC section | MF-5(outside)/MF-1(inside) | 92.0(w/m?*)/129.0(w/m?) = 0.71

DDA section | MF-4(outside)/MF-3(inside) | 87.4(w/m?)/138.4(w/m?) = 0.63
CD section | MF-6(outside)/MF-2(inside) | 81.9(w/m?)/129.0(w/m?) = 0.64
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Figure 5-1 Time history of the heat flux (GL-3.0m)



JNC TN8400 99-034

96/12/17 Heating 97/9/1 Cooling
! T T
~————PC-1T (Center)
—o—TT-1 (DDA)
—a—PC-2T (CCD) |-
—o— PC-3T (CD) ]
—e—PC-4T {CDD)
— —+—PC-5T (D) ]
o —a— PC-6T (DDA) .
o —o—PC-7T (DA)
2 | ;
P [ J) | ————— SO SESU O S o
Q : o :
£
*9 i § i
3 [0 T ESCOOO RO R OO O e L O, -
Y OO TUOUOTSTES SUUTSTO S ................................ ]
0 100 200 300 400 500
Elapsed time [day]
Measured data of temperature (Buffer, GL-5.0m)
(1996/12/17-1998/3/10)
Figure 5-2 Time history of the temperature in the buffer (GL-5.0m)
96/12/17 Heating 97/9/1 Cooling
100 e T = >, T
Ihll BT TV B Tty ‘: v i
: ——TT-2 (Center)
{ —o—TT-5 (BBC)
AU Ny - o e e ! i —t—TT-8 (DDA)
80 ? SXITTRNRRTTN  yupaaiin :_ .............................. Veensesaencncad] ..,i .................... —-(.}—-TT-G (CD) ...... ]
— ’ ’ : —e——TT-7 (BBC)
3 —a—TT-4 (DDA)
. : ‘ —ao—TT-3 (BBC)
LR 21 0 J SO AR : ‘ i -——PC-8T (DDA) |- .
© : .
q’ O O ' Ol OO Oy
ot -, 03 ]
E a0 [ § e L S S -
=k
[ 10T TS U UUOPOSURPUURORS SRS o SOV SV .
. 'f'.‘.,','A"ﬁ A R WD
0 ;‘(: o= (ot & A‘ “'7:‘:1.
ol i ,
0 100 200 300 400 500
Elapsed time [day]

Measured data of temperature (Buffer, GL-4.0m)
(1996/12/17-1998/3/10)

Figure 5-3 Time history of the temperature in the buffer (GL-4.0m)



JNC TN8400 99-034

96/12/17 Heating

97/9/1 Gooling
— 2

100 2 ! !
& I —o—TT-13 (BBC)
—a—TT-11 (DDA)
F]0 ) TSRO SO | VU SESUUURRIOIN NTTORR UV ——TT-12 (CD)
—e—TT-9 (BBC)
— a2 O —o—TT-10 (DDA}
o - —e— PC-9T (BBC)
° 60 —a— PC-10T (DDA)
5 PP DU Y = DU —a—PC-11T(CD) |77
© ;
D
Q
g 40 B Y ]
|._
20 } ......................................................................................................... -
0 . | . | : " ! ) 1 "
0 100 200 300 400 500
Elapsed time [day]
Measured data of temperature (Buffer, GL-3.0m)
(1996/12/17-1998/3/10)
Figure 5-4 Time history of the temperature in the buffer (GL-3.0m)
96/12/17 Heating 97/9/1 Cooling
100 —/F——2—  — !
o TT17 (BBC)
—a—TT-20 (DDA)
—o—TT-18 (CD)
80 ——TT-15(BBC) [ 7
—o—TT-16 (DDA)
'5) —e—TT-14 (BBC)
e, —a—PC-12T (DDA)
2 60 | . T ]
= % H
@ ;
2
g 40 ................................ -
20 SOTOPUOPSSSUUUIOR OOTRSURIITTR. . ST SOOROTETOROU OO ................................ |
0 - i i .
200 300 400 500
Elapsed time [day]

Measured data of temperature (Buffer, GL-2.0m)

(1996/12/17-1998/3/10)

Figure 5-5 Time history of the temperature in the buffer (GL-2.0m)



JNC TN8400 99-034

Temperature [°C]

Temperature [°C]

96/12/17 Heating 97/9/1 Cooling
50 ——>. .  —
—o— PC-13T (BBC)
1 O SOUO STV URNTUUN: SUSRUTURUURUUURURTUSURURURY ST —&—PC-14T (DDA) |- -
—o—PC-15T (CD)
—A&—TT-22 (DDA)
—=—TT-21 (CD)
200 300 400 7500
Elapsed time [day]
Measured data of temperature (Buffer, GL-1.25m)
(1996/12/17-1998/3/10)
Figure 5-6 Time history of the temperature in the buffer (GL-1.25m)
96/12/17 Heating 97/9/1 Cooling
30—~ ! — = ! _
[ +ﬁ-24 (BBC) ]
02 OO SOOU OO YOO OOV OTONNS SOP O ——TT-28 (DDA) e ]
—a—TT-25 (BBC) ]
—a—TT-27 (DDA)
B Lo ....................................................................................................................................... ]
0 100 200 300 400 500
Elapsed time [day]

Measured data of temperature (Buffer, GL-0.5m)

(1996/12/17-1998/3/10)
Figure 5-7 Time history of the temperature in the buffe

r (GL-0.5m)



JNC TN8400 99-034

Temperature [°C]

Temperature [°C]

96/12/17 Heating

] 7 li
50 y | 9'/9/1 Co‘omgl;
e prarT
L -2
QO |ereeerrereeeremeemeecms e ee e N e S— _
- —0— PT-4T
—e—PT-5T
05 100 300" 300 400" 500
Elapsed time [day]
Measured data of temperature (Rock, KBH1)
(1996/12/17-1998/3/10)
Figure 5-8 Time history of the temperature in the rock (KBH1)
96/12/17 Heating 97/9/1 Cooling
50 —=>. T "““““,‘* : !
—re 1
..................................................... —o—PT-7T} ]
[ 5 OO OT OGO OO OV TROPOIOROPIORE S PT.eT ‘
—o—PT-9T
BO oo b eeee e e ea st oo eeneeeeeeene
ol ol i L i -
0 100 200 300 400 500
Elapsed time [day]

Measured data of temperature (Rock, KBH2)
(1996/12/17-1998/3/10)

Figure 5-9 Time history of the temperature in the rock (KBH2)



JNC TN8400 99-034

Temperature [°C]

Temperature [°C]

96/12/17 Heating

97/9/1 Coolin
50 = [Sad} Sl
——PT-10T
—o—PT-11T
o ST OO T OO SOOI SONTOT OO SO PT-12T b -
—o—PT-13T
—e—PT-14T
...... A yowpo 4 w = -
—f'—"'-—-—\’__
gy S e B N gy e e N U SO OO —
: g ——0—0-
0 100 200 300 400 500
. Elapsed time [day]
Measured data of temperature (Rock, KBH3)
(1996/12/17-1998/3/10)
Figure 5-10 Time history of the temperature in the rock (KBH3)
96/12/17 Heating 97/9/1 Cooling
50 —— = z !
—— PT-15T 1
—o—PT-16T ’
0 b e e e s e o PTA7T b 4
—3—PT-18T 1
—e— PT-19T
B0 feoemresemriereesesessesseessssessbesenseesse e seseeeessess e e asees et eeeee e e eRe R bt .

200

300

MO N
400

Eiapsed time [day]
Measured data of temperature (Rock, KBH4)
(1996/12/17-1998/3/10)

Figure 5-11 Time history of the temperature in the rock (KBH4)

500



JNC TN8400 99-034

Temperature [°C]

Temperature [°C]

96/12/17 Heating
50 —

97/9/1 Cooling

e ——

96/12/17 Heating

Measured data of temperature (Rock, KBH5)
(1996/12/17-1998/3/10)

Figure 5-12 Time history of the temperature in the rock (KBHS5)

~ ——PT-20T
‘ —o—PT-21T :
Yo 7 SO RSO OSSN S S AL S ]
- —0— PT-23T '
—e— PT-24T
1o ) e ................................................................................................ -
0 700 ~300 “300 ~200 500
Elapsed time [day]

97/9/1 Cooling
50 > ; ; _—
: : : ——PT-25T
. —o—PT-26T ]
40 [oes osorasntaiisnsasisaesesnrane i. .................................. ?“‘“"N.""u“".“"."u“.? ....................... A PT'27T ............... e
5 i = —o— PT-28T :
—o— PT-29T
ol R R
0 100 200 300 400 500

Elapsed time [day]
Measured data of temperature (Rock, KBH6)
(1996/12/17-1998/3/10)

Figure 5-13 Time history of the temperature in the rock (KBH6)



JNC TN8400 99-034

96/12/17 Heating 97/9/1 Cooling
I s SEE——
—TC-1
—o—TC-2
| —2—TC-3
——TC-4
——TC-5

Temperature [°C]

10 et eaeeaeen ..... .....

0 100 200 300 400 500
Elapsed time [day]
Measured data of temperature (Rock, KBM1,2,3)
(1996/12/17-1998/3/10)

Figure 5-14 Time history of the temperature in the rock (KBM1,2,3)

96/12/17 Heating 97/9/1 Cooling
120 ———=- | >

T T T T T I v + v T T v T v T

—o— Buffer (GL-3.0m, Inside, BBC) 1
—e— Buffer (GL-3.0m, Inside, DDA)
—o— Buffer (GL-3.0m, Inside, CD)

—-a— Buffer (GL-3.0m, Middie, BBC)
—a— Buffer (GL-3.0m, Middle, DDA)
—uo— Buffer (GL-3.0m, Outside, BBC) §...
—a— Buffer (GL-3.0m, Outside, DDA)
—&— Buffer (GL-3.0m, Outside, CD)

—e&— Rock (KBH5-2, GL-3.0m})
~—o— Rock (KBH6-2, GL-3.0m)

100

Temperature [°C]

o 100 200 T 300 400 7500
Elapsed time [day]

Figure 5-15 Time history of the temperature at the center level of the heater



JNC TN8400 99-034

100

T
. H
<10 OSSN O ® Buffer
° A Rock
o
Rl 1 ) ENOO OO AR FOSUR S MO U M N
(O]
5 )
©
8 40
qE_) SRR SO NN N N N |
A ;
- oo
D0 é\% ...................................................................... _
YaY22287
0 | i i i
0 1 2 3 4 5 6

Distance from the center of heater [m]

Figure 5-16 Relationship between the temperature and the distance from the
center of the heater



JNC TN8400 99-034

5.2 Hydraulic effect

Figures 5-17 to 5-19 show the time history of the pore pressure measured by the pore
pressure transducer that was installed at the interface between the rock mass and the buffer.
Pore pressure transducer was settled in the sand that was emplaced at the interface. Because
the sand was unsaturated, pore pressure was negative value at first. Then pore pressure was
changed to the positive value due to inflow of the groundwater from the rock mass. In all
figures, pore pressure is raised suddenly at 120days past from the start of heating. It is not
because of inflow of the groundwater from the rock mass. It is due to the effect of
measurement by thermocouple psychrometer. When measurement by thermocouple
psychrometer was carried out, the value of pore pressure had been vibrated. Therefore, as a
power source of the thermocouple psychrometer, the dry battery was used after 200days past
from the start of heating.

The effect of power failure and heater trouble appeared clearly. As shown in Figures 5-2 to
5-7, the temperature in the buffer decreases immediately when electric power fails, and the
temperature in the buffer increases when electric power recovers. The pore pressure at the
interface between the rock mass and the buffer shows the same tendency. In the case of
temperature, recovery near the heater is faster than that near rock, that is, the recovery speed
of temperature near rock is slow. However, the recovery speed of the pore pressure at the
interface between the rock mass and the buffer is very fast.

During the heater trouble, the temperature at the control point maintains at about 100°C
somehow, but temperature at the other part around the heater increases temporarily. Pore
pressure at all monitoring points at the interface between the rock mass and the buffer respond
to this heater trouble clearly. However, the response shows the opposite tendency between the
monitoring points at the heater center level and the other monitoring point. That is, pore
pressure at the heater center level increases and that at the other point decreases. These
phenomena mean that pore pressure changes by the effect of heat evolution, and tendency of
pore pressure change does not depend on temperature at the monitoring point but temperature
environment around the monitoring point.

Pore pressure at GL —3.0m increases after about 60 days from the start of test. This may be
because of the water inflow from the rock mass and water movement from the heater-side of
buffer to outside due to the temperature gradient.

Figures 5-20 to 5-25 show the time history of pore pressure in the rock mass. In contrast
with temperature, it is known that pore pressure increases suddenly at the monitoring points
PT-4, PT-5 and PT-9 after 140days from the start of test and at the same time temperature
decreases. This phenomenon can be seen at other points with different time except for the
boreholes KBHS5 and KBH6, where there are few fractures. Furthermore, this phenomenon
occurs during only the heating test. As a result of this phenomenon, pore pressure value has
been close to the hydrostatic pressure. This may be because that the fracture aperture was
changed due to the temperature and the groundwater infiltrated into the monitoring point in
the boreholes from the rock mass.

Figures 5-26 and 5-27 show the time history of gravimetric water content. The water
potential was measured by thermocouple psychrometer and the relative humidity was
measured by hygrometer. The equation to calculate the water content from the temperature
and the water potential (or relative humidity) was obtained by laboratory test in advance. The
gravimetric water contents of these figures are obtained by calculating with these equations.
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The buffer close to the heater is drying and that close to the test pit wall is wetting. It is due
to thermal effect from the heater and water flow from the rock mass. The water content at the
point of 15 cm apart from the heater (middle part) is raised at first and then goes down. It is
considered that the water in the buffer close to the heater moves to middle part due to thermal
gradient, and consequently the buffer at the middle part is wetting at first. As time passed, the
buffer at the middle part is drying, because water moves to outside further. After the
discontinuation of heating, the water content is raised throughout the buffer. Figure 5-28
shows the difference in the water content between the measurement direction. From this
figure, it is not seen the difference between the direction. Therefore, there is no difference in
the water content between the direction of the buffer, although there are large difference in the
water inflow rate between the direction by the effect of fracture existence (Chijimatsu et al,

1997). This is considered that the permeability of buffer is much smaller than that of rock
mass.
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Figure 5-17 Time history of pore pressure in the buffer (GL-5.0m)
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Figure 5-21 Time history of pore pressure in the rock (KBH2)



JNC TN8400 99-034

96/12/17 Heating 97/9/1 Cooling
100 /=, e — ——
i ——PT-12H :
80 ket ——PT-13H §------ .......................................
i —e—PT-14H MMWW

Pore pressure [kPa]

2 1 n " N : i s 4 s 2
300 400 500
Elapsed time [day]
Measured data of pore pressure (Rock, KBH3)
(1996/12/17-1998/3/10)

Figure 5-22 Time history of pore pressure in the rock (KBH3)
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Figure 5-23 Time history of pore pressure in the rock (KBH4)
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Figure 5-24 Time history of pore pressure in the rock (KBHS)
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Figure 5-25 Time history of pore pressure in the rock (KBH6)
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Figure 5-26 Time history of water content in the buffer (BBC-O-DDA Section)
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Figure 5-28 Difference in the water content between the measurement direction



~JNC TN8400 99-034

5.3 Mechanical effect

Figures 5-29 to 5-37 show the measurement results of total pressure by pressure cell. Data
in Figures 5-29, 5-30, 3-32, 5-34, 5-36 and 5-36 were measured by the sensors installed on the
wall of test pit except for PS-30. The pressure cell installed on the wall of test pit did not work
sufficiently. Because the size of pressure cell is small (diameter is 25mm), the cell did not
function due to the adverse effect of roughness of rock surface. When the excavation of test
pit was finished, we thought that the wall of test pit was smooth. However, it was not smooth
enough for the pressure cell. On the other hand, the sensors installed on the heater surface
show the same tendency. Total pressure goes up from the start of test and it becomes almost
constant immediately. After the heater was turned off, it decreases. The value at the cooling
phase is considered to be the swelling pressure. Therefore, it is considered that the value at the
heating phase is governed by the expansion due to heating. After the heater was turned off,
some data became to be negative value because of the drift of sensors, for instance PS-17.
From this reason it is difficult to decide the swelling pressure value. However, it is considered
to be under 0.5MPa.

Figures 5-38 to 5-40 show the time history of strain in the buffer. Positive value shows the
tension and negative value shows the compression. At the side of heater, tensile strain occurs
along the radial direction just after the start of heating, and it changes to the compression, as
temperature becomes constant. Furthermore, value of compressive strain becomes little after
the heater was turned off. It is seen from the Figure 5-28 that the middle part of buffer is
wetting at first. Therefore, the middle part of buffer was expansive at first. After that middle
part of buffer was drying, then the buffer was compressive due to the drying shrinkage.
Furthermore, the buffer was compressive due to the expansion of heater. After the heater was
turned off, the value of compressive strain becomes small due to the occurrence of swelling
pressure and the shrinkage of the heater. The strain along the vertical direction shows the
opposite phenomena. At the lower part of buffer under the heater, tensile strain occurs along
the vertical direction and compressive strain occurs along the radial direction after the start of
heating. After the temperature is constant, the change of strain is the same tendency with the
strain at the side of heater.

Figures 5-41 and 5-42 show the time history of strain and displacement in the rock mass.
Positive value of the strain shows the tension and negative value shows the compression.
Figure 5-41 shows the strain at the borehole KBM1 measured by the strain gauge and Figure
5-42 shows the displacement at the boreholes KBM2 and KBM3 measured by the borehole
strain meter. Tensile strain occurs in the rock mass along the radial direction just after the
start of heating and value of strain decreases and becomes constant as temperature becomes
constant. And strain of rock changes to compression after the heater was turned off.

Figure 5-43 shows the measurement results by the Joint deformeter. At both boreholes
KBM6 and KBM7, the change along the Z-direction is occurred. During the heating test, JM-
3 shows the positive value. It means that fracture aperture closed. Then, after the heater was
turned off, the values of JM-3 and JM-6 becomes negative, that is, fracture aperture opened.
Because there are no data at the JM-2 and JM-4, it is difficult to evaluate the three
dimensional movement of fracture. However, it is considered that both fractures where the
Joint deformeter was installed shows the same movement qualitatively.

Figures 5-44 and 5-45 show the measurement results by TRIVEC. Figure 5-44 is the result
at the borehole KBM4 and Figure 5-45 is the result at the borehole KBMS5. At both boreholes
KBM4 and KBM35, the displacements along the X-direction and Y-direction are larger than
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that along the Z-direction. However, because the measurement accuracy of X-direction and
Y-direction is lower than that of Z-direction, it is considered that the displacements along the
X-direction and Y-direction are not significant. Therefore, we can only discuss about the
displacement along the Z-direction (vertical direction). The displacement along the Z-
direction shows the positive value at the upper part during the heating test. This result shows
that rock extended during the heating phase.

Figures 5-46, 5-47 and 5-48 show the strain distribution both in the rock and buffer at the
heater center level after 161days and 255days past from the start of heating and after 180days
past from the stop of heating. The strain in the rock along the radial and tangential directions
were measured by the borehole strain meter, and the strain along the vertical direction was
measured by the TRIVEC. The big compression that was measured by the borehole strain
meter SB-3 was removed from the measurement data as the out of order of the sensor.

From the figures 5-46 and 5-47, it is shown that temperature was almost constant after
161days past from the start of heating. And strain also became almost constant, even though
the tensile strain along the vertical direction and the compressive strain along the radial
direction in the buffer were increasing gradually. On the other hand, in the rock mass, tensile
strain along the vertical direction and along the radial direction were measured, and the value
of strain along the tangential direction was small, for instance, 3. In Figure 5-48, the
recovery of the strain and temperature due to the stop of the heater was seen except for the
strain along the tangential direction in the rock mass.

These measurement data are caused by the thermal expansion of the heater, the rock mass
and the buffer, and the drying shrinkage of the buffer due to the influence of the heating.
Furthermore, swelling phenomena are compound in the buffer. Here, we assume the thermal
expansion coefficient of the rock mass as 5X10°%/°C, the strain of the rock mass due to the
thermal effect is calculated to be 100X 10 when the ascent of the temperature is 20°C. This
temperature ascent corresponds to the measurement result at the point of 60cm apart from the
test pit. Measurement result of the strain in the buffer along the vertical direction is the same
order with the calculated result, and those along the radial and tangential directions are
smaller than calculated one. This is because the thermal expansion is restrained along the
radial and tangential directions, and then, it is supposed that thermal stress is occurred.
Because the strain distribution in the buffer will be determined by the complex phenomena
mentioned above, it is difficult to understand the phenomena completely by only the
measurement results. However, the compressive strain in the buffer along the radial direction
is considered to be the effect of the drying shrinkage of the buffer and the thermal expansion
of the heater.

L —92—
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Figure 5-44 Displacement distribution in the rock (KBM4)
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26°C

* £,=80u

161 days after heater on
5/27 1997
GL -3.0m

Figure 5-46 Distribution of temperature and strain in rock and buffer
(Heater center level, After 161days from the start of heating)
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25°C

26°C

255 days after heater on
8/19 1997
GL -3.0m

Figure 5-47 Distribution of temperature and strain in rock and buffer
(Heater center level, After 255days from the start of heating)
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12°C

180 days after heater on
2/27 1998
GL -3.0m

Figure 5-47 Distribution of temperature and strain in rock and buffer
(Heater center level, After 180days from the stop of heating)
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5.4 Summary of coupled test

In this section, we discuss the T-H-M phenomena measured during the heating and cooling
phase and align the phenomena that occurred in buffer and rock. Table 5-2 shows the
remarkable phenomena measured during the heating and cooling phase. Because the
experiment was performed by the temperature control, heat flux was large at first, and then it
decreased and constant at 50days past. Therefore, we divide the heating phase into two steps.
We define the test phase from start to 50days past as “first step of heating phase” and test
phase from 50days past to the end of heating phase as “second step of heating phase”. In the
second step, temperature in the buffer is almost constant but that in the rock mass increases
gradually, though the increasing speed is lower than that of the first step. In the cooling phase,
heater was turned off, however heat flux was generated due to the heat capacity of the heater
and it became zero after 10days from the start of cooling phase. The temperature of buffer and
rock decreased gradually and after six months became almost the same as the initial value.

The phenomena that were occurred at heater center level in each phase are as follows.

(1) First step of heating phase
eWater in the buffer moved from the inside (Heater side) to the outside (Rock side). This

phenomenon was shown from the measurement result that the buffer at the middle part
was wetting at first. As a result, the buffer near heater was drying and the buffer near
rock was wetting. In this test, the driving force due to the thermal gradient is stronger
than that due to the inflow from the rock. This reason may be that the pore pressure in the
rock is low.

oThe change of pore pressure in rock was low, while pore pressure at the interface between

rock and buffer became negative temporarily at the start of experiment.

oTotal pressure near the heater went up from the start of experiment and it became constant
immediately. The buffer was compressive along the radial direction temporarily, and then
it became tension.

oThe rock was tensile both along the radial direction and vertical direction. It is because of
the thermal expansion. The rock was tensile along the tangential direction at first, and
then it became compressive. The value of tensile strain along the vertical direction was
larger than that along the radial direction. This reason is that the restriction along the
vertical direction is little.

oThe strain in the buffer along the radial direction shows the compression and that along

the vertical direction shows the tension.
oThe fracture aperture became little. It was impossible to understand the three dimensional

movement of fracture, however, it was confirmed that fracture was closed due to the
thermal expansion of rock mass.

In the first step of heating phase, increasing in temperature and water movement in buffer
predominated, while strain and stress were transitive and showed the complex behavior. The
reason may be that this complex behavior is affected by the thermal expansion of heater and
rock, the drying shrinkage of buffer, swelling of buffer, and so forth.

(2) Second step of heating phase
eWater movement in the buffer from the inside (Heater side) to the outside (Rock side)

continued. As a result, the buffer at the middle part was drying.
oThe pore pressure at the interface between the buffer and rock mass increased and that in
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the rock mass also increased slightly. The pore pressure was raised at some points
suddenly, and value moved near to the hydrostatic pressure. It is conceivable that
groundwater infiltrated to the measuring point of borehole because of the fracture
aperture change due to the heating.
oThe ascent speed of total pressure became slow. The strain in the buffer became little both

along the radial and vertical directions.
oThe strain in the rock became constant. The displacement of fracture also became

constant.

In the second step of heating phase, continuous water movement due to the thermal effect,
increasing of pore pressure at the interface between buffer and rock, sudden ascent of pore
pressure in the rock were observed. The ascent speed of total pressure became slow and strain
became almost constant.

(3) Cooling phase
sWater in the buffer moved from the outside (Rock side) to the inside (Heater side).

However, the buffer near rock maintained the saturation
* The pore pressure at the interface between the buffer and rock mass decreased when the

heater was turned off, and then pore pressure became constant. The pore pressure in the
rock decreased slightly.
oThe total pressure decreased and became constant.

eThe strain in buffer shows the opposite phenomena with the heating phase, that is, the

strain along the radial direction shows the tension and that along the vertical direction
shows the compression.
*The strain in rock shows the compression. The fracture was opened.

In the cooling phase, the opposite phenomena with heating phase were observed due to the
recovery of temperature. These phenomena include the decreasing of pore pressure,
decreasing of total pressure, recovery of strain, and so forth. In respect to the water movement
in the buffer, infiltration into the drying part was not observed enough because test period was
not enough. However, water content increased continuously and did not constant at the end of
experiment.

At last, we show the reciprocal action of coupled thermo-hydro-mechanical phenomena
that was known by this experiment as shown in Table 5-3. These phenomena were measured
at the center level of the heater.
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Table 5-2 characteristics of T-H-M data during heating and cooling phases

Water content Pore pressure Total pressure Strain
Joint
Buffer-Rock Rock Buffer Rock (R) deformation
Bgt)‘er (B) (B)-(R) (R) (R) Buffer (B) (Heater level)
Heater level Heater level: Not Const. o, € g: +or Az:
a i:?:i%elel) \Lyelglgng ~ (very early)—Const{ (varying) Inside(Heater level): + Heater level: +—— +-—>— (Dfil'e‘;gm is
: . referred to
3 Outside:Wetting Others: Outside: + or — Others: —or Const. o+ Figure 2-3)
& Const. 9. & * 777 | Fracturel: —
m 0
3 GL-5.0m: Const. Heater level: Const.—~+ Fracture2: Const.
< GL-0.5m: Const. or + Others: + & +
:ED Heater level Heater level: Const. or o, € €: Const. | Az:
g o Inside: Const. + Slightly + Inside(Heater level): + Heater level: Const. Fracturel: Const.
8 M|d<!|e: Drying | (sudden Outside:+ or — Others: —, Const.or+ | g Const Fracture2: Const.
B Outside: Const. g Others: ‘increasing’ : : e : .
S 8| Const. was o Heater level: C
& E observedat | GL-5.0m: — eater level: Const. e,: Const.
4 fracture area) | GL-0.5m: Const. Othe;s : C;mst.—> —t
or Const.
Hea?er level ) Heater level: Slightly — | 0. € g: — Az:
Inside: Wetting —(very early)—Const. Inside(Heater level): Heater level: + A Fracturel: +
2 Middle: Wetting — (very early)— Const. : — .
8 Outside: Const. . Y Others: + &: Fracture2: +
a Others: Outside: Const. or Slightly g,
%‘3 Slightly ——Const. + : g: —
.g. or Const. o Heater level: —
o : Others: —
GL-5.0m: Slightly +
GL-0.5m: Const. or——+
—: Decreasing —: Compression —: Closing
+: Increasing +: Expansion +: Opening

* “Heater level” means that these phenomena were measured at the center level of the heater.
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Table 5-3 Reciprocal action of coupled thermo-hydro-mechanical phenomena measured in the Kamaishi in-situ experiment
(At the center level of the heater)
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Hydraulic
phenomena

* Water movement in the buffer due to the effect of thermal gradient

*Pore pressure increasing at the interface between rock mass and buffer due to
the water movement in the buffer and water inflow from the rock mass

*Pore pressure increasing at the interface between rock mass and buffer due to
the effect of the heating

+Sudden pore pressure increasing at the several borehole sections in the rock
mass where the some fractures exit during the heating phase

-water content increasing due to the water inflow from the rock mass during the
cooling phase

Thermal phenomena Hydraulic phenomena Mechanical phenomena
o Hydraulic— Thermal Mechanical— Thermal
= 5 -[Heat transfer due to the hot water movement | -Not measured
E § in the buffer during the heating phase].
ﬁ _g)‘ -Decreasing of the temperature at the several
a, borehole sections in the rock mass due to
the inflow of the groundwater.
Thermal effect— Hydraulic effect Mechanical— Hydraulic

* Recovery of the pore
pressure in the rock mass
to the hydrostatic pressure
[due to the change of
fracture aperture]

Mechanical
phenomena

Thermal effect— Mechanical effect

Hydraulic—Mechanical

- Increasing of the total pressure at the surface of the heater during the heating
phase, and decreasing of the total pressure during the cooling phase

-Compression of the buffer along the radial direction and expansion of the
buffer along the vertical direction due to the effect of the heating

*[Thermal expansion of the heater and the resulting compression of the buffer]

Thermal expansion of the rock mass. Thermal expansion is restricted at the
horizontal direction, but that is free at the vertical direction.

- [Occurrence of the thermal stress at the radial and the tangential directions.].

-Change of the fracture aperture (closing and opening) due to the effect of
heating and cooling.

*Increasing of the total pressure due to the

swelling of the buffer

[

]: These phenomena were not measured directly, but these were presumed from other data
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6. Sampling of the buffer material

During heating and cooling phase, water content was monitored with hygrometers and
psychrometers. During heating phase, monitoring data showed the change of the distribution of
water potential in the buffer material of the test pit. Water content was calculated from the
water potential using equations determined from the results of the laboratory tests.

Sampling of the buffer material was conducted at the end of heating and cooling phase to
evaluate the equation. Sampling schedule was as follows.

Heating phase
Heater on -December 17, 1996 to September 1, 1997
Sampling -August 20 to 29, 1997
Cooling phase
Heater off  -Sepiember 1, 1997
Sampling -February 24 to March 2, 1998

6.1 Water content of the buffer material
6.1.1 Sampling points

Sampling of the buffer material was conducted in the sampling lines. Sampling line 1 and 2
were adjacent to the monitoring line O-BBC and O-CD (see Figure 6-1). A concrete lid was
fixed on the top of the test pit to restrain the swelling pressure of the buffer material. It was
unable to remove the lid to obtain the samples. Therefore, the lid had some guide-pipes for
sampling in Figure 6-2. The guide-pipe had a window that was bolted during T-H-M
experiment. In sampling, the window, 72 mm in diameter, was unbolted.

Figure 6-3 shows the sampling points in heating and cooling phase. In sampling borehole of a,
b and ¢, there had 3 points in level, 70 to 100 cm, 120 to 150 cm, 170 to 200 cm. In sampling
borehole of d, e and f, there had 6 points in addition, 220 to 250 cm, 270 to 300 cm, 320 to 350
cm, 370 to 400 cm, 420 to 450 cm, 470 to 500 cm. In sampling borehole of d and f, the samples
for microbial analysis (Stoes-Gascoyne et al., 1996) were obtained, too.

6.1.2 Sampling method

Samples were obtained as core samples by the standard penetration test (JIS A 1219-1995).
Pre sampling was conducted to the same buffer material at Big-Ben in Tokai Works in JNC. The
methods of in-situ sampling reflected the results of it. The test procedure is as follows (see
Figure 6-4). Sampler (see Figure 6-5) is sounded by a weight that weighs 63.5 kg The weight
falls 75 c¢m to the hammer. The number of times of the sampler penetrating into the buffer
material up to 30 cm is counted. This number defines the hardness and the degree of compaction
of the soil. One sampling length was 50 cm. 20 cm of the upper part was drilled by boring
machine. The borehole of 66 mm in diameter was opened. The sampler was penetrated from 20
to 50 cm. Obtained sample measured weight was bottled. Water content was calculated by
equation (6.1)

® = 100 (Ww / Ws) (%) (6.1)

Here, @ is the water content. Ww is the weight of the water in the sample. Ws is the weight of
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oven-dried sample.

Figure 6-6 shows the sampling points. When the buffer material was too hard to penetrate the
sampler, the sample was divided to the obtained size. Much dust happened during the drilling of
sampling borehole, because dry type boring was selected to obtain the sample. Figure 6-7
shows the dust collector.

6.1.3 Countermeasure for deviation of borehole
Trial of sampling was conducted at Big-Ben prior to the in-situ sampling. Some troubles were

occurred in the trial. When the adjacent boreholes were drilled, after drilling of first borehole,
second borehole deviated to the first one in some level. The deviation of borehole was
considered to cause the cross each other in addition. Figure 6-8 shows the considerable
situations of drilling. Therefore, the countermeasure against these situations was to put a viny|l
chloride pipe in the borehole after sampling. A hollow pipe was considered to become flat by
the swelling pressure of the buffer material. The installed pipe was full filled with the mortar.
The end of the pipe was coated with the silicone rubber to prevent the direct contact between
bentonite and the mortar.

During heating phase, T-H-M experiment continued. The unfilled sampling borehole was
considered to cause the local decrease of density to the buffer material around the borehole. The
installed pipe into the drilling borehole filled about 58 % of the open space. After installation of
the pipe, total open space was only about 0.2 % to the area of the test pit. It was considered
that this space was negligible to decrease of density of the buffer material.

6.2 Distribution of the water content
6.2.1 Results of sampling

Tables 6-1 to 6-6 show the obtained value of water content at the end of heating phase.
Tables 6-7 to 6-12 show the obtained value of water content at the end of cooling phase. The
level of the table shows the points of the obtained sample. The blank of the level shows the
section of boring. Samples were the black rectangular marks of Figure 6-3. The coordinates of
the sampling point show the center of the divided piece of a sample. A number of the sample
means a number of the bottle. The number of penetration of the sampler, as N value, is
described in the table.

N value is defined the number of the penetration of the sampler up to 30 cm into the
specimen. In sand, the number over 51 indicates the well consolidation. In soil, the number over
31 indicates the solidification. In this sampling, the penetration length was not the same. The
number of the penetration length as equivalent to 30 cm was indicated to the N value.

At the end of heating phase, the points around heater annulus, bottom of the sampling
borehole a, b and ¢ and the level of 200 to 400 of the sampling borehole d, indicated the low
water content of 4 percent or less. Initial water content of the buffer was 15 %. Water content
decreased about 11 % during heating. The sample of the water content of 4 % was very dry and
too hard to release it from the sampler. Therefore, the obtained sample was observed directly
after splitting the sampler without release.
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The point of the highest water content was 18.2 % in the level of 280 of the sampling
borehole f. The gradient between sampling borehole d and e was 0.49 %/cm and between the
borehole e and f was 0.86 %/cm in this level. There was the steep gradient near the rock mass.

Water content as 4 % around the heater at the end of heating phase increased up to 7 % at the
end of cooling phase. All samples were released from the sampler. The point of the highest
water content was 24.8 % in the level of 295 of the sampling borehole f. The points of the
highest water content of both in heating and cooling phase were almost the same coordination.
Therefore, it was considered that the distribution of water content was uniform in each level.
The gradient between sampling borehole d and e was 0.37 %/cm and between the borehole e and
fwas 1.21 %/cm in the level about 290. There was the steep gradient adjacent to the rock mass
as at the end of heating phase.

From the comparison of the shape of gradient of water content at the end of heating and
cooling phase, the more steep gradient around heater at the end of heating phase and the more
steep gradient near rock mass at the end of cooling phase. It was considered that movement of
water in buffer was subject to the thermal effect of the heater in the end of heating phase and to
the infiltration of water from the rock mass at the end of cooling phase.

Figure 6-9 shows the relationship between N value and water content. There were some
points of the N value over 1000 times. The vertical axis was on both a log and a linear scale. The
N values in the end of heating phase were bigger than that at the end of cooling phase. The
sample of water content over 21 % had the same N value as 14 at the end of cooling phase. The
points of the almost same water content were the almost same N value in both phases.
Temperature of buffer didn’t affect the relations between N value and water content. N value
showed the minus correlation with the water content. That was the same tendency between
Young’s modulus and the water content (Fujita et al., 1992). It was considered that N value was
the indicator of the hardness of the buffer.

Figure 6-10 shows the distribution of N value in the test pit. There were some points of N
value over 100 times around the heater at the end of heating phase. The buffer around the heater
hardened. It was considered that the gradient of temperature affected to the movement of water,
especially around the heater, at the end of heating phase. N value of almost points decreased in
cooling phase. However, the upper part of the heater remained high N value.

Figure 6-11 shows the distribution of water content of each sampling borehole. Distribution
of water content of the upper and lower part of the heater was almost the same. Thermal effect
by the heater influenced the water content around the heater. Water content increased from the
sampling borehole d to f. In the borehole d, water content of all points were 5 % or less around
the heater. In the borehole e, water content of all points was 10 % or less around the heater. In
the borehole f near rock mass, water content of all points were 15 %, as initial water content, or
less around the heater. This tendency shows the decrease of water content around the heater.
Just upper part of the heater as coordination of the level of 170 to 200, the gradient of water
content of borehole a, b and c was large. Water content decreased sharply around the heater.
This gradient showed in good agreement with the correlation in Figure 6-10.
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Water content of all points in cooling phase increased. Water content of the points of the
borehole d around heater was about 10 %. The points of the borehole f showed the highest
water content at each level, and it was considered to be the influence of the infiltration of water
from the rock mass.

Figures 6-12 and 6-13 show the contour of the distribution of temperature and water content
in heating and cooling phase. The distribution of temperature was described with the monitoring
data. The distribution of water content was described with the sampling.

Water content as 10 % or less was distributed around the heater in heating phase. In the
sampling section, the distribution of water content was symmetrically. The distribution of
temperature was symmetrically, too. Temperature was about 100 around the heater. It was
considered that thermal effect affected the decrease of water content around heater.

Bound of 10 and 15 % of water content approached to the heater and one of 20 % appeared
near rock mass in cooling phase. Temperature of the test pit was around 12 °C. It was
considered that the infiltration of water from rock mass accelerated.

6.2.2 Comparison between monitoring data and sampling data

One of the objectives of sampling was to check the adequacy of the equations determined
from the results of laboratory tests. The equation was used to calculate water content from the
monitoring data. In-situ experiment has many uncertain elements than laboratory tests. The
adequacy of the equation in-situ was essential problem.

Figures 6-14 and 6-15 show the comparison of the data between monitoring and sampling. In
Figure 6-14, left side was the points of monitoring and sampling, right side was the plots of the
obtained data. Figure 6-15 was the same. Regarding the monitoring points in the left side figure,
only the points that had monitoring data were described.

As shown in Figure 6-1, the sampling line 1 was adjacent to the monitoring line O-BBC, the
sampling line 2 was adjacent to the monitoring line O-CD. Therefore, it was considered that the
values of the point, which was the same distance from the center of the test pit, were
approximately the same in each line.

As shown in Figure 6-14, both monitoring data and sampling results were plot at the end of
heating phase. Both of them were in good agreement. It was considered that the equation to
calculate the water content was adequate. On the boundary between rock and bentonite, water
content was almost 25 %. In this water content, OT-9607 was fully saturated at dry density of
1.65 glem®. Figure 6-15 shows the results at the end of cooling phase. Both monitoring data and
sampling results were in good agreement. Therefore, the equation was adequate in both heating
and cooling phases.

However, the only some points had both monitoring data and sample. It is necessary to

consider the arrangement of monitoring points and the number of monitoring sensors, i.e.
installation of some monitoring sensors in the same monitoring points.
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Table 6-1 Water content of sampling of borehole a
Level Coordinate | Impacting valie N value Sample Water content
[cm] (r, 2) No. [%]
20, 80 : 6 15.3
73-110 20, 90 51 41 7 16.9
20,100 8 18.0
20,130 9 15.7
120-160 20,140 62 47 - 10 17.0
20,150 11 15.6
20,180 12 12.9
170-200 20,190 43 43 13 104
20,200 14 6.3
Table 6-2 Water content of sampling of borehole b
Level Coordinate | Impacting valie N value Sample Water content
fem] (1, 2) No. [%]
32.5, 30 22 16.2
70-100 32.5, 90 91 91 23 15.7
32.5, 130 24 14.7
120-150 32.5, 140 61 61 25 16.2
32.5, 180 26 12.3
170-200 32.5, 190 72 72 27 9.0
Table 6-3 Water content of sampling of borehole ¢
Level Coordinate | Impacting valie N value Sample Water content
[cm] (r, 2) No. [%]
45, 80 28 16.6
74-104 45, 90 54 54 _29 15.9
45,130 31 16.3
120-150 45,140 52 52 32 16.0
45,180 33 13.8
170-200 45,190 72 72 34 114
Table 6-4 Water content of sampling of borehole d
Level Coordinate | Impacting valie N value Sample Water content
[cm] (r, 2) No. [%]
70-88 55, 80 50 83 15 16.9
88-100 55, 90 34 85 16 15.7
55,130 17 15.9
120-150 55,140 65 65 18 17.0
55,180 19 13.1
170-188 55,185 60 100 20 9.3
188-193 55,190 200 1200 21 4.5
55,230 81 3.5
221-251 55,240 195 195 79 3.8
55,280 77 4.7
268-298 55,290 102 102 80 34
55,330 75 4.7
320-350 55,340 103 103 76 4.1
55,380 74 4.2
369-399 55,390 148 148 78 44
55,430 71 11.6
420-450 55,440 52 52 72 13.7
55,480 70 16.6
470-500 55,490 56 56 73 15.7
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Table 6-5 Water content of sampling of borehole e

Level Coordinate | Impacting valie N value Sample Water content
fcm] (r,2) No. [%]
65, 80 35 16.6
72-102 65, 90 88 88 36 15.5
65,130 37 15.7
-120-150 65,140 43 43 38 15.8
65,180 39 16.3
170-200 65,190 53 53 40 15.0
65,230 - 30 9.2
222-252 65,240 100 100 41 9.5
65,280 42 9.6
267-297 65,290 112 112 ~ 43 9.4
65,330 44 8.2
320-350 65,340 73 73 45 8.0
65,380 46 7.4
368-398 65,390 109 109 47 8.3
65,430 48 13.1
420-450 65,440 41 41 49 14.3
65,480 50 154
468-498 65,490 43 43 51 15.6

Table 6-6 Water content of sampling of borehole

Level Coordinate | Impacting valie N value Sample Water content

[cm] _{r,2) No. [%]
75, 80 52 174

70-100 75, 90 59 59 53 16.0
75,130 54 16.4

118-148 75,140 32 32 55 17.2
75,180 56 16.7

172-202 75,190 29 29 57 16.8
75,230 58 14.7

222-252 75,240 27 27 59 16.6
75,280 60 18.2

269-299 75,290 25 25 61 15.7
75,330 62 15.1

318-348 75,340 28 28 63 13.1
75,380 64 11.5

369-399 75,390 43 43 65 12.0
75,430 66 144

418-448 75,440 31 31 67 16.1
75,480 68 16.1

471-501 75,490 57 57 69 16.1
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Table 6-7 Water content of sampling of borehole a

Level Coordinate | Impacting valie N value Sample Water content
[cm] (r,2) No. [%]
20, 80 100 16.7
70-100 20, 90 34 34 93 14.7
20,130 96 14.7
120-150 20,140 32 32 97 16.2
20,180 94 8.2
170-200 20,190 64 64 99 7.0

Table 6-8 Water content of sampling of borehole b

Level Coordinate | Impacting valie N value Sample Water content
[cm] (1, 2) No. [%]
32.5, 80 91 16.8
70-100 32.5, 90 40 40 95 15.3
32.5, 130 98 14.8
120-150 32.5, 140 48 48 92 16.8
32.5, 180 86 14.0
170-200 32.5, 190 74 74 87 10.1

Table 6-9 Water content of sampling of borehole ¢

Level Coordinate | Impacting valie N value Sample Water content
[cm] (r, 2) No. [%]
45, 15 71 16.6
70-100 45, 85 39 39 72 16.6
45, 95 73 16.3
45,125 74 14.4
120-150 45,135 48 48 75 15.0
45,145 76 15.7
45,175 77 13.2
170-200 45,185 83 83 78 12.3

45,195 79 7.1
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Table 6-10 Water content of sampling of borehole d

Level Coordinate | Impacting valie N value Sample Water content

[cm] (r, 2) No. [%]
55, 75 62 170
70-100 55, 85 40 40 - d-1 16.7
55, 95 51 16.0
55,125 47 15.0
120-150 55,135 31 31 d-2 16.0
55,145 41 16.0
55,175 49 15.0
170-200 55,185 56 56 d-3 14.0
55,195 40 12.0

55,225 48 7.0

220-250 55,235 76 76 d-4 6.8
55,245 36 7.0

55,275 26 8.0

270-300 55,285 62 62 d-5 8.8
55,295 31 9.0

55,325 22 8.0

320-350 55,335 70 70 d-6 9.4
55,345 25 8.0

55,375 35 8.0

370-400 55,385 9% 94 d-7 7.1
55,395 34 8.0

55,425 30 13.0

420-450 55,435 34 34 d-8 14.1
55,445 24 15.0

55,475 28 17.0

470-500 55,485 30 30 d-9 16.0
55,495 29 19.0

Table 6-11 Water content of sampling of borehole e

Level Coordinate | Impacting valie N value Sample Water content
[cm] (r, z) No. [%]
65, 80 32 17.7
70-100 65, 90 27 27 33 17.0
65,130 27 15.4
120-150 65,140 40 40 21 16.0
65,180 17 16.3
170-200 65,190 26 26 12 16.2
65,230 6 11.5
220-250 65,240 38 38 7 11.8
65,280 11 12.9
270-300 65,290 33 33 16 12.7
65,330 8 12.3
320-350 65,340 35 35 9 11.7
65,380 10 11.2
370-400 65,390 28 28 - 13 12.1
65,430 14 15.3
420-450 65,440 20 20 15 17.0
65,480 18 17.1
470-500 65,490 19 19 19 17.7
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Table 6-12 Water content of sampling of borehole f

Level Coordinate | Impacting valie N value Sample Water content
[cm] (1, 2) No. [%]
75, 15 ' 84 19.7
70-100 75, 85 18 18 82 19.0
75, 95 83 18.5
75,125 . 89 17.5
120-150 75,135 21 21 85 17.2
75,145 88 17.1
75,175 90 18.0
170-200 75,185 19 19 19.7
75,195 63 20.3
75,225 64 18.7
220-250 75,235 14 14 20.6
75,245 65 -
75,275 66 22.1
270-300 75,285 14 14 23.0
75,295 50 24.8
75,325 39 21.8
320-350 75,335 14 14 23.5
75,345 38 20.2
75,375 43 17.2
370-400 75,385 18 18 17.7
75,395 44 18.2
75,425 42 19.1
420-450 75,435 19 19 . 204
75,445 37 18.8
75,475 67 18.2
470-500 75,485 20 20 18.8
75,495 46 18.0
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Figure 6-1 Points of the sampling borehole
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Figure 6-2 Device of the sampling guide pipe
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C
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Figure 6-4 The procedure of sampling of the buffer material
during heating and cooling phase

Parts . size

: | [cm)
Length of Sampler . 8L5;
Length of Shoe 7.5
_ | Length of Split barrel i 560
, Length of Connecting head |  17.5
. . External diameter N |
Shoe Split barrel Connecting head Internal diameter | 35
Angle of the Shoe ‘L 19°47' i

Figure 6-5 Sampler for Standard penetration test
(JIS A 1219-1995)
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Figure 6-6 Sampling Points
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Figure 6-8 Treatment against the fall of

the wall of a sampling hole
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6.3 Microbial analysis

The disposal tunnel and pit would not be a sterile environment and the presence and activity
of a microbial population would be expected. Therefore, the potential effects of microbial
activity in the tunnel and the pit on the performance of the engineered barrier system have been
assessed (Stroes-Gascoyne and West, 1994). In this experiment, some samples were taken to
determine the survived bacteria in the buffer material during the heating and cooling phase. Total
number of bacteria and heterotrophic bacteria were observed. Heterotrophic bacteria are one of
the most important microorganisms that seem to affect the corrosion of the overpack, for
example. Samples were obtained from the sampling borehole d and f at the end of heating and
cooling phase. Each obtained sample was divided three pieces. Middle one was for the microbial
analysis (see Figure 6-4). The surface of the sample was quickly burned and packed into the
sterile plastic tube. The tube was kept in the cold storage till the analysis.

The pre-processed samples were cultured in the organic culture. Table 6-13 shows the
composition of the culture. The samples were cultured at 20 °C or 50 °C for 5 days. Figures 6-
16 to 6-19 show the total aerobic heterotrophic bacteria. As shown in Figure 6-16, no bacteria
cells were counted in the samples that were cultured at 20°C. However, a few bacteria were
detected in the samples cultured at 50°C at the point of the level 435 cm. It was considered that
these bacteria were thermophilic bacteria. Around the heater, there were no bacteria during
heating. In Figure 6-17, no bacteria cells were counted in the samples in cooling phase that were
cultured at 50°C. This result was in good agreement with the empirical fact that thermophilic
bacteria was unable to survive in the room temperature. Some bacteria were detected in the
samples cultured at 20 °C in upper and lower sides of the heater. It was considered that some
bacteria got into the buffer material with the infiltration of the underground water.As shown in
Figure 6-18, no bacteria cells were counted around the heater. A few bacteria were detected in
the samples cultured at 50 °C at the point of the level 85 cm. There were no bacteria in the
samples cultured at 50 °C in cooling phase in Figure 6-19. This result also was in good
agreement with the empirical fact regarding thermophilic bacteria. Some bacteria were detected
in the samples cultured at 20 °C including the sample in the same level of the heater. This
distribution of the bacteria was considered to depend on the infiltration of the underground
water.

The total number of bacteria was unable to be detected in this analysis. The difficulty of the
analysis of the total number of bacteria in bentonite was indicated by Stroes-Gascoyne and
West (Stroes-Gascoyne and West, 1994).

Table 6-13 Composition of the organic culture for heterotrophic bacteria
(Reasoner, D. J. and Geldereich, E. E., 1985)

Component Concentration (g/1)
Difco Bacto Peptone 0.50
Casamino Acids 0.50
Yeast Extract 0.50
Glucose 0.50
Soluble Starch 0.50
K,HPO, 0.30
MgSO, 7H,0 0.05
Sodium Pyruvate 0.30
Agar 15.0
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7. Decommissioning of the test pit

Decommissioning of the test pit was performed to observe the distribution of water content
of the whole buffer material in the pit and the environmental conditions of the buffer material
around heater. Sampling schedule was as follows.

Decommissioning phase
Sampling -May 8 to June 30, 1998

7.1 Distribution of water content and density of the buffer material

Figure 7-1 shows the sampling points in decommissioning phase. Water content was
measured in the sections of a, b, ¢, d, e, f, g, h, i and j. Dry density was measured on the sections
of I, II and III. Decommissioning of the buffer material in the test pit conducted from the top to
the bottom. Section a, b and ¢ had 2 sampling lines and there were 33 measurement points.
Section d, e, f and g had 2 sampling lines and there were 16 points. Section h, I and j had 16
sampling lines and there were 165 points. Section I had 2 sampling lines and there were 12
points. Section II had 2 sampling lines and there were 8 points. Section III had 2 sampling lines
and there were 13 points.

Figure 7-2 shows the contour map of water content on each vertical section, O-AB, O-CD,
O-BBC, O-DDA. In all sections, distribution of water content was almost same. Water content
nearby rock mass was around 25 % as saturated water content. Around heater, water content
was below 10 %.

Figure 7-3, 7-4 and 7-5 show the contour maps of water content on the horizontal section.
Distribution of water content was approximately concentric circle. Nearby point A and D,
water content was little high. In this direction, monitoring sensor cables were led to the top of
the test pit. It was considered that emplacement of the buffer material around those points were
not completely in setting up it.

Figure 7-6 shows the sampling points of the detail sampling section for the distribution of
water content in one layer. This Figure shows the plane and the cross section of the sampling
points. Sampling points were the top of each layer and the inside of the layer. Figure 7-7 shows
the distribution of water content of each section in one layer. The distribution of water content
in each layer was approximately uniform in vertical direction.

Density of the buffer material was measured using core cutter. Figure 7-8 shows the
distribution of wet density of the buffer material. Wet density was around 1.90-2.10 g/em®.
Figure 7-9 shows the distribution of dry density of it. Dry density was around 150-1.80 g/cm®.
The points adjoined to the rock mass had low density. It was considered that the complete
emplacement of the buffer material in those areas was difficult.

7.2 Dehydrated cracks

All heater frames were removed, when decommissioning of the buffer material was on the
level 400. Some cracks were observed on the interface between surface of heater frame and the
buffer material. Figure 7-10 shows the crack map of the buffer material. It was considered that
the thermal effect of the heater caused dehydration of the buffer material. Cracks were
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distributed at random and there was no tendency. Some cracks had above 10 ¢cm in depth. Next
layer on level 410 had also some cracks.

7.3 Environmental conditions of the buffer material

The environmental conditions, which are related to metal corrosion in the buffer material,
were measured around heater frame. Measurement items were resistivity, polarization
resistance, corrosion potential, heater to soil potential, corrosion rate by measuring polarization
resistance on test prove, oxidation-reduction potential, and pH.

Figure 7-11 shows the measured points for the conditions. The measurements were carried
out at levels of 185, 205, 260, 310, 360 and 390 cm. Oxidation-reduction potential (Eh) and pH
were measured at the points of 59, 69 and 79 cm on measuring line BC away from the center of
the heater. Other parameters were measured basically in measuring lines BC, C and DAA.
Additional measuring line was ABB-B on level 390 cm. There were 2 points as 65 and 80 cm
away from the center of the heater. There was only one point in each measuring line on level 185

cm. Additional measuring points were located between point 65 and 80 in all measuring lines on
level 310 cm.

Figure 7-12 shows the measurement method of the environmental conditions. M easurement
holes were drilled 10cm in depth. Measurement prove was hammered into the buffer material.
Resistivity, polarization resistance, corrosion potential, heater to soil potential, corrosion rate
by measuring polarization resistance on test prove were measured.

Table 7-1 shows the results of resistivity, polarizaticn resistance, corrosion potential, heater
to soil potential, corrosion rate by measuring polarization resistance on test prove. The values
of resistivity range from 312 to 3330 ohm cm. The values of polarization resistance range from
44 to 1620 ohm. All data of corrosion potential were around —750 mV. Heater to soil potential
range from —576 to —242 mV. The values of corrosion rate by measuring polarization resistance
on test probe range from 0.018 to 0.613 mm/y.

Table 7-2 shows the results of oxidation-reduction potential (Eh) and pH. Eh was measured

by a portable Eh meter and pH was measured by a portable pH meter. The values of Eh range
from 292 to 467 mV vs SHE, and the walues of pH range from 6.6 to 8.2.
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Table 7-1 Environmental conditions of the buffer material

Dicommissioning | Measuring | Resistivity {ohm cm])
Level Level BC C DAA ABB-B
[cm] [cm]) 65 72 80 65 72 80 65 72 80 65 80
185 195 550 319 3330
205 215 752 340
260 270 952 354 632 332 883 365
310 320 1445 362 344 642 375 350 857 425 340
360 3701 3215 548 2280 344 1430 378 2165 405
360 375 806 354 1030 340 1050 376 1685 351
390 400 797 341 572 338 941 345 999 367
390 405 574 363 550 312 803 323 731 338
Dicommissioning | Measuring Polarization resistance [ohm)
Level Level BC C DAA ABB-B
[cm]) [cm) 65 72 80 65 72 80 65 72 80 65 80
185 195 256 116 1620
205 215 139 159
260 270| 82 85 67 69 89 56
310 320 103 65 71 80| 74 78 57 44 48
360 370 545 103 328 101 263 52 407 81
360, 375 85 73 167 108 130 64 371 87
390 400 117 103 92 103 78 58 112 88
390 405 109 126 106 112 97 65 89 89
Dicommissioning | Measuring Corrosion potential [mV}
Level Level BC C DAA ABB-B
[cm} [cm] 65 72 80 65 72 80 65 72 80 65 80
185 195 -810 -743 -752
205 215 -736 -770]
260| 270 -755 -801 -745 -785 =734 =759
310 320 -733 =792 -792 -757 -801 -808| -9 -756 -179
360 370 =722 -786 =735 -808 -643 - -697 -789
360 375 -747 -798 -723 -819, -147 -788 -722 -806
390 400 -782 -832 <773 -815 -702 -795 -734 -821
390| 405 -808 -832] -791 -827, -710 -812] -752I -825
Dicommissioning | Measuring Heater to soil potential [mV]
Level Level BC C DAA ABB-B
[em) [cm]) 65 72 80 65 72 80 6 | 7 80 65 80
185 195 -365 -345 -319
205 215 -564 -576]
260 270 -248 =250 -242 -244 -246 -244)
310 320, -260 -257 -262 -269L =274 2717 -255 -257 -256)
360 370 -280| -274] -301 -305 -250 -256) -297 -300
360 375 =277 =275 -302 -307, -254 -259, -297 -302
3% ao| 203 06| 297 208 203 256 -304' 305
390 405 -296 -310) -203 -303 -293 -308 -304| -304}
Dicommissioning | Measuring Corrosion rate by measuring polarization resistance on test probe [mm/y)
Level Level BC C DAA ABB-B
fem) [em]) _65 72 80 65 | 72 80 65 72 80 65 80
185 195] 0.257 0.110 0.018,
205 215 0.246 0.182
260 270] 0.344 0.329' 0.421 0.402f 0.301 0.496)
310 320 0.276 0.434f 0399] 0.343] 0.385] 03577 0.523] 0613 0.608
360 370 0.052 0.272] 0.082 0281} 0.105 0.536| 0073} 0.342
360 375] 0336 0.377| 0.189 0.263] 0221 0.427 0081} 0.311
390 400 0243 0.228] 0.311 0270 0.368 0.474 0.256] 0316
390 405] 0.287 0229] 0.277 0.245] 0.307 0.423 0.320f 0.307
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Table 7-2 Oxidation-reduction potential and pH of the buffer marterial

Dicommissioning Measuring Oxidation-reduction potential [mV vs SHE]
Level Level BC BC BC
{em] fem) 59 Ave. 69 Ave. 79 Ave.
185 195 417 389 403 432 406 419 291 293 292
205 215 442 362 402 412 397 405 3717 367 372
260 270 370 311 341 326 335§ - 331 288 317 303
310 320 453 320 387 451 414 433 469 428 449
360 370 498 344 421 507 427 467 475 459 467
390 400 508 351 430 492 430 461 443 439 441
Dicommissioning Measuring pH
Level Level BC BC BC
[cm) [cm]) 59 Ave. 69 Ave, 79 Ave.
185 195 7.1 7.2 7.2 6.6 712 6.9 7.1 7.6 73
205 215 7.0 8.1 75 6.5 7.6 7.0 1.7 79 7.8
260 270 6.7 9.1 7.9 7.0 18 7.4 8.1 8.4 8.2
310 320 6.5 8.8 7.7 8.2 82 8.2 715 7.6 76
360 370 58 7.4 6.6 6.2 19 7.0 73 89 8.1
390 400| 6.8 7.9 7.3 6.5 8.0 7.2 8.0 8.3 8.2
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8. Summary

For the safety assessment of the high-level radioactive waste, it is necessary to evaluate the
coupled thermal, hydraulic and mechanical phenomena that will be occurred in the rock mass
and engineered barrier due to the effect of heat generation of waste, groundwater inflow and
stress in the geoenvironment. These phenomena will be elucidated through the study by the
laboratory tests, mock-up tests and in-situ tests. “Coupled Thermo-Hydro-Mechanical
Experiment at Kamaishi Mine” was performed as a part of in-situ experiment.

The feature of this experiment is that this experiment has been adopted as a test case of
international project “DECOVALEX” and “VALUCLAY”. Therefore, this experiment
reflects many opinions and comments from the researchers in the world. As a result, we were
able to carry out the experiment efficiently.

Studies subject of the in-situ experiment includes the measurement of the coupled
phenomena, understanding of the coupled phenomena and the evaluation by the analysis
model, and so on. We summarize the important factor about the measurement method and
analysis approach that was obtained by this experiment.

(DMeasurement method

It is important to observe the phenomena that will be occurred in the near field for a long
term after the radioactive waste is disposed in order to contribute to the safety assessment of
the geological disposal. However, it was difficult to continue the experiment by the limit of
the site in the case of Kamaishi mine. In this experiment, the duration of heating phase was
only 8 months, and it means that we only obtained the data in a short time as compared with
actual disposal period. However, this data is very valuable because the period of this in-situ
experiment corresponds to a transitional period just after the radioactive waste is disposed.
One of the major problems in the in-situ experiment is applicability evaluation of the
measurement technique. In fact, high-precision measurement will be required under the
rigorous conditions like high temperature, high stress and high pore pressure in the case of
actual geological disposal site. The situation of this in-situ experiment is more or less similar
to the actual condition of the geological disposal site, therefore, it will be able to evaluate the
applicability of the measurement method from the obtained data.

(1) Thermal effect
The temperature in the buffer and the rock mass was measured by several kind of the
sensors. The different sensors at the same point showed almost the same value and the
proper temperature distribution was obtained in this experiment.

The heat flux changed rapidly just after the heater was turned on. This means that the
heat flux meter can measure the heat flow in the engineered barrier prior to the increasing
of the temperature in the buffer and the rock, that is, the sensitivity of the sensors are
confirmed.

(2) Hydraulic effect
The movement of the water in the buffer was measured by the thermocouple
psychrometer and the hygrometer with accuracy. As a results, the quick movement of
water in the buffer from the heater side to the rock side due to the thermal gradient was
observed. Furthermore, after the heater was turned off, the water movement taking a
relatively long time in the buffer from the outside to the heater side was also observed.
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However, some sensors were broken down and measurement value exceeds the
limitation during the test period. Therefore, these are important subjects to investigate the
cause of failure, to develop the durable sensor and to make efforts on the improvement of
the measurement range of the sensor.

(3) Mechanical effect
The total pressure in the buffer was measured by the small-scale pressure cell. The
measurement data that was measured by the sensor on the rock surface indicate wide
variation as shown in Chapter 5. The reason may be that rock surface is not smooth enough
for the pressure cell that was used in this experiment.

(@ Analysis approach

The disposal environment is complex as mentioned above. Therefore, the unpredicted
phenomena may occur. In practice, interesting phenomena was observed in Kamaishi
experiment, e.g., diameter change of the test pit, inflow rate distribution into the test pit,
infiltration distribution into the buffer from the rock mass and occurrence of the swelling
pressure, and so on. Consequently, it is important to evaluate these phenomena by the
numerical model and to predict the long-term phenomena. Here, we must try to explain these
phenomena by using the existing numerical model and the information that will need for the
numerical analysis, e.g., rock property, boundary condition and initial condition. When it is
difficult to explain these measured phenomena as the result of above approach, it is important
to clarify the cause of this discrepancy. These studies will contribute to the development of
the analysis approach to evaluate the near-field phenomena for the geological disposal of the
high-level radioactive waste management.

We summarize the Kamaishi T-H-M experiment from the standpoint of analysis approach
and show the subjects in the future.

(1) Thermal effect
Temperature of the heater (waste package) is important as the inner boundary condition.
In this experiment, output power of the heater was controlled by the temperature at the
bottom of heater. As a result, temperature of the heater at this control point became almost
constant at the steady state. However, there is difference in temperature at the heater
surface. Consequently, it is a subject in the future to clarify the cause of this phenomenon.

(2) Hydraulic effect
Pore pressure distribution in the rock mass is important just as the permeability
distribution in order to evaluate the hydraulic effect in the near field. In this experiment,
the flooding pool on the floor of the test drift was set to establish the hydraulic boundary
condition.

The water movement from the heater side to the rock side during the heating phase and

the water movement from the rock side to the heater side during the cooling phase show
the validity of the assumption that water movement
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existing fracture and occurrence of the new fracture, and so on. However, in this
experiment, thermal energy was only due to one heater and heating period was only eight
months, that is, thermal energy was small and heating period was short as compared with
actual condition of the geological disposal of the high-level radioactive waste. As a result,
it is conceivable that the obvious change of the strain both in the buffer and the rock was
not measured. The causes of stress generation in the engineered barrier are considered due
to the swelling pressure in the buffer by the infiltration of the groundwater from the rock
and the thermal expansion of the engineered barrier and rock, and the change of the pore
pressure, and so on. These correlations are complex, resulting in occurrence of the complex
stress field.
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Appendix A Inspection of the sensor

T-H-M test was run continuously for 450days, then, some sensors those were installed in
the rock mass and the buffer would be wrong or broken during the test phase. Therefore, we
carried out the inspection of the sensors those could be taken out from the in-situ site and
made compensation for the measured data. The inspected sensors are shown in Table A-1.

Table A-1 Inspected sensors

Location Sensor - Number
Buffer Pressure cell 30
Pore pressure transducer 15
Rock Pore pressure transducer 29

A-1 Inspection method
A-1.1 Pressure cell

Compensation equation for the pressure cell is obtained by the relationship between the
known supplementary pressure to the pressure cell and the measured value by the pressure
cell. The schematics of the inspection for the pressure cell are shown in Figures A-1 and A-2.
The known supplementary pressure is added by the screw jack as shown in figures. The
schematic of the pressure addition at the vertical direction is shown in Figure A-1 and that at
the horizontal direction is shown in Figure A-2. The known supplementary pressure is
measured by the load cell as shown in figures.

The inspection is carried out in two cases. First one is the case that pressure increase step
by step, and the other is the case that pressure decrease step by step. The maximum
supplementary pressure is set at 2.0MPa and each step is set at 100kPa. Compensation
equation is obtained by using all inspection data.

A-1.2 Pore pressure transducer installed in the buffer

Compensation equation for the pore pressure transducer in the buffer is obtained by the
relationship between the known supplementary water pressure to the pore pressure transducer
and the measured value by the pore pressure transducer. The schematic of the inspection for
the pore pressure transducer is shown in Figures A-3. The water pressure is added by the
compressed air as shown in Figure A-3. The known supplementary water pressure is
measured by the high-precision Bourdon gauge as shown in Figure A-3.

The inspection is carried out in two cases. First one is the case that pressure increase step
by step, and the other is the case that pressure decrease step by step. The maximum
supplementary water pressure is set at S00kPa and each step is set at 100kPa. Compensation
equation is obtained by using all inspection data.

A-1.3 Pore pressure transducer installed in the rock

Compensation equation for the pore pressure transducer in the rock is obtained by the
relationship between the known supplementary water pressure to the pore pressure transducer
and the measured value by the pore pressure transducer. The schematic of the inspection for
the pore pressure transducer is shown in Figures A-4. The water pressure is added by the
compressed air as shown in Figure A-4. The known supplementary water pressure is
measured by the high-precision Bourdon gauge as shown in Figure A-3.
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The inspection is carried out in two cases. First one is the case that pressure increase step
by step, and the other is the case that pressure decrease step by step. The maximum

supplementary water pressure is set at 200kPa and each step is set at 50kPa. Compensation
equation is obtained by using all inspection data.

Support body

Support frame

Screw jack

Load cell

Rubber
membrane

Data logger

Rcok r Buffer

Figure A-1 Inspection of the pressure cell
(Vertical direction)
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Support
Data logger body

Screw jack

Rubber
membrane Load cell

(a) Side view

Rubber
membrane

Screw jack
Load cell

(b)Upper view

Figure A-2 Inspection of the pressure cell

(Horizontal direction)
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A-2 Compensation results
A-2.1 Pressure cell

Compensation for the pressure cell was carried out as follows.

(1) Correction of the proofreading coefficient

We found the mistake of the proofreading coefficient in the data logger during the
experiment. Therefore, we proofread the measurement data before the compensation by
inspection results. Proofreading was performed with following equation by using the correct
value that was shown in Table A-2. The proofreading coefficient a is the inputted value in the

data logger and the proofreading coefficient Bis the correct value.

(Real value) = (measured value)
X ((proofreading coefficient B)./ (proofreading coefficient a.))

(2) Compensation by inspection results
Inspection results for the pressure cell are shown in Table A-3. Compensation was carried
out by using following equation.

(Compensation value) =(Coefficient A)+(Coefficient B) X (Real value)

(3)Compensation of initial value
We set the value at the start of heating as zero.

The results that are obtained by above-mentioned compensation are shown in Chapter 5.

The results that are obtained by compensation of (1) and (2) are shown in Figures A-5 to A-
13. These figures set the value as zero when the pressure cell was installed in the buffer.
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Table A-2 Proofreadingr coefficient of pressure cell

Sensor Serial |Proofreading| Rated Strain | Proofreading
Number | Number | coefficient | capacity | [X10€] | coefficient Bro
o [kPa] B
PS-1 169047 1.02410 4905 10440 0.46983 0.45877
PS-2 69036 1.02020 4905 10400 | 0.47163 0.46230
PS-3 69037 1.03390 4905 10540 0.46537 0.45011
PS-4 69038 0.99669 4905 10160 0.48278 0.48438
PS-5 69044 0.95745 4905 9760 0.50256 0.52490
PS-6 69045 0.96138 4905 9800 0.50051 0.52062
PS-7 69041 1.00650 4905 10260 0.47807 0.47498
PS-8 69040 0.97707 4905 9960 0.49247 0.50403
PS-9 69042 1.02410 4905 10440 0.46983 0.45877
PS-10 69043 0.95745 4905 9760 0.50256 0.52490
PS-11 69030 1.03000 4905 10500 0.46714 0.45354
PS-12 69031 0.98100 4905 10000 0.49050 0.50000 |
PS-13 69032 0.97119 4905 9900 0.49545 0.51015
PS-14 69033 1.00450 4905 10240 0.47900 0.47686
PS-15 69034 0.98492 4905 10040 0.48855 0.49603
PS-16 69035 0.95745 4905 9760 0.50256 0.52490
PS-17 69049 0.95549 4905 9740 0.50359 0.52705
PS-18 69050 0.99669 4905 10160 0.48278 0.48438
PS-19 60051 0.96726 4905 9860 0.49746 0.51430
PS-20 69052 0.96138 4905 9800 0.50051 0.52062
PS-21 69053 0.96138 4905 9800 0.50051 0.52062
PS-22 69054 0.97707 4905 9960 0.49247 0.50403
PS-23 69055 1.01430 4905 10340 0.47434 0.46768
PS-24 69028 0.95540 4905 9740 0.50359 0.52710
PS-25 69046 0.96720 4905 9860 0.49746 0.51433
PS-26 69048 0.99470 4905 10140 0.48373 0.48631
PS-27 69026 1.01630 4905 10360 0.47346 0.46586
PS-28 69027 1.01430 4905 10340 0.47437 0.46768
PS-29 69029 1.02610 4905 10460 0.46893 0.45700
PS-30 69039 0.98492 4905 10040 0.48855 0.49603
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Table A-3 Inspection results of the pressure cell

Pressurization Decompression Compensation
Sensor | Depth | Sensor |coefficient|coefficient |coefficient|coefficient|coefficient | coefficient
[m] | Number A B A B A B
[kPa] [kPa] [kPa]
-5.00 PS-1 -493| -0.673 -590f -0.688 -514| -0.671
-4.50 PS-2 -756| -0.685 -673| -0.665 -718| -0.676
Pressure PS-3 -1361| -0.794 -1336| -0.784| -1343] -0.787
cell PS-4 1598 -0.729 1788 -0.667 1658 -0.670
-4.00 PS-5 -404| -1.137 -310( -1.137 -350f -1.132
PS-6 3171 -0.979 214 -1.020 268| -1.000
PS-7 -1217] -0.970 -1235| -0.982} -1227| -0.977
PS-8 506| -1.060 603| -1.023 558| -1.034
PS-9 283( -0.730 443| -0.659 361 -0.695
PS-10 -26| -0.652 27| -0.629 -4| -0.643
-3.00 PS-11 -150| -0.632 -79]1 -0.616 -112| -0.623
PS-12 1454] -0.786 1636| -0.619 1503] -0.632
PS-13 -159]| -0.669 -159] -0.665 -160] -0.668
PS-14 993| -0.975 1043 -0.950 1018 -0.960
PS-15 -2841 -0.698 -301{ -0.702 -2911 -0.699
PS-16 165 -0.937 2451 -0.923 209 -0.924
-2.05 PS-17 116] -0.660 150 -0.652 139] -0.653
PS-18 -1147| -0.882 -962| -0.835] -1033| -0.852
PS-19 - - - - - -
PS-20 -862| -0.847 -649( -0.785 -735] -0.807
PS-21 319] -0.692 270 -0.695 294 -0.696
PS-22 2074 -0.739 2145] -0.678 2103 -0.699
PS-23 308| -0.652 392 -0.692 357] -0.632
-125 PS-24 4521 -0.597 473 -0.599 463 -0.598
PS-25 18] -0.590 121] -0.576 80{ -0.579
PS-26 -172] -0.625 -183| -0.617 -175] -0.619
-0.50 PS-27 158 -1.010 -89 -1.093 94| -1.016
PS-28 2711 -0.797 -18| -0.866 193 -0.800
PS-29 -505| -0.947 -7211 -0.973 -563| -0.950
PS-30 -82 -0.771 -476| -0.872 -213| -0.801
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Figure A-8 Measurement result after the installation of pressure cell (GL-3.0m: Outside)
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Figure A-9 Measurement result after the installation of pressure cell (GL-3.0m: Inside)
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Figure A-10 Measurement result after the installation of pressure cell (GL-2.0m: Outside)

— 162 —



JNC TN8400 99-034

glss/t;g;gentation
96/12/17 Heating . 97/9/1 Cooling
2000 ,l. .l — s T — —
5 5 % E i [—o—Ps-19(BBC)
1500 Lieeememmmmmemmnrees e LSS AU b —a—PS-17 (DDA) |...... -
{ : ——PS-21 (CD)

—
o
o
o

Pressure [kPa]

500 |-

100 o0 100 200 300 400 500
Elapsed time [day]

Figure A-11 Measurement result after the installation of pressure cell (GL-2.0m: Inside)
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Figure A-12 Measurement result after the installation of pressure cell (GL-1.25m: Outside)
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Figure A-13 Measurement result after the installation of pressure cell (GL-0.5m: Upper)
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A-2.2 Pore pressure transducer
Tables A-4 and A-5 show the inspection results of the pore pressure transducer.
Compensation was performed with following equation by using the coefficient A and B as

shown in tables.

(Compensation value Y)=((Measured value X)—(coefficient A)).” (coefficient B)

Here, we could not obtain the compensation values about the sensor number PT-4H, PT-

11H, PT-15H, PT-21H, PT-24H, PT-26H that were installed in the rock mass

Table A-4 Inspection results of the pore pressure transducer installed in the buffer

Pressurization Decompression Compensation
Sensor | Depth | Sensor |coefficient|coefficient|coefficient|coefficient|coefficient | coefficient
[m] | Number A B A B A ‘B
[kPa] [kPa] [kPa]
-5.00 | PC-1H | -10.500] 1.003| -9.895 1.004| -10.198] 1.003
Pore PC-2H | -17.765] 0.987| -18.067| 0.986] -17.916] 0.987
Pressure PC-3H | -16.946] 0.996]| -16.585| 0.996| -16.765| 0.996
transducer PC-4H | -14.102 1.004{ -13.997| 1.004]| -14.049| 1.004
PC-5H | -16.263| 0.986| -16.831 0.987| -16.547| 0.986
PC-6H | -13.850] 0.998] -13.278] 0.995] -13.564] 0.996
PC-7H | -19.108] 0.990| -19.194| 0.989| -19.151] 0.989
-400 | PC-8H | -10.278] 0.996! -9.248| 0.994| -9.763} 0.995
-3.00 | PC-9H | -33.265 1.035] -32.743 1.035{ -32.995 1.035
PC-10H| -10.488] 0.986] -12.249] 0.988] -11.368] 0.987
PC-11H| -22.220| 0.987| -21.989| 0.988]| -22.104| 0.987
-2.05 |PC-12H| -17.964] 1.010{ -19.158 1.007| -18.561 1.009
-1.25 |PC-13H| -20.366] 1.061}| -19.057 1.057| -19.479|f 1.058
PC-14H| -33.386| 1.058] -32.363 1.055] -32.875 1.056
PC-15H 3469 1.048] 4.050] 1.048| 3.759( 1.048
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Table A-5 Inspection results of the pore pressure transducer installed in the rock

Pressurization Decompression Compensation
Sensor| Location | Sensor |coefficient |coefficient |coefficient | coefficient |coefficient | coefficient
Number A B A B A B
[kPa] [kPa] [kPa]

KBH1-1 | PT-1H -6.846 0.992] -5.536 0.987| -6.212 0.990
KBH1-2 | PT-2H -5.513 0.979| -6.067 0.991| -5.823 0.986
KBH1-3 | PT-3H -1.216 0.986 0.575 0.974| -0.480 0.983
KBH1-4 | PT-4H - - - - - -
KBH1-5 | PT-SH -1.694 0.977{ -1.803 0.974| -1.890 0.978
KBH2-1 | PT-6H 0.043 0.981] -1.187 0.988| -0.576 0.985
KBH2-2 | PT-7H 1.637 0.975 1.427 0.979 1.460 0.978
KBH2-3 | PT-8H 2.421 0.958| -2.818 0.992| -0.167 0.975
KBH2-4 | PT-9H 1.333 0.987 1.466 0.984 1.415 0.985
KBH3-1 | PT-10H| -0.758 0.995| -0.390 0.988, -0.782 0.996

- KBH3-2 | PT-11H - - - - - -
g KBH3-3 | PT-12H 3.554 0.983 3.554 0.982 3.428 0.985
g KBH3-4 { PT-13H | 173.450 0.872] 175.500 0.860| 174.110 0.873
g KBH3-5 | PT-14H | 177.490 0.894| 176.340 0.903| 176.470 0.907
?} KBH4-1 | PT-15H - - - - - -
S KBH4-2 | PT-16H 0.189 0.985| -0.609 0.984| -0.276 0.986
; KBH4-3 | PT-17TH | 22.896 0.986| 22.420 0.993| 22.609 0.990
~ KBH4-4 | PT-18H| -2.697 0.978| -1.048 0.972] -1.891 0.975
KBH4-5 | PT-19H | 28.225 0.985| 31.156 0.965| 29.444 0.980
KBHS5-1 | PT-20H | -0.241 0.996| -1.880 1.019 0.779 0.989
KBH5-2 | PT-21H - - - - - -
KBHS5-3 | PT-22H 0.747 0.986] -0.249 0.987 0.249 0.986
KBH5-4 | PT-23H 9.965 0.989| 11.411 0.980| 10.668 0.985
KBHS5-5 | PT-24H - -| -28.251 1.294 - -
KBH6-1 | PT-25H |} -0.343 1.003] -0.943 1.009] -0.674 1.006
KBH6é6-2 | PT-26H - - - - - -
KBHé6-3 | PT-27H| -0.123 0.985{ -0.842 0.991| -0.484 0.988
KBH6-4 | PT-28H | 14.784 0.982| 13.920 0.989| 14.299 0.987
KBH6-5 | PT-29H 2.221 0.983 3.130 0.975 2.747 0.978
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Appendix B Sampling results at decommission

Figures B-1 to B-6 show the location of the sampling points at decommission. Figure B-1
shows the height of the sampling section. Figure B-2 shows the location of the sampling
points at sections a, b and c. Figure B-3 shows the location of the sampling points at sections
d, ¢, fand g. Figures B-4 to B-6 show the location of the sampling points at sections h, I and j.
Table B-1 show the digital data of the water content at decommission
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Figure A-1 Height of the sampling section
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C

Figure A-2 Location of the sampling points (Section a, b, c)

A

| C

Figure A-3 Location of the sampling points (Section d, ¢, f, g)
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Figure A-5 Location of the sampling points (Section h, i, j) (No.2)
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Figure A-6 Location of the sampling points (Section h, i, j) (No.3)
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Table B-1 Measured water content at decommission

Section| Line | Location | [%)] [%o) [%] [%]
@ |16.8 @] 14.3 @] 8.4 @
@ |169 ®]17.0 ®] 107 ®
@ |174 @] 16.5 @] 11.1 @
® |17.1 ®] 16.5 ®]11.8 | ®
AB e T AB ®] 16.7 AB (®] 12.2 AB (e 89
@ |17.3 @] 16.9 @| 14.8 @] 11.6
18.6 18.6 20.2 19.6
® |23.1 ®| 23.7 ®] 225 ®] 24.8
@ [16.7 @[ 145 | @] 6.1 @
® |16.8 ®] 16.5 ®] 5.8 @
@ |17.0 @] 16.7 @] 6.8 @
® |176 ®] 16.9 ®| 9.6 ®
cD ® |171 cD ®] 16.6 cb ®] 12.1 cD ®] 9.1
@ 173 @] 16.9 @] 16.0 @] 12.4
18.7 20.0 27.8 24.1
a ® |227] ©®]26.2] ©®]223] | @] 30.2
@ 167 @] 147 @] 5.8 @
® [16.8 (@] 165 | 3| 6.3 6
@ |16.8 @] 16.8 @] 7.9 @
® ]17.0 ®] 16.9 ®] 8.0 ®
OPA™® Ties DPAT® 165 DPAT® [ 103 PPAT® | B4
@ |172 @] 16.5 @] 12.0 @] 11.1
18.8 17.6 19.8 18.6
© |231 ®| 20.3 ®] 213 ®] 22.7
@ (165 @] 14.8 @] 7.6 @
® [166 @] 163 ] 8.7 @
@ |165 @] 16.6 @ 9.2 @
® [16.7 ®] 16.3 ®] 10.1 ®
BBC ® |167 BBC  ®] 16.1 B8C ®] 115 BBC ®] 85
@ |17.3 @] 16.4 @] 15.5 @] 11.8
18.6 19.7 18.6 21.2
® |22.0 ©®]26.9 33.4 ®] 24.6
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Table B-1 Measured water content at decommission

Section| Line | Location | [%)] [%] [%]
@ @ @ :

(©) ® ®

@ g @

® ®
AB ® |10.1 AB ®] 10.2 AB ®| 9.6
@ |135 @] 12.4 @] 12.6
22.5 21.5 20.7
@ |287 @] 28.7 @] 27.2

@ @ @

® 3 ®

@ @ @

® ® ®
I ® [os A IGIEY 0 @[ 8o
@ | 14.6 @] 13.5 @\ 11.7
23.7 21.8 ®] 19.2
o @ 274 @[ 27.7 ®] 284

@ @ @

(6] ® @

: : :

®

DDA © o7 DDA ©[ 95 DDA OIEX
@ |13.9 @] 12.2 @] 12.5
21.2 19.8 21.0
@ |[248 ®] 26.2 @] 26.9

@ @ @

©) @ 1©)

: : :
BBC —® [ BBC © 55 BBC © 86
@ |120 @] 12.2 @| 11.7
21.1 20.0 20.0
® |24.0 @[ 25.3 ©®[24.3
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Table B-1 Measured water content at decommission

Section| Line | Location | [%)] |Section| Line | Location| [%] [section] Line | Location| [%)]
® 6.59 [©0) 18.99 [0) 16.41

@ 6.77 @ _ | 1869 @ |17.38

® 7.02 ©) 18.00 ©) 17.55

@ 8.11 @ 17.47 @ 17.83

AB ® 9.93 AB ® 16.61 AB ® 17.62
_® 12.42 ® 16.61 ® 17.57

@ 14.72 [©) 17.39 @ 17.99

26.18 19.61 20.20

® {3023 @ | 23.60 ® 2027

@ 6.90 ® 19.18 @ 16.92

- ® 6.79 ® [18.16 ® ]18.13

@ 7.56 @ 17.35 @ 18.11

® 9.15 ® 17.77 ® 18.36

cD ® |[1154 cb ® |17.61 cb ® 1899
@ 13.23 @ 19.52 @ 21.52

® |17.23 19.51 20.58

® |31.11 @ 2244 @ 2525

@ 6.61 @ 19.05 [©) 16.75

[©) 6.81 ® 18.76 ® 17.80

h % 729 | . g 17.86 i % 17.83
8.96 17.30 18.35

PPAT® [1126 DPA—%® 1725 PPA % T18.11
@ 13.12 @ 18.01 @ 18.56

19.89 18.82 19.83

@ 26.03 JO) 21.03 ® |23.23

@ | 6.51 @ ] 19.06 @ 16.79

®_ |6.79 JO) 18.16 JO) 17.89

@ 7.12 @ 17.42 @ 18.22

® 8.72 ® 17.31 ® 18.27
B88C—® 112 BBC ® |17.17 BBCI™® 1785
@ 13.79 @ __|17.62 @ 18.82

24,22 20.79 20.28

[©) 29.41 ® 24.52 ® (2120

@ 6.75 @ __ |14.51 @® |18.06

@ | 1776 ) 16.86 @ 18.15

) 9.72 ® 16.96 ® 19.02

A @ 11194 A @ |16.43 A @ |19.81
| ® 15.53 ® 16.86 ® _|20.58

® | 28.07 ® 18.28 ® [2572

@ 33.33 @ | 20.57 @ |82.17
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Table B-1 Measured water content at decommission

Section| Line | Location | [%] ] Section| Line | Location| [%] |]section| Line | Location| [%]
® 6.85 [O) 17.57 [©) 17.40

@ 7.90 @ 11713 @ ]18.22

[©) 9.66 ® 16.17 ® 18.52

AAB @ 12.22 AAB @ 16.45 AAB @ 20.10
® 14.02 ® 16.95 ® |20.75

® [24.72 ® |19.31 ® |24.36

@ 26.20 @ 24.01 @ 24.13

® 6.60 ) 17.89 ® 17.56

[©) 7.73 @ |[17.49 @ [ 18.04

® 9.21 @ 1722 ® |{18.11

ABB @ 11.43 ABB @ 17.50 ABB @ 18.02
® |13.66 ® [1762 ® |18.00

® 23.23 ® 18.67 ® 19.04

@ 26.45 @ 21.24 @ |21.66

® 6.48 @ 18.19 ® 19.57

@) 7.26 @ 17.41 @ 18.28

[©) 9.21 [©) 17.07 ® 18.48

B @ 11.44 B @ 16.97 B @ 18.43
® ]13.39 ® ]17.38 ® |1842

® |[22.49 ® 18.59 ® 19.84

h @_|2652] . @ | 22.02 i @ | 2058
O] 6.60 ®  118.32 @ _|[17.62

@ 6.96 @ _ |[17.43 @ |17.82

® 8.20 [©) 17.02 ® 18.15

BC [0) 10.24 BC @ 17.04 BC @ 17.82
® 12.70 ® 17.72 ® | 20.00

® | 2396 ® 19.80 ® [ 20.44

@ | 3067 @ |2268 @ [2167

® 6.28 ® 18.10 ® 17.37

&) 6.59 @ 17.58 @ 17.43

® 7.96 ) 17.16 ® 17.30

B8CC O) 10.02 BCC @ 17.06 BCC @ 17.58
® 13.01 ® 17.94 ® 18.16

® | 20.56 19.54 ® | 20.07

@ |29.01 @ 207 @ 2252

@ 6.42 ® 17.87 ® 17.47

@ 6.95 @ 18.24 @ 17.62

| ® 8.42 [©) 17.72 [©) 18.43

o; @ ]10.78 o] @ ]17.52 c @ |18.38
® | 13.01 ® ]19.05 ® [19.03

® | 20.84 ® ] 20.49 ® [20.72

@ | 28.36 @ [24.48 @ |23.17
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Table B-1 Measured water content at decommission

Section| Line | Location| [%] |Section| Line | Location| [%] |]section] Line | Location | [%]
@ 7.13 ® |20.21 @® 1746
® 7.51 @ |17.88 @ |17.53
©) 9.1 ® |17.67 ® |17.82

CCD @ 11.08 CCD O) 17.36 CCD @ 18.45
® 13.17 ® 17.83 ® 19.70
® [19.79 ® | 19.02 ® |21.72
[©) 26.18 [©) 22.72 @ 26.04
® 6.75 ® 18.49 @ 17.84
@) 7.97 ® 17.81 ) 17.56
©) 9.29 ® [17.23 ® |17.93

cDD| @ 11.69 cbD @ 17.20 con| @ 18.00
® 14.38 ® 17.91 ® 19.55
® 26.64 ® 20.80 ® 25.43
@ 32.21 @ 25.89 @ 38.91
® 6.91 ® 18.37 ) 17.44
) 7.22 @) 17.75 ® 17.44
€) 9.37 ®_ [17.70 ® |17.37

h D @ 11.44] i D @ 17.21] | D @ 18.05
® 13.53 ® 17.94 ® 19.25

® | 24.87 ® | 2040 ® [21.13

@ 29.11 @ 23.54 @ 23.47

O 7.09 ® 18.54 @ 17.73

@ 7.82 @ 17.90 @ 17.89

[©) 9.12 ® 17.52 ® 17.95

DA @ 11.32 DA @ 17.43 DA @ 18.25
| ® 13.56 ® 17.49 ® 18.76

® |22.85 ® |18.85 ® [18.85

@ 26.17 @ [ 2074 @ |21.28

® 7.19 ©0) 17.55 O] 17.37

@ 7.75 @ _|18.04 @ |18.22

® 9.40 ® 17.03 ® 18.46

DAA @ 11.46 DAA @ 17.18 DAA @ 19.13
® 14.81 ® 17.34 ® 19.77
® |26.29 ® 18.96 ® | 21.53
@ |28.60 @ |22.77 @ |2255
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Table B-1 Measured water content at decommission

Section] Line | Location| [%] [Section| Line | Location | [%] |]section| Line | Location| [%)]
) 13.85 ® 17.26 ® 20.36

A @ 24.16 A ® 19.57 A' ® |22.88
® 30.73 ® 25.21 ® 29.14

@ 13.91 @ 17.48 ) 19.66

AAB'| @ |23.96 AAB'| @ 21.28 AAB'| @ [21.18
® 29.17 ©)] 24.26 ® 22.95

O 13.65 @ 17.21 ® 17.89

AB' @ | 22.81 AB' ® 18.90 AB' ® 18.68
® 28.08 ® 21.03 ® 19.98

[©) 13.19 [©) 17.22 [0) 18.14

ABB'| @ |21.35 ABB'| @ 18.68 ABB'| @ 19.34
® | 26.65 ® 21.54 ©) 20.56

) 13.69 [0) 17.79 @ 18.52

B' ®@ | 2251 B' ® 21.14 B' [63) 19.52
® |2857 ® 22.97 ® |21.45

® _[13.89 @ |17.28 ® |18.10

BBC'| @ [2328 BBC'| @ 19.63 BBC'| @ |20.65
® |[29.33 ® 22.33 @ [2245

® 13.04 O) 17.95 O) 17.92

BC' &) 18.36 BC'[ @ 19.10 BC' @ | 20.28
® [2894 ® |25.02 ® | 22.80

1. ® 13.72 ® 18.05 ® 18.67
BCC'{ @ |23.05 BcC'| @ 19.13 BCC'| @ |20.60
h ®_|3036] . ® | 22.07 j @ |21.97
©) 13.05 ) 17.31 ® 18.86

c @ _[2035 c @ 20.21 c @ | 21.04
@ |27.02 ® 23.12 ® 2395

® _ ]13.41 ® |1807 ® _!20.11

CCD'| @ |19.68 CCD'| @ [19.48 CCD'| @ | 23.61
® | 2569 ® 22.52 ® |23.31

O) 13.44 ) 17.66 @ |22.06

co @ | 2477 cD' ) 19.78 cD' @ |2079
®_ [3270 ® 22.70 ® |23.33

® 13.72 ® | 18.08 ®  ]19.13
COD'| @ |[26.64 coo'f @ 21.57 CDD'| @ [24.46
©) 30.88 [©) 27.46 ® | 28.68

®_ ]13.25 ® |17.63 ® |18.88

D' @ _ [21.92 D' P) 19.48 D' @ __|20.70
@ |27.28 ® 23.36 ® | 2388

[0) 13.81 @ 17.63 ® 18.28
DDAl @ |21.15 DDA'| @ 18.21 DDA ® 19.58
@ 2542 ® |2047 ® | 2066

® [1354 ® |17.30 @ | 19.11

DA' @ _]23.19 DA' P) 19.43 DA @ 19.92
@ |26.96 @ 12213 ® _|21.9

O) 14.25 ® 17.23 ® | 2082

DAA'l (@ |25.46 DAA'| @ 18.60 DAA'| @ |23.13
® | 34.07 [©) 24.02 @ |27.44

[y

]
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i



