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SUMMARY

I. TITLE OF RESEARCH

A Study on the Technology of Underground Storage of
Agricultural Food

II. PURPOSE AND IMPORTANCE OF THE STUDY

1. It is necessary to increae the number of storage facilities for
agricultural and fishiery products in Korea. Kepping the quality of
agricultural and fishery foods for long term with new storing
technology and step supply to the market is very important for
keeping constant price and supply. It will also good for both
producer and consumer.

Many parameters like site characteristics, geology, safety, air
controlling system, storing conditions of agricultural products were
ananlyzed to study the feasibility of underground storage facilities.
Consuming .of energy, operating expenses, construction expenses,
land wuse plan, and conservation of environment were also
considered.

Characteristics of deformation and failure of rock mass due to



construction of unerground facility should be well understood with
heat transfer charateristics in the ground for planning of
underground storing facilities. Criteria of site selection for
underground storage facilities and necessary parameters to design
them are estabilished in this study. Nondestructive exploration
techniques for the site of underground storage space and
post-monitoring techniques for the safety and control of the

underground storage facility were also studied.

2. Ground refrigerated food storages require a vast amount of
energy consumpton. It has been reported that the peak load
amounted to approximately 400 MW in the summer season.

Underground refrigerated storages have received worldwide
attention due to their advantages. They have been found to save
the energy consumed by the ground refrigerated storages by 30%
or more. They also have the advantage that their indoor
temperature and relative humidities are maintained very stably all
the year around. It serves to control effectively the temperature and
relative humidity of the underground storages. Therefore it is
desired that the underground refrigerated storages are used for
energy savings and effective long-term storage of fresh food. The
purpose of this present study is to provide basic data for the design

of the refrigerated food storages.

3. The study aims to increase the use of small sized
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underground storage facility. Investigation of basic data using
underground storage facilities was carried out. Also establishment of
storage condition for wutilization of small underground storage

facilities is the purpose of this research.

III. CONTENTS OF THE RESEARCH

1.  Feasibility study on construction of underground storage
space was carried out in terms of geological condition, safety, air
controlloing techniques, and food storing conditions. Surface storage
facilities has some limitations in aspects of site, environment and
construction and operating expenses. Underground storing of
agricultural products has such merits as easiness of construction,
savings of energy and operating expenses, conservation of land
surface and environment. In addition to that, geological condition is
also good for underground construction.

A detail geological survey is necessary to understand several
physical conditions and heat transfer of rock mass before
underground construction. Existence of faults and groundwater
influx should be considered in design of the underground storage
facility. Parameters for design of underground space are depth,
direction, shape, and dimension of the space. Site for underground

storage facility should be selected with the consideration of
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mechanical safety and geographical suitability. Rock mass of low
heat conductivity is better site for underground space. The
excavation plane should not cross the shear zone. Nondestructive
techniques like seismic method, resistivity method, and georadar
exploration were studied to collect such parameters as suitability,
direction and dimension of underground space. Theoretical and
experimental study on heat transfer in underground rock mass
results in the most shallow depth of the underground space is about
5 meters which is below the skin depth for annual period of
atmospheric temperature variation.. It means that construction of a
small underground storage facility under a small mountain is good
enough for storage purpose.

Analysis of characterisitcs of deformation and failure in rock
mass due to the construction of underground space represents the
needness of reenforcement of walls of the underground space
according to the shape and size of the storage space and the
irregularity of the surface topography. A post monitoring system
which includes automatic measurements of humidity and
temperature inside the storage space, deformation of underground
wall, influx of groundwater in to the site is recommended to ensure
the quality of stored agricultural products and safety of underground

structures.

2. The design of refrigeration-air conditioning systems should

be laid out efficiently so that fresh agricultural and marine products
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should be stored for a long term in underground storages. The
curtent study would provide basic data for the design of the
system. A method for the estimation of the refrigeration load of the
underground storage was suggested. Especially the amount of the
heat transferred into the wunderground storage through the
underground rock from the ground surface is the most one of the
items considered to estimate it. The necessity that the latent heat
tranfer at the moving interface between two phases produced in
the underground water should be included in the estimation process
was also indicated. Theoretical works reported for the calculation of
the temperature profiles varying with the depth in the underground
rock have been investigated. They were also pfedjcted by
numerical works using the two-dim. heat conduction equation.
Three-dim. numerical analyses were also carried out to predict air
velocities and temperatures within the underground storage. On-site
measurements were made to examine thermal environments in
underground storages. Experimental studies on thermal environments

in the scaled cold storage model were also conducted.

3. A comparative experiment was conducted on agricultural
products (fruits, potatos, vegetables) at room temperature, low
temperature and underground storage iIn order to investigate
utilization of practical design of underground storage facilities.

Physico-chemical compoment changes and generated

microorganism could be investigated to predict the storage of
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agricultual products and self life according to the control of

temperature and humidity.

IV. USE OF THE RESULTS

1. The research results will be recommended for the
encourgement to use of underground space to many government
agencies and companies related with storage of agricultural and
fishery products. with the result that a small underground storage
facility in a small mountain is also good enough for the storage
purpose, it is recommended to increse the usage of small sized
underground space near the production field rather than large size
storage facility of far distance. Use of post monitoring system and
parameters establihed in this research is strongly recommended in
selection of site, design of underground space, construction and

operation of underground storage facility.

2. For many dacades underground food storages have been
utilized in advanced countries due to their advantages such as the
effects of energy savings, the reduction of the cost of construction
and maintenance, and etc. Although they offer the various benefits,
however, they have not been yet put to practical use in Korea. In

the present study a suggestion of the method for the estimation of
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the refrigeration load of a underground storage was made, which is
of great importance in determining the capacity of the refrigerator.
A basic theory on latent heat transfer at a moving interface
produced in the process of solidification between the two phases
was included, which should be considered to estimate the
refrigeration load. The boundary condition at the ground surface
have influence on the underground temperature variatons with depth
and season. It can be specified by an energy balance that consists
of coupled processes of conduction from the ground, convection,
evaporation, and radiant exchange in both long(sky and ground
infrared) and short(solar) wavelength bands. In the current
investigation, however, it has been found out that a simple model,
expressed in terms of dry bulb temperatures and angular velocity of
the temperature variation, for the ground surface boundary condition
can provide reasonable results without significant errors.
Underground rock temperature distributions were obtained by the
numerical analysis in which the 2-dim. conduction heat transfer
equation was considered as a governing equation. It was shown
that the temperature variation with season decreased as the
underground depth increased. The present numerical and
experimental works showed the buoyant effects of laminar free
convectons incorporated into the forced convections, which were
caused by the cold air supplied in the both storages; the
underground and the scaled cold storage model, and they showed

that the greater buoyant effects occurred in the scaled cold storage



model. It was also shown by the experimental studies that thermal
environments in ground cold storages may be greatly influenced by
location and direction of the cold air supplied under the same supply
conditions. Data on thermal environment in the underground food
storages were obtained by on-site measurements.

Underground food storages, if they are constructed and located
in each region over the whole country and operated by the regional
guide institutes, will contribute greatly to improve the circulation
structure of the agricultural and marine products and stabilize their
prices all the year round. The contents of the current study would
be able to used to design the refrigeration facilities for both
underground and ground food storages. Operators of ground food
storages should realize that it is important to figure out the
temperature and relative humidity distributions inside them before
storing the foodstuffs. It would help them arranging the storing
foodstuffs in the possibly better locations to satisfy their own
storage conditions. Even after storing them, regularly they should
recorded their freshness and check out if the refrigeration and air

conditioning system are efficiently operated.

3. The results of experiment are expected to be utilized for
underground storage facilities as basic data for agricultual products
storage. Each experimental suvey of controlled storage will be
helpful to increse of efficiency in terms of product time, season and

cirulation. This study can be used as a data for enhancement of
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small size underground storage. It is consided that government
support is needed for utilization of useless underground storage

facilities.
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Table I-1. &7 A=A

yFA WE # %
25 T2 HAYAF FE FHUIAR
T % 717+ APA:
F(week) @ (month)
=557
371 0~+1 80~90 1~6 &~9 9~16
A o] Ml A37] 0~+1 80~95 1~-2 85~95 4~7
2] +5 80 26 85~9% 8~14
x5
= e -2~0 80~85 1~3 90 10~20
A
2517] 0 100(E &) 2 90~95 6~12
2] ¥ko] Ml AF7] 0 100(€ &) 1 90~95 8~9
g dd A -2~+2 70~80 32
A +4~+8 60 32
7i 8] & -2~= 85 16
vl zbA, Al Al 0 100(€ &) 2 90~9%5 3~12
gz, = 0 100 2 90~95 10
5 2 77hE AF
FH(EEAY gle) +1~+3 - 1
2L " ) +1~+3 - 1
o7+ +1~+3 80 24 90 12
B | +4~+6 80 8 85 9
olo] A=Y - - - 85 10
3 +1~+6 65~75 40 (85) (6)
2 T A A +10~+12 85 5
71 A 7% -1~+1 90 24 - 14
+10C B} v A
% o= 4 g 6
Z2E AEF
7 (F2 A, 27
of dojz &) 2
AARA], dWa F 4~6
i) =} 12~16
SHF (FEE 1 A) 18
FZ .
=Z=A A _15_ 12
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a5 +]~+4
X +5~+10 85~90 4~8 - B
Hluul (2 A) 0 8~90 4~16 - -
AFa} +12~+1 8~90 12~18 - .
Hj) 4 8~90 12~18 - -
=7] (e -1~-+2 85~90 12~32 - -
Ad A) -1~+2 85 8~24 - B
H A 18
AxXE 0 80~85
0 80~85
A 2] (cherries), °F2F 10~18
L.0], B A
& FF(peas) ErlE  +1~+4 8~95 1~2 = -
(92 A) '
ofxmelA 2 Al F A, 0 90~95 1~3 - =
A=, 3t
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0 90~95 2~4 - =
L g +10~+] 85 3~5 - -
Eol: (FE RA) 2 - 8 8~12 - -
LIRS : +1~+4 It 12~20 - -
& 52} 0~+1 80~90 24
72} +4~+10 - 12
W5 7A (pre-cooked) - 12
273 60~70 32~50 B =
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o o Z x g0 X7l I - PAF
ik Ei SR Te=O B PN o
%lj:%??;ger, o Fryseri MABES | simimtar |25 1966
Gleberrasen: Iniplomis A/S | 10,000 qge | -27|1967
Hamar Diplomis A/S 10,600 HAopeh | -22(1967
B (G s ¥ g | e |-30|1867
fogen” |G s ¢ Plioco. | B |-30|1974
Kastbrekks. |1 i | 19785585 | 5% |og 1078
Brevik Il\éeéggg&skk 1%4%;("; A3lel  [-25]1962 gj‘g
Stathelle gguggg ger A/S %:T(T)L;é A3zt |-25/1978|
Stathelle %‘;‘S’ggger AS 3%0,%@) qajeb | -25(1982] ”
29 ol9 ¢hutx A &% = 115000m’
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?.

A 4 S 8 3
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QR ° zﬂ»ﬂlé’ 100% F7HRA
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Ao H xj]é-r 200(; 9 {57 28509 | 1,300 A4k
Am Al 4,
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EAH] o} 1.5/% 0.3/% TE=H 7E
EA] 44y 3,000 855
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® A F}FS AFHY Y UHoE YE Fro] vERYEF
Lol

UEYE BT AGL olAY BUHAR AW 4Ho| AN
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E o g2t A 9E5YEA T 200 MPa B & ®d F3)
&e E3 2 MPa ¥l HA gl
(Young’'s Modulus)+ ©EHA| g4 F3t2 $83 ¥yE 7
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FHELE 4o wet g F2 449 =4 FEH =3 T
of Aujg WA et 4 BHAN M LY F=
A dAEELS oF 8 WmK otk A4, &8, W4 di=gE
20-30 W/mK 2 7b 2 ghe] ¥& FEl @ Table O-1 &
HEHA o FESY dAELo FH9 F=9 FPAc==
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Table I-1. o8] FEE A&
S I =g AF A
(g/cm3) (mcal/cm secC)

Quartz 2.647 18.37 Jessievillie, Arkansas

2.655 17.23 Magnet Cove, Arkansas
Olivines 3.328 12.09 New Zealand

3.312 12.17 Hamilton, Washington
Zircon 4.633 10.85 Australia
Monticellite 2.789 6.33 Crestmore , California
Pyroxene 3.304 11.85 Webster, North Califonia

3.272 10.34 Kragero, Norway
Muscovite 2.834 5.96 India

2.851 5.38 Poland,Maine
Biotite 2.886 5.59 North Carolina

3.075 4.06 Ontario, Canada
Talc 2.820 16.72 Quebec, Canada

2.804 12.42
Serpentine 2.601 5.58 Comnewll, England
Feldspar 2.583 5.90 Ontario, Canada

2.583 5.53 Goodspring Nevada

2573 3.95 Tooele Utah
Plagioclase 2.606 553 Amelia,Verginia

2.642 4,73 Hawk, North Carolina
Hematite 5.143 26.95 Itabira, Brazil
Augite 3.275 9.13 Ontario, Canada
Hornblende 3.254 6.07
Pyrite 4915 45.89 Rico, Colorado
Calcite 2.721 8.58 Chihuahua, Mexico
Magnesite 2.993 13.94 Bushveldy, Transvaal
Dolomite 2.875 13.16 -
Aragonite 2.827 5.35 Somerset, England
Rhodochrosite  3.584 7.31 Catamarca, Argentina
Siderite 3.811 7.18 Roxbury, Connecticut
Griphite 3.330 2.77 Keystone, South Dakota
Fluorite 3.186 22.72 Rosiclare, Illinois
Monazite 5.100 2.62 San Miguel, New Mexico
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Table II-2. T.Q_ d4e dd=L (&9 W/mT)
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Table I-3. 437 EX=&

2HEE (W/mT,

L2 o) % *

;] i o = ° (—1111-1;]13/7(;];;] A §LE405C)
- Az xF
1 Iceland Spar Calcite 0 32" -
2 Translucent calcite spar 04 31" -
3 Limestone 4 3.0 3.1
4 Limestone 17 2.9 2.9
5 Limestone 38 2.5 2.9
6 Limestone 53 2.4 2.9
fi chalk 216 1.2 1.7
3 Dolomite 7 5.1 5.5
9 Dolomite 31 3.1 4.2
10  Magnesite 14 5.0 51

FES AARY L wt opidE Hd. dME FAEAFE E 7
ol wet o] g He FA97t grh A ERELEE 39 3
of W detxj= 71 2l Table O-4 o)A 9 Zo] Iceland Spar ¥
A2 ot TARAZ AlHY WEkel] wEt dAEgo] g2t
A71M e g2 AAY {1014) Hel A3 e Ftelth. Birchs}
Clark (1940)2 3l oA 100 ¢ 2=olA A= &S tf3F 2o
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T dAEEL gy Zr,
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dAES FHL2 wf¢ FEsorstr] wHiEd HHY S5T AEE
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5) Aot FASE Aol HohEAY AAUMA £ wHAol

At
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6) EAlNA veE Fde oz Fow P4 BAE doat
7) thEE e dFF Atdeolt Azt 3 ZFEE F3 2ol F
=2 o89d + gt

8) X 3lgrwo] Yolx|w X oA kel ¢bd EA7} dojg 4 9t}

1. F&3% A

FAole A FFo] EAFHAW o] 52E FF Aol F=
£ 79 gk 2dM Fest g dHe FrEE
(e Ask5e) F4 42 713 2% Wrolm thobal (Darcy) 4
CEEREE RS £ F

[ A~
s 2o B5E

V=K-i (3.1)

A7]14, V=% (m¥/(sm?)=m/s), i= hydraulic gradient
Y FFEY E9E mvs ol I #He 4 2 fAe AFd o
g2, &858 A7) 449 HAd wet AAHEHY F49 A

al
A= BAC itk 2P A GAdA T4 AFE AujEe AL A
g T EAd&EHY FEfgolty. FFEn FFTe dAAE o 2
o] et}

K=k u/(o-g) (3.2)
o 71 A, = B+ &

_75_



g = A9 T3 AAAT 53 10T Ed9A4= 981 -
10 N/(m - s)

o
g=%% 7I4 % (981 m/s2)

498 o 52 fAE Be FAAEA o3 A7l %o
o] ATES FUSHY HAY BA Wolst wel P @ol 9L
AT 294 4g gEe) delFelq FAY FEEE e 2

2 Fol2(Louis)e el 9] FoZt}. (Louis, C., 1969)

e ey (3.3)

A71M, e= Al B4 wol
b= del Abolel 747

v= 25 HAAS 20T €43 29 g3 001 cm¥s

¢

Folzeo A4 Aae B4 Welst 27t HA F42 sust
= Ae @ % A 28y Folat tEA 4& HESE(laminar

flow)?] 2ol HgHn] Folxe] He Helmgo] Bed FYse

qeos FHRGD AP Zolth AAME Yy IS AR
2 2720 Y7 WEA B dANAY FAL BRART FFol
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gAY ReE

Ao} Aot Frrs F2 Heo X, 42 Fo 95
2YM Fig T-12 ¢ Zo] tdd] chdd #g 7HAth Fig 0-12 &
nel Azt 22 sgtelv MAALGEL AR Ry vk

Arole AFFERD ¥ Fge 7t
A 7 0t 4He FrEd oM AR A ogdE Ado. &
ZE #2 dAdME Tt Y HFgY FFEe FEd] 3
Bfs] 1.5-2.0 #i7} woh dold] wet dzel EA7E EolExn 1HF o]
#@ojxlnz A5tz WHd4E F5ze

o
N,
flx,

}4
e,
X
)
1)
iu
N
¥
rr

T de ARFY FdFY FE 9
ol AAY HAY A
o 7bs ¥ #9458 WY £ Aok 2 YY) 2ne
4% = A7) E A (scale effect)E HE3toof st o] =
Z123E AAste Aol 4A g4tk FEFE dEFE] e olE

9 22y T F7HA Be] o] &Hrh

ot
a
St
&
o
ol
2
>
e o
ko
et
oﬁ.
m[m

7h 712 AR o2& HEF FA 559 AN
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#A9 B8E olBHOE ARSI Astel LATL 4 A %
gol AN ek A5 F5E AW HHME Tokheim T
Janbu 7} AAE el & H4¥ & ek

_2r-K:L-p
Qw - Ly * G (34)

9714, Qu = FY& , m’/s
K = H%5€, m’

L =gdoly F59 ZHol, m

p = X¥¥ £F, Pa

Ly = B9 53 A X, kg/(m.s)

G = ¥4 A=

FAAFGe HEdold 59 B4 Ayt 525 EYd] o
2= e dFy Hoz Fojr

— 1. (2D—1) (L +2r)
G=h I fLF2(2D-n] - (35

714 , D

r

FE 2ol B%e) 53} A5 Abole) AT
24 EWA3 5 gL EUAL e Y59
(o312 =ake))

L = Ast&F2] 4o

=
o

._.78;..



Aote #AAAY o 4 HB7] A F5eol B Hu
% Qe d’éM CHIEE R *l%%ow 5

9¢ slorgth of 4

Aol e shtel "eTol AAl Astee 585E Xuate B £

stk o4 o2 AW A5 LAE BASY] A8 FAAF G

e e @8 L>re etk it
L CERL

A welo] AANHY Ao 55E M Asg
F otk BE FEass YA Rdo] FH4HY AA TRE 1
g 2o AAE vhrol, Fold 27)@olA wE Ag dhef 7
HolHel ZAHE e ol FRAL e Aol wrlo] Hg
He e vz dase Ae dd4 PCE o4dd Hrt.

3. 4% 559

o
olt

AFoIN F4A
beted 22w A=

§ ESEe] ag

He 78 ol Adre) 793 F5E
271 AsA . o) AREL AFUKE 9
Axsle dE AHS 9T @F E5Age

A AE (Lugeon test), & AW, U+ 4 Fo] F&H

tlo m[m i

7h 4 A9
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<

FH APAME AT 7Y AFF S22 YHFE FHolwn
o

13 A AP FYY 3B

(o]
=2

l

FAEE s old% mRuA Lol gle delA T
& ALY $E Atk 2Rl XS YAYCE YWA EE

fl

NZEZol tatel AUz FFAEE Bk BF 3me| AFF T
@ &4 w7t Hud of T o AdFe ¢HuT 1 MPa
=2 o 24 ¢E5E Wol $3 3 FEL AAA Btk 34 7

b &9 gEE AT TN E sxd dZAE FEEFA FARE

ZHA g} 5% B FAR Ao FAFES FIFAZ AT

1 Lugeon (1 )¢ ©9j= 1 MPa ¢ #golAd Im 3 1% %9
). Lugeon ##% Adt59] FFE Alojdle dF

g BAZ Jok THAY ¢4 2AE AT 9 & U AIFFAA

Ao AH}E ZAsY R34 FFEEK) dt SAraS oS A

__ld4g
K=12% (36)

A7M, q = DA YHE KA AR I
L = A8 739 Yol
He = 3943 (333 +F)

o] 2o ¢5td 1L B &ATL A3 = K=23-10-7 m/s
of &k 2 o] TAPHL obF oAU AL HAET A

o 2 z7eME % S £ wasy o8 PadE A



FEEL B dE FH AYIMG ol NRTY U FuL
Sn dYAE Bad FAse] wesd +¢4¢ $4%W B B4
E7h % FAAE ARBY Tl FEFE $I ALY Ao
WE Qo) stg st s 4 FA%A

o 94 24

=2 #Fdol £A7F He 5 FHAAME 42 HAFL & 4}
Stk a2gkeEe] dadrte ZAY de AFAAN FIHE ARE
TAYRG. W2 AY AT 7RI FE AEE st o] AFHZEE
A" did A WerE ok 2y giREe Fygez B
Bl &8 voe Ar &g FAHA Ha o] Fo] dAFEE
oY 1#%%"9E stA "ok
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I— Karst luestnne —_—

Perneable volcanics —f

Jointed igneous
[ and setasorphic rqcks
Lisestone

" and dolomite |

Rocks

Sandstone

Unjointed igneous

and setamorphic rocks

Shale }
Unweathered

marine clay
Glacial till Soils
Silt, loess

Silty sand

—- Clean sand

'!-— Gravel ——
| |
10-13 10-1! 10-¢ 10-7 10-5 16-3 10-!

HYDRAULIC CONDUCTIVITY, k(m/s)

Fig I-12. ofe £F9) FA% EFA HEHY Asee F4E

Joint set 2

Joint set 3

Fig 0-13. &34 5 Alg9 9
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A4d qNFFoNA dAG

ASPETEANE Gwe] 27] L, AFLe] LE, ¢t g
QHE, 35 Wuz AFHNM Fr)ohe] PIo| o FAHE o}
% 359 24 o] eERolst B4 oo we} YfEo| Yol
deh s YEAFRY 7HE 27)dE 29 2 LE Aoz b
B0l WAL Yo WY otAA BYFY Agz A5
A A,

1. 7187019
7b. 4%

A YEAGL WH e BERe] dAge B 2ol Ao
A7 e dAG oshe] Hoj e,

R,= (6.1)

Re t ¥4 rdd S2WAAY 4 A
T &

Ts 1 7]

2
2
e}
NS
rlo r
k

a P FeHE AUE HEHE, specific thermal flow
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. gHEs

d A X242 Fourierd o 9§}

qi=— A2k (4:2)

AN q =i wgoze wel WAT 4 ¥5F (wm) olH, 4
£ AAEAS 9A (wmC) olZ Te exolth dHEL oia
of £Asv) WA % WS fuetd Hied, 2E9 A @
FEFT BAE O 2o

0T _ Quet 1 { 0Qu | an} (43)

dt ~ C, T Cool ax ' ay

A7) M Qe £ AZ FUHE dFoln G v ¥ (JkeT),
me wAe Fkgolth o] Fao] ATl A IFF 71240l
"t 47 F4¢ 24d GUE TAo HEsy] gskd FAD b
o] g},

OT __ 1 (8 9T\, 8, T
t Cpp{ 5 (G )+ O 50)) =



o] &L F&A WA 4 (diffusion equation) ©]& Ft},
T vjFe] dREst FHAECTHH A,=A,=4 B Ho (444

o}zl st e},

: 2 2 2 2
oT _ 1 {6T 8T}_ {6T+8T] (45)

dy? ox? 8y2

oE 484 A4 (thermal diffusivity)@F 319 (m¥sec)el LS 77
v ol wde] dHE £58 UshiE ¥Er) gk
o WER A HH 25 EY

AFYEAGL Hele] U LERE g GAT BY AL
9 zred mgozoz fEdth

R,=F % (4.6)

r: @A neEE FLHA uH
A gNe ddEg
F: @A dgd SAAF

374 F £ $59 293 A% 0 ¥ss goz 4z



A FF diztd T Aok} Folt AFEFY FHol o
7 dHoz FAEH Jod HAY EAFL AH9 dFMY <&
A ndtd oS3 ol AH o

7bo @ Fol st T FH AL

B deld LRI WaA YoM 43T Juz do| FuH
g A5 Aol G Wk FRE ¢A el WE r <

1o ASIEAFET JAx, AR DAY 2PN AEYY
sene A 4450 Q2 YASHTD /AR 28W o I Q
of o7 Ze 4o AYwch

0]
)
Jo

drriq, = Q 4.7)

o] HellA It HF q & W73 o wEAEE & + Atk
Fourier's?] 3% HaolA ¢M & dFHAR 714 34

— 4L (4.8)

(3), WAAA the v FHFYL A& F Utk



= 49)

PAE HED, e Ro] A 7Y TFINY I BEE T

&3 o] o (Fig MM-14).

A\ 1 (4.10)

A7l 1’ —oo \Ty—>T. 9 #E #AA stz 6, = T,—T.

2 ¥od ggo 48 deu

__Q
@r* o 471_/11, (4.11)

of AN eEAel 0, & Ad r % A= Ao wHAYS @
# gk

A1D4 e AEstd (46)4S 923 Zo] 1H & & gk

- Q__ 9%
Qr— 471'1'2 - Rr (412)

4714

-

(4.13)
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TYETE HAAMHE |, r =1, , ZEA

R,= e (4.14)

of 4e Be Tl ANHE FY FHAN 4TS AWsHE 718
o) "tk $eE FF9 Bl BAAHNE UOHF FAE BAY

& 7% % gk

r-?L

U, ¥e o fxste 7Y FTF

2he] A2 AEE YAH22 e F MY FFH FFo Udxn
Fig O-15 ¢ o] stue ¥3A4F FFlL E stes dXF T35
ojgta Azt o] F FFLERE 7|Udte FEEE =TT Ao &
xoll AAs= 7 T ERESY XY olF FHEH
2ok @1DYeM dEAF FH 2xaele g Fo| Foizy.

- . (4.15)

0. =——L (4.16)



exito)g g
0, . =— (l—%’) .17

T 4xd N r

™ r =1, Op=0 0 Fo] P L= AT F t. 7 H

© A& ¢ 7 Utk Fig O-15 & Zo] REZE FsHd, 44 A P
(xyz) M FE7A 9 AZe o 2

r’=x?+y2+(z—h)?

(4.18)
r'?=x’+y*+(z+h)?
(4.18)4 < (4194 digstd b9 4& deth
=9 1 _ 1
@rr* 47[/1 (\/X2+y2+(z_h)2 [X2+y2+(z+h)2) (419)

WA 789 HAA 0, 0, h-r,) 1A (41942 &3 o] &
=

@ro r'*=_i (L ;) (4.20)

4zA ‘1, 2h-r,

o] e 2R¥ (412), (413), 46), F 9 &€ tLF Zo] 7€ + 3
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_ 47rr§_ 1 1 4l
Ro =00y =0~ = 1w (7. " Th-r,) Q
1,1 1 e Yo, 1 1
AT VR A Oty B TEra
I.0
R,O—F7

(42347 (424)4& Hw3td Fe o&3 2o €.

_ 2(h—r,) _ 1
F=—n, =

1+ 5
2(h—r,)

(4.21)

(4.22)

(4.23)

(4.24)

(4.25)

(4.14), (4.24), (4.25)2 ¢ vustd ¢ o YA de YEAFALY
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gAGol e Rol ANFE YEAFLY ARG o Fe A
& # ek

Tl 27 At Qe 7 YFAFALE BAA TETUH
I RFE @2 4539 AEsAATE 2 RAolr, o] qF ol &
Al & v&3 Zo] 7 & vk #L AFIY TF A A%
%€ Fig 0-16 3 Zo] ow 3 Y ARE vIF Zo] IAH

o

x=pcosf , y=psmnf, z=z

(4.26)
r2=x2+y2-l-zz=,02-l—z2

(41DHeAM, 483 4249 A7IE oFL 3 849 492 dQ=0
dz, 849 258 6,.,=dO7 FHI o9 P2 Y o] Aoz,

6= 2% @27

Jlot
flo
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odz
T g ) 428

(4299 v12AE FeE $3
Bl O% ezl A + Ak

() z
‘ : adz
= J 429
f@' 40 le 4mAV p*+ z° (4.29)

A71A z1, 22 & Y715 FE Fot},
z=psinhu, dz=pcoshudu, z,=psinhu;, z,=psinhu;,

Z)

=, u,=sinh ! 22 o] o] (420)4e o

a28d  u,=sinh ™! .

&3 2ol o

Z

6, — 0, =% (sinh ! Z—pz—sinh_l—pl—) (4.30)
(4.30)8] AdA &3 2L FES 7+ 5 U
_ g __ _ Tro—T*
Q= 272'1‘0 - Rro (431)
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(4.32)

F=%(sinh_l Z—pz—sinh_l 21y (4.33)

of 4EE e T HNHE WNEY THIA AL AN

AAZ Aol M5 WS e Ao,

o@e ol gAste W15 3%

Ee Fo e YUTYH FTHO UF 2EEFXE L 4
A T8 FFAASY} Zo] WEFFY IdFF F ME FAEAA
T8 & Utk ElE (430)4e25EH, Fig I-17 3 2L A A9
AFEEE 78 ¢ Yt}

@ =9 (ainh—1 22 v -1Z21 -1 %2 o-1 21
0, — 6, 7[ (sinh p sinh 0 sinh s + sinh i )
(4.34)

4714 o sk ot E AH 0, AN F FFY Fo| o2& 7o A
golth 434NN e 2e e 7Y & ok

(4.35)
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714,

R,=F= (4.36)
_l . -1 _Z_Z__ . -1 ._Z_l_
F=7 (sinh™ 7= —sinh =" - (437)
e -1 <3 .y =1 2]
sinh 7, + sinh ]y )

oo dEse #e A71TY Tee THY By
(43N oz2BE, Fe A7E HAAAMY 2xAo], 6,; & ©2H

2ol A"

o =1 23 . -1 2% -1 23, .y -1 Zli
@pi=4;;/1(smh 1—52iL—Slnh 171;—smh 1—5,2'7+smh 17)'1—:)

(4.38)

oA #Ze A7IF FFe] FHol € W 2xAolY E2EXE UEH
Zol At}



o= = 4.40
a 27T, Ryj (4.40)
o7 A,
Ro;=F; 5t (4.41)
=1 -1 2% -1 2l ~1 Zzi
Fj=5( 21 St o; Z'lsmh ; 2 inh O (441)
+ 21 sinh ~! %)

A71A i =i & #HIY p; =1y .

(442)4 & EY AP FAZL AFAE FoA d8M= & A
@it F4AlS Fio #@tol o= AERAAE AAe A& & F
o 2 EE A FA dAFaS 2P ddte ;L 4
4 At}
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4. YZdA A HAZ7 A

HAAFS dAigdE dF5o] md A 2=HSE FuH3)
oz dAEge @ e wbeA Hch mACdA EFEC A
Fourierd 212 t}&3 Zto}

2
aT)+ i aT)

r’sing 9¢

_81 2 1 A
(r 8r( ) r’sinf 55(Smu

(4.43)

2o 78 FElMeY EW £EE dAaTL BFY 4 Jensz
(443)4€ Thg3 ol estAl ¥ & Atk

OT _ .1 0 (2 6‘T
T =a rz or ( ) (444)
LE EUE rt=M £ H&3}Y Q@)L oF 2ol 2H
oM _ . M
3, =2 P (4.45)

Laplace 9] W3H& o] &3l (44549 & T3td v Zoh



_Ki X—=1y_ _x-1_F X—1
o= (erfc (ST~ e erfc(m+—-27ﬁ)) (4.46)

T_T*

71N, O=—p

o] A2 & X X 7Y FEYHA 2 E¥o|r}
Fourie number F& o2l £ F, —co o]H | (446)4 L t}&1 7o)

=},

—Ki
=3 (4.47)

of 4 (IDH Fdstth AY ADE Folst 98 (U4)9 HE
g e thest ol wE + ik

(4.48)

of A& EEs THE BEH FAHNYoZ F £ Utk o] o
e ENSE Axwe] wEo] At

A THE ot =g — 0=+ - =10 I F&
Xi—Xi-1=X;j+1—X;=h & 7H889E A48 (x5, )& 2% EHE

M; ol tgstt agA e A 8 BAS o

m[o

& gtk
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( AM) _ Mi+lk—Mik_( AM)
ax ‘BT h N oax A

_ M= Moy aM _ Mixe1— M

h AT |

ACM AM AM
5 = ( o )g—( Ax )a

Myt M 2 —2M 5,
= "

of BAAE (44D YA e T+ Aok

M k1 — Mik —a M s +Mio x—2M i

il h?

Mol diate] 29 89 4¢ gt

M, k+l=(l_%)Mik+_}ll%(M itk tTMicp k)

a h o YW ge Astel;

_2la _y 3o A
1 2 0 = 1 2a
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(4.49)

(4.50)

(4.51)

(4.52)



oY 45D e o3 2o

M; k+1=%(Mi+lk+Mi—lk) (4.53)

27 21&;

M=rt, (4.54)
Yoo 2AL g7 gt}
q= (tai-—tm)=—% J e=r. (4.55)
(455)4& g% tdstA 8 5
_— Ma.!iMok _ MlkhMok (456)
a

% old AH7 WEAA B/ Hez 4o Add A=

HAoA vexn Eojrle 2% EWEYE the temperature moment

gardiants out of and in the surface —[Z;i 9} ZAHEY,

Mai=r1otsi o #ol AAE @l =23t Yze Fago Aty
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Y
)

%71 )

]—O:] ngl_ A]Z.l', Tcooling '_‘_o___ 1;"'__%.94 );]oﬂ ‘O’]SH 2“

ol

il

5] 2~
T

k.

2
)
al

’l‘cn()(ing = N-1 (457)

714 N @ AlGke] w8 31 1 ARE 2HA
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Fig I-14. 78 F&A9 Falldo] B3 H4

- 101 -



1

Fig 0-15. F 7Re) 78 4o ded Lx2&¥e =3

P/ NCANNYNGNIININYS
A ﬁ ' odes —b— 2
2 5

|
f

/XTQ’/X\YA\W%

N\,

Fig 0-16. < 97158 3FlA4s #8=
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Fig [[-17. €& Fo A8 &L 4715F 549 HES

time
1-1 i 141
X
1 k+1 ke 1
M .1
o - 4-1 k My 141 k
X
1 k+1 k=1
1
1
1 —
x, space
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A5 A AFAGE Astese 44

1. AAL Ferd

HEAFE ASYEAGL AH vge T A0l w2
A gk sebd WA A A2ALE AR S o F vrgoz A
AE stelol Boh 4FAFE AFYBAGLE eI 2L A

Aol Mz} fiaEo] A DEHEE A Fojof Fn

O FA9 44 94 AT x2d HEA
@ &5 W 954 LT 29 o)A
® TF9 EY Ay AL g9 HIA
@ sFe 271 AeAd AAA

7b FFel ol

ok
=

rlo

ol f1Ade FHS AEE BYH ARV €1 A dF
of 9% &o| 2l FHo] g AL A7 dAES ZHA T
= o] ofsti o] wiiEol] dAANA oA E FABTIZE oA &H
Aol A FHe| AetdArt. Fxol XFEW Zi7hsH e A
7b 2ok ol wastAl o tAAZe] EAE AV AdFe FUol
g SEvete g R Fstort dEe HololA olgd HE T 1
gatolof o) 22 e X FHdE & FE3L JE S

go| FyHoz PME FEF Yold AER EAY oML He

¢

o,

|
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f

Zled AEst FUvlE Zold Xt FHoIU RFHA Yo
sHolut &3 ool &2 Aed AF wYA "ok AFo] He
Foll 18t TFL HEFH XY Atole Ad Agrt £33 F49|
o] g9 go] o3 oA EAZ do

bl

Efol &3}

M
ol
ol
A

o
>
oft
)

Bl EAAE AGH Polo g FFo| A Heaith 2
dE2 bestoE A% B59 ANE Y W YIF YololA
23] 715% 7tE PESJET ¥k 4EAFE ANTEL AE
"ol A 2ol Bol7kd ¥E Aol mEolth 4EAFANME BHEHO
2 £=g esiolopt @ AEelA WA 20-30m o AolE T
AZbe AEZ FEe Lxustld ot JYe Wold & Utk of
ol WAR A% Golo] AFstel ARAol fshh.

o2 Ae) A%

HEAGTE FELNMY AEF AANE nesof Frie AFo]

wech aey dde vgel & 4% NAZE AsHd And

go

;;
ol
2
o
AL
ol
Lo

Rbg Zofob Frl. 2EZHAME JdHEFO] WL 7

TEol AFEAAM @2 o] AAT " TFY AFo FEHA
BT Mol HET FAE ZEE TFES AXAACK ok A F
Ale Ay wddel F&ste 2 $8o] dHo] A AAH&
2710 ST HE7F Hojok #rh Fol 207U E oj27] 7tAE o
g SUIEIZE FelH Y FAolth T HA A9 vtsd FHAde =2
AR eA FIEA F2 dHe FAPANE AR Altsteer

o
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of e FE) HAeHE AN F A
ZAel Aol Hujztg FRats 4E wet dold & o] A
ofof @b Zolth FEe] % Wapol A3, 4] W WY FsHe
AR Sslok @k delPe WY WE deld Soh BA Bao] of
g rhae) 4ail ge Ao 4UE melstelor ok FEedol
Hdel % W A% ol olFE zo] 25°-30° uh A
Uukm oz hgA el WolA L FFo| FrETh

Fig 0-19 o ejolAe Aol & W] oisl + Aol fald 3
ol AAHT Qe ke Fol A

L Ze A¥sE Foh 28y 48] B RlAE F$Y

_C[’_

¥& nefT Baspt Aok 2YIM 7

rh‘

U
A
O

)

ok
offt
2
=
rlr
o
i
=
Lo
ok
019‘[_:
of)

oL ¢
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)23 Yol B AA s FF )

e olgael g0 FgtE AGolN $Po| BAlo] F2 =3

WS ARTH F pgel Fgdol Hwel EQE: Py

£ 72 dols YYsA Y2 sobct Fa A Tol date] 22
# g me Fdol Agde AFTFANE 184 e BN

of Bla) 2-4uj9] w2 FHZo] LI

1o
—{o

= Fadt g AdAE FEY Bgol BUSHEA o}x RF A
& 2% Wk A Foh duEos FAY mAHI Asew
ofufex] FES s Mol Fasth 2d AHS $Ho| olgso]
W F 33el 47IAY B3 F 2T el FolA HrkFig

-

NEAFFSL ARWoZEES oyt EAY F AEs 2

W7k ok ol HoldAMe HElg o2 53 nstoof gl
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Hir

F2™ Aboje] bZo] 057E Eo #HE Afols AL ®2 oHA
RmgoR e Aol rEFo|th Zo] 10vH Rt} F Aol WA
Sgo] AAA #A @AY oAl Ak
£8 #A &=F AAse Aol KISt
Al Sl AFH7 HWEolt 28
U ot 3 FEolu oAl EotM FAF AA Y THoU FE
z

H
3% Y F7F Jud EGAT 2& AFAA ARE T AGE €

k

YEAFL At AFE AT TS FEOY Y TG
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rr
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o
T

Hazk =2 gen, ey 27
Fig I-21 & A7kA 2718 &5 o
G H3} (volumetric heat load)e] #A|e]t}, F3ts] & 59 BFoe
o] gtol 0oltl. de] #ANME FHe F58E Fu. 1Y FF
whol R85 AAY & vk ol EAE
WA ZaEtE R HHEE REES
Al A FL] AP EAGAME do BPE ok A
d21&dg 1 u 5000-10,000 m*e] & el A
T Ae® HaHn o
Fde] EFAAe] 24 & A4 AA AR FAE L U

A7l AL A

o

H e FE

mlo
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Awtzoe 2o Zo| AxE BAIPHE Fohdth M AHL
sel7] SlHE E mohe 2ol gt Rol Atk Eo| AW
A4 kg A A FEo AN FAHES sobRrie A
2 Ao woh oA o A AH el F7teA Rt

I8
A TF Atelol sl He FAE dAGe] ded o &2 A

(o]

1

Hr} oFe FA7 #8€E.

ZA5tEFe] AACME & FEANAE FEstd AA FRAA4 o
2 FRoe EgsA e AdE e A7 7HE g dE 2
ZEv Hege S99 dAHdde FsA A A=
st AAze 3% 2o (a9 A4 APe i 283

Agaty] @k wEe dA F42 UR 39d sond 2% &
a7b FeE gel Uk aAA 2 wAvG #FHos HAE o
BeS 3 ks o] A4S Fuelth o]d A$E 7 wiAlnit

of

o A dFE HAE 242ES AAEA FHrtgo adEAN F
&9 f13, WY, Bge HAseEA Hoo dAHFHEE FTE 5 3
EF A =dEL Z 2 M Am A e dEs3)
E2 dlof g dAe NAzA 2E 2487 g2 AFES
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AT e AAG N HFHA FAE T 5 UEF sfjopdt

o,

2. 74]702 }

HEAFA LS DA QAN Ade] AT AR 2
aelth AA2A ARE AU AAY 71RAQ A2 Dok A5
sgoz shAET Azl 2He o

oH
>
>
rr

EE S EEN

i
i

3 Zo

D Bxg kel Hukx ol HA 9 ==
@ ¢rAAe] Hrtet xR o=

e AAFE 2AME A FA AAA 2ARSE FAF
o) AR UprolRh FAA AAFAbe At 23}e AR
@ A7l RE Aae AdedA AT $AF A TAE A
A A diddol Hle At FI2sto AlaAs R 2ad 24
o} AlgE 8hAl ") Table O-5 ol AZRANY dA Wgo] W
gk vk Z F gAle AP GAl F oAl AFFHAl U 1
gt ] o]'l FAE o AHol e AL ofi dad wet 3
e AFY +5 Ju daAdes Brp AL SAE A2E &
Atk AFzANANE NAz2d, F59 29 §3F 59 43l oz}

540l Basch

ek
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Table O-5. A A ZA T4

AP ZAE (12 4)

EFGA ZAF (1-1 &A) AA =AF (1-2 @A)
T59 A WwEF FAHE 9
AR ZAL 3 A7
A AT +3 -4F 2 o4d
AP Ee A= -Fdge w3 143, 54
-&-F Azl -R| 349 e
EYE 44, dE, 499 | 24T AL AFE RA}
of g wFL 3 @A} 7%, d4AF S 484
A8
FAE ZAF Q2AD
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Aspl el AW EAF (-1 WA)|  BHF A (22 BA)
%7 A% &4 “gE% 94

~A 9 F5 Y -dee] W, 243} 54

T E -k Y, T, 35
RSIEDCE R EES ~As5el §9

AR YE 2 AR, goly Fo mRo|
~agkegel dE 2 e 7%

-2% %7}
3. 44

HE A At 99808 8¢ L =277 YHA %,

1o whek AAzel 2HAE wgY dHY EAE O] o




of FsHHoz sk a2 AFE wael gy /1F, FE
2 % =37, dHe 244, YEAHe 45, A%: FABAY @

A 5& nelg FAEA o] 7hsstA HATh

@ z7) WAz %
@ £9A9 HEiesh v g

@ W3 Ys dujel 47

<

Au) g WEAR TR QAN ANAE #S Bspecific
capacity)ol @ Adel EYd ol & 4l £F& VAT FF
WEERgoE Wi gholt

WEAdE e ole] Jkx Arle tEd 2 B ez FHPEN

9]

o

po=Sp -+ (15+0.75 - Tyy), W/m? (5.1)

4714, P, = YEAEe §3

S¢ = WEAMY 2718 FARE 2] WS
Ti = WEAR 27 Ue] ¥7) 2%

of 2] 7}A] Spzkell ¥ FH & Fig O-22 of uek dloh o] #eEd

A E WAA7led Fed ¢F WhEHed WsdE|e F

ofo
ottt
i

-
olt
ok
N
do
_0__1‘_‘
2
rir
N

o, A¥7], &, %, AHg, EY, AREF
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7h ghebak tf7]zke] dolF

bt gi7)zke] dolBole AATFS JANFe £, FEUW
M9l #7150l % Fdel ool U} FolFolE TEe 2]
S GMEAY BIE G BAY olF FEhE o RE H

(o]

g zelste] Hgutu masold Nt &3 o] Aol U

h=SIF - (h,+1.8 - AT"%). (17.5—2%+1), W/mC (62

SIF = ¢uke] A A

k

h, = ZAdF(A: AFED W 7| ) e dols A

Fig I-23 & (5.1), 5.2)4e2 AAE AAe YEAHY TZoA
3do] Big & 5 FH AAY &% EXE BoF1 ). Fig
I-24 & WZ34-deA FdolE 93-S Yeld Aot} olz3 =

AdE2 G2HAA HFES AAHoS AIRAPGORN A& ¢+ 3
=5

. 27] W Az
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Askel PFYEAFRE E7)o] YA AL 4468 o3

0, =Ki(1—e"™ erfc (VF,)) (5.3)

1=

Tt gl A e [LEdsFo g Fade 4 g&F 2o] "o

q=a(Ty—Ty) (5.4)
ar, _ Iy T,y—T. _ T,—T.
AT, =1 O T, 29
Ki=Bi(0,—0,,) (5.6)

Aq71A
Kie-Tod . g b
1= AT, - Kirpichev’'s number
Bi=af% : Biot number
a: ddG AlF

Tat AZAS 37 &%

A (63)~(66)8 H& AHZ ER F, 7l E°7le t&9 F4<&
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A =g

F R B

e "erfc (VF,) =1+ B (5.7)
oo AR ;

e erfc (VE,)=1— g (5.8)

&GN WIS ok A& gAEck

O

Fo =K%

1y
B ) (5.9)

BZFAZL, Teoling = AASHE 22 &3 Zo] Fojzd

Tai—T*

Tcooling = kz( q

—%)zAcy (5.10)

oA714 A4 ke W 12-13 o e Avt
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Rough, discontinuous
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smooth joints
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joints
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Size factor S_ = 4 for refrig. plant {see fig.
[y

2)

<

a Thermal conductivity for rock A = a4 W/mK

w/m

v

Volumetric heat load
[)%)
——
-
e
’

EH . T v
0 2 a I3 8 10 12 14 16 18
Elapsed time, years

Fig I-21. o2} 7}x] 2719 k] WEAFA Lol A 2204 el o}
€AY 453

]

1

Specific capaclty Pas w/m

b ! ' C . | v
+40 +30 +20 +10 0 10
Air temperature in store, t

Fig 0-22. YSAF A4 Y5 EY JFHY v &F
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Fig 01-23. ¥5AZsF & FH T4 GdF). Sp=4 ;44

T

¢
|
5_=4; v=4
.I Cross section of store = 180
[¢} —!l Volume . w2 18.000a

'11 Relative moisture in store & = 0.9
B :\
i 1i
2 107 lll
s \
2 L
- 1 .. '-\
8 +20 \ \
c moist rock
= \ R
z S
3 \
-
S s307 e
a dry rock —_— e ee—
E —— T —— .
kN e —
-
“
e
< 4 T T é T :

0 2 o g 10 12

Fig [-24. ¢ubl JEAFA W3 el vlAe 3dols
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stol the AHEFFY AL vetsted Ak
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Z¥ds, A4 9 EdxA49 §¢ B2 Aa3Fe @
4 HEE Fdsta, A4 F AdHAFA SFAN(AAAA, XEs
2 A4S ARe g Aol TE e S Wolo wAE I

L AsteEe RERE S TFAA EAe nEL A
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o A= AUrh
O-25 o v}elyl upe} Zrl,

NFEZA 2 ZEAUAYEL 19979 14 139 %8 18YU7HA AeHF
o AHT = A L ARk 1AN SHHAY. TEBYAE

z] oaledl

rlo

Eo|RE 15m HHoz AAHQOoH, AZ22AF AdEY
7 BREA 42 Ao Hol AFe ANFHel ofstel A=
Ao s AeFET
EERIANY F 74 AFFoig @FFEFADe] dAHSNH Y
A7 AR uHk=7.44%10 ‘cm/sec)ell HlE TEFW kel ELAS
(k=125%10 "cm/sec)7t AiHeoz 2 Aoz FAHJYG. % &
A} A3 R W §77F SR s RoZ Hol vjFst Ae
e

7t A EZ (Fil)

L

e
2 2 19

o EdanAA cdoez JAH FoZ A HA
oF 02~30me TYF EXE o]Fx o ol FE E AXRY
geometryoll 7]1¢1%F o2 dAerEith HEV o 4 FEH Rg=

TFAEE AddEs ws =3 A2 e

5
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L} 33 Z (Compacted Soil)

® 32 3 2RYYA oFoln BHF R FAHY YEA B
g9t ABYES] FYYBF o FYHAUG. GBL FEY, YL,
$39d o FUHUGAZ P Qon, MFYAR YALGT

z2 8 AARED FLo| BT

Zikg S ARl 15~62me EFAT £XE Roly dodxE:s
- 2 ddstn, EERAAEZ Y NX &= 500]4do]th

t} F3lE (Weathered Soil)

E 2 4Awe] JMetE ANel 18m Wos TAZ EEaH,
2 dEdRde AU FAYWOR THH Utk FUUs
e zEske) EZBYANGAT NYE B0l

N

rr

2}, &3} (Weathered Rock)

o\
Mo
o
XN
T
g,

N
i)
2
)
olfl
lo
fu
o
o
i)
L K

2R Aukel shio] EAse AEdme o}
gm, dge A9, YAY, $AY S 7
1oz FYH9 Uk 4YUEE Wy zdstn 9w
3o EZUYNEEI NA & 500] 4ol ).

t

r)-
o
e
o
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Table I-6. EZAANEEH (BHAF/# LA (cm))

Zol(m) | BH -1 | Zel(m) | BH -2 | #&ol(m) | BH -3
0.1 3/30 0.1 3/30 0.1 33/30
15 50/15 1.0 10/30 10 48/30
3.0 50/8 2.0 26/30 3.0 50/11
45 50/6 3.0 50/26 45 50/16
6.0 50/2 45 50/10 6.0 50/2
75 50/6.5 6.0 50/10

75 50/10
9.0 50/15
105 50/15

AF9Ae] AEAOE FE 57

7} AEZS
HEZe) RARSE 5ALdA AAD Ame YNEANY D
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g A WSl gHEen 1 ABE Table 07 3 2 g
Witebazie QuiAgel dsdsh NAE ol fatd AAY @& Aol

y
RNoDE R HYoit EFBHYAEY AHE ol gstel A TAL},

Table I-7. 4E29 EAANYZY 9 EXX FH

!
ol

TP - 1|{TP - 2|TP - 3|TP - 4| TP -5
¥ (Um®) | 1547 | 1562 | 1566 | 1582 | 1567 | 1565
¢ (deg.) - 35.0 - 34.2 37.2 30.0

c (kg/cm)| - 0.54 - 0.15 0.04 0.24

v nbazte) 4k

T 3tEZ 9 WHeAZE2 Peck, Hanson® Thornburn(1953)¢] Aok
g ¢-N BAZREYE FAH3AH(Fig I-26).

E = 6.78x N"¥® (6.1)

g Abgstel Fahgnh
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o EdASe 43

A ko] g el AL dol| FEFHITHA FEFHSH
& AAE}AF Kk 3,

Q.
>

KO = ’ (62)

Q
<

2RI

Jaky el g Aol 23H Ky = 1—sin(@)E YeElE F g,
B dpe #2814 $9L 8 EAFTAAY Kt AR gE@
AN g A %A NAE o83t N— g9 23 BAAMN ¢ike =
2% F Ko = 1—sin(@)l 4A} Y K @e &3
3ol el EdtAse AEAY Astd dAAY FHAA 055
A+-&3H AT

wh, Eolgule] A7

EobdH] (V& FANYFANA SN AYFE 2R s
of AbgHETh B AFlAE EATY Eokn L ke EAS
K, ste) 3nnAE o8¢ g ol g3t Fah.

Nl

Ky = 1iu (6.3)
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oM HYY YHoE AT 24 EFe TAXE Table -8 3}

Table 1-8. 7 E3d dEA A 4

\ Noye E (/m% | ¢ (deg.) K, %
NEZ 10 675.7 30 0.5 0.33
FHE 48 3235 40 0.52 0.34
A1 F 500] 4 10,000 42 0.5 0.33
53+ 500] % 10,000 42 05 0.33

AstEze] WY 9L SHo g AN S HESHY] sl #3A
TS o] &35ty 2x3Y % 3x4Y AL FsATY. B dFo o] &
?l Program< FLAC® FLAC-3DZE o7 /9 AHJFZE 349

AHEE 5 e A3 W& Programe] o

N

}. #3249 (Finite Difference Method)

A
P

FAER L 271X B FAAN FAR A9 vEygaoz
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ZHE AFE sl str] A FREA BHF Y styolrh

ZWhS nodeE AZE F£EL 248 FAHY dEA2 ndgse
He #3538 4% (Finite Element Method)3} fAFSHA| g vl &84 4S8
Fe el dojAe Apolfe] gt F F¥F L4l Implicit
approach& Al-8-3l=d whall A {3xE3 2 Explicit approachg A&
3hcl(Fig 0-28). Explicit Methode 3] 22 time stepdlAle
mesh node°ll 41 2] & & 7ko] A3 3 noded] o3 ZAATE ol &L
71202 Fo), uwlgtA] Explicit MethodE nodeoll A1) £33 gho] 38
2 elulel o1& w7tz EAE B8tH 7 noded Ao WE I &
& 3to] A4tk Newton® &FH3# Constitutive laws ©
AF-E- .

Explicit approach= A]17+e] ZA3}o] wE EAHZ L vl$ &o]5HA
ato], oA 92l matrixZt APEA Foeng AFRFo A2
AFENANE A8E = dor FFQ M e F8&F FHo AU

orh, AHEAA e G FANAESE DY AN Fol

1) Motion and Equilibrium

7H 7hcksk dele] 5 WAL JiEe A g IA 4 2ZHE

Aleta 1tk
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du _
mEh = F (6.4)

4 64 FAA olg Yol HY AS AEES 0] G W, F
ol ol 0ol @ W BYPYYUE welFTh webA FLACE A
4EAE A YoM ole® £3WHY 54 olgurh o
WHoZ A%ANA 4 645 TheF gol kst

dui _ _00ij
O 5t oxj

+ pg (6.5)

A7, o = B FAF
t = Azt
xj = ZFA 9 84 dH
gi = FHIIEE

oy = stress tensor

2) ol x] B&H3A (Constitutive Relation)
Uutx o2 wWygo] AT £ e EA 9 uAFAL constitutive

relation®=& $8-HYE AAZ FHHT}.

. 1, 0w d uj
eij = 2( i t o (6.6)

o171 A, eij = strain rate
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a1
ot

ur =

flo
of
o
feu
by
r i
i
R

Q5 ojuix REYHL e 2

oij 1 = M(oij, eij, x) (6.7)
o] 7] 4], M : functional form of the constitutive law

x - history parameter

: = ! means "replaced by.”

duizlo g BlAdPe oz REHHLS $HI WYEFY &
#AA7} glenzg 59 Uz TG 7P 1 oy A
2o A e A oA R REWI oz A 683 ZT)

oij = i + (8 (K—% G)éhk + 261 (68)

o714, 81y = Kronecker delta
Vi = time step

G K=dd iy A5, A3 4 Ar

L}. Computer Code (FLAC)
FLAC-2D, 3D (Fast Lagrangian Analysis of Continua)= ©®]=¢]

ITASCA CONSULTING GROUP, INC.9lA 7123 Programo &
Version 3.22(2-D)¢} 1.10(3-D)& & I3 & F33l7] 3o AFE-3HS
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c}.
FLACS AurEst&EAE sidsle d 23 o8 v44 Model,
E3] F3 guky  AFEHYe HF dubdex AEFHE

Mohr-Coulomb Model®] A}g-o] 7l5steg Asa% st 2 &3
3 AHEHEA A3 Programojgti & + 3o
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1) FLACe| dwt3 s|43A

MODEL SETUP
(1) Generate grid, deform to desired shape
(2) Specify boundary and initial conditions
(3) Define constitutive behavior and material

properties

Step to equilibrium state

l

Examine the Model Response

|

PERFORM ALTERATIONS

for example :

- Excavate material
+ Change boundary conditions

|

Step to solution

!

Examine the Model Response

!

REPEAT FOR ADDITIONAL ALTERATIONS

- 130 -




xRre) FHEL
£ A48 Fd357] Y5t Fig 01-307 22 Mohr-Coulomb =49
g AM&Etsit. o] 29L& Mohr-Coulomb Criteriadl €3 883
(o)M= @4AFE) wet dd7AFE stAvt #8835 E 23
& Agdle 248EE sHAEY. o] Bl Abge Had dHA=

elastic bulk modulus (X), cohesion (C), mass density ( o), internal

ol

angle of friction ( @), elastic shear modulus (G) 9 & AFL3H,
Ko G= 4 69 ¥ 4 6100 93t F3io}

_ £
DR O -
G = 2(1 + v (6.10)

o}, 34 Model

ASHEE AP FES A% AHAAE e god, A4
Hr:= Fig 0-313% Fig O0-32¢ Zth

1) @A 2

A7 AHFF UL o|§Y 1L BIIAY AR 5
713 H4o] nE el Ao 49 Bt 2RYA
Aol UANH Aoz WA TE FH A A4 ol

=]
T rr:f
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btk meba AsEEel Aase o

[

53

=
=

M

TEE AAGA
]

HE3H o], ieAdz A F+
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3. M A

ABE] AHuRE =Y HH
g dMeAdE WYsRgen, 1 A%

T Wel R Y AAHA nE x, v,

cFER uhsh gk,

QA% At

449 S %

PN EE RERCE E R
Aeae thed 2o e
29 HEAE HATAE

AskzEe AR e HAud WAE s Table I

93} 2},
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Table M-9. ABF % Wy HAF (&9 mm)

\ g e | FTEE I yan wx o
%)
x—dis. -1.44 -0.62 -0.53
AAL | y-dis -5.80 -8.49 -8.65
z-dis. -294 -23.3 -20.0
x-dis. -1.10 -0.59 -0.51
A2 | y-dis -4.71 -6.72 -6.76
z-dis. -34.3 -34.3 -31.8
x—dis. -1.22 -0.63 -0.54
A3 | y-dis -2.78 -4.70 -4.62
z-dis. -22.9 -20.3 -17.8
x-dis. -13.2 -12.7 -12.1
Wyl [ y-dis. ~7.52 -11.0 -104
z-dis. -6.51 -3.80 -2.08
x-dis. 8.60 10.0 9.60
WH2 | y-dis. A -119 -11.4
z—dis. -6.08 -4.17 -243

, AT o] siMdAE $¥& Hestd Table O-103 2

e
(5
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\ B olA | gy | BE EL [ AET 4
@A A A
x-str. -4.10 -4.80 -2.81 -2.63
AL | y-str. -2.80 -3.00 -2.06 -2.14
z-str. -4.79 -4.25 -1.57 -1.03
x-str. -4.02 -3.12 -2.63 -241
2| y-str -2.57 -1.55 -1.78 -1.84
z-str. -3.19 -1.12 -0.34 -0.37
X-str. -3.71 -4.94 -4.08 -3.93
A3 | y-str. -2.80 -4.43 -3.63 -3.48
z—str. -4.06 -5.81 -3.06 -2.44
X—Str. -1.16 -0.87 -0.40 -0.25
Wl | y-str -3.76 -4.90 -2.48 -1.54
z-slr. -10.1 -5.49 -2.91 -0.93
X-str. -1.16 -0.81 -0.28 -0.11
WH2 | y-str. -3.64 -4.68 -1.78 -0.84
z-str. -9.85 -5.16 -2.12 -0.15

(+:A9%48Y, - ¢&58H)
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ko] Wo(y-dis)E 7FEAIZ RoZ eyttt ol wFEFLRE <l
o olgAuk @ o] BAXS Astst N&Hd FLAFR AF o
F uEe Ao e, J3TE AL A% AT U=

297k FdsEE 2e Austoior & AAT 3l

N

JREG FR 24AE HES A A3}FTFY AR L gl
A AR AYrt AAHENeY 1 FE He ez YEgHh ols
A &AQ A5 gdez BT W e oW A A LA

B dAFS AAGRT s 7| TAF HS
= Yol Aoz FykEith Table O-10& AHEF TR F471

e o Hd 70%AE FHste A2 JERTH
9le] Az nFAE o XFFF FAZ FEe] ASF FYSHA
AREZ 3ol Hgsd F/HAHQ Wt A&Hez IAY A2
Z gosn weld JREZY FERE F2E3 FA AsEE
I

Aol 29 fdel Ado] Bosittn HEED.

Aot EE £7 Uz 2LATE PARD ¢4 FHE FE)
= = 4REF 2o wAs vase o A
gee) Wae Ao deon], W4T XS AP 2dAX FA} Ae

S| vAE dge Aol g ez ekt 22 Table -9,

do
o
o)
e
1

Y
e
i
Y
A



A ATk uFEF T WRolth wd AXFTEF RA

4 #98 ADRL 2714 HLY /EUSE T ¢ Je HSTE
BEA ARt FrbHoz WA bER WAE Al Folok gk

5. AstE &9 ¢tAA

AetEE AEe Aol ¥ R ANEFaIHe Auke] I

H 42338 7HA g A EAAE AIgANAFE A2 HHE
A, Agtgs FANZY AEHQA F-HAES) WisEF d4o

= A Art A AsFF WY YA AHg 2 ole A
steEe HFAEF R oMY dAF] HAE xYde Aoz Y
Biuttt. a3 EE AFE A}FEY AdACde AAR FFREF
AAZE 27bestEg & d7dA Wz AnE FH 83t AT
Aok o] HFate= FEo et RAFMEAT} o] Fojxopgt

&AMt Qe
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Very loose

toloose ~ " Verydens
[
Medium | Dense | 1
160 =
150 §
140 ———0 2
130 g Yl o ¥
Z / 2
Z120 > 20 2
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;:,no </ 30 2
g1oo S 40
g o S50 =
8 /17 n.'
= 80 717 60 ui
% 70 -
.
g o 4/
LAY,
£ 50 {/ 0
g a0 4L
30 /4
20—t
10
o

2830 32 34 36 38 4042 44
Angle of shearing resistonce -
{degreces)

Fig M-26. Relationship between N, ¢ (Peck-Hanson-Thornburn,
1953)

Ekefem®)

l..[_,‘._,_—‘
1 1 & 1o x % I» 300

HMEARSE N &

Fig I-27. Relationship between N and E (Yoshinaka, 1968)
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Equllibrium Equation
{Equation of Motion)

new new
velocitles and stresseos
displacements or forces

Stress / Strain Relationship
(Constitutve Equation)

Fig O-28. Basic explicit calculation cycle

/ ,——E, 4, u
— F(1)
' m

Fig I -29. Application of a time-varying force to a mass, resulting

in acceleration( u), velocity( 1) and displacement( u)
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Shear stress

O max Normal stress

4

Omin Oy

Elastic :
Phase -H_-F_—‘ FA::;’C

Fig O -30. Mohr-Coulomb Criteria for Elastic-Plastic Model
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A7 A AFAZDT AZFEUEHIPA 2

A gIe] AFEUEY Axde ¢4 AsAFne dHAH
duE AsAFme] FRAMY AFRANLNE &+ Yo =A
2 AsEE FHe FEIF EUHY A=FE 25 U0 deeR
= AstAZn He AFdEE Feote & FE ZUHY A2FE
= 7 b

7}. Tiltmeter =73 2]

FH Ao AlgE A AAMEE A&7e v5e9 AGI(Applied
Geomechanics Inc)Ate] Rd 24 T FHWYEL 7|Fo02 e
EZ ALAF AdA otk Tiltmeterd 4L 3] #4 (Electrolytic
type) o2 7|E o] Y E o] &3 otk F, Hado] AdE J|=E
o Gz gFE Age A A FH3NHEA SHAY2E v}
Hol &=y, 7V|E@o] £HE FAE o, 2HAYL 00] . 7=
Eo] A S doyd VB ZE7L V]EAAA HH, ol
FYE JHALNAM EHEHe EFHAGo] Wtk of widA W
E oohdra &AL Avle A3 7I(signal processor)ol 2l
tAg Aaz wstEo Y Eh. A3A S (calibration factor)E
1.0 #radian/mVelt}t. Fig I-33 & Tiltmeter A2l T=9 A7 A
4& verdl Aolch Tiltmeter®] Sensore FA7|E0l X794 59

3

golmg ylEde ¥Ed o &7 flx, 7IAHY vhEe] A

Jm e

oF

ol
-
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A gonz gl EY MM ALEI g1 (BLE 10 4
radian, [0.1 uradian® 7}&]), AA7F 7t 22 AA)3de] oA
2825 Wdo| d3ke p X% Pon 3= A7 FAOZ 2EH

Zo] 7hgaie,

. A5

Atz A2 wig &RtsiA LA ER JHE Y SH8
© Moze O H3E A4S0 ol FFAISA 93 13/1
d~29) Ax9 FAHNEZE &5 dF7] 459 7E 249
Atz Qlste] Fxo AEE Tefsy] oE $ERE AFAZFAI 2
olate] e EAFUALE F7|zt AlFstolof £7]9 EFHE o8 F
Atk AetFFo] MR, HA PRI, 53] HANX G 24
25l 2AEAZF sensorg A FE FFASL o] ERZEH
= "%g J5EE FFAAH AF Data Loggerdl A&e F A
3142 £33l g xgl Computerst @28 82 FHE BAds
Al TEE A tH(Fig O-34).

rﬂ

"

A3EE Wze 7409 4L wA = A4 W ouLAde AT
T, AAHQ Byrite] o]lFo] HER Y offe} AFAlage] &£4d
e dotsty] A ZF AskE s FANe &

Fulo] WslE A&4Xo2 FUHIT dert vk mEA & AT

o
ol
o
_&,—_.
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Ae ey R a4l HgE A & Qe

Domain Reflectometry)& ©l-&3 RUEH A2 A5 H wigAl4d
o] AlF Fol ZF AsEs FHANG EEAYAFF dAE BT
37Naol AT AS ATt TDRA2HLS 5ulE AE30 2
Ao+ e AFVIEEA 2 Il == AEHT AUt

o

e
ik

7k TDRS] A2sh @] 27

1) TDRel &

TDRE fZAZA A A7NAS7|€2 Ay A7|SHdolu, A3HA,
Aol Eo] wE"E FE 2 AAE FHesty] A8 JiEE AV F
A7lsolt. TDRS HA7|AZE A= 22, A7|AEE dEstn
E ZFA 3= A9l A (transmission line), ¥IAIAIZE &7
= A2 FAdT dutygoez Ar7|As @A e gk
A E ZAHFAE Aol EAE7](cable tester)ol WFE o] low Aol
EAH7]CA AR A7 S0 Ao sidE HEujAE we AE
A AeulA Ao Fgwshv Agdid FHe E3/d7A
Asl7E e A A&7t jALEe] Aol EAIEYIE MeEdr A7

A SH A e 20, Agtojy guke] AF

S FAY ue FFA ol E(coaxial cable), A utUle] FHE-olF ot

gtu]e] ¥3lE FAHT v TDREZ(TDR probe, waveguide)& A}

&l TDRAZE §FAl01EY AF, M, AT HFEW oy

(dielectric constant)o]“t 7] == (electric
conductivity)e] ¥©3t& ZAE = 3o}

Fellner-Feldegg (1966)= TDREZ 3387 &uje [HAEA

i
g™
b
N
rE
o,
Jo
o
nqo
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_?L‘
32
ns
I

(dielectric proper-ty)¥3tE ZFAH3t= WHES FHEXZ A7)

B2 EXY A4AER Ak ujdE g o2 RE dhilals o]
NEG Ao zH F A7|HA X E(electric conductivity)et | & &
4] (volumetric water conte-nt)& Z33=d TDRE o|&3l7] A%
st en, Topps(1980)& AUAIEE &3 o FFHY Fol disl &
M & (dielectric constant)@ A & gh4=n] Alole] FA S A etstA .

Topp(1982)= A|dtol] wjAdE ®HE o] &3l wetting fronte] ¢
21& AAs=v TDR7I&€& °l&35A2™, Topps(1988)S 57 ]
B2, Zegel-in(1989)2 o] 7}x] F7F9 €I & o)&dled B3 F7)
Attt HZdde dH7|Eo] AFAH AFTRE Q
o AHke] =W} e Xgloly A3t LEEHY FFE Yo}
Wi olTFe FHsted BLT TDRZI<Y Mo B dA37t
, ZRTZE SHFolA Y Ty HStE X&Hom B
UE Y ste wyesr 853 g

TDR2 7|19 AlEw2lo] vH3] A|2gde] MX7} 41 Zdo|f F
e ez dolele £3o] 7H53tnz YA A AuhyRe W3}
E d5Heg 49 F glon, FAddge] wi @A ASS A
Alste WA o] ¢lx, AW 647 AFF7HA 1dle] TDRAI 2"
A A st (multiplexing) 253 A&& AAY & Utk Fig 0-35 &
TDRe] 7 -thFE4ld] tjg MegFzolu)

o
o
)
us)
tlo
_!N
O.l.‘

A,
o
n
=
30,
lo
i)

ZA4& 9% TDR Al==9 74
Algke] FH] FAH L 9%k TDR Al2¥e AolEAIE7], TDR &
2 ddsts $EACEE FAEY Fig O
-36 3 #o] dZAH A BAEI] A LT step pulse’t FFF
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o]&3 TDR HH& THsHEA #AEE TATY A fFd&
(dielectric constant)elt} 7] W == (electric conductivity)E& &3 3}7]
213 TDR €3 2 ~ 3709 #HY3 =xo2 FAHD EH Alold
AE Fo HA7IZH AHol| uet TDR vHAMIZ Y HHo] 9SS &

3) TDRe ¢J& %48 (Dielectric Constant)] &4
TDRS 3¢ wet de/dade Agdsd s g3 Fax

ghlle FHE, & Aol AU Ae] HEE AAe T
#3% porous material® FIHIE AAVIHE TBE9
= 7kA 299 93sle A7} AA"ETE A A, polarization EE
relaxation® 2 <13 Foll FFE EAH(molecules)t ¥4 ol
A712] @sle] AH&sted dBAIl A8 =T oy HAU|Te FHE
Adzatz veldo. o] Y4xE Z+F I (angular
frequency; 0)9] 3FolE2 FALEK#)L BLF¥dsZ AT F
HAZE F9 A7) A EXx(electric conductivity: 0)Z <13+ dielectric
lossolu}, A7|AEEE HFYUA B AVA &% 09T £ Fo} 3
= Ao 93 o2& H(oyel Y Aolth o= FY HIEHZH
vgslez 2gdlAe o= 2o} heavy claydllAE o7t 433 =
th Kxo] A5EE K(0), 35S K 318 folx H8e F
712 fiQlel] Q)& oAl Ao ALEtE FHE Kre U ol

<EEES

&k
iy
{
Y
g
o
nc_l'

3 Fe] whg7ho]

do
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K = K'(w)—z'[K"(w)Jr%f—] = K(o)(1—i tand)  (7.1)

4]

A71A i=V—1, 0=2+%3}% og=zero frequency conductivity, €.=free
space permittivity (8.85418x<107*? F/m). tand=loss tangento]|®] ZEE
dielectric loss®] lump sume|tl. F¢] Fdd AM7|HozZ Agd &
& AFFEY FHYo] EAF2e 9] Ko7l &5 £ KeHT} 22
. YA 0 F relaxation& 2 Q1% YA Has ZHFEE

ey
7L FTE SUhete WY, WNAERR AT ¢vx

% Utk Dalton $(1982)2 ol2|¢ ZHEHo2vE A/NASEE &
Yshe Ee A &9 ANAES©@E A5 AT
T AL FH(OF ARV FVLEKDE F AL P 6)
o ®7l=vl TDR A&e) $EREES F9 A7IARE(0 o8 2%
Aaze) Bz 9 o]43tg TDR A

i
s
e
aQ

=
Co
()]
rl

rN
it
'
fop
NS
rf
>

Topp(1980) ¢} Arulanandan(1991)o] ¢]8tH GHzY MHz % $jelA
5o fFHge FHfo FHI FFH(K)E FAY £ Yoz @
&, K+og/g, < K9 A4$ A3 dAgdxs) dete] Zas o
w3 #Zo] EdE

o

ul

V = g (7.2)
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607 we K + 0.4)
= - 7.3
a VK (7.3)

A 729 73L& Z+zt TDRZ4HE A& g5 ] (volumetric moisture
content; 0)2} A7|AEE(electric conductivity; 0)& AAtst= 7124

olt}. dol7} LYl ¥H & weh TDRAZ/ F5sted e ALL

At = 2L (7.4)

flo

2] 748} 728 z¥sW @Ho] Axg FEAYY FHEL ©E
Hoz TAY 4 Utk Topp(1980)e K& K.2 WAz Zr7] &
A & (apparent dielectric constant)e]gtx 3 H-.

K = K, = (2 ) (7.5)

TDR#H o] £A402RE

5 9]
(La=cd/2)E 739 BR74HEE o
Zl:

FEAZE M 2RV A
&3 Zo] ER7| "$3Hol9

A gz dolo o HZ el 3t
|
K, = ( 7 ) (7.6)

4) A Aot AR FAES TA
Davis5(1975)3 Topps(1980)-& thekdt F5o] Fol dis] AuiA
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HE AAste] H B 7|5 A& (apparent dielectric constant; Ka)3} A
g<=8](volumetric moisture content; 0)7Fe] AL  AtsIA T
Topps(1980)2 TDRZ &A% Kast 22712 ZAAT v 7r9)
L7l 5 Kaot 87+9] thakale] Jejz FdTh

me

0 = —5.3x107%+2.92x107%K,—5.5x10"* K,2+4.3x107°% K,°
7.7)

ToppE (19802 91 Aol AHFF Fol AL + A2 Fo &
=, 25, GEETH %S A v FAEAG. A 772 of
Zx @ol AREEH oAgFFe Fo HlwF F wOoER universal
equationo] &1 £t}

Zegeling(1992)2 2] 7.70] ZHES %o HAA3u F7]AFH, A
HE, Y3 F, heavy claydle F3¥dsittn FF3HA] F& E-F

AA-F719] EFEZ 188+ mixing modelS A Hst A T}

1
K=[0K+(1—-¢) Kf+(¢—0) K,,"1° (78)

714 Ke E¢89 #3& 08 F9 21385 Kw, Ks, Kaire 77

B EFEC] wWiEH A7IFANAY HEFY
ol A& e 7)EErE g.helH -lolA +171RA) 9 & e
Alharthis(1987), Whalley(1993), Ledieu$-(1986)& 4 7.8l B=052
83 Kw, Ks, Kair9] @& 9o o3 Z2 45 Atsiarh
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VK, = 7.836+1.594 (7.9)

VK, = 8.54660+0.5698Y K,+0.43 (7.10)
VK, = 8.7870+1.545 (7.11)

Fig O0-37 & 2 77,79, 710, 7.11& 37 =A% Aol

G AsFE Fue ¥4u % Ask49) ¥k monitoring

AetEs Wz Ze F44d ot AeAde] &8, A8
219l WE 5 FARE Fgsty] A3 FruE dSHe2 Y
# AdE A&71€24 TDR Systeme & & Ut}

Fig [1-38 = o] AaFF FHA A7Me AFAHE A3l
TDR €3 4z ddze A5 FAHE 93 54 4XF d8rt
Atk 7k ASAHANA g AolEL AaAZT YTEY AH

ol 47 wag Axste] B

F

3. ASAGD & - FE BUHY A=d

5 uRsl o AFLEEAS Aste] W 5% pHoz
At 94714 Wre nge @40 A4 18m

rlr
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(monthY &9 2 Z7sgon &
el 31 et

AstEs Hie 258 AF77 AFste FSde AF70A4
HAstE d wEo ®MEFolE drvie oAt AFVIF AT U
= 9HstE el 25~34T H 9 WA X7 dgso A
Hog AstEr WHe £+ 69 F£9 18TCAA AA3 718ty
109 Fol= 25CE Yeda Ak 108 S+57H 149 S&7xe
A8kg7k el AF7I7E AR FF6ho
e ZAo] Apdelt 19 F&FE 38 FEZAE AET WY

+X7F 18~22T MY E B dF WstZo| dgig 7
itk 3, 9718 Fote A E3Y 2EE 964 69 Tt
04 F&7tA 20CHH A
Gtz 84 steEtAl 27 AAE] sHAsta gt

T Aol ofgd X WE E=FAdd
abske Al7le 99 49 Aol &, 99 449 o)A
2R £9toy o] AIHE AAR o]FdE WHLE
tF A3 ZolRlE S HAG. 97d 1€ F&YE 3Y FE7A
Wie] 227t R RY Ha 4T AX A FAH A (Fig 1-39).
T2 EYUEHY JA 229 22 g HAFHAFig I-40).
P&zt Wil Bee A9 diiE JuF=rt 100% Feiac o
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b A7 AAF ez Assidd 96d 108 FofH 97d 19 F
EAE o 60% 9 AUFEE FASAT 2, AF71 FEl
974 3¥ FEAHAE A7IdedE &7

]
stz B thA] AUFE 100%E FAST glgol waxth &4, 27
= 2
H

o} Bote AU FEE 719 %69 6~74 Atoje 85~100% 2
AUlHEEE fAd e 96d 92 ~97d 297tA = 7I2®¥ste] we
t}4 7o) dAw A Z 60~70%2 HuiFieE FAGAT T,
973 3¥Y olF= AulFE7 40~50% g frAstdt §=54 <
£2Z2A77F A AxA mdd FAR AeFzF e Ads=rt

100%% frAste Agole F4d dolM o7& TANIZIE 3
out giAF e Fet sHsaATh

2 ATgdeldd AstEt W 22 AF77t A5 dele
ulRe) 2E7F 28~34Te H9l el dARA FAST gl of
o WREEHEE 55~60%9 ¥eE FAsn Avk 22u, As7I7F &
A @& We] WHLEE 18~20C9) HHE Roln o W F=
7ol 100%E fA3te A5EEA] FELFE 4o HEo|U.
SIfFEE A9 60%9 HAANAN A FAHL Ao 2-FE
TUHY ZAng £438 29 As3ddd 4= de Asve
dFHoR Hol YHe 2EEF 13T o4 EAFE 2FHE JHiFx
AugEg 44 # HdFE ARdEs A E&c] HA ¥= A
o2 gk a8jnz AFAFAMEE AT AstIE ALA A
5"._

Hom %4 AEVE AN $8 WA ¥Y Aol

okt
o

s
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Ate] 28X FokE st 1997d 59 10d4FE 949 30¢7)
A, AspE el 74F bk AlFEel s 6m HE Hold X AN
£ AdAsn Axe =Wt diF TUE S ¥alstel Fig M-41
of $d7zte] AatEzt e 2t &4 e A ELE9)
dHT 7] BHI)IHOTE 549 10¥~97d 9¢¥ 30¥)E¢ Hd 4
0C(7¥ 22¢), AA 10CT(HBE 179)9 HHoA ¥t Ut

AZ2HEEH 6m Zol9 AT 97d 5¥ 149 15T A 97d 9
Y 20947HA] AEHom Frhete FEE Holi vk ¥, AERE
= 7Y 2249 HQAE B WHE A3 6m 2= F 2/1Y A 4H
o] 9¥ 204€° HWAZF YEtdz Ut o) AELEVF AR A=
A AdsEE AU Aoz A=

AFZES} Aot WSS EMsta] BHE, A 6m o &
Ak 2L}, 949 20 o] F & A
< ZARt A FFES Holx gl
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2M e 24t
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A 8 A Bx| vtz A}AZAF 9
1. AstAZA A site AL /N2

A GAAE ALE A AFFEA FAYelE I
shestolof AgA U] U, G, AMY A7, AP B9 TR
A3e & 4 A "tk B ATNE 9w FA4 2 9ARNe 5
sto] AStAFAY RAZ ol=AE GEHW, Pid At 2HE
A g JEelM WA PUS ol§F duel FE ¥ FIFTE,
gurihel Aol wRgE, A AAs LE L o]FL AFT

= A& Aol BE ATE FYstgon, 4A Aol 1§

Edqte] ol&d W2 g3 A HEAKseismic refraction
method), #|3F#lolt}l ©A} (ground penetrating radar) ¥ A7|u]A &
gAL (electrical resistivity method) & AAIIA . @43 ZdHEAL
g BN E AU oR ol FofH GAHRZR 3HEe gubdEHE "dAdT
Hat& e g o83t FIE, T3¢, dY, BF

2 FEste] ZAdEe] wE gMEAdE dFstdc. £ Aot
HALE Eate] vkl Mo AHE Fodd & ATk AVHAF
A BilAe EASAE Y] HAYREE FAGFoRA AuH

Fye $EE vmA s shepshglvh

2. ARAZAH BA gA 4

..164..



ho@ds gA 249

w43 2AMe AEWe £A7E HAVE, A5 Er Zgol

date] AFAAE oA WA AW SFehe ALe AUz
o We wgste] AnagAA dA

BEAEZL 90 )0 dojgs Ik Ao 4825 ATk 5, &%
b oe 4RFoN £E7} & =
zol AAW BaAsA A, olf duRE AABL wel 2
zo) $E2 AR oA ¥ deHom 4RFoT ABA
ste] AEWe] =2 Ao AAE - 4H 3 - BEF, 1986 ),

Aske] GEAARN AR ST WA} B 2R Yoy
A e of FolA JAZOT AT FE 90° o 2AE Yo
AW i3 S22 Aol 4¥F0R HusE AWnRY
g 2710 £Hss ek oHF HE AT, wAT FAY
e olF MEI ABE BN} 139 SR TAE Lohi ¥
Aselq AQe 2ARe] 7]¢7]e] A5E 3
e Ztze $E8 TE £ dom AFHeln g olgsd 2e
FAMS FAAZE Fo 2 F AR - 458 - AET, 1986 ).

E
e
£
5
@
3
JH
o

) BTz 2
Fig I-42% 2& XSEdolq gasgis dAss
Holx FAAZHDE the3 2.

tlo
=)
X
Jf

L
D _ X 2n(Vi-v}’°

AB ., BC
+ v, ~ vz * V.V,

Vi oV

T = + (8.1)
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olm], watAel (XoylAel HHztel =2t (Xo / VI =H 39
EEAZEo] 2 HE o]&3td WEY FA(E Tt 42 HE

3 ek WAE - A8 - AYEF, 1986 ).

X,  2nh/ Vi-V?

vV, V,V, Vz
= Xo b ez
h = 5 ViV, (8.3)

A 8le] ghgbe] ThEFRY Afdde, TEY B4 A 44
o2 Yrtste] FHZ 0= M FF(head wave) & ©]&3t 4 F
] $xof 78 Fake WwRelth. A ¥ n e Fo] EA
< BARY-FA7 7] AT X o wE g4dd =g AlZ Tx
&9 g2 veErds Yok

(8.2)

{0

et
o

e
e}

Tx = % + Ti, (8.4)
: S Zm Vm (2%
Tip_, =2 24 1—(7\?)] (8.5)

2 BHE T=fx) Fele] dx A o7l 24d4& el
v 1/V, 2 ZF Ao 71&71E Ve A 28 7 dA e 3
Hg onstu] AThA ZHintercept time)S WERHTH

9l A& olgsted n =1, 2 3 .9 B¥E 4 ddsd 1%
T, 2% TF, 3% TE . AFY T - X @Yol HY ot &

- 166 -



le“\%' n—l
T,= % + Ti, n=2 (8.6)
T3 V3 +T12 n=3

olg BWAHEL EF AdAH VeIVt tE 1A FEEEA
afxz yehid thse Fig M-43 3 2t

Fig 1-43 & °]&3t 74 A9 7|271& T3t 958 HFL
2A Z+Fo) &2V, Vo, V3 & TEF A2 Z4 FHA9 da A3t
2 (85)& o183t Z F9 FA Z), Z,... Zo & FEF AA €k

—h‘h tan & :<_

Fig 0-42. 3 237 ZA 9 233 4=
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Fig 0-43. &9 N& TFZxoA ¢ T-X Diagram

2) 2= AAFFRAANY FHT

29 AARA] AAA A A FAFHY 7272 FH
4y 7 £EE AF9 A $E7} ohdH, o]E RHIIEEHI &
T o] duyI&EE By M wd L ot B2A YE
7] die] Ax2E FzAME $EFH BadA o $55H
ol BALZAHY & BN ZZ HE st FAe] # FA7N7
FEo| A o= FE BF 71234 e LHoltiFig O-44).

olw wur} FAAHdown-dip)® WFoR AAE F¢, THH
czRE 039 AYrt DolAFF FFF olAe e A
Aojxmz FHZe AEs|Exe AA FEET 9 dedoh
W ASAAHup-dip) Wz E3d Aol ZEIESETF AA
25yt 27 Jehdth 2858 FATdS Tue obe4s 23,

i
1(‘
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Td= 2 quocosic + \)[(0 sin(ic+ )
Tu= 2 ZuV(():osic + \)/.{0 sin(ic— a)

ic, @9 ZA&E o} 4L o] &3td T3,

ic=4 (sin ™' Vom, + sin ™! Vym,)

@ =% (sin "' Vymyq — sin ! Vym,)

3 ic, e ZFEE Tid$ Tiu Aol tgste] o] stz Tidet Tiud
zz} 7dsF Zud ol dste Zd, Zug T3}

Tid = 2 Zgi\fcosz'c & 74= Vy Ti_d
0 2cosic

.2 7Zu cosic _ __Vy Tiu
T V =5 cos ic

o2, 7d% Zu® Aol WYste] 4249 Dd, Dug T 927}
AaAsts A7} Yoo,

Zd
cos a

Dd=

Zu

Ccos @

I
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d Hele) 2718 FAYOEH AN AFAY AHGALS FH
JEE s|Hstel AstaRe AT, B, Ads, ALGAYY wE
% R RE FFL YASHE Folth AAMAY FAEE AR 2
7, 2 ASlAe] Ao 2] 2 7 A0 Ag 5 AHow
4 7bsd e AFYLEA FBHY o] Fsaith WrluA

FEA 717 ES i BEEm Y, AF-HAA, AT R dade] 1
_ﬁ_

ki

1

2 ovhylnh o] Wy Felle 94 o] olule Ay uAFA F£HA
H3E zAstE FREAEF dAAA M9 #2874 A 2
E ogobZ Q¥ FAEA ] Atk £ "AAE FHuAY gal
A A skt

thxlel A7 A% &AL diAe 2709 AFHZ(Current
electrode)S B3l AYAHoE AFE 324 3 F 1 AFAZ 9
271el A9 d=(Potential electrode)s X8l HAAE Aoz

o] -0} 21t

ful
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Fig -45. A718} A& gAlolAe] 5wl Geometry

P, ¥ Py Ao]e] At VE #F T3 7HAZ JHAAS
28 (chm)e B 9o th& Zo] Fejdr}

I 1
AV = V= Ve = o5 { T W (8.7)

[ Y2 73 ¥y }

A71A A9A Veb 7 I AUAL 1, o, 1 rE okIEH
o8l FeAzz Aol MAY o2 FHT + A Dok

o = 27TA-V‘ - (8.8)
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£ SALE rimre=a, reers=2a 9 A EA, AAS G=avl HER

2E7] A7 A A=

o = 2mad (8.9)

v
I
otk of wjgelHE AGAFIE a0l AV MAT FEHe] 49w,
TE ARAYINE ASugo] 4 FHol g W, AT 44

25 ol Al Ak e EFHol Q)
t}. Georadar ©Al ¥2)

GPR(Ground Penetrating Rader) ¥Al¥ 2 &2 Aol Adts x
AR e 3EE AFEY gAY dteltt ol W, &1, Ax
I 22 HH AAIHE ot MAVIFE Weoly
ol Mutstn WAl =, 3d, 7+, 74, 24 24, EFF
A #Fe 4FAE A Ytk AstelA HA7|Ihe] Hate] JFG
A= 2AaReE A fFdY {FALY BE 281 AVIEE F
o] At}

MAES MR O #A714 42& zted, 9714 dA713 5413
e Fd&3 FALAA fFEHe 19 dHR2E TeiH, o

DHYIRA ZE

Jo

- 173 -



2 vehdt, o' 4FRF, o' W2 ANAREE, 2 WA 7
AL, 2L pu e WA FRgelth AZ UBE F wjde dud
28 74z} 7, 2@t Re W, o] AAE FdHde AATITe] A
% Ke

2 e 5 glod, ok £ A4 A2 the dde] FARNA YA
gs gkt AE g B o] W FAALE 1-Kolth p8 %
A8 e.0 FREE 2E HAANY WA SE VE

c

V= Ve,

7 ft. s AFNAL) AR SEolrh

GPR A= A7} Aate] of| 5 oj@e] AANA WARE o)
Sole A5 Wol A3 NLF2E FAsteA Hew, T A Al
oM Wb dojubeiw wjAZe) nHYT LS Folzt Hok k.
o] HolMg go] npUARPAE FHE, FAE, 2P AAE

p=Y
[
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Lol o3 ZAF =,
Al A 78] 19 kg 7}A]
o2 A A £E4E Feste 24 FHEo] "ok

GPR ®AtellA o] &3ts F3h o] H(1-1000MHz)ol 4] ti#£9] &
AE W2 A7HEREE Bt ey B2 ¥3td HEZEL Al
= Aolgel "k fEvete] A9 iR AEv EZLE I
o] =, HE HEZ(Hogx= HE AYAEE 1-0.1 mho/m)e
71k (3 ere] A7lMEX 0.00000001 mho/m)ol] HEe] AZIHEE
Zb vl - ok ol8A MVIHERE 2oW ARIFe] 227 AEA
Q] o] Tt (Smith and Jol, 1992).

TAE AA7H Az A7 FAI9 7 ZF
T dd FAZREEH WA FAE &
nAel #Za EAL Bd 5 glon, #4

29s)o] uok wol meso] gtk AM ARE RAESA o] 99
He 2eg AASDL AzoSe RAY T 5 AEAYAA]

ehof @},

1

oo].

ol
iy

i

Zojgta & 4 Qo v A3 AAFRE 73
stth. GPR ®4F A= X3 wjde #7113 44, &
TIE, €9 EHPFE Fo mEt At 38l (Knoll and Knight,
1994), Aoz Wa, FAS ma) 22lm ANY S F& A
£ RojFErta gelx oH(Tillard, 1994).

3. AFAZAL BA wAre] Hg
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7} g gt

AR ShEel w4 $Es Z 59 FAE FIHIL AN

Al ekl
gl dtgabel] o] g8 olux Y - 327 #<EE4L in spread ¥
Mg ol gatgon], ¥ A wa} WA spread(TFHH - HFF
M7))el ZolE 84 m& stk 77| (geophone) AL 4 mE A
stgon WAz Hxz F£3717re] AP (offset)= geophone 7HZ
Z2e 7+AQ 4mE& AHEE AT AE"E UYL 14kg  sledge
hammer °|l2u, 1 - 53 813F%F =dd #3P & F&Astd 2HIE
A2 £ e AF8E 71239 £237]E natural frequency”t 14
Hz2) OYO GeospaceAl geophone2 Al&3ldied w@AdHA7| &2
OYO Geospacerlte] DAS-1 system(48 channel)-& Al-&-3F3Th.
oA 7128 SARAEE UAERAEE Gt GFEHES
0|3} starr APANA HHEAIE plotting 3+ (Fig I1-46)
7} Aldd =% A Zk(first arrival time) digitizing 3t Al - Ad
T ¥ (lime-distance diagram)& ZASIHT SHEZ A" T-D
diagram’F ol A 71717} @A & 7S vrol HAAaAsHE ol &3
A2 AANE ol z+ A 7]&7|et AHE FIRAT 71E€7]e g
2 Fsld 2429 dAAAs) £x8 T @A £x29 A
g zty g3 P-ihAz =25 73
T E2AZA AEE ol&dtd U 4o I FRE FetHFig
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w, 7O = =]
30~115m F7 ¢ FSHES F3do] MAFJLE FHEE gloy 1
sl URE dekel AT 7o RE RAAT AU B

THe] sEIAe ALY SAGl EAHE Ao At A 3
layer2 AZb=le dubrd PREE 5000m/sec ©149] AL FHY
FYste AAE gato]l EA" Aoz AzdEd. &4 1-1, 1-2, 1-3
3lE)o] 49~115m9 FAZ FZHA £X51n
Al &gtz pREste A Fostojop drh 1-4,
15914 Fagz o 79 A4 ez A% F3Fgo
2 skl AEe 2t Qe U

=
R

Ir
=)
K
v
ol
ol

2] 3 2 A} 4

_h!.

. A7) A AL

A7) 8 AT EGal= HAE AT ¢1FHOZ X ABEI ZF
HEE sto] A9 £XE oA =HY, o] W diAe Fgd A
a7)8k olol o3 wAH A AVE FAHILEHN A7 vAFGA
o] W3t ¥ A, olE s F2 AsY AATFE, B,
At 2, FF 5 A AF L FE FEE PAsted o) &
U

Aol ddd A= aid WEL 52 "HAIE 93 Wenner
A= vldo] AAHAT. A8 M7 HAZ FALE fI8lo o|&d &
A7171E Bl = Soil Test AFe] Strata Scou 317 olt}t. gAISA

-6
M= 1m ez 4Ad SHE v A5T4S 1m 2 m, 3 m,

4
o

,,
to
O
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5m, 7m, 9m, 11 mZ &9 32370¢] dataE FHS53stATh

24 A9 H7|uAE E2EE 29, &4 404 FF 134Fo] F3He
ARy vAG o] G FHEY Fho vldo ddiHez e
& Bolu], &7 132 &3 16409 Tl ZE7] HAF 3ol
F2438 Z71ste $2e BT agm, 3 15 o|Fe FUAAE
o2 ZdE it Hste Fdidoez 2 HE7 uAHgE 2
UH(Fig T-48). 19} && data®] X AFTFH (@@l F7F &+

gt v A e WIS A FAG FEFE

Boltl el &3 4 - 134}0] FrollN &3 7 - 10779 ZE7] H|
Agghel AFrA(a)gko]l F7tEel wet Skt QU

"
S
2
=
2
s
P
e
m\l
l-> (i)

t}. Georadar ®AF

A&t A G AR 9] WEZF JHE BET] FHodtr] AFEHA
of thdled Georadar BAF & HAAISATE ®Atel o] 8" 7|7]& #=
GSSI Atel S-2 Systemo2H 500 Mhz AelE ol gahth.
Georadar BHEE 43R A3 JFd EAste WAL= 8 7
Ato] o elA gdAEF gL & F Uk FI], F49 FF F
o= 147] ol e &R wFo] TEEo] gth(Fig M-49). 7Y ]
23 el ASAFAEE AT H FLAdE o8 §& B A
F7F U2 fFdE At ol B2 odElegs 2 AL=

=l

[

oz

ct.
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Al 3 & KStAUNAED Uo| YSBx)|S
o7
A1 A AsEhaAe BF R FUIxs

ARAZL BANEH & 2A

T EEE

Azt #AL AaEte THGE FH AAVAEH} 75
ojFe AFAFoR FLE & vk FIRAF L AsFTAE A
AN 225 AFREG HYeE T, AsdALe FHoz 3

i oglew, 48 3 218

Ae BUNA A7ko] Aol A
of itk =8 AaeritARTm A9 2tE AGA

AE FHE F3E £ o 8719 FoA AUT £ Utk A
Tkl Sl 7)o ZEHA FHL gF A THAE 8% £ Q)
=2

AH, xstEdlos ZFste AHE Ee AFEH AATE FUE
Sk N

L @7, #3, BERE, AF34H 5
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HAFe) yojg BAsted ook

213t F e 48 VS A8 7R 846 o5 AAFHAN, 12
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4 X, 43 T ANAINAY wiAE] Y8 "ad Aot
Table M-12 #7|4HS BEEF Aoy ox Fdr]uaoe] £& A<l
7he AsEre Fxe AV, AFEEY ¥, Hol 2 XY Fo o

g t2eg old xS e HAT LS AFY ot 9l

oh v Al S E7) g

HAA ASAFA LA AT 2D AaFzE el sd 3
Wde F23 WEsolol s, AHFY WAHE 9H 873 Al
¥ 5 Y BI-ETE R Folo Wk o TR R #7)
e ASFL W BAA olo] W@ wd, AT BE

A HE

A
I

7] Nz AREE Weld @8 BAL HAT F 3ol @
o R FE7k2E AT HYAE e BB oo} Bk

o BAA ABHAFAI LA SF ALY, 2o EFo] &o]s
oo} Fhui,

ol 912e] AB}FREE $7171F 2A}

l

ABLEAA A BrFe 7€ o7 7hAe] 89S nEIY &
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of wel x7jel BHE o|FEE MAHolo 1 o]& AT AT
=o] g 7Eh duistd A dad IA7FL §x, APWE, A
FZexo wEd watA 4Edd Aozt 7] wEelH.

ool A%, BQAV|FE Asted odE 27l 553 el 3
o A7l E PEE VELRZ AP 4T 2 vty & sty
2} gl

gZe) 7|Fe] maw, 199 Ay HHEHL 6,9, 12 M2 F¥
a1, ol wal "o Q7= HAUES 144 m/h AA 216
m/h. 7R Aan glek £d FAONM = 7229 ¥t
WA o7y ®we Aty AUtk &, YrILEE -20TAA ¥E 0T

-'l

A 5C 2tz wel B8 7|=YFE 8 oA 16m/h o2 stx

Atk 53] 9712x7t 26T7A A5t old wet =Y FE A

£aA R 7|2yt 26TE dod 237 EY7izo] Zasder
FET Part o

ASHRAE(62-73)°l M stz A& 7I1&S 5AL Table M-2%
Zo] Ao §xo wet AEsistn, = 283 V| Fe LY
AgFoz FEI Boh FEHez FA%L Yo

29l 71&FL 1417k 199 144 m'e] & oI Fe
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3 Utk BW AR F1FL 147 19

AN EEE AR ZE AAB UF 1FoEH A A

33E AF Ao O B7171FL AXNFEY HF Az
dAE HUR Bk WA B ol FoiA ok srd, AFaclAE
$5AF7 A9 9T AYAATe] Ve HBE WY Lo BY)
ol 7 438 + Ak
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G= -k %;[; . (1_¢sol)Rsol,i
+ gy 0 Thla—b- exp(—2.3c-e)]— & g0 T4
(2.11)

o aircp,airDh(Tg - Tdb)
](Jt_G) - pp,aier(Tdb_wa) (at y= 0)
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4714 ye XA A5tz Fahe 24 ovjsi.
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=

2. AslYgut xR ¥

7 AZLELTA T o] EHA

A sehut e e
w2 o2 gyt
3:T _ 14T
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4 212N ac dFUAALE YERRI tE AR xE Ao ZRE
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ol ZolE et 4 (212)9 dHE FEr] A FAzAL g
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lim T(x, ) = Ta (2.14)

ste] &2 E delded 8% F9 2xdstE AT drde w
= 2n/24 Aoz dxn 1de 2EHIE 4T AFlE w=2r
/3654 & gk},

AL A sy Astd 0(x t) = T(x, ) — Ty
Z A3t F4 (2137 (214)€ ok Zoldnh.

2% _ 1 086

iy (2.15)
00, = T,y coswi (2.16)
lim 6 (x,) =0 (2.17)

olul 2 (216)¢] T,, cos wiE Euler?] F4 ™ = cos wt+
isinwt & o|&3t] T,,e™ o AF2z yehhr] fstd 2 (21
5)~2 (217 AA g thal tg A3 o] WR upfo] FH HYsn.

Wx, ) = 6(x, 8 + iS(x, ) (2.18)

ols} Zo] 4 (215)~4 (21N& otist Zol & =+ UTh
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= T,,coswt+ iT,,sin wi (2.20)
o= Tameiwt
lirEO WMx, ) =0 (2.21)

9 4 (219~4 (220% $4% Sk ol BHAN s&sd e
2o

2°S _ 148

= (2.22)
S0, H = T,y sinwi (2.23)
,l,ir,?o S(x, ) =0 (2.24)

4 QI9)0)H B sheh 2ol Wi xg to] $4olmE Thg3 2ol
e & ek

Wx, D) = X(x) ™ (2.25)
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2 (2.25) 4 (22007 4 (221) HYEFHE X(x)of 3 FARTL

oh&3 ol ®oh
X(0) = Top (2.27)
llrlza X(x) =0 (2.28)
e R (é.ZG)QI duk e ohF Zo] vetd & 3o
X(x) = Aexp( —x %U )+ Bexp(x -iaﬂ ) (2.29)

A (2290 AAZZA (22D, 228¢ AEFE XE TG} Zol
e,

X(x) = X mexp ( —x\/ z—tg ) - exp(—ix % ) (2.30)
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T(x, ) = Tp + Tomexp( —x\/ Z—tg )+ cos (wt—xv 2—02 ) (231)

A (23D)E AFY ZHol x m, AT A9 AFLEE Vel E
Ao},

71787 243 =9 29 A APge G FHY YA X
o W&ol 227t A7A HEZ o8 A3 o] BAAS CE 173t
of 2sE dart .

T(x, ) = T + Tomexp ( —x)| 2—“; ) - cos (wt—x\, z_ué +0)
(2.32)

713l BAAEE Faste 4 (232)8 AFEET) A8 Tu Tom
E%' C3te] Xz ZAlgo] wug vl v} Fig M-7 & AR
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ex9) WEsl Ao Az

Ju 1
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A 2% Te N2 €58 Tp!,Te',Tw 2 Az 4 (233)

o ANAAH A7 HF I ARE AR B R

pCf ft+dt Y3 P fHL”L) 9 k aT)dxa’i

t+ At
pC(TI,H,,S—Tl,)Ax:J; [k ]edt

(Tg— Tp)

(T - T ax= [ Lk
oC(Ty ~ T; , (3%

)W dl (2.34)

A7)1H Az oA tr AR ARA Tp, Tpsh Ty?t A=A
of dlslA 7Hgsfokd Rk

+ at
f, Trdt= [fTo+(1—pH T3] 4t 0< F<1 (2.35)

4 (230E g3 el uehd & Utk

B (TI—T}D) (TI_TI)
oC(T,— Ty) dx = [f {&, f@x)e ~ ke {3x)wE *
(1-9 (&, (6%), — ky (6x) b1 a
(2.36)
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: = = | 100]625] 40 | 12
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oo == [100[ 10080 305
$) 73 e [100] & | 62 | 3
o= |A_e [180[180180 [17.8[175]17.0(165|160]16.0/160
= = [180[175[170160[155
(Brix®%) ™9 & [180] 165 | 155 |15.0
4w | A2 23] 2323 [22]22|2121(21]20[18
€ = |23] 22| 21 | 20|18
(ke/em) [ 3o 23] 20 | 18 | 17
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sl A 7)7t=e ME WItE Table V-5 9 2ol % 28 59
Jakog ML e 1~270Y, ALAME 5~67/1ge] /M F2 A
EE P4EE ¢ 7 AN

o] Aul= 7+ AR AdolMel AR A7)k Ao dAstE FHol
ATh

- 266 -



Table IV-5. ¥5¥ X35 Ax ¥}

%10 11 12 91 2 3 4 5 6 7
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Ho[L] 872 8916 9121 w07
o [al 531 51 570 -621
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AL 87 U2 %3
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AL B0 2 040 9181 P29 P08 948 9.3
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H 7pgel AR AFA 7R AR APE 2 - g2 47 AolE
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10.15 115 !
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A 2 (3713837 x
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) Z|37]37|38(38(37(37|38|36/36/36
(kg/cm®)
A 2 [37]|38|371(37/35|35|35/(34
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o] Moy ulMEQl Fusarium oxysporume]l A7) AlZste 1€
A o] ZREE 1 At A A E5GHE UEsTh

olgig @Ae AeAFNME Yeltou &= zol7k A 9~10
4RE YeEgn A% dHe g2 Fssigod Azt A 48
o] o3 wro} dato] JEl} AR 4~57/0LREH AF JHAE @A
A=A

ol#{dt ZAFE Ho} rfEL 2% 0CTUY, % 60~70%°l 4 6~8
M A 7zko] HFetAch A2 AFAM FE 24 75l 7HE
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% 97
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6.30 1.30
_|A 2|100|100{100| 98 | 98 | 98 | % | 95|93 |92 |9l
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T & 2|100]| 95 | 70
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solg E 2[100] 80 | 50
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(%) |4 100/98|90|87| 8 | 72 | 67 | 60|50 |20 who}
= 2(57.2|57.2(57.057.0| 57.0 | 56.2 | 57.0 |57.1|57.0|56.8|57.0
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& E 2[57.2/58.2/59.0
0
2 £157.2/565(56.6/55.0| 55.1 | 55.2 | 55.0 |55.1|55.1{55.0
. A el42(42]42(42] 41 | 40| 41 [40[40]40(40
o]
E Z|42(35|34
(kg/cm®)
A 2|42(41]42|41] 40 | 38 | 38 (37(3.7|38
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Qe o Fu uAEo] LR HFAdE Tl YA A
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o Iz A% Fsrt UyEigted, 42 AL X9 FE9 WIS
olgte XA 2~39RH AvtE A4 Ryt TAFAY AF 57N
a7tA ¢ 50%2 AE7HA7E 1A H AT
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AgE TAT F
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96 97 H]
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10.15 1.15 2
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g PE[100[ 60 [20] 0
o 1EZ[100] 100 98 |95 | 95|85 |80 |74 62 |50
o) g =100 90 | 80 | 60 | 52|50 |42 (38| 33|20
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e EE T 3201820 [82.2[82.1|82.2]82.3|82.0] 82.3 |82.4
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. A 2|35 [32]30]27
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ooty [ E_2] 35 36 35 135133303029/ 2827
glem) g e 35 33130 29]29](30/28]27] 2827
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11.15 115
| A2 100 98 [ 95 [ 90 [ 80 | 40 | 30
= o 3} =
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