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A study on the relationship between the thermal properties of rock and the

environment in underground spaces

Changwoo Lee

ABSTRACT This fundamental study analyzes the relationship between rock thermal properties and
psychrometric properties in underground space and has a ultimate goal to develope technologies for
predicting major environmental variables. The study is divided into 2 subjects; (1) development of a
basic model for predicting temperature and humidity, (2) analysis of the validity of the model through
application to a local underground storage space for military supplies. The basic model is built for the
network of tunnel-shaped underground spaces. The model takes into account rock thermal properties
and changes in moisture content in the air due to condensation/evaporation on the rock surface. Using
lumped-parameter analytical method, heat flux from or to the surrounding rock is calculated and then
the psychrometric properties(air quantity, pressure, temperature, humidity) are estimated through
network simulation. The model can be utilized regardless of the tunnel type. The study site is a local
storage space built in rock, mainly granite gneiss and quartz-porphyry. It is a U-shaped tunnel, 593.5 m
long and 6X6.5 m wide. Relative humidity inside has to be strictly controlled under 55% to avoid
erosion of a certain types of supplies stored in 6 chambers with the capacity of 300~1,000 ton. The
thermal conductivity varies between 2.734 and 2.779 W/m'C and the thermal diffusivity is in the range
of 1.119 and 1.152x10° m%s; the specific heat between 910 and 920 J/kg'C. Relative errors of the
predicted values of dry/wet temperature and relative humidity are 0.8~3.0%, 0~7.5% and 0~7.0%,
respectively. Apparent errors associated with the rock surface temperature seems to be partly due to
the intrinsic limitations in the infrared thermometer used in this study.

LA E

A AR AL A, BA 24 BT, ARIAA,
A4, BEAA S5 918 AobE7 Aol BAX
o2 #2053 go 5 Qzeh FezA Ao
7 Aol WMoz AT et ol TR &
&4 MY, 97 BE, A Ao 59 Hold TS
2 F840) Y4H D et

T
2
rir
N
=
N
>,
ol
N
-~
XN
o
ok
N
N

Vg fA1, 87 Ao, - A U £8 wel 5
P10l WY 84 F1golo] o) F 87 Aol 7%l o
Fehe A (R E, $5) 7h /1% Sl ekl
o A4sE AHEZ, A% BT, 25 A4

o

Q
o] Aol A, 2471EE J4HIT Qo =

Holl 4 71 7Miel tiak Ql4je] Fel wlerd 44
olgict.

ot
= o e

oo né'i rO ox ¢

Aol Fl Aehure] 54
£4) S4ys]ofok & o]},

¥ QT AR B el A2 AF2A
A1 dubael AekEzrel Hujel B9E FrelAle)
12¢ 914 7)1z 2UE Alstel ol9) dlg

=
4 E4% SFez v

T o i oft e oo

n

2

D R34, Fothtta AT} as



336

2. 2= J|E 29

b

E1dd Ashg 7t g7elE mulg sha dubA o
& Starfield(1966)2] 2 o}zl ¥

Sho] AR FHAE ollde] £E ojFE B
2 25|l oy th29] radial heat conduction?]
Goch and Patterson(1940)8) & o] 83lo3 & . F5 o)

X9, & 0}
S= oral U

6,18 _ 8
Yt re

Goch and Pattersonsif= 4l 2] 7
o HHE PRI Tabvlel QUASe Faidle
Biot & 7H4gslx glor gub im 5= FUE
A5 7tehar M-Sk Qo). e o] Bl o
19594 Boldizsar: SUdg ‘He o] &-3slo] E{dW
A Aole] 4 s Qb Eo 2 HEle] Fub b
Foll 1% ¥ G4 WSS AHol alZ AH53
o2 7Hgtegd & - 55 dlEe sk ok (D) g
W ERS] U FF RS Tesel TNF FE B
Frek wistE Ak, (2) AAISe] A%E Tt ¢
B 39 AA4g AlE "ddeg aesie, (3) A7k
E ohil 2w o] HILE 7148l HollA Star-
field = lo] Boldizsar 23} 3% )2},
ol% wEE FASe EUR 7)EAl T2

=4

22

slo] o
25 Jumped parameter analysisi}-& o} §slo] F-
Y ¥4=23= Fourier 42} Biot +5 o831 9t}
241 Aels] 7k A Aol (1) ek 3 2

[+]

L= ST
w0 AR 2R P Q) FEY PUER)

\.

AU E 4 A 2R Y e B 48 A

=
2|7} vF3E %l McPherson(1986) R -2 CLIMSIMo)

2

@ olZog oA o ulzy U el By
§ ARTIN & - FE ABE FEHT 3w Y

B 714 Aol 53 72 dH o2 el °§X*‘;”‘
EAl st gick ehit 29 259 ARE Hul
o e A —?'—%01149] -‘13-7}‘31 5 ol AlFE
A A8 Gibson @l 31 Qich

Mm&ml

3. 24 Ny

2 Aol By Alek F7ke] Qo] BAI]
oput 9 7k Ve Yo EBE e GADS 1eld

rleo

HE olZo] T AR R Bl e B
Aoy slglom | oF VEHm £4] 2z
Starfield 2§ 7| 2 & slgict.

232 1-D veYz Hele] Aslg7he vlde] &
213 S, vl d, A X 5, it dE4, s
o ey WA, Adl 57 ohE g Bld T
(branch)©.2 F&slod (1) Al W EY = Holl4 o] 3
1% 3 71k #EE Algaloldslar (2) 9)714e] A
S EHT 2R 9 JI9kE 7)|F o F steady-stateol| 4] 9]
7t branch®] AALEE AL gy & - 555 F
At vheba] Rel ghy|ek B2 Algdleld Bt
T FEAlEdeld &

3.1 @UIg Alzdojd 2El
i DHLCL H]ot]-_f.x% Xé/gE
ez f7)% 9 slet dlEE BHow dig vE
2 Mg Ael F7He w9l branch& AlEdlstod
mesh& 4% £ 7} brancholl49o] 3t7|2k 32
Hardy Cross HH8 =38 "l ol o]slo] Fel= Fulo]
ok, S AsHE7Ee) 5 AsolAle] @ TkIeko] A
A #AAR F$E Al F v fixed-quantity
branch& £A4% & olv 7158 &3 dor Al
] 3

Frel A%HQ AMioll w2 V| E420) AT ol

L84

i

Branch characteristics, network structure,
ventilation scheme characteristics

!

[ Selection of Fundamental Mesh ]

{

l Initial guess

=

T

Hardy Cross Iteration

Kirchhoffs 1st law
Kirchhoffs 2st law

S

l Yes

! STOP j

Fig. 1. Module for ventilation rate prediction.
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Fig. 2. Boldizsar's module for temperature/humidity pre-
diction.

¥ S8 Alichs Holl4 Boldizsar Wah =2
Al T3l glek. 2 w59 flowk Fig. 33 2},
(7) Algelle] Aol 23t 537 Al &4 28
Al 7he] Fefoll A glo] MEH Z B Bl DY
Z b oAl e #o), V1), & - FE dFE
a9 kg 9sled () WEYA o| 2L H gt 3t
1ok A5 BH o 23l 37 A48 Alwe
< ks, (2) 371 Al AR Bele] FEo
7\ Z2ste] 557] g diEshs REE NUE
o} 7] AJ 28] Al Falo]d Bl ghollA] AEsisle
o kg Bele] £33 Al oS RES v E
Aelstsdrt.
STEP 1
WESAE chg] ol FHstol 7 ed F7tollA]
9] #1718k gl 719k 3] A2l Algello] ] Relg s
Bl {3t}
STEP 2
Bd o] Az BEIF 5% BB s I
z3) o 2 HE]E: sensible heat -§9l2kg, G583
%vlo g HE]E sensible heat®} latent heat G938
Axslel B1d W 58 5ol whE 7h5 HTgE el
o] & g At ghite] obut i) 714l A

3
_?_t
ohy
o
LI
N

B P
Input
Boldizsar 2419 ¢ ¥
)

| |

¥

| Fouriers, Biots A4 |

l STOP l

Fig. 3. Starfield's module for temperature/humidity pre-
diction.

] S22 el o] ARUFE SAlel aefsta gick
Q= qacn.\ihludry X Ad + Yensible.wet XA+ Qatent.wer < Aw+R
Q F AFUFW g BHYEWm®)
Ap 7z ohl FHA Y Aw 58 bk 2

A (m?)
R: 71e} d 1o 2 HE o) AR 2HW)

AL AL 98t <l A2 sensible heat 2] &7}
T ATFEEL A%, S5 2 9] oA Hdtel] o] &
Ho & chgAlel 7]z&stod Alibghet.



i,
Cpaltd, —td;) = Geengive = ‘2‘(“1“_“22)+(Z1 -Z)g
C,.: 257 8| JkgC) td: AFLE (°C)
1,2: 612 7749 A& o B R4
w 3714 % (m/s)

Z: 1% (m) g FEMESE (m/s?)

STEP 5

STEEE A Sletel oln] ¥R U ATL
S %, £200% 5o F9H 1ALE 1

& A,
B3 99 77§ AEUH 44D nodedl|4 oln]
% e 4) zr_‘sr: sl ﬁm wapn)

O
4
o

& wpze} #=xH9 r—:w S Hwa o
pseudo program-& vh&-3} 7},

Assign .FALSE. to all iAG) for i=1,2,---NBR
; 1A(1)=ith branch®] attribute
DO *** j=NBR, 1,-1 ;NBR=% branchs
IF(no branch attached at the ending node)
THEN
iA(l) = TRUE.
ELSE
CALL SUB1
ENDIF
*+* CONTINUE
#4# jN = INDEX2-1
IF(jN=0) RETURN
INDEX2 =1
DO ***j = 1jN
j1 = ISRT2@)
CALL SUB1
*** CONTINUE
GO TO ###
SUBROUTINE SUB1
IF(NOT. iA(any subsequent branch of 1)) THEN
ISRT2(INDEX2)=i and increment INDEX2 by 1
ENDIF
IF(iA()) ISRTI(INDEX1) =
INDEXI1 by 1
RETURN

i and increment

EldA AFF 339

A A e d7te] e} AR AAY A=
ol i Aelold “true”s} Hch AAl JIE AN
branch® 537] Ael%F A4 £47F ISTRO ol ds
o2 Aelsjoizct

4. 3% XY ZE

E dollA AutE 2uls Had iR dEY=
Helo] Ast 7 Tl AlE Aol Halsled
£ AT e F5 Ak Aot Aol AL F4ER
ARERe A o sgich Bdel Yol Fig.
49} Z-om] A9 €' 178 m, <17 ]9 3355 mE &
B 7o) 5935 mol= 77He] 300~1000 tong-2ke] |
248 chamber7} ‘*XIEMZ% ek g o] gL

5 A o Alglslas £ 6m, Ho] 65m
olch. A A F-EAle] 24 wix|7} o) 34 o
et o] & 9fslo] AR W AG s} st

48 X332
(3008)

(300m)

28 XM
(500%)
68 XX
(300)
L L1
18 X2
(300%)
78 X332
(300m)

[3=1 I

58 Msn
(1000%)

A

Fig. 4. Layout of the study site.



340

55% ol3l2 RAFEH AGs ]'51 dom A
chamber?] wl#gl A= A% F5 FA71 Hos=
2 a7 ed HAl FhllA 9] 7] ek dlZe] Her
Aol #A7} L glrh. chamber W3+ o5 ubg= &b
< AlFsteEy hito 2 HEle] Fub, 2-3o] A gl
chat 7HEE 4 Qlek whebA iy 37] Fo FE R
FE A R2HE ] 97 9 °173 B 88 o

uh Frdo 2Rl Ryl Fod 34 A 4 ik

4.1 gt A=Y

Q7] B R olgsle AY HE 159
olo), 21) € 25} o17d E1e 3} HAvisko] £ ot
Aolc}. B ol toll4] 2R3l o] & oF4l o) JdFAL e
3} o™, B A% Aolol] 2 Aol HolA ok 9]

1 e e

it ¥ eEE RE 571 A ¢l Relel4
7H EE 7HAQ) Wl Gibsone] FatelF)ell 2
stof a0k ek b el WAR AAZe)
25 ZA4L o]dg FAllelr] F&] ohil Eudzt 3lo
8Ho] e ALE ol zefsich B Aol o
2 San-eitle] ekl 2% Al(Thermo tracer, mo-

del TH1101)E o] &
dlold Ashobel u) s BH o2 slleh. LEAE €]
o ubeb F7kell AR F A AR
¥ 3MAE Hedalglch 19964 39 8% Aol

].o:‘ _‘—iu:] ,Q_':f—'_ Z—.?H*],O:] /\]%

Z}"T' zua =l

Table 1. Thermal properties of rock at the study site
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