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FAEDT LI XYBPD I IIZL O HRENF VEDLIVERTE S N o 8L AL 72 FA
ML o Twd, f1l5 (1999, 2000) 1%, BULX KO 72 DI ILEE O L ILERNEIZ B 2K
7 WH - BOBHZEREINEET A ZEPEETHY, ZODIEIHEETVICLSa VY
2= 3al—avEME) LA THLI L BRI

L U BT (BRigss, RS R, BILidRED i, BUEE7 Vv ERLCL v AN
M2 P L7220, AR X o TREYS % K508 & UURGBENZIE ) TR O ik
BB T BBCMEE R DINT A= —TH L M—DEENEHIC e — % — LRERTOM ;2 5 AL
=8 —|ZHETH L VIZHERO 7O — TORELEEWET S L2 ), ALEERZET
B -7 a— 7, 1930 ~ 40 AU AR SN TR S HTOILK VSN TWS, L
LIk, BOERDOAZNESTHSDT, LY FNBORBEE) 2 HIT$ % i, B
EWONETHET B LEDL DD, Tl L v HORERIINT 27— 5 32 oN5h5, Loh
DKy & AR OBMRICET 2RO THTH S, SEZ DX ) LRMHREREHICNETE
LEENINFEFTHMSIN T L7228 —REZEZ LN, EHEMAE SN 78— T HS
VA (Dual Probe Heat Pulse, DPHP) L& i) &, Hi—o 7 u— 7 THILEIRE, #AHEE, #E
A % [ WL T BE T d % (Bristow 5, 1994; Noborio &, 1996; Ren 5, 1999; & 5,
2002b) .

F72, KOFEHK (e =80) N HIEEMAT2MOWETH LR (e = DR LR (e =3~7)
OFBHRIIE L THRO TR ECHEEZFN L CHEOSGKEL HEET 5 Jik25n 41 0 2 0 T
%o FHZ Topp 5(1980) 7%, Tkl % AT L 72 B 4HI8 58 (Time Domain Reflectometry,
TDR)#:% ffio CHEDOHNMTOFEHR L WET LI LX), HROGKEEZHET 2 )iEEM
LT, THOEKEMNEI TDRIEVILELHVONE L)l h->TETWD, EK, TR

CET R T 0208550 KRl M3 1 H 188
= (M) ERUSULIA TR FEIT P AFRHAE T 110-8713 K LB 24 1343
F—7—F {85 (thermal conductivity), K% E (volumetric heat capacity), #HZ (dielectric constant),

K4 (water content), TDR# (time domain reflectometry)



AARDUENE, TR 73R & Mo iz, PRk, 7Y < BESESEDN TV 225, i)
W RWEiTho72), TOIBEICKRIEDXLETH 5720, PO IZFF A EE (AR
HEE B O RENE) 2 EollfdH o720 LA L TDRIEIZ X 2 HAREOME L, MEAIEMEEN
RWERT, W ISR L CIIBIE O848 <, SE e U TR - WIE TSRS X 55
BEIFEALZI RV EORMAH 5 (Topp 5, 1980), X512, TDRiER, GAREKEELRE
HERR 070 =725 2 &2 X o THFHZHGETHETSH U (Dalton 5, 1984), % 2iH Byl
E T LR 7 oy L 3 Baker and Allmaras, 1990)7% E 0¥ b 443 4%, TDR#EIZ L S 1
HERFEBAZLEEOMEIIH L TIE, Noborio (2001 (2723233 5, TDREZ i 72
TEOERKFWEITT L TEINETIZE S ORI R ENTELD, Ly AOEKEIEICIEIZ
EAEBLHA DN T I Do /o0 EETH D, L AT FIVED O R &Y o Ja@ AL IR
AR BT, SRR OKIRE R EAEICIES 2 L EAH LT, TDREIZE S L
A EAREWELEDOME LS R END

AWTIE, FIMTHE LS A M7 28 Yl o s L > 7o RIFHE CFIES, 2002a) 126
WT, BT L7z &M UL > AUk U CETER & 3B aEARE % I L 720 T2 O R % Wik
B Wk, Ho-oTa— 7 THRWIER L FEROEMWELS LS —ETDR 70 —7
(Noborio %, 1996; Ren &, 1999)# fliJj] L 72
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A7 0 —7 800 2 (DPHP) #4&, MBI OB 2 & BIRER 0 240U 2 ASBEHRIC {55 %
BOBMRBHGRIZESVTEY, HINANCIBT2H 2N TORELILIZARNTLEINS

(Bristow %, 1994),
AT(r,t)=
.1)= 47rapC { [4at—t ] [ H ()

CZUT, AT=EEIL (C), q= =% —~OAJj#E (W m "), o= RS (m? s, »
Co=Mh#A R (J m > K1), r=f02 o ORGHRITmEEE (m), o= 00 200 (s),
-Ei (-x) = 0B8R M TH 5. T OB A S Bristow ©(1995)13,  MERIEHAE D & & 5 — &P
B CORELALZIEL, X ANEET 22 218D BRI « (m2 s ) & RREELZ R pC,
(J m? K)OHENTRETH D, 72, B{OEE 1 (W m ' K )L, BREEROERENS L =
apCp ELTKDBLIEMNT

A1) MR R 21 T, BB 70— T OBBIIARETH L 2 L2 s, BV
DFELED SR A FEDIIONTH D HAUI BT DUIEZILII AL TL 2. Thibh, Rk
B EIZZET MO TP GEL DL NECLGTHL, ZOLMHEE NS 272012,



Bristow 5(1995)1, WKMMEZLVELBHEDADT— 5 &> TR (1) ~DYTIEDZTH
FERRE L WHiE, BEEAT O bEREREICEVWTDT5%DF — % 2o THTid
DET-72DT, KEBRTHINIZE S -7,

2. FERLEREOWE

TDRT =7 VT AT —IZNE SN TV L7000 2580 5 R S - BRGk iz, Ry —7 L
2L T, A YE=F U ADOTEGOLOWMER 70— 7O A ) TATERBIED —EBIZ R &
NBA, R OBEHHIE 7O —TOEHRE ESIEHLCTu—7T R T CHREL TRE SR, &
—TNTRAY=IZMF TR TIT &, TOWESA Y uRAT—-7 LIZHEEE LTERERS, 2O
BTG 5 KA L > THEHF ¢ DFMEAIHETDH 5 (Noborio, 2001) .
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8—(L“] 2)
V,L
ZZI, ¢ =iFEE, LETDRT7 =7V F A7 —OWA LT7a—70ME» SEEE TORS
(m), V=il —7 VNS 5 BRI O MR E R RIEICIE V = 0.99 &3 5467

Z\), L=70—=70FEE(m)TH b, Topp »(1980)1%, X F&F 1Mo IIH L THEX
e EMRRGKREODBREXRDLHIZH 272,

0=-53x10"7+292x107¢-55x10"g* +4.3x107°¢’ (3)

2T, 0 =MHREAREmM m?)Thb, XEIEWE» SHWETHICH L TERGEST 525,
HEHTERARHAOL R CIIARBE KR EZBIGHET 2 2 LB TS, LzA->T, &
HEEGLPMEORL DL POV TI, UL ¥ AL ORREE KR E FEROMREZ KD
B2 L2k, By TomEM L VA OERRERFRRE T TDR k%2 M TIMEEMIZATH 2 &30
RETH %o N (3) DBRA LR W EVEER OB Z 1T L A LZF %\ (Topp 5, 1980)Z &2 5,
BWERL 2T A RICBVTO ML ORBIIILAEZ T hnbDEEZOND

T72, BEOKDGHATA TDR 70— 7 DR EFINIH LT—HTH WG, TDREZTDR 7
O — 7O R E AN - 7R E KR OIMEFY % MET % (Topp 5, 1982) FIMKREL &K,
g (m*m™), i,

n

326,

==L (4)

2.z

i=1
LRI, T2, n=HZL2hEEKRFEO LB, Z=RBioES(m), §=iDKEEGKE
(m*m>3)THhb, MEEL Y HITHLTLRG) IR VoL E2 515,

D



3. EBRFELMH

7 AT L7 YO BB DN T HiBEIOL v 7%, 2.78 X 2,93 x 4.21cm D]
I L 0% ML, A%M132.78 X 2.93cm (fiff8.1cm?) & L7z +—ETDR7HE—7
AT A% 0.6mm D F) LV ThiFrz, AWK TRAEOL Y AOREZNY, Wi & kil
FESMI VA S DEFEZIHIT 272012, TIAF v 75y 7T, RE2EBRERCEY ML

7o EBEEOLKEKNEM - 1R W R THELLE, TDR7 —7 V7 X ¥ — THEEES

222 T KT

=1 BRSO B
(Figure 1. An experimental Apparatus.)
WADORSEEE, LT, b—%—~illmax 13 L zomE2bs, 1 BRI CE L
720 BMIRMIZEIDHBE(L A+ L Y ANORGE+LZ)DOL Y HE LR OB RET] &Kt
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7o SEBRITENL A K 20 TLTilw L 72 9EB= N T 72

WiEiZid, Noborio 5(1996)& Ren & (1999) %%t L7z 3 #-—E TDR 7 u—7%2%(Z L
T, 2#AY—FTDR7u—7 2 L THML2Z(M-2), #—FTDR T u—7%, R
40mm, ZME1L3mm OFEFE 2 KPS0, EHE A r=6mm BT -t 1T o
=ik T T AFy IR E DT THE L7z - -, THEI—a Y25 v V) 8E
KEAERTHEFORIZEFETHALTHEE L7z, &) WO, oo Lz — 5 —HIESk
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2L, WU & BRI MR Lz e —F —I thermocouples
i, B2 LTHq=53W m~ O#E% 13852720 750hm N
b— 5 — O L 70— T CORENEIT I, 7y - ol eabley
(F v v NVHLCR23X) R L7z 1HEI T & 12iEL b PVC block

t— 7 —~OHNEROT—7 2 WEL, R(DrsL vy
DEMEE 2 HEE Lz MBI 5T, 2g L OEREBW

heater

e 7 0 — T HIW r % KIE L7: Bristow &, 1994). bypodermic |

£512, ZO¥—ETDR7U—73 TDRM Fu—7y  needles
HHSEL 72012, 75 QR — 7 )V (RG125) % (LT
O L EA T L7z [l — 7 v ofitdiiid, TDR 7
—TNTAY— (F7 bu=s A% ETFN15020) IZH
Lio #¥—7 VT A% —iF, RS-232CHK— &ML T ¥

40 mm

Ca— s CHBBIEL, 1 WM 2RI % IUE L 7, 6 mm
g > ; = 2fe,
ISR U 72 9% 213 Baker and Allmaras (1990) 254 L 72 T H-2 #—%TDR70—7 O
B WTIIT L, FEE v L2 (BRS, 1997),  Noborio5,20004£8)
(Figure 2. A thermo-time domain reflec-
tometry probe. After

Noborio et al., 2000.)
4, BREEE

L ¥ T DRREIKER @ DAL TELT 2 R E R pCp 23X - 3ITREN L. 6-pCo ]
2, ATERBIEMARA D - 72 (P <0.001) . FBRFHBITIE, iDL o A ORI 54 (1.42
MJ] m= K1) & IZIFHEFE T - 72 (tak2000, 2001), TIETIE 0-pC, DRIRIE, K- 31TR3 1
5 E)IHHEDKORBEA R TH 5418 M] m K ZFOEMATHEMSIND Z & 03K LS
NTwab(Campbell, 1985), AEETHIH L2V 7 0<0.12 m* m *Tid, &2 KROMNR
HmllHELWEHAL T ELEZ 2w EEbNRS, LaL, 0>012 m® m™> O%KSHEBIZE
W, fERSLNTVE LD 0-pCo BRE LT 5 &, HREEAKOBMMIIMNES L ¥ FBE
OIS A HAKRDOBE ORI 50 Td o 720 FERIZZ K FIUI B TR E OIS
A OBIR GO KDL TH LM, E—F v Y ORTEEBFERIZL LMD
(Wright and Porterfield, 1970)c 2O X ) e 13EE WA 2 0-pC, DHFRIL ¥ HIZH$ 5 Wi
M BLR 2 L) Dk, SHROMEEFEOLEDS D S,

KB — 41243, L ¥ A OB A BSRREE KR § LA L TELT DR AVREN D, 1K
R KR OB & ALBER S B L 720 $112, 6=0.07 m* m 2R, WRE AR O
W33 5B ROIMEES 2L L7, COL) LR IEIIBWTLEEINLTEY,
Campbell (1985) i -1 %% McInnes OFHFAUZ L > TH O DOT I E L RE L. M- 41TRT
9, REBRTME LY o 0-1 BERIZH Mclnnes DFEBRAXZ# AT 5 2 EANHETH >
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(Figure 3. Volumetric heat capacity, pCp, of a brick relates to volumetric water content, 8. The solid line indi-
cates a linear regression line, and the broken line showed the pCp-#0 relationship assuming that its
slope was equal to pCp of water (4.18 MJ m * K ').)
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(Figure 4. Thermal conductivity, A, of a brick relates to volumetric water content, §. The solid line indicates
McInnes' equation (Campbell. 1985) fitted to measured values.)



72 Maurenbrecher 5 (1998) 1%, #i T8 L v FOBLEER %, W (6 =0 m* m?) T A
=0.44 W m™ K, SgfKR5 =R (0 =027 m* m ) TA=078 Wm? Kt EHELTWD, KE
BT L2V o7, HODL UAICI L TINS5 Th Y, FRORBEIRE TS
W ER L7,

AGEERTHH L7z L 08 L CTlE L2 8508 R1E, Tl SN TW2BEHL v 7 olllg
HE BT % &, LRGP T/IS V@A R SN, —FTDR 70— 713, EHEHIN
BL7ct =8 —DBPWESRYHNDOD 21 ETHRENT LI LICE > TELT 2IEE D 5 T
KBWTHET 2 Z LI o THRNHEEZWET %0 o T, b= —% AN L TV 25 EHE &l
X EYH ORE R 2ERUT e — & — DIREE A L 2O BE) LA ICRE L 5.2, FOMKE, BnEE
D#/NFFIZ D% A% (Noborio 5, 1996), LA L, t— % — O#MEIBIENT % K5 DA
L BB E A OIS & 5B EIE~O RIS L TE, fEROH 70— 7RI TR
TSV EAHF 7T —TE OV A (DPHP) IO TH 5 L F b T 5 (Bilskie, 1994; &2
5, 2002b),

i, BEROWEMIE, BMOAEALY L, b= — 2 BENE E L 2 iES o EREICK
ELHBRZT 5, BIzIE, 7U—TOXx )T L= arEfozlE, LYy AT TR
A LGOS ORIFEAY10 %54 7% 5 L B mOMEMIT IR K 20 %D % £ T W RN H 5
(Noborio 5, 1996), ARFEERD & 9 IZEBRFIARIC — BIERS 2 A L2 &1L, OBk
ZAL W E2ER DL, RHEMOKRBEEKRIIB N TEEITEAD - BRI R 5 Z LS
FHENDDS, &DHRFEBICBCTORMB/N - BREFMAFET 2 2 L13E 2 v,

AKEBRTIIL O LD LDAKGZHEESETHDEDT, Ly TNHDKGFAIEIAE—T
HAHETHMEIND, N (20011, MTF 70— 7BV AFEE i 72HEBT, HlAaGbe2E
DEEDRREEARITED D %4, BRILTURE, #ARE, #EERowThcdilatbeiz b
J& (70— 7 OMITITIE ) OB ENMEE & A H 5 LG L. L L, Mafbei:
2BOTIBOMIEEKRKICH T ) EN B VEHEIE, TOMAGHLENICED ST, BER L H5Y
I EYEER 720 T/, ERDE—TF 10— 7% fli5 72 Kasubuchi and Hasegawa
(1994) DEERTYH, #MAGHLELZ2BOIIEORMERKIIH IV EP R, TNTHOKHE
IKEITH T 2 PO FIEBMBERE R L Twbd, -3 KRVOPH-4IZ/ 6N L) ZHllEMDOKRZ
REBE, TO—T L YA LEDEMORELR L ¥ HNERD A — 72 K53 5370 5 O M4 1 7 528
EabnEEZ LN,

B—5121%, LY TOREERE O DL T HEER ¢ OLAIREIND, —BKOTIITH
LTRLfDNT VS G-¢ FIRTH 2 Topp HOR (A3 LT 5 &, KpEDBMIZH L THE
R FEROEMEIN SR Nz, T L) GELHhRBNERIL, NIFa T4 FRAREL
Blouolo R FOLERBEIKENTEIIIBEIZA SN S (Topp 5, 1980). TD L) REEHD



ZLE RO BRI GRS EHC T Y61, Topp S5O GU3) 2 i) & B/ shTL E

, NI L EETH D — ), 7 A=A, Kipmohntt-> T Topp 5D &

Db EWMISEERIHMT B, L o HEMIKT 2 MM OAROF RS, KoM Tido iz fli-

TR G KREBXODE X% 4258 ¢ =3.08%5, TOftild, Topp H(1980) A3 72z 1
OV M3 EHL L, WA T A — A0 (H35) L D /hS I Eaibho iz,

L A ASE W E E 2 5N D HIZxT 5 0-¢ R HT XN Tw b (Hokett &),

1992; Sakaki 5, 1998). o0 T, kv, WY, LML, 2THSAE=ZDL )%
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o
|

2 1 y = 51.409%% + 8.1557x + 2.9404
R? = 0.9607
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3% Topp (1980) @izl (X3) 43
(Figure 5. Dielectric constant, ¢, of a brick relates to volumetric water content, . The solid line indicates a poly-
nomial regression line, and the broken line showed a general calibration curve for soil proposed by
Topp et al.  (1980)

O-¢ IR /RL Tz, Thbh, SO/ IORRIGEKREE Topp 50X (3) 2l THEE T
B MKGHMT B — 77, 90 %K AL T - 7251, hoi i e i3 ia - THYE HiEo
£ 7% 0-¢ BItR%E R L TH D (Sakaki 5, 1998), AJBRTHIM L2V > #d S o L bz o
elftrE R L7z

5. &8
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Wlidrolzs $bb, RHEKEOLLE, KOBMERDLEGBE LML v HOBMEELIC
G LMo 7z BULBEROKRRE KIS 22101E, THROZICE BTV, dillom 4
HL Y LB 5 &, FIZEKG BN BV TAVNE 2o 720 RREE KR & Bzl R o BRI
i&, Mclnnes D% X TdHH I ENTER, BMWEEOWEHOIESDEIE, Loy —LL v
HOBEMDOANHEGE L HNBOAY) KD HANCND D TId g s, Ly A0k
HREEMBMEKRORRI, METESCHRE LIBIOEWZ EX0h o720 o T, LY HOFHR
KOWEMAD P ERREHET DB, —BOTIBICRI DI TS Topp DXEMES &,
L T ORFEEKE 2 /NGl T 5 2 L 23 h o7z RIS, Ly TOBNEE & R EKEOHM
Fid, TEIZHE L CTESREETH Y, MEREFODLDICKRNBETGHE DT, SHHER LM%
WLETH 5.

FRAVESE T I2H B A bW, BRI L o AR, EESEE, e 2RI X - THILT
bo TOYNE LT, WHMERN, LA ER, AW ERNIET ENZ25, ZFodTH Wl %,
WINOBBEESCPREV WIHNERIZ L 2 0L#BRE L TRIZSILE AR L > 7N
JeilE R AL WAL 5 O & 9 I HTIRBRS - BURIC X 251k, F8 4 R 8F A8 Ve EOR
DFESCTZIR LTI EURLIC X 2 B L2 TH Do S 0L, L o7&, @sso% i
HEEM B LR THEICRE L L VI D 2. F 72, HHEAL S SUS B b 2 LR o
ORI L VI MDA S RAEWHA D = AL EHE L TWE, INSOHLREE RS &
LA D%, Koy, OB EERLEEHZHEHETWD I E2%hho TEL, HlZIE, HisEm
L2 BICIND &, ZFUBREIND S DRI - THEG % & A TZKGHEME < NRWEE S
N, KGDRDPHEIET LI LWL - THHIHH L, ZOMBEICE Y ZILERZ BT 5, 20
FRORGFEEIEE, MEOARFERRE, AROFEN 2 EOM B OWPEMEIZRE CIRFFL T
Wk, TD0, ZOWHEIO 7O AZERNICY I 2L =23 Y ETIEEILL - THFilis
B0, INOOYMERIER KDDL 2 EDLETH D, 512, BIEOBYMREEYI 5
LCiTo72y Iab—3 3 VRO UM Z NI 2 72D, SRS Y oK 8, AR,
IE 7 &% JEMEEI I E T 2 DD B0 T DT2DITH AN TT
BARZ AT LT < &, EEwo XN S5FER L WET 5 ZE o T, IEREENIC
Wb QR OHEENTTHREE % 5

CHE TIRBHRAEIIH LT, SITENR T A 2 Rl 2 i L TEBRMICIRIET R Z LT TE T
W7zt THURIEFICE S DN E B2 BT LN D o7 LvL, @ik oY) 23
FTA=F—HJPR LTy Ial—YarEFra/lutara—y effio9eir) &,
B4 7 W GG MR RAF RS SRR 3 2 s A S 0 DO % BRI RIRE IR 0 9 B IZ3EIR T 5 2 & A
TE5E9%5%, t->T, TNETURICK Y @Y LA EORIEREHSREL 25D T,
BN SN D Y 32 b —2 3 YEFVIGEIFRAHS UCIFICEm 2l R L 2 0 132 & b

572 K9 R L KGR D
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Weathering and degrading cultural properties made of bricks such at Ayutaya Remains in
Thailand have been a great concern. A numerical simulation model to analyze water and solute
movement in bricks has become an effective tool for managing such cultural properties.
Thermal and dielectric properties are important parameters for predicting temperature distribu-
tion and estimating water content in bricks. Those parameters are often described as functions
of water content, but they have not had much attention to date. A thermo-time domain reflec-
tometry (TDR) probe was used to measure volumetric heat capacity, thermal conductivity, and
dielectric constant as functions of water content in a brick. The thermo-TDR probe was insert-
ed in a piece of a water-saturated brick, then water was let naturally evaporate from one sur-
face of the brick. Thermal properties and dielectric constant of the brick were measured with a
dual-probe heat pulse (DPHP) technique and TDR, respectively. In addition. changes in mass of
the brick due to evaporative water loss were measured with an electronic balance. Volumetric
heat capacity measured linearly related to volumetric water content, but the slope of the linear
regression line was approximately as half as that for general soils. A relationship between ther-
mal conductivity and volumetric water content was fitted with McInnes' equation. The magni-
tude of thermal conductivity was smaller than that previously reported. Dielectric constant was
also related to volumetric water content with a polynomial curve. The polynomial curve dif-
fered from a general calibration curve for soil; thus, a new relationship should be used for esti-
mating volumetric water content of the brick using TDR. Further investigation is needed to

evaluate the relationships between thermal properties and water content.



