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Elucidation of solar-induced thermal weathering process of rock using acoustic
emission method

WARAGAI, Tetsuya

3,100,000

We experimentally investigated the fracture of rock specimens based on
changes in pore-size distribution, P-wave velocity, and the occurrence of acoustic emission (AE).
Three rock types which are often used as stone materials were used in the experiment. We repeatedly
subjected the rock specimens to changes from 4 to 84 using a temperature-controlled chamber at a

rate from =+ 4 /min to £ 0.5 /min. Consequently, the P-wave velocity decreased by approximately 5
%, 28%, and 2% for the granite, marble, and sandstone, respectively. Furthermore, the pore-size
distribution changed by approximately 5-6% and 16% for the granite and marble, respectively. The
variation in pore size of the sandstone was negligible. The occurrence of AE was detected in all
rock types, but its amplitude for the granite was the largest, followed by the marble and sandstone,

respectively. Therefore, a low-temperature thermal cycle causes thermo-mechanical fracture inside

rocks.



¥ X C—19,. F—19—1., Z2—19 ({:®)

1. WFZEBIAE S D =

TINEN « BN AR 9 a8 OIEIE « IR O#R 0 IR UIZ X D@ feix, #iEs cidgEvavb s 5 i
B/ & IS, £, BEA~OMEARS BFIC L 25EITAFHELE VD (RFIED,
2017), BEALOD A B = X A0E, ENEERA M & B GTRAD 2 DT T Bivd, A OEVET B
e, UIE UIEARER K RSB O3 72 &, B A NEMRIEEE (L2 DBICE LD, Z O
BRI EBRAME L ED S, 2< OFRE L, IREZE(VEE (Rate of Temperature Change:
RTC) 2°C/min ZBfE & &2 T\ 5, 7805, RICH 2°C/min LA BT 5 & 2E A7 O EET AR
DIRETHEND,

B R, EH A DD IEEELITNE N B OD, TR L > TE LT R FE-EOT )
ORI OERED, DWVICITEADERHIERT 2O TH 5, WIEOBESCEI e SIX R
DloTHFICE2IEERNL (K1) 2V ELZITTEX2 800, AARENOORE N
EIITARNE(IC LD EEX BN, L L, BRI TR L VW2 & 2 FEZRIIOR LT
WP TR 3 3o - T D &3 2 I LAgIFSE (Blackwelder, 1925 ; Griggs, 1936)
2N, WEIZHF RS 2 ERR R ELERA CTH A Z L 2 EE STV oz, BHEEYLIZOW T,
RO EBRAIFFZE) SRR EEE NS S/~ (Aires—Barros et al., 1975 ; Aires-Barros,
1977) L OD, HFHMAPIZEEEZ B TIIE DA 87 NI 2o, ZOdRkE LT, Wi
DEAICH LN BRSLEN T AN BEE(LIC L 2 EWET D Z LI2oWT, BB R T
bl EETHD (BIziE, Goudie, 1989; Hall and Thorn, 2014),

2. WHEOBEM

UTAE, R0 % < O ET S AL © memmenon
PEDBED, MEICLDAFOZITH DAL ; I T
WCHERG 2 L Faf I 298 (0l 21X, McFadden 3
et al., 2005) NFEEINTZ, HHITZ DOBER
R EEL (meridional cracks) & BEUR,
T DI T EIG 73 B - T B L HE
HLTWD, T72bb, RHIChbZ>TED
(CHPE ST 52 T ED B R EGS, BENERIC
SURIS 2 RESE, TR () Hrmom  B1 A2 R7) 7 ORAMTRERES
GafEot- LR L bOT, BRELE: 62°CIC & LA
T 52 =—2 et CTH 5, LrL IO
e, BEHEUE O FTEEMEZ FEHE L7272 ©, BURIREILZ R L7223 7220, B S RO %
R EHEGEAT 5 729121%, RTC< 2 °C/min OFRMETEL D EADEE & 525 2 EBRNET
»5,

HANTICRET Y, IFMETLEL 2D L3 L., 22 Cill, 7Ta—A7 4 v 7
T I w3 g (acoustic emission, AE) ZF|HA L T, HANHICBITHABHOELELZ LS 2T~
7% (Eppes et al., 2016) 23¥EHRSNT=, AEITIMEIOEE0BEDIEAITE - THA U - i
W (IRE), %) OB TH S, AR EIXZ OBMER % AR B —THREIT 5 2 & THEO
LN DRI 2 L DA DFIETH D, Z O AR EITEE I 2 25 A6 NE o @22
CITEAY, BANEBICERAE LB EZVTINVAALTELZDBIENTEDLLE W) FENH
b, 2O, IREESHEITT DR CEBINRT =X U U7 BT 208, S ANEOERE &
HOWMRROZEDMBERAMTE D AREMENRH D, T70bbh, RICK 2°C/min DKM TELT-EA
Wi DOBRE L B 25 2 ENTENE, BHEULOBEENLFHLOOE SEZ/RTZ ENTEX D,
T ZCARMZE TR, AR EEFIH L CTaaWNEICRAET 2N eaR s L 52, ZTHET 100 4F
ATl TRENFF-NTE 28 A0 B EULIZ OV T, |BNER L BN BT 5 55, #l
Bl & & AE DO CHAT 5,

£ EENST - "
FLIR0019 jpg FLIRC2 72014€

it —~—
FLIR0019 jpg FLIRC2 720146710

3. WDk

AE {ECIE, ZERMICAET DI (ZERA

) OEIEITAROKRE S, FiRiiT Az A 5

DEREHIC, £ L CQREORITAR O B

NENRIET 2, £ 2 CAIZETIE, 1) 31 4% o

DAL (K2) A BAER L7z 3 FE o fatik ﬁ)w.;

(8% 20nmX # & 10mm, 50mmX 10mm, 50mmX  Gud 2 0

100mm) = AE #2588 H LT, B A 7 Tk LT \

BROREE L O DENERE IS LTz, =

DFEBRTIE, BREABREZFIM L T4-84Co BT

L EEREPH & INAA—In A (4 °C/min, 2°C

/min, 1°C/min, 0.5C/min) LA 7 1%k B2 ?ﬁﬁﬁkth%%(M,kﬁE(m,
o




ZaxE L, RPN - W, ko RE
B - Bt - OF A LS aiERIcET 2 & -

EXOND AE OFAEEREHZDH L EFHEL t_ §
7= (M3), £7z, BV A I V& HZ DRIRH O

HEERIA (S 50mm X & & 100mm) (Z2OWTC, #H AE sensor

B (P (GG & Fim o ERE b O
THEM Lz, —7H, 2) B\ A 7 VRIZOEAN
HOMEL DAL E TR DT, 4—84CD
VB G A IR R 25 LB 2 °C/min CTHREV IR Messer
FBREAT > T2 R IZKERIE ANIEIZ L DB D Pc I
SR EAT - 12, 3) BAMC BT 2 FEER, 8L, R

AAA PR & B A A P R I R m iR O F

W ERRFIZABEIC KD AEE =2 U 7 %4T> W3 AR, OTh, RERERLEZHATHE
72, B 2T hOREAR

SENEEBROFEE U CRIREERS, 1%

VT ERERE AR (REA), DR YT EMEEZRE LT (M2), BHEMENL, Zhbd
BALE, BB RGREL (20-100°C O#FIPH T 8-10X10° C) BREIWNWZ Lo TV 5,
F7o, INOIFEEEGHME L TEHINTEY, &ITREAIEA &Y 7T oaESHLM,
HIXARTTOT v a— VB THEDND EFEAMTH D,

Bpoh gk, BNE, ENFER L F UEAIC X AR E QIR O RENT VAT T « o A
U7 v (Siem Reap) &A—AKNZ U7 « 7174 (Karratha) OBFAMIETE L T AE & Rk
ZEHB L2, IO BHOBEFHE LT, =2 U 7 v 72039 iU b IZ EHM T
HINT=T vra—nL@nsby, LAz (12 H~3H) IZMWASICERINT
Wb, ZOEH—EONEEE, WEHMOBRILEREZ HHEILIZRD D L ORNE 7D TH D,
—J7, A=A R Z U T ALEINLE T D T Y CUE, AR RS 296mm & E T, B AR 48. 2°C

(200341 H 21 H), HEAKRKIE 6.9°C (2006 427 H 19 H), 4FE 41. 3 C A 5ok L 7o f)gtHh
Thod, ZOREREDO T CEARBICITMELY = ANREL, LBERKOSRIEEZIEIN
TW5, ERIEFNNEL L 54T 5 Murujuga National Park TIHEE I TWBE R, AILEE
WZIXHBE EORYLTERENTRD b, BHEULAF SN D, TNOBHAERICHZY, B R
VT ClEa R A Attt fUEEO T v a— Vi A BT 57 7 T (the Authority for the
Protection and  Safeguarding of Angkor and the Region of  Angkor
http://angkor. com. kh/discover/history/apsara—authority/), 2 —A b Z U 7 CliIBmia ED
EIRIZ 37~ A Murujuga Aboriginal Corporation (https://www.murujuga. org. au/) (ZENEH
Fral A B iR A HE D T,

AE detection
instrument
Strain Measuring Unit

—— .

Strain gauges

4. BFSERE

(1) H%@jﬁiﬁﬁk% —— AE amplitude

BERNEBROFER, HERICBIT 5 AE OFR4E ——— Rock surface temperature
L, TRTOEREMHFDOL L TRDDHZENT T Airtemperature
7= (K4), 72, 4 A 7 NV BOHREEKD P o 80 — A i‘moi
WASEEE TP oSBT hd L (8 5 A N7 o g
5), HERKICITERICE 24 A — V3Bl s 2., o000 £
NieWnWb oD, ME - IHOEY A 7 LIk - g \ £
T, AN EICRENAE T2 L2 EMT T 82 i 1900

W5, L2vL, AEDKE S (1/100 RO K om
TRIEAE, mV) &HERE AR A D K& &I
KoTHER-= (K4), BlzIE, AEDKE X

TR (FIBE 0.64%) kT, KEm 7 " 20 3
(2.2%) W (14%) ThSWV, Zhudss  §° ] \L 200 2
OHBE, SRR, WMoy REOR 3 \ g
HPEICHRET D LR END, LICELDl 5 ' 0y

BURIT, SRR T DRSO RE & &

7:18:40

EAETHEEZ LR, BBEMETIUE, 39 & Eepsedime, s

B CTORPITAE LT L, Zhd AE D KX - - C 11600 >
SOECBN LHRSND, T, ERER 2V Y
I, Rk ORE SICEoTY, AEORES SO0 \L w00 2
EHEEIZZEOELDERARD LN, Zh g 0y i\ £
i, BEREOREN OB (ERERTD — § ] 0w
SN > O NE~OIREABLO KR E S) 75 AE 0 Il'sllsws 0
DR, ThbbBUC L D HAENEICET 58 £ Elapsed tme, s

DB > TNWAZ L2 RTHDOTH
HEEZLND, B A 7 MTES EAOMR: B4 TERAE, REA, DERRAED AE LiRE

3, AR OB R L TEREEICE K S %1



AIEERAEIZE > TWA LiEIR4 5
ZLINTX D,

B 7 VEBRAI%OMIL DM OE o =+ -
B2V, fERE0HE L IR o
PEY 0. 8-0. 5 um DHPH TR 6% L, - -
0.4-0. lum THIBWEMLT (M6), = '
FUTHR LT, KREA T s < ICREIBREEN
0.5-0. 1 um OFPHTH 16%hd LT,

B8 888

HH

s o e

IEEEEEERN
8§88 &8

g

3 £ £ £ £ 2 E E E g g £ £ £ €

Y - . \ = £ £ € £ = = £ £ £ £

EIO.65,um“/Cﬂ‘(‘J 16%ML7=, —JF, 55pop Eosop E55s5p

A TRBARECZ LIS, £DE L by s 2bb g 2008 g
A~ 2~ E B K

RTC:
RTC:
RTC

e A bzt EZ NS, T
DORERIL, BRI K- TS AT D&
(W RZ 2 SO0, Hisiipkso K5 KRB X0 4 BEOREELEE o
INE VTN LAY A D LB AR LT BLZRO P BREREOR Yy 7 270y b
Wb Z EERT, MREOL - & /S
WAER (FABREE 0. 64%) Tik, SERIFUIBEIZE L TV DH 0, B A 7 T K o TRIFOHL
Wkilz~A a7 v 7 B S, L0/ SOALOEIEREM LB XD, ZuSxt
LCRELA (MR 2.2%) TIX, BV A 7 VR IR CAFET 2 MIBRIE 23, Yo o
MZE-THERELZZ L2k, KU RESWEBRE~EELLEZbo L Ebind, Wi (R
14%) TiX, o 2 FEOE AR THBARE <, BV A 7 VT S SRR O REE - U %
W T 5728, MDA OEILITIFEEAEE L o T,
INHENERZELUT, 1) BV A 7 TR N e S A T2 LT AR 2384 X
H, MALOAAICEfLE T2 LTWD, 2) AANTEORIMZ S DT Aaa DR IR ER
FEARLA R ZVIEEAE LR, 3) MFERO K E WA TR E WIREAR A U THEWw
BIRTOBZUTAETICS W, EEZBND,
DRI T A=A T U TITRBITS
Ppoh IR, ERAMEBLNE, Y - BR¥E S D e ——tabe —sanstone
BT 1L E3EE L7, ZORER, DR YT .
TIIWZED 12 Al AR Cim#Rm
IR 51, 1°C, IRE EFH 1. 50°C/min, &
FERE TS 1.88°C/min itk L7, AL
REICEBRLLEMEME CEZELEN
47.9°C, 1. 45°C/min, 1. 31°C/min Z 08k L,
WEDODEND LV /NS otz BARHE
REOZERIZIE, SADT A RBEbo

n (heated -non heated), %

Avolume of total intrusio

TWHEEXOND, 77, AEIZOWNTIR r—
FORAEFR D = LIETE ol , oo

= e N 6 BYAI1%ED3 DFER DML DZE

A k5 T s, o R A7 SRR R ORAATOR

A PR Tl m &R i 65. 9°C, E k-

HSERE 1.08°C/min, IRFERE FEEE 1. 14°C

/min O KRMEZTELIZ, £72, BN ImoEMoFRE CRHE, dbmE, lh), BLUOA
ZEBIC S — MR TRRE 2 o — 200 fHT 2B EBN b ER L2 (K7), TORE, St
FETH O FERSE X RTEF AT 60. 2CHAFEsk S, JbmE (57.7°C), WM E (56.5C), #ZLH
(56.4°C) DNAT/HhEL TeoT=, £7=, BIIRE (2020 4 3 A-2021 4F 2 H) 12k 1F 5Aa80Fm
BEOREAITR KN TR ATCIZE L, BT 1 FISZE LR o720, ZOEEZA T EEm
BECHFRZELEZDZENTED, —F, AlEFHEROBE EHHEE T, AR KTIL.8C
/min BReEk S, KTAE (1.6), PEME (1.4), demx (1.2) OIETERT L7z, EER THEEIC
DONT Y, BZETICHRAT 2.0C/nin 2A5E8k S, dbm&, KME, #EmEiE 1.2°C/min TH-o
7o ZOEIDIT, A—AFTZ VT THLHEICK 2 EAREOREZ(LHEE L 2°C/min [ZE L
2N, AEDRAEZRRZ L LT TE o7,

(2) H\BHNTRREDOENIMNE T HALE ST
VAV
BEFERFZE/0 5, % < ORFFEH 11540 OB
Wb DB & LT, T2 b E (RTC)
2°C/min \ZEE LTE 7, T72b5, RIC R
2 C/min LLEIZ72 D &5 OBME BRI 7
BT LD, ARRFFEIC X D BB O fE R
26, ZO RIC OREIZARHICE > TAEL D
AAREOBELLEED LIMETH L &5 e
Zbhbd, BFICEDEERLHEEL, o & -
RIC 2252 LIXIFEAEHTHLI L L LS > 2n .
I e e e S A s e




BG5BT E S, — T, BRNERP OO X ST RIC AREELL T Th -
THHEAIITAE BARAEL, PIREHFEEOKRTARD N (K5), o, BENFEROMBRIT
HAWNEORNRBZIERIC RIC KV bEARBOREARLOEEN P /RS, Zhbids
OB RERT, A FRE O AR EE S W TEMR R B T DB N D TR B R
TOHAREMNEZRIET 56D ThDH, ZHLHFLITZARE, & ITREDOEY 1 7 L THEAN
HICHUNBREPEC D Z L E2RTHOT, BHEREMICET 2 X 0 ICEWNOFRIZHE N TA
F Ui, i, BVRILZ eI ST B 282885 132 < 13720 7e, AR OIRE 4 8 U
T RTIC OREOEK, KRBT A 7 WL 554 DEE(L Y 7' 2 DFEMIZ OV T OB A G
£5 LHIrFsh D,

(3) ABOREE

AR E W T EBNER T, P IR IEHRE
& R OGN A B A Z U 112 B —e-Granite ~@-Marble —-Sandstone
A NETITHoTWND, ZNETORERICK 6000
% &, ks & KRELA TP RTEEE S, # 0
NI 23.5%, 26.6%HMNT DMEMAFROL L7
Niz, E72, WHETH T.6%OMMARD BN §o fee
7= (X8), —J7, 112 %A 7 Ntk DK EEE 5 350
IZOWTIE, #FIHIEICEHRTIEE A E2RiX < 300
LTV, M1, B O P AR E X8,
YA 7 NVOEIMNIfE->TIRTT 5, 3742bb 2000 - - - - - o
HAOMERTAZS R EHEA L T Number of cyce
7o LU, EBROERIZZ DR EITELR - > <
0 R LT = o A LT X8 BYAINIZLDPEEHFEENEL

BN LR CiE, M OBMLEE (BEX AN) Lo T, kT2 LidmbnTly
PEX 7o E LR LI TR OMEESEICHH I TWD, Ha0EX72FE LhERIizo
WTITIE L A ERFREF 2B 7200, BSNC KB IRIERY 1 7 LV FOEA TH RO RN
U BDITONT, SBMBFT L TnE 7,

PPN B, WAV TR E DS S, BKT2C/min OIREZLEE 24 - 72708, KA
AE BR&2Lb2BZ LITTERholz, TOHMBELE LT, FAMNIEBIT DR KRIEEZ(LEE DR
AMENENEROZNI VRN ERHERINDN, ZoBMLREE L TESNE, £,
Faexfg e Uiz AR B CIEER LT 27, WIRER AE ORBAE LR CX oz, 2D
FHE LTAE U —2aTrT — Xtk AT L OEFRMECMMENE, & —o0RBEEEe
BELER EICHERN D - To, TNH bE BRI T RERELE WD, TNHREORZHE U T,
LSRITBHICEINCE T 2 BE OB 2 EEERT 5 2 L2 B L2V,

<G H k>

@O Aires-Barros, L. (1977) Experiments on thermal fatigue of non—igneous rocks.
Engineering Geology, 11, 227-238

@ Aires—Barros, L., Graca, R.C. and Velez, A. (1975) Dry and wet laboratory tests and
thermal fatigue of rocks. Engineering Geology, 9, 249-265

® Blackwelder, E. (1925) Exfoliation as a phase of rock weathering. Journal of Geology,
33, 793-806.

@ Eppes, M.C., Magi, B., Hallet, B., Delmelle, E., Mackenzie-Helnwein, P., Warren, K.
and Swami, S. (2016) Deciphering the role of solar—induced thermal stresses in rock
weathering. Geological Society of America Bulletin, 128, 1315-1338.

® Goudie, A.S. (1989) Weathering processes. in Arid Zone Geomorphology edited by
Thomas, D.S.G., Belhaven, 11-24.

® Griggs, D.T. (1936) The factor of fatigue in rock exfoliation. Journal of Geology,
44, 783-796.

@ Hall, K. and Thorn, C.E. (2014) Thermal fatigue and thermal shock in bedrock: An
attempt to unravel the geomorphic processes and products. Geomorphology, 206, 1-13

AR - B - B 52 (2017) AA OB E L—3EER - B - BRBIR O
—. HPPMERE, 126, 369-405.

© McFadden, L.D., Eppes, M. C., Gillespie, A.R. and Hallet, B. (2005) Physical
weathering in arid landscapes due to diurnal variation in the direction of solar
heating. Geological Society of America Bulletin, 117, 161-173



4 3 0 2

Tetsuya Waragai

128

Characteristics of Block Slope in the Burrup Peninsula Landscape

2019

Journal of Geography (Chigaku Zasshi)

Cover06_01 02

DOl
10.5026/jgeography.128.Cover06_01

Tetsuya Waragai, Yusuke Hiki 6
Influence of microclimate on the directional dependence of sandstone pillar weathering in 2019
Angkor Wat temple, Cambodia
Progress in Earth and Planetary Science -
DOI
10.1186/s40645-019-0254-5
103
B — 2021
27-37
DOI
56
B — 2021
1-9

DOl




8 0 6

Tetsuya Waragai

Measurements of thermic damage of Angkor dimension sandstone used for World Heritage temples.

IAG Regional conference on geomorphology

2019

Tetsuya Waragai

Possibility of insolation weathering of sandstone blocks composing Angkor temples, Cambodia.

The Japan Geoscience Union Annual Meeting 2019

2019

Takato Takemura, Tetsuya Waragai

Effect of stress concentration on the Weathering Mechanism of Sandstone Pillars of Angkor Wat, Cambodia by means of
numerical simulation

The Japan Geoscience Union Annual Meeting 2019

2019

2019




Tetsuya Waragai, Yusuke Hiki

Direction dependence of hollows formed on sandstone pillars at Angkor Wat temple, Cambodia

JpGU-AGU Joint Meeting 2018

2018

Tetsuya Waragai

Detection of microcracks in rock specimens due to thermal changes using the acoustic emission method

JpGU-AGU Joint Meeting 2020

2020

AE

2020

2020

Tetsuya Waragai

Changes in pore-size distribution of rocks induced by thermal cycles of low temperature

The Japan Geoscience Union Annual Meeting 2021

2021




3

Tetsuya Waragai 2020
Faculty of Geology and Geoenvironment, National and Kapodistrian University of Athens, Greece 267
Measurements of thermic damage of Angkor dimension sandstone used for World Heritage temples.
In: Abstract book of IAG Regional Conference 2019, Geomorphology of Climatically and
Tectonically Sensitive Areas
Tetsuya Waragai 2020
Mitteldeutscher Verlag 1232
Acoustic emission behavior of rocks subjected to temperature changes. In: Siegesmund, S. &
Middendorf, B. (eds.): Monument Future: Decay and Conservation of Stone.

2019

209




