HOKKAIDO UNIVERSITY

Title IKDEIS I DRIE
Author (s) =18, B TAKAHASHI, Toru; %R, AER fib
Citation KRR, ¥iBE, 33, 29-37
Issue Date 1976-03-30
Doc URL https://hdl. handle.net/2115/18272
Type departmental bulletin paper
File Information 33 p29-37. pdf

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP




Toru TAKAHASHI and Gorow WAKAHAMA 1975 A Study on Thermal Stress in Ice.
Low Temperature Science, Ser. A, 33. (With English Summary p. 36)

XK o BB O K oo W OE

[ it
(RMBEAFEAF B HERERH)
& & LR

(B & B 2 B % )
(WA 50 4 10 4 323)

L ¥ A B Z

&, gk, WL, B, BEORHESHASL T, EIsfem oL, EmoD
KA TED, HARCEET L Zhb ok, [IEOEL, BiLEC L - TEDIHE
ERECERT S, ZOREZDOKENIMTIXECBIC A FAEL, FRITTKEIBEER
TRLED, W TBAED ) PEHEKKNITCHN I N D2 KEOFRERAL T L - T
BEBEEZLR TS,

KOBE IO FHFUL I B HIK, #k LOZE, EEOMESC K & AMRE O/
B RIETHEBEL T, tDEEENE « BRI, TOKROPIEDL W 20HE IR T
Wb, Tk ziE, HFFOD Gold (R 6°C Bl Ed Ric B 2 HOXMEY EEEMIYE, XK
CRAETHI Ty 7% HBLLBELL, KRIDI 3R> g » 7252 T HV, KDOE
BT E R X IREARAAEL, KEMCIE—RALEN B Z > TKOREE T 5,
BETBRBETL, ®o T, KkOBMEMERZT2AECEET S, Gold iXEVEER & M
MHE A TKCET BRI NOKRE S FTETRD, 30~40kg/cm® D{ERET:,

LA LRARDIEDH TR, TOXSTAMBEELNRI DI LITTEAE R, KRR
THE—FEC L 0178w L 1°C Tk E OEECKRELEN — B RR EIERET S 2
ENs, 20X S ICRELEAENBS T IS IS, BICkOBEEE LG T <k
PERMEL T, KOBIENIOARE I D DXMMWLETF LD, LirL, 20X 57Ed
W DEE BT B ERITIEIIERIT E A EfTTebRic T LA,

T TEELILKDOBIE N T 2 AN ER B S 0, ZBHEOLERK, ko7
AHD ATV A= K DB SRR B Y)Y H U e IR Dk £ 4 D % — BB &L
TR & EKRCRET HRN T OB LEEIEL o, 4B, KROMET, KORE
LR RERROLZET o, DTRXOKERYHET 5,

IL Xk o & #
SERIC TR, BRI ORE S ORI D RO LMK (MBOK, P &K) ROHE

* bR ARERMERENER H1T4%5
ERRE MER H33E HEM0HE



30 B M FRAK

HkD 7wy 2SR AERY BV TERE 30 cm (BEERKIE 20 cm), X 15 cm O IR
WA BT (AL 10 cm),

HPOkOREHL, KEORCERAL T vy 70080 ML, THKE, EEHLlcm D
RERAE Fh b TE T 523, FRERRHIERE R IR EEC/R S X5y il
DTAREDEE DI I 3~5 HOMBEGREEAEE h T fe, FEBDOTENLL S
DI EBELHPIZH B,

P EADORRNIL, B CCORKCBLALDLEBEILTERLICIDTH D, KERTIC
NI RRIEE L G EhE L TTRER THREL 088 g/cm® Th - I, FEfMKLDOFIFERIL
1 mmBE, FaFELElECS ML T,

BEERAKE, 75AIDAVFVR—AKBOBERKDOT vy 7L 80 HL Az, KiZ
AFLBIENC L - TERETRONTELIHFLTERVBEEEXERL T, EhE#EITM
PR R Dl & 72°, RO 90° H 72 b DR AV Tz, WAWAIRFRECTBIE I Rd 5 —i
DERT, [E—DRE2BEML T W ELER SR,

III. s=EREREFE

FRCHNREBYE 1 KICBERMC R L, ey vy ARGCENSERCEBMRT 7Y
NBIDEBAC, R—D7 ey 70 HLcF—FEoXORERE I 1T 27Tk, #
BHORPECEK I A6, KILGRERNECH - @EESRKOBE L, EENEH
DXRETEKREHGL), EBO E Tk A7 v v B
AMMOFMEHE S, TOREEL7T 7 VD
THWIBL fo, E oKD RLERE,D 1.0cem & -
row oy R OIR A BB A A TR AT 8
Lic, BB, KIORABIIKI L& RAUEE
TbaTHLDEEX T,

BopcEEShicr — Fe/L A (55 50
kg) DR IEFEL T, TOEMIOK IO EFicE

A . WIE KT RREAWERD » — K
MERIAT SV ARO LR EL TR )% M AL bR ETRERRSGRONT

/L

1

AOONNNNN

S

2B, TONRXRERME L LR L, ZDRE FHEE R T 5, KEE I REN
N Sl 7y P o 4 ; . ERORABT, BN BRSO ¥
b b A B O B ZMEMEEL 72, RTuB. KR AR BERD
BEADr v vix, 77 #EREER TUK- my v Cik, BEHARABRRC Y
30D OLHKRBEREB B CHEBRI &, BED - THREIND

EDOELEHMEL T —245°C b —2°C $ T—ERETLEATS X 5L, FRRE, 85
20, 1.0, 05, 0.3, 0.2°CILFEA K, D& X DORE EAOEHREITHBFRE0.97 7sv-L 099 T
H iz,

ey VEERIETKCCOL S RBELAY S 2 s &, KORTOREXRE DR
XD LHCBRTERTS, FERT 2 1.0°C/min O & X KEDOETE hHE O RESL
F22CTHH, ARPIDREEI B THore, U, BELVS L EFIE, XOREDE



KOBIE S O WE 31

NALLEEELERIRRNESY
TN
TN
\

LogAT | >0

o

NV TTS ISR

¥2E HEROBERE, (a) WHORE, (b) ik By Hil7okEoREN
AT ER LI : 20 KOMY, (€) it r — Feil X » T KD LR
W Hh, KoM (b) DiXH L h/pxL B REEZRLTWS

Eriido et s,

REN —2°C It 71, 30 Rz DRECHE -, BEECH S TKCET DN
TNE, m—Fer ARNLTEROMU s 5 ERMPCERE I,

Bl Rk 3B x AT, ERTEOABEHHEREE®BNT 288, holERLD
LLOEEL T LERD D, s, ZOWERTIE, KXEEFNCHEE L e —F &
NERLTHEHS T B0 THE, FLRTRLILI SKID BT, Mgk
BCREIRTWAD, B —FeA TRFEINICRARD N 45 kg 725 7o it & DRRFED 12 gk
idb - eI AT 2 RO AT KDOBTFHO—e T &y, i, ZORTRENET
ZORKEGTHY, m—Fui, SRE—ERE (ZR —15°C) ifich T 5 D TR
i, BEDZ Epnb ETARBMETHZAA TV, n—FeADREELTI, $2
e Z OFRFERNITTA L, M@k, BERY LA IRDHORE Ly DXOKEN A+ THEb
Licr — Fen b EFNWCEREL E TG Tz T 5, BER 4T EAXELE, b
Lea—FeAnlind TKRBHRICEBIBIRTE 5 &THuiE, M () DX 51, LadT 121014085,
T allKOBRBEFRR TS D, BRI, ARXERKDOe - FEARRMEL TS0,
7=t dy=F/IK i23fEdbNnb, S TFIXX, v~ FeARCECIcFmEH, 3
bHFENCEHEININT, ThEKEOMERE S CTEBRUE (FIS) REUSHTH B, -
T, kiko# g 4z i,

dx = Lyad T—F/K (1)
Linh, KEOELR « & THE,

¢ = a-dT—(So/KLy) (2)
ZIZToXRELIBIET (0=F|S) TH 5,

—7, kY v IR E QMEARLTHE, KCAEUKRBILT 0 LE e L DI, e=d/E
DRfRLH B, ThE ) RfRAL T,



32 i M- EERA

= adT _ EadT
T (I/E+S/KLy) — S E (3)
1+ %)

ELHBEERAEB RSB, CORT, E, a, K 3WEERTH D, Ly, SILEBRTEE 5ERL N
B, BUL ) o IRERE 4T CflF 52 L HRLTW%, LAL, BiCHnBTBER e
KOWHELTTEEST, HFHTI R - P 2Ll ThESTLBI NS, 450, %
%Bﬁﬁkot%%@u<Ew§%)@%ﬁ&@ﬂﬁf%%ﬂ%%#@f%<%@ﬁ%%oV
v 7R E, TTRERBER Fyv, BUSHOERIC 1T 5 kOB EEICITE é~6X107° min~!
T—HEMREABRY T » T 1~4%X10° dyn/em?, F# 2x10° dyn/cm? D% B, —F, »—F
LADAFEH KL, HHRBEBCREYSE 220, BXFA YAy — O TR E - TERD
fodk oA K~32x100dyn/ecm Tdh -1, Ly=15cm, S=7.07cm? CTH 51 b, 6=08 EadT,
P TRDBIACIL I T NAFCIENT, HOSEBOBYEHLARELNZ E0lbnb, &
DEBRTIX, BEY—TCHEETLEAIRLOTHEYHRDTHOLOFERMEET54&,
BEER AT i, AT=Tt ch i 6h%, T HABRERTHS, - T B Rz,
o= AdT = ATt (4)
&&@,ﬁmﬁomﬁ@a%mﬁﬁ%m%m¢auffééo::K,A=E#@+f§%
B/E, KETHBRLERERL, o i PILTHMT52, ABORP ML KRE
do/dt (XA LR B, ThiE, K2 MG Tlisd, Mtk THrI bt ELDLRD,

Iv. B & &

1 # B K RRREARARORE

B3R, RERT x%ES, 1.0° 05° X0 02°C THED L 5 CREY LA Swick
T LB ORBNELY, ThZhERTHLL, FROMIBIL, BIGH o 1ML
i —EEECHINT S, BUCHORIMEE 613, BARCRELL X S HEE T kIl T
BRTH, BEDZ L x @R o=ATt #BHTHI LR é=AT 1O URKRFHEND, <
DI LMD, BGEHIFEDHCIAER T wEKE LW TEEDSL 4T BcikiEtT s,
UL, F3FCRLIL 51, N TaxHd LR UDHREN —2°Ciiin, THER DK
B ISR Lihot, FEPICKIT 5 6 DA, FREK T 23 1.0°C/min ORI iLE
EAEBR S Lo Tent, T 23 1.0°C/min LT, T a3V & we i BEHEC ST B, %
fo, {HEE%R —245° 236 —3C I BTl & SICAE U BRI % E 6 T AL CRLA, Lo
BRI FEDHD 6 N E D EF FH/RINTHIML L EE 2L EORKRMEERL D, T=
0.2°C/min ® & X EAELIBIE D Dk & X do 5 24kg/em? @t €, T=1.0°C/min @ &
¥ do (135 kg/ecm® BETH -7z,

2) v £ X

P& KD — R EIEE, FHOKOBHE EEUL Th 5, BULH ORI BIEE 6 1358
5RICBHTHRLAL 5 ciEE T AL THAL, F0ORAIEREHTEXDIEH iz
Flv, RXEFA—DOFRE T, RETHEIET 4o Ik VXL T B2, —BICHT



KoBG T BE 33
—-30
7 -
commercial ice
6ty
W2
—_ \\ \\\‘\\ N —
o5 ‘\ NN AN 1-20 o
£ o
S >
2 e
<, | 2
% d
g
- £
wq |
763 "
.E. 1-10
o
£2 1 .
\ T=0.2%% {min
\
1r a . \b . \\ . ~
\ T=1.0%/min SN _T=05%/min ~_ T=03%/min = >
\‘\§ S. o ~—___
) R : s ] . .
0 50 100
time(min)
#3E@ wEAORBREVALAEARR T cHRBo L CREL LA LR
& EDOBIG I ORMELL (ER)
02 [— 04
- 14 ® SNOW ice
commercial ice [9 N
o single crystal J/
(o] c o
.E 03 -
c
£ NE .
NE e
o 01 (o] _E, 02 f
k) &
x
/// 0
© q(o 01
L 9 ]
0 . 05 o 10 0 .\ 20
T C/min T °C/min

FOE @ XK X UHEHKO MG S
HIEEE ¢ L ARE T L oBfF,
B &K, M ; BRERK

AR HEROKORARCECLBIE SO
WG AR ¢ L AER T
2):1E3

KOEH LY b KRED -7 BE6ROEN), FhfREEK 0.5°C/min L TFTOEH T4 FiE
PIBJE RS CEBACHEML 6 OBDIE & A ERDLRLL 5 12,

3) H#EgERK

FRRLES, 20° 1.0° 05° L0 03°C I Lick EOBLMBEYE 7TRCR LI, &
DHEES KL, FSER (c) oFA s ERETT R & 72° H T e, BRERKIZOWTOR
B AED T CTRRERIEID c— 73 b b2 L THBH, EFRBULT do XABRLE 2



34

ER W ERAE R

40~ T TTTTTT T T T T TTTTTemmTT
-245~-3° °
NE [ ] ° ° v
v o
° [ ]
30F °
®
o v
2 o o commercial ice
v ® snow ice
(o]
o o v single crystal
20 L — e N
0 05 . 1.0 20
T °C /min
HOE HEKLOXKOKBEBAOARRE T v —225 —3C ¥ T

BELY Bl SR AR do, B, BHABFNREIL
e E LT J@E T B NI0HE, BiEAKoE—-27EN0

ELRLTH B,

single crystal

[+ 2]

(3]
T

w
T

Thermal stress(kg/cm?)
&~

~N

‘a \ \

\ b \\c

\ T=20%/m¥n T=100°/min N T=05°/min
\

S——— e ~

N =

1 1. 1 1 I

—-30
. 12°
c-axis $
—~
E —2033
p
-
|
2
©
B
®
o
£
@
'—
1-10
~
~
~
\\ .
~~< _T=030c/mjn

0 50

100
time ( min )

FTE FroRRRT CREYHEO LS C LA w0, BEEdkRtc

£ TSN ORMENL (EH)

ThHE HEL e G 6 ROR=AF),

Rl Edb v & LT, c BBl 8 & B

BT AR OWTBYR IR FEL fo, SO HWIRREN —2°Ciis» THILIEAL R E

X, BUS I 10kg/em? I EL o,
4) XOHE#HBOE(L

AL 2k DFRBHCOW T, EROFIER TR ORI L CRITEIC X - T %2 Y]



KOBIEH O BE 35

DL, BXDL & TRkOMABOEIDHEY T, HEak, WK PEXLAEL TH
KT oM, BICR 25 X 5 RERRD bR otz, LaL, @ EKOBIEDEE, FHILT
EMZIcLELWMMADL 275 5 72FAE LD EEZLNDIERMI L, SOLDIGHIDRE
FIEEM r 23R E (B L o, o & 2, —165°C Tid t=360 4375 » 7oA FHE 2\~ T —245°C
T2EDAEBE T Tk 2 A LEIEIL t=22057 724 D 2B HiT 46 S Bl i, @
ERCRELLBLEN o NA—DFBEOXH W TLMRNIEL2WTWBEDX BB6K),
M2 5y I RRELICKDDIEIBRMC LD ELEL2HbN5, Thb 3EEOMBL,
1°C/min & 57 O RELRFBRROED N CHLERMWLBEIIRE - 1,

V. & 3 U

K & EKOBYE T OFFEIImS TEEL T 25, @ EkOBEHnRTRAXD R
IOREMST, Thik, @XROBRIATEKD L DX VX B/ EL, R’ THiGRKL
A O HREFEIEFICK Z O TR ETRR U 7ok DR s o BOkE B 23 BUKIC
TTFo kPN EEZBRD,

BESKIBERBAN O T, IBHFEREI VT, 0k, FRPICT TG
NBERMOE IR Bk, ARRF T~ 7 EICGEL, BHRBETLED S, cl@#lipd, K
DOFREH & A 0 T 5 BEFAN, —HIGH o 2R T 5 & &, FAETXCD < BYKG
Eﬁ?ﬁﬂ=%amﬂ0f526hécbi,%ﬂf?éé#%ﬂc&%uﬁ%k%héoC
DEFELKD ¢ DL T % & EDBIET 0 12 6~3kg/em? TH - 72, TOHD 7k, t~0.9
kg/em? T, ZIUTEED 2R DK DOEFRIEIGT 0.2~05 kg/em? ZIL LSz Tus B,
®oT, ERTNOICILIWBERIETTH LNTE, IGHEMNERLICEZ VB,

SEOERTILEA 20°C/min &\ 53 KELARERE LS LHLS, KEDOERMK
WEIR b otc, BARTRID X SCEECKAKEEDREN LATAZ LINZEA
EfewnT, FRICL 2B CTRENRBET A &1L, 0By, HEXKTOXE
FAUEEY v FIHETD 2 Ty 2 ORELER, BEASRETTLXCRBISEVbRT
Wh, KPEOWENFEBE I BREBCEIAERE L TRD 2ODENELLR D,
Bz, FEMHT, FHRE EDCRDENS SR/ 2O TEIE A HE v REEC/ b
Bigv oL, BREMCERE THRD LTG0 REML E < 7 ) BIRH A AR T
To bRELMECET D LTH B, FIUE, KECETIIRNRFREMNICE, Efitocs
L, BEEFREEIERD i, KOF5E D BEILEMBE X 9 BE b/ DI viedi, BRFCE
BEIE D BERRD L3,

DL, KOBSHOMBIL, EEMEYEL DL, BRI LERROE> 2L
WEELELZOND, SEIEROEE TCHIEREL MTtbhiad 52D T, BRFICEIT 2
BIGHOERISEDOFREE L TEI NI,

COPREAT 5B T » TERIMEH I 2\ 7o R TS BRI O hr te p3 72 < K
#HOBEXFELLET, ok, ZOMRIELD I AEBROILEERFERFREE LT ERE -
BBRTEIK-1bDTH B,



36 EE M HROR

X ik

1) Gold, L. W. 1963 Crack formation in ice plates by thermal shock. Can.J. Phy., 41, 1712-,
1728.

2) FHHIEA 1972 koMmEHME. AW L EH, 138, 4-51.
3) BEARS 1962 KoWEEHBc oW, 1L ERBE, WEF, 20, 77-100.

Summary

Thermal stress is more or less induced by the change of ice temperature at any
time in a laterally confined sheet of ice such as lake ice. Once the stress exceeds the
strength of the ice, the sheet can be broken by fracturing of ice. Some laboratory
experiments concerning the thermal stress of ice have hitherto been made in connec-
tion with wintertime transportation on the frozen surface of the river, lake and sea in
cold regions. Most of them, however, have been restricted to a thermal shock, which
causes cracks and fractures in ice.

The thermal stress of ice induced at a smaller rate of temperature change was
measured in the present experiment for the clarification of the degree of dependence
of the changing rate of temperature as well as the structure and texture of ice on its
thermal stress. Ice samples each with a shape of a cylindrical column, 3 cm in diameter
and 15 cm in height, were prepared by lathing blocks of three kinds of ice: large-
grained ice, snow-ice averaging 1 mm in grain size, and single-crystal ice. As for the
large-grained ice, samples were cut out from a block of commercial ice comprising
column-shaped crystals with the size of 3cm or longer in their long axes, which were

arrayed in one direction, so that their axes were perpendicular to the cylindrical
columns of the samples.

Two ice samples, columns I and II, of the same origin and dimensions, were ver-
tically placed in a kerosene bath C as schematically shown in Fig. 1. Column I was
confined by a thick metal frame at both ends in order that the induced thermal stress
in the ice was measured through a load cell A when the temperature was changed.
The ice temperature was raised from —24.5°C up to —2.0°C at five constant warming
rates, 0.2, 0.3, 05, 1.0 and 2.0°C/min, by circulating the kerosene by the use of a Lauda
TUK-30D temperature controlling and circulating device. The distributions of ice
temperature in ice during an experiment were obtained by thermo-couples previously
embedded very close to the surface, at the center and the end portion of column II.
The difference in temperature between the surface and the central portion of the ice
was approximately 2°C throughout the rise of temperature. In the present work, the
thermal stress was measured only when the ice was warmed.

Themal stresses obtained for large-grained ice are illustrated in Fig. 3, in which
temperature changes and induced thermal stresses are respectively indicated by broken
lines and solid curves. When the warming rate was larger than 1.0°C/min, the thermal
stress linearly increased with the lapse of time until the warming was stopped. A
marked relaxation of stress was observed immediately after the stop of the warming.
For the warming rate less than 0.5°C/min, the rate of thermal stress which increased in
the beginning gradually decreased with the lapse of time due to the effect of stress
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relaxation. Thermal stresses observed for snow-ice were similar to those obtained for
the large-grained ice except that the maximum stress attained was a little larger than
that of the large-grained ice and that the effect of stress relaxation during the warming
of the snow-ice was not so remarkable as that observed for the large-grained ice. These
differences may be attributed to the larger specific area of the grain boundaries in snow-
ice in which dislocations do not easily move.

Thermal stresses observed for a single crystal of ice were illustrated in Fig. 7. The
crystallographic c-axis was inclined by 72° from the axis of the ice column. It should
be noted that the thermal stress began to decrease and it formed a peak during the
continuation of warming as seen in this figure. Since dislocations in a single crystal
of ice move very easily, the relaxation of stress may overcome the increase of the stress
induced by the warming of the ice. On the contrary, in case of a single crystal of ice
whose c-axis was at a right angle to the axis of the ice column, the thermal stress
linearly increased up to approximately 10 kg/cm? at —2°C and no effect of the relaxa-
tion of stress was observed during the warming of the ice. In this case, no shear
stress is generated on the basal plane of the ice and dislocations cannot move to yield
the ice any plastic deformation.

No formation of cracks or fractures was observed in any ice column even when

the warming rate was larger than 1.0°C/min.



