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¥ A+YE S2 Sample® Findentation test& 3Lt Splitting E= spalling®] 7.5KN
ol3t2] dtFollA BT A el sFon] AEY FHA F£Hog FLsE= Y P e
-10ToA dSe] we 948 100Mpa 2t} 94 2 YL 9 sk s 2L Aehgo)A
vehe SUTY, PAATY, tiddad 2 Ed f9e] Hasigon FUNHe uE
ATLE WALR UL PAAT o] A= BWe] $% st

A Study on the Spherical Indentation of Ice

Ko Sang Ryong
School of Transportation System Engineering

<Abstract>

Indentation tests were carried out by a spherical indentor on the S2 ice samples.
Spallings or splittings occurred at the samples under the load of 7.5KN. The normal
pressure for the center of loaded circle, Po was much greater than the approximate 100Mpa
pressure required to melt ice into liquid at ~10°C. The radial cracks, the median cracks, the
half-penmy cracks and the lateral cracks occurred to S2 ice similar to the glass and
Ceramics.

The lateral cracks and radial cracks were initiated at both sides of the half-penny
cracks.
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2 248
1. A &

7 35 2 AF S B £ gl EAQ JIFEY AFLE (S2 columnar fresh-water
ice, Fig. D& 2% o #4Edd oz & Py & o £e dEd st Fa7t A&
o YAHE S2 ALY Lolet gk o) A& C-FL AR WP AT FHB oM F
zelg 3l 9vh(Michel ¥ Ramseier (1))

Wiedethorn S[2]0] 288 471¢] % FolX %4 indentor % T(sphere)2t Ad+7
(blunt/static) ¥ =2 #3 Timco [3] 7} A% 2702) 99 F #h+¢) indentation WY & #A3}
718 ot

Splitting =& spalling®] 2AE M ot TERY A3TE A7) Aste olEol EAE
= QAEEE Folol a1, o] YAEF olFtelA A HE ¥k B €L T indentationo] #
& Hertz[4l®) 2484 88 ¥ ¥&32o gA7 Lawn 619 Fgol& % 7Istee &84
o] AZ(impression)®] Z71¢k &ZBA, 8F 9 FA £ FAgiE ¢HY A7), 32
W wyss Fhe 718t 84 FEEH Hertzd] 1Td € 92FY FAYATE A
o E3e] gt

2. #8&

&1 ¢ indentation & W& AlZEd] st g A7H} gk 2 o] AEFL HAHF of
M ola e Agel gtk 1 olfE 9 indentationAWE 7Y, EF4 #8,
indentationg, ¥4% 9 FHYE, €&, 4F AVIEN (scale effect) T2 BFE] WUF %
ZaA EAs7) Qe

Timco: ¥&#3} ZMFEETe] Alole] 4E2He-& thee) 2709 922 9 st

@ Indentation ~2-&o] EHo| tkz AL, & & of 7ANG Aol dFe] ZEe 27

A& ¢4

@ Penetration-7&E E¥ indentor 7t 9-4%4L #% ¥ 9 #Aste AHHA ¥

o] 299 e 2z g A oate BBk 7] AFAA @go] &3 A K
o)1, penetration ¥l ME indentor @l A Il indentor7t T whedM o=
T ¥ye 7R eE Aolzha A ¥

Juitr oz Yoo FuHoez gFole TREL o] 271X FHM indentor n F-Ert.

e FzBe 43389 penetration F¥ FTE UwHon @AM FHSHAY
(Sanderson,[6]) == €& #HaE TuIF AN W A A&F HolA RoAEE W3t
Al "},

A8A @A7olA indentor I7)E WE Fewe A7) T 2719 ol A A
2 2o A Y (simulate)3h7) o] EEF Arle] 2o Fselxn AARAET FEI U ¥
A qloka ZHA gt _

37198 AAZH £ 4 FAd wE oo R2EHAE (the significant temperature
gradient) &) 2R & €A stx gon, L= EAE o} Wa oA Fdse A st
o] AFz dFsn ge A o

ot
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A&l F Addeel o] i A 3

AF7HA B8 HAacA s A7 € /Med AEEA 48 A A £ Michel ¥
Toussint [7], Z8]32 Timcos-°] loH olg2 &% FA w& indentor F3e] ot
HE 717 g 2928 Mg dha glvh

Hirayama %[8], Sodhi ¥ Nakazawal9], Sodh ¥ Morris[10] &1 Sodhi[ll] $& <4
9] penetration ¥ TFE9 FHo7l(dynamic excitation)el %t 42 AAE vy dgn
¥ 74 Indentation ©]gke= ©@olE o] &% A penetrationo] #F B =Fo] wEEu
drt. #H F W AgelA Hertz © F IFdeo] HE € of SAHEH P19 718ee
dFstgd e o $33L Huber(12)7F 22 B4 3

Lawn ¥ Wilshaw #4249 Hertz indentation o] #A& FaAHoz £§3 o8 3l
t}

djo
N

Lawn ¥ Fuller(13], Swain ¥ Haganl[14] €2 ©4/44 indentation SA4l] #3% 24&
AAEHA vl dFstn ok A Bd 9] 1§ SAo] #e indentation ¥ AL A

3 geA e

B AZe #g dAe A4 JAHY wjEe] #@stede K L. Johnson [15] 9] "Contact
Mechanics” ¢} B. R. Lawn[16] 9 "Fracture of Brittle Solid”el 2 22 glt}

Wiederhorn & & 8 2 Azt 7884 A7olA indentore] 71818ty a5 whie] ¢
gto] oS 47HRZ 27/ 3T A

@ ¥4 indentor (7 F)- A 35 (blunt/static)

@ ®EF$ indentor (H] )= e 98 F)-A 3 &3 (sharp/static)

@ ¥4 indentor -%E3%% (blunt/impact)

@ ®=3 indentor-& &35 (sharp/impact)

@ gL otd 1y Yder dAH Yt

RE. Gagnon[17]€ ¥-&9lA crushingg, lan J. Jordaan[18] §2 280X F indentation
% crushing ¥ clearance® &3 glrh

A1z} & indentor ¢ S2¢€E indentationo] #F FHL Smith ¥ Schulson[19] 18]z
Grape ® Schulson[20]e] &ldled L H =2

3. 343

Indentorc'ﬂ o)g 52 F3 FFEeHe Hzxo F HEAAA 8 Fel Trigtd we 1 A
tgdol 9 94 AZA 1 dFee AN #Y 279 dFL3e AAE 3

T T4 FE3s gHe Py, 2 HAES o H3tE Hertz2lol A theat go] bl
T St}
%, 9% 94EE WSS o7 B9
a=(3PR/4E™) 1 (1)
q7]M P= #3&%F | R=indentor %A & ¢ E': ©1& 2oz Fojan}

1/E"=(1—1A/E + (1~ A)/E,
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4 a8

E\E; 2 v, v, £ sample¥ indentor®) B4 & % poisson ratio°]th
MY o it go] Folrh

8=a*/R @)
59 24 Agite 4 P & 2ok
P,=3P/2nd’ 3)
F9=A7 Cot 35U NAE o oo AAHAE Ve LawnF e e ohE3t
zt,
172 -3/2
(e ) B) ()

o§714 K c=fracture toughness, H=indentation hardness % E=sample¢] @4 &.
A4yl X Py= H ¥o} ok o

P,E &
( KZIC) o« (14 (5)
G589 A%g HAAA 45E Be ¥od g 4L dech
¢ < Ba'? 6)

oj7]A]  c¢= crack length, ¢ = radius of impression
6)2 S o o] WHIH
c=function{ a) (7N

o},

4. 2E9Y
4-1. 9& Sample

B Ao ALY 282 o 2ol AF U

HA 989 Z7] 2-4mmAEe] NE TE, insulation tankel] Hanover FRES AN,
WA T tank) 2] EHLES 0T B8 QoA 2ol A5 Pk & wPozs 54
o 93] B FWo| heat sink& AHEHTYH o AL Filo] ImAFel & o] 200mme] 7|
¥ e FHELE 9A €

o] Yolalg "puck” 2} 89, o] puckd] Fol WL E 715 E(columns) 5ol A},

o] puckZ2E YW 152mm ASAANE WET FHL 7|58 FFHel *E Holl AZoR
A7tz g jict

ERE milling 7} &3 48R gHLE FHS 7A%o] FETh sample®] BvgrainZ7|
£ 6 1mm ot}
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de9 F Aol g A+ 5
4-2. Indentor ¢ AA

Sample @ grain 27}¢} ¥l¥38Y indentor &) A Eo°] #& Ro.Z ALREY "size effect’s
B9 AN FAE7E st AYe] gl AZsl Bdmd e FEAH200 0.2 A}
gk 29 @A A, E=205Gpa ©] i, Poisson ratio, v =0.295°]¢},

4-3. 734 2 499

A%& Thayer School of Engineeringol & ¥2Q 749 WZH6A -10° C oA 3%
t},

indentation A8 AP Ao AR 9@ uniaxial testing machine®.& sl @GEZF7}81F A Hd
A displacement ratet 0.038 mnvsE dt.ew, WukAH(pulsed test)olA] TEHH-& Fa ¥
4 IEE 1KN, 2KN .. ¥22 1KN 9 35 718t% 1 315-& AAslL, 2KNY 338 7
5 1 3FE AAEA sHEHez 358 T AARG dHA dAlskE FA7A =
Fo] 3},

5. ¥4+ 24 2 EE

7 indentationt] '‘HASE HEjEH ARG v Zo] dev FEY A4, 4 @
o Lawng o] A3 AFsta qloh

5-1.38%% 0 99

gx257kstE AlgelA indentore] FF-HHYEFAHEL Fig2 oM Jelz Ut indentor7h
dgol &FE 7hshe B 1o HEEe MAYE T BEHE AU A A3 dFe] A
g H A At TR W F HAdEEel ol2iA §4% 3% At BEFE

Table 1 2 APAHE o] &3td 3549 T4 FAgas ¢ 2 A3 MRE e gL
Aelrt, S

Table 1. Monoctonic load tests results

Test Test 1 Test 2
peak 1"Peak 2"Peak 1"Peak 2"Peak
p(KN) 55 7.05 2.74 52
almm) 2.20 332 2.28 447
Po(Mpa) 544 305 251 124
8 (mm) 0.38 0.87 0.41 157

Fig. 3 9] phase diagramolx] B vulel o] dLe)] 23 WHiEE
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6 i 8y

100Mpa olth, «7|A A¥ZAH AL Pl L -10T 12/Mpa~4R2Mpa ©l22 £33 1
indentation?] A% ol o] £Astct A3 Hrt

o] phase diagram & Whalley (1969) 7} A|et & RS2 Hobbs 9] “Ice Physics” oA &4
g R ot} Fig. 4& Huls}EAgA s15-H9 FHE moFch REstel o] o[HHY
£ X (hysteresis loop)7} A71t}.

waz7beE AT go] YAEFE Pc=T5KN o]dtell A EE7} splitting L spalling B4
o] dojutt}. Figs & BHAe|&3 XA 48 Ade] A% &FH &Fd Z7I(MAE-a%E
N3 & Rojch o]Z2zte &% 9KN oA a=25mm AxolH 1 o) &Fe] 7t qE ad
Ze A WEA gor}t A4 A a=55mm AAE AAE RAE & 5 A+

5-2. #4¥d

IKN#ZA 71535 2488 %9 sample B@ 2 FB3te] A Fdo] AT
OKN-3KNAFo | A 242 (impression) ] F4lel Al gte2 HOMAE WA FEe] 4719 34
Aek Td 9o vehtm voiAE BE Yol oE #E3 §HA Yl

395KN-375KN AtololA utgAgdd nodddel Ad Agsie BFAddL 249 ¥
AAFGe] AZe FAHAE 150° - 1707 o #E PAHEA 9 Poz AFF WA
Fde dzel woArde AZaE nold BH ellA ez HAdth

Fig. 6= 4KN&2 A X, Xz WA B Aoz Azl 9ZFd ZUdY(lateral crack), £
EZ0)] WAL 7 (radial cracks) E°] Blth

Fig. 7 45KN&E Al X;, Xo WA B2 AR o2 JKN3HFA R o st vt
Fig. 8 SKN&}3 A} X3 Xi WaklM #He Aoz vE A ¢d@4e BoErh Fig 92 7
Yr g el ¥ ado] sampleEEAE Schulson[21] ©) A& AHEE 2 o]t}

2 Agas §g @ Mgule] MES indentor A4 3HF indentation W FANE TEFAY
Z 2ugy, HEATE Sol 2ATE & F AN

5-3. 93719 A%

AYAD A9 o] AY He P Z HE /HAE A& Fig 10, Fig. 119 2k 2
AT e APAAS A4 5L o 52 FHYL JME 8153 TY X5 Atoldl dF#
AT BAT ASE & £ glod, o e (6)Ae AFgd AL ALE ¢ F 3Tk

6.4 ¥
Z2gs o g A4 olzA Hrh
L gzZrbere @ W Ay An 75KNo|ae] 3ol Al splitting @ spalling 8ol B4

#v T indentation 14 W4 e Hertz o vy ¥ TG A & 7 ©l
At
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Qe T deol Mol Be AT 7

2. FY FAd A 4 Pd @2 -10TCA9A &8 wolvd HWed 4gag F
22 7 indentor dHiel o] 3l& ZoE AR Hrh

3 WebslE Algel A f2 © Al wEF indentor- % & 815 (sharp/static) indentation!
F A vEys A g g, BT 2 SUEE & 33 7 den wEd #9
& ABEo R 3§l #ZFole ZFHTHo| Y 3 Foll= YA Fdo] B SR

4. Lawn % Quinn[22]2]& |YAA £ AYdA AT 79 279 A3 3 Aud
AL FEF 47 F2 9 AadAe ghel vi¢ 2L 3¢ ozx Fgel 37
& A=e] A AAAALT ALSE ¢ F U

#o2 ¥ 98(ice mechanics)olA] o] Boko] £& 717 EEo] o] 7Y AwlF FYo
A7lel JgE T AAE o FAE 79 & ¢ JL Aoz sdg)
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