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Table 1.
e}l]:s]t?i(i:ltv{r a(:/fe ‘ Young’s modulus } Poisson’s ?atio
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ChOORBEEIEIRS-HLTWER, L0 ATy xBRRALR, LRFHEICH
LRI KDRE, B R OMOLHDHEEIZL 2D bhvd, ZOFEITHLKOR
B & E DK DORIER L H S CEPTEBLEWLIATRETINLLEDTHE, LrL—C
HOKEBEIOFMILLT L o @l HEENAF U CTRLOT, EIR IO THELRIER,
U o CHMEE OMEN D 2 HL b b, 2ROz OFETIROEE, ES ZH
B, BEALLHEROBMBEYRDEZ BTy,

EEE, HOKOMMERE IR HKOHER L OBREYmBA DI, av sy —1P
OHMEROFZ VRN SRV bR, Rl - BEY R FAEP LD THE S L @K
OMEHEDHZICH G ONIORD ARED “BE2IRFE” O UREEREN CHERORE
RO THEL R EEL,

BERIRELC X B AE TR, WET 3 ui&*ﬁzﬁnmmbw DT HERD B, < OEITHEK

* LA E R DI R 8 45T B .
ERRE A BI1TE W3



148 ‘ Hom &

¥ @ brine @4 AW T I B DI AETF B:%'w:cm LichinT, flzek, ERLDDHBKD

THOPE skelton layer O/ #5% brine %4 282 E CHETLIZ LR S L,
Lol —7, EPOREY I s CllER T\ 1 , BEN—E LR H

DEEBRE M B DT ENE L,

mft

FTZEMRTELDT, RO 7‘7C@1ﬂi@;n.|%§‘7 &

IL. Bl @ % &

Fig. 11258 U 72 D Ml 326 X W;mufcr;;s
; BiHiZE R, #EH Iz 2T 201°Co

1, B
iz

ESERIE

BEoWE<ch B, K&k
FEORBIFoz Ltk s, Fiaft

I3

Fig. 1. Measuring Instrument.

R: Regulator T : Thermometer F: Fan H: Heater D: Driver
P : Crystal pick-up Y : Young’s modulus meter B : Thermostat
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Fig. 2. Block diagram of Young’s modulus meter.
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THOEHHER S ZHbNTE Y, LOEKE Fig. 21273 FT 5D Th 5, '

FFE R BoAE 2L, £530~40cm, E3~4cm, EX 15~25cm THI7,
R E> T, RBORBOFICH 2 MEY Fig. LICRLLL IR THR L, ZORNE
BIRBOFRANZL 2T LB, EARBOZEHCTHMELLEID 0224 5O 5,
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TRl LT, (HRAMEFTEO—EREIC 2003 BERR > OK QRS ~EW o> T b

%ﬁ&ﬁ%mE?a Wb, FIRMBEBEE LD AE — 7 — 2 BE S TR ZRE S
B, TTIVERTEY 77y TOUBIN LD THERMEL T B & L 5D bk
* VL DR QIR D B e Bow B RED DAL D, FIRB O BRI R BAERE X CRABEL,
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m I MBORRNTE EFZ3HBRCHEARFGOLHEITE m=4730 TH 5, ¢ FEET, HWEH
WHBOBEE L EFEALRD L, BECR TN TELRGE AV, SRR L CERRE)
LTV ENENE, REOBEICH L 3WHTEL Frshd EE I EZEIL, Tich
E2ZEFTFELNTERAEENLEVWOTE 77 TOMAFERA L CESCHD B
Z LK,

TRTOREBIRIE ERE Wkﬁf(ﬁfm&iﬂ%~wT LCholciiknbyl b
L, hboiEkid, 1957482 A Ry 1968 45 2 AIZdbiEd A & — ¥ 7 MR ER AL AU (N44°20,
E143°23) WA CHRIRL 103 DTH 5, RIFHMDA»2720T, WTFLLTWREILSL DK
brine 33X THTL CTHEKEIL 0.4~1.6% CEIE Do, L@, JlEF 12 brine
ORTI I BEEREOEE D7, X, HEOLHIZ, WEHOKE» G H L cfiko
B oW T RARORE R o7, B O AR R S O FRARKEZFEAT TR p K
FCEBEROEFICh 3 XL, / ¥ATCREITHEL, XEEXI-o, s
FeF RO RERENICRE S ¢ THIREREZREL, W90 EERI e TURBI ¥,
HISE URE 2RI R E & ETO S F MR IR TR O RO OHIEE B b atksE s
Rdte, THREMIKENCEE L KFEOFELDL RO TEMKOEENFEFICRIL DT X
MU I D THERN YO L5 hrbdhid M3 D THE, Z0LdhllELEHIow
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T —4°~—35°C OHIB D« DEHEITOW T, KOBRERUEHCHBII MRS
VIR R A L TIOR8, %< OB RIERENORECE Lrotk, HRER
MK T HICEE O — 8% Bl U € Mohr @ Fis Lo CREBESCHIE L TRD %, ZORD
DEAFIE D TLEIDCERFHMCHEEE L D, grain DR YORE R KD,

B O®E, HEE, grain OFHOMHHERT O BIZONRE FETRD A BHESE ($Kk &
brine % M 7= 84 O T & KDL R & D) % Table 2 1R Ui, BER 0.79~090, 48
B 25% mbE b OE 14% 2B LTk b, grain O H ORIk OEA ol g
R L T3 AREY mosaic ice “CiE 0.02 cm?® 225 14 cm® O], granular ice T3 0.01~0.09 cm®
DENZH B Z & Hh 5B, . » ~

BERIRBBIT L D TRPERE KD 5 & TIFERE LR bisvoid, JtkR e o

Table 2. Density, Cl-Content, Grain size and Porosity of Samples.

Sample } p Cl (%) i Grain size | Porosity (%) Structure
No. 1 l 0.83, 0.83 \‘ 13 9.9 Snow ice

2 | o8t 099 | 82 5.3 Mossic ice
3| oses s | 3o : 6.4 s
4 086, - 1.48 [ 5.2 ? 6.1 M
6 ‘ 0.89% 142 | 3.4 | 2.5 M
8 0.7% 0.82 s 2.2% ‘ 13.4 S
9 0.825 1.24 8.9% ? 10.5 S
1 ] 0.876 1.25 1.2 ‘ 5.0 M
12 0.80s 1.13 J 0.66 } 123 M
13 0.85, .05 0.17 7.7 M
14 0.8 0.58 ’ 9.3 ( 28 M
15 0.88s 08 | 39 ] 3.7 M
16 0.84s 0.45 ) 25% | 7.8 S
17 0.88 145 | 103 ‘ a4t M
18 0.865 1.18 2.2% | 58 S
19 0.80s 158 | . 38 J 125 M

A 0.814 0.82 2.1% 11.7 S

- 21 - 0.79 05 - 4.1 13.4 M
22 079, 0.40 1.4% 14.1 S ‘
23 | 08% L8 52 8.6 M, Skelton Layer.
24 0.87s 0.81 . 638 48 M
25 0.83, 0.64 6.0 ! 9.8 M, Skelton Layer.
% 086 | 062 6.0 56 | M ‘

. X107 em? k
" Remark: Grain size {*

mm?
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Fig. 3. Relation between Young’s modulus and I/h.
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FEHEH I 5~9X10° C.GS. DU AL, M4 OFMCREBEATS LML TEY, L
2 F OB L BRI FITCH B L BHHNnTHD, Fig 8ol REORMFEELTL
fe, Fig. 812450 5 & 517, mosaicice & snow ice Tt grain ORE S HFFFIZHY, L
e b T TR O E8 (C i) 3 F IO T GREE) ¥ Ch 5 D188 T random Th B
LB R E R OB D BT b b, RO AR HED LI, HiC
ORI B OK O HENIREE ¥ 1 B4T & 5050 OWBHOREFOE 41T < el
Cx AFRTRLG, & 5 L CHPKEIC R ORI S € 1 b ORIERA AT H N R S &
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Fig. 4. Young’s modulus vs. temperature (mosaic ice).
Vibration is perpendicular to the surface of ice.
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Fig. 5. Young’s modulus vs. temperature (granular ice).
Vibration is perpendicular to the surface of ice.
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Fig. 6. Young’s modulus vs. temperature (mosaic ice).
Vibration is parallel to the surface of ice.
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Fig. 7. Young’s modulus vs. temperature (granular ice).
Vibration is parallel to the surface of ice.
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Fig. 11. Relation between Young’s modulus of
sea ice and chlorine content at —15°C

Tdh b, brine OFEEY 0 £ T5L,

#kok o brine ® (B G T (mosaic ice).

HoHbaN3, Hkd o brine 3% D 3 sl GRANULAR ICE

¥ brine @ik, HILROBELRH Y $s

KHETBELOMPEEE S DTV B, % S 2 '”;

L7232 C G R DERE T—ERIZ g ) :' : *?

EED, 2OMFEIT Zubov'®, Thomp- § 6L 22 20;‘6

son™® FIZ X O THES TH D, W

PRTHLbI D é ? Ojf: |o Cl- CONTENT 1'5 %,

. = 1 1 I l

£ = —0.0966 C, — 0.0000035 C;? > ‘jSLUME or Brng n %
AL 50 < G, <140 Y5 L 9 Fig. 12. Relation between. Young’s modulus of
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(ERY Cy <50 %
kg k& UCHEREL T\ 3 brine 3EEN 12 ¥ A S 2 CEENRI TS, £
LT DEEDHFOEBHEFICKERBEREFE LS D LN LEbRTW5, Tk
WD 371 —15°CIii B 2 WM L kO EFRE (HIh brine OFFR) & @B@]%%m‘bt@ﬁ:
.Fig. 11, Fig. 12 Tth 5B, H 5202 brine 8 & iR Rz Béﬁﬂi%akbbbhfgb I 5ThB,
EZORFE TRIRD O Ak Hud 200~500 cycle/sec Th b, DHIZ D5 BRI OHE
2500~3000 m/sec CH o7 bEORER IO MO AKEXThb, ZOBMEEREOHKIZE
BRI L LTS M LT\ % brine 0% b EEMERICEE Y RUIT I I
CLHMRELFELLNE LTS,
@ X3z, brine OFRFEEICEHEERCERA LV LA, ERILZOD
IZOR3 X510, SR ECRERR R WEERY S 2 T\ B,
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ol PR c :
HHE C Ok @ brine DHEE -5~ Th 555 R OH R OGRS OFL O H5 ©
HEE 1- gj gram Th 5, FKOEWEL 0, 2 THIE, EREE LA ER\ 1 gram Ok

DHEFEHBIERKORTH L bR,
C; 1 AN
<l v> ﬂp R <3 )

FOKOEE 0, 3% OWFER T L OTCBEMTH B, HFE Cy @ brine DRIKREC BT 2%

EoHEonTikbE ) MbR T, Ll %7 PEEHEHRE T DTO DL
T Zubov'™® @ & e & Al '

03 = 14-0.0014 C, (4)

FHWTS VRS E D REARBEXHE TR, L2 T, WXOWERE C L BEEEEET
NER~D RN ANC, EHEL ST VIKkORERYMZ C LATE 3, #IZ, %0
Wl e UCHE 6 BEHCRE B, ok, EREEEERVERE 15% Ok OHE
i3 —5°C 0922, —35°CC130.925Chadatinbnd,

KO E A NDPIHINER X B HBEDH A HATWS, #R P OMK s brine
PADFSTOERIEHADHRE L RO EDOEE DT 4 LA ZEH3 (porosity) #% & L,
EWEANBZKOKES0 LT

. — 5. _L
p—ﬂ;(l 100> (5)
Lich>T
n=100(1-2-) (6)
0

LB, b RBERIRBAAEL GERVCEROFEECTHZ, HARTOERIT A A, FiiF
FHEE LTI EHB s LT3 S O &S FIIE T %% 7. (open pore) & 75 D 30D
Twb8, R TRFOHELSEHLALDIIDWTEEE YL #EH L, O)~6)R: =
HahimEe, HFEEC LAV b2EEOROERF 1%, brine DR n,% L7z
TRk O a% M5 = L TE 3, Table 2 1277 L7z porosity & = 02 LTkded O
Th B, .

HERICECEEBEOERBOEI RN —15°CoREEOENC / £ 2THl- -, Malmgren'™
WIPTE L LTV 2k OREEREKE, XL #06%x10cm/cm/°C Th 25 b, EZOD
EAORIEDRERF —4°~—36°C NTEHBE—F e 2T e K2, X, JEFIC
brine DH TR EL BELIZEEOHILRBRALENOLOT, BREI—-FHLHEDL T
ThaeAicTLENMHESE, B ETHIRCEHERI-ETH B,

KoOBEM LS & brine @ HBOXAEL T brine 0823452 %, BEICELOBIICE
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Fig. 13. Relation between Young’s modulus of sea
ice and density at —15°C (mosaic ice).
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Fig. 14. Relation between Young’s modulus and
density at — 15°C {granular ice).
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id granular ice QRMEE NG ADDPLARE L, FEIPSRILEDERIRE (MBI L
M b, ZOBECIEBEEOEMCLIZLDEHBLZIT B EREIL,

mosaic ice DB\ ATLIRBICH S B BMER L BE RO ERE L OBFE R Lo Fig.
15Chd, =5FETHALMEOHFREYRTEGIRED 12 THRIEPATT, BEOET
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Fig. 15. Relation between Young’s modulus of sea ice and
density at various temperatures (mosaic ice).

x 1o C.GS

YOUNG'S MODULUS
[
T

(o] =10 —20C — 30
"TEMPERATUIRE
Fig. 16. Young’s modulus of sea ice as a function
of temperature and density {mosaic ice).
a: volume of pure ice. n: porosity (=volume of air).
a-+n+mn, (volume of brine)=100%.
R . Polycrystal pure ice (Tabata)
Polyerystal pure ice (Yamaji - Kuroiwa®)
X : After Nakaya”™
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W 3 R OB L CH b, —5°CIC\V D TRMEHAABIHEI LT B 2 L ab
M5, snow ice 1o\ T h 4 < R EER NS -2, B 0D e B OHFhITE
MMRELABRINESHEOT, TOHEXBMTILLED B,

Fig. 13 # B U#E NI b SRk % b Dk O mtER o HEE L CH s Lon
Fig. 16 o ##Ch v, Wit L - Fig. 4, Fig. 6 124 MEITH 3,

TOFZLT, THEOBEEMBICA S NIORILERD AT v 2 3B O R B A I
HOLPRWIZEI D TATHIHI NG & a2l

Fig. 15, Fig 16 \ZERTRLUMFEE, —10C LT OB L GERENI Ko Th
bhadhsd,

E = 86+00241—027n  x10°C.GS. (7)

ZZTIRBEEOHIME, n 3IERE % ThH 5B, %LM&@ﬁ'ﬂkmbf%bb&
E =2940+0.024{—18.4 x 10" C.G.S. _ (8)

LB, HL, IhbOREHEXOEREN LB WEE G158 I WwirdEAZh
ey, —10°CLLEOBEEYED THEBARLEL N TEINATR Y HHEII D,

K ORI SO R

Fig. 15, Fig. 16 ik~ ¢, —10°C Ll LREE 275 & ik DR A2 WD LT
%, L3z, Fig 16 R LS ROMACT W TELORE L bt - BEY Lo
THONICHERLEE L ORI COI IR AR LDLERE, HILEEOE VT
BERNBIEI T IO MK ERRRTH DT, WREEHRL TV 2R LDd ODH
HRNREDT I I 2O TR AV LN THD, L2 T OBRE I K
brine & EhTwT, BEOEVHTREFOEENIVLEL LTI LICERTS 5%
TauB\Bhev, or BN, S, BE OB CETTIE K OO fok OEH4r 43 brine
DSZIETRPTBZ L0 XBE2TH L, Fig 16 ¢ —10°CLULTORETHREDOL
FXT 2 HEROHEP O L F MR TR L VY RE VDL, EEN ES122N T brine 1.5
2%, B AKOBIBRAWEDPLCNBZ L B36DE2bN5,

MOKRZE CHE, WK ORMER & R OB % &1 3 7o i, #UKRD & kit (-15°C
D) DEIGE R Lt 05 Fig. 17, Fig. 18 ¢ 4, Tl@%Aa%,ﬁﬁTmﬁmﬁwﬁ}
O TEBENIEP L T3,

FHEVE, T YTV ¥ OREOKROBERNL OBEEICERANHAT S L #E
LTw3, MOKOHEHILEBEEOE - IELDEFMNKOEDORB K ENLDLZLNTE S,
WKEFBEOAGIKE ZOBENIEFILZ LR 20TH 228, EHMICEIF CEREICIEL
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Résumé

Using the lateral vibration method with a rectangular ice beam, the elastic modulus
of sea ice at various temperatures between —4°C and —36°C was obtained. Dimensions
of beams were 30~40cm length, a few centimeters width and 1.5~2cm of thickness.
Chlorine content and density were 0.4~1.5%; and 0.80~0.89 respectively. Chlorine con-
tent was measured by using Mohr’'s silver titration method after other measurements
were finished. Crystal structure of samples was also observed with the aid of cross-
polaroids. Young's modulus meter was used for driving the vibration of beam and for
detecting its resonance frequency. Measurement of resonance frequency of ice beam
was performed after setting it within the thermostat chamber for about 2~3 hours.
Resonance frequencies were 200~500 cycles’sec.

Elastic modulus was calculated using equation (1). Equation (1) is used only when
the thickness of beam is very small compared with its length. Obtained relation be-
tween calculated elastic modulus and //2 which shows the ratio of length of beam [ to
thickness % is shown in Fig. 3. As is obvious therefrom, equation (1) can be used only
when the dimensions of beam satisfy the condition [/2=20. Therefore, all beams were
shaped to have the thickness nearly equal to one twentieth of their length.

Obtained relation between elastic modulus and temperature are shown in Figures
4~7. Numerical values are distributed within 5~9%x10°C.G.S. In all samples elastic
modulus rose as the temperature felI; and the variation of elastic modulus at high tem-
perature (—3°~ —10°C) is much greater than that at low temperature. In some samples,
jogs of variation of elastic modulus were observed at the temperatures about —8°C and
—23°C.

Elastic modulus is not controlled by grain size (Figs. 9 & 10) or by chlorine-content
of ice (Figs. 11 & 12). Fig. 13 and Fig. 14 show the relations between elastic modulus
and density of mosaic ice and granular ice which is usually observed in the surface layer
of sea ice, respectively. Density of sea ice without air bubbles 0; can be calculated by
using equation (3) and poresity #% (which means the ratio of the volume of air to the
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total volume of ice) can be obtained by using equation (6). In this experiment, as chlo-
rine content of ice was relatively small, density of ice can be substituted by porosity as
shown in Figures 13 and 14. As is seen from these two figures, elastic modulus de-
creases as density decreases, i.e., elastic modulus decreases as porosity increases, and
relation between density (i. e, porosity) and elastic modulus can be represented by a
straight line. Figure 15 and full line in Figure 16 show above relation at various tem-
peratiires ; these relations within the temperature range between —10°C and —35°C can
be represented by equation (7) or (8).

Figures 17 and 18 show the relation between elastic modulus and volume of pure
ice a%. It is obvious from these figures, that the relation between elastic modulus of
sea ice and volume of pure ice within sea ice is also represented by a straight line.’
Figure 19 and broken line in Figure 16 are also shoew the Young’s modulus of sea ice as
a function of a and temperatures. As is obvious from Figure 16, when a is constant,
the tendency of variation of elastic modulus is approximately parallel to that obtained
for polycrystal pure ice. Mean volume of brine in this experiment are about 1.6, 1.0,

.07, 0.6, 0.5, 04 and 0.3% for the temperatures —5°, —10°, —15°, —20°, —25° —30° and
—35°C respectively. Differences of elastic modulus 4E between broken line and full
line in Figure 16 are explained as due to decreasing the volume of pure ice, and its
decreasing is approximately equal to increasing of the volume of brine.

Using the volume of pure ice within sea ice, elastic modulus of sea ice within the
temperature range —5°~ —35°C can be calculated by the following simple equation:

E =89+0.02¢—0.28(100—a) x 10" C.G.S. (9)

Where £ is absolute value of temperature, a is volume of pure ice and a=100—(n+n,)
%. Volume of brine #,% and porosity n% are effected by chroline-content, temperature
 and density, and they are easily calculated using equations (2)~(5).

Velocity of elastic waves in sea ice also was calculated using equation (10) and is
shown in -Figure 20.



