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Hb, LT, chKETOBREOWHIET [tade DEH S, TOBOEHOVE>ELTHY
BHREEb2bOLEDNS,

n R FHOBEEBERMOFE LS, BESHELER T I 2RER

h
U, = So wdy = ”‘37;1 sin (34)

Thb, RELESENORRICERTI45DEFEROE S OFER, 0 U, DBEICE
WTLD, Uy EEBRBNCENESZICEPEENG, Lih-T, B1LENTIE, SECRK
MTETH, RRICIEMAMNBIOLVENA S,

V. ERRRCERTZHAICHIEZAMOELRAESE
WEETEREK, AR EZRROBRNMG 20, MEOEEMSEmMERLTESIEE
25, BEOLEHOFEXRZhETSE, FINOI I ICAERAEEEEG Fick s, vyt
BRECHEET HicE2E, REOREH O LI MG O
h—ys = dsin oz (35)
L5, BIRZMEG), @H5, RGOS 2 Tl u=v=0; BERETE, T8H5, y=0
Tld, 0y=t0y=0 TH B ENERESN B,
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BAS 8 E LT, AETOLRLULDEDHD, K7, LEDQEODPREELILDT,
WISy, B RS O R

g, =0y = Pgcosa+y, Toy=—~0gsina-y
o __ P9 . D22 (36)
u = - sina (h*—9*

L33,
BRSNS, FIEORNERK Y, ¢C o EMINBEDERNE, COEBINHE
DoP, iy iE, LbIC, y=0TOTHY, F70y 12 by=0TOLEE DD,

0 ) O
9y = 9ytady +aly |

0 [€))
Tay = Tay+acsy +agsy f

37)

By=0T0&E12, THbDE, TDI, i, Bl a, a DEOWMAIT LT, BHEH
HTOBRRAEHEEZTNTHL TS, iR G20 TOBREMH

0
- ( 8ﬂu ) dsin wx +{au® +au®]y-r =0
Y Jy=n

(a0 +ag0®]yan = 0

ogh . 1.
‘: 3 sma-ﬁ-{—m%(C—{—whS}—i—ae—%(S+th)J sinwzx = 0

— % wh [a,C+aS] =0

thiéo CTL?@HZ, ¥ a, a. B3

a, = 2pgz Jdsina
®
. (38)
s = — p:);z J sin

LLTEvond, S, CR, 4Fc&sh,
ZNE N sinh(wh), cosh(wh) DIRETH 5,

1%, (35), (36), B8) Hick>T, B
i y=0 Tl

=0,
i | IE)
[9.]s = 40¢Sd sin & cos wx }
%8 EFEERCERT 2HEHD I ZiKH b
BMEOE, MG o> 2Tl FH OO0 WHE
— [Fatle = Pgh sin a+0¢d sin a sin wx (40)

THrEMAOoNG, EEMGTRDOEZTDOEHVERUL L a=30°, wh=15 h=2m, 0=
02mic & 3 &, [0]s DBAAEIL 34 gr-wt/em®, [tade DAL D REAEIL 4 gr-wt/em® & 13
5, NS DR, Fild, #hFNL17grwt/em®, 1l grwt/em’ Ch-t, WA, BE
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Summary

In Fig. 2 of the text curve G represents a sloping ground surface with small undula-
ions, with a snow cover of mean thickness h the upper surface of which is indicated by
urve S. The purpose of the present paper is the theoretical derivation of internal stress
nd flow velocity in the snow cover. For this purpose it is assumed that snow is an
r1compressible Newtonian fluid of uniform density #, in a steady flow state of plane strain.
“he formula for curve G is assumed to be

Ys = sinwx, (1)
there @ is very small compared to & and A (=2m/w), the wave length of undulations of
he ground. Then curve S will be of the form

ys—h = 0, sin wxr+4, cos wr = ds sin (wx+27X) (2)

rith &,, 6,, 0s of the same order of magnitude as dJ.
The following relations between stress components 0, 9y, 9., Tys Tex, Try and flow
elocity components v, v, w hold for any incompressible Newtonian fluid in a state of

lane strain:

g, = %(61—}'09)’ Ty = Tax — 0; w =0

% G %‘ (0y—0y) -
= = 2y =27, (3)
ou v 1{&1 ﬂ%
ox Yy 2\ oy ax

there % is the coefficient of viscosity. Since snow has very high viscosity and conse-
uently flows very slowly if at all, the acceleration of its movement can be entirely
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neglected. Then the equations of motion for the snow cover on the wavy slope are

written as follows:

J
P 4 e 4 pgsina =0
ax Y
(4)
a9, T2y . _
B +—~—ax Pgsina =0

" The boundary conditions for the stress and velocity components are given by

[90)s = [raels = O (5)
Ug = Vg = 0 (6)
["Un]s =0 : (7)

where the subscripts S and G indicate the top and bottom surfaces of the snow cover
and the subscripts n and t the directions normal and tangential to the top surface. Con
dition (5) expresses the fact that the top surface is free while condition (6) means that
there is no slide between the bottom snow surface and the ground. Steady flow of the
snow cover is expressed by condition (7). In steady flow the top surface of the snow
cover does not change shape and its normal component of flow velocity v, disappears.

The stress and velocity components of the snow cover are. found by solving differen.
tial equations (3) and (4) for o,, o, t4y, # and v using boundary conditions (5), (6) anc
(7). In order to obtain a solution the author made use of the following two kinds of
components which are to be combined together afterwards.

(a) ot =0y, = —pgcosa(h—y), i, = Pgsinalh—y)
o _ Pg . v 0 _ (8)
u —Tsmay<h— 2/), v =0

These are the stress and velocity components for a snow cover of uniform thickness &
on a planar slope of angle a.

(b) of, 0P = u® v ({=1, 2, e , 6)

listed in Table 1 of the text derived from the stress functions ¢ shown in the top row
of the table. They are simultaneous solutions of differential equations (3) and

3P | ey 0
2x Y (9)
89> oty 0
3y ax

Neither of the components (a) and (b) satisfies the boundary conditions.
However, it is obvious that combinations of (a) and (b), of the form
6
g, = 0;-{— Z aidf)
i=1

..................... (10)

are solutions of differential equations (3) and (4) for all values of coefficients a;. A solution
of this form gives the correct stress and velocity components for the snow cover of the
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wavy slope if the values of @; are chosen to satisfy boundary conditions (5), (6) and (7).
The following formulas are found to give such values for a;: A

3, =0 .2C (wh) sin® «
(wh)* sin® a+(CS—wh) cos® a
d, = 0, C—(i;)—‘;)li cot
lzﬁl—wzﬁ%—)—cosa a, = — 2%};&5&
a; = — a, a2=—3£'wiwsm—a——a4

where S and C are sinh (wh) and cosh (wh) respectively. The formulas for 4, and J, are
obtained during the process of finding those for as.

The amplitude ds and the phase angle ¥ of curve S are related to ¢, and d, by
ds=4/07+0% and 27X =tan"'§,/d,. In Figs 4 and 5, ds/d and ¥ are plotted against wh for
values of a between 5° and 45°. As shown by the curves in Fig. 4, the amplitude ds
increases as the slope angle a increases, therefore, the steeper the slope, the more the top
surface of the snow cover reflects the contours of the ground surface. Fig. 2 illustrates
the relation of the curves 8 and G when a=30° and wh=15 (A=4.2h).

The longitudinal tension or compression [di]s at the top surface of the snow cover is
given by

[o.)s = 20¢6-2S sin a [cos wx—Fk sin (wx+27X)],

where % is a constant varying with wh as the lower right group of curves in Fig. 6
indicates. Curve 6 of Fig. 7 shows how [4,]s/(20gd-2S sin «) changes with x when a=30°
and wh=1.5. Areas of tension (positive value of [4,]s) and compression (negative value of
[0,]s) alternate : in Fig. 2, the area of tension is between points a and b. Should a crack
appear in the top of the snow cover, its position would be near the centre of the tension
area.

It is proved that a snow cover with a planar upper surface will flow down a wavy
slope with steady velocity, retaining its planar upper surface despite the snow movement.
The stress and velocity components of such a snow cover can be obtained by combining
the above o5, -+ , v° with the components derived from the stress functions ¢ and ¢®
of Table 1, referred to coordinates x, y shown in Fig. 8. The author presumes that this
steady flow is unstable and that any disturbance of the upper surface of the snow cover
will result in a transformation from a smooth surface to one more nearly corresponding

to the ground surface contours (Fig. 2),
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# &
REOMBG I3 yog=2sinoz (AXD(12)R) THEHL 3 h, MBEHOMES 11
yg—h =8 sin wx+3;c0s wxr=28s sin 2w (z/A+2) (KX D (1) NB LT (26} K) TE b &
h3, 0=21/2 T, \RPATOBROBETSH 3

@ 5° 10° 15°
wh 8,/8 3s/8 % (%) 8/3 8s/8 % (%) 8/8 3s/8 % (%)
0.0 2.0000 | 2.0000 0.00 [ 2.0000 | 2.0000 0.00 | 2.0000 | 2.0000 0.00
0.1 1.2698 1.5977 10.38 1.7578 1.8797 5.76 1.8925 1.9504 3.89
0.2 0.6056 1.1116 15.83 1.2885 1.6213 10.38 1.6283 1.8229 7.41
0.3 0.3258 0.8253 18.54 0.8960 1.3687 13.64 1.3252 1.6645 10.34
0.4 0.1983 0.6547 20.10 0.6288 1.1660 15.94 1.0517 1.5079 12.72
0.5 0.1323 0.5463 21,11 0.4557 1.0138 17.58 0.8321 1.3699 14.61
0.6 0.0943 | 0.4729 21.81 | 0.3416 | 0.9000 18.81 | 0.6634 | 1.2540 16.13
0.8 0.0546 | 0.3823 22.72 | 0.2088 | 0.7474 20.50 | 0.4375 | 1.0818 18.38
1.0 0.0353 | 0.3300 23.30 | 0.1385 | 0.6538 21.60 | 0.3021 | 0.9655 19.94
1.2 0.0243 | 0.296 23.69 | 0.0967 | 0.5917 22.39 | 0.2157 | 0.8838 21.07
1.4 0.0t73 | 0.2731 23.99 | 0.0695 | 0.5469 22.97 | 0.1573 | 0.8225 21.94
1.6 0.0126 | 0.2549 24.21 | 0.0508 | 0.5119 23.42 | 0.1159 | 0.7730 22.60
1.8 0.0092 | 0.2397 24.38°| 0.0374 | 0.4821 23.76 | 0.0844 | 0.7187 23.13
2.0 0.0068 0.2260 24.52 0.0275 0.4549 24.04 0.0632 0.6896 23.54
2.2 0.0050 0.2130 24 .63 0.020t 0.4289 24.25 0.0464 0.6508 23.87
2.4 0.0036 0.2002 24.71 0.0146 0.4032 24.42 0.0337 0.6123 24.13
174 20° 25° 30°
0.0 2.0000 | 2.0000 0.00 [ 2.0000 | 2.0000 0.00 | 2.0000 | 2.0000 0.00
0.1 1.9445 1.9770 2.89 1.9693 1.9713 2.26 1.9834 1.9966 1.83
0.2 1.7945 1.9134 5.64 1.8831 1.9600 4.47 1.9347 1.9866 3.65
0.3 1.5923 1.8246 8.12 1.7558 1.9159 6.50 1.8594 1.9717 5.40
0.4 1.3751 | 1.7256 10.31 | 1.6033 | 1.8619 8.49 | 1.7614 | 1.9515 7.08
0.6 0.9901 | 1.5321 13.82 | 1.2819 | 1.7434 11.85 | 1.5255 | 1.9018 10.19
0.8 0.7093 | 1.3775 16.39 | 0.9949 | 1.6313 14.56 | 1.2728 | 1.8452 12.88
1.0 | 0.5148 | 1.2604 18.31 } 0.7634 | 1.5350 16.72 | 1.0340 | 1.7869 15.18
1.2 0.3789 1.1713 19.76 0.5829 1.4629 18.43 0.8229 1.7262 17.09
1.4 0.2815 1.1005 20.88 0.4434 1.3811 19.80 0.6444 1.6650 18.68
1.6 0.2099 1.0403 21.77 0.3357 1.3155 20.89 0.4974 1.6014 19.97
1.8 0.1563 0.9855 22.74 0.2524 1.2524 21.77 0.3788 1.5344 21.03
2.0 0.1158 0.9335 23.02 0.1882 1.1900 22.47 0.2847 1.4637 21.88
2.2 0.0852 | 0.8821 23.46 | 0.1390 | 1.1270 23.03 | 0.2113 | 1.3895 22.57
2.4 0.0621 | 0.8305 23.65 | 0.1015 | 1.0620 23.48 | 0.1549 | 1.3119 23.12
o 35° 40° 45°
0.0 2.0000 | 2.0000 0.00 | 2.0000 | 2.0000 0.00 | 2.0000 | 2.0000 0.00
0.2 1.9672 2.0032 3.02 1.9889 2.0144 2.53 2.0037 2.0218 2.13
0.4 1.8726 2.0122 5.96 1.9519 2.0543 5.05 2.0098 2.0846 4.29

.v0.6 1.7223 2.0211 8.76 1.8782 2.1103 7.54 2.0012 2.1781 6.46
0.8 1.5295 2.0226 11.35 1.7581 2.1686 9.95 1.9565 2.2878 8.67
1.0 1.3136 2.0135 13.66 1.5912 2.2161 12.26 1.8573 2.3941 10.87
1.2 1.0934 1.9899 15.74 1.3875 2.2415 14.38 1.6974 2.4792 13.00
1.4 0.8853 1.9516 17.50 1.1667 2.2403 16.28 1.4875 2.5296 15.00
1.6 0.6998 1.8993 18.99 0.9487 2.2114 17.95 1.2507 2.5392 16.81
1.8 0.5416 1.8347 20.23 0.7493 2.1581 19.36 1.0128 2.5088 18.39
2.0 0.4115 1.7597 21,25 0.5771 2.0838 20.54 0.7941 2.4444 19.74
2.2 0.3075 | 1.6762 22.07 | 0.4352 | 1.9940 21.50 | 0.6059 | 2.3527 20.86
2.4 0.2263 1.5859 22.72 0.3221 1.8920 22.28 0.4520 2.2414 21.77




