FINITE ELEMENT COMPUTER ANALYSIS OF SNOW
SETTLEMENT

journal or O00ooooboooooooon
publication title

number 59

page range 139-187

year 1984-03-30

URL http://i1d.ni1.ac.jp/1625/00002794/




Finite Element Computer Analysis of Snow Settlement——Lang - T. Nakamura

FINITE ELEMENT COMPUTER ANALYSIS
OF SNOW SETTLEMENT

by

THEODORE E. LANG
TSUTOMU NAKAMURA

REPORT PREPARED FOR
SHINJO BRANCH
NATIONAL RESEARCH CENTER FOR DISASTER PREVENTION
SHINJO, JAPAN

OCTOBER 1983

— 139 —



Finite Element Computer Analysis of Snow Settlement——Lang « T. Nakamura

Contents

Page
Abstract 143
Introduction 144
One-Dimensional Linear Viscoelasiticity Theory 145
Three-Dimensional Linear Viscoelastic Theory 150
Horizontal Snowslab Settlement i563%
Description of Settlement Experiment and Data 158
Snow Viscesity Coefficient 1464
Computer Analysis of Settlement 145
Results of Computer Study of Snowpack Settlement 169
References 175
Appendix A  Experimental Data 174—185
Appendix B 184
Figures
Figure 1 Four parameter fluid element 1446
Figure 2  Burger Body Creep Response 151
Figure 3  Snow Column Geometry 154
Figure 4 Snowpack layering and crystalographic
identification 160
Figure 5 Layer Density Variation During Feb. 1971 161
Figure 6 Free Water Content Variation During Feb, 1971 162
Figure 7 Maximum, Minimum and Mesn Temperature Versus Day
at Test Site in Nagaoka for February 1971 163
Figure 8 Secondary Creep Viscosity versus snow density at
temperature T = 0°c 166
Figure 9 Finite Element Model of &4 Feb. 1971 Snowpack 167
Figure 10 Experimental and Computed Layer Displacement
from 2 Feb. to 15 Feb. 1971 170

— 41—



Finite Element Computer Analysis of Snow Settlement——Lang - T. Nakamura
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by
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SHINJO, YAMAGATA-KEN, JAPAN 996

ABSTRACT

Detailed snow settlement data taken at Nagaoka, Niigata Prefecture, at the
Institute of Snow and Ice Studies is compared to computer based analyses of the
same snow settlement configuration. The daily measured snow settlement data
includes: (1) layer geometry, density, temperature, water content, and crystal-
ographic type; and (2) atmospheric conditions. The cbserved data, from the winter
of 1970-71, shows development of an equi-temperature snowpack condition, developing
after about 3 weeks from initiation of data collection on 1 February 1971. Measured
snow viscosity of dry snow was adapted to the computer based model of the settlement
problem. Results of the analysis show that from 2 February to 9 February, the ex-
perimental and computed settlements are within 10%, with rates of settlement in
general agreement. By 9 February ground surface latent heat apparently raised the
water content in selected layers to approximately 5%, which resulted in acceleration
of settlement from the dry snow rates. Four days later on 13 February the entire
snowpack shows accelerated settlement and the dry snow viscosity coefficients are
generally inapplicable.

The results of this study show the general applicability of computer based
methodology to snow settlement investigations. However, the need exists for
measurement of the compressive viscous coefficient of snow when free water content

exceeds 4 to 5 %.
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INTRCDUCTION

In the analysis of snow as it occurs in snowpack, it is necessary to
‘consider the material as viscoelastic. This means that the snow deforms
with lapse of time. In horizontal snowpack the dominant time dependent
deformation is settlement, In sloping snowpack that is stationary with
respect to the basal surface upon which it is placed, the dominant defor-
mation is both settlement and slepe-parallel flow, called creep. With
creep occurring along the slope, settlement is taken perpendicular to the
slope. Since natural snowpack occurs in layers of different density, and
snow viscosity is a function of density, it is necessary to model the layer-
ing in an analysis of settlement and creep. An additional complication is
that the viscous coefficients for snow are different in tension and com-
pression, so that an equivalent orthotropy occurs under combined lcading,
if both tensile and compressive stresses act.

To make a viscoelastic analysis of snowpack, information of primary
importance is a knowledge of the viscous coefficients as functions of snow
density. For snow the basic reference Is to results reported by Shinojima
(1967) in which tensile, compressive and shear viscous ccefficients were
measured over & density range 100<p < 500kg-m-3, and at temperatures from
0 to -15°C, Interpretation of this data in order to apply it teo combined
loading conditions is summarized by Lang, Sommerfeld (1977). Evidence
to date on snow creep at low rates is that the material may be approximated
as linear viscoelastic, which is consistent with reported material data.
Within the frameweork of linear viscoelasticity, the theory asscciated with
snow settlement and creep analysis is reviewed herein. Following this the
theery is applied to a snow settlement problem for which extensive physical
measurements were taken. The analysis is carried out using a finite element
representation of the layered snow settlement slab. Deformations are

compared with corresponding physical measurements of the well documented
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settlement experiment. Conclusions from the analysis compared with the
experimental results reflect the current state—of-the-act in this area of

snow mechanies.

ONE-DIMENSIONAL LINEAR VISCOELASITICITY THEORY

Standard texts abound on détailed development of the linear theory of
viscoelasticity ( Flugge, 1967}, so only snow related aspects are considered
herein, S8now, as with other natural occurring viscoelastic materials, is
represented by a Burger body model or series of these., The Burger body
iz a four-element viscoelastic model that exhibits both short-term material
elasticity and long-term viscous flow, This 4 parameter fluid model is
shown in Figure 1. If a stress is applied at nodes 1 and 2, the series
elastic spring, ﬁ‘ , instantly deforms to provide short term elastic response.

If E,’ is the strain assoclated with this deformation then

/
G“ —_ i:lg
Stress, Q’ s, applied to the series viscous element results in a material

Ll
flow, if at rate £7 | then

0/ — Tl éﬂ

Thus, total strain, 5I , and total strain rate, £

P of the seriles elements

is then
/ " * _ hd / -/
£|=€+E and £,I—£,1'E
In the parallel spring-viscous element part of the model the stress

divides between the elements, so that

g = EZ El + t(L Ez
»
where 62. is the strain, and &z 1s the strain rate across the parallel

elements. Total strain and strain rate of the Burger body is then

£ = £i+£?_ and é'-_-é,'f'.z
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=

Figure 1 : Four parameter fluid element
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Combining these equations, a single constitutive equation between total
strain and its derivatives and total stress and its derivatives is obtained,

namely

fe,ﬁz‘zlé + ﬁ,‘[“[zg = fc,i;f"‘('(;kq,* fokt t,fe’)t;/ +f, ‘(:.(

or

AN AV AY tﬁa
v + (LET“f-i%“ d’ I’ ia, Qr’ ZJ 1

In the notation of Fligge (1967) the differential operators are written

@&
where

é 2
P=/+/-D1ETWLTJZ
Q_':?'i;d;"’?z'ﬁi
R A PR 7
[ S #
% 1
b, fa
=7

1.1
b= g

~
P
If

Laplace Transform (L.T.) techniques are ususally applied in the further
solution methodology of linear viscoelasticity. The idea behind the L.T,
is to convert differential equations into algebraic equations, rearrange
the equations in a particular way, then take the inverse L.T. to obtain

the final solution. The L.T. theory is given by Churchill (1558), and only

a brief summary is included herein.
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Given any function, of say time t, the L.T. of the function is

f(s) = [Mf(t) e at

The L.T. of the derivatives of f{t) are obtained by integration by parts,

[y e = ~fo+s5fe)
[THe S = - f)4sf+ S

ete, In these eqhatinns £(0) and %(0) are the values of f(t) and f(t) at

t=0, If the system starts from rest (initial quiesence) then £¢0)=£ (0)=0,

LT, (&) = £(5)
L.T.(48)) = SF(s)
L.T.({W) = 5*1(s)

Thus, the L.T. of a differential equation yields ar algebraic equation in

and

the L.T. coefficient S. The L,T, of many different functions, f£{t), have
been tabulated, so that solution of linear differential equations reduces
to a tabular lookup, which is both fast and easy. This procedure can be
demonstrated with the viscoelastic problem currently under consideration.
If the Burger body is assumed te be initially quiescent,then the L.T. of

the previous differential operators is simply
b3
? /'1‘7,5'*77;{,5
— A
L= pSt s

where seript letters indicate the L.T. Ceorrect interpretation of the above

"

L.T. operation requires us to remember that the differential operators
always act on some independent variable. A discontinuous function of

importance in L.T. operations is the Heaviside step function defined by

H(t)

+=0 — 148 —
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Assuming initial quiesence, it can be shown that

L.T.(HW) = s or t>0

which will be used in the following development.

Returning to our constitutive equation and taking the L.T. yvields

co5 (15 h)(1r k) tAY,S
E!Tf'j(zzs * ftz)

Consider response of the Burger body to a step increase in stress at t=0.

This is represented by
Tt) = & H(E) too

where 0; is the stress increment. Taking the L.T. of this functicn yields
— /
0-'=0;S

and

505) - [(»z,d+re,)(m+é»)+kf’65
‘% 1& ;;2%7 ?&L:; t AEZ,)

This equation is rearranged into a partial fractions form consistent with

L.T. theory, namely

— () kY
els) = f"-:z[-:;— +ﬁ'[’[2,5+kz)

which is now in a form where the inverse L.T. is readily completed using

L.T. tables. The result is

t L oAt
£Ct) = o, 7% +EZ(! e™")

where

a=
751 — 149 —
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This solution for strain is the time dependent deformational response of
the Burger body model to a step input of applied stress. In the viscoclastic
literature this is a standard test conditionm, called the creep test.

Another standard test is the stress relaxation test, wherein the model is

subjected to a step increase in strain, and the solution fer stress as
a function of time is derived by methods similar te the derivation of the
creep response given above,

Having the solution for strain as a function of time, some character-
isties of the Burger body can be deduced from limiting conditione., For

example, setting t=0 in this equation we obtain

Ce
60=-€T

the initial elastic deformation due to stress 0: . As t increases ‘the

material creeps for all time {under load 0/0) eventually at a constant
Lim [ dE ) S
43 00 7&— = ,b . Thus, "[‘ , the series

viscous element, establishes the stationary or steady creep of the material.

stationary rate defined by

The material response for all £>0 is shown in Figure 2. Our interest is

in the steady creep response phase of the deformation, as it pertains to

SNOW .

THREE-DIMENSIONAL LINEAR VISCOELASTIC THEORY

Consider first elastic equations in three dimensions, Stress is

divided into hydrostatic and deviatoric components, as follows

¢ Ty Uy 4 6 0 dr Ay Ay

Ty 6 Tl T A T ™ Y
,TJ.L} ,r“ O,_i [ ) AJO Aft; fd‘}; »d}
HYDROSTATIC PEVIATORIC

and

where /J-;:—é—(_olz‘f"(}"i‘- 6}) "dl'?‘ ,d'j-}. /J;;’D
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Figure 2 : Burger Body Creep Response
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For strain the same split can be made

£, E”i' €1, e 4 e ) Q‘U} eL}
| - +

tn & &y ° & 0 B & &y
. 0 o e €x1 ey ¢
L} s E’lr HYPROSTATIC pi‘-wﬁ?‘?vk!c

with e =1/3(,€—1*E‘}+€}-) and el-}.e? + €, =0
If K is the bulk modulus and G is the shear modulus, then for an elastic

material

A = k(3€) and T% = CT[ZE},}) etc,

For a viscoelastic material that is isotropic, a hydrostatic stress must
produce a dilatation, or volume change, with no distortion, and ,d and

€ are related by
i i
P4 =@WE
Likewise the deviatoric quantities relate similarly
/ ! A
Py = @ €y
Or

Q// 63_’_

where for the elastic case P"=1, Q"=3K, P'=1 and Q' =2G, Taking the

L.T. of these differential operators, we have

- ,92_2(_5_)— WA 2/(5)
2?”(5) 2 (s)

S K

and the general correspondance prineiple of linear viscoelasticity is:

If the selution of an elastic problem is kmown, then the L.T. of the
golution of the corresponding viscoelastic problem may be found by
replacing the elastic constants K and G by the operator quotients above,
and the actual lecads by their L.T.s.
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Since K and G are not as common as E and V the conversion is provided,

°2' 2" J 5 P2 ~2P"
2P+ P 2P+ 7P

Consider next the elastic solution to the horizontal snowslab settlement

problem.

HORIZONTAL SNOWSLAB SETTLEMENT

A column of snow of depth h is placed on a rigid support, and acted
upon by gravity. Strain in the z direction is prevented because of identical

columns at either side, and this condition requires
6} = 0
O.o 0’3 = V( ﬁ 1‘ 0})

The remaining constitutive equations in the x, y plane are

Et, =(1-»2) & - v I+ )0
EE =(1-2)6 ¥ (/1+ V)l

But, for the same reason that E} =0, also ££=0 so that

f 0/3. and 6:2 — (JC
To determine 53 at any depth y, consider equilibrium of the column,
?iaﬁ? Thy=0 = Cy= ~P3 ¢ (compressson)
Jl
11t then €= 6 = ———FHCCOMPRGSS}M)
S

So all stresses are compressive and an isotropic condition may be assumed

regarding the tensile-compressive state of the snow.

For deformation consider

- (14v) v
e 2Ly 2 G g
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Figure 3 : Snow Column Geometry
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but ’U-:#VCI.,}) so% -;% and
vt yraw)] PRY
’Uﬁz)=[_ It )éu—v)] v

at y=h, v=0 which evaluates C; and the final solution is
CI-LJ/)CH'V)} 'ﬁl—— 2
= —_—

The maximum deflection cccurs at the upper surface of the column and equals

C1—~22) ()
U(0)= fﬂ'[ LE('J_.;;) ]tl

An important result of this derivation is the determination of a plane strain

condition relative to the settlement problem. This is a simplification of
the general 3D viscoelastic equations, which is investigated below:

For plane strain in the x, y plane,.the elastic constitutive law is

—p* 14V
€x= IE e — ﬁ—g—)“r}

or, expressed in terms of the bulk modulus and shear medulus

_ (Bkr+8 . (3k-26)
€z = 4&(3k+6) < +G(2kt§)

If pow the correspondance principle is applied
!
Q" d
Sk — '_@,; "ZG'_? P/

and the constitutive equations become
(.2 Q”'P"" QfPﬂ) szt - (F/Qu 'f'ZQ, PIQ P@’"(Q”PLQ’P”)P/@
(JQ”F,—r Q/,Pu) C?’«Cg _:(F/Q”—f_'ZQ/Pu)P»b} ﬁ(QH L‘Q’POPE{L
or, in terms of the L.T. assuring initial quiesence,

- _ (a2, (RE-ZP)P
T QIPr2P)T Y P +2P)2
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For the Burger body model, the differential operators have already been

derived, and distinguishing the hydrostatic from the deviatoric, we have

14
=1 P T Pl
dl
f/ ?-’d/_t + ;1

2
p’=/+p,*%+ fj’%

deviatoric :

dedasste s g¥d L ¥ d2
q = ’Zt~+?zdt*

Steady state response of the Burger body was previcusly shown to be the

hydrostatic :

continuing deformation of the series viscous elements, identified by q;
and qi* in the differential operators above. Thus, for steady-state

response the above operators reduce to
' ’__ / /
P"’/ QL= 7—/ P=/ Q’?f'}f

and the L.T. versions become

(PI{"/ 2”:—-_ j-!'s @”:( o?/:__ },Jc

80 that

RO LE2 O S Ay

S e (,,l; ;-}C) }I-jﬂ Or (l} jzlf)}!
DALY P Tt A
R DRy Ry T

which is the solution for strain rate gz‘in terms of only the secondary

viscous element parameters and stress components Qi_and 63_ . A similar

equation is obtained for 59 , namely ,
- 2, +2 ; Z ;
PO T T R Y ey LY
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If we compare this equation to the corresponding elastic equation for plane

strain, which 1is

Sk +1§ Jk-2G
5? = 4+6(3k+6) Oy - 4+G(3kt§) O

correspondance is established if

3k—» q;=dilatational series viscous element

26 —» qy*= deviatoric series viscous element
We now wish to make use of experimental data on snow to establish the
material coefficients for plane strain. One setr of experimental data by
Shinojima (1967), is the secondary viscous response of smow in uniaxial

compression., For thig the cerresponding elastic equation is

0’:,= ECL"—: 321{(3 E}c

#
Designating the Shinojima viscous parameter by so that = £ ,
X X

correspondance gives

18kg  _ 3G3W(26) _ ShE * -7
6k+26 2(3k) 3G .2;+j";*

which is one equation from which q; and q;* can be evaluated, Other data

by Lang and Brown (1975), establishes a secondary creep Poisson's ratio
of y=0.27 for snow in compression. This sets up a second correspondance
based upon the Poissonic equivalence, namely
y= b 3k=28 el
T2 3 kKt & 2 T‘ z_'#

From this equation we find that

‘3.,* -2V

N I+ V

Which, when substituted into the first equation yields

7

* [—und —

Z-' T

so that 4Z
?'l - t—V
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Having found these, the constitutive equation for plane strain, then becomes
[ ~
€¢ u-y) —¥ ° g3

-

, R24
£} = T -y =) 0 Y%
2‘(% 0 0 | rz—

s

or, inverting, we have
6z Y G~) Y 0 T [Ee
6, | = 0
Fl T e | Y () &‘
Tey 0 0 G- )| Y

which is the elastic comstitutive equation for plane strain with viscous
coefficient 1{ replacing material modulus E. With this correspondance now
known, we see that an elastic finite element analysis computer program may
be used to evaluate steady-state viscoelastic settlement.

In following sections, data from a snow settlement experiment is
analyzed numerically. The computer program used to model the settlement
problem is a finite element code which can be used to analyze linear

orthotropic planar elasticity (LOPE} problems,

DESCRIPTION OF SETTLEMENT EXPERIMENT AND DATA

During the winter of 1970- 71 a horizontal, naturally occurring snow-
pack was monitored on a daily basis for layer geometry, density, temperature,
water content, and crystalographic type, as well as atmospheric conditions,
by Nakamura and Kemmotsu. Reporting of part of the results of this study,
on the overall settlement viscosity, is by Nakamura and Kemmotsu (1971).

Data used in the present study is inpreparation for publication, and any
inquiry concerning the data should be directed to the authors above. The
experiment was carried out in Nagaoka City at the Institute of Snow and
Ice Studies, located 20km from the Sea of Japan, on the west cocast of

central Honmshu Island, Japan. In this coastal enviromment with dominant
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near freezing winter temperatures, snowpack has a strong tendency to become
equi-temperature, and for the snowpack to develop water content. This, in
fact, occurred with the experimental snowpack by March 1971, so evaluation
of settlement of the pack was carried out starting with data on 2 February
1971. Snowpack layering with its crystalographic type were tabulated for
each day; however, the data was also plotted for easy reference by Nakamura
and Kemmotsu (Figure 4). From review of this plot it is seen that data for
the month of February is defined in greater detail than what was in evidence
later in March, as the snowpack became wet, Dominant layers in the snowpack
are labeled A, B, D, C, E and F in Figure 4, which were traced for all or
a significant part of the month of February. The density of these layers,
as measured daily, is shown in Figure 5, for reference pruposes only., In
computer modeling of settlement, tabulated data was used that gives the
thickness and density of all layers in the snowpack. The tabulated data
that was used between 2 Feb. and 15 Feb, is listed in Appendix A. Estimation
of the free water content in the different layers, identiffed in Figure 4,
is given in Figure 6. Atmospheric maximum, minimum and mean temperatures
for the month of February 1971 are shown in Figure 7.

Some comments are appropriate to make on the data that has been given.
Relative to snowpack layering, layer demsity and thickness are considered
to be accurate to third place roundeff, However, the data of Figure 4
supposedly does not indicate this accuracy, as there are daily fluxuations
that show layer rises rather than settlement. But this 1s attributed to
the manner in which the data was taken. In order that each day's reading
not be subject to the previous days snowpack exposure, a2pproximately 3G cm
of snowpack was cut away from the previous days vertical face on each
succeeding day. This procedure introduces the possibility of lecal
material variations causing some data scatter which could not be avoided.
Also, each day's readings were taken between 9:00 and 11:00 am, without

information knownon the exact time each day that new snowfall occcurred,
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Figure 5 : Layer Density Variation During Feb. 1971
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g0 lines connecting the top surface data points are an approximation. Omn

? February layers A and B were already established from snowfall im January,
whereas layer D was formed fromnew snowfall. With respect to the layer
density measurements, layer E deviates from the norm shown for all other

layers, and cause for this difference is unknown.

SNOW VISCOSITY COEFFICILENT

The viscosity coefficient ’[ is defined by Shinojima (1967) in terms of

snow density and snow temperature in equation form as

1 = 3908007 [ Sl m’ﬂm}

where 1{ is in the units 1!~I-n:lay,"'cm2 snow density is F in gm-cm'3, and

T is snow temperature in °C. This explicit equatioﬁ for secondary viscosity
of a Burger body representation for snow is for short duration tests of
natural ecccurring dry snow taken from fields in Shiozawa (Nligata prefecture)
and Sappore (Hokkaido prefecture) Japan. Short duration tests were for
durations less than 30 min, during which the secondary creep rate was
estimated. Referring back to the consitutive equation between stress and

strain rate, and writingit

Oy Cy Ciz ° €

€ [ T Cyg Can 0 %

the coefficients are

. ra=y) X
Cli - C33 - (I-LV)U"'V) C‘{A' I+

Ciy= —
BT G~ (V)

Setting v=0.27, as noted previously, coefficient C;; is plotted in Figure8

using the above equation for '? , and for T=0°C as a solid line designated
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"short duration", Although not expressed in equation from, Shincjima

reports also the secondary creep coefficient measured from lomg duration

creep tests of 60 hours., From this data the "x" entries are shown in Figure 8.
The dashed line fit to these data points is satisfactory except in the low
density range, where one data point indicates possible deviation from
linearity. In computer based evaluation of settlement, use of the short
duration data gave settlement rates lower than what was observed physically.
The seemingly small shift to the dashed line, results in significantly

higher settlement rates that more closely match the experimental results.
Thus, settlement is sensitive to specification of the viscous coefficient,

but also, in the present situation, that snowpack temperature is near or at
T=0°C complicates the modeling. The Shinojima coefficients are for dry snow,
The experimental results on settlement were obtained with snowpack that had water
content, which increased during the month. At what fraction of water content
snow ceases to be dry and becomes wet is not known. Thus, it is not known
quantitatively when the Shinojima coefficients are applicable, and when not
applicable, except in the actual computer modeling. However, in the experi-
mental work measurement of water content was difficult, and data was not
obtained for all layers for each day. Thus, it is not possible to correlate
viscosity with water content from this study, except in a qualitative sense.
Thus, this modeling, in one respect, is carried out to assess the applica-
bility of the Shinojima viscosity data tc the snowpack settlement problem

under typical wmid-winter conditiens.

COMPUTER ANALYSIS OF SETTLEMENT

The finite element modeling of the snowpack was a one-to~one matching
of the experimental data, taken from the tabulated listings. For example,
the finite element representation of the snowpack on 4 Feb. 1971 is shown
in Figure 9, which can be compared directly with the 4 Feb. data sheet in

Appendix A. The model is made up of 15 elements, using 32 gridpoints.
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The elevation of each set of gridpoints is shown, and within each element
the layer density is given. Thus for element #1, the gridpoints are 3, 1,
2, 4, and the layer density is o =0,320gm.cn”3, Based upon this density,
viscous coefficient C;; can be read from Figure B, and the other constitutive
coefficients C;3, C33 and Cyy then computed. These coefficients are then the
constitutive representation of the snow in the first layer. This procedure
is followed in order to define like quantities for all layers. Based upon
these material descriptions, and inputting the gravitational constant g, the
settlement of each gridpoint per day is computed, as well as the stresses
in each finite element, which equal the weight of snow above each finite
element centroid to the top surface.

At each new day for which density and elevation data was taken
{Appendix A) a new finite element representation of the slab was set up,
gnd layer displacements computeé over that 24 hour peried. These dis-
placements were then added to the total of the previcus days displacements
in order to determine the layer elevation for each day. By this procedure
it is evident that any error made for any reason on one day affected the
total displacement of all following days. Particular difficulty of this
nature was experienced in startup calculations on the new layers that
deposited during February. These were layers D, C, E and F, which initially
deposited with low snow densities less than 0.100gm-em™3. By means of the
computer study it became evident that coefficients read from the stralght-
line approximation of the Shinojima data in Figure 8 did not fit the settlement
rates observed in new layers over a period of time of about 2 days. Whether
this is due to low density shift of the viscosity coefficient approximation in
Figure 8, or to instability in new-fallen snow could not be distinguished in
this evaluation, However, after determining that the initial densification
of new layers could not be modeled, a time delay of 2 days was imposed upen
each layer prior to account taken of that layer settlement. However, since
layers A and B were deposited prior to 2 Feb., 1971, their sertlement was

computed starting on — 168 —
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2 Feb. For the other layers their computational starting dates were
layer D —> 4 Feb,
layer C —» & Feb.
layer E —>» 7 Feb,
layer F —> 10Feb.
The computed results on elevation of each layer for each day are

tabulated in Appendix B, and are plotted in Figure 10,

RESULTS OF COMPUTER STUDY OF SNOWPACK SETTLEMENT

The results of the computer study on evaluation of settlement of
horizontal snowpack, with comparison to experimental data, is shown in
Figure 10. All discussion that follows is in reference to the data presented
in Figure l1Q0unless noted otherwise.

One basic question that prompted this analysis 1s whether the Shinojima
long duration viscosity versus density data can be applied to snowpack
settlement, and the answer is a qualified affirmative, In general com-
parison between computed and experimental layer settlewent, agreement
within 10% error is obtained, which is indicative of precise data compilation
relative to the experimental measurements. Recognizing that small pertur-
bations in measurements can produce a propagating error in correspondance
between computed and measured layer elevation, this error, however, should
have only secondary effect on rate of settlement. Rate of settlement pertains
to the slope of the layer elevation lines in Figure 10, which show general
agreement from the start of the settlement calculation on 2 Feb. up to the
curved dashed line, Thus, the density-viscosity relationship reflected in
the Shinojima data is verified in the settlement results, at least over a
part of the total settlement profile. The curved dashed line in Figure 10
separates an initial region of general rate correspondance, and a later

region in which the experimental rates of settlement show significant
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acceleration compared to the computer predicted results. This is attributed
to two processes going on within the snowpack, both processes relating to
the free water content within the pack. For layers A and B and the lower
part of layer D, latent heat from the ground surface is apparently causing
increase in free water content. This reaches some threshold level during

9 Feb. that causes the rate of settlement to increase at a time when the
density of these layers is increasing and settlement rate should decrease,
as is shown by the computer results. That free water content is Increasing
during this time is shown for layer D in Figure 6, and if a threshold value
of free water content is selected it would be between 4 and 5%.

The same type of divergence in computed versus experimental settlement
rates is seen also for layers C and E approximately 4 days later, and is
apparently the time when the entire snowpack goes isothermal with incres-
ing water content. It is at this time that a general warming trend occurred
atmospherically, as noted by the temperature profile in Figure 7. This trend
apparently continues, where by 23 Feb. recognition of layering in the snow-
pack is generally obscured (Figure 4).

As noted with regard to density in Figure 5, layer E shows anomalous
characteristics from all other layers. Relative to the computer study,
layer E settles at a higher rate than what is predicted, based upon dry-snow
density, which suggests that this layer had a free water content above the
threshold value., Evidence of this is also found in the experimental data,
Referring to Figure 7, it is seen that the mean atmospheric temperature be-
tween 3 and 53 Feb. rose above freezing, and that during this time laver E
deposited. This is in evidence also in Figure 7 where free water content
in layer E is at a relatively large value near 5% very soonm after initial
deposition. Thus, the indication is that layer E at the time of or secon after
deposition, acquired sufficient water content that application of the Shinojima
dry-snow viscous coefficients is not approplate.

A conclusion evident from this study is that analysis of creep and
— 171 =
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settlement of snow is feasible, Lf the material description is sufficiently
defined. For the wet snow conditions prevalent im Japan, analysis depends
upon the following:

1. Measurement of the free water content in snowpack for which an

analysis is te be carried out, and

2. Experimental measurement of the viscosity-free water content

relationship for wet snow of different densities. This would
supplement the dry-snow data of Shinojima which has been shown to
be applicable to snow of sufficiently low water content, which,
however, at the present time is not quantitatively known.

A second conclusion from this investigation is that the Shinojima
dry-snow, long-duratien viscosity coefficients for low-density snow do not
model the settlement of newly fallen snow. The lowest density snow ‘that
is indicated in the Shinojima reporting, for which viscosity was measured,
is p=0.112 gm-cm‘a. However, this snow was probably a sintered, partially
metamorphosed type that is not characteristic.of newly fallen snow.

Allowing a 2 day initial consolidaticn of newly-fallen snow, at least in

the Niigata locale, is sufficient time after which the Shinojima coefficients
can be used. Lack of data on settlement of newly fallen snow is not con-—
sidered as serious a matter as viscosity of wet snow,

Finally, it is well to point out that in order to ocbtain accurate
computer results, that layer identification, particularily of the lower
density layers, is extremely important. The experimental data taken for
this settlement study was very complete, with attention given to the details
of layer identification, thickness and elevation. Unless data of this
detail is taken, it is unlikely that good analytic results can be obtained.
Thus, in each settlement or creep problem, it is necessary to decide to what
extent data measurements are to be taken, particularily, relative to whether
or not analysis is to be part of the total evaluation., Computer based

finite element analysis is becoming increasing useful as one means of
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experimentation, as this methodology yields relatively fast, inexpensive
results, compared to physical experimentation, when correctly applied to

complex problems.
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AFPENDIX A

EXPERIMENTAL DATA : 2 FEB 1971
THROUGH 15 FEB 1971
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APPENDIX B : ELEVATION AND ELEVATION CHANGE OF EACH LAYER
INTERFACE FROM 2 FEB 1971 TO 15 FEB 1971,

Ap By, By Dy, Dy CL Cy Ep Ey Fy, Fy
2 11z2.0 19.0 21.0 26.0
2-3-0.6 -1.5 -l1.8 -2.3
3 1114 17.53 1%.2 23.7
3-4|-0.6 -0.9 -1.1 -1l.4
4 [10.8 16.6 18,1 22.3 25.5 44.5
4-5|-0.2 -0.7 -0.7 -0.9 -1.0 -3.7
5 | 10.6 15.9 17.4 21.4 24.5 40.8
5-6(-0.3 -0.5 -0.6 -0.8 -1.0 -3.6
6 | 10.3 15.4 16.8 20.6 23.5 37.2 43.0 47.0
6-7|-0.4 -0.,6 -0.6 -0.8 -1.0 -3.1 -3.3 -3.9
7 9.9 14.8 16.2 19.8 22.5 34.1 39.7 43.1 46.0 53.0
7-8)-0.4 -0.6 -0.6 -0,8 ~1.0 -2,5 -3,2 -3,3 -3.9 -4.3
8 9.5 1l4.2 15.6 19.¢ 21.5 31.6 36.5 39.8 42.1 50.7
g-91-0.4 -0.5 -0.5 -0.6 -0.7 -1.6 -2.0 -2.1 =-2.2 =-2.4
9 $.1 13.7 15.1 18.4 20.8 30.C 34.5 37.7 39.9 48.3
$-10|-0.3 -0.3 -0.3 -0.5 -0.6 ~-1.4 -1.7 -1.% -2.0 -2.2
10 §.8 13.4 14.8 17.9 20,2 28,6 32.8 35.8 37.9 46.1 48.0 62,0
1p-11|-0.1 -0.3 -0.4 -0.4 -0.5 -1.2 -I.4 ~-1.5 =-1.6 ~-1l.7 -1.8 -3.6
11 8.7 13.1 4.4 17.5 19.7 27.4 3L.4 34.3 36.3 444 46.2 58.4
i1-12 {-¢.1 -0.3 -0.4 =-0.4 -0.5 -1.1 -1.4 <-l.,&4 ~-L.,6 -1.7 =-1.8 -3.3
12 8.6 12.8 14.0 17.1 19.2 26.3 30.0 32.9 34.7 42.7 44.4 55.1
12-13 | ~¢.1 -0.3 -0.3 -0.4 ~0.5 -1.0 ~1.1 -1.2 -1.2 -1.4 -1.4 -2.4
13 8.5 12.5 13.7 16.7 18.7 25.3 28.9 31.7 33.5 4L.3 43,0 52.7
13-14 {-0.1 -0.1 -0.1 -0.2 -0.2 -0.4 -0.5 -0.5 -0.6 -0.7 -0.9 ~-1.8
14 8.4 12.4 13.6 16.5 1B.5 24.9 28.4 31.2 32.9 40.6 42.1 350.9
14-15|-0.1 -0.1 -0.,1 -0.2 -0.2 -0.4 -0.4 -0.5 -0.5 -0.7 -0.8 -lL.6
15 8.3 12,3 13.5 16.3 18,3 24.5 28.0 30,7 232.4 39,9 41.3 49.3

(Manuscript prepared October 1983, Manuscript received February 13, 1984)
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