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COMPUTER PROGRAMS TOR AVALANCHE RUNOUT PREDICTION

by
THEODORE E. LANG

SHINJO BRANCH, NATIONAL RESEARCH CENTER FOR DISASTER PREVENTION

SHINJO, YAMAGATA-KEN, JAPAN 996

ABSTRACT

This report summarizes the function and application of three computer programs,
made operational on the Shinjo Branch computer system, for use in analysis of snow
avalanche runout. 1In the use of fluid mechanics principles to model snow flow, two
of the codes are based upon equilibrium hydrodynamic equations, while a third in-
corporates transient, viscous effects in a two-dimensional incompressible boundary
layer formulation. Of the two hydredynamic kased codes, one which was previously
developed, has constant frictional and viscous material coefficients that vary
significantly with different avalanche types, which makes it difficult to apply,
except by experienced persons. The second code, developed at Shinjo Branch, brings
in a flow depth dependence and a material locking property in definition of the
material coefficients, which reduces significantly the range on the coefficient
values for different avalanche types. Listing of each code is included in this
reporting, as is the format and order in input data preparation. Comparison of
predicted velocity profiles and runout distances from each code is made for one
avalanche path (Ironton Park, Colerade USA). While velocity profiles are different

for each code, runout distance can be matched by selective choice of parameters.
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Introduction

In this report is summarized the results of an investigation having

the following dual purposes:

1.

To make operational on the Shinjo Branch computer, certain codes
that are used in analysis of snow avalanche runout.

To develop and checkout a modified version of a computer code,
that is based upon equilibrium flow dynamics, but incorporates

recent developments in the mechaniecz of avalanche flow.

The codes that have been made operatiomal on the Shinjo Branch

computer (Melcom 70 Computer System) are:

1.

Program AVALNCH — This program models the two-dimensional
transient flow of a viscous fluid. The code has been used to
analyze numerous avalanche paths and different avalanche types.
The code was developed by imposing restrictive conditiomns,

unique to avalanche dynamics, upon a general purpose fluids

code. The general purpose code can be used for a wide range of
transient viscous fluid problems, including impact dynamics.

Two versions of program AVALNCH are considered in this reporting.
One version, operational since 1978, uses a so called “fast-stop"
opticn to model the slow-down of avalanches at low-speed ter-
minal flow. This modeling is necessary because of thixotropic
character of flowing snow, which has a tendency to lockup as
the flow speed reduces to a stop condition. The fast-stop
algorithm is an empirical representation of the locking property.
A modified version of AVALNCH, which incorporates a bivlscous
modeling of snow, is reported also. The program was developed
during the course of this reported work. The biviscous repre-
sentation of snow, approaching the Bingham fluid idealization

of a locking material,is & more physically based approximatien

-_——



Computer Programs for Avalanche Runout Prediction—Lang

of the snow locking property than fast-stop. Both versions of
program AVALNCH use two parameters to represent the fluid state
‘of flowing snow.

2. Program ACCEL -— This program, developed by Cheng and Perla
(1979), is based upon an equilibrium viscous fluid modeling of
avalanching snow. The program uses hydrodynamic equations of two-
dimensional flow, in which two parameters relating to surface
friction and viscous drag are selected for an avalanche analysis.

3., Program BIEQ — This program, developed during the course of
this work, is based upon the fluid dynamics of viscous equilib-
rium flow. It is a modification of program ACCEL in which
recent mechanics principles of avalanching snow are incorporated,
at least to some degree of approximation. The program incorpo~
rates a two-parameter material representation, but also accounta
for material locking, explicitely.

In the following reporting of these computer codes, some details on

the use of the codes are given, as well as results of analysis of
avalanching snow. Program results are compared, and conclusions drawm

from these comparisons.



Research Notes of the NRCDP, No.58, March 1984

COMPUTER PROGRAM AVALNCH

Computer program AVALNCH is a specialized version of & general
purpoée program called SOLA-SURF, which was developed by Hirt, Nichols
and Romero (1975) at Los Alamos Scientific Laboratories. Program SOLA-
SURF models the 2 dimensional transient flow of an incompressible
viscous fluid which may have a free surface. The programs are based
upon numerical integration, using finite difference methodology, of the

2 dimensional equations of motion of a viscous fluid. The equations are

S o, au du L g - 1 2% :
'a¥.+u'3>‘-+va-3 T r3x+vvw
34 T
v w Y. -4 £ VIV
a§+u‘3¥.+ a" ﬁ: ra-a,
where . &t e

V=;;|,+';;:.
In addition to these equations, the equation of comservation of mass,

namely

AL SR

% |
also enters the computations. Computations are carried out in two
steps within the computer code. At each cycle (CYCLE) the fluid is
advanced in the grid, based upon the gravitational driving force and
the frictional drag force acting on each cell that contains fluid.
Following this calculation, the fluid is redistributed by ome or more
iterations (ITER) in order that the total mass of material not change
within a specified limit of accuraecy. At the start of each cycle Egs
(1) are solved, whereas in the iterative phase simple linear equations
are used, since the change needed in order to conserve mass, is small.

Program AVALNCH has been specialized to model the flow of a snow

avalanche over an extended path by several simplifying assumptions
that significantly reduce computer running time, comparesd to that of
a general fluid modeling of the problem. The basic gsimplifications are:

1. Specialization of the avalanche flow to that of bounday layer

—_——
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flow, for which a single vertical cell is used to represent the
depth of the flow.

2‘ Repregentation of the actual avalanche path profile by a hori-

zontal grid of elements, for which slope-parallel and slope-

normal gravity components are specified.
These simplifications can be demonstrated graphically by a
sequence of diagrams (Figure 1). It is representation {¢) of Figure 1
that is used in program AVALNCH. This approximation excludes only
impulses impressed upon the flowing material as the profile slope
decreases. However, the effect of this has been shown to be negligible
for ordinary avalanche paths (Cheng, Perla, 1979). The reduction to two
cells in the vertical direction, has resulted in significant reduction
in computer running time; yet the results show accurate prediction of
avalanche speeds and runout distances along the path, 1In using only two
vertical cells, the representation of any vertical variation in the flow
parameters is excluded, so that modeling of flow depth should not be
expected to be accurate. To represent vertical effects more accurately,
additional vertical cells should be used (and may be used in program
AVALNCH), but, with the long runout distances of avalanches, the computer
cost may become excessive.

A number of avalanches have been modeled with program AVALNCH, so that
the range in the basic parameters of the code have been established (Lang,
etal., 1979), (Martinelli, etal., 1980). The two parameters are viscosity,
4, and friction coefficient,‘F. In the case of high altitude mid-winter,
strongly sintered, dry smow avalanches, as occur in the Rockies, the
values of-ﬁ and 4 that model the flow are numerically equal at'p-0.45
and 4}=0.45m23'1. For low altitude coastal wet snow avalanches, values
as high as 0.6 to 0.8 have been used. For weakly sintered dry snow

avalanches values as low as 0.4 have ylelded adequately modeled results.

—_g -
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[ TTTITTT]T
AVALANCHE HERE THE AVALANCHE PROFILE IS
SUPERIMPOSED UPON A RECTANGULAR
GRID OF CELLS - THE SETUP FOR
THE ORDINARY APPROACH TO NUMER-
ICAL FLOW PROBLEMS
(a)

AVALANCHE
F HERE IF SHOWN A GRID SETUP FOR

A BOUNDARY LAYER FLOW PROBLEM
s IN WHICH ONE GRID DIMENSION IS
1‘ LONG - BUT WITH THIS SETUP
BOUNDARY CONDITIONS ARE COMFLEX

(b)

ROW OF OVERFLOW CELLS

ROW OF ACTIVE FLOW CELLS  pppp 1 SHOWN A HORIZONTAL

GRID REPRESENTATION OF THE

9 FLOW PROBLEM. GRAVITY COMPO-
NENTS 4. AND g, ACCOUNT FOR
THE DRIVING AND CONTACT FORCES

(e) OF THE MOTION, WHICH MAY VARY

WITH FACH CELL

‘]

AVALANCHE

FIGURE 1: FLOW DOMAIN REPRESENTATIONS
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It 15 suggested that if the program is to be used in site specific

applications that test cases be run to determine the range of values

of § ana ¥,

AVALANCHE ANALYSIS USING PROGRAM AVALNCH

Several steps are involved in setting up a problem to be run with
program AVALNCH. Once an avalanche path is selected, the first step is
to draw a profile of the path using the same scale in the vertical and
horizontal directions. Generally, data from which a prefile is drawn
is taken from topographic maps of the avalanche region, A typical
profile plot of am avalanche path in Colorado (Ironton Park avalanche
path) plotted from a 1:25,000 topographic map is shown in Figure 2.

The profile may be approximated by a continuous curve as in Figure 2,

or by aseriesof straight line segments , which is computationally
easier. Having drawn the profile, the next step is to lay off a uniform
grid aleng the slope, selecting the grid dimension so that less than 200
grid lines are used along the path. In the case of Ironton Park 110 grid
lines were used, separated by 16.0m increments, By some measurement

or calculation technique the change in elevation from one end of each
10.0m element {or cell) to the other end must be determined. TFor example,
for Ironton Park the elevation change of each element was determined by
rule measurements on the profile (Table 1), Accuracy of measurement of
each element elevation change is not as important as having the total
elevation change equal that of the profile, and this should be checked
each time a profile is set up. For example, in the case of Ironten

Park the elevation changes in Table 1 could be rounded off to whole
numbers and net significantly change the velocity along the path,

provided the total elevation change remains the same.
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Table 1: Ironton Park element elevation change

ELEMENT ELEVATION CHANGE (m)

1 to 8 6.5 6.2 6.2 6.2 6.5 6.2 6.2 6.2
§ to 16 6.2 6.5 6.5 6.2 5.8 6.0 5,8 5.6
17 to 24 3.6 5.2 4.6 4.2 4,2 4.6 5.2 4.6
25 to 32 4.8 5.0 5.2 5.4 5.6 5.8 6.2 6.2
33 to 40 6.2 6.2 6.5 6.8 7.4 7.2 7.2 7.1
41 to 48 7.0 7.0 7.0 6.6 6.2 6.2 6.0 6.0
49 to 56 5.6 5,2 5.2 50 4.6 4,2 4.2 4.0
57 to 64 4.0 3.6 3.6 3.4 3.4 3,0 2.8 2.5
65 to 72 2.2 1.8 1.6 1.4 1.2 2.0 1.3 0.8
73 to 80 6.4 0.1 0.0 0.0 0.0 0.0 0.0 0.0
81 to 88 0.6 ¢.0 0.0 0.0 0.0 0.0 0.0 0.0
89 to 96 0.0 0.0 ¢.0 0.0 0.0 0.0 0.0 0.0
97 to 104 ¢.0 0.¢ 0.0 0.0 0.0 0.0 0.0 0.0
105 o 110 0.0 0.0 0.0 0.0 0.0 0.0

In the Ironton Park example there are no elements exhibiting what is
termed adverse slope, which is slope that the avalanche must climb. In
specifying adverse slope the elevation change (as in Table 1) is listed
with negative values, Having determined the elevation change for each
element of the profile, the remaining steps involve preparation of the

computer input data.

AVALNCH INPUT FORMAT

Input in the line sequence given below may be submitted either as a
data file, or as a sequence of cards depending upon user preference.

Line 1: FORMAT (40A2)

Columns 1-8Q: Title and identification information



Columns

Columns

Columns
Columns
Columns

Colyumns

Columns

Columns

Columns
Columns
Columns
Columns
Columns
Columns
Columns

Columns
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Line 2: FORMAT (2110, 5F10.0, 110)

1-10:

11-20:

21-30:
31-40:
41-50:
51-60:

61-70:
71-80:

1-10:
11-20:
21-30:
31-40:
41-50:
51-60:
61-70:
71-80:

IBAR

JBAR

DX
DY
YU
114

F
WP

number of cells in the slope=-parallel
direction: maxiumum is 200, unless
program is changed.

number of cells normal to the path;
maximum is 2, unless program is
changed.

dimension of cell aleng path (m).
dimension eof cell normal to path (m).
kinematic viscosity (m2s-1).

friction coefficient; if given zere
value here, then mest input an array
of friction coefficients for each
cell (Line 5).

avalanche flow time (s).

number of cycles between extended
printouts.

Line 3: FORMAT (8F10.0)

thickness of avalanche slab in cell #1 (m).
thickness of avalanche slab in cell #2 (m),
thickness of avalanche slab in cell #3 (m).
thickness of avalanche slab in cell #4 (m).
thickness of avalanche slab in cell #5 (m).
thickness of avalanche slab in cell #6 (m).
thickness of avalanche slab in cell #7 (m).
thickness of avalanche slab in cell #8 (m).

Must continue this listing on succeeding lines until
IBAR entries are specified, inecluding zero-thickness

cells.

Columns 1-10
Columns 11-20

Columns 21-30:
Columns 31-40:
Columns 41-50:
ns 51-60:
Columns 61-70:
Columns 71-80:

Colum

Line 4: TFORMAT (8F10.0)

: change in elevation of cell #1 (m).

: change in elevation of cell #2 (m).

change in elevation of cell #3 (m).
change in elevation of cell #4 (m).
change in elevation of cell #5 (m).
change in elevation of cell #6 (m).
change in elevation of cell #7 (m).
change in elevation of cell #8 (m).

Must continuve this listing on succeeding lines
until IBAR entries are specified.
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Line 5: FORMAT (8Fi0.0)

(This set of data is required if FK=0 on Line 2)
Columns 1-310: frietion coefficient for cell #1
Columns 11-20: friction coefficient for cell #2
Columns 21-30: friction coefficient for cell #3
Columns 31-40: friction coefficient for cell #4
Columns 41-50: friction coefficient for cell #5
Columns 51-60: friction coefficient for cell #6
Columns $1-70: friction coefficient for cell #7
Columns 71-80: friction coefficient for cell #8

Must continue this listing on succeeding lines
until IBAR entries are specified.

This completes specification of input data for program AVALNCH,
Examples cof input data, and of program output for the Ironton Park

avalanche path are published (Lang, etal. 1979).

PROGRAM AVALNCH INTERNAL LOGIC

The original developers of program SOLA-SURF (Hirt etal., 1975) have
a complete discussion on the logic of the program, which will mnot be
repeated herein. In summary, the logic is shown by a flow chart of the
program (Figure 3). Distinction between a cycle (CYCLE) and an iteration
(ITER) is indicated on the flow chart. Section 1000, which pertains to
a CYCLE, contains the complete Navier-Stohes equations., Section 3000,
which pertains to ITER, contains simplified linear equations for small
perturbation of parameters in order to achieve conservation of mass,
The boundary condition section 2000, is basically the only section
that must be changed in order to apply the programto different problem
types. For example, for impact problems, the velocities in cells that
represent a barrier must be zeroed in section 2000. However, if forces
on a barrier are tc be computed, then equations for this should be
placed in section 4280 just prior to outputing data for the current

CYCLE. 1In the case of impact problems it is also necessary to work
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with more rectangular arrays, than with AVALNCH, in order to account
for vertical variations in the flow. To specify a more Tectangular
arrﬁy, not only mest IBAR and JBAR be changed, but also the array
specifications in the COMMON block at the start of the program must be
changed. Application of program AVALNCH (in modified form) to impact
analysis is reported by Lang and Brown, 1980. A listiqg of program
AVALNCH that operates on a MELCOM 70 Computer System (Mitsubishi
Electric, Japan) is given in Table 2.

Program AVALNCH has been used to model not only snow avalanches,
but algo other natural phenomona that involve transient fluid dynamics,
For example, the mud flows associated with the 1980 eruption of Mt. St,
Helens have been evaluated using the program (Lang, Dent, 1983). Also,
& large volume rockslide that occurred in southwesterm Montana following
an earthquake in 1959, has been successfully modeled (Trunk, Dent, Lang,

1983).
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TABLE 2: Listing of Program AVALNCH for operation on
a MELCOM 70 Computer System,

' 1. z 3 . 4 S & 7
LINE. 12345678701 2345478701 2345478701 2345467390 1 23454678901 2345473901 23454673901

c * * " #  PROGRAM AVALNCH  * L b *

o DIMENSION _LI(Z0O2,8),¥ (202, 4) UNL202,4)  VN(202:4) ,P (202, 8)s .
TH(Z0Z) s HN{Z02) , FRIZ0Z2) - IT(202) , GX (2Z02) , GY (202) - NAME (40} ‘
READ{(7,1) NAME e
WRITE (&2}
WRITE (4.3 NAME

{
E

W bW~

c " * " # READ INITIAL DATA = L] L *
e ® i ee.... READ{7.19) 1BAR.JBAR, DX, DY, YU, FK, TF. NP _ VP
WRITE (4.5 IBAR,JEAR,DX,0Y. YL, FK.TF NP

1 FORMAT (40A2) . _ .

2 FORMAT (1H1}

I FORMAT (35X, 40A2)

4 FORMAT (2F10.0)

L% FORMAT(IM 11X, " IBAR=",14,2X, " JBAR=", 132X, "DX="F4. 2. 2X; JOY=" .,

IFS5. 2, 2X."YU=",F4.2,2X, 'FK=" - F4. 2, 2X, " TF=",F5.0, 2X, "NF=", I 4}
FORMAT (1HO, 35X, *FLOW HEIGHT®) . . . -
FORMAT (8F10.3)

FORMAT (1HG, 25X, * ELEVATION CHANGE FOR EACH CELL’) |
FORMAT (140, 25X, *ROUNDARY FRICTION COEFFICIENTS”)

P
{-mu&ufwnnom

3

|

E

i

\

.

SO N

L2010 FORMAT{1MO. 25X, SLOFE-PARALLEL BRAVITY .COMPONENTS™). oo .
21 11 FORMAT (1HO, 25X, * SLOFE-NORMAL GRAVITY COMPONENTS ) :
22 _ 12 FIIRMAT (tHO, 30X, ’END OF INPUT DATA®) i
23 13 FORMAT (2X.'CYCLE=’ - 14, 2%, * ITER=’ » 13, 2X, "DELT=", IPEY. 2, 2+ ;
24 LT TIME=" ,EF, 2, 2%, *FYOL=" ,ET. 2, 2X, "UMAX=",E7. 2, 2X. "UEDG=", i
2= 2E9.2Z, 2%, ' LEEG=", I3)

26 . LA _FORMAT{EX, 117X 278X, T E3X, VL LB TP L IEX TH N

27 17SUR CELL')?

25 1S FORMAT (4%, 13.5%, 13, 4(4X, IFE10.3) . &X, 12} ;

2% 16 FORMAT (SX, 7 FROBLEM RUNNING TIME EXCEEDED-CALCULATIONS STOFFED®) |

30 17 FORMAT (SX, ' AVALANCHE AT END OF GRID-CALTULATIONS TERMINATELD® ) }

51 15 FORMAT (5X. *FLOW VELOCITY NEGLIGIBLE-CALCULATIONS TERMINATED®) !
_ B2 .. 17 FORMATAZII0.SFIGLO, D20 L. e et e e

33 C % % SET PARAMETERS * %

34 IMAX=TBAR+2

3S JMAX=IBAR+

348 ROX=1,0/0X%

37 ROYY=1, /DY

33 . IMI=IBAR+1_ . . . e

35 JM1=JERAR+1

4G DM=DY /100,

41 O7T=1,0

4z T=0.0

43 FLLG=0.0

44 o MEWSI=0.0 s e

45 AE=1.0 i

a5 NE=0

a7 ITER=0

43 IND=0

49 LDES=D

S0 ... . GERE0L. e



LINE.
51

52 Ll

53
54
55
84
57
]
59
&0
&1
&2
&3
&4
&%
-2
&7
&5
&y
70
71
72
72
74
79
-2
77
72
79
30
&1
a2
83
34
&5
=2
a7
&l
29
g0
?1
3z

w3

“oe

100

1 oo .
23454675901 23456783901234567290G1 234546789
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2 3 4. .

OMGE=1.7

ALPHA=OD. 1

BAMMA=0Q, 1

DZRO=1,0Q
BETA=0OME/ (2. #DT+ (ROX##2+ROYuk2) )
IF(NF.ER. 1) ICP=Z

D0 100 I=1.IMAK o e

H{I)=0.0
KN(I}=0,¢Q
FR(I)=0.0

JT (1) =0
GX(I)=0.0

BY (I =0.0 e
Do 100 J=1,JMAX
Uil J1=Q.Q
VI, 1 =0.0
UN(I.J) =00
VN(I,J)=0D,0

P =000 o e

100 CONTINUE

e}

L AR0_CONTINGE

#  w W % GPECIAL INPUT DATA * % » &

* * FLOW HMEIGHT * .
READ(7.4) (H{I),I=2.1M1}

CHRITE e &) o o e e e e e e e
WRITE (&, 7) (H(I), I=2.IM1}

* *  ELEVATION CHANGE FUOR EACH CELL *
READ(7,4) (HN{I}. =2, IM1)
WRITE (&£, 8) -
WRITE (6.7) (HN(I),I=2,IM1)

IF(FK.GT.0.0) GO TO 120
READ(7:4) {FR(I},1=2.IM1}
GO TO 130

120 DD 125 I=2.IM1

125 FR(I) =FK

WRITE (&,9)
WRITE (&:7) (FR{I),I=2,IM1)

* *  GRAVITY COMPONENTE # *
DA 150 I=2.1IMl
SI=HN(I) /DX
CO=50RT (1.0~-ST+z1) .
GX(I)=Ews]

150 BY (1) =-G+C10

WRITE (4. 1)
WRITE (4.7 (GX (1), I=2,1M1)
WRITE(&-11)

CWRITE (L, 7) (BY (1), 1=2,IML)

—-- ERSI=.00L _ _ . ————

e ¥ _FRICTION COEFFICIENYS .o

& . — 7

. |- R
0123456789012345678?01234567390#
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1 2 3 4 1 & 7
LINE. . 12345470901 23454678701 2345673701 2245478701 2F4TLTEFOI 2845678701 2345478901
101 C # % END OF INPUT DATA = =
102 .. . _ .. WRITE(&,12) ____ . ._ e e
103 ¢ % % SET CELL NUMBER OF FLOW HEIGHT &  # 1
104 oo 24¢ I=2,1IM1
105 JT(I)=INT(H (I} #RDY+0. 001) +2
108 IF¢JT(I) BT IML) IT(I)=IM1
107 240 HN(I)=0,0
_es o HOEH R e e - ey
109 H{IMAX)=H(IML)
110 AT (1) =JT (2
111 JTCIMAX)=JT (1ML} ‘
112 G % % CALCULATE HYDRDSTATIC PRESSURE + % '
113 oo 28Q I=2,1M1 f
114, ... JT1=JT(I} _ e e et e [
115 DO 280 J=2,JTI
114 230 F(I,Jr==GY (1w (H(D) - (FLOAT G -1, 5 +DY)
117 TEIGEN 4280 TO KRET '
112 3 TO 2000
11% C * » START CYCLE OF COMPUTATIONS = =
t20. 1000 CONTINUE . . .o e - - I
121 ITER=0 :
122 FLG=1,0
123 ASSIIEN 3000 TO KRET !
124 ¢ % % COMPUTE TEMFPORARY U AND v VELOCITIES * % !
125 DO 1100 I=2. 1M1 |
126 o JTL=3T(I) o o
127 o0 1100 J=2,JdT1 !
128 FLUX=( (UNCT-J)+UNCT+1, 30 ¥ CUNCT . T3 +UN (141, 33 ) +ALPHA+ARS (UN (1,3} !
129 THUNCI+1, ) e (LINCI Ty =UNCI+1-00 3= (UNET—1 J)HUNCT - J) D (UNCT =1, 3) ‘
130 2+UNCIS.0) ) —ALPHAABS (UN (I-1,J)+UNCI, 1)) # (UN(I-1, J7=UNCT..J00) / (4 !
131 3. 0%DX) f
132 o FUYSC NI, I AN+, T I IN T, ) N (T J+1) ) HALFPHARABRS (UN (T J)
133 THUNCT+1, 3 3 (UNCT-J) ~LINCI- J+1) P —4WUNET - J-10+UNCE+L J=1) b {LINCT, |
134 23-12+UN(T, 31 ) —ALPHARAES (UNL, J=1) +WN (T4 1-.J-1) b (LN (T, J- 1) —UNCT
135 32 J) 1/ (4, DY) I
134 FUX=COINCE T +UM{T o 0410 bk (UNCT, D) +UN(I41,.5) ) +ALFHA+ABS (N (I, J) i
137 T+UNCT- T2 ) miUN (L) ~WN(T+1. T3 = (NI -1, Iy +UN (T =1, J+1) b (UN(I- {
13 21,3V VNI ) ~ALPHARABS (UN(T=1. J0+UNCT=1, J+1) )% (VN (I=-1, I -VNCT !
13% 3,00 1/ (4, 0RDX)
140 FyuYz ((UN (T I +VN (T, J+1) ) (UN (T, T +UNCTs 3+1) 1 +ALPHA+ARS (VN(I, )
141 THUNCT, J+10 D (WN (T T =N T JH 1) I = (WN (T J=1 ) +YN T T2 ) (VNI - I~1)
142 ZEUNCT, 3 ) =ALPHAFABS (WVNCT, J—1) +YN(T, D) ) (VN (T J=1) -WN(I.J)) ) /(4
143 3. 0kDIY)
144 L WISX=YUs (UNCIHE, T =R eUNCT ) +UN (L g o J) ) /DK OUNGT 2 J+1 =20 %
145 TUNCT, Ty +UNCTJ=1) 3 DY)
144 VISYsYU ((UNCTHE,J) =2 00WNETL D) +VNGT=1, J1 ) /DX + (YN (T J+1) =2, %Y
147 IN(T.J) +WN{T.J-10) /DY)
148 UCT e =0NCT I +0T* (P (1, ) =P {I+1+J} ) #ROX+EX (1) —FUX-FLY+VIEX)
145 1100 V(I Jy=UNIT D3 +DT# ((F (1,00 -F{I.J+1)) #ROY+EY (1) -FYX-FVY+VI3Y)
150 o o #  SET BOUNDARY CONDOITIONS @ * _*
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1 2 3 3 5 6 B
LINE. 12345475901 2345678901 2345675901 2345675701 2345673901 2245678501 2345678901
151 2000 CONT INUE l
182 o HNtLImHNG2) S o .
153 HN € TMAX) =HN (TM1)
154 T =aT(2)
155 JT (IMAKY =IT (IM1)
154 T % % LEFT WALL RIGID AND SLIF FREE * & !
157 L % % RIGHT WALL CONTINUGUS OUTFLOW =+ :
158 DO Z200 J=Ls IMAX oo e
15¢ Ut Jh=0,0
160 VL )=z, B
161 IF(ITER.GT.0) GO TO 2500
162 U(IML,J) =UCIBAR. 3)
163 2200 VIMAX. J)=V (IML.J)
&8 G % % _TOP WALL CONTINOOUS QUTFLOW . w_ %
145 & % % BOUTTOM WALL RIGID WITH FRICTION #
166 D 2S00 I=1, [MAX
167 IF(ITER.T.0} GO TO 2400
163 VI, JM1) =V (1. JBAR) -
16% UL, JMAXY=U (T, JM1)
170 . . .. 2400 V(I.LI=0.0 . e e o
171 2S00 LI, 13=UCT, 2% {1, 0-2, O+FR(1})
172 C + = FREE SURFACE BOUNDARY CONDITIONS *
173 DO 2700 1=2,IM1
174 JT1=JT¢(D) . B
175 IF(IT(I+1) LT ITCIY) UL, JT1) =0 (L. IT1=1) ‘.
176 o VUILJTLY =Y (1, IT1-1) ~DY#RDX# (U (1, T - 0E=1, 374y ..o ok
177 2700 U(1.JT1+1)=U(1,JT1) '
178 B9 TO KRET, (3000, 4280) |
17% 3000 CONT INLE
180 C % % CHECK FOR CONVERGENCE # |
181 IF(FLE,E@.0.) GO TO 4000 £
182 . L ITERSITER™L ol e e b
183 IFC(ITER.LT.SQ0) GO TO 30S0 : ;
184 T=1.£+10 X
155 E0 T 4000 -
124 3050 FLGE=O, 0 )
187 C % % COMPUTE UPDATED CELL PREZSURE AND VELOGITIES #  # .
- T - L - e
187 o0 Fm00 I=2, 1M1
190 IT1=JTL(D)
191 BA 3500 J=2,JTt
192 IF(JT1,EQ,JEL) GO TO 3040
193 IF G1.NE, JF1,A8ND.J.NE.JTL) B0 TO 2300
194 . _IFGIL.ER.JTL)_ G0 TO 3100 .
195 GO OTO 300
196 FO40 CONTINLE
197 F=V (1..3) +DYHROX* (U (T 31 =10 ¢I-1,.0))
198 DFCP=DT#ROYH {1, D+2, QDY wRDX 42 )
19 DF 1=—~F /BF DR
200 L F100 ETA=DY/ (HN (I3 = (FLOAT CIT1) =2, 55 DY)



LINE.
201

.02

203
204
205
2086
207
e 208
209
210
211
212
213

214

215
21¢
217
z21e
219
220
221
222
223
224
22%
22¢
227
223
229
230
231
232
233
234
233
234
237
. 238
237
249
241
242
243
244
245
244
247
248
249
2540
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1 2 3 4 S & 7
123456789012340475890123454LTE8F01 23454672901 2343478901 2345478901 234546789014

DP=(1,0-ETA}#P (1,dT1-1) -P (1, JT1)

e GO T 3300 - e e

3200 DEROK# (U], 31U (I-1.33) 4R0Y#(V (1, 0) -V (Isd—17)
IF (AES (D/DIRD) . RGE.EFSI) FLG=1.0
DP=-BETA*D
FAOQ P (I, J) =P (I,J)+DP :
LI, Jy=li(I,J) +DT*ROX*DP .
e I ST, N -DTHRDX*DP _
V(I.J)=V(1,J) +DT*RODY*DP
3500 V(I,J-12=V(I,J=1) -DT+ROY+DP
80 TO 2000
4000 CONTINUE
£ % o CAOMPUTE NEW POSITION OF TOF SURFACE # %

- 00 4100 =2, IMl i C et e e e e,

JT1=aT(I)
HY=RDY+ (HN (I} ~FLOAT (JT1-2) w0
LIAV=0, S+ (U (I-1,JTL)+L(I.ITL) )
HOIY=HN(I) #FVL/FY+DTH IRV (T IT L+ (1. O=H)
1+ (E, JT1-1) =0, S*ROX+ (UAVHHN ( 1+ 1) +5AMMA%ABS (Jav)
ZH(HN (I} =HN (I+1) ) =LIAV*HN (I —-1) ~BAMMAABRS (UAV) . ... . .
Fx(HN(I=1)—HN(I}}) )
4100 CONTINUE
C * *  CALCULATE CELL IN WHICH SURFACE IS LOCATED * *
c * *  AND UFPDATE ARRAY ">
DO 4230 =2, IM1
AFHOE) LT .OMY H(I)=0,0
JTCII=INT(HC(I) *ROY+Q, Q01 ) +2
IFGIT(IY.BT.IMI) IT(I)=JM1
4250 CONTINUE
ASSIGN 4280 TO KRET
G0 Ta 2000
4280 CONTINUE . e ——— e e e e
C * % CALCULATE TOTAL FLUID VOLUME -
Fv=0.0
DO 4300 I=2,IMt
4300 FY=FV+H(I)+DX
IF(NC E&L. &) FVi=FV
R = FIND LEADING AND. _TRAILING EDGES OF AVALANCHE  # %
LDEul LDEG
I=1BAR
4400 IF(H{IY.ET.DM) 50 TO 4T00
I=1-1
GO TO 4400
4500 LDES=I _
1=2
4400 IF(H(I).GT.DM) GO TO 4700
I=I+1
GO TO 4400
4700 KTES=I

Lo w COMPUTE LEADRING EDESE VELOZITY .+ | = . e e




Computer Programs for Avalanche Runout Pred_ic“tipr_u_“—”Lang

1 2 3 4 L] & -7

LINE, i2045678?01”34?673?01”34J67590123456?3?012345&78?012345678?01”345673901

251 IF{LDEG. EQ. LDEGi) G0 TD 4800

232 . - L IFCNC.ET.O) UEDG=DXATC e

253 IF(NC.ER. O UEDG=3.0

254 TC=0T

255 INFLO=1

258 IFC(UEDE, GT.UEDSL) LIEDG1=UEDS

257 GO TQ 4210

253 4800 TC=TC+DT. . . O — - . e e e i ——

259 INFLO=INFLO+
260 c * + ADVANCE LLV,H ARRAYS * *
2461 4910 UM=0.0
2462 VM=0, 0
2463 DO 4900 I=1.]IMAX
244 . o OO AS00 J=1.IMAX_ . .. __ _ R _ _ - e
245 UA=ARS (LI I}
264 VA=ABSIV I T}
247 FA=ABS(P(I.J)}
248 IFC(LA,GT, L QE+04) UL, ) =0.0
269 UNIT, Jy=UT, 33
27¢ .. .. CIFIVALGTLLLOE+04) ML, Ji=0.0 ... .. .. ... . e e e ey
271 YNITI. 2 =9l J) .
272 IF(PA.LT.1.0E-14) P(I.J)=0.0
273 45900 HNI{T)=H(I)
274 Do 4950 l=KTES.LDEG
275 00 4950 J=2.JM1
276 . UT=ABS (UNCI,-J}). ... ... . ... . . PR e m e
277 VWT=ABS(VN(I, J})
273 IF(UT.3T.UM) UM=UT
279 4950 IF (VT.6T. VM) VM=VT
280 C #* *  LIST VELOZITY.PRESSURE, AND SURFACE POSITION = #
281 SO00 WRITE{&-13INC, ITER.DT-T.FV. UM, UEDS, LDEG
282 o L JF(NCLER, ICR) . G0 T SATQ e e e e e e e e !
283 GO TO 4000
224 SO30 ICP=ICF+NP
225 SO CONTINUE
284 WRITE (4> 14)
287 LD S250 I=I1.IMAX
223 i o . ) o o
289
2%0 DO 5230 J=1.JT2
291 WRITE(&4: 15101 ) -VII- D) P (I-0)-H(I)-JTS
292 S2T0 CONTINUE
2%3 GO TO (&Q0Q0, AT20, 6530 £540) , TRD
294 ooox RECOMPUTE CONTROL FAREMETERS =+ * . SR
293 L&OO0 IF SERCDY GOOTQ AFQ0
294 DTX=D0X/LiM
297 OTY=D0Y/VH
293 DT=AMINI(DTX.DTY) /3.0
299 IF(ITER.LT. 1) DT=1.5+D7T
0 . YuUl=Y=1,QE-0&



LINE.

301

A2 .

303
304
20%
304
307

3082

309
I
F11
31z
313

314

315
14
317
31
319
320
321
322
323
324
3Z5
324
327
328
29
330
331
332
333
334
335

12345678701 2245473701 2345678901 2343472701 25380467901 23454678901 2345678901

[
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1 2 3 4 5 & 7

IF(YLHLLT. 0.0 GO TO 6300

_ DET= (DX#DY I ww2/ (ZowYlbe (DX 2DYwb2) 0 __

IFDT.LT,DET) GO TO 4300
DT=0.94LET

&300 T=T+DT

S400 IF(T,.ET,TFI_ IND=2_

£430
6440
AE00
£m20

&SI

6540

&ADD

L

IF(NC.ERL. Q) G0 TO 4400
DAaX=UM+DT/0X
CDAYEVMHDT /DY e e - e e
ALPHA=], SS«AMAXI(DAX DAY)
IF (ALFHA.GT.1.0) ALPHA=0.?93
GAMMA=ALFHA
BETA=OME/ (2, #DT+ {ROX++Z2+ROY#42) ) .
* TEST FUR FROGRAM TERMINATION = *

IF(H{IEAR) .GT.DM} IND=3
IF(INFLO.EG.DO) IND=4
LEDGZ=0. O+UEDG]
IF(UEDS. LT.UEDS2} IND=4
IF(IND.GF. 1) GQ TO &50C

JFENC.LT.3) GO TO &480 . ...l e e em

wck PRINT  END s

AA=1 L O+20. OHEXF (1. 2EHIEDEG)
0D &430 I=2,IM1
FR(IY=FR(I)*AR/AB

AB=AA
NE=NC +1

G0 TG 1000
T=T-07

GO TQ S04C
WRITE (6,160
G0 TO &&00
WRITE (&, 17)
a0 To &&00
WRITE (&, 18}
STOF

END
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PROGRAM AVALNCH WITH BI-VISCOUS OPTION

From observations of avalanche flows it has long been recognized
that avalanches decelerate at increasing rates as they come to a stop.
Thus, disaggregated snow has the general fluid property of thixotropy,
and in order to numerically model avalanche flow it is necessary to
account for this thixotropic condition in some way. In program AVALNCH
this was accomplished by increasing the friction coefficient, ; » as the
flow slowed down. To do this it was necessary to prescribe a speed
below which the increase starts, and a rate of increase of # as the
speed continues to decrease. From observations by Schaerer (1975) on
a number of avalanches at Rodgers' Pass, Canada, a transition in the
speed range 5- 10ms~! was noted, so a transition speed of 5.0ms~! was
used in the program. No data existed from which the rate of increase
of ? with decrease in speed could be established. So numerical experi-
mentation was carried out using different rates, until the stopping
distances of severzl avalanches were matched with site measurements.

It was determined that a geometric-progression type increase in ¥ as
speed decreased below the transition speed of 5ms-! was needed. The
resulting expression for ¥ that is used in program AVALNCH is

.F x -F°(1+20e_-1 .250‘)
where 4; is the nominal high speed value of the friction coefficient.
In program AVALNCH this mechanism is referred to as the "fast-stop"
option.

Recognizing, physically, that the surface friction is unlikely te
increase in a geometric progression with decrease in speed, a more
rational expression of the fast-stop or material locking property was
saught. The physical process of fluid locking is known as the Bingham
fluld property, or that the fluid i1s a "Bingham material”. With regard

to snow, the effort to apply the Bingham material concept was twe-fold.
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One effort was to computer model small volume snow f£lows that had been
run experimentally, in order to determine the motion of decelerating
snow tDent, Lang 1982). Results from this work showed that a biviscous
rather than a Bingham representation of the snow flow best fit the
experimental data. The basiec difference between the two mechanisms is
that the Bingham fluid has infinite viscosity below the cutoff shear
stress,T:, whereas the biviscous model has finite, but larger viscosity
below the cutoff shear stress (Figure 4). In computer modeling the
contralled volume snow flows kimematic viscosities of 4 =0,002m2g-! and
V'e0. 10251 gave good correspondance between the data,

A second effort was to independently measure the cutoff shear stress,

T

, » that separates the two regions of the biviscous model. Results from

the controlled volume snow flow tests gave‘E =2,2m?s~2, Simple laboratory

T

tests on similar type snow gave corresponding values for -2 (Lang,

Dent, 1983). Although the velocities of the two types of experiments
were vastly different, the velocity gradients were of the same magnitude,
which attributes to the close correspendance between the results of the
two experiments.

From the controlled volume snow flow results we note a factor of 50
between the values of N and V’. These findings indicate that it is
the viscosity of the snow that changes value with speed, rather than
the surface friction. So the question is raised if program AVALNCH
can be modified to incorporate viscosity rather than friction change,
as the flow velocity decreases, and yet retain the flow characteristics
of snow,

To incorporate the biviscous option in program AVALNCH was a rela-
tively simple process. The friction mechanism was changed from a
partial-slip to a no-slip boundary condition at the lower boundary.

This eliminates the need to input a value for friction. In its' place
— 26—
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BINGHAM

BIVISCOUS

VELOCITY GRADIENT (""’/daa,)
FIGURE §: BINGHAM AND BIVISCOUS FLUID REPRESENTATION
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on the input statement the multiplicative factor between ﬂ)andﬁj’is
specified, and is designated XYU. The high stress viscosity 4 is input
as before, and is designated YU. The fast-stop instructions previously
used were replaced by a set of instructions that test the speed of fluid
in each cell along the avalanche path., If the cell has a velocity less
than 5ms=!, then the viscosity is set at the low stress value (XYU times
YU). If the velocity is greater than Sms-1, then the viscosity is set
at the high stress value (YU). These few changes were what were needed
to modify the code to the biviscous option. What remained was to deter-
mine the values of ¥ andfvlin order to model an avalanche flow.

To evaluate the viscosities the Ironton Park avalanche was selected,
In increasing the friction from ; =0,5 (partial-slip) to % =1.0 (no-slip),

the viscosity must be decreased from 4 =0.522s-! for the partial-slip

(fast-stop) case. In addition the multiplicative factor between ¥ and
4 needs to be specified. Although a factor of 30 between A and V!
was noted earilier for the small volume snow flow experiments, this
factor is known not to be sensitive, so only a factor of 10 was used in
the Irenton Park evaluation. From runs of Ironton Park, it was deter-
mined that ¥ =0.23m%s~! yielded a duplication in rumout distance and
maximum velocity between the fast-stop and biviscous options. A compar-
ison of velocities along the path is also necessary in order to establish
correspondance {Figure 5), which is also achieved to a close approximation.
The corrections described for the biviscous version of AVALNCH are
sufficlent if the modeling is with constant values of friction and
viscosity along the avalanche path. However, for some avalanches the
viscosity should be variable along the path, as in the case of coastal
avalanches, where part of the runout may be en dry snow, and another
part on wet snow, With the no-slip boundary condition, which is the

usual boundary condition in fluid dynamies, it must be assumed that
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the increased resistance of the wet snow produces additional internal
mixing in the moving snow, and hence an increase in viscous dissipation.
To inéorporate a variable viscosity into the code it is necessary to set
up viscosity as a one-dimensional array sc that values of A may be assigned
to each cell along the path. This was done in a way similar to the
variable friction option in the fast-stop version of the code. The change
is reflected in the modified input format for the biviscous case, which

is listed below,
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BIVISCOUS-AVALNCH INPUT FORMAT

Input may be by a data file or by a sequence of cards depending upon

user preference.

Line 1: TFORMAT (40A2)

Columns 1-80: title and identification information

Line 2: FORMAT (2110, 5F10.0, I10)

Columns 1-10: IBAR - number of cells in the slope-parallel direction;
maximum is 200, unless program is changed.

Columns 11-20: JBAR - number of cells normal to the path; maximum is
2, unless program is changed.

Columns 21-30: DX - dimension of cell along path (m)}.
Columns 31-40: DY - dimension of cell normal to path (m).
Columns 41-50: YU - high shear stress kinematic viscosity (m2s~1),

Columns 51-60: XYU - multiplicative factor for low shear stress
viscosity.

Columns 61-70: TF - avalanche flow time (s).
Columns 71-80: NP =~ number of cycles between extended printouts,

Line 3: FORMAT (8F10.0)

The thickness of the avalanche slab at initial release is listed in the
same format as on page 9.

Line 4: TFORMAT (8F10.0)

The elevation change of each cell along the avalanche path is listed
iIn the same format as on page 9.

Line 5: FORMAT (8F10.0)

If YU=0 on Line 2, then viscosity must be specified for each cell along
the path., This listing of viscosity is in the same format as for frie-
tion coefficients on page 10,

A listing of the Biviscous version of program AVALNCH is given in
Table 3. The flow chart for the Biviscous version 1s the same as for
the fast-stop version, as listed on page 11. Both the fast-stop and

biviscous coefficient selection statements are in the 6000 section of

the program,
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"TABLE 3 : Listing of Biviscous version of AVALKCH.

Tine,

FYCRNY N ROWN) Ny

-
L=

o
I

...
LX)

12

-
o

-
o

14
17
%1
17

20

21
22

22

25

2& .

o

C % % SET FARAMETERS &  #

2z 3 & =] - 7

SR S e
12345478901 2345472701 2340467 DV01 2345 L7801 ZRATLTEIOL 2BASATET01 ZTATLTSVO

* * BIAVI PROGRAM AVQLNCH WITH BIVISCOUS OFTION L

L DIMENSION (202 4) .V (202, 4) s UN (202, 4) » VN(ZOZ, 4) P (202:4)
TH(202) s HN(ZRZ)Y > XLI(2 4»-) JT(202),BX (202) . GY (202} - NAME (40}
READ(7,1) NAME
WRITE (&, 2)
WRITE{&:3) NAME

C % # % + READ INITIAL DATA * % * %

READ (7. 4%) 1BAR. JEAR, DX, DY, YU XYU. TR NP__ _ _
WRITE (6:5) IEAR. JEAR DK, I, YU; XYU. TF . NF
'READ(7.4) DTZ.,UZ _
WRITE (&, 20) DTZ.UZ
1 FORMAT (40427
2 FORMAT (1H1)
_ .3 _FORMAT (SX.40A21
4 FORMAT (3F10.0)
T FORMAT (1H . 1X.° IBAR=", 14, 2X,* JBAR=", 13, 2X, *DX=" , F4. 2, 2X, " DY=’
1FS. 2, 2X: P YIU=", F4. 2, 2%, T XY= s F4. 1, 2X, " TF="  FS. 0, 2X, TNP=" 2 14)
& FORMAT (1H0. 35X, ' FLOW HEIGHT?)
7 FORMAT(SF10.3)
& FORMAT (LHO. 25X, ELEVATION CHANGE_FoR EACH CELL'Y . .
% FORMAT (1HO, 25X, *VISCOSITY VALUES FOR EACH CELL®)
10 FORMAT (1HO, 25X, * SLOFE~FARALLEL GRAVITY COMPONENTS?)
11 FORMAT (1HO. 25X, * SLOFE-NORMAL GRAVITY COMPONENTS?)
12 FORMAT (1H0. 30X, END OF INFUT DATA’) : o
15 FORMAT (2X. *CYCLE=".14.2X, ' ITER=’, I %, 2X, "0ELT=", IPET. 2, 2X-
1’TIME=5{E9.212X,’FVUL=’,E9.2,2X,’UNAX- ,E?.‘,zx,=usna=’.
2E7.2. 2%, *LOEG="+ I3}
14 FORMAT (A%, *I7- 7% 707 s BXs PLI7 o 13X, TV, 13X, " F 13X, TH? » 97X
1*SUR CELL?)
1% FORMAT (4X, 13,5, 13,4 (4X, IPELD. 3) . 4X. [2)
16 FORMAT (SX. * FROBLEM RUNNING TIME EXCEEDED-CALCULATIONS STOPFED')
17 FORMAT (SX.'AVALANCHE AT END OF GRID-CALCULATIONS TERMINATED')
18 FORMAT (5%, *FLOW VELOCITY NEGLISIELE-CALCILATIONG TERMINATED™)
19 FORMAT (2110, SF10, 0 110D S
20 FORMAT (5X. *DTZI=",Fé, 3. 5X, *LZ=" ,F&.3)

IMAX=1BAR+2
LIMAXR=JIBARYZ
RDx=1.0/DX
. RDY=1.0/0Y . ] .
IMi=IEBAR+1 i
JML=JBAR+1 :
DM=DY /100,
_Dr=nTz
T=0.0
CFLE=0,0
UEDNE1=0,.0
ICP=NF
NC=1)
LITER=G

— 32—
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*o

5 &

1 2 3 4 7
LINE. 12345472901 2345472901 2340478701 2345470701 2345478701 23454789701 2345467890
51 IND=0
o2 LIES=0 —
53 CG=9.804
.54 . o _oMG=1.7 _ . _._ R _ -
55 EFSI=. 001
55 ALFHA=GC. 1
57 GAMMA=0.1
O A
59 BETA=0MG/ (2, #DT4 (ROX#:t2+ROY4#2Z) )
&0 _IF(NF.EQ. 1) ICP=2 e
&1 DO 100 I=1.IMAX
&2 H(I)=¢,0
43 HN(T) =0, 0
- I (LS o < _
&5 XUl 2y=0.0
&b JT(I)=0
&7 GEX (1) =0.0 .
[ GY(I)=0,0
&7 o0 100 J=1.JHMAX
_LLre MU Ee O e .
71 ViI,n=0,0
72 NI 120,
73 UN{I.J)=0.0
74 ) PL1,J)=0,0
75 100 CONTINUE
F& .. C % __w w & _ ESPECIAL INFUT DATA _#__ &  *
77 c
7E T % % FLOW HEIBHT = *
7% READ(7 .4} (H{I}, I=2, IM1)
a0 WRITE(&,4)
21 WRITE (&, 7) (H(I).I=2, IM1)
> k% %  ELEVATION_ CHANGE FOR EACH CELL %
2% READI (7.4 (HN(I),I=2,IM1}
24 WRITE{&,3) o
5 WRITE(&.7) (HN{I},I=2,IM1)
84 C % % INITIALIZE VESQOSITY =  =*
a7 IF(YU.EQ.0.¢) &GO TO 129
_.._Ba e J00 w0 I=2.IMr
89 XTI, 1) =YU
90 120 XUCI.2) =YL
71 S0 TO 130
9z 125 READ(7.4} (XU{I.1).1=2, IMi}
bk DO 127 I=2.1IM1
o FA L N27 XU =Xy -
) WRITE (&,7)
Pé B WRITE(&,7) (XUCI. 1), =2, 1M1}
97 130 CONTINUE
R Cow % GRAVITY COMPONENTS # %
5 D0 o150 I=2, IM1
oo BI=HNLD) /DX
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1

L 280 HN{IY=0,0 |

C

I T LR B . o o
2345475901 2345472901234547 2701 23456789Q01 2345473901 234546797

3 4 , S &
Q

CO=SORT (1, 0-8T+S1)

150 GY (1) =-G+C0

28

TWRITE (4. 12)

WRITE(&, 10} e

WRITE(G,7) (GX(I).1=2, IM1)

WRITE(&,11} )

WRITE(G,7) (BY (1), 1=2, IM1}

_  ENDUOF INPUT DATA % o
%  SET CELL NUMEER OF FLOW HETGHT #

DO Z4n I=2,IM1

JT(II=INT (H(I)#ROY+0, 001) +2

IF (JT(I).GT. ML) JT(I)=IM1

HO1)=H(2)

H(IMAX ) =H (IM1)

JT(1 =3T(2)

JTLIMAK =IT (IME)

L + CALCULATE HYDROSTATIC PREEﬁdhE * *

D 2ea Is=g,IM1 L.

vl

JT1=JT (I}
Lo 230 J=2.JT1 .
FiT, ==Y (D)% (H(I)=(FLOAT (J)-1.5)=0Y)
ASTIGN 4220 TO KRET
GO TO ZO0Q

#  START CYCLE OF COMFPUTATIONS | = *®

- _» —
1000 CONTINUE

T TITI=ITD

*

IR e e e e e
FUY= (MM (T I3 YN (T+1: 00 o (ONCL T +UN (- J+1) Y +ALFHA+ARS (YN (1. J)

CLALINGT JH 1) 3 CUNCT - T =N T+ 100 ) = (NG T =1, J2 +UN (I =1, J41) ) (YNCI=

ITER=0
FLG=1.0
_ARTIGN 3000 TO KRET , B

* COMFUTE TEMFORARY U AND V VELOCITIES #+
D0 L1000 I=ZLIML
DA 1100 J=2,JTi o ] L o
FLIX=( (UNCT, ) +LUN (T +1. 00 b (UNCI . 30 +UNCT+1 .00 ) +ALFHA+RES (LN CI .. )
LHUNCI+F12.00 ) (UNCT ) —LIN(T45,J) )= (N (E =2, J) # LN €T T3 3 (UN(I=1.0)
ZHINCL, 00 ) —ALPHAABRE (UN(T=1, 3} +UNCI, 1) 0 (LN (I=1.J) =UN (1,300 /(4

7

1234567890

T+YNOT+HE T2 2k (UNCT- 00 LN T J#1) ) = (UNCT - J-1 3 +UN(TI+12 3=-1) ) {LIN(T,

2J-1)+UN (D00 ) —ALPHAABI (VN (L, J=1) +VN{I+1:J-1) ) # (UNCE, J-1)=IUN (I
EER R BRIl ik ) -
FYX=CUN(T I +UNCL - FH1) ) (MN T TV +YN (T +1 .00 ) +ALFHA®ABS (UM I..J)

21, D +VYNCL. 1)) -ALPHA+ABS (N (I -1 ) +LUN(TI-1.J+1) )y (UN{I-1, ) -¥YN (I
.00 704, 0%0%X) o

FYY=(OYNOT Y +UNCL TR (VN TV +YNC(T . J+58) Y +ALPHA+CARS (YN (] ..J)
I+UNC(T, I+ D) 3 (WNIT - D) =WN{T J+1) ) = (UNCL . J=1 ) +VYN(L . J) y (YN(T.J-1)
2HYNCT I ) —ALPHACAES (VN (I, J= 1) +YNCTI I e (VN T J= 10 -YN(E.J) ) / (4
S, 0wDY)

—_—3—
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1 2 3 4 S 6 7
LINE. 12345475901 2345470901 2345473701 X (BACATRYOIZZ4TA73Y01 2340473701 2345847390
151 VISK=XU(T 1)ohd (LIN I+ =2, wUNET. IV +UNCT=1,3)) AOX#b24 (UNCI, J+1)
LASZ o 1=2UwUNCL, I RUNCD, J=1)) /DYDY
153 VEISYSXLICT, 1) (WN(T+1, D) =2, #VN(T - D +YN(T=1, JF) FDXkt2+ (UNCT, J+l)
L isa 1=2 HVN{Is J)+VN(L, J-l))/UY*ﬁzi _ o
155 UEI D) =UNCT, JI+0T#{ (R, J) =P (I+1,J) ykROX+GX (1) —FUX=FLIY +VISX)
154 1000 YOI, D =VN(I. J)+0T+{((P(I.J}~-F (], J+1))BRDY+EY(E>—FVX FYY+VISY} !
157 C # #  ZET BOUNDARY CONDIITIONS .
s 2000 CONTINUE
159 HN (1) =HN (2}
180 . HN(IMAX)=HN(IML)
161 JT1y=JT(2)
122 STIMAX)=JT (IML?
1463 [ * #  LEFT WALL RISID aND SULIF FREE = *
teh 0w % RIGHT WALL CONTINUDGLS OUTFLOW. * >
145 T EZ00 J=1.JMAX
bk _ W1, J1=0.0_
167 V(i =Viz. 5
148 IFCITER.ET..Q) &0 TO 2200
169 U{IM1.J)=U(IRBAR, 3} -
170 2200 V(IMAK. D)=V (IMi,J) o _ N
171 c * #*  TOP WALL CONTINUOUS OUTFLOW  * *
172 [ #* *  BOTTOM WALL RISID WITH FRICTIOM = #*
173 00 2S00 F=3,IMAX .
174 IF(ITER,GT.O) &0 TO 2400 B o .
175 VI, JdM1)=V{(1,.JBAR} '
CATA UL IMARY ST, IMEY . o
177 2400 VI 1) =0.0 ;
73 ZS00 Ul 1) =-U(l.2) !
179 [ * # FREE SURFACE BOUNDARY CONDITICONS % *
150 o 270 I=2, IMI o
151 JTI=JT (I} "i
182 U IFGIT(I+L)LLT.ITLIN) UCI-JTL)=UdI.JT1~1) o
123 CYTLITL =V JTL-1) DY *ROX# (U 1. JTE) -0 (I-1,3T1) :
124 2700 (I JT1+1)=U(I-aT1) . .
155 GO TO KRET: (3000,4230)
184 J0CG0 CONTINVE :
187 z * 4 CHECK FOR CONVERGENCE = *
CABS L IF(FLG.ERLO.) &3 TO 4000 o _ e
13% TITER=ITER+1
/e S O IF(ITER.LT.SOO) GO TO 305G .
i7i T=1.E+10
19z S @ Ta 4000
123 30T FLG=0.0
kP 0w % COMPUTE LIFDATED CELL _FPRESSURE AND VELOCITIES, * % _
193 JE1=2
194 _ DO 3Sa0 I=2, IMi
197 JTi=JT(1}
198 . O 3300 J3=2,.JT1
199 IF(JT1,EQ.JBLY GO TO FO&D
200 . . IF(J.NE.JEL.ANDL.J.NE.ITL) B0 TO 3200



LINE.

20z

201

203
204
203
206
207
208
209
219
11
12
213

. 214

215
216
17
212
219

220

21
222
224
225
2zé
227
222
229
230
31

J232

233
234
235
2346
237

733

. ‘24Su PRV

FEL]
240
241
242
243
244

244
47
243
247

250
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3 4 5 &

—— 1 z o R
12345679701 2324546473901 2345678701 2345472901 2340478901 234%4 7290123

IF(J.ER.JT1) GO TO 3100
GO_TO 3200 _

3060 CONT INUE

F= (1,30 +DY«ROKs (U(T, 3 -U(I-1, 3})
DFDR=DT#ROY# (1. 0+Z. O#DYwt26ROX#:kZ)
DP1=-F /DFDP

3100 ETA=DY/ (HN{I) =~ (FLOAT (JT1}—2.%5) DY)

3200 D=ROX+ (U1, D =U(I-1,J)+RDY* (VM (L, )=V (I, J=1))

LR= (1 0-ETAY*F (1, T2 1) =R (10T )
30 TO 3300 ’

IF (ABS(D/DZRO) .GE.EFSI) FLG=1.0
DP=-BETA%D

FI300 PI.J)=P(I.J+DP

3500

4000
R#

4100
[ *

C #

220

4330
I *

4300

L =

4400

LT, J) =0T J)+DT4RDX4DP.
Ui-1.J=U(1-1,J3)-0OT+RDX=DP
VI, J)=V({I.)+0T+ROY+DFP
V{IsJd-1r=V(1.3-1)-DT+RDY+DP
GO TO 2000 . ~
CONT INUE
Co_#  COMPLITE NEW POSITION 2F TOF SURFACE | = *
00 4100 I=2,IM1
ITi=JdT(I)
Hiy=RLY=+ (HN(T) —FLOAT (JT 1 -2y »DYJ
UAV=Q, Sa (LI(I-1, JTH +U(I,3Ti)) .
HOIY=HN (1) #FV1/FY+DT# (HY#V (I JT1+ (1, O=HW)
14V (1, dT1=~1) -0, TARDEA (UAYHHN (T+1) +FAMMAAES (UAVY
2% (HNAI) ~HN(I+1)) =Lav#HN (I=1) ~GAMMA+AES (LIAY)
S (HN{I-1)-HN{II I )
CONT [NLIE
# CALCULATE CELL IN WHICH SURFACE I3 LOCATED = *
# ANDO UFDATE ARRAY #* L

_ b0 4250 I=2.IML

IF(H(I}.LT.DM) H(I)=0.0

JT(D) =INT (H(I)+RDY+Q.Q0L) +2
IF(JT(I) . ET.IML) JT(I)=JM1
CONTINUE .

ASRIGN 4230 TQ KRET

GO TO 2400
CONT INLIE

% CALCULATE TOTAL FLUID VALUME + #*
Fw=0,0

0o 4300 I=2,IMi

FYSFYHH () DX

__IF(NC.ER.Q} FVY1=FV

4  FIND LEADING AND TRAILING EDGES OF AVALAMCHE =
LOEG1=LDES
I=1BAR
IF(H(D) .GT.DM) GO TO 4300
I=I-1
G0 TO 3400

Y 4
4TETA90
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1 z z L S & 7
12345478901 2345475901 23454 78901 2345678901 2345473901 23454 7901234547990
4500 LDEG=]

- 1=z
T Aol IF(H (1Y, ET. DM GO TO 4700
LI=1+ L
TEDTO 4400
4700 ETEG=I R
o # *  ALDVANCE U, V.H ARRAYS * *
CAPMC UM=0.0
YM=a. O
OO 4900 I=1.IMAX
DO 4300 J=1.JMAX
LHA=ABRS (U (1.,J))
VA=ABS{V (I, J))
_PABARSCPLIL TN e e e e
IF(UJA.BT.1.0E+04) U(I. J)-O O
LIM(E-J)=UC(T..3) .
IF(VA.ET. L OE+04) Y(I..Jy=0.0
VNI, I =N (E. 3
IF(FA.LT.1.0E-146) F(T,Jy=0.0
CATOU_RNCD) =H T N
O 4950 I=kTEG.LDEG
Do 4950 J=2, JM1
UT=ABS (LIN{I.J})
VT=AKRS (VN(I.J))
IF (LT, 3T UM LUM=UT
4750 IF(YT.GT VM) VM=VT o
o * * COMPUTE LEADINE ELGEE VELOCITY *
IF(LDEGER.LIEEL) &3 TO 4300
IF(NC.I3T.0) UEDGE=0X/TC
IF (N LT, 10) UEDS=UM
IF{NC, Ed. D) UEDGE=LZ
S TC=DT
INFLO=]
IF (LEDG, GT.UEDGL) LEDSI=UEDG
GO T 4210
4300 To=TC+OT
INFLO=INFLC+L
4310 CONTINUE R . et
7 E #* #  LIST VELQSITY.FRESSURE. AND SURFACE PIRSITION
O SOO0 WRITE (&, 13N, ITER. DT, T FV. LIM- UEDG . LDEG

Y

-3 b

2 IF(NCL.ER, ITF)Y GO T9 5030
el GOTO &LOO0
2 O30 ICP=ICF+NP
Ps L. Soe0 CONTINUE L o
2 MRITE (4, 14)
2 Do 254 I=1.IMAX
i IT1=3T41?
el JTZ=271+1
297 oo S250 J=1,JT2
CEOn o CWRITE(4- 15 1.3 1(1: 03 - VAT-- D F (1. J H(I}ITS

— 37—
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1 o 2o B A .3 S
LINE, 12345673901 2345475901 2345472701 23454 73Y0 1 234567 3V01 2345467 3V01 2345467 850!
301 5250 CONTINUE
LLBQ2 L BOTO (A000, 45204530, 40400, IND.
303 € % % RECOMFUTE CONTROL FARAMETERS *  #
304 L. 4000 IF(NC.ER.C) 15D TQ &300 o
305 DT X=DX/LM
306 OTY=DY /WM )
307 LT=AMINI (DTX-DTY} /3.0
2308 o IFRITERLLT. A0 B¥=L.3eDT_ e e e
309 YU=XU(LDOES, 1}
30 Y=YU-{,0E-046 :
39 IF{YUL.LT.0.0) GO TO 4300
312 DET= (DX4DY) sk 2/ (2, 4 YU (DX 2+DY:642) )
313 IF(DT.LT.LET)Y &0 TO 4300
FA_ mTmOORDET
315 &F00 T=T+DT
R4 IFINCLEQ. O 80 TO 4400
217 DAY=M+DT /DX
31z Lay=yM+0T /DY
3w ALFHA=1, 3T+AMAX 1 (DAX - DAY)
320 IF(ALFHA,5T,1,0) ALFRA=0.93 L -
321 GAMMA=ALPHA
322 BETA=COMA/ (2, «DT# (RDX#42+ROY:#:k2) )
323 C % & TEET FOR PROGRAM TERMINATION *  *
324 G400 IF(T,&T,TF) INDO=2
325 IF(H(IBAR) .GT.DM) IND=3
B2& . IFUINFLO.ER. SO IND=4
327 UEDGZ=0, O3+UEDGT
Vs L IF(UEDE.LT.JEDE2) IND=4
329 IF (IND.ET. 1) 30 TO 4300
330 C IFANGC,LT. 100 B0 TO 4440 . )
331 D7 £430 I=KTEG.LDEG
B3 U TFOILZYLLTLS,0) XUCI. 1) SAYLeXI (T, 2) —— e
333 G430 TF(LC(TI.2) JEE.S.0) XU(I.21y=XU(I.2)
334 . A480 NC=NS+1 .
333 I To 1000
334 6300 T=T-DIT
337 G0 T S060
LB ATEO WRITE(E, L&) L S —
239 GO TO &E00
340 o ADBO WRITE(ASL7)
341 B0 TO &&00
F42 L340 WRITE(4.18)
343 &A00 BTOF
344 EMND

Aok FRINT  END w4k
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EQUILIERTUM FLOW MODELS WITH MATERIAL LOCKING

The equations for equilibrium flow modeling of snow svalanche run~
out, originally developed by Voellmy (1955), were later adapted to
computer simulation by Cheng and Perla (1979). In the computer
representation the avalanche path is divided into straight-line segments
of varying length and integrated forms of Voellmy's acceleration equation
are applied to the flow in each segment. In the computer based formulation
the Voellwy acceleraticn equation Is expressed by

Qr 8 (Snb -pn oz &)= vt

In this equation 8 f{s the slope angle,/u is the coefficient of sliding
friction, } is the gravitational constant (9.806ms~2), and %ﬁ is a drag
coefficient. The stated ranges on the friction and drag parameters are:

0.1':/1-{.‘5. 0.5

105 < 20" (@)
which must be selected based upon the site specific conditions of each
evalanche path, This broad range in parameter selectlion has long been
a difficulty in application of the equations to different types of
avalanche flow. Also inhereat in this formulation is an instability
that occurs when the slope angle equals the assumed friction angle of
the snow.

In light of recent developments pertaining to snow avalanche flow,
ve consider modification of the Cheng-Perla computer program by attempt-
ing to Iincorporate the following conditions:

1. At low shear stress values in flowing snow the snow has a tendency

to lock up; a characteristic of a thixotropic fluid.

2. Flow of avalanches involves bulk flow of the major portion of the
moving material riding upon a high-velocity-gradient boundary
layer of granularized snow, In the boundary layer the basie
mechanism of energy dissipation is by viscous effects, as 1is
typical of fluid processes in general,

The objective in incorporating these physical effects inte the equilib-
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riuvm flow model is to reduce the variation in parameter selection for
different avalanche cases, and to eliminate the instability condition

of the Voellmy equation.
EQUATION FORMULATION

Using recently developed mechanics of snow flow (Demt, Lang. 1982)
a model for flow incorporates a viscous boundary layer that supports the
material bulk flow. We designate the depth of the bulk material by ‘!«.,
depth of the boundary layer by A\, and velocity of the bulk material by
Ay (Figure 6). Forces acting on the bulk material are gravitational,
viscous, and assumed fricticonal (Figure 7), where T is the viscous
shear stress, and A is the area of contact between the mass segment and
the boundary layer, With these forces acting the equation of motion of
the mass segment is:
T Fa wma = 50\1_ - A B .qu.hf — TA
Dividing by m and setting N=mg cre &, an acceleration equation similar
to that of Voellmy is obtained.
a. = fa,(s&& -/u«n.e) - T‘__é
The term % can be rewritten TF . f%t-i where f’ is the demsity of
the snow. But eA'f\.-'m , the mass of the bulk material, so for the
equation of motion we have
a= g(oms-pens) = ;,’-‘_ -Tf-;
If we set %:: .%’U't we have the Voellmy equation, were t is a coef-
ficient of dynamic resistance,

1f the boundary layer is assumed to be a Newtonian fluid in a lami-

nar flow regime, then

T. vdg
r Ay
; dv _ 4
and the velocity gradient is approximated by 3-1 =3 to obtain
T_ ar
— = 4 5

where A is the kinematic viscosity. In this formulation ), dis the

depth of the active boundary layer upon which the bulk of flowing snow
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BULK MATERIAL FLOW

BOUNDARY LAYER

FIGURE 6: FLOWING SNOW CONFIGURATION

e N
~ L

v=
\{'2
P

FIGURE 7: ELEMENT FORCES
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rides, While the leading edge of an avalanche may exhibit strong mixing,
the bulk of the dense flowing material is expected to be smooth, because
of p#th smoothing at the leading edge. Presently, we have no basis for
specifying N » the depth of the boundary layer. In tests with small
volumes of snow in controlled releases the depth cbserved was about 2em
for a flow depth of about 20cm. Depth of the boundary layer should depend
upon the roughness cver which the flow advances. ¥For flow in pipes the
depth of the boundary laver is related directly to wall roughmness. Ia
the case of avalanche flow the definition of roughness is not known,
Is roughness to be related to undulations in the runout path, or to
grain size in the boundary layer, or to fluxuations in the boundary
layer profile? We might exclude path undulations on the basis of lead-
ing edge smoothing. However, to go beyond this to consider boundary
layer profile fluxuations 1s more complex, and warrants experimental
investigation, as has been done in the case of pipe flow. At the
present time, we will express the boundary layer thickness as & fraction
of the flow depth in the form

X=nbh

The acceleration equation under these assumptions becomes

o= %(5\:\6--/4-&0‘19') - % v

when 4}‘: ?{ + is one of the basic parameters that must be evaluated,

Setring the acceleration a.=v§"—;' and integrating, we obtain the follow-

ing equation relating velocity to distsnce of travel, ¥,
(W) = F A (xop) = BRG

vhere C. is a constant of integration, and
[ ]
A
n g(smompume) ,  Pr
Imposing the constraint condition that at S=0,V=V leads to

. _ij:('u;, u‘)-&--(.ﬁu.(e‘ Fv—)]

then, selecting at S=L,ﬁf-1fg, we obtain

oL~ (Ua-ng) + (q F%
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which is a transcendental equation for velocity U_é » assuming that in a
segment analysis that Y, would be specified from the previous segment
analysis, and L is the length of the segment under evaluation. Thus,
to solve for ‘Efs in the sbove equation requires the use of & numerical
methods algorithm,

We note that in the laminar flow assumption that the viscous drag
term in the acceleration equation is proportional to velocity to the
first power. This deviates from the original Voellmy assumption, which
is based upon a turbulent assumption., To investigate the turbulent
flow assumption, the Boussinesq formulation (Shames, 1982) is usually
cited for the relationship between shear stress in the boundary layer

and the velocity gradient, namely
z
I / A
—!— = 4/ 4-_' )
, : Ay
where 4) is designated the kinematic eddy wviscosity, which may be
related to the fluid mixing length. Making the previously defined
approxinations for the velocity gradient, the acceleration equation has

the form T

o = A - - ﬂ L
= %(5»««& /u.caa-&) 7
where '\)*-1 4}%“- « Here the viscous dissipation term is proporticnal
to 'U't, which is the same as in the Voellmy formulation. However, a
difference here is that the viscous term is also proportional to J\:z'
rather than te -L,-‘, as in the Voellmy equation. Writing for the
acceleration aa.-;-_ %L , integrating, and imposing the constraint
conditions, as before, the following segment equations are obtai'ned:
or [F0-e73Y) + et )"
Thus, in this case it is possible to express ‘U-g explicitely in terms of
A, and L, the length of the segment. In a segment in which the flow
stops (JB =) the runout distance 1s expressed by
5.; '2-’(:,’ L’f\. (I-— g .U‘AL)
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In these equations
. _of
%:a(SM&-/LuQ9> ) ?‘ 43

so that %_ fs not finite for the case ol =0, which occurs if Ustam®,

the afore mentioned singularity condition.

-MATERIAL LOCKING MECHANTSM

L

It has long been recognized that flowing snow exhibits a thixotropic

property that produces an accelerated slow-down as the avalanche comes
to a stop. This locking property has been approximated by a biviscous
model (Figure 8) in computer studies with multi-celled counfigurations
(Dent, Lang, 1983). In these models the viscosity in all cells do not
change simultaneously to produce a sudden change in the flow resistance.
However, in the equilibrium flow medels based upon Voellmy's equation
only a single segment of material is used in each numerical step.
Because of this simplification, it was decided that a simple biviscous
approximation would be tooc abrupt, as the flow passed through the
transition point. Instead a continuous variation in viscosity was
opted for (dashed line, Figure B8), for which z functional representation
is required. However, if a functional representation is selected forfU‘,
then the previously integrated equations are no longer applicable.
Two possible recourses to this difficulty are: 1) to numerically inte-
grate the acceleration equation in each segment analysis, or 2) to sub-
divide the segments into a step-wise linearized approximation. The first
approach would be a radical divergence from the algorithm used by Cheng
and Perla, so was discarded in favor of the second approach, which is
only a modification to the Cheng-Perla program.

The next consideration is to decide upon an avalanche speed at which
the viscosity transition is to occur. Data from Schaerer (1975), based

upon observations of a number of avalanches at Rodger's Pass, Canada,
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POINT

shear stress/density

velocity gradient

FIGURE 8: BIVISCOUS MATERIAL REPRESENTATION
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place the transition in the speed range 10>U>5 ms~!. This speed

range has also been used with success in the fast-stop optiom of program

AVALNCH (Lang, Dawson, Martinelli, 1979). Based upon these observations

the form of the function for ﬁj' is taken as
e, (14 e

The exponent coefficient 1.25 is sufficient for 4ft*‘é for "y 8.0 ms™1,

—t.LSU')

The ccefficients ~L and CD must be determined, based upon mumeriecal
study of typieal avalanche flows.

The other parameter, the friction coefficientjﬁg , in the Voellmy
formulation, must be reconsidered in relation to the viscous wechanism
that has now been defined. In granular material flow processes, the
viscous (or velocity dependent) resistive processes are the dominant
effect, and snow should be no exception. In the Veellmy formulation,
since the viscous resistance is propertional to Lfﬁ and hence de-
creases in effect at low spteds, the Coulomb type friction must become
dominant at low speeds. However, in incorporating viscous intensifi-
cation from material locking at low speeds, the importance of thelpL
type resistance should be less, In the case of avalanche flow the
dominant effect o{}L type friction should occur enly at the start of
the avalanche, when the motion is of a sliding type, until the snow
blocks break up and a granular layer develops. From observations that
avalanches seldom release on slopes less tham 20 to 25°, a reasonable
value ofjA in the starting zone is/u= 41n~22°=0.4.

In the terminal flow regime, we expect that with the locking
mechanism operating, that’LL should have values smaller than those in
the range specified in the original Voellmy case. Also, from measure-
ments by Lang, Dent (1982), frictional resistance is noted to be 2 linear
function of the overburden load, so that the modified form of the

friction coefficient, designated,/}ﬁ*, is
/u,‘r=/{oe\
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where/uc must be determined from numerical evaluation of avalanche
flows.
Iﬁ surmary, the acceleration equation we now use for numerical
evaluation of segment kinematics 1is ¢
a= g(sme X e ) - %\’-, vt
where /u.*-/ua E.. and Itf": ‘Va( i+ C, e_-—\.?.sv.r). In regions where ‘U'- is
variable at low velocities, the segment length is decreased so that a

slep-wise linear approximation can be made of the acceleration, so that

velocity at the end of each segment may still be computed using the
L Ye
- L 2 -2
N

However, the cemputation of the final runout distance is no longer

equation

based upon evaluation of S;, as in the Voellmy approach. Instead,
with the grid refinement that is used, runout distance is simply the

grid location where the velocity of flow becomes negligible.

PARAMETER EVALUATION: IRONTON PARK AVALANCHE

To proceed further, we evaluate C@, ﬁL andluo for a specific
avalanche path for which the flow resistance is apparently constant
over the entire path of runout. The Ironton Park path located in the
San Jusn Mountains in Colorado is used. Documentation of this path is
given in detail by Lang, Dawson, Martinelli, 1979, For the Cheng-Perla
evaluation (designated ACCEL hence forth) and the Biviscous-Equilibrium
evaluaticn (designated BIEQ henceforth) an 11 segment approximation of
the path was selected (Figure 9)., The 1llth segment is of a frozen lake
bed, which is horizontal and extends for 350m, although only 50m of the
segment is shown in Figure 9.

As a measure of comparison the ACCEL fit and the BIEQ fit are compared

to corresponding results obtained from program AVALNCH, For example,
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for a 2.0m nominzl depth starting zone of snow, program AVALNCH computes
a runout distance 230m into segment 11, and a maximum speed of approxi-
mateiy 42ms™), ‘This same level of performance is obtained with the
ACCEL program with /M.=0.09 and %-400. Note, that with program AVALNCH
the released snow was distributed in cells { through 7 with a leading
edge taper (Figure 10), 1In the ACGEL program computation the first
segment was taken as the last 30m of segment @

To evaluate the BIEQ parameters, the Ironton Park avalanche path was
evaluated first with program AVALNCH for starting zone snow depths of
‘R=0.5, 1.0, 1.5 and 2.0m. Parameterization with program AVALNCH, was
£ 0.5 ana Y =0,5m2s=!, The four starting zone depth cases were thenm
run with BIEQ, adjusting the governing parameters in order to obtain a
best-fit of all the cases. The intent was to evaluate /blo, ‘Uo and Ca
so that all the different depth cases were approximated by a single set
of these parameters, With program AVALNCH the 4£.=0.5m case is a sluff
onte the bench of cells 20 to 30 (Figure 9). In program BIEQ the same
type of effect was modeled, but without considering a detailed dupli-
cation between the programs. 4 single set of parameters that models
all cases was found to be /u, =0.027, 4, =0.027 and (_,=500. Using
these values the maximur velocities and corresponding runout distances
are summarized in Table &, Program ACCEL was run only for the &=2.0ru
case, Asguming that the primary function of these codes is to compute
runout distance of the larger avalanches, then it is seen that all
versions provide satisfactory results,

The distribution of velocity of the avalanche along the path can
also be compared from the data that was obtained. The profiles are
shown in Figures 11, 12 and 13 for #.,=1.0, 1.5 and 2,0m, respectively.
It is seen that the BIEQ velocities are approximately 10 to 20 % higher

than the AVALNCH values for the case -9\ =1.0m, with runout distances
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TARLE Ly : Ironton Park Avalanche Path, computer program comparisons

STARTING

for different starting zone snow depths.

MAXIMUM VELOCITY ALONG PATH

DISTANCE OF TRAVEL ALONG PATH

ZONE (ms—1) (m)
NOMINAL

SNOW .

DEPTH
(m) AVALNCH | BIEQ ACCEL AVALNCH BIEQ ACCEL
2.0 42,0 39,2 42.9 980 970 975
1.5 27.8 27.4 —_— 800 810 —_
1.0 13.0 15.4 — 710 720 _
0.5 — —_ —_ SLUFF SLUFF —
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| |1|l, ) .o™ —
f!ll f Jll# %5
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FIGURE 10: SNOW DISTRIBUTION IN THE STARTING ZONE
OF THE IRONTON PARK AVALANCHE PATH,
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approximately the same. The closest fit between the twe sets of data
is obtained for the ¥L=l.5m case, where differences are less than 10%.
For fhe case of a starting zone snow depth of &_=2.0m, the shapes of the
profiles are different, with attendant larger differences at some data
points (up to 30%). Shown also for this case is a profile from program
ACCEL. If modeling of the other cases is carried out with program ACCEL,
different values of parameters k?b and/}k would be necessary, as mno
explicit dependence on flow depth is included in the parameterization
of this program. Parameterization in all of these computer results is
not unique, and it is likely that different shapes would be obtained
if different, but equally valid, parameterization is used. In the case
of program AVALNCH the parameterization used has been correlated with
an actual experimental velocity profile, which, however, was not of
the Ironton Park path (LaChapelle, Lang, 1980). Since program AVALNCH
is based upen transient fluid motion, while BIEQ {and ACCEL) is based
upon equilibruim fluid dynamics, it should not be expected that the
profiles be in complete agreement. The numerical experimentation
necessary in order to determine if other parameterization of BIEQ (or
of ACCEL) produce better profile correspondance does not seem warranted
at the present time, since detailed experimental data is first needed
in order to establish an absolute basis of comparisen.

With qL and Co now known for the Ironten Park avalanche path, the
material locking viscous equation is

At = ‘U,(H— soo e ")

where ﬁ% =0.027w?, From this equation, viscosity‘V* varies with veloeity,
as shown in Figure 14. Viscous drag, proportiocnal to Vrlfﬁ increases
from VU =5ms~! to about U =2ms~!, whereas the ordinary drag ﬂ%l{t monoto-
nically decreases with considerably smaller magnitude, From Y =2ms—!

k.2 -
to V =lms~! the viscous drag AV U begins to decrease, as the ¥ factor
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dominates over the exponential form of 1}£. However, for the larger
avalanches for which these computer programs are assumed applicable,

Ay < 1ms-l is 8 small velocity of negligible order. Thus, in program
BIEQ if the velocities 45; and ﬂé at the beginning and end of a segment

are both less than 1.0ms-1, then computations are terminated.

FLOW PARAMETER SENSITIVITIES

The basic parameters of program BIEQ are assumed to be the viscosity
&L, friction coefficient/}ic y and flow depth Jk.. We loock now at the
sensitivity on runout distance to small variatioms in these parameters.
Likewise, the parameters of program ACCEL are ”?$ and'}x, for which
small variations are considered with respect to runout, In these
caleulations the Ironton Park avalanche path is used, and the reference
avalanche configuration is taken as JK =2.0m, with a runout distance
into segment(:) of 230m. Results are presented for small percentage
variations in the basic parameters (Figure 15). With program BIEQ the
depth of the enow release is the most sensitive, by a factor of 2, of
the parameters considered. Next in order of semsitivity is viscosity,
followed by friction at about half that of viscosity, Starting zone
snow depth 1s not explicit in program ACCEL so ne evaluation is given.
However, for viscosity and friction the sensitivities are in general
correspondence with those of BIEQ.

Although the Ironton Park avalanche path has no negative or adverse
slope along its' length, to check sensitivity of this parameter, the
flat runout segment() was given representative negative slope values.
At a slope angle of -10° runout was 40m into segment(). For small
percentage changes in this angle the percent change in runcut is of the
same order as that for viscosity (Figure 15),

The results of this sensitivity study show that flow depth is a
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FLOW DEPTH & (B1E@) (2,0m™ NOMINAL)

vISCOSITY M (ACCEL) U000 m NOMINAL)
viscosity 4, (BIe@) (,.027 m? NOMINAL)
ADVERSE GRADE (B1E@) (-10° noMINAL)

FRICTION # (accer) (0.9 NoMINAL)
FRICTION/‘.(BIEQ) (,027 noMINAL)

'l b

FIGURE 15:

10 20 30
CHANGE TN PARAMETER (%)
CHANGE IN AVALANCHE RUNOUT DISTANCE WITH CHANGE

IN VARIOUS FLOW PARAMETERS FOR THE I[RONTON PARK
AVALANCHE .
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variable of primary importance in avalanche runout prediction. With no
explicit representation of J\ in the form ¢f the Voellmy equation used
in ACCEL, it requires large variation of the parameters in this equation
in order to meodel the varying conditions of different avalanches and
different avalanche paths. With the explicit representation of i\ in
program BIEQ, the variation of the remaining coefficients in order to
model different avalanche paths should be less. No claim is intended
that in program BIEQ that the ﬂl dependence is exact, However, because
of the inherent sensitivity of eu in avalanche runout, it should be
considered, and experimentation should be carried out to define more

rational dependence of ﬂL in the avalanche equations of motion.

COMPUTER PROGERAM BIEQ

The version of computer program BIEQ listed in Table 5 has array
dimensions that allow up to 100 slope segments to be input. The order
and format of the input data is summarized as follows:

Line 1: TFORMAT (110)

Columns 1-10: IC - Integer number of test cases that
are to be run (right adjusted)

Line 2: FORMAT (40A2)

Columns 1-80: Name and identification information
for test case #1

Line 3: TFORMAT (4F10.0)

Columns 1~10: H - Snow depth in the starting zone (m).

Columns 11-20: YNU - high stress viscosity (m?). If the
value 1s set to zero here, it indicates
to the computer that an array of values
will be input (Line 4).

Columns 21-30: SML - sub-element length (m).
Columns 31-40: YMU - friction coefficient
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Line 4: FORMAT (110, 3F10.0)

Columns 1-10: IS
Columns 11-20: ANGLE - segment slope (°),

segment number

Columns 21-30: SEGL - segment length (m).
Columns 31-40: VNU - segment viscosity (x2).

If YNU=Q.0 in line 3, then

viscosity must be input for

each segment. If YNU2>O0.0

then any values input here

are disregarded.
The format of line 4 is repeated for as many segments as are used to
represent an avalanche path. After all segments have been listed a
blank card should follow. Following the blank card a second set of
data may be input in the same order and format as Lines 2 through 4,
until a number of cases equal to the value of IC of Line 1 have been
set up. If the program is to be used to run only one case at a time,
then statements 5, 6, 21, 105 and 106 may be eliminated from the
program (Table 5).

Regarding other parameters in the program, the value of friction in
the first segment of flow of an avalanche is defined in statement 49
by YUU=0,4, which may be changed at user discretion., Statement 61 is
the test for negligible flow speed, that if U4<1.0ms™! and Ug< 1.0ms™},
the computations are terminated. Error messages following statement 92
account for the following conditions:

1) The avalanche does not stop, and calsculations are terminated.

2} The number of segments exceeds IMAX=100, and calculations are

terminated.

3) The flow velocity through a segment is negligible, and calcu-

lations are terminated,

4) Viscosity is not specified, by one of two possible Input options,

and calculations are terminated.

The segment mini-length parameter SML, input to the program by state-

ment 11, was taken as 10.0m for the Ironton Park path analysis, which
— 50—
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provided sufficient accuracy in runout distance prediction., For aif-
ferent avalanche paths, user option is to change the value of SML. When
the‘program switches to the mini-segment analysis option, the velocity
at the end of each mini-segment increment is printed to the right of the
mainline printout., Thus, the user knows when the switch has heen made
in the program. The mainline output from the program consists of a
listing of segment number, wvelocity U; at the start of the segment, and
velocity @} at the end of the segment., If the avalanche stops within a
segment, then the output is the segment number in which the avalanche
stops, the velocity, W , at the start of the segment, and the total
runcut distance measured along the path, which is the sum of all segment
lengths up to the stopping point. The partial segment length of the
segment in which the avalanche stops is also included in the sum. Also
output by the program, for reference purposes, are the values of all in-

put parameters,
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REAL TIME FORTRAN VER.EQO FAGE 1

Rl RN N I AT g

- A .
i3 by == O

=

A e e b
R U I L ]

20

23

'c

" FROGRAM EBIEQ

Listing of Computer Program BIEQ.

DATE 838 0& 27

DIMENSION NAME{4GH), SEGL (100) , THETA (100} , UNUL(100)

IMAX=100 .
G=9, 806
RERDI(7.9) IC
IP=1 .
S READ(7.20) NAME
WRITE (&, 30) NAME
WRITE (4,40}
READ INFUT DATA

READ(7-50) H: YNLL.SML. YMU

I=t - [

70 READ(7,1G) 1S5.ANGLE.SEGL (1), YNI(I)
IF CYNLL GT. 0. O001) VNLI(I) =YNU

IF{IS.ER. Q) GO T Q0

WRITE(£.20) S ANGLE. SEGL (I » VNU(TD)
THETAC(I}=3. 141 "PHANGLE /1820, ¢

I=l+1 .

IF(I.GT.IMAY) GO TO 444

E TO 70
9 FORMAT(IIO)
10 FORMAT (I10.3F10.0)
20 FORMAT (0427
Z0 FORMAT (1H1, TX»40A2)

40 FORMAT (1HG, 15X, * INFUT DATA? /710X, * SEGMT

S FORMAT (4F10. 07

&G FORMAT (1HG: 99X, P SNOW DEFTH="F3.2/10X: "HIGH

#Fh.4/10X: "SEGMT MINI-LNGTH=",Fé&.

3¢ FORMAT (10X, I4,2X-F3.1:1X%,F&. 12K, Fé&. 4
Z10%. " SEGMT? - 5X- "VA’ . 7X. "VB"}

210 FORMAT (1HOD. 20X, "RESLLTSS

240 FORMAT (BX: I7-F1O. 2, F7.2)
260 FORMAT (SX, 1'%, FL10, 23X "RUNQLIT=" . F10,2)

270 FORMAT (SQX,.’V='.F9.3}

334 FORMAT (10X. " AVALANCHE DOES NOT STOF®)
445 FORMAT (35X, " SESMENT WUMBER EXCEEDE SFECIFIED IMAX™)
O5& FORMAT (10X, "FLOW VELOCITY NEGLIGIBLE’)
&&7 FORMAT (10X, "VISBCOSITY NIT SFECIFIEDRT)
S22 FORMAT (10X, " COMPUTATIONEG TERMINATED?)

INITIAL COMPLITATIONS

1060 WRITE (44600 H, YNU. SML. YMU

CIF(VNLEGLY LLE.Q.O) GEO_TO &&& L

VA=0. O

CIT=1-1
I=1

120 IM=1

SiiL=3ML

O YUL=YML
IF(I.ER. 1) YUU=0.4
IF{I.EQ.1) WRITE (&,210)

A=GHSIN(THETA (1) ) —G+YLILsH+COS (TRETA (1))

B=YNUAT) # {1, 0+500, «EXP (-

1, 25VA) ) /He43

ANGLE  BEGL  VSCSTY')

STRESSE VIZCDSTY=

2/10X,"FRICTION COEF=",FS.3)

IF(ILER. 1) A=E+SIN(THETA{I) ) -G+YLUL+ IO (THETA (L))
IF(ILER. 1) B=2, 0%\WNU () AH#e3



Computer Programs for Avalanche Runout Prediction—Lang

REAL TIME FORTRAN VER.EQOQ PAGE 2 DATE 82 0& 27
SS E=EXP (=2, O#B+3SEGSL(I})
56 F=VA+VA+E+A+ (1. 0-E} /B
© 57 ’ IF(P.LT.&4,¢) G0 TO 150
fatc) 130 VE=SERT (F)
59 WRITE (4,240 I,VA,VB
&0 - o BETHETAILY =THETA I+ o o e e
&1 [IF(VALLT. L. Q. ANDLVE.LLT. 1.0)Y GO TO %55
&2 VA=VE+COS (@)
&3 IF(G.LE.0.Q) YAsVE
&4 I=I+1
&5 IFCI.ET.ITY GO TD 333
Lé GO TO 320 .
&7 C SLUB-SEGMENT COMPUTATIONS
&S 150 IN=INT(SEGL (1) /SUL)
&9 V=i
70 SL=SEGLL(I)
71 SEGEL(I)=0.0
7z IF(INLLE. 1) 30 TO 180 . .
73 170 B=UNU (I (1, Q+500, #EXE (=1, 25+ ) ) /H¥+3
74 IF(VA.EQ,O.0) B=2.0wVNU(I) /H++3
75 E=EXF (~2. 0xBw32lIL)
7é F=V#V+E+A% (1,.0-E) /B
77 SEGL(II=SEGL (I)+2UL
7& . IF(PLE.QuD) GO TO 190 L o e e e
79 IFC(IM.EQ, IN+1) 52 TO 130
80 V=SERT (P)
21 WRITE (&,270) V
22 IF(IM.ER.INY SUL=SL-SEGL (I
23 IM=IM+1
&4 o GO FO 170 o o s
25 180 SESL(I)=SL
8é& IF(PY 190,190,130
27 190 5=0,0
=3 Do 200 J=1,1
a9 200 S=S+SE5L ()
g0 o WRITE A 2600 I VA S o e
1 GO T3 999
9z C ERROR MEZSAGES
93 333 WRITE(4: 334
24 WRITE (A, S22
95 BO TO 999
Fé A48 WRITE(+.44%) ~ o .
97 WRITE (&.S33)
P GO T 99y
KA SES WRITE (4, 5%54)
100 WRITE {4, 813:2)
101 B3 T S99
Y L&l WRITEC&&ATY
103 WRITE (&, 88
104 %% CONTINLE
103 IF=1F+1
104 IF(IP.NE.IC+1) @0 TO &
107 STOP
10% . END
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Computer Program ACEL

Computer program ACCEL, developed by Cheng and Perla (1979), is listed

with detailed explanations in their reference. A modification of their

program, designated ACEL, that operates on the Melcom 70 Computer, is

listed in Table 6. Since the ACCEL and ACEL programs are similar, no

descriptive summary is included herein for program ACEL.
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TABLE 6: Listing of Computer Program ACEL.

REAL TIME FORTRAN VER.EOQOQ PAGSE 1 LATE & Q& 24
1 c FROGRAM ACEL
2 DIMENSION THETA (10G) : SLENSCIG0) - NAME (400 - YMUCIOO) - YMD (1 0Q)
3 READ(Z. 300 IC
4 IMAX=100
] G=%, 804
& IF=0

7 S WRITE (4. 10)
S 19 FORMAT (1H1}

¥ READI(7 . 20) NAME

10 Z0 FORMAT (40AZ)

1t WRITE (4. 30) NAME

1z 30 FORMAT (3X, 40A2) ..

13 READN(T - 441y FMLU,FMD

14 40 FORMAT (FIQ.0.F10.0)

it IF(FMUL GT,. O, O, OR.FMOLGT, 0. 0) WRITE (&.50) FML. FMLD
14 SO FORMAT (13X: *MU=" ,FS. 2, S5X, "M/R=", FZ,0)

17 WRITE (&.&60)

15 A0 FORMAT (EHG. $5X,: P INPUT DATA™ ) .

17 WRITE (& 70

20 70 FORMAT (1HO, 10X, SEGMT ANGLE LENG MU M/D7 )
21 210 FORMAT (1HO, 20X, "RESULTES /10X, "SEGHMT - SX. *VA? . 7%, VB
22 240 FORMAT(SX, I19:F1Q,2:F7.2)

23 J00 FORMAT(SX- I%.F10. 2. 3%, "RUNOLIT=? ., F10.2)
24 I=1 o e . .

25 75 READ(7.20) IS, ANSLE, SLENG(I)Y . YMUCIY . YMD(I)
ey IF(IS.EQ.) GO TO 100
27 S0 FORMAT(IIO. 4F10.0)
22 IF(YMUEI) LLE,. Q.0 YM(CTY=FMU
=% IF(YMD(I).LE.O.0) YMD(I)=FMD
30 IF(YMDU(I) LEG.O.0) G0 TO &&&
31 WRITE(A,Z0) IS, ANGLE. SLENG{I) - YMUICI) - YMO(T)
3z T OFORMAT (LOX: 142X FS,. 11X FAL L -F&. 2,1 X Fé. Q)
cic THETA(I)=ANGLE®Z, {414 /150,
34 I=I+1
A3 IF(I.GET.IMAX)Y 30 T 777
& EOOTO7S L e
37 100 I1=1-1%
a3 I=1
37 215 Va=0,0
40 Z20 ALFHAzGHSIN(THETA(I) ) =G+xYMU (D) «CO2 (THETAC(L) )
41 FA=EXF (-2, OSLENG(I) /YMD({I))

42 F=YasVarFA+aLPHA+YMD{ I+ (1. O—-FA)
43 IF(F) 290,250:.230

44 230 VE=IORT(F)

45 IF(I.EQ, 1) WRITE{4.210)
-1 WRITE(&:240) I:.VA.VE

47 H=THETA(I)-THETA(I+1)

= IF (DY 240,240,250

4% 250 VASVEFCOS (6D

S0 GO OTO 270

91 260 VA=VE

b 270 I=I+l

o3 IF(I.&T.I1Y G2 TO 333

4 G0oT 220
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REAL TIME FORTRAN VER.EQQ PAGE 2 [AaTE =3 & 24
a5 2E0 VE=0.0

S& WRITE (&, 240) I.VA:VE

=¥ 4 I=I+1

o2 IFCI.ETLIL) &2 T 333

57 EO TO 215

&0 270 IF(ALPHA.ER.G.Oy B0 TO 555

&1 DO=1. 0= (VA+NVA) / (ALFHA*YMO (L))

a2 IF(DDLLT. Q.0 50 TO 444

&3 S=0, TeYMO (D) AL (DD

&4 WRITE (&L, 30CG) [.VA:S

&5 G0 TR 999

2 333 WRITE (& 3347 . . . .

&7 T34 FORMAT (10X, "AVALANCHE LDIOES NOT STOP™)

&3 WRITE (&, 2:22)

& GO TO Y

70 444 WRITE(&L-445)

71 445 FORMAT (SX. TARGUMENT OF L3 CANNGT BE NEGATIVE™)
7 WRITE (&, 223)

73 33 TO 399

74 S50 WRITE (4. 554) I

75 SS& FORMAT (SXs "ALFHA IS ZERD FOR SEGMENT? .14
76 WRITE (4. 208)

77 50 Ta e

7 Gl WRITE (A &AT7)Y 1 . .

77 A7 FORMAT (2X-M/0 1= ZERD FIIR SEGMENT T I4)
S0 WRITE (&, S28)

=21 GO TGO 999

22 777 WRITE(A.778)

23 775 FORMAT (X, " SEGMENT NUMBER EXCEEDS SPECIFIED IMAX')
=4 WRITE (&, 283) . .
25 SEE FORMAT (10X "COMPUTATIONS TERMIMNATED? }

=0 737 IP=IF+1

a7 IF(IF.NELIC) B2 T S

&2 ZTOF

59 END
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PROGRAM BIEQ option studies

Computer program BIEQ was changedin several ways in order to evaluate
other possible options of the code. One change was to eliminate dry
friction and to incorporate a true biviscous material representation.

The ratio between the low stress and high stress viscosities was set at
10, and the transition velocity between the two viscosities was set at
&ﬂ-= 5 and 8 ms~) in different evaluations. Results are summarized in
Table 7. While runout distances can be duplicated to errors less than

5% by appropiate selection of the high stress viscosity, the predicated
maximym runout speeds im all cases are low by as much as 25%. This
indicates that viscosity, when set for correct runout, is too large for
sufficient runout speed, Increasing the low stress range from tﬁ.'-S

to 8 ms~! reduced the maximum speed error to 18% or less. However, the
largest error in max speed is with the 2.0m deep avalanche, and it is
with the deeper avalanches that accurate modeling is wanted., These
results were obtained with a low speed cutoff of J'=1.0 ms-! for computer
termination of calculations., In other program versions the low speed
cutoff is expressed as a percentage of maximum speed of the avalanche.
The next modification of BIEQ was to incorporate a percent cutoff, the
value set at 7.0%. Thus, when the speed of each avalanche dropped below
7% of maximum speed over an entire segment, computations were terminated.
Results based upon this program option are summarized in Table 8, It

1s noted that runout distances are better matched with the tramsition
speed {Ir=5.0 ms—! compared with ﬂ7r=3.0 ms-1, Putting a percent low
speed cutoff reduced the error in max. speed from 25% to 22%, but remains
& large error. Also evaluated was increasing the viscesity ratio from
10 to 20; however the effect of this was insignificant in changing any
of the kinematical data.

The results of these option studies with program BIEQ are not yielding
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TABLE 7: Ironton Park avalanche study using program BIEQ
with no dry friction and & true biviscous mate-
rial representation.

trans. sp: Mp =5.0ms™! trans. sp: U =8.0ms~! PROGRAM AVALNCH

Depth of viscosity: 4 =.05m? viscosity: p =.04m? o =0,23m2
v mmevel e mrvel g Lice ™ Vel latance
(m) (m) (m)
1.0 11.5 650 12.9 650 12.0 640
1.5 21.0 720 23.4 700 28.0 730
2.0 31.3 $00 34.4 910 42.0 910

TABLE 8: Ironton Park avalanche study using program BIEQ
with no dry friction, a true biviscous material
representation, and a 7% low speed cutoff option.

trans. spt l$r=5.0ms"1 trans. sp:=8.0ms"1 PROGRAM AVALNCH

Depth of Viscosity: & =0.045m2 viscosity: Af=0,037m? &) =0,23m2
flow max vel. runout max vel, runout max vel, ,(unout
(m) (ms-1) dis(tI::\t)ice (ms~1) disa:r)tce (ms=1) di?t;ar)xce
1.0 12.1 640 13.4 630 12.6 640
1.5 22.1 720 24.3 700 28.0 730
2.0 32.8 920 35.6 910 2.0 910
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asg satisfactory a fit to avalanche runout as was obtained with the
version of BIEQ with small dry friction and a gradual biviscous tran-
sition at low speeds. An abrupt change in viscosity at a transition
speed is unlikely to be physically accurate, and with only one segment
modeling in BIEQ, velocity changes rapidly when the viscosity changes.
Rowever, the gradual viscosity change used previously in BIEQ, also is
not physically based, and may not be generally applicable to different
avalanche problems,

A listing of program BIEQ with no dry friction, true biviscous mate-
rial representation, and 7% velocity cutoff options is given in Table 9,
The program was given the code name BEAR with these option changes.

Another modification incorporates the improved results--obtained from
previous studies, and uses a true biviscous model coupled with low
friction, The previous improved results were with a tramsition speed
U:r=5.0ms'1, and a velocity cutoff at 5% of maximum velocity. Findings
of this evaluation are summarized in Table 10.

TABLE 10: Ironton Park avalanche study using program
BIEQ with a true biviscous material repre—

sentatlon, low dry friction, and a 5% low
speed cutoff option.

trans. speed :4p=5,0ms™!

viscosity : A} =0, 025m2 Progrig QVA%NCH
friction :/ﬂ-=0.030 +2 3w
Depth maximum runout maximum runout
of flow veleocity distance velocity distance
(m) (ms-1) (m) (ms~l) (m)
1.0 16.0 660 14.0 640
1.5 28.3 740 28.0 730
2.0 40,4 910 41.0 9190

These results are comparable to the results obtained using a gradually
changing viscesity through the transition speed range. The inclusion
of small dry frietion coupled with viscosity allows matching of both

runcut distance and max velocity for the different release depth cases.
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TAELE 9: Listing of cowputer program BIEQ under option changes ) e T
of (a) ne dry friction, (b} true biviscous material

representation, and (¢} 7% veloecity cutoff. 1
r

R 1 2 3 4 5 & 7

AINE, 1234478701 2345475901 234547 SP0 1 234T4TEY0L 23454678901 234547 EP0 1 2F4SATEV0 L

1 C FROGRAM BEAR: VARIABLE TRANSITION VEL.: VEL. THRESHOLD 7% E
— g ~——--—==-— DIMENSION NAME (40773 SEBL( 1001 THETA TL00Y, VNUL10Mm i
5 IMAX=100 l
g T T @m9.806 T T T o T :
& T READ(7.20) NAME
BT T WRITE(4.30) NAME T o : e
7 WRITE (4. 40) \
(g T LT READ INPUT DATA T T T e
% REALI(7. 50 H. YNU SML » XNU» VP &
10 =1~ - ‘ Ty
i1 70 READ (7,100 IS, ANGLE.SEGEL (). VNLCD) :
12 ~ o TRCYNULGT.0.0) UNU(T?=YNU S : T
13 IF(IS.ER.OQ1 30 TO 100
14 """ T WRITE (&, 809 18, ANGLE . SEGL (T3, VNIJIT) - S e s e
15 THETA (1) =2, 14159+ANGLE/180.0
14 - - I=I+3 -7 T oo -
17 IFCL,ET,IMAXY GO TO 444 -
12 @0 TO 70
1% 9 FORMAT(I10) ,
TR TTTTTT G FORMAT (TE0, BELOTO) T T T T S s s e s e e e
71 20 FORMAT (30A2)
2z 30 FORMAT (1H1.5X. 4082} © ° ° : - . S
23 A0 FORMAT (1HO, 15X, ' INFUT DATA /710X, " SEGMT  ANSLE  SEGL  VICSTY")
24 S0 ECRMAT (SF10.0) : -
25 &0 FORMAT (1HO.9X, "SNOW DEFTH=’ ,FS, 2/10%, ' SEGMT MINI-LNGTH=’,F&.2,
Sop e =Tt W 10X, PWECSITY MULT FACTORST WFE.1/10%,TVEL AT TRANITION=",F5, 13~
27 B0 FORMAT (10%: 14, 2X:F2. 1 1X.Fé&. 1, 2X,F4. 4)
28 210 FORMAT (1HO, 20X, *RESULTET /10X, 7 SEGMT . SX. "VAT . 7X, VB, -
2% WA, TR LUK, TS
30 240 FORMAT (SX.19,F10,2,F7. 2, F9.%. F9.2)
3t 240 FORMAT (5, I9,F10. 2, 35, "RUNDUT=" ,F10,2)

R ET0 FORMAT (G3X. 7V JF9B) — T T T T T n s s s s e ey
33 T34 FORMAT (10X, "AVALANCHE LOES NOT STOP') i
34 445 FORMAT (SX. ' SESMENT NUMEER EXCEEDS SPECIFIED IMAXT) 'ﬁ
L S54 FORMAT (10X, "FLIOW VELOGITY NEGLIGIELE®) :
34 T T aA7 FORMAT (10X, VISIORITY NOT SFECIFIELT) - e ;
37 BES FORMAT (10X, ' CONEUTATIANE TERMINATED” ) :

- A man e
7 ¢ INITIAL COMPUTATIONS

40 S 100 WRITE 4. 60) Hs Skl XNUL VP -
21 IF(UNL (1)L LE. ©.2) GO TH &é4

¢ A AR . e
43 YMAX=0,Q

4 T
45 1=1
R¢, o oE=a. 0
47 T=0.0
“48  C UTUIZO IM=1 -

4% BLL=SML
Sy T IR T ER, 1) WRITE (A, 10 T T T S s s s e e
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- e g
{2345678?012345678?0123456789&1234547890123#?@78?012345&7:u

1307

b

T OVT=0.07+UMAX o T mEm e e e
IF(MALLT. VT ANDL VELLT.VT) &0 TO 170
VA=YB+COS () -
IF(RLLE. 0.0) Va=YR
I=T+1 -

0

170

]

ol

TIF(VMAX.LT. VN

TWRITE (4. 270)

b

TEQ TOo 12077

g s g

A=G+XIN(THETA{I )

B=UNU(I) /Hawd = 7"~ T
E=EXF (=2, O+B*SEGL (1))
FaVasasE+A+ (1. 0-E) /B
VEZ=VF+YP
IF(VA.ER. O, Q,ANDLF.LT, VF2)
IF{VA.NE.D. D, AND.F.LT. VP2
VB=ZORT (P)~ "~ 7 T T
IF(VMAX.LT.VE) VMAX=VE
S=53+5EGL () o
T=T+2., O+SEGL (1) /7 (VA+VE)
WRITE (4. 240} [.VA.VB, S, T
B=THETA(I})-THETA(L+1)

IFCL.GT.ITY GO TO 333

SUB-SEGMENT COMPITAT IONS
IN=INT{ZEGLCI) /S0LY 7

V=va
SL=SEEL (L) ~
SEGL(I)=0,0
[F{IN.LE. 1) GO TO 120 """ -~
IF(V.LE.VF) E=XNLBWUNUCT) /H#%3
IF(V.ET.VP) B=VNU (1) /H+%3F
E=EXF (-2, OwBLlL)
FeVaeE+A% (1, 0-E) /B

YN=ZRT (F)

VMAX=YN T T 7T
VT=0, O7*VYMAX
BEGL(IY=SEGEL (I +200
IFAWN.LT.VYT.AND.V,LT.VT?
IF{IM.ER. EN+1) 30 TQ {30
Y=VN

G0 TO 190

IR

IF(IM R, IN) SUL=3L-3E5L (D)

IM=IM+L

G0 To 170

SEGL (1) =30

GO TO 130

=2 1 P ’ Tt o

o 200 J=1.1

B=E+SEGL ()

WRITE (&, 240)

G3 To 595
ERROR MESZAGES

WRITE (4. 3332

I.WVA. 5

— 7 —

5

50 TO 130
EL TO 150
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) 1 ) 2 3 4 S & 7
JINE, 12345473701 2345472901 2345478901 2340472901 2545478901 2345672901 2345473901
101 WRITE (&, 238) :
=12 TTTTTTTTIORQ TR T T T T T T T
103 444 WRITE(&-445)
104 T WRITE(&.2E®) T 0 7 '
105 GO TOo 299
10&° T T 595 WRITE( 4S54 T
107 WRITE (&, 882
TiQe T T G TQ o w99 T T T - T T T T TTTmmmm T e
1092 Ldnde WRITE (&0 &47)
110 WRITE (&, £53)
111 95 CONTINUE
112 ' STOF
113 ENED ) L

okt PRINT  END ks
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For the three cases, maximum error in velocity is 14%, and maximum error
in runout is 3%, both for the h=l.0Om case. For the larger release depths
the érrors reduce, which is a desireable result, as the intention is to
better model the deeper flows.

Table 11 is a listing of the computer program that incorporates the

improvements described above.
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TABLE 11:
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Listing of program BIEQ with options of (a) low dry friction,” - —— —

(b) truebiviscous material representation, and (¢) 5% velocity cutoff,

.- DATE 83 08 24

1 C PROSRAM BIER WITH TRUE BIVISCOUS, S% CUTOFF VELOCITY OPTIONS
2 DIMENSION NAME (40) ,SERL (100}, THETA (100} . VNU (100)
3 IMAX=100
4 G=9.2046
5 5 READ(7,20) NAME — - .
& WRITE (4307 NAME
7 WRITE (&4,.40) ) N
8 c READ INFUT DAaTA
9 READ(7,50) H, YNLL SML . XNU, YMU )
10 I=1
oM _ 70 READ(7,10) IS,ANGLE,SEGL (I1).VNU(I) - —
12 IF{YNU.GT.0.0) VNU(I)=YNU
13 IF(IS.ER.Q) G2 TO 100 -
14 WRITE(6,80) IS,ANELE.SEGL(IY,VNUCID)
1% THETA{1) =3, 131S9+ANGLE/120.0
18 I=1+1
A7 _IF(I.GT.IMAX) GO _TO_444 e e e e e e
12 GO TD 70
19 10 FORMAT(110,3F10.0) _ ; _ B
20 20 FORMAT (40R2)
21 _ 30 FORMAT(1H1,5X.40A2)
22 40 FORMAT (1HO, 15X, "INPUT DATA’//10X.’SEGMT  ANGLE  SEGL  WVSCSTY™)
.23 50 FORMAT{(SF10.0) = -
T T T 28 77T TT4AQ FORMAT(LHD, 9%, TSNDW DEPTH='TF5.2/10%: "SEGMT MINI-UNGTH=’,.Fé&. 2,
25 *#/10%, *VSCSITY MULT FACTOR=",FS,.1/10X. "FRICTION COEF=’,FS5.3)
26 80 FORMAT(10X,14,2X,F8.1.1X,F5.1,2X,F&6.4)° ' o o )
27 210 FORMAT (1HO, 20X, "RESULTS® /10X, *SEGMT’» 58X, "VA™» 7X, TVB 28X, 757,
23 #*7X:*T?)
29 280 FORMAT(SX,19,F10.2,F9.2,.F?.2,F%.2) i .
T30 240 FORMAT (5X, I9,F10.2, 3%, *RUNOUT=",F1G.2) o
31 270 FORMAT (53X, V=',F9,3) ) , ]
32 334 FORMAT (X, " AVALANCHE DOES NOT STOP® /9%, 'CMPUTATNS TERMINATED®)
33 445 FORMAT (X, NQ. OF SGMTE > IMAX®/7X,’COMPUTATIONS TERMINATED™)
34 554 FORMAT (9X, "FLO VELCTY NEBLIGBLE’ /92X, *COMPLITATNS TERMINATED')
35 467 FORMAT (9X,.*VSCSITY NOT SPECIFD? /9X. 'CMPUTATNS TERMINATED? )
T3 T e T T -
37 c INITIAL COMPUTATIONS o ~ .
38 100 WRITE (&6, &0 HsSML, XN, , YMU
39 IFGYNUCLYLLE,0,Q) B0 TO &66 e
40 va=0.0
41 VMAX=0.0 B
42 1T=1-1 7T Tt
43 1=} _ L L
‘44 8=0.0
45 T=0.0
- 46 7 Tlzo IM=1 77
47 SUL=SML ) e
T g T T T LY ML e T T T :
49 IF(I.EQ.1) WRITE(4.210)
S0 A=G*SIN(THETA (I} ) ~GYULH+COS (THETACE) )
51 CBsVNU(I) 7Hwa3 S f, o
52 E=EXP (-2, D#B+SEGL (1)}
53 _P=VaArVAxE+Ar(L. O-ED/R
) ‘54 IF(VAEQ. 0.0 ANDLP.LT.25.0) B0 TO 130




S35

s

57
se
59
20
61
&2
&3
&4
63
e

&7
&g
&%
.70
71

73
74
75
76

c

g5

£
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REAL TIME FORTRAN VER.EQC FPAGE 2

_DATE 83 08 24

IF (VA.NE. O, O.ANDL.FP.LT.25.0) G0 TO 150

"130 VE=SERT (P
IF (VMAX.LT.VB) WMAX=VE

S=S+SEBL(

J
I

T=T+2.0%5EGL {I) / (VA+VB)

WRITE(&,240) I5VA, VB,S, T

G=THETA(I) -THETA(I+1)
- VT=0.0S+VMAX
IF(VA.LT.VT.ANCL VE.LT.VT) GO TO 190

T VA=VR+COS
IF(Q.LE.O.
T I=Iet

m
0} Va=VB

IF(I.GT.IT) GO TO 3332

G0 TO 120

SUB-SEGMENT COMPUTATIONS
150 IN= INT(QEEL(I)/°UL)

o N=Va -~
SL=5EGL (T

SEGL (I)=0,

]—"‘2’
0

IF{IN.LE. 1) GO TO 180

170 IF(V.LE.S.0) B=XNLNVYNU{TL) /H**3

IF(V.GT.S.0) B=VUNU(T) 7H#x3
E=EXF (-2. O*B*SUL)

YN=ZQRT (P

P=VsURE+A* (1. C-E) /B

)

IF (VMAX. LT VN YMAX=VN
- VT=0, 0S%VMAX o
SEGL(I)=SEGL{I)+SUL B

IF(YN.LT.VT.AND. V.LT. VT GO TO 190

TIFCIMJERL INHLY B0 TO T30

V=VN

" WRITE(&,270) V
IF(IM.EQ. IN) SUL=SL-SEGL (I}

T IM=IM+1
GO TO 170

G5 TO 130
190 $=0.0
DO 200 J=

200 S=S5+3EGL (J}
WRITE (6. 260) I.YH.8

G T 555

180 sEGLIIy=8C

1.1

ERROR MESSAGES
332 WRITE (4,334)

B0 TO 999
444 WRITE (44
&0 _TO 9&;

855 WRITE (&

GO TO 99%

4'3)

7SI

bbé WRITE (6, 647)

977 CONTINUE
STOP
__END
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Summary

Three computer programsg, useful in analysis of snow avalanche runocut
prediction, have been compared by analysis of The Ironton Park avalanche
path. Two of the programs, AVALNCH with fast-stop, and ACCEL have been
used previously in typical avalanche analyses. Program BIEQ, and a
modified version of AVALNCH, referred to as the biviscous version, have
been developed in the course of this work.

Program AVALNCH, with its' two versions, is the most versatile of
the cedes, since transient fluid processes can be modeled., The other
codes, based upon the Voellmy theory of avalanche flow, incorporate
fluid equilibrium-£flow equations. Although program AVALNCH has greater
versatility, it requires orders-of-magnitude more time to rum a path
analysis, compared to programs BIEQ and ACCEL., Both of the programs
BIEQ and ACCEL use the Voellmy equations; however, program BIEQ incor-
porates parameter definitions that are based upon recent findings on
the mechanics of flowing avalanches. In takingaccount of these mechanics
processes Iin writing program BIEQ, & reduction has been obtained in the
variation of parameters in order tomodel different avalanche cases. As
deternined from numerical evaluation, the parameter that has strongest
influence on avalanche runout is the snow depth. The primary change
in program BIEQ is to represent the effects of friction and wiscous
drag as functions of the snow depth., Friction is made proportional to
the depth iL, and viscous drag to -ﬁCi based upon physical arguments.
Then by selection of one set of values of the proportionality coefficients
the Ironton Park avalanche runout for snow depths of 2.0, 1.5, 1.0 and
0.5m was approximated. This is in contrast to the need for different
valued coefficients for each of these cases 1f use is made of previ-
cusly developed versions of the Voellmy equations. No ¢laim is intented

that the depth dependence selected is correct. However, the observed
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effect of setting up these relationships in 2;, in that the variation in
parameters in order to match different avalanche runouts is greatly reduced,
is encouraging. Pending further checkout of program BIEQ, less sensitiv-
ity in parameter selection is expected compared with former versions of
analysis methods based upon the Voellmy equations. Obvious improvement
of the algorithm would be to incorporate snow depth changes as the ava-
lanche advances along its' path. Program AVALNCH does this, but since

it is a 2-dimensional code, lateral expansion or contraction of a flow

is not accounted for. The only redeeming aspect of this flow depth
variation problem is the tendency in viscous fluid dynamics that as the
flow increases in depth friction effects decrease and viscous effects
increase, and visa versa as flow depth decreases. Thus, if account 1s
taken of both friction and viscous processes, then they have an inter-
active balancing effect with changing flow depths, In the case of the
Irenton Park avalanche path the width of avalanche runout is nearly
constant, which simplifies the modeling problem.

Incorporated in program BIEQ is a version of the physical condition
of material locking, which has been observed with snow flow. The re-
presentation used for material locking is that viscosity of the flow
begins to increase at a flow speed of U'-S.Oms_l, and exponentially
Increases as the speed decreases., The material locking algorithm that
is used in BIEQ is selected based upon a single segment equilibrium
modeling of snow flow, and is only cone of many that currecntly could
be selected. With further check-out of program BIEQ, more rational

representation of the material locking algorithm should become evident.
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