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ABSTRACT. The predi c tion of run-up a nd run-o ut of dry-Oowing ava la nches is 
\'ery impo rta nt [or la nd-use planning, d es ig n of run-out zo ne d efenses a nd cons truction 
of ri sk maps in avala n che terra in. In thi s pa per, wc present a num erica l d ynamics 
model to predict th e stop posit ion o f th e tip of th ese ava la nches w he n fricti on 
coe ffi c ie nts (intern a l and ex terna l), initi a l Oow d epth a nd in coming speed arc specifi ed 
for known pa th geome try in th e run-o ut zo ne. "\'e a lso compa re our modrl to th at in 
th e Swiss g uid elines and to fi eld exa mpl es . Th e res ults o [ th ese calc ul a ti o ns clea rl y 
defin e model differences a nd th e implica ti o ns of different ch oices of !j-icti o n coe ffici ents. 

INTRODUCTION 

Flo\\'ing ava lanc hes (sce Fig. I ) are tho:e wi th a d ense 
co re of granula r Oow ing snow at the base, usua ll y with 
Oow d epth of' one to seve ra l mete rs. Calcula ti ons of 
ava la n ch e run-up fo r n o wing a \'a la n c hes arc \"Cry 
importan t fo r th e d es ig n of d efenses to slow down o r 
stop th e a \'a lanche d e bri s core, a nd t he pro blem is 
strong ly rela ted to ca lcu lat io ns of run-ou t d istall ces usi ng 

d yna mi c m ethods. 

[n thi s pape r, a prac ti ca l method is introd uced fo r 
ca lculat ing run-up and run-o ut , using a\'a la nche-d), ll
a mics princ ip les . The model is compared to a rela ted 
model used in Switze rl a nd whi ch is desig nated as th e 
present, sta nd ard Swiss guidelin es (Sa lm and o th ers, 1990) 
fo r a\'a lanche-dynam ies calc ul a ti ons in run-out zo nes. The 
results illustrate im portan t diffe rences in th e ma them atica l 
a nd phi loso phical princ ipl es used in es tim a tin g stop ping 
di sta nces of ava lanches ("ra m d yna mi cs princ ipl es . The 
difTcrences a re illustrated using fi eld -doc um ented exa mpl es 

Fig. 1. Flowing avalanche envelojJfd in a lurbulflll dust doud engaged ill run-ujJ 011 Ihe side if a mountain. 
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] ollrlla/ 0/ (;/{{c iofog)' 

of a\ 'alanche run-up and run-out and th eoretical compa r

isons using identical model paramcters, 

The foc us or o ur pape r is a simple, practical m e th o cl 
ror run-up o r run-o ut predic ti on similar to that pro posed 

in th e S\I'iss guidelines lSalm and others, 1990 ), Thus. o ur 

\I'o rk is intend ed to apply to o nl y o ne, sm a ll but 

im port a n t, part or th e a \alanche -c1 ynamics pro blem , 

Specifi call y. \IT prO\'icl e a simple th eo re ti ca l fram e\l'o rk 
[i'om \I'hi ch it is possibl e to ca lculate run-up o r Hill-o ut fo r 

<\\ 'alan c hes conta ining dry sno \\" , pro \'id ed that th e 

fi'i c tion coeffi cients (including inte rnal fi 'inion ) . 0 0 \1 ' 

depth or material a pproaching th e run-up or rUIl-o ut 

slope , and slope geome try are known, 

\\ ' e d o no t address he re th e importa nt ques tion o r h o \\" 

to estimate incoming speed s and fri ct io n coeffici ents, \\'e 

do, ho\\"e\T r , pro\'id e o ur presc ripti o n o f hO\l' rricti o n 
coefficients enter the run-up (or run-o ut ) dynam ics 

problem, since our \'iew differs from th e som e \l'h a t 

traditi o na l onc cxpressecl in th e S\I'iss g uid elines , Due to 

th e complexity o r th e a\ 'a lanche-d ), n a mics problem a nd 

the simplifica tions introduced fo r o nc-dimensiona l m o t
ion , it proba bly is no t ye t possible to say d efinit ely \\"hich 

\'ie\l' o r th is i m portan t ques tion is m os t nearl y correc l. 

Our compa risons \\"ith fi eld examples d o not comple te ly 

resoke thi s issue: hig h un ce rtainty rem a ins \I 'ith res pec t to 

fri c ti o n-pa rame ter input. 

FLOW AND BOUNDARY CONDITIONS 

\\'e consid er firs t a Ill od el fo r run-up a nd run-o ut 

calculati ons based UpOJl so lutioll o f th e dyn ami c-equili
brium equa ti ons and continuit\, proposed by Hung r a nd 

~r cC l un g ( 198 7) a nd m odelin g a t slo pe tran siti o ns 
proposed by Takahashi a nd Yoshid a ( 1979) and T a ka

has hi ( 199 1) for the rf'lated pro bl e m of d ebris-O o w 

dyn a mi cs, The mod e l is a depth-a\T raged , one-dim en

sional formulation with co nstant d ensiti es ass um ed within , 

p, a nd a t th e top or th e core PI' of th e fl owin g a\'al a nch e , 
In o rdcr to de\'el op a prac ti cal d yna mi cs model rele\ 'a nt 

to run-up and run-out ) problems, it is \ 'C ry import a nt to 

begin fi'om a reali sti c ph ys ical pi cture o f th e a\ 'alanch e-flo \l' 

conditions, Since, in realit~" the processes il1\ 'o h-ed arc \ 'C ry 

complex, it would be \'e ry di(ficult to m od el them in g rea t 

d eta il. One must, th en, rely on a prop er interpreta ti o n o r 

the trends in th e processes im'o h-ed to a rri\T at a m od e l 
with th e co rrec t fo rm of bound a r y co ncliti ons, Th e 

bound a ry conditions will be crucia l fo r determinin g th e 

d yna mi c behm'ior of sno\l' a \'alanches, 

Di rec t obse n 'a ti o ns o f the fl 0 \I' condi ti ons insid e 

cwalan ches are \'er)' ra re a nd th e inro rm a ti on a \'a ilable 
is not \ 'C ry precise, \ Ve are co ncerned he re \I'ith pll\'s ical 

modeling of th e conditions a t the top a nd bottom or th e 
flowin g sno\l' as well as with th e intern a l fl 'inion be t\l'Ce n 

sno w p a rti c les, Obse n 'a ti ons, m eas urem ents o f nO\l' 

conditi o ns and a\'alan che impac t press ures indica te that 

th e co rc o f flowin g a\'a la nches is a d ense g ranul a r 

ma terial (M cClu ng a nd Schaere r , 1985, 1993; G u bI e r 
and oth ers, 1986; Salm , 1993) , By " d e nse" , \I'e mean th a t 

the concentra tion of so lid m a teri a l (\ 'o lume rracti o n fill ed 

by so lid ma terial ) is hi g h enough that th e proba bilit y o f 

rrequ ent colli sions bc t\lTe n pa rti c les is high during a ll 

stages o r th e fl o\l' , Howc\'C r, during run-out and run-up 
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th ere w ill a lso be co nsid e ra ble rubbin g [i'ic ti o n bet\l'Ce n 

th e particles as th ey become close eno ugh fo r enduring 

parti c lc cont ac t. In th e fin a l s tage, locking ta kes place a nd 
stat ic fri c ti on is approach ed, Th e \'olum e fr ac ti on (ill ed by 

so lids has no t been prec isel y m eas ured in run-up a nd run

ou t p ro blems, H u\I'C\T r , b ack caleul a ti on s b y ]\JcCI un g 

a nd Schae rer (1985 ) y ie lded es tim a tes o r 30 50'1<, so lid s 

conc-e n t ra t io n \I'i rh i n t he no\\' fo r m eas uremen t in th e 
trac k (o r tra nspo rt zo ne ) before sig nifi ca n t d ecelcra ti on 

a nd run-o ut d eposition too k place, Th ese m easurements 

\I'ere ta ken just a boH' th c g round surface but a rc no t 
prec isc cn o ugh to g i\T es tima tes rcl e\'ant to th e crucia l 

boundary condition a t the bo ttom, In gc n e ra l, liT ex pec t 

th e \ '01 um e co ncentra ti o n of solids to inc reasc fi 'om th e 

top to th e bo ttom of a OO\l'ing a \'a la nche , 

I f th e es tim a tes o f so lids concentra ti o n frOIll im pact 
d a ta are reasonahl e, vc ry important impli ca ti ons arise 

with res pec t to Hln-up a nd rUll-out p ro blems, In th e fin a l 

stages o f m o ti on, liT m ay ex pec t th e solids concentra ti on 

to be e\ 'e n hig her th a n th e 30-50°ft, ra ngf' m easured in th e 

trac k, C ublcr a nel o th e rs (1986 ) es tima ted from prec ise 
rad a r nwas urrment s th a t th e fl o\\' ing m a teri a l shows 

co ncentra ted shea rin g d efo rm a ti on at th e bo t to m with 

\,(T ~ ' littl e intern a l shea rin g in th r ma in b od y of th e fl oll' 

Sa lm , 1993 , Thi , inform a ti on is co nsistent \"ith th r 

pi ct u re t h a t th e re!e\'a n t yol u me co nce lltra ti o n of so lids is 
hig h [u r run-up a nd rUIl-o ut problems, lI' ith perh a ps Cl 

slightl y rcduced n llu e w ithin th e zo ne o f ac ti n ' shea rin g 

a t the bo tt om, 

Ohse n 'a ti ons o f ac tu a l dn d e p os it s fr om la rge 

a",d a n ch es sho\l' th a t p a rti c le size d ec reases ra pidl y \I 'ith 

depth into th e depos it. Pani cle sizes a t th e surface a re 
typica ll y in th e ra nge 1- IOcm , but d Cf' p e r in th e depos it 

pa rticl es a rc o f'mu ch smaller sizes e1 o\l'Il to th e millim eter 

sca le, Th ese obser\'a ti o n s sho\\' th a t the re ha\'t' been 

in tense .i n te rac ti ons (co li isions ) bet \I'Cc n p a rticl es a nd 

lI'ith the sliding s urf~lce a l som e stages o r their tra\TI dO\I'n 

th e m o untain, Aga in , th e indica ti on is th a t th e fl ow must 

be co nsid e red dense : th e co lli sion m ean free pa th is 

sm a ll e r than th e di sta n ce bet\lTe ll th e p a rti c les, In 
additi o n , since th e d ensit y o r th e fluid (a ir) is at least 
I 0 ~ 10 :1 th a t o f th e pa rticles , th ese t\l 'O lrends (loll' fluid 

densit y a nd hi gh \'o lum e con ce ntra ti o n o l'pa rti cles) mean 

th a t \IT expec t momentum tra nsfer to he due to pa rticl e 

co llisio ns a nd rubbing fi'ic ti on be tllTe n particles, lI'ith th e 
lluid ig n o red in th e m ec ha nica l d escripti o n , This is 

pa rti cul a rl y likely to be tr ue in run-up a nd run-o ut 

probl e m s d ea ling w ith th e fin a l s tages o f mo ti on , 

\l cClun g (1990) has di sc ussed thi s ph ys ica l co nditi on 

ext ensi\ 'ely, 
F o r run-up a nd run-o ut , th en , we co n sid e r th e mo ti on 

or a d ense core or m a te ri a l with lo \\'cr-d en sit y ma teria l 

suspend ed in turbul ent eddi cs a round th e upper s urf~lce or 

th e co re , T a kahashi ( 199 1) too k th e bo ld step o f" un

coupling turbulent fluid processes a nd p a rticl e pa rticl e

colli sio n a nd rubbing-rri c ti on effec ts to en a ble th e basa l 
shea r res istan ce to be \lTitten as th e sum o f't wo term s, In 

",hat (a llows, \IT ad opt T a ka hashi 's stra tegy initi a ll y, but 

in th e final rormul a ti o n o f' o ur mode l wc d o no t reta in th e 

un co u pled fo rm to ex press th e mo ti o n res ista nce a t th e 

uppe r a nd 10\I'(' r bound a ries, The ass umption th a t th e 

basa l shea r resista nce ca n be \lTitlen as a sum (Eq ua ti on 

( I ) be low) has bec n tra dition a l in and a n eh e-d ynami cs 
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fo rmul a ti o ns since \'oe llm )' (1955 ) a nd S a lm (1966) , 

S in ce th e S\\'iss g uid e lin es esse nti a ll y co nta in thi s 

assu mpti o n , it is re ta in ecl here initi a ll y, but it is no t 
con ta in ed in o ur mod el. At th e bottom o f th e fl ow, th en , 

lIT ta ke th e d o \\'nslope resis ta nce, Tb, to m o ti o n as th e sum 

of' t\\'o te rms: 

(1) 

II' here T is resista nce due to pa rticle inte rac ti o n with th e 

sli d ing surface a nd adj acent pa rticles \\ 'ithin th e nOli', a nd 

T' is t u r bul ent fi' ic ti o n geJ1(Ta ted by a n y tur bul ence 
Il'ithin th e in te rsti tia l a ir at th e base o f' th e nOlI' , Fo r th e 

d ense fl ow a t th e base o f' th e nOlI". hOIl'C \'(T, wc ass um e 

tha t T' «T, This is becau se the hi g h d e nsit y (I'o lum e 

frac tion ) of' p art icles a t th e base o f th e fl oll" \\' ill pre\'ent 
tu rbul e n ce ri'om fo rmin g w ithin th e inte rs titi a l a ir, 

Furthe rm o re, lI'e ass um e ( De nt, 1986, 1993; \[cClung , 

1990 ) th at bo t to m fri c ti o n (clue to co lli sio ns a ncl ru bbing ) 

is co upled to th e n o rm a l stress p ro \ ' icl e cl by th e 

ove rburd e n o f ma teri a l b y a d yna mi c coefTi cient o f 

fi 'ic ti o n , jJ" \\'hi ch may in ge nera l d epe nd o n ra te o f 
shea ring a ncl \'o lu me frac ti o n as lI"e ll as ro ug hness a nd 

co nditi o n o f' th e sliding surface , Basa l d rag w ill a lways be 

d omin a nt in run-out a nd run-up , with drag a t th e top o f' 

th e no\\' ofte n bcing neglig ibl e , \\'e th en ad o pt a d yna mi c 

Co ul omb-ty pe rela ti on 

Tb = jJ,pgll cos 1jJ (2) 

fo r o ur defini tio n of'b asa l res is ta nce , In Equ a ti o n (2), p is 

dep th-al'C raged de nsit y, i7 is mea n (J OII' d ep th a lo ng th e 

run-u p (o r r un-o ut ) slope a nd 41 is slope a ng le , Wc la ter 

dcr iI'C a n a pprox ima te exp ress ion for ii a nd rep lace it by 

th e ex pec ted mea n depos iti o n depth in th e run-ou t zo ne, 

Dent ( 1993 ) 5hO\I's exa m p les of hOll' /' m ay \'a ry lI'ith 
speed , pa rti ck-res tituti o ll eoefTi cient a nd illle r-pa rti clc 

f'ri c ti on fo r d ense, ra pidl y sh ea red g ra nul a r m a te ri a ls, 

A t th e LO p o f'th e co re, liT el1\ 'isio n res is ta nce to moti on 

being rep resent ed by tur b ul en t drag due to a ir/sno\\' dust 
by represe nting th e uppe r surface o f th e no\\" If onc 

ado pts T a ka has hi 's stra tegy, a n eq ua ti o n a n a logo us to 

Eq uat io n (2 ca n be \\' ritte n fo r the to p o rth e f1 0 \\', but in 

thi s case T is neglig ible a nd T' is o f prim a r y impo rtance , 

Th e up pe r surface o f th e co re prese l1ls a ro ug h surface 

Il'hi ch ge n era tes fi 'ic ti o n as th e al'a la nche is tra nsported 

a long th e incline \I 'ith speed , (I, The up pe r sur face of' th e 
co re is (,J1\' is io ned as co nsis ti ng of a ro ug h su rface wi th 

sa lt <l tin g pa nicl es a t the to p immersed in a sn ow-dust a nd 

a ir mi x ture suspended in turbulent eddi es , Th e drag a t 

th e to p of' th e now is represe n ted as : 

(3) 

\\' here PI is d ensity of th e snow-dust ,1Ir mi x ture and is 
3 abo u t 10kg m \l cClung, 1990 ) a ncl CD is a drag 

coe fTi c ie n t fo r t urbu le nt fl o ll' O\'e r a r o u g h uppe r 

peri phery o f th e co re , F o ll olVing i\l cClung ( 1990 ), \1 '(' 

estim ate th a t th e I'a lu e o f CD is abo ut 0 ,0 1, from 

Sc hli ctin g ( 1972 ) , I n a t leas t some p ro bl e m s of' run-u p 

a nd run-o ut , wc beli n'e th a t th e contributi o n o f' Equ a ti o n 

(3 ) to s to p p ing d yna mi cs mal' ofte n be \ 'ery sm a ll (if no t 

i\;!cC/ulIg alld ,\fears: DI),-jlowing avalanche run-u/l and I'IIn -oul 

n egli gibl e) , F o r completeness, howeve r, lIT will re ta in 

Equa ti on (3 ) to repre, ent d rag a t th e to p o f th e now 

instead of presc ribing a fi 'ee surface th ere, 

For Equa ti o n (2 ) , p is th e m ean d ensity o f m a te ri a l in 

th e core of th e ava la nche, S in ce th e mi xture th e re m a l' 

consist of'snow p a rticl es (a mi x ture o f ice a nd a ir ) a nd a ir, 
we may write 

fo r th e mix ture, wh e re C is th e vo lume fract io n fill ed by 

sno\\' pa rticl es, p, is th e de nsi ty o f' snO\I" pa ni cles, a nd PA 
is th e a ir d e nsity , With C in th e ra nge 0 ,30- 0 ,50, as 

es tim a ted by i\l cC lung a nd Sc h ae re r ( 1985 ) , a nd w ith Ps 
in th e ra nge 200- 500 kg m 3 (fI LcClung a nd Seh ae rer. 

1993 ) an d PA = 1 kg m 3 (densit y of a ir) , p is in the ra nge 

o f a bo ut 100- 300 kg m " o r a t leas t ten tim es PI, th e 
d ensi ty a t th e lOp o f th e (J o\\', At th e bottom o f th e fl ow, 

clue to des true ti \ 'e colli sions, it is poss ib le tha t the p a rticl es 

co nsist of millim e te r-size indi\ 'idu a l ice gra ins (9 17 kg 
m 3), a nd th e fl ow d ensity m ay be as hig h as 450 kg m 3 

In th e inte ri o r of th e nOli' , it m a\' be necessa ry to 

acco unt fo r il1le rn a l fricti on b e tween snow pa rticles in 

run-up a nd run-o ut problem s, S a lm (1993 ) po ints o ut 

th a t in te rn a l sh ea ring is onl y poss ible if th e inte rn a l 

fri ction a ng le </J is less th a n the slo pe a ng le in first 
a pprox im a ti o n, S in ce run-up a nd run-out pro ble m s a re, 

fro m fi e ld o bse rl'Cuio ns, th ose in th e las t stages o f m o ti o n 

in \\'hi ch a t leas t so m e of th e m a te ri a l is " loc ked " o r no t 

und ergoing rap id shea rin g. we must ha \'e a mec h a ni sm to 

acco unt fo r th e inte rn a l res ista n ce in th e now m ech a ni cs , 

Sa l m ( 1966, 1993 ) pro poses th a t a ll owance be m a d e fo r 
pass i\'e snO\l' p ress ure a na logo us to passi, 'e ea rth press ure 

fo r th e compress il'e s ta tes o[ stress ex pec ted in run-up a nd 

run-o ut p ro blem s, The lo ng itudin a l pass il'e sno ll' press ure 

(pe r un it \I 'idth ) m ay be represe nted as (Cra ig, 1988 ): 

1 _ ? 

(Jp = - pgkpho - cos'l/Jo 
2 

wh ere (1J is inte rn a l fri c ti on a ng le ) 

I. _ cos'ljJo + .J eos2 'l/Jo - cos2 1J 
"I' -

cos t/Jo - J eos2 't/Ja - cos2 1J 

/';1' = 1 

(5) 

1J ~ 'l/Jo ' (6) 

In Eq ua ti on (6 ) , co hes ion is ig no red , a nd ha a nd 'l/Jo 
represent now de pth a nd slo pe a n g le o n ent erin g th e run

o ut zo ne, res pec ti ve ly, For 1J ~ 'l/J(), Equa ti on (5 ) redu ces 
to th e fluid a n a logy introdu ced b y Hung I' a nd flf cC lung 

( 1987 ) fo r w hi c h kp = I. Fo r 'l/Jo = 0, Eq ua ti o n (6 ) 
red L1 ces to th e ex pressio n given b y Sa lm ( 1993 ) , Th e re is 

co nsid erable un ce rta int y with res pec t to th e ro le o f 

p ass ive snO\l' press u re in ,1I'a la n c he d yna mi cs , S in ce th e 

cO l1stituti l'e equ a ti o n fo r nowing sn ow is unknown , ou r 

fo rmul a ti o n ta kes th e simpl es t poss ib le fo rm by sp ec ify ing 

a co nsta nt inte rn a l fri c ti on a ng le , BclO\l' lIT di sc uss so m e 

preli m in a ry sugges ti o ns fo r a ro ug h d etermin a ti o n of' 1J 
b ased upo n Sa Im 's ( 1993 ) di sc uss io n a nd o u I' oll' n 
o bse r\'a ti ons, Sa lm a nd o th ers ( 1990 ) a nd Sa lm ( 1993 ) 

es tim a te for Hln-o ut zo nes based upo n a \'a la ll c he d epos its 

th a t 1J is a bo ut 25° , This es tim a te (1J = 25 ) is recom

m e nd ed in th e S wi ss g uid elin es (S a lm a nd o th e rs, 1990 ), 

a nd we sha ll a lso re ta in thi s es tim a te fo r ru n-up a nd rUIl-
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] ollmal of G'laciolog), 

o ut problems. With cjJ = 25 a nd 'l/Jo = 0 , Equatio n (6) 
g ives kp = 2.5. Equ a ti on (6) with q; = 25 predi c ts th a t 
locking in the flo\\' II·ill begin a t slope a ngles ofa bo uL 25 . 
Thus pass il'e snow press ure lI'ill beg in to become a [ac tor 
in run-up a nd run-o ut problems fo r slope angles less tha n 
25°, if cjJ is ta ken as 25 . This seems to be reasona ble as a 
rou g h es tim a te, as speeds in large, dry anda nches a rc 
usua ll y beginning a d ecelera ting phase for suc h slope 
a ngles (Gubl er a nd oth ers, 1986) , a nd th e flowing snoll' 
sho uld be enlerin g a compressive phase. 

EI·idence from ava la nche d epos its (d esc ribed a bOl'e ) 
shows that pa rticl e sizes d ecrease rapidl y below th e 
surface of deposits to produce a uniform distributi o n of 
pa rticl es of small size . This indi ca tes th a L shearin g 
deformations a nd intense d es Lru c tive co lli sions o f partic
les have ta ken place through th e d e pLh of th e fl oll' a t some 
stages of moti on. Salm ( 1993 ) points out th a t cjJ has neve r 
been estima ted in fl owing sno\',,· . Static I'a lues fo r q; are 
es tim a ted by ~IcClung ( 1987 ) in th e ra nge 50 60°; such 
valu es may be reaso na ble for d epos ited snow, but he re we 
pro l'ide es tim a tes during run-up a nd run-out fo r lI'hi ch 
we be li el'e th e sta ti c es tim a tes (50- 60") would be too 
hig h. Ph ysica ll y, kp then depends o n fl oll' conditi ons a nd 
state of stress, but fo r o ur practica l lI'ork lI'e es tim a te it by 
choosing a rcasonable value for q; a nd th en inco rpOl"a te 
geom etri c eflec ts using Equa ti o ns (5) a nd (6) . Field 
es tim a tes of impac t press ures in th e transpo rt zo ne ( trac k) 
by M cClung a nd Schaerer ( 1985 ) sholl' that pressures in 
large , dry a l'a la nehes hal'e a highl y flu ctua ting com pon
ent [o r a slope a ng le of 31 0 These meas uremen ts i nd ica te 
that th e ma te ri a l is no t in a compl e tely locked sta te until 
lower slope angles a rc encountered in the d eposition zone. 
These obsel"l 'a tions ma ke it reasonable tha t pass il 'e snoll' 
press u re begins to ta ke eflect as th e m ass approaches th e 
d eposition zo ne consistent with a va lu e for cjJ nea r 25°. Wc 
recommend adopt ing an a ngle, q;, \Vi th an a pproxima te 
value interm ediate between 0° (no fri c ti on) a nd 50 60 
(static I'alue from in situ tes ts) to d esc ribe fl owing snow in 
the fin a l stages of run-up or run-o ut. According ly, lI'e 
have chosen cjJ = 25°, consistent with th e Swiss g uidelines 
(Sal m and uthers, 1990) . 

LEADING-EDGE THEORETICAL MODEL 

For run-up a nd run-out, wc ad op t a onc-dim e nsiona l 
mod el to calc ul a te th e position o f th e lead ing edge o[ the 
avalanche, wi th q uan ti ties ave raged through th e d e pth of 
th e fl owing snow measured perpendicul ar to th e surface 
o\"er which the ava la nche is fl owing. \\'e consid er th e fl o\\' 
as incompressible so that th e d ensit y of materia l in th e 
bod y of th e fl o \\'ing snoll' is ass um ed constant. \\' e a lso 
assume th a t th e disc ha rge per unit width, Q (m 2 

Si ) , is 
consta nt thro ug hout run-up o r Hln-out. The assu mption 
of constant Q is a ve ry rough approximation. Consistent 
with th e bac kgro und mate ri a l a bove, th e resist il'e forces 
a re a d ynamic Cou lomb friction fo rce a t the botto m of the 
ava la nche (Equ a ti o n (2)) a nd a turbulent resistive force 
a t th e top a nd a round th e upper periphery of the 
avala nche bod y (Equ a tion (3)) . Note th a t o ur bo und a ry
condition formulati ons do not require th e ass umption 
impli ed by Equation ( I) of d eco upling the stress terms. 
even th ough thi s ass umption is roo ted in mos t a l'a la nchc-
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dynamics models since \' ocllm y"s ( 1955 ) . 

Con sid ering the pro bl em of Hln-up , fo ll owing Hung !" 
and ~lcClung ( 1987 ) a nd T akahas hi ( 199 1), \\'e exp ress 
.\Tewton 's second la"" (sce Figure 2 for th e geome try) as : 

c\(phv:r) 
I = Tt + T2 + T:3 + TI + T.) . (7) 

( l 

t 

\ IJI ~ 
- -- ---lJIo _I __ 

(b) 

I
-Front -1_ 

\~ \ t 
\IJIY H 

V -

Fig. 2. Schematic Cl! .flowing-avalanche Flln-IIj) all an 
advene slope: ( a) IlIlI7jJed-lI1{/j s or cen/re-rif-majJ model, 
(b) leading-edge model. 

Th e quantities a re expressed as force per unit width of th e 
fl ow, a nd terms T[ - T.5 a re dri ving a nd res istil'e forces 
a fl ec ting motion, h is mean fl o\\' depth a lo ng the run-o ut 
slope , a nd x is distance a lo ng the run-o Llt slope meas ured 
fi 'om ze ro a t th e beginning of the run-o Llt slope . Terms 
Tl T.5 a rc gil'en be low (fo rce per unit width ); of these, T3 
a nd T4 are alll'a ys resistil'e terms. 

T J Dri"ing force pgh.)"; sin 'l/J 
T2 l\Io m entum flu x phov02 cos('ljJo - 'l/J ) a pproac hing th e 

run-o ut or run-up slope, where 'l/Jo, vo and ho a re 
initi a l slope a ng le, speed and fl oll' d epth , respec ti vely 

T3 D ynamic Cou lomb resist il 'e force (a t th e bottom ) 
- fJ,pgllx cos 'ljJ 

T.j Turbulent res isti l'e force (a t the top ) -~PtCDV2 
t:' .) 

T j Pass il' e snow-press ure force te rm "2pgho -kpeos'l/Jo 
eos('l/Jo - 'ljJ ). 

Equa ti on (7) is d eri ved for a very gen era l momentum 
principle for constant suppl y to the fl ow. The mOmenLUl11 
flu x term T2 is ca lcula ted as th e incoming mass flux (per 
unit width ) tim es the in coming ve locit y, wilh th e veloc ity 
ta ke n as the mean value through th e depth of fl ow. It 
rep resent s th e discharge (or suppl y) of momen tum to the 
Htn-o ut or run-up s lo pe . Sce Appendix B for a n 
ex pl ana ti on of thi s te rm. 

B y ana logy to fluid dynamics, wc ass ume supercriti ca l 
fl oll' a t the beginning of thc run-ou t slope so that 
condi tio ns upstream arc not influenced . Typical speed s 
and flo ll' depths for ava la nches indicate this is a good 
ass umption. The o th e r terms on th e ri g htha nd sid e of 
Eq ua ti o n (7) come from th e sum of a ll th e forces ac tin g o n 
the fl owing al'a la nch e m ass, including gral'ity, fri cti o n a t 
th e top a nd bottom a nd intern al, passil'e snow pressure . 
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Th ese fo rmul ae differ [i 'om Hung r a nd :'IcC lung';, 

( 1987 ) fo r te rms T I a nd To. In T I, lI'e ass um e he re that 
turbul enr res is tilT fo rce acts o nl y a t th e top a nd upper 

sUI' face, no t th e bo ttom . o f th e m·ala nche. In Ti, 1\' 1" hal'e 

in cluded fri c ti o n be t\\'ccn th e snoll' pa rti cles (fo r cjJ ::::: ~o ) 

as expressed in Eq ua ti on (6 ) . In o rd er to so lve (o r th e run

o ut o r run-up di sta nce, lI'e so lve Equa ti o n (7) fo r th e 

di sta nce, Xn, w hen v = 0 \\"ith the initi a l co nd iti o n th a t 
t = 0 II'h e n :r = O. In o ur fo rmul a ti on, s lope a ng les 

1/1,1,'0 ) a rc ta ke n posit i'T if th e slope is d O\\'Il\\'ard fi'om 

horizont a l a nd ncgatil'e if up \\'ard aclve rse slopes ). In 

Equa ti o n (7) , ~) is ta ken pos it in' o n th e a p p roac h slopc 
a nd nega til 'e o n run-u p slope (or fo r ach-erse slopes in 

run- o u t ) . In a dditi on. \IT m ust ill\'o ke th e d ep th

<\IT raged. integra ted continuity eq uat io n so th a t mass is 

co nsenTd : 

ii.r = ho'ilo l . (8) 

Thc de r il'a ti on of Eq ua ti o n (8 ) requires th e assu mption of' 

cons ta nt m ean d yna mi c fl ow dept h, I~, in th e run-u p (or 

run-o ut ) zo n e . 
R ea rra nge m c nt of' Eq ua ti o n (7) gin's: 

(9) 

where Go = g(/L cos IjJ - sin ~I) 

11 = ('ocm;(l.'o - lp) 1 + I . .) 
( 

k ,gho cos u,o) 
21'0 -

(10) 

lI'ith 

(11) 

O n th e run-up or run-o ut s lo pe I\T seek a numeri ca l 

so luti on o f' E qua ti o ns (8 ) a nd (9 ) fo r v as a fu nct io n of 

tim e. Th e r UIl-u p o r run-o ut d is ta nce is th en g ilTn by the 
integra l o f v fi 'o lll t = 0 un til t = fR. th e tim !' ta ke n o n the 

run-up slo pe until th e fi 'o lll o f' th e al"a lanc he sto ps. I t is of' 

interes t to compa re th e t\\'o res ista nce te rms Got a nd 
Do't,2 1 fo r a run-u p slo pe . Th c ra ti o o f th cse terms is: 

Gol Do 1'2 \\'h CTe, on th e a dlT rse ru n-u p slo pe , Go is 

represe nt ed b y g(sin IIjJI + f..Leos I~II). i.e . 1/J is n ega tin:. 
T yp ica l I'<du es fa r Do res ult fi'om ( ~l cC lun g, 1990 ) 

(11/75 ~ 0.1 , FI = 3 m . CD = 0.0 I a nd in run-up pro bl ellls. 
I f' ~I = 30 , /-L = 0.3, a nd u = 20 m si , th e ra ti o becomes 

Gol Do'/? = I 12 . 1:01' o ur Ill od e l. th ere fo re, in so m c cases 

of' p ract ica l inte res t. th e tCTm Dov2t may be ig no red in 
run-up (a nd run-o ut ) pro bl e m s, a nd drag Ill ay be 

a ttributed to cil'n<lmi c Co ul o mb drag a t th e b ase of'th e 

a l"a la nc he . \\ ' hc n th e tcrm Dou2t is ig nored , a ll " an a h-ti ca l 

so lutio n is c\\"a il a blc a nd th e run-o ut dista nce is 

(12) 

a nd th e Hln-u p heig ht is 

(13) 

.llcCfllng and ,\/ears: DJ),-j7oll'illg om/aJ/c/te nll /-II/l and ru ll-oll i 

Fo ll o lI'ing Sa lm ( 1993 ), I\T d e ril'e a n a pp rox im a te 

ex press io n fo r th e m ean d epos iti o n d e pth on th e run-up 

(o r run-ou t) slo pe . N eglec ting th e turbul ent term, th e 
so lutio n for th e sp eed a long th e d ecelera tio n slo pe is: 

I 

V= /Ga(XH -x)". (14) 

Fo r a n a pprox im a te m ean fl o \\' d e pth in the run-up (o r 

r un-o u t I zo nc, wc ass um e from conse l'\'a ti on o f' m ass, 

fo ll o ' \" ing Sa lm ( 1993 ) , a consta nt s uppl y of'm ass pe r unit 

w id th cntering into th e H ill-UP (o r run-o u t) zone until th e 
tip com es to res t. Th e ba la nce [o r th e flu x of ma teri a l (p e r 
unir \I" idth 1 is: 

Q = 1t L' = hovo ( 15) 

w he re h is in sta nt a neo us 11 0 \\" d epth during run-o ut. 

Eq ua ti on ( 15 ) is I\Ti ll en fo r o n e-dimensiona l m o ti o n , 

a n d if th e ap prox ima ti o ns dhl clx« 1 a nd co ns ta nt 
de nsity a rc ass umed, sim plifi ca ti o n res ults. Integrati o n 

of Eq ua tion ( 15 ) a ll a lo ng th e d eposi ti o n zone, I\"ith h = i1 
ta ke ll as consta nt , g ives th e mea n d e p os iti on-zo ne d e pth 
(Salm , 1993 ): 

- It ovo 
h ~--. 

ii 
(16) 

In Eq ua ti o n ( 16 ) , qua ntiti es I\'ith a b a r (u) a rc m"e raged 

a lo n g th e le ng th o r th e r u n-up o r run- o ut zo n e. 

Int egrat ion of' Equ a ti on 114· ) (ass uming neg lec t o f 
turbu le nt drag ) g in's: 

- 3 hovo 
h ~---

2 11 
(17) 

w h e re 11 is g l\T n b y Equ a ti o n ( 10 ) . " "ith neg lec t o f' 
p ass il"e snow press ure and th e slo pe-ang le mo m entum 

correc ti on (cos(~'o - 1/1 ) --+ 1), Equ a ti o n ( 17) predicts 
tha t il is a bout 1.5 h o. 

\\ 'hell slope-a ng le m o mentum co rrec ti on is impo n a nt 

s uc h as in run-up ), Equ a ti on (17) predi c ts th a t it ca n be 

as hi g h as 3!J o. Field meas ure m e nt s show that thi s 

a pprox im a te ra nge o f' I'a lu cs ( 1. 5 110 to 3ho) is reason

a b le. The app rox im a tio ns a nd o ne-dim e nsiona l ch a rac te r 
o f' Equ a ti on 17 ) m ea n th a t o nl y ro ug h es tim a tes a rc 

prO\· id ed. In p ro bl e m s fu r whi c h turbu le nt drag is im

po rt a nt , th e es tim a te in Equa ti o n ( 17 ) co uld be revised b y 

num er ica l integ ra ti o n to der ive th e speed es tim a te 

a n a logo us to Eq u a ti o n 1+ w hi c h is g i" en fo r neg lec t o f 

turbulent d rag. H OI\"eIT r, since Equ a ti o n ( 17 is o nl y a 

ro ug h es tim a u'. a nd sin ce 11"1" ex pec t turbulent drag [0 b e 
sm a ll in ma ny run-up a nd Hln-out probl ems, thi s a dd ed 

so phisti ca ti o n is p ro ba bh' unn ccessa r) '. Following S a lm 
( 1993 ), 10 1' prac ti ca l pro ble ms I\T nOl\" repl ace i:;' in o ur 

th eo re ti ca l model with li. g ilT n by Eq ua ti on ( 17) . This 

ass ump tion is equi l'a lent to ta kin g th e mea n d e pos iti o n 

d e pth as o ur es tim a te o f th e mea n fl o w d epth in th e run
o ut o r run-u p zo n e . 

Equ a ti on ( 17) prol" id cs onl y a n a pprox illl a te es tim a te 

rc.g. Sa lm . 1993 ): d yn a mi c d epend e nce on fl ow-d e pth 

c h a nges a nd tu r bul en ce durin g run-o ut a rc ig no red a nd 

co nsta nt di sc ha rge is ass ulll ed. In realit y, input disc h a rge is 
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exp ected to decrease from a ce rtain time after the passage 
of th e ava lanche front. Since deceleration and d eposition 

processes rela te to non-eq uilibrium sta tes, a n expression 

like Equa ti on ( 17) , deri\ 'ed from idea lized simplifica ti ons, 

is only a rough es tim ate, A \'a la n che-noll' height va riati ons 

a nd depos i ti o n d epth often di sp la)' t \\'0 - a nd th ree

dimensiona l e ffec ts, not included in Eq ua tion (17 ) , 

LUMPED.MASS MODELS 

Mod els containing th e assu mption th a t motion m ay be 

d esc ribed by th e centre of m ass of the avala n c h e have 

been th e most popula r fo r run-up and run-out problems, 

The mod els of Voellm ), (1955 ) , Sa l m (1979 ) , P erla and 

oth ers ( 1980 ) a nd Sa lm and oth ers ( 1990) a r e m a th ema t
ica ll y equi\ 'a lent to motion d escription as if the ava la nche 

mass were co ncentra ted a t a point at the centre of mass . 

The m od e l of MeClung ( 1990 ) is a lso a centre-of-mass 

model but is intended on ly for sp eed es tim ates , not run

ou t es tim a tes. Lumped -m ass models have two d isadvan

tages in run-up and run-out problems: 

( I ) Since m o tion description is w ith res pect to th e cen tre 

of m ass ins tead of the tip of the ava la n c h e , such 

models predic t shorter run -up or run-out (Hung r and 

McClung, 1987; Chu a nd oth ers, 1995 ) if th e sa me 

fri ction coeffi c ients are used. 

(2 ) Tt is not possible to in c lud e passJ\'e snow pressure 
exp li citl y in th e run-up or run -out formulation since 

on ly exte rnal forces can be spec ifi ed in a poinL-m ass 

model. 

Sa lm ( 1979 ) , Perla a nd oth e rs (1980) an d M cClung 
( 1990) ha \ 'e deri\ 'ed the diffe renti a l equ a tion for the 

lumped-m ass models ana logou s to Equation (9 ) : 

1 dv2 
? -- = -Go - Dov- . 

2 ds 
(18) 

In Equation ( 18 ) , ds is an e lement of path length a long 
the inclin e, For th e simple geometry of Figure 2, we 

assume , fo ll owing Perl a a nd oth ers ( 1980), that only th e 
slope-para ll el component o f ve loci ty is transferred on to 

th e run-up o r run-out slope: Vo --+ Vo eos( 'lj;o - 'Ij;) w hen 'lj;o 
is greater th a n 'lj; . The so lu tion to Equation ( 18) is th en 
(e .g . Sa lm , 1979; Perla a nd o the rs, 1980) : 

v2 = [(VD eos('lj;o - 'lj; ))2 + Vo2]e-2Do
." - Vo 2 (19) 

wher e V0
2 = Go / Do. Equation ( 19) is m a thema ti cally 

equiva lent to sp eed es timates in the Swiss guide lines 
(Salm , 1993 ) except th a t the Swiss guidelines do not 

account for th e mom entum loss at slope tra nsiti ons 
vvh en th e slope a ngle d ec l-eases (it is assumed th a t 

(eos('lj;o - 't/J ) --+ 1)). A lso, in the g uid e lin es, the 
param ete r D o is el1\'isioned as accounting for turbu lent 

drag at the base of th e now instead o f' a t the top of'the 

Oow as we e n vision it. Appe ndix A explains th e re la tion 

between Doh and its a lternative representa tion in th e 

Swiss g uid e lin es (g/~) fo r our m od el and th e Swiss 
gu idelines . \ Vith th e substitutions, Do = g/E,l~ (Swiss 

guid elines ) instead of 
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Do = - -::::- ~ (our model), ~ --+ 2 - -'-1 (Pt) Co (15) 9 
2 P h Pt CD 

a nd eos('lj;o - 'lj;) --+ 1, th e speed eq ua tions of th e Swiss 
g uid e lines are reco\ 'e red, 

Th e so lution to Equation (18 ) for th e run-out distance 
I S : 

(20) 

For th e run -up h eig ht, we ge t ('lj; is taken negat i\'C ) 

(21) 

With the subs titutions a bove , eos('lj;o - 'lj; ) --+ 1 a nd 

Do = g/~l~, Equ a ti o n (20 ) is id entical to that gi\'en for 

run-out distance in the guid elin es (Salm, 1993 ). Using 

L ' H osp ita l's rule, in rh e limit as Do --+ 0 (neglect of' 

tu rbul en t drag), Eq uation (20 ) reduces to 

? .) ( ) X _ ~ Vo- eos- 'lj;o - 'lj; 
R - 2 Go (22) 

For run-up , we take 't/J nega tive 111 Go , a nd th e run-up 
hei g ht is: 

(23) 

Equ a ti ons (22 ) and (23 ) ma y be compa red to Equations 
( 12 ) a nd (13) for the lead ing [i-ont mode l. If' passi\'e snow 

press ure is neglec ted , Equations ( 12) a nd ( 13) pred ic t 

exactly twice th e run-ou t or run-u p. This comparison 

sh ows a fundamenta l d ifference bet\\'een the models: the 

leading-edge mod el a lways predi c ts lo nger run -u p or rUI1-

out if the sam e incoming speed a nd friction coefTic ients 

a r e used , because it simula tes th e motion of th e tip of' the 
ava lanche (instead of the cen tre of m ass ) and because it 

conta ins passive snow press ure expli c itl y. Hu ngr a nd 

M cC lung (1987 ) h ave emph as ised th ese diffe ren ces 

previo usly. In ad diti o n to a d ifferent m ome ntum 

formul ation, th e S\\'iss guid elin es (Salm and oth ers. 

1990; Sa lm , 1993 ) con tain no pro\'ision for momentum. 

loss as slope an g le d ecreases. Experimental data from 
small-scale exp erim e nts on granu la r Oows show th a t th e 

correc tion , Vo --+ Vo eos(~)O - 'lj; ), is importa11l in run-up 
(C hu a nd others, 1995 ) . 

To compare solutions for the leading-edge model a nd 

the centre-of-m ass a pproac h for cases in which turbulent 

drag is important, th e numerical so luti on to Equations 

(7 ) , (8 ) and (17 ) may be compa red to Equations (20) a nd 
(2 1) . T o compl e te the model for th e S\\'iss gu id e lines 
(Salm a nd others, 1990; Salm , 1993 ) it is necessa ry to 

introd uce the m ea n run-out zone d e position depth 

analogo us to Equat ion (17) for our model. Sa lm ( 1993 ) 

g ives th e exp ress ion from th e Sw iss g uidelin es fi-o m an 
en g inee ring hydrau li cs argum ent: 

? - vo-
h=ho+-

4gA 
(24) 
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\I· here A = ta1l2(.J.!j0 + cp /2). This can be rela ted to our 
e;.; pression fo r pas, i\'e sno\\" press urc by subq itution : 
A ---, 1,;1' cos y'O \I 'ith l,.'o = 00

. I n oth cr \\"o rds, cos Vo is 
ex pli citl y ta ken as I in th c S\I·iss guidelin cs instead o f' 
accounting fo r thc mul tipli er cos 7,.'0 as is usua l in pass i\"(' 
press ure th eo ry ICra ig, 1988 ). For compa ri son betwee n 
th e lea ding-edge and lum ped-mass models in th e Il cx t 
section. \I c sha ll spec i1\ ' a \ 'a lut' fo r Q to ac bi c\"(' the sa me 
ass umptio ns. 

Fo r ru n-u p esti ma tes, th e gu idelin es (Sal ll1 and oth ers, 
1990 ) sim pl Y slx'c if\ ': 

.) 

L'O-
H = ho +-

2g)., 
(25) 

f(lr an a p prox im ate es ti ma te o f" run -up f"m m a nalog\' to 
eng lll ec rlng h) dra uli cs . 

MODEL COMPARISONS AND FIELD EXAMPLES 

I n orde r to ca lcul ate run-o u t or run -up fi'o m our Ill odel o r 
the S\l ' i s~ g uidelines . one must ha\T est imates of"l'o . hI!. I t. 
rp . and Do (our mod el) o r ~ (S\I'iss g uid elin cs ). I n 
additio n , th e gcomctl "\" must be kno\\"l) (Ii'o alld 1,)). Field 
c;.;a mp les in \I'hi ch a ll o r these parame te rs a rc kno\l'n 
acc llra tc" are \'irl ua ll ) nOIl-ex istent; one m ust a l\l'a\'s rei) 
0 11 th eorct ica l es tima tes lo r the paramc tcrs to some e;.; tenl. 
I n thi s sect ion. \le com pa re th e models th co reti ca l,," by 
using th e same geo lll etry a nd paramcter es tim ates \I'ith ('0 

\'<1 rYlll g, a nd \l C a lso a tl empt compa ri so n 1(1 1' li e ld 
nampks ill \I·lti clt at leas t the incomin g speed. 1'0, is 
meas ured and pat h gcoml' tJ'\ is kn ow n. 

(i ) Mode l com.pari son 

Figure 3 shO\I's model c0 111 pari,om ICl1' run-o ut \I'it h the 
sa me input pa ramcters: ~'n = 25 , ~' = 8 , cp = 25 \I'ith 
in p ut f] O\\' d epth 0.5 2.5 111 a nd approac h speed 15 
35 III s I \·a ri ed. For thi s example. \\T ha\T med fi'icti oll 
pa ra mc tl'1's specili ed b y Sa llll ( 1993 ), /1 =0. 1:).), ~ = 

1000 III S ~. a nd eCj ui \'alent to sugges ti o ns in th e SII'is;, 
guidelines f(l r large a\·a la nche,. Th e res uli s sholl' th a t th l' 
plTdi ct iom arc , imilar, \I'ith th e k adin g-edge model 
usua l1 ) (no t a lll'ays producing 10ngl'1' (m ore consc r
\'a ti 'T run-o ut fil l' initi a l Il c)\1 depths ::::: I m . j n Figure 31) 
the d epos it ion f] llII d ep ths a re ShO\l'll as in put to th e 
ca lcul a tions 01' Figure 3a . The run-out di sta nce predi c
ti ons f(Jr th e S\\ iss guid elincs arc signili ca ntl y boostcd by 
ass umi llg \T ry high depos itio ll depths. I n th e gu idelines. 
as in our mode l, th e d yna mi c n(lII' depth is taken consta nt 
du ring rUIl-out a nd is equ a ted to mea n d epos ition dcptll. 
Sa llll 1993 1 sh(lIIed that d eposition depth s predi cted b\' 
the S\\ is, g uid eli ncs 111 <1) ' be higher th an th e rea l ones b\' a 
I ~l cto r or a ho ut 3. Sallll 11993 1 has notecl th at th c SII'iss 
guid elin es use unrea li sti ca ll y high nlm de pth s. If'th e same 
nOlI' d ep th s \\T re ass ulll ed f() r both mod els Ifl r the 
ca lcul a ti ons in Fig ure 3, th e guidelin es wo uld predi ct 
mu ch sho rt er run -o ut th a n th e leadin g-edge model 
bcca use th e g ui dc lin es a rc cssc11l i a ll ~ a centre-of: mass 
model sec di sc ussion a bO\T .. \ not her difference is th a t 
th e leadin g-edge model acco ullts I(J r mom entum loss a t 
th e slope tra nsition whereas the guid elines d o not. This is 

.IlcUllllg alld .\lear.l: D I):j7011'i llg aM/aI/chI' 1'1111 - 11/ ) alld 1'1111 - 0 111 
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F ig . 3. ( a ) R UII -oul /Jrl'dlrllOlls Ior Ihl' /mdl llg - I'{/gl' lIIodel 

) alld Ihl' S I1'i., .1 guidelilll') (cl'lIlre-IU- lIw.I.\ //Iode/ ) 

(0 ; a.1 a .Iilll( liOIl of a/J/Jroach~/71J1 I ' dl'jJlh (11 0) alld 

a/J/Jroar/I .1/Il'I'd ( 1'0) . Ca/m/al/IJII.I are .lhOl l 'lljiJl' ho = 0.5, 
I. O. f .5. 2.0 alld 2.5111 . ( b) D ejJosiliolljlO1( ' c1e/)I/i.I .jiJr 1/11' 

m/cu/alioll.1 III ( a ) : 1.'0 = 25 , I/.J = 8 . ~ = fOOO 111 .1 ~, 
/1 = (J.lj5. cp = 25 . 

40 

40 

not lhua lh \'t' r )' important ill run-out problems, but it is 
im port ant in rUIl-Up (sce Chu and oth ers 1199.5 ) and th e 
di scuss ion Iw l()\\' ) lI'here th e slope-angle tra nsiti un is 
a brupt. Fo r th e ca lcul a ti ons in Fig ure 3. turbulent drag is 
import ant a nd illilucll ces th e res ult s. 

h gure + sho ll's rU Il -o llt compariso ll I(l r d iiT e- rc llt 
fi'inion pa ra m l' ters th an in Fig ure 3: L'o = 25 . ~, = 8 . 
/1 = 0.3 . ~ = 19620 m s ~ , 9 = 25 . Sec .\ ppcl1cii x ,\ f(Jr 
a n explana ti o ll 01' the cho ice o l' ~. In thi s example , 
turbulent drag \I·ill be sma ll , as \IT cl1\'ision fix run-o ut or 
run-up pro blem s. For th e result s in Fi g ure +. th e 
ca lru la ti ons li) 1' th e SII'iss g u id el i il l'S a re esse ntial ly 
ind epend ent 01' initial 11 011' dept h \I·hcn in it ia l speed is 
spec ifi ed , beca use [o r th e ,~ uid e li n ('s 11 0\\' depth enters onl y 
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Fig . 4. (a) Run-out/mdirtionsjor the leading-edge model 
(- ) and the Swiss guidelines (centre-oJ-mass model) 
(0) as a Junction oJ afJproach-flow de/Jth (ho ) and 
ajJjJroach speed (vo) . Calculations are shownJor ho = 0.5, 
1.0, 1.5. 2.0 and 2.5111. ,A'ote that, Jar the friction 
parameters used, the Swiss guidelines run-ollt predictions 
are indejJendent oJ initial flow dejJth if Vo is sjJecijied. ( b) 
D eposition flow depths Jar the calculations in (a); 
'lj;o = 25° , 'Ij;= 8 ° , ~ = 1 9620ms- 2, /1 =0.3, 
~=2S . 

40 

40 

through the turbu lent drag term (which is sm all in thi s 
example). For th e res ults in Figure 4 , the Swiss g uidelin es 
predi ct about ha lf th e run-out of th e leading-edge mode l. 
For th e lead ing-edge model, OO\-v-d epth dep endence 
en ters ex plicitl y from the pass ive snow pressure. 

Fig ure 5 shows a compa ri son of three models [o r run
up calculations w ith /1 = 0. 155, ~ = 1000m s 2, ~ = 25°, 
'lj;o = 10° and 'Ij; = - 30°. In cluded a re: ( I) the leading
edge model; (2) Eq uation (2 1) [or Swiss g uideli nes run
out adap ted for a n ad\'erse slope ('Ij; negati ve) , wi th 
cos('Ij;o - 'Ij;) ---+ 1 with i1 predicted b y Equ ation (24); a nd 
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Fig , 5, (a) RlIn-ujJ height as aJulZction of ajJProac/z speed 
and approaclz-j1ow depth , - , leading-edge model; 0 , 
Swiss guidelines ( Equation (25)); and D, Swiss 
guidelines run-out equations Jar an adverse slope 
( Equation (21) with cos('Ij;o -1/J) ---+ 1, D o = g/~/1, 
and Equation ( 24)) , Initial flow depths llsed are 
ho = 0.5, 1.0, 1.5, 2.0 and 2.5 m. For all calCilLations: 
'lj;o = 10°, 1/J = - 300

, /1 = 0.155, ~ = 1000 ms-2
, q; = 

2S . ( b) Deposition }low dejJths Jar the calculations in 
(a) . - , leading-edge model; 0, wiss guidelines 
( Equation (24)) , 

40 

40 

(3) Eq u a tion (25 ) as the recom mend ation for th e Swiss 
guid elines , Since the g uid elines conta in assumptions of 
ve ry hig h fl ow dep ths a nd there is no acco unt of 
momentum loss a t th e slope a ngle trans iti on , run-up is 
boosted to pa rti a ll y make up for higher e nergy loss in the 
centre-of-mass formulatio n contained in the guid elines . 
Figure 5 shows tha t th e Swiss guidelin es predi ct much 
lower run-up (Equa tion (25 )) . When run-out Equatio ns 
(2 1) and (24) from the g uidelines are used on the adverse 
slope, th e predi cti ons are compa ra ble to the leading-ed ge 
model. This simi la rity res ults because cos(1/Jo - 'Ij;) is 
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ass umed to be I a nd beca use \'e ry hig h now d epths a re 
used in th e guid elin es , The fin a l res ul ts from Equ a ti o ns 
(2 1) a nd (24) a re essenti a ll y ind epe nden t of initi a l flow 
depth fo r a give n initi a l speed , Again , if th e same fri c ti o n 
coeffi c ients a nd n ow d epths were used in th e m od els 
(Equ a ti ons (2 1) a nd (24) and Equ a ti ons (7) , (8 ) a nd 
( 17 )) , th e leadin g-ed ge model wo uld predi ct a bout twice 
th e run-up (Hung r a nd \1cClung, 198 7), 

Fig ure 6 g ives ca lcula ti ons ofQ (m 2 s I): discha rge p e r 
unit width as a fun ct io n of incoming speed a nd m ean 
d ep os ition depth (m ) for three in coming speeds: 15, 25 
a nd 35 m Si , F or th e leading-edge m od el, Equ a ti on ( 17) 
is used , and fo r the Swiss guid elines Equ ation (24) , S a lm 
( 1993 ) a nd H , Guble r (persona l communica tion ) h a \'e 
arg ued th a t th e g uidelin es res ult in use of depos iti o n 
depths (ta ken as a now dept h in dy na mi cs ca lcul a ti o ns) 
w hich a re too hig h ; based on Fig ure 6, we agree, Again , 
when turbul ent drag is importa nt , run-out predi c ted b y 
th e g uid elines is d ependent on now d epth , a nd if \'e ry hig h 
now d epths a re used run-out is increased in a ma nn er th a t 
seems ph ysicall y unrea li sti c by this m echa ni 'm, 

(ii ) Field exalIlples 

Field e,\amjJle 1,' Baltleship, Colorado, USA , (Februmy 1987) 
Fig ure 7a g i\'es th e geometry of' a n exa mple of a \'a la n c he 
run-up from th e Ba ttl eship a\'a la nche (F ebruary 1987 ) in 
C o lo rad o, USA, Speed es tima tes a re ava il a bl e fro m 
timing th e a \'a la nc he be tween kn own points on the pa th , 
In p a rti cul a r, it is es tim a ted th a t th e a\'a la nche h a d a 
speed o f' a bo ut 45 m s 1 on enterin g th e r un-up segme nt. 
T o ta l run-out a lo ng th e slope was a bo ut 93 m with run
up heig ht being a bo ut 58 m, Th e <l\'e rage slope a ng le 
a lo ng ru n-up was 3 1 ; a \'e rage d epos it d ep th was 1- 5 m , 
\\re es tima ted th e basa l f'ri cti on coe ffi c ient , J..l. from th e 
ce ntre-o r~m ass model ( i\l cClung, 1990 ) by ass uming a n 
initi a l nOli' d ep th of 2- 3 m , with Pt/p = 0 .1 , a nd 
CD = 0.01 to g ive D oh = 0.0005 . With Doll = 0.0005 

,1lcClllng alld Jvl ears ,' D ry-jlowillg avalanche run-ull and run-ou t 
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Fig . 6. Discharge lJer unil widlh (0.. in 11IS~) aJ a 
fimctioll of !Ilean deposil inn dejJlh Jar Vo = 15, 25 and 
35 m Si. - , leadillg-edge model: 0, Swiss gllidelines . 
'l/Jo = 2S, 'l/J = 8' . Q = u()ho· cP = 2.]. Inilial }low 
dellt lis Llsed are ho = 0.5, 1.0, 1.5,2.0 and 2.5m . 

20 

(m I) we fo und an a pprox im a te value fo r / i by se lecting 
th e \·<due fo r which th e t\\'o speed es tim a tes (60 m s 1 

red uci ng to 45 m Si ) a rc m a Lched for th e terra in in th e 
(rac k in be t\\'eeen th e t\\'o es tim a tes. The initi a l fl ow 
deptlt was es tima ted by kn ow ledge of" th e re lease vo lum e 
(2 x 10-" m 3

) , th e measured time for th e vo lume to fl ow 
throug h th e 10 \\"(1' trac k a nd th e confin ed pa th geo metry . 
The frac ture depth a \'naged a bout 1 m , but we es tim a ted 
the now d e pth to be 2 3 m o n enterin g th e run-up slope . 
This gave th e es tim ated fi 'ic ti on coe ffi cie nts o f' J..l = 0.32; 
Doll = 0 .0005 (m I ) o r E, = 19620m 5 2 fo r use in th e 
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Fig. 7. (a) Slo/Je IJl'oJile, speed estimales and I'llIHIP /01' Ihe Baltlesh i/) avalanche, FebTua1y 1987. (b) Slope pro/iLe, speed 
estill/ates and rUIl -olil Jar Al ollnl P i<.<.ac avalanclte, ] Qll/WO' 1994. 
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run-up ca lcul a ti ons. Wc ass um e d; =25 to g il'e k" = 1. 87 . 

\l ocl el ca lcula ti ons gaIT: JL = 0.32; Do = 0 .0005 /2.28 = 
0.0002 (m I ) ; i1 = +.5 m (h o = 2 111 1: run-up = l7 1ll . Fo r 

th e sa m e p a ra meters, except h ll = 3 m, \\'c ge t h = 6.8 m , 
run-up = 58 m. In thi s exa mp le . the ag reem ent is ITry 

close to th e obserH'd run-up. a nd \IT beli el'C it is fort uito us 

bee a use of a II th e ull ce rta i nties in param e te r es tim a tes and 

incoming speeds. 
I [' \IT ass um e Equa ti on (25 to represe nt run -u p fOI' 

Liw S\\'iss g uid elines , lIT es tim a te l'u = +5 m s I; rjJ = 25 

A = 2 .5 ) , h I) = 2 m ) run-up = +3 m. Fo r th e sam e 

pa ra m e ters, except 11 0 = 3 m . lIT get run-up = ++ m. 
Fro m th e run-oul. equati ons It) r th e Swiss guidelines 

(Equ a ti o ns (21) and (24)) a re appli ed , with '(/il) = 'ljJ, 
p = 0 .32, ~ = 19620 m s 2 , h o = 2 or 3 m a nd A = 2.5; II'e 

ge t run-u p = 67 m fo r bo th h = 22.6 m (h o = 2 m I a nd 
ii = 23 .6 m (ho = 3 m ). 

rr we use (i' in ion coeffi c ients reco mm ended in the 

g uidelines a nd Sa lm 11993 in Equa ti ons 2 1 a nd 2.J. , 

JL = 0 .1 55 . ~ = 1 000ms~, A = 2.5 (ep = 25 ) a nd ho = 
2 Ill, lIT ge t run-up = 77 m , li = 22 .6 m . F o r bo th se ts oC 
fri ct io n codTi r iellts, Eq ua ti o ns 2 11 and (24 ) OI 'eres tim a te 
run-up beca use ITry hi g h OO\\' (mcan-d e p ositi on ) depths 

a re used in th e calcul a ti o n s (much hi ghe r th a n obsc l'\'ed ) 
a nd beca use a ll th e mo m entum is take n to b e co nse lyed 

on th e run-up slope . ins tead of just th e slope-pa ra llel 

cO lllpo n e nt. G ra nul a r-ll o l" ex perim ents b y C hu a nd 

o th e rs ( 1995 ) sholl' th e import ance o f ta kin g onll- th e 

slope-pa ra ll el component in run -up pro bl e m s. 

Field 1'\(lI l1jJ/e 2: "jolllll Pi;:.:ac, jl {/~J' (] a 11 1/(11)1 /99-/ ) 
Fig ure 7b sho\\'s geome try fo r th e slop e prolik a bOl'C a nd 
in th e run-o ut zo ne [o r ~ l o ulll Pizzac. Th e <l l 'a la nche II'as 

sm;) II wi th a l 'o lul1l e of 2000 111 :1 and w as tri gge red by 

explosilTS (N a ta lr a nd o th e rs, 199+). AI 'e rage slope ang le 

for 267 m a bOlT th e las t m easu re ment po int II'as 29 . Th e 

es timated sp eed a t the lin a l meas urem e nt point \I'as 22-

23 111 Si, a nd lhe speed a pproaching the calibra ti oll zon e 
267 111 abolT th e las t meas urem ent po int II'as 25 m s I. \\ 'e 

as, u 111 e CD = 0 . 0 I , a nd Pt / P = O . 1 , t o g i I' e 
~ = 19620 m s 2 . Doll = 0. 0005 111 I, a s in pn.' I'io u s 

exa mples. \\'ith this ass umption abo ut turbulent drag, if 

th e speed drops from 25 to 22 m s 1 OH'!' th e 267 m 
int eryal upslo pe of th e Hill-ou t calcul a ti o n point , we 

es timate fro m our model th a t p = 0.6, a nd this es tim a te 
a lo ng with ~= 19620 m s 2 is used in the run-o ut 

calc ul a ti o ns. T o es tim a te pass il 't' press ure , lIT ass um e 

rf; = 25 °, a nd since '1/10 = 29 , i.e . grea te r than 25 . \I'e 
ass um e kp = I (fi'o m E q u a ti o n (6 1) . :\Ieas u red [1 011' depth 

a pp roac hing th e run-o ut zo ne lI'as lm , a nd lIT used thi s 
I'a lue Cor h o in our calc ula ti o ns. 

\\ ' ith th e abol't' inputs, th e calcul a ti o n s from o ur 

model y ield : i1. = J .5 m m ax imulll [l Oll' d e pth measured 

\I'as 2 .5 m ), run-out 190 m (if Uo = 22m S i ) o r 207 m (iC 
Vo = 23 m Si ) beyond the las t meas ure m ent point. 

i'll easured Hln-out di s ta n ce \\'as 170 m . Fo r this exam

ple, th e calcul a ledmea n (o r deposition ) 0 011' d epth is less 

than th e m easured m ax imum d epth. Th e run- o ut 

dista n ce is oHTes tim a ted but th e diffe re nces a rc \l' ell 

\\'ithin th e ra nge of un certa inty of th e m o d el pa rame te r 

in p uts. In Appendi x B, lIT o fTer a pa rti a l e:-x pl a na ti on fo r 
the o l 'el'Cs tim a te: for suc h a sma ll a l 'a la n c h e th r supply 
o r di sch a rge mal' d ec rease II'ith tim e, res ulting in 
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short er run-out. This exampl e is th r onl y o n e 11'e:- halT 

fo und fo r whi c h th ere a rc reasonably acc ura te m easure

m ents 0 [' speed s, fl o\l' depth s a nd geo metry to C' n a ble a ll 
model pa ra m e te r inputs to b e m eas ured. 

This al'ala n c he is I'ery sm a ll a nd dors no t fit th e SlI' iss 

g uid elin es fo r extreme aI·a la n ches. Accordin g to th e 

guid r lines, a n extreme a l'a la n c he 1I'0uld no t s to p on a 

slope oC J 9 . Qur model is m o re ge nera l: it can be used to 
predi ct run-o ut o r run-up ['o r ClT n sm all dry-O OlI'ing 

al'a la nches, prOl' id ed input para meters can b e es tima ted 

a nd th e basic a ss umptions a rc sa tisfi ed as II'C II. 

Field eWII//)/es 3 alld J: . llIlla , Sll 'il;:l'I'ialld (8 ([lid JO Februal) ' 
1984) 
Sa lm and G u bIe r ( J 985 ) a nd G ubl er a nd o th e rs (1986 ) 

d oc um ented s p eed s, initi a l fi 'acture dr pths, run-o ut a nd 

path geome try Co r t\l'O al 'a la n c h es on th e Ault a <lI'ala nche 
pa th . We h ill 'e used our m odel to predi ct th e run-o ut. For 

both al'a la n c h es 11'(' ass um e rf; = 25 , and 110 = I m close 

to es tim a ted fi 'ac ture depths) . F o r both aya la nches, liT 

assum e ~ = 19620 m s 2, as in prrl'ious compa ri so ns, and 

It a\'(> rs tilll ated th e fr ic ti on cor fIi cient tL by using sp eed
dece lera ti o n info rma ti on a nd p a th geo metry in o ur model 

prior to the p o int a t II'hi c h II'C begin our run-o ut ca l

cul a ti ons. Bo th examples fi 'om Ault a ha l'r hig h un cer

ta int y beca use neither run-o u t is lI'ell cloc u me nted . In 
additi on. th e <1ya la nche pa th h as a gull y in th e final stages 

II'hi ch op en s up in th e run-o ut a rea. C a uti o n should 

th en'fo re be u sed II'hen ta kin g th ese exam ples to support 
our mode l. 

Figure 8a shows path geom e try, speed es tim a tes and 
run-out pos iti on ft) r the 8 F e bruary a l'a la n c h e (Gubler 

a nd ot he rs, 199+ J. Th e spee:-d d raps from a bo ut 55 to 
45 m s 1 oye r a ho ri zont a l reac h di stan ce o f a bo ut +80m. 

From th ese d a ta a nd tht' ass umptions <l bOIT, w e es tim a te 

/L = O . .J. . F o r th e Hln-out (run-up ) calc ul a ti o n s, \\'e ta ke 
'1,)0= 0°: VJ = 12 , [10= 26 11l s I. When inpu t in our 

model. th ese es tim a tE'S gaIT a Hln-out dista n ce o f 110 m 

55/),.', 

52m/s 

I 

18 .4 

Au/ta, Switzerland· February 8, 1984 

45 m/s 
1 

) 

26m/s 
I 

I 
I 
I 
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(90 m) 

12 '-- -- ---~---------_~--_'~I~ 
0° 

Aulta, Switzerland - February 10, 1984 

35 m/ s 
1 

I 
I 
I 

Runout position 
I 

I 
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I 

Fig. 8. ( a) Slop profilll
, :'/Jeed eslill/all's alld rull-oillfor 

tlie Aillla avalallclie . 8 Februru)1 198". ( b) Slo/Je /Jrojiie . 
s/Jefd estimates alld run-alii .for lite . llIlla (lNt/Ol/ rlle . J() 

FebruaJ)' /98". 
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\\'hi c h compares fa \ 'o urably \\'ith th e m easured es tim a te o r 

about 90 m, 

Fig ure 8 b sho\\'s p a th geo me try, sp eed es tim a tes and 

run-o ut posi ti on fo r th e 10 Februa ry <l\'a la nche , The 

speed dro ps from a bo ut 52 10 35 m s I O\'lT a hori zo n ta I 

dista nce o f 250 m o n a slo pe \\' ith m ea n a ng lc or 18 ,4, , 

With th e ass umpti o n '; = 1 9620 m s~, from our m od e l, 

\\T es tim a te ~. = 0 ,7, using cb = 25 , a nd h o = Im, F o r 

th e run- o ut calcul a ti o ns, \\T ta ke 1,.'0 = 18 ,+ , ~'= 12 , 

These ass umptio ns gi\ 'e : h = 1, 5 111 , run-o ut = 2++ Ill, 

Th e measured run-o ut di s ta ncc is a bo ut 260 m (Sa lm a nd 

C ubl e r., 1985 : Gubler a nd o th ers, 1986 ), 

SUMMARY 

\\' c h a lT prese nt ed a m e' th ocl for ca lcul a tin g run-up a nd 

run-o ut in th e d ece le ra ti o n phase of' a nd a nche mo ti o n, 

Our m e th od a ppli e's o nl y to th e impo rt a nt but res tri cted 

case' in \\' hi ch initi a l co nditi o ns ca n b e es tim a ted : 

incomin g speed. incoming fl ow d e pth , f'ricti on coef:' 

fi cients a nd intfl'nal fri c ti o n, Our ll1 e' th od is simil a r in 

spirit to th a t propost'd in the S\\' iss g uidelin es [Sa lm a nd 

o th ers. 1990 ), but th e m od elling d e ta il s difTe r. Some 

difkre n ces in clud c: 

[ 11 Ins tead of a centre-o (:'mass model , as in th e Sw iss 

g uidelin es, \\T ca lculate th c SlOpping p os iti o n of'th e tip 

o f' th e a\ 'a la nchc b\' simulta nco us so lution of th e 

m o m e lllum a nd continuity equati o ns, Th e implica ti o n 

is that , gi\Tn th c sa m e' f'ri Cl ion conditions and fl o w 

depth, our m odel g i\'l's longer a nd m o re co nser

\ 'a ti\ 'C' ) r un-o ul. Simil a r findin gs a rc re po rt ed b y Sa lm 

1993 1 fi) r a no ther m odel \\ 'hi ch takes into acco unt 

m o mentum a nd co ntinuit\,: lo nger run-o ut is pre

dict ed, 

2 \\ 'c es tim a te m ea n cl e p os iti on d epth o r m ca n run-o ut 

zo ne fl o \\ ' d epth ) fi 'o m suppl y a s pl'Oposcd b\' Salm 

1993 ) , This (a pprox im a te es tim a te g i\'e's reaso na ble 

noli' d e pths \\'hi c h a rc used ill th e calc ul a ti o ll s, 

,\cco rdin g to Salm (1 993 ) a nd H , C ubicI' (perso na l 

co mm u ni ca ti on ), th e d e posi ti o n d e ))t hs (Eq ua ti o n 

2+ 11 used in th e calcul a ti o ll s fo r th e S"'iss g uid elin es 

fro m e' ng ineering-h ydra uli cs a nal ogy a rc unrea li s t

icall y hi g h, The applica tion of'th ese hi g h noli' d epth s 

in th e g uid elin es cau ses inereases 111 Hln-o Llt to 

pa rti a ll >' m a ke up fo r difference I , 

(3 ) In o ur m od el. \\T arc a ble to input pass l\'(' sno \\' 

pre'ss ure direct ly, a nd in d oing so \\'(" halT a lso 

acco unted fo r slo p e-a ngle d epend e n ce. Th e S\\' iss 

g uidelin es is a ce nter-of~m ass (o r lumped-mass ) 

ll1od e l, int o \\ 'hi c h o nl y cx tern a l fo rces ma y be input: 

th e re is no way o f' acco untin g (o r pass i\ 'e sno\\' pressure 

ex pli c itl y , Instead , th e S"'iss g uidelin es input passi\'(' 

sno \\' press ure impli c itl y throug h flo\\'-d e pth dep e n

d e n ce usin g a n e ng in eering-l lI'dra uli cs a rg um e nt. 

Salm ( 1993 ) co nstru c ted a mod e l as a n a llern a ti \'(, 

to the' Swi ss g uidelin es \\ 'hi ch did inelud e pass i\ '(' sno\\' 

press ure expli c itl y, 

4 1 \\ 'e halT introdu ced s lo pc-a ngle co rrections into o ur 

m odel 10 acco unt (o r momcntum losses du e to slo pe

an g le d ecreases in run-o ut or run-up (ach-nse-slo pe ) 

,1/rUlIllg alld .Ileal'S : D I)'-jlolL'illg aNt/aI/cite mll - III) alld rllll -OU/ 

pro bl em s , This effec t w ill be m os t impo rt a nt in run-up 

a t sha rpl y increasin g slo pe-a ng le cha nges, Gra nul a r

nO\\, experim ents (Ghu and o th ers, 1995 ) in a nume 

sho\\' th a t thi s dICct is impo rta nt at sha rp slo pe-a ng le 

tra nsiti o ns, Fo r th e run-up exa mple fro m Ba ttleship, 

Co lo ra d o, th e equ a ti o ns a d a pted fi-o m the S \\' iss 

guidelines (Equatio ns (2 1) a nd (2+)) produ ce reaso n

a bl e res ult s lo r tll'O reaso ns: 

a ) m o m e ntum loss a t th e slo pe-a ngle tra nsiti o n was 

no t acco unted fo r; 

(b ) ul1rea li s ti ca lh- hi g h d e p os iti o n d epths a rc p rc-

di etecl. 

These two e ffec ts increase th e run-up to compensate 

fo r th e fact th a t th c ce ntre-o C-m ass m o d e l \\' ill 

norm a ll y produ ce 10 \\ '(' 1' run-up , 

Our limited cx peri ence with th e run-up E quati o n (2:i ) 

pro posed in th e S \\'iss g uid e lin es sugges ts th a t it m ay 

und eres timat e run-up , This be li ef is based o n m odel 

compa ri so n as \\ 'e ll as the cxa mple fi-om th e B a ttl es hip 

a n tian che, C o lo ra d o , In a pl'(' \ 'io us stud y (C hu an d 

o th ers, 1995 ) fo r g ra nular nO\\'S in a []UIll C, it \\'as shO\\'n 

th a t d uring run-up th ere is a te nd cncy ['o r m ate ri a l 10 be 

d epos it ed a t a sha rp slope-a ng le transiti o n , w ith m ax 

imum r UIl-up occ urring b y m a te ri a l o\'C' rridin g tha t 

t rap ped at th e co rner , Th e impli ca ti o n is th a t run - u p in 

\ 'en ' sha rp slo pe-a ngle tra nsi ti o ns III a y exceed e \T n th a t 

fi) r th e lea din g -ed ge run-up equatio ns \\T halT p ro posed 

(Ghu a nd o thers, 1995 , Th erefo re, it is poss ible th a t in 

so m e field exa mples I-:q ua ti o ll (25 ) Ill ay uncl e res tim ate 

run-up e \ 'e n m o re than in th e Battleship example, Our 

m odel d oes n o t co nt a in a m cc ha ni cs fo rmul a ti o n 

so phi sti ca ted e no ug h to I)e a ppli ed \\'hen th e s lo pe-a ngle 

transiti on a pproac hes 90 , Equ a ti o n 25 ) fi 'o m th e S \\' iss 

g uid el i nes con ta i ns no ex pi ic i t slo pe-a ng lc d e p e nd c nce , It 

must be kept in mind th a t till' [i ll'lllul a ti o n \\T ha\ 'e 

pro posed h e r e' is o ll e-ciinlt' nsio n a l. ;'\ c ither it no r th a t fc) r 

the Swi ss guidelin es is desig n ed to ha ndle th e tll'O

dim ensio n a l a nd three-dim e nsio n a l fl- atures w hi c h can be 

import a nt in run-o ut a nd rUIl-up (l) r rea l a\'a la nc hes, .\ 

di sac!l'<l ntagc of' our fo rmul a ti o n compa red to th e S\\' iss 

g uid elines is th a t, in ge nera l, IlO a na lyti c so luti o ns a rc 

<l\'a il a bl e \\' h e n turbulent drag is impo rt a nt. l\" um erica l 

so luti o ns a re easy 10 obta in , ho\\T \'(' r, a nd it is likely th a t 

in th e future num eri ca l soluti o ns w ill be required w hen 

t\\'O- or thrce-dilll ension a l as p ects of th e pro b le m a re 

inco rpo ra ted, 

W c be lie\T th a t our fc) rmul a ti o n as appli ed in thi s 

paper is m o re suitable fo r run-up th a n run -oul. Surely , 

th e basa l fri c ti o n conditi o ns " ,ill c ha nge as the <l \ 'a la nche 

m ass d ece ilTat es a nd SlO pS, \\'hi c h impli es th a t th e f'ri c ti o n 

coe fli c ie nt ~. m ay need to be \ 'ari ed al ong th e run-o ut 

zo ne \IcGlung, 1990 \. Since run-up slope di s ta n ces a rc 

sho rter th a n run-o ut di sta nces, basa l fi 'inio ll \ 'a ri a ti ollS 

durin g d e position may no t he as se ri o us in run-up , If 

th eo re ti ca l es tim a tes o f' fri ct io n-pa ra m e te r I'<lri a ti o ns 

a long th e run-o ut zone \\T re kn Ol\'n , it \\ 'o uld be easy to 

inco rpora te th e m in o ur num e rical so luti on sc he m e, 

An other rea so n OLlr fc) rmul a ti o ll is m ore suitable fi)l' 

run-up th a n run-o ut is O UI' ass umpti o n o f' consta llt 

di sc ha rge' (o r suppl y ) in th e d er i\ '<l ti o n of th e m o m e ntum 

Equati on (7 ) , This ass umption is closer to bein g sa ti sfi ed 

fo r run-up o r fo r la rge a \ 'a la nc hcs , I r th e cii sc ha rge 
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d ecreases with time, the momentum flu x (term T2 ) wo uld 
have to be reduced with tim e in Equation (7) . Such 
modifi ca ti on wou ld , howe\'e r, res ult in prediction of 
shorter run-out distan ces. Therefore, our ass umption of 
constant suppl y (or discha rge) instead of dec reas ing 
di scha rge with time is likely to produce conse rvat ive 
es timates of' run-out, wh ich is usuall y an advantage in 
engin ee ring ca lcula ti ons. See Appendi x B for deta ils. 

Aside from the modelling differences described a bove, 
our \·iew about the \'a lues of'th e fi-iction coe fIi cients fJ, a nd 
f, (or DoFi) is different from that of Sal m and others (1990 ) 
a nd Sa lm (1993 ) . \ 'Ve beli eve that basal fi-iction in run
out and run-up can be acco unted for a lmos t entirely by 
the d ynamic Coulomb fri cti on coeffi cient fJ" with f, (o r 
Doh) playing only a role as turbulent fi-icti on a t th e upper 
surface of' th e flowin g mass. Our view is conditioned by 
the results of Dent ( 1986, 1993 ) showing how basa l shea r 
and normal forces can be coupled in a dense, ra pidl y 
d eformin g granular ma teri al such as we em 'ision fo r 
avala nching ma teria l in run-out a nd run-up problems. 
The m odel of' :'IcClung (1990 ) for e timating speeds a ll 
along the incline is a lso based on th e ('onccpt tha t shea r 
and norm al forces a re entirely coupled a t the lower basal 
bound ary. Since th e basal friction conditions in dry
flowing ava lanches ha \'e never been measured , we must 
rely a t this point on ph ys ica l principles a nd models for 
inform a ti on a bout basa l fi-ic tion mechani sms. Thi s 
uncerta inty should not detrac t from the model we have 
presented. If' turbu lent drag does pl ay a significant role in 
basal fri ction (e.g. Sa lm, 1993 ), our mod el can still be 
appli ed, and ind eed we ha\'e presented example calcu la
tions in our paper to rep resent thi s a lternative view. 
R egardl ess of which of these two pi ctures is most nea rl y 
correct, la rge-sca le roughness features will a lso pIa y a role 
in basal friction (Sa lm , 1993 ), a nd no th eore ti cal model 
exists fo r proper in clusion of thi s eflec t. 

Salm (1993) showed that the run-o ut es tima tes of the 
Swiss g uidelin es are ve ry sensitive to initia l flow d epth. 
His calculations fo r the Ariefa avala nche in Switzerland, 
for exam ple, showed an increase of 200 m run-our with 
a n initi a l fl ow-depth increase from 0.8 to 1.0 m . This 
effec t is found to som e degree in o ur mod el as well, but it 
is highl y depend en t on the choice of fri ction coefli cien ts: 
fJ, a nd DoFi (or f, ) taken for model com pa risons. From 
Fig ures 3 a nd 4, we show th at give n a n initia l approach 
speed the eq ua tions of the Swiss gu id elines a re essen ti a ll y 
independent of initi a l fl ow d epth when turbulent drag is 
smaIJ (Fig. 4) (we beli eve that turbul ent drag sho uld be 
small in run-up and run-out) . vVh en turbu lent drag is 
small , our mod el shows increasing run-o ut distance with 
increasing fl ow d epth (Fig. 4), but the sensitivity is no t 
la rge. This flow-d ep th depend ence results beca use we 
a re able to input passi\'e snow pressure explicitly. Our 
a nal ysis, toge th er with Salm 's exampl e, fi eld obsen 'a
tions a nd exampl es such as Ba ttl eship , Co lol-ad o, 
reinforces our beli ef that turbul ent drag is small in 
run-out a nd run-up. Run-o ut and run-up should d epend 
on initi a l fl ow d epth, but the sensiti vity implied in th e 
mod els wi th respec t to fl ow-d epth d epend ence, when 
turbul ent drag is ta ken to be signifi cant, seems too g rea t 
. . 
In o ur expen ence. 
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APPENDIX A 

ESTIMA TE OF TURBULENT DRAG COEFFICIENT 

[n our fo r lll ul a ti on, the q ua ntity Doi? is represented by: 

- 1 (PI ) 9 
Doh = 2 15 Co = ~' (AI ) 

Soh-ing 1'0 1' E, g i\'es : 

~=2 ( p ) ~ , 
Pt CD 

(A2) 

[ I' 15/ PI ~ 0, [ a nd if Co ~ 0, 0 I , ca lc ul a ti o n g i\'es: 
~ = [9620 III s 2, This res ult conta ins th e ass umption 
tha t tu rbul ent drag ac ts a t the top (up per surface ) of 
th e fl ow , If 15/ PI = I (turbulent drag is ass ulll ed to ac t a t 
th e base of th e fl ow onl y), then E, = 1962 III s 2 (o r 
982 m S ~ if CD = 0,02 , nea rl y equi \'a le nt to Sa lm 's 
estima te of 1000 m s 2), Bo th our model and th e prescrip
ti on give n by Sa lm ( 1993 ) contain th e ass ulllption that 
Co:::::; 0,01 to 0,02, whi ch is eq ui n llc llt to a coeffi cient 
Sc hli ctin g , 1972 1 fo r t u rhule n t fl o\l' O\T r a ro ugh 

bounda ry, The im portan t d irTc rence between these res ults 
ste ms fr o m o ur be li ef th a t ror fl owing <1\'a la nches, 
parti cul a rl y in run-out a nd run-up problems, turbu le nt 
d rag is neg li g ible at rh e base of the fl oll', \\ 'e bcli l'\'C th ar the 
high \'o lume fraction fill ed by so li d ma teri a ls (up to 50% ) 
\I'ill pre\'Cnt turbu lence fi'olll fo rming in the in ters titi al a ir 
betll'('e n th e pa rti cles a nd th a t momentum \I' ill be 
transfer red by part iclr co ll isions ancl rubbing fi 'in ion, 
Due to the la rge diflcrence in cl ensity bet\l'Ce n th e pa rti cles 
<t ndthc a ir (ra tio 100 to 1000 ,\IT beli l'lT tha t th e presence 
of the a ir a t th e base of th e fl ow will play a ncgli g ihle ro le in 
tbe mec ha ni cs of run -up and run-out problems, 

APPENDIX B 

MOMENTUM PRINCIPLE APPLIED TO 
AVALANCHE DYNAMICS 

Follo\l'ing Da ugherL Y and o th ers 1985 ), \I'e consid er an 
a\'a la nche mass conta ined a t time t in a cOlltro l \'olume 
whi ch is fi xed in pos ition , At tim e t + I1t , th e a\'a lanche 
Ill ass has IlIU \ T d to a ne\\' pos ition a long the run-out or 
run-u p slope. At tim e t = 0, th e tip of the a \ 'a la nche mass 
is just co inc id en t with th e s ta rt o f th e run-o ut o r run-up 
slope (sce Fig , 9), 

Definiti o ns of importa nt q ua ntit ies a re: 

(m'V'), 

momelltum of ent ire ava la nche mass a t 
ti me t 
momentulll of entire <l\'a la nche mass a t 
time t + 111 
Illoment ulll o r ava lanc he Ill ass lC'ilhill Ihe 
(olllrol l'olllllle a t tim e t 
momentum o r m'a la nche mass wilhill Ihe 
rOlllroll'o/lIl11e a t tim e I + I1t 
momentum o r a\'a lanche mass th a t {ea ces 
th e cont ro l \'o lume dur ing I1t 
momentulll o r a \'a lanche mass tha t mien 
th e contro l during 111. 

}vIce/ullg and ,).fears: DI]-J7owillg avalanche run-lIjJ and run-ali i 

r-@.~~~~~;m~~~.--- Avalanche boundary 
attimet +M 

\ Avalanche boundary at time t 

Fig, 9, Schemalic oJ fi led control l'olllme Jar momenlum 
jJrillci/Jle al 1'1111-0111 (o r run-lIjJ ) slo/Je , 

At time t , b\' d cliniti on, (mV\ = (m'V')I' At time t + I1t 
(shaded porti on o r Figure 9), th e momentum or th e ent ire 
a \'a lanchc mass is the sum of th e momentum within the 
control \'olum e a t t + I1t, plus th e momentum th a t has 
fl oll'ed our of th e cont rol I'olum e during I1t , m inus the 
Ill Ol1l entum th a r has fl owed into the contro l \ 'o lum e 
(unshaded a rea o f' Figure 9) during I1t , Thi , ba la nce may 
be written: 

Th erefore, th e cha nge of mo mentum of th e a \ 'a la nche 
m ass IS: 

l1 (m V) = (m V)/+..1, - (mV)t ' (B2) 

C ombining th ese ex press ions a nd substituting into N ew
to n's second law, wc ge t: 

~F = lim l1 (mV) el (m,V) 
111 --+ 0 I1t clt 

(B3) 

d(mV)"ttl - cI (mV)i tt (m'V'),+.J1 - (m' V'), 
ell + elt 

where ~F is th e vec tor sum of a ll forces act ing o n the 
ava lanche mass includ ing grav ity, drag a t the top a nd 
bo ttom and pass ive sno\\' pressure, 

Equ a ti on (B3) is a perfec tl y g'e nera l mom e ntUl11 
princi pie (D a ug he rt \' a nd others, 1985), r t a ppli es fo r 
co m press i ble o r i ncom press i b le fl ow, a nd stead y o r 
unsteady [lOll' , Fo r stead y 11 a\\' , w h ich lI'e ass um e in thi s 
p a per, th e mom entum ba lance becomes: 

~F = el (mV)ollt 
elL 

d (rnV)itt 
elt 

(B4) 

beca use the las t te rm of' Eq ua tio n (B3) is ze ro , Eq ua tion 
(B4 ) Sla tes th a t, for stead y fl OIl', the sum of the ro rces on 
rhe anllanche m ass is equ a l to th e net ra te or outfl ow of' 
Ill omentum across the origin a l (fi xed ) cont ro l su rface , 
Th e second te rm in Equ a ti o n ( B4) represe nts th e 
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m o m en tum ra te o r momentum flu x into th e co ntro l 

\ 'o lume from o ncoming a\'a la nc h e m a teri a l reac hing th e 

beginning of the HIll-OUr slo pe (contro l \ 'o lum e) : it is a 

p h ys ica ll y necessa ry force \\"hi c h cann o t be neglected. 

Fo r our m odel , \IT ha\'e ass um ed a n incompressible 

[l 0\\' in onc d im e nsion a nd \\'e h m 'e impli ciri y ta ke n th e 

\T loeity as th e m ea n \'a lue o\T r th e f~l ce o f" th e control 
\·olu me. Th e ra te of momentum tra nslCr into th e cont rol 

\ '01 u me (mo m e n tu m fl ux ) is g iw n by (pl'o dA )vo w he re 
clA is th e ele m ent o f" a rea o n th e face of th e co ntro l 

\ ·o lum e. Th e ra te of momentum tra nsfer across th e entire 

a rea (per uni t \\'id th is th e n pvo2 ho: th e second te rm in 

Equ a ti on (B4 ) (sec Fig . 2) . F o r a run -up (o r ach-e rse ) 

slo pe. hO\\T \"C r , w c ass ume th a t o n ly th e compo n ent of 

m o m entum p a ra ll e l to th e slo pe is e ffec ti\"C in pushing the 
a \'a la n che m ass [o r\l'a rd (rh e fo rce compo nent p e rpe ncl-

ic ul a r LO th e contro l- \ 'o lum e face ) . With resp ec t to Fig ure 

2, thi s g i\ 'es pvo2 ho cos( 'l/Jo - V) : term T2 in Equa ti o n (7) . 

All th e o th er te rms in Equa ti on (7) came fi·om th e 
lerth a nd sid e of Equ a ti o n (B4): gra \'i ty, forces a t th e LOp 

a nd b o tto m a nd passi\ 'e sno\\" press ure . 

Fro m Equatio n (B4) , if the mo m entum flu x in LO th e 

contro l \ 'o lume (di sc harge or supply) d ecreases with tim e, 

as mi g ht happen sO lll e t ime a fter the passage of th e 
<l\ 'a la n c he front, th e Ill o m entu m ra te o ut o f th e co ntro l 

\ 'olume a lso redu ces \\ 'ith tim e. f o r o ur model, suc h a 

situa ti o n \\ o uld impl y redu ced run-o ut di sta nce . Th er e

fo re , o ur assumpti o n o f co nsta nt disc ha rge is a co nselTa

ti\'e o n c from the pe rsp ect i\'C of run-o ut: o ur calcul a ted 

run -out di sta nces m ay exceed th e rea l o nes. Lt is 

impo rta nt to rem embe r th a t oth er un certain lCa lUres o r 

th e a \'a la nche-cl yna mics pro blem m ay m as k thi s eITee t. 
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