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INTRODUCTION 

I.Yscc~ssivc~ s l o p .  yraclicnnt and  po re t -wa te r  s t r e s s  in g l ac i a l  t i l l  s o i l s  of t he  
I<:> r t ; ~  sc*ri( 's  a 11 r i ~ i ~ ; ~  ry  i a c t u r s  in d e b r i s  ava lanche  and itow o c c u r r e n c e  in 
rcsccntly loggc~cl nrcsas  o f  s o u t h e a s t  Alaska .  In i t i a l  f ield inves t iga t ions  h a v e  indi-  
cdt~,cl  t ha t  d u r i l ~ c  riionths of' Ion, r a in fa l l ,  l a t e r a l  m o ~ ~ c m e n t  of secpagc! w a t e r  in 
thc.scs s o i l s  i s  litiiitc-tl to  a  i o n ( ,  2 t o  6  inches  th i ck ,  d i r e c t l y  a b o w  an i m p e r -  
~ ~ ~ c ~ a b l ~ ~ ,  unwvat hc,rc*ti t i l l  s u r f a c e .  Seepage  o c c u r s  along i n t s r c o n n c c t e d  s o i l  
1-oids and p a r t i n g s  proclucc~tl 1)y clo\\~nslope g rowth  of roo t l e t s  aho\.cs t h i s  s u r f a c e  

I /  ( I l i shop  ant1 Stc\.ctns l [ ' O - i ,  Swanston  1 ')67a).- 

D ~ i r i n g  h i h  r a in fa l l  pc~riocls ,  the, s o i l  b e c o m e s  s a t u r a t e d ,  and thi, s e e p a g e  
/.one- thiclicbns with s \ l l ) s tan t ia l  i n c r c a s r ~ s  in flow. T h v  i n c r e a s i n g  volumo of 
wntc5r,  ~ l iov ing  I ; ~ t c * r ; ~ l l y  th rough  thc  so i l  a s  s a t u r a t e d  flow, causes a r i s e  in t he  
pi ~ % / . o ~ l l ( . t  rIc s u r f ; ~ c ( - ,  \vith two i t ~ i p o r t a n t  c o n s e q u e n c e s :  ( I  ) i n c r c a s i n c  s h e a r  
strcbss ; ~ l o n c  11otc'nti;il slicling s u r f a c c : ~  c a u s e d  by r i s ing  s e e p a g e  prvssr i rc , s  and 
i n c r e a s i n g  unit weight o f  thcs so i l  n i a t c - r i a l s ,  a n d  ( 2 )  d c c r c a s i n g  s h c a r  rcsis tanccl  
rc ,sul l ing f r o n ~  incrc!asccl pol-c,-watcr p r v s s u r e  in the  so i l .  

H i s t o r i c a l l y ,  incrc.asct l  pore-watc t r  p r e s s u r e  h a s  been  shown to  I)c a  p r i -  
n l a r y  f ac to r  in the) slicling 1nc~c11anis1-n of a g g r e g a t e  s lopes .  Dur ing  pc>r iods  of 
hc.avy r a i n ,  thcs quan t i t y  of w a t e r  in thca so i l  n a t u r a l l y  i n c r e a s e s .  On s a t u r a t i o n ,  
c a s c e s s  w i ~ t c r  1)tiilds up,  c a u s i n g  a  r i s ~  in t hc  p i e z o m e t r i c  l cvc l  o r  "frc-ct" w a t c r  
1c\.(,I in th(t so i l .  T h c  net cbffc!ct is a n  i n c r e a s e  in w a t e r  p r e s s u r e  in thv so i l  
o i l s .  Tc.rzaghi  ( 1  9 5 0 )  h a s  c o ~ n p a r c d  t h e  csffect of t h i s  i n c r e a s c d  p r c s s u r c  to  
th(8 ac t ion  of a h y d r a u l i c  jack.  T h c  h y d r o s t a t i c  p r e s s u r e  of t he  w a t e r  ca r r i c , s  
p ; ~ r t  o r  a l l  o f  the, wcight  of t h c  ovcbrlying s o i l ,  in effect  c a u s i n  it t o  I , ( ,  j ackcd 

! I  27 up o r  t o  " f loa t , "  g r c a t l y  rcducing  i t s  " s h e a r i n g  r e s i s t a n c e .  - 

Soi l  s t ab i l i t y  a n a l y s e s ,  b a s e d  on t h e o r e t i c a l  so i l  m e c h a n i c s  and  ~ n o d i f i e d  
by c,ngincc ring c s p e  r i c n c e  and p r a c t i c e ,  have  b e c o m e  s t a n d a r d  p r o c e d u r c : ~  f o r  
ctnginc:ering w o r k s  in\,olving s t e e p  n a t u r a l ,  and  c o n s t r u c t e d  s l o p e s  with a  potcn-  
t i a l  s l i d e  h a z a r d .  De ta i l cd  d e s c r i p t i o n s  of t h e o r y  and p r a c t i c a l  appl ica t ion  a r c  
p r c s r n t e d  in a  n u m b e r  of t e s t s ,  among  t h e m  T e r z a g h i  (1950,  1963) ,  T c r z a g h i  
and  Pccl i  ( 1  0 6 0 ) ,  Hotigh ( 1  957) ,  Wu ( 1  966),  T a y l o r  ( 1  965),  and E c k e l  ( 1  958). 

D i r e c t  app l i ca t ion  of t h e o r e t i c a l  s o i l  m e c h a n i c s  p r i n c i p l e s  t o  the  eva lua -  
t i on  of t he  e f f ec t s  of v a r i o u s  p h y s i c a l  p a r a m e t e r s  o p e r a t i v e  on n a t u r a l  s lope  
s o i l s  i s  diff icul t  b e c a u s e  of the  l a r g e  n u m b e r  of v a r i a b l e s  involved.  A n u m b e r  

' Nnrncs and d;~Lcs in p;~rentllrses rcfcr t o  liternlure cited, p .  16. 
' S h r ; ~ r ~ n g  rts.\lht:lric.t, IS thc rt,*lhtance to ;I s t rcs  causing o r  tending to cause two  adjacent parts ol a solid Lo slide past 

o n c   nothe her par;~llel 1 0  ;I plane tlr contacl.  



of assunip t ion .s  t~ase.( l  on iclc .al i~ct l  condi t ions  a t  t i m e  of f a i l u r e  and  c e r t a i n  m a t h -  
c , n ~ a t i c a l  s i n lp i i i i c a t i ons  a r t a  r c ~ q u i r e d  which  l i m i t  the  r e l i a b i l i t y  of quan t i t a t i ve  
r e s u l t s .  Such  a n  a n a l y s i s ,  ho\veve r ,  d o c s  pro~.idcx a  u se fu l  m e a n s  o f  e s t i m a t i n g  
t h c  f o r c e s  I<no\vn o r  1) t~l ic~vc~d t o  be ac t ing  on t h c  s l o p e s  w h e r e  s l i d i n c  h a s  o c -  
c u r r e d  and  o i  charac tcs r iz ing  s l o p e s  a c c o r d i n g  t o  t h e i r  s l i d e  suscc~p t ib i l i t y .  

T h i s  paper ( a )  r ep0  r t s  o n  the  app l i cab i l i t y  o i  s t a n d a r d  s o i l  m e c h a n i c s  
technicjucts to  an  er\r;~luation of t he  f a c t o r s  a f fec t ing  d e b r i s  ava l anch ing  in t he  
stccxp, sha l lo \v ,  p c ~ r n ~ c ~ a b l ~  t i l l  s o i l s  of s o u t h e a s t  A l a s k a  and  ( t ~ )  quan t i f i e s  t he  
r e l a t i unsh ips  i)t~twc~c,n thc.st, f a c t o r s  wh ich ,  up  t o  now, havv only  been  s u g g e s t e d  
on thc  b a s i s  oi lic~ltl  obsc , rva t ions .  

STUDY AREA 

Maybc\so Crc.c.1.r va l l c~y  on I ' r ince of W a l e s  Islancl w a s  c h o s e n  a s  t he  p r in -  
c i p a l  a r c a  o f  r c s c a r c h .  I t  w a s  t he  loca t ion  of the  f i r s t  l a r g e - s c a l e  c l c a r c u t  in 
s o u t h v a s t  A l a s k a ,  and  a n  cstc .nsive road  s y s t e n ~  had  been deve loped  a l lowing  
cxasy a c c e s s  t o  rcscctnt d e b r i s  ava lanching .  LVeathc%r r e c o r d s  had  a l s o  been m a l n -  
ta lnc~tl  f o r  I 0  ycLar s  b c i o r c ~  thc.scb s t u d i e s ,  w ~ t h  n l a jo r  d e l ~ r l s  a v a l a n c h e s  noted.  
F ina l ly ,  the, \ .all( .y I S  the, c c ~ n t c ~ r  o f  t h r  type a r e a  f o r  the  K a r t a  sol1 s e r i e s  ( G a s s  
c~t  a l .  1 0 6 7 ) .  

T h r r c .  sliclc~ ;trc,as ( f ig .  I ) in t he  va l l ey  w e r e  c h o s e n  f o r  d e t a i l e d  s tudy  on 
t h c ~  b a s i s  o f  a cccs s i I , i l i t y  and  s i m i l a r i t y  of o c c u r r e n c e .  E a c h  of thesc. deve loped  
d u r i n g  a h c ~ a v y  r a i n i a l l  pc~r io t l  in O c t o b e r  1961 and  o c c u r r c ~ t l  in t h e  s o i l  zone of 
a  cont inuous  t i l l  shc,t.t covc,ring an  c>vc:rsteepc~ned ( > 30') sou th - f ac ing  s lope .  
T i t ~ ~ l ~ c . r  w a s  harvcstc . t l  du r ing  t h e  s u m m e r  s e a s o n s  of 1955-58  by t h e  h igh - l ead  
111c.thotI. 

Figurr 1.-The north slope of Maybeso Creek valley showing the location of the three 
slides analyzed. 



METHODS 

A s tabi l i ty  analys is  r equ i res  that  the  s h e a r  charac te r i s t i c s - -e f fec t ive  
cohesion,  c ~ i f c c t i v e  angle, o f  in ternal  f r ic t ion,  and unit weight--of the soi ls  
involved in sl iding be obtained. I t  a l s o  r e q u i r e s  that  the  effect iveness  of pore -  
wa te r  s t r e s s e s  i n  the  soi l  bc evaluated and an approximate  su r face  of fa i lure  
dete r m i n t d .  

Fundamental  s h e a r  c h a r a c t e r i s t i c s  we r e  obtained f r o m  undrained t  r iaxia l  
s h e a r  t e s t s  of five undisturbed soi l  s a m p l e d 1  taken f r o m  the  B hor izon of the 
Kar ta  soi l  a t  the head of the t h r e e  recen t  d e b r i s  avalanches  studied.  E s t i m a t e s  
of bulk dens i t i e s ,  m o i s t u r e  content,  and par t i c le  s i z e  dis t r ibut ion w e r e  obtained 
f r o m  ana lyses  of 19 addit ional  randomly se lec ted  d i s tu rbed  so i l  s a m p l e s  taken 
f r o m  the s a m e  a r e a s .  

M e a s u r e m e n t s  of soi l  c r e e p  in the  zone of sliding w e r e  made using s t r a i n  
gage p robes  modeled a f t e r  those  of Wil l iams (1957). 

T h e  approx imate  su r face  of fa i lu re  was  de te rmined  in the field by a s s u m -  
ing the  b a s e  plane of the  s l ide  to be the  s u r f a c e  of the  unweathered t i l l .  The  
th ickness  of m a t c r i a l  above the s l ide  plane and the gradient  of the  sliding s u r -  
face w e r e  then m e a s u r e d .  The toe  of the init ial  zone of fa i lu re  was  taken a s  
the f i r s t  s h a r p  b r e a k  in s lope within the  s l ide  s c a r  and below the upper  s c a r p .  
F o r  convenience,  the  sliding s u r f a c e  was  approximated by a  " c r i t i c a l  c i r c l e ,  " 
tangent to  the  b a s e  plane and m a r k e d  a t  i t s  upper  and lower  l i m i t s  by the upper  
s l ide  s c a r p  and the f i r s t  break in s lope not caused by bedrock.  T h e  c r i t i ca l  
c i r c l e  had t o  sa t i s fy  the requ i rement  that  the  ra t io  between the  moment  of f o r c e s  
tending t o  r e s i s t  sliding ( s h e a r  s t reng th)  and the  moment  of fo rces  tcnding to  
c a u s e  sl iding ( s h e a r  s t r e s s )  w e r e  a t  a minimum. This  ra t io  i s  the factor  of 
safe ty  (F).  At fa i lu re ,  F h a s  a  theore t i ca l  value of 1 .  

T o  d e t e r m i n e  the extent of p o r e - w a t e r  p r e s s u r e  and evaluate i t s  effect on 
m a s s  movement  in the  t i l l  so i l s ,  p i e z o m e t e r s  w e r e  placed a t  se lec ted  s i t e s  
within the  t h r e e  s l ide  a r e a s .  T h e s e  dev ices  m e a s u r e  p iezomet r ic  head o r  the  
height of r i s e  of the f r e e  w a t e r  above a r e f e r e n c e  sur face .  P o r e - w a t e r  p r e s s u r e  
i s  d i rec t ly  re la ted  t o  p iezomet r ic  head by the  equation 

where  p i s  pore -wate r  p r e s s u r e ,  hp i s  p iezomet r ic  head ,  and y, i s  the unit 
weight of w a t e r .  

T h e  p iezomete r ,  based on a n  o r ig ina l  design by Casagrande  (1949), i s  a  
porous  carborundurn tube,  6 to  12 inches  long and 1-112 inches  in outside 

When structural elfects are t o  be observed in engineering tests, soil specimens are cut from natural formations and 
hand trimmed to  usable size, reducing sample d~sturbance to an absolute minimum. This is an "undisturbed sample." 



T e s t s  fo r  At te rberg  l imi t> /  made on five represen ta t ive  s a m p l e s  w e r e  
inconclusive.  I n  genera l ,  values w e r e  too low for  in te rp re ta t ive  purposes  and 
a r e  not r epor ted  h c r c .  Lack of well-defined A t t e r b e r g  l inli ts  f o r  the  s a m p l e s  
t e s t e d  sugges t s  that  the effective in te rna l  cohesive  f o r c e s  in the s l ide -prone  
so i l  a r e  min imal .  

T r i a n i a l  - s h e a r  t e s t s  on the  five undisturbed s a m p l e d 1  indicate an  effec- 
t ive  cohesion (C)  of 0 and an  angle of in ternal  f r ic t ion of 37". An effective 
cohesion of 0 supports  the findings of the A t t e r b e r g  t e s t s .  

Soil  c r e e p  m e a s u r e m e n t z l  indicated m o d e r a t e  and recordab le  amounts  of  
movement  in the organic  A hor izon and upper  p a r t  of the  weathered B hor izon 
with r a t e  of c r e e p  e s t i m a t e d  a s  one-fourth inch p e r  y e a r  a t  the  s u r f a c e .  T h e  
s u r f i c i a l  so i l  apparent ly  moves  a s  a flow m a s s  with no wel l  defined s h e a r  zones .  
No significant deep-sea ted  so i l  c r e e p  was indicated,  ruling out a considerat ion 
of p r o g r e s s i v e  fa i lure  of the slope a t  th is  t ime .  

Sur face  loading of the so i l  due t o  weight of t r e e s  in the zone of in i t ia l  
sl iding was  cons idered  negligible. F ie ld  observa t ions  and excavation of s t u m p s  
in the s tudy a r e a s  indicated that  m o s t  of the weight of individual s tumps  was 
c a r r i e d  by l a t e r a l  roots  that  pene t ra ted  the soi l  prof i le  and l ay  on the  compac t ,  
unweathered t i l l  s u r f a c e  (Bishop and Stevens  1964, P a t r i c  and Swanston 1968). 
T h e s e  " la te ra l "  roots  w e r e ,  in t u r n ,  anchored by s m a l l - d i a m e t e r  s i n k e r  roots  
that  pene t ra ted  the upper  6 to  12 inches  of the  compac t  t i l l  surface .  T h e  decay 
of these  roots  following c lea rcu t t ing  o r  mor ta l i ty  m a y  be an  important  factor  in 
reducing res i s t ance  to sl iding and will  be taken into account  in the analys is .  I t  
a p p e a r s  that  any cohesion exhibited by these  s o i l s  m u s t  r esu l t  p r i m a r i l y  f r o m  
such  fac to rs  a s  organic  col lo ids ,  cap i l l a ry  tension,  o r  anchor ing effect  of roo t s .  

An effective 3 7 "  angle of in te rna l  fr ict ion s e r v e s  a s  a good indication of 
the  na tu ra l  ins tabi l i ty  of t h e s e  s lopes .  Th i s  angle i s  well  above the theore t i ca l  
m a x i m u m  angle  of s tabi l i ty  (angle of r e p o s e c /  f o r  so i l  of the  Kar ta  type. T h e  
angle of repose  can thus be used  as a re fe rence  angle mark ing  the maximum 
slope a t  which a soi l  of the K a r t a  type will s tand when unaffected by fo rces  o t h e r  
than g rav i ty  and frict ion.  

Unit weight values of the 19 random d i s tu rbed  s a n ~ p l e s  a t  field capaci ty  
(approximately  65-percent  m o i s t u r e  content) a v e r a g e d  1 1 1 pounds p e r  cubic 
foot. Unit weights ( a i r  d r y )  w e r e  somewhat lower ,  averaging 103  pounds p e r  
cubic foot a t  a mois tu re  content of 37 percent .  T h e s e  averaged  values  l ie  

Atterbcrg limits describe the states o f  consistency or firmness o f  a fine-grained soil. 

Triaxial shear tests performed by Michigan State University, Civil Engineering Laboratory 

U.  J .  Barr and D.  N.  Swanston. Measurement of creep in a shallow, slide-prone till soil. (In preparation for 
publication. ) 

 he angle of repose is the angle between the horizontal and the slope of a heap of sand produced by pouring 
dust-dry sand from a small lie~ght. Experimentation and eng~neering field experience indicate that the angles of internal 
fr~ction for loose sands, silts. and silty sands are similar, varying around an angle of repose of 3-1° (Terzaghi and Peck 
1960. p. 66).  



withln the range of e x p r c t r d  unit weight values  fo r  the Kar ta  soil?'  and will be 
used in  th is  paper  a s  a n  Index of the unit weight of the s l ide -prone  so i l s .  

PORE-\VATER PRESSURE MEASUREMENTS 

P o r e - w a t e r  p r e s s u r e  m e a s u r e m e n t s  dur ing the fal l  ra iny season  
(Sep tember  through November )  w e r e  begun in 1964 and continued in 1965 
(Swanston 1967a, b) .  Di rec t  cor re la t ion  of both the  1964 and 1965 field da ta  
with rainfall  var ia t ions  recorded  in the val ley indicate a  c l o s e  re la t ionship  
between these  p a r a m e t e r s .  

A m o r e  deta i led  r e g r e s s i o n  ana lys i s  of the 1965 field da ta  (Swanston 1967b) 
r e ~ r e a l e d  a  curv i l inea r  re la t ionship  between ra infa l l ,  p o r e - w a t e r  p r e s s u r e ,  and 
slope posit ion,  allowing us  to make  d i r e c t  approximat ions  of prevai l ing piezo- 
m e t r i c  levels  a t  the t i n ~ e  and point of init iat ion of known landsl ide  act iv i ty  (fig. 4). 
iVithin the t h r e e  se lec ted  study a r e a s ,  ra infa l l  conditions and slope posit ion at 
the  t i m e  of init ial  slope fa i lu re  indicate condit ions of total  so i l  sa tu ra t ion  to he 
in effect. Thus ,  for  p u r p o s e s  of slope ana lys i s ,  we can  a s s u m e  that  the  s l ide-  
prone so i l s  w e r e  subjected to  m a x i m u m  p o r e - w a t e r  p r e s s u r e s  a t  t h e  t i m e  of 
in i t ia l  s lope fa i lure .  

Frccman Stcphens, Soil Scientist, U. S.  Porcst Servicc Region 10, personal communication. 

u 
a 
I- 

Figure 4.-Curvilinear relationship of average LU 

piezometric head vs. rainfall for two slide- s 
prone slope locations. Curve A represents 2 
piezometric head on the open slopes: Curve B !& 
represents piezometric head within linear o 
drainage depressions (after Swanston 1967b). 

RAINFALL ( inchewday ) 



STABILITY ANALYSES 

F i n a l  s t a b i l i t y  a n a l y s e s  w e r e  b a s e d  on t h e o r e t i c a l  s o i l  m e c h a n i c s  in 
homogeneous  m a t e  r i a l s ,  with r e s u l t s  modif ied  by e n g i n e e r i n g  e x p e r i e n c e .  
T h e  a n a l y s e s  w e r e  m a d e  us ing  " the  me thod  of s l i c e s , "  a s  d e s c r i b e d  by Wu 
( 1  966) and  Hough ( 1  957) .  T h i s  m e t h o d  a l lowed s h e a r  s t r e n g t h -  s t r e s s  r e l a t i o n -  
s h i p s  and  the  f a c t o r  of s a i e t y  t o  be  c a l c u l a t e d  wi th  r e a s o n a b l e  a c c u r a c y .  I t  i s  
e s p e c i a l l y  u se fu l  when p o r e  p r e s s u r e  e f f ec t s  a r e  be ing  c o n s i d e r e d .  With t h i s  
m e t h o d ,  the  s o i l  m a s s  a s  def ined  by f ie ld  m e a s u r e m e n t s  i s  d i a g r a m e d  and 
d iv ided  into a  n u m b e r  of s e g m e n t s  (fig. 5).  T h e  f o r c e s  ac t ing  on e a c h  s e g m e n t  
a r e  t hen  e v a l u a t e d  a s s u m i n g  e q u i l i b r i u m  condi t ions .  E q u i l i b r i u m  o c c u r s  with 
ba l ance  be tween oppos ing  f o r c e s .  

If t he  s h e a r  s t r e s s  I S  not su f f i c i en t  t o  p roduce  f a i l u r e ,  t hen  the  r a t i o  of  
s h e a r  s t r e n g t h  t o  s h e a r  s t r e s s  r e p r e s e n t s  t he  f a c t o r  of s a f e t y  men t ioned  
e a r l i e r .  T h e  f a c t o r  of s a f e t y  i s  g iven  b y  the  equation:  

F = L [ C : L  + (CW, + Q, - U A L )  cos I t an  $1 
L(CWn + Qn) s i n  u 

w h e r e  Awn r c p r c s e n t s  t he  weight  of t he  s o i l ,  Qn r e p r e s e n t s  s u r f a c e  loading ,  
u i s  p o r e - w a t v r  prcbssurc, ,  AL i s  s l o p e  width  of e a c h  s e c t i o n ,  1 i s  s lope  ang le ,  - 
2 i s  e f fec t ive  ang le  of intcbrnal f r i c t i o n  and C i s  e f f ec t ive  c o h e s i o n  of t h r  so i l .  

S i n c e  s u r f a c e  loading of t he  s l i d e - p r o n e  s o i l s  i s  a s s u m e d  negligible., t he  t e r m  
Qn c a n  be r e m o v e d  f r o m  equat ion  3 and  t h e  f a c t o r  of s a f e t y  bec0mr . s :  

- 
L [ ~ : - L  + (LWn - JAL) cos ,x tan ;] 

F = 

;LWn s i n  LJ 

T h e  grc ,a tes t  p o r e  p r e s s u r e  a t  f a i l u r e  i n  e a c h  of t h e  t h r c e  s l i d e  zoncs  
ana lyzed  w a s  t aken  a s  t he  p o r e - w a t e r  p r e s s u r e  deve loped  when the  s o i l  p ro f i l e  
beca rnc  c o m p l e t e l y  s a t u r a t e d .  D i m e n s i o n s  needed  f o r  s o l v ~ n g  equat ion  3 w e r e  
s c a l e d  f r o m  longi tudina l  s e c t i o n s  of t h e  in l t i a l  f a i l u r e  Lone (fig. 5) .  T h e  weight  
of 'ach s e g m e n t  w a s  d e t e r m i n e d  b y  mul t ip ly ing  t h e  s e g m e n t  a r e a  ( f r o m  the  
s c a l e d  d i a g r a m )  by the  s o i l  uni t  welght .  T h e  s lope  ang lc  ( J )  w a s  a l s o  measu rec l  
d i r e c t l y  f r o m  t h e  diagram. 

Ca lcu la t ion  of F for  t he  indi\r idual  s l i d e  a r p a s ,  u s ing  the  p rev ious ly  
.dett:rminecl s h e a r  c h a r a c t e r i s t i c s  of T . =  37" and = 0 ,  resul teci  in va lues  fo r  
thr. F f a c t o r  which  a r e  l e s s  than  I (0 .  395, 0. 396, and  0.  449 f o r  s l i d e s  1 ,  2, 
a n d  3 ) .  

At f a i l u r e ,  I; i s  assumecl  t o  be 1 .  T h e  discrepancy ex i s t ing  h e r e  w a s  r e -  
n ~ o \ . e d  by a s s u n l i n g  the  e x i s t e n c e  o i  a cohes ive  f o r c e  in t he  s o i l  t ha t  d id  nut she\\, 

up d i r e c t l y  in l a b o r a t o r y  t c s t s .  T h e  e x i s t e n c e  of s u c h  a f o r c e  ( e x p r e s s e d  a s  C a )  
i s  wel l  i l l u s t r a t e d  in  t he  f ield by m a n y  e x t r e m e l y  s t e e p  but s t a b l e  n a t u r a l  s l o p e s .  





T h i s  f o r c e  may  resu l t  f r o m  the in teract ion of s e v e r a l  different f ac to rs .  Capil-  
l a r y  tension c a u s e s  a l imi ted  amount of "apparen t  cohes ion , "  p r i o r  to complete  
sa tu ra t ion  of the soi l  prof i le .  Some cohesion probably  a l s o  resu l t s  f r o m  the  
high o rgan ic  colloid content ( r e p o r t e d  by Stephens  1967) of the s l ide -prone  so i l s .  
A potential ly l a r g e  s tabi l iz ing fo rce  is  produced by root penetra t ion through the  
so i l  and into the compact  t i l l .  Regard less  of i t s  p r i m a r y  cause ,  such  a force  
m a y  be es t imated  - by set t ing the  value of F a t  1 and calculating an  approx imate  
value of Ca fo r  each  s l ide  m a s s  a t  fa i lure  and under  the  influence of p o r e - w a t e r  
p r e s s u r e .  Thus 

~ = l =  z[C, AL + (Awn - PAL) cos 3 tan $1 
Z (awn) s i n  3 

and 

- [ l ]  [LAW, s i n  a ]  - [ Z ( A W ~  - uAL) cos a tan $1 . Ca= 
E AL (4) 

- 
Calculations of "apparen t  cohesion" f r o m  equation 4 yield values for  Ca 

of 8 9 . 1 5  pounds p e r  s q u a r e  foot fo r  s l ide  1 ,  83. 9 pounds p e r  s q u a r e  foot fo r  
s l ide  2 ,  and 69.0  pounds p e r  s q u a r e  foot f o r  s l ide  3. 

- 
Using these  Ca values ,  an  F value a t  m a x i m u m  s o i l  s t rength  fo r  each of 

the  s tudy s i t e s  was  a l s o  obtained. T h e  F values  of the  s lope with s o i l s  a t  t h e i r  
field capaci ty  and a i r - d r y  s t a t e s  in the  absence  of ac t ive  pore -wate r  p r e s s u r e  
w e r e  calcula ted and c o m p a r e d  t o  d e t e r m i n e  the n a t u r a l  stabil i ty of the  s lopes  
and the  effect iveness  of p o r e - w a t e r  p r e s s u r e  a s  a s t ab i l i ty  reducer .  T h e  c a l -  
cula ted fac to rs  of sa fe ty  f o r  the s o i l  a t  field capac i ty  a r e  l .  49, l .  57, and l .  61 
f o r  s l i d e s  1 ,  2,  and 3. T h o s e  of soi l  in the  a i r - d r y  s t a t e  a r e  1 .  55, 1 .  62, and 
1. 66. T h e  di f ference in F value f o r  a so i l  a t  wet and d r y  unit weights i s  smal l .  
T h e s e  values indicate m o r e  than adequate s t ab i l i ty  under  na tu ra l  so i l  and slope 
condit ions and in the  a b s e n c e  of w a t e r  p r e s s u r e s ,  s ince  values a s  low a s  1. 1 
a r e  f requent ly  conside  r e d  adequate  fo r  highway and  r a i l r o a d  s lopes  (Hough 1 957). 
A t  complete saturat ion,  and thus maximum pore-water pressure, these vaZues are 
reduced t o  a factor o f  s a f e t y  approaching 1 and s l id ing  becomes imminent. 

A s imple  check can  be made  on the  r e s u l t s  of the  method of s l i c e s  by 
analyzing the fo rces  act ing on a block of unit th ickness  having the so i l  and s lope  

c h a r a c t e r i s t i c s  on a s lope  of infinite length (fig. 6).  T h e  resu l t s  a r e  ce r ta in ly  
l e s s  exact  but provide an index of the  c o r r e c t  magnitude of fo rces  involved. 



In  M a y b e s o  v a l l e y :  

" s a t .  = 111 l b s . / f t ?  

h  = 3 f t .  

AW = s a t .  h 

T = A W  s i n  a = y  sa t .  h s i n  a 

o = AW c o s  a - y s a t .  h cos a 

F a c t o r  of s a f e t y  (F) = C + o t a n  $ ( a t  f a i l u r e  F = 1) 
T 

t h u s ,  - 
+ ( % a t .  h - y ,h) c o s  u t a n  1 = 

u s i n g  t h i s  v a l u e  of Ca,  i n  t h e  a b s e n c e  of pore-water  p r e s s u r e s  

Figure 6.-Forces acting on a soil block 

having the soil and slope characteristics of 

unit thickness on a slope of infinite 

length. These forces consist of the weight 

of the soil (W = hY,t.), the normal and 

shear stresses ( 0 )  and ( T ) ,  POR-water 

pressure (W ), and the lakral pressures on 

the block 7whl which cancel each other. 
2 

a is the angle of slope, Tw, unit weight of 

water, and Ysat., unit weight of soil. 



DISCUSSION 

This study verif ies  a number of previous assumptions concerning the 
effects of slope angle and various soi l  conditions on stability of s teep  slope ti l l  
soi ls  in southeast Alaska. In addition, many of these relationships have been 
quantified into values usable by the land manager for determining stability 
potential for  specific management a r e a s  with this soil type. 

High pore-water  p re s su re  stands out a s  the most effective triggering force 
for debris  avalanches with maximum effect at  complete saturat ion of the soil  
profile in the a r e a  of initial sliding. Field measurements  in Maybeso valley 
indicate that such a completely saturated condition requires  a rainfall  intensity 
in excess  of 6 inches in  24 hours ,  a condition known to  have occurred  during the 
1961 period of slide activity in the valley and elsewhere in southeast Alaska 
(Bishop and Stevens 1964, Swanston l967a).  Similar  intensities have been re -  
ported in the valley relating to sliding activity in 1959. 

Swanston (1 969) has  shown that debr i s  avalanching in southeast Alaska, 
regard less  of soi l  type, i s  concentrated in a r e a s  of recur r ing  high precipitation. 
They occur especially frequently in a r e a s  character ized by the s a m e  s t o r m  
precipitation rate  indicated in Maybeso valley. Thus, t i l l  soi l  a r e a s  with rain- 
fall intensities frequently at o r  above the rate  of 6 inches in 24 hours  o r  which 
lie within a r e a s  of recurr ing high precipitation can be -expected to  have a high 
debr i s  avalanche potential. 

I t  i s  a l so  c l ea r  that an apparent cohesion for  the slide-prone soi ls  does 
exist  and i s  due t o  external  factors  not reflected direct ly  in the physical prop- 
e r t i e s  of the soil. In the a r e a s  studied, this value var ies  f rom 69 t o  89 pounds 
pe r  square foot. Such an apparent cohesion i s  most  likely to have resulted f rom 
the anchoring effect of roots growing through the slide-prone weathered ti l l  and 
into the underlying compacted and unweathered till. Bishop and Stevens (1 964) 
suggested this  possibility. They a l so  noted an apparent 3-year lag in slide 
acceleration a f te r  logging and suggested that this may be the t ime necessary  for  
root deter iorat ion to reduce soil  shea r  strength to a low enough value for  sliding 
to  occur. More recent investigations of root deterioration following logging in 
southeast ~ l a s k a j l  indicate a definite 3- t o  5-year lag in root s t rength reduction 
and appearance of decay. 

The  upper l imit  of stability l ies  a t  o r  nea r  34" (the angle of repose of the 
soil). With decreasing slope, shea r  s t rength and the factor  of safety increases .  
This  can be seen  by once again considering equation 5 for  the factor  of safety. 
If we assume a unit volume of soi l  not influenced by pore-water p re s su re  and 
remove surnrnation signs, equation 4 reduces to  

~ A L  + W, cos a tan $I 
F = 

Wn s i n  a 
( 6 )  

9D. N. Swanston, and W. J. Walkotten. The effectiveness of rooting as a factor of shear strength in the Karta soil. 
Study No. FS-PNW-1604:26; report on file at the Pacific Northwest Forest and Range Exp. Sta.. Northern Forest., 
Juneau. 



Under the assumed conditions, C i s  a constant and AL o r  thickness of the soil 
m a s s  i s  unity. Wn i s  a lso unity, and $ is constant. With decreasing slope, 
sin a dec reases  fas te r  than cos a .  The F value correspondingly increases  
a s  the slope gets  smal le r .  This points up the strong re tationship betueen 
slope angle and s l ide  suscep t ib i l i t y .  

Strahler  (1956) has developed a method of slope analysis that expresses  
this relationship part icular ly well. By determining the s ines  of the slope angles 
for a la rge  number of points in an a r e a ,  an isosinal map  can be made by con- 
touring the values.  F o r  cohesionless soi ls ,  the sine of the slope angle repre-  
sents  that par t  of the total gravitational force acting to  produce downhill sliding 
o r  flowage of rock part ic les  o r  fluids on the surface. A soi l  par t ic le  located a t  
point "P" on the slope i s  affected by forces  Fg = mg. ,  where m i s  m a s s  in 
pounds and g i s  the acceleration of gravity in feet per  second pe r  second, Fs i s  
shear  s t r e s s  ( T )  in pounds per  square  foot. Fs and Fn a r e  components of Fg. 
The elementary trigonometric relationship of the principal forces  acting on a 
soil  par t ic le  on a slope (Strahler  1956) i s  depicted in figure 7. 

Figure 7.-Principal forces acting on a soil particle on 
a slope (after Strahler 1956). Fg represents the 
force of gravity acting on the particle, Fs is the 
shear stress, and Fn is the force normal to the 
surface. a is the angle of slope and + is the angle of 
internal friction. 

s i n  ( = 2 L, by geometry,  a = 4 .  
Fg Fg 

When a unit m a s s  of soil  surrounding point "P" on the slope i s  considered, 
the downslope force [shear  s t r e s s  (T)] operating on that m a s s  i s  given a s  
T = F s i n  a ,  the equation for  the s h e a r  s t r e s s  in a cohesionless soil. Note 
that Bg in this  ca se  represents  the column o r  weight of mater ial .  

Thus,  the isosinal contour m a p  te l l s  the general location and distribution 
of shearing s t r e s s e s  produced by gravi ty on a cohesionless soi l  slope. Simply 
stated, for  a cohesionless soil  the factor  of safety a s  defined by Terzaghi  and 
Peck (1 960) is:  

F = t a n .  
t a n  a (7) 



As the slope angle approaches the internal friction angle, F approaches 1 and 
fai lure  i s  imminent. The isosinal contour corresponding to the sine of the 
internal  friction angle can then be used a s  the c r i t i ca l  isosine around which 
sliding i s  most likely t o  occur.  

A nonrigorous isosinal slope analysis,  o r  m o r e  simply s b p e  angle 
analysis, can supply useful resu l t s  a s  to  the effect of slope angle on soil  s ta -  
bility and the most  likely a r e a s  of future slide occurrence.  

CONCLUSION 

Studies in the Maybeso valley show that the major i ty  of debr i s  avalanches 
and flows develop on s lopes g rea t e r  than 34" and a r e  especially frequent around 
a c r i t i ca l  angle of 3 7 " .  On an  isosinal contour map of Maybeso valley (fig. 8), 
this  angle i s  represented by the cr i t ical  contour 0.6,  the sine of 37". Above 
this  c r i t i ca l  contour, sliding is imminent with the destruction o r  disruption of 
any cohesive forces  acting t o  hold the soil  in place. Below the c r i t ica l  contour 
i s  a zone of decreasing instability. The zone of instabili ty thus defined i s  
located principally in the deeper  s t r e a m  notches and in a narrow band nea r  the 
1 ,  200-foot contour. The  nar row band in the vicinity of maximum slide activity 
corresponds to the s t eep  face of a t i l l  shoulder marking the upper l imit of 
yaunger till. 

By construction of an isosine map, o r  m o r e  simply mapping of slope 
angles, a r e a s  of general  slope instability within a watershed can be located and 
the feasibility of applying preventive o r  control m e a s u r e s  determined. If the  
a r e a  of instability i s  a bedrock cliff, no additional consideration need be given. 
If the a r e a  l ies  within some of the best t imber  s tands,  se r ious  thought should be 
given to  harvesting techniques and road construction in the c r i t i ca l  a rea .  
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