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Abstract: F o r e s t  v e g e t a t i o n ,  e s p e c i a l l y  
t r e e  r o o t s ,  h e l p s  s t a b i l i z e  h i l l s l o p e s  by 
r e i n f o r c i n g  s o i l  s h e a r  s t r e n g t h .  To 
e v a l u a t e  t h e  e f f e c t  of t r e e  r o o t s  on s l o p e  
s t a b i l i t y ,  i n f o r m a t i o n  a b o u t  t h e  amount o f  
r o o t s  and  t h e i r  s t r e n g t h  s h o u l d  b e  known. 
A s i m u l a t i o n  m o d e l  f o r  t h e  r o o t  
d i s t r i b u t i o n  o f  Grvwtomer ia  i a w o n i c a  was 
proposed  where t h e  number of r o o t s  i n  each  
0.5-cm d i a m e t e r  c l a s s  can be  c a l c u l a t e d  a t  
a r b i t r a r y  d e p t h s .  The p u l l - o u t  s t r e n g t h  of 
r o o t s  was u s e d  t o  a n a l y z e  t h e  s t a b i l i t y  o f  
f o u r  d i f f e r e n t  t y p e s  of f o r e s t e d  s l o p e s .  
Root r e i n f o r c e m e n t  i s  i m p o r t a n t  on s l o p e s  
where  r o o t s  c a n  e x t e n d  i n t o  j o i n t s  and  
f r a c t u r e s  i n  bedrock  o r  i n t o  a  w e a t h e r e d  
t r a n s i t i o n a l  l a y e r  between t h e  s o i l  a n d  
b e d r o c k .  Root  r e i n f o r c e m e n t  o f  s o i l  
i n c r e a s e s  q u i c k l y  a f t e r  a f f o r e s t a t i o n  f o r  
a b o u t  t h e  f i r s t  20 y e a r s ,  t h e n  r e m a i n s  
&out c o n s t a n t  t h e r e a f t e r .  

Sediment d i s a s t e r s  by d e b r i s  f l o w s ,  mud 
f l o w s ,  and  l a n d s l i d e s  o c c u r  a l m o s t  e v e r y  
y e a r  d u r i n g  t h e  r a i n y  J u l y  t o  O c t o b e r  
Typhoon s e a s o n  i n  J a p a n .  I n  J u l y  1982, a  
heavy r a i n f a l l  of  488 nun i n  a  day,  w i t h  a  
maximum i n t e n s i t y  o f  1 2 7 . 5  mm p e r  h o u r ,  
c a u s e d  4300 d e b r i s  f l o w s  i n  N a g a s a k i  
p r e f e c t u r e ,  Kyushu I s l a n d .  T h i s  s t o r m  
d e s t r o y e d  2200 h o u s e s  a n d  k i l l e d  299 
p e o p l e .  D u r i n g  J u l y  1983 ,  i n t e n s i v e  
r a i n f a l l  i n i t i a t e d  many d e b r i s  f l o w s  and  
1 9 9  p e o p l e  w e r e  k i l l e d  i n  S h i m a n e  
p r e f e c t u r e ,  a l o n g  J a p a n  Sea on w e s t e r n  
Honshu I s l a n d .  
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The c a u s e  o f  s o  much d e s t r u c t i o n  and  
d e a t h  m i g h t  b e  u n p r e c e d e n t e d  i n t e n s i v e  
r a i n f a l l .  I n  a d d i t i o n ,  e x p a n s i o n  o f  
c i t i e s ,  r e s o r t s ,  and r o a d s  o n t o  h i l l s l o p e s  
and mountain areas h a s  been a l s o  thought  t o  
be  a  p r i m a r y  c a u s e .  I n  response ,  n a t i o n a l  
a n d  l o c a l  g o v e r n m e n t s  h a v e  a d o p t e d  a  
program of a g g r e s s i v e l y  c o n s t r u c t i n g  many 
e r o s i o n  c o n t r o l  works a t  g r e a t  e x p e n s e .  
But ,  even  s o ,  it i s  i m p o s s i b l e  f o r  s u c h  
c o n s t r u c t i o n  t o  p r o t e c t  a l l  m o u n t a i n  
h i l l s l o p e s  from d e b r i s  f l o w s .  

An i m p o r t a n t  c a u s e  o f  i n c r e a s e d  
f requency  o f  d e b r i s  f lows  i s  t h e  removal of 
f o r e s t s  t o  accommodate u r b a n i z a t i o n  and  
r o a d  c o n s t r u c t i o n  i n  mountainous a r e a s .  I n  
monsoon a r e a s ,  l i k e  J a p a n ,  where  s t e e p  
mounta ins  a r e  c o v e r e d  w i t h  f o r e s t s ,  mass 
w a s t i n g  i s  t h e  p r e v a i l i n g  t y p e  o f  e r o s i o n .  
There  i s  a  f r a g i l e  b a l a n c e  of s t a b i l i t y  on 
s u c h  s t e e p  h i l l s l o p e s  where t h e  f o r e s t  
c o v e r  i n t e r a c t s  w i t h  s o i l  m o i s t u r e ,  s o i l  
s t r e n g t h ,  g e o l o g i c a l  c o n d i t i o n ,  h i s t o r i c a l  
r a i n f a l l ,  and  o t h e r  f a c t o r s  t o  s t a b i l i z e  
t h e  r e g o l i t h  on a  s l o p e .  From a  v iewpoin t  
o f  s o i l  mechanics ,  on many h i l l s l o p e s  t h e  
f a c t o r  of s a f e t y  of a  s l o p e  (FS) approaches  
1 . 0  d u r i n g  a  r a i n f a l l  e v e n t  t h a t  o c c u r s  
once e v e r y  s e v e r a l  y e a r s .  Under c o n d i t i o n s  
of s u c h  d e l i c a t e  b a l a n c e ,  removal of t h e  
t r e e s  by l o g g i n g  may r e s u l t  i n  a  r e d u c t i o n  
i n  s o i l  s t r e n g t h  s u f f i c i e n t  t o  c a u s e  
l a n d s l i d e s .  

The i n f l u e n c e  o f  f o r e s t s  on s l o p e  
s t a b i l i t y  h a s  b e e n  o n e  o f  t h e  most  
i m p o r t a n t  s u b j e c t s  of s t u d y - - e s p e c i a l l y ,  
t h e  r o l e  of t r e e  r o o t s  on r e i n f o r c i n g  s o i l  
s h e a r  s t r e n g t h .  To e v a l u a t e  t h e  mechanical  
e f f e c t  o f  r o o t s  i n  s t r e n g t h e n i n g  s o i l ,  
however,  t h e  q u a n t i t y  and d i s t r i b u t i o n  o f  
r o o t s  i n  s u b s u r f a c e  s o i l  l a y e r s  must b e  
q u a n t i f i e d .  

I n  t h i s  p a p e r ,  a  s i m u l a t i o n  model f o r  
t h e  d i s t r i b u t i o n  and s t a b i l i z i n g  e f f e c t  o f  
r o o t s  i s  i n v e s t i g a t e d  u s i n g  a n  i n f i n i t e  
s l o p e  s t a b i l i t y  a n a l y s i s  model. 

ROOT DISTRIBUTION 

A s t a b i l i t y  a n a l y s i s  o f  f o r e s t  s l o p e s  
c a n  b e  made b y  a d d i n g  t h e  s o i l  s h e a r  
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s t r e n g t h  a n d  a  r e i n f o r c i n g  component  
p rov ided  by t h e  s t r e n g t h  of r o o t s  (Endo and 
T s u r u t a  1969; Gray and Ohashi 1 9 8 3 ) .  Th i s  
r e i n f o r c i n g  s t r e n g t h  i s  g e n e r a l l y  shown by 
equa t i on  [ I ]  (Waldron 1977; Wu 1 9 7 6 ) .  

C r  = xtri ( s i n  8 + cos  8 * t a n  a ) ,  [ I ]  

where C r  : Rein fo rc ing  s t r e n g t h  p rov ided  
by r o o t s  

t r i :  Root t e n s i l e  stress gene ra t ed  
i n  r o o t  i a t  t h e  l a n d s l i d e  
s h e a r  p l ane  

8 : Slope g r a d i e n t  

a : Angle o f  i n t e r n a l  f r i c t i o n  of  
t h e  s o i l .  

The t e n s i l e  stress f o r  v a r i o u s  s p e c i e s  h a s  
been  r e p o r t e d  t o  be  a  f u n c t i o n  o f  r o o t  
d i a m e t e r  ( Z i e m e r  a n d  Swans ton  1977 ;  
Burroughs and Thomas 1977; O'Loughl in  and 
Ziemer 1982; Abe and Iwamoto 1 9 8 6 ) .  Thus, 
t o  model t h e  i n f l u e n c e  of  t r e e s  on s l o p e  
s t a b i l i t y ,  t h e  number and d iamete r  o f  r o o t s  
a t  s p e c i f i c  d e p t h s  must be  o b t a i n e d .  

To d e v e l o p  t h e  r o o t  model a n d  t o  
u n d e r s t a n d  t h e  i n f l u e n c e  o f  d i f f e r e n t  
e n v i r o n m e n t a l  c o n d i t i o n s  on  r o o t  
d i s t r i b u t i o n ,  r o o t s  o f  abou t  16 t r e e s  o f  

iaoonica, t h e  most p o p u l a r  
s p e c i e s  p l a n t e d  i n  Japan,  were sampled i n  
f i v e  d i f f e r e n t  f i e l d s .  The sampl ing  was 
done a s  f o l l o w s :  

3 .  The d i a m e t e r  a t  b o t h  e n d s  a n d  t h e  
l e n g t h  o f  c u t  r o o t s  l a r g e r  t h a n  0 . 5  mm 
i n  d i a m e t e r  were measured i n  e ach  10- 
cm-thick l a y e r .  

4 .  The number, volume, and t o t a l  l e n g t h  of 
r o o t s  were t h e n  c a l c u l a t e d  f o r  e a c h  
l a y e r .  

o f  t h e  Root Dlstrlhutlon 

Root volume i n  10-cm-thick l a y e r s  (V(z)) 

About 85 t o  90 p e r c e n t  o f  t h e  t o t a l  
r o o t  volume of  a  t r e e  w a s  found i n  t h e  
uppe r  h a l f  o f  t h e  r o o t i n g  d e p t h .  Root 
volume d e c r e a s e s  e x p o n e n t i a l l y  wi th  dep th .  

To i n v e s t i g a t e  t h e  p a t t e r n  o f  r o o t  
d i s t r i b u t i o n  b y  d e p t h ,  V ( z ) ,  t h e  
accumula ted  r o o t  volume r a t i o ,  F ( z ) ,  was 
c a l c u l a t e d  ( e q .  [21)  . 

Zmax 
V r  = C V ( Z )  

z=o 

where, V r :  e n t i r e  r o o t  volume of  one t r e e  
CV(z)  : accumulated r o o t  volume from t h e  

ground s u r f a c e  t o  t h e  dep th  "z"  
Zmax: maximum dep th  o f  r o o t  growth. 

The s t u d y  t r ee  was c u t  down and  i t s  The r e l a t i o n s h i p  between F ( z )  and dep th  "2" 

e n t i r e  r o o t  s y s t e m  was c a r e f u l l y  c o u l d  be  auurox imated  bv t h e  u r o b a b i l i t v  - - 
excava t ed .  f u n c t i o n  o f  t h e  w e i d u l l - d < s t r i b u t i o n  
A l l  r o o t s  were c u t  a l o n g  p l a n e s  a t  10- ( f i c r .  21.  The s o l i d  l i n e  i n  f i s u r e  2  i s  
cm dep th  i n t e r v a l s  below t h e  ground and t h e -  We ibu l l  p r o b a b i l i t y  f u n c t i o n ,  f ( z ) ,  
p a r a l l e l  t o  t h e  s u r f a c e  ( f i g .  1 ) .  c a l c u l a t e d  from equa t i on  I31 (Makabe 1966 ) .  

There  a r e  t h r e e  p a r a m e t e r s  t h a t  must be  
e s t i m a t e d :  a, y, and m.  "y" i s  a  l o c a t i o n  
paramete r  t h a t  de te rmines  a  beg inn ing  p o i n t  

5 of  t h e  c u r v e .  I n  t h e  r o o t  d i s t r i b u t i o n  
% ca se ,  "y" i s  0,  because  t h e  ground s u r f a c e  

(z=0)  i s  t h e  i n i t i a l  p o i n t .  "m" i s  a  shape 
paramete r .  It can be  r e a d  o f f  t h e  Weibull- 
g raph  a s  a  g r a d i e n t  of t h e  l i n e ,  and  a l s o  
c a l c u l a t e d  by e q u a t i o n  [ 4 1  wi th  "ZmaXu and 
"Xo" 

F i g .  1 . M e t h o d  o f  s a m p l i n g  f o r  r o o t  
d i s t r i b u t i o n .  A l l  r o o t s  were c u t  
a l o n g  p l a n e s  a t  10-cm i n t e r v a l s  
b e l o w  t h e  g r o u n d  s u r f a c e  a n d  
d i a m e t e r s  o f  b o t h  e n d s  and  t h e  
l e n g t h s  o f  c u t  r o o t s  were measured 
i n  e ach  10-cm t h i c k  l a y e r .  Zmax i s  
a  maximum r o o t  p e n e t r a t i n g  dep th .  

p o i n t  where d i ame te r  i s  measured.  

XO i s  an i n t e r s e c t i n g  p o i n t  o f  Fn(z)=O and 
t h e  s o l i d  l i n e  ( f i g .  2 ) .  

From o u r  d a t a ,  it appeared  t h a t  i f  Zmax i s  
deepe r ,  t h e  g r a d i e n t  o f  "m" may be s t e e p e r .  
( f i g .  2 ) .  A r e g r e s s i o n  between Zmax and XO 
r e s u l t e d  i n  equa t i on  [51.  

XO = 0.3522*Zmax - 10.799 [51 
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S u b s t i t u t i n g  e q u a t i o n  [51 i n t o  e q u a t i o n  
[ 4 ] ,  "m" can  be e s t i m a t e d  by e q u a t i o n  [ 6 ] .  

" a "  i s  a  s c a l e  p a r a m e t e r  a n d  c a n  b e  
d e f i n e d  as a  dependent  v a r i a b l e  of Zmax by 
e q u a t i o n  (71 . 

A c c o r d i n g l y ,  t h e  r o o t  volume i n  e a c h  
10-cm- th ick  l a y e r  V ( z )  i s  o b t a i n e d  b y  
e q u a t i o n  [81 . 

z+10 
V ( z )  = { f ( z )  d z l  * V r  

Z 
[ e l  

Root Number 

I n  g e n e r a l ,  t h e  most r o o t s  a r e  found 20 
t o  50 c m  d e e p .  The number o f  r o o t s  t h e n  
g r a d u a l l y  d e c r e a s e s  w i t h  d e p t h .  S i x t y  t o  
85 p e r c e n t  o f  t h e  r o o t s  a r e  s m a l l e r  t h a n  

F i g .  2 .  R e l a t i o n s h i p  between d e p t h  ( z )  and 
a c c u m u l a t e d  r o o t  volume r a t i o  
( F ( z ) )  i n  t h e  W e i b u l l  g r a p h .  
W e i b u l l  c o e f f i c i e n t  "mu  i s  t h e  
g r a d i e n t  o f  a r e g r e s s i o n  l i n e ,  
o b t a i n e d  by "b /a ,  "a" , and "b". 

:Tree  1 i n  Minakami, 
0 :Tree  3 i n  Minakami, 

:Tree  5  i n  Komatubara, 
+ : T r e e  9 i n  Misugi,  
+:Tree 10 i n  Ksukuba. 

S i t e  T a p  zone Middle zone Bottom Z< 

Minakami 7.91 i-1.47 4.91 i-*'ll 5.95 i-l' 

0 . 5  cm i n  d i a m e t e r  

To compare r o o t  d i s t r i b u t i o n  between 
e a c h  f i e l d  s i t e ,  t h e  t o t a l  r o o t i n g  d e p t h  
was d i v i d e d  i n t o  t h r e e  zones :  t o p ,  middle ,  
and  bo t tom.  I n  t h e  t o p  zone,  t h e r e  a r e  
many l a t e r a l  r o o t s  t h a t  v a r y  w i d e l y  i n  
d i a m e t e r .  I n  t h e  bot tom zone,  most r o o t s  
grow v e r t i c a l l y  and t h e r e  a r e  few r o o t s  
g r e a t e r  t h a n  1 . 0  cm i n  d i a m e t e r .  I n  t h e  
middle  zone, many r o o t s  d e v e l o p  v e r t i c a l l y  
and d i a g o n a l l y ,  b u t  t h e r e  a r e  few l a t e r a l  
r o o t s .  Even though t h e  d e p t h  zones do n o t  
c o i n c i d e  w i t h  s o i l  h o r i z o n s  a n d  t h e  
t h i c k n e s s  o f  t h e  z o n e s  v a r i e s  be tween  
s i t e s ,  e a c h  r e s p e c t i v e  d e p t h  zone  h a s  
s i m i l a r  r o o t  d i s t r i b u t i o n s .  R o o t  
d i s t r i b u t i o n  was e s t i m a t e d  a s  t h e  r o o t  
number r a t i o ,  o b t a i n e d  b y  r e g r e s s i o n  
between t h e  p r o p o r t i o n  o f  t h e  number of 
r o o t s  i n  each 0.5-cm d i a m e t e r  c l a s s ,  Y ( i) ,  
and t h e  d i a m e t e r  c l a s s ,  i ( t a b l e  1 ) .  

Mean volume of a  r o o t  i n  each  d i a m e t e r  
c l a s s  (Vm ( i ) )  

T h e r e  was no d i f f e r e n c e  i n  t h e  mean 
volume o f  a r o o t  i n  e a c h  d i a m e t e r  c l a s s ,  
V r n ( i ) ,  among t h e  t h r e e  d e p t h  z o n e s .  
Consequen t ly ,  r e g r e s s i o n s  were c a l c u l a t e d  
f o r  each  f i e l d  s i te  ( t a b l e  2 ) .  

Maximum r o o t  dep th  (Zmax) 

I t  i s  i m p o r t a n t  t o  n o t e  t h e  d e p t h  o f  
r o o t  p e n e t r a t i o n  when e s t i m a t i n g  t h e  e f f e c t  
o f  r o o t s  i n  s t a b i l i z i n g  s l o p e s .  The more 
r o o t s  t h a t  p e n e t r a t e  a p o t e n t i a l  s h e a r  
p l a n e ,  t h e  g r e a t e r  i s  t h e  c h a n c e  t h a t  
v e g e t a t i o n  w i l l  i n c r e a s e  s l o p e  s t a b i l i t y .  
Some o f  t h e  f a c t o r s  r e s t r i c t i n g  Zmax a r e  
e x i s t e n c e  of bedrock ,  s o i l  p o r o s i t y ,  s o i l  
m o i s t u r e ,  s o i l  s t r u c t u r e ,  s o i l  c o n s i s t e n c y ,  
and  s o i l  f e r t i l i t y .  Morimoto (1982) and 
Ikemoto and T a k e s h i t a  (1987) r e p o r t e d  t h a t  
Zmax c o u l d  b e  e s t i m a t e d  a s  t h e  d e p t h  where 
t h e  s o i l  h a r d n e s s ,  u s i n g  a  c o n e  
p e n e t r o m e t e r ,  i s  27 mm, o r  t h e  N v a l u e  
(number Of f a l l s  p e r  10-cm p e n e t r a t i o n )  i n  

t h e  sounding tes t  i s  5 .  However, much more 
d a t a  on t h i s  s u b j e c t  i s  needed.  
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Tab le  2--Mean r o o t  volume, V m ( i ) ,  o f  t h e  
f o u r  f i e l d  s i t e s  

Site Mean root Coefficient of Sample 
volume determination number 

Minakami 7 . 6 2  i2'" 0 . 9 6  5 1 

Komatsubara 7 . 8 4  j,2.32 0.94  2  4  

Tsukuba 7.81 i2.l4 0.97 53 

YODEL 

F i g u r e  3 i s  a f low c h a r t  o f  t h e  r o o t  
d i s t r i b u t i o n  s i m u l a t i o n  model.  The i n p u t  
f a c t o r s  a re  f i e l d  measurements o f  h e i g h t  
( H ) ,  d i ame te r  ( D B H ) ,  and Zmax of t h e  o b j e c t  
t r e e .  The model o u t p u t  i s  t h e  number o f  
r o o t s  i n  e a c h  10-cm l a y e r  and  each  r o o t  
d i ame te r  c l a s s .  Y t ( i ) ,  Y m ( i ) ,  Y b ( i ) ,  and 
V m ( i )  a r e  used  i n  t h e  model a s  v a r i a b l e s ,  
s o  t h e y  must be  measured f o r  e ach  r e g i o n  

hav ing  d i f f e r e n t  environmental  c o n d i t i o n s .  

The model was composed a s  f o l l ows :  

(1) Inpu t  DBH, H,  and Z m a x .  

( 2 )  C a l c u l a t e  whole r o o t  weight ,  W r ,  i n  
g  . 

W r  can  be  c a l c u l a t e d  by an  a l l o m e t r i c  
formula,  equa t i on  191 (Karizumi 1977 ) .  

l o g  W r  = 0 . 8 2 1 6 * 1 0 ~ ( ~ ~ ~ ~ * ~ ) - 0 . 3 0 8 5  [91 

(3)  C a l c u l a t e  whole r o o t  volume, V r ,  i n  
3 cm . 

V r  = W r / G s  1101 

( 4 )  C a l c u l a t e  r o o t  volume i n  each  10-cm 
l a y e r ,  V ( z ) .  

V(z )  can be c a l c u l a t e d  by equa t i on  181, 
where f ( z )  i s  o b t a i n e d  from e q u a t i o n  
131 by s u b s t i t u t i n g  Zma, i n t o  equa t i ons  

M)OB APPLIED PRINCIPLES 

Aiiometric formula 

10-cm-thick layer 

Whole root 
volume (Vr )  

in each diameter class and root diameter class 
each to-cm-thick layer 

in each diameter class 

Weibull distribution 

Temporary volume of roots in 
each 10-cm.thick layer 

diameter class and each 
to-cm-thick layer (N(i .2))  

k 

F i g .  3 .  Flow c h a r t  o f  t h e  r o o t  d i s t r i b u t i o n  s i m u l a t i o n  model. 

probability function 
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[61 and 171. 

(5 )  S e t  up t h e  t emporary  r o o t  number i n  
each  d i a m e t e r  c l a s s  and each  10-cm- 
t h i c k  s o i l  l a y e r ,  f ? ( i , z ) .  

The maximum r o o t  d i a m e t e r  ( imax) s h o u l d  
b e  d e t e r m i n e d ,  a n d  f i ( i , z )  i n  e a c h  
d i a m e t e r  c l a s s  (0.5-cm i n t e r v a l s  i n  
t h i s  p a p e r )  up t o  imax i n  each  zone i s  
s e t  up i n  p r o p o r t i o n  t o  t h e  r o o t  number 
r a t i o s  Y t ( i ) ,  Y m ( i ) ,  and  Y b ( i ) .  A l l  
10-cm l a y e r s  t h a t  b e l o n g  t o  one zone 
have t h e  same i n i t i a l  v a l u e  o f  fi (i, z )  . 

( 6 )  C a l c u l a t e  t emporary  r o o t  volume i n  
10-cm l a y e r ,  v ( z )  . 

(7 )  C a l c u l a t e  t h e  r a t i o  between V(z)  and 
V ( z ) ,  k .  

(8 )  D e t e r m i n e  t h e  number of r o o t s  i n  
e a c h  r o o t  d i a m e t e r  c l a s s  and  e a c h  
10-cm l a y e r ,  N ( i , z )  . 

Even f i n e  r o o t s  have a  s t r o n g  i n f l u e n c e  
i n  p r e v e n t i n g  l a n d s l i d e s  (Bur roughs  a n d  
Thomas 1977; Abe and Iwamoto 1 9 8 6 ) .  Thus, 
t h e  model must b e  a b l e  t o  e s t i m a t e  t h e  
number o f  s u c h  f i n e  r o o t s .  A l s o ,  t h e  
l a n d s l i d e  s h e a r  p l a n e  h a s  a  t e n d e n c y  t o  
o c c u r  n e a r  t h e  l i m i t  of  r o o t i n g  d e p t h  where 
t h e r e  a r e  few r o o t s  on t h e  s h e a r  p l a n e  (Abe 
and o t h e r s  1 9 8 5 ) .  T h i s  model can e s t i m a t e  
t h e  number o f  r o o t s  i n  each  d i a m e t e r  class 
i n  t h e  d e e p e r  l a y e r s .  Fur thermore,  it i s  
i m p o r t a n t  t h a t  r o o t  d i s t r i b u t i o n  u n d e r  
d i f f e r e n t  c o n d i t i o n s  can  b e  e x p r e s s e d  b y  
one model. 

ROOT BTRENGTE 

The c o n t r i b u t i o n  o f  r o o t s  t o  i n c r e a s i n g  
s o i l  s h e a r  s t r e n g t h  h a s  b e e n  m a i n l y  
e s t i m a t e d  b y  f o u r  k i n d s  o f  e x p e r i m e n t s :  
t e n s i l e  t e s t ,  p u l l - o u t  t e s t ,  ~ L ~ A L U  - ' s h e a r  
tes t ,  and l a b o r a t o r y  s h e a r  t es t .  

Many t e n s i l e  s t r e n g t h  t e s t s  o f  r o o t s  
have been  per fo rmed .  A segment o f  a  r o o t  
specimen i s  u s u a l l y  l o a d e d  i n  t e n s i o n  and 
t h e  maximum v a l u e  a t  f a i l u r e  i s  measured 
( O ' L o u g h l i n  1 9 7 4 ;  B u r r o u g h s  a n d  Thomas 
1977; Ziemer and Swanston 1977; Nakane and 
o t h e r s  1983; Abe and  o t h e r s  1986) . From 
t h e s e  t e s t s ,  t h e  t e n s i l e  s t r e n g t h  o f  l i v e  
r o o t s  and i t s  d e c l i n e  a f t e r  t h e  r o o t s  d i e  
h a v e  b e e n  m e a s u r e d  f o r  many o f  t h e  
i m p o r t a n t  t r e e  s p e c i e s .  

The p u l l - o u t  t e s t  measures  t h e  maximum 

r e s i s t a n c e  when a  r o o t  i s  p u l l e d  o u t  o f  t h e  
s o i l  ( f i g .  4 ) .  Tsukamoto (1987) and  Abe 
a n d  Iwamoto ( 1 9 8 6 )  r e p o r t e d  p u l l - o u t  
s t r e n g t h  c o u l d  b e  p r e d i c t e d  b y  r o o t  
d i a m e t e r  a n d  was i n d e p e n d e n t  o f  s l o p e  
c o n d i t i o n s  and r o o t  t y p e ,  such  a s  l a t e r a l ,  
t a p ,  o r  s i n k e r  r o o t .  P u l l - o u t  s t r e n g t h  was 
composed o f  t a n g e n t i a l  f r i c t i o n  be tween  
s o i l  and  r o o t s ,  and was i n f l u e n c e d  by r o o t  
b e n d i n g ,  b r a n c h i n g ,  r o o t  h a i r s ,  and  t h e  
t e n s i l e  s t r e n g t h  a t  b r e a k a g e s .  

Data  from in-situ s h e a r  tes ts  (Endo and 
T s u r u t a  1969; Ziemer 1981; O'Loughl in  and 
o t h e r s  1982; Abe a n d  Iwamoto 1987)  a r e  
i m p o r t a n t  f o r  e v a l u a t i n g  t h e  
a p p r o p r i a t e n e s s  o f  t h e o r e t i c a l  c o n c e p t s .  
But,  it i s  d i f f i c u l t  t o  per fo rm s u c h  tes ts  
on s t e e p  rocky h i l l s l o p e s .  

L a b o r a t o r y  s h e a r  t e s t s  h a v e  b e e n  
p e r f o r m e d  t o  r e v e a l  t h e  mechanism o f  t h e  
r o o t  r e i n f o r c i n g  e f f e c t  (Waldron 1977; Wu 
1976; Waldron and Dakess ian 1981; Gray and 
O h a s h i  1 9 8 3 ;  S h e w b r i d g e  1 9 8 5 ) .  We 
c o n d u c t e d  d i rec t  s h e a r  t e s t s  u s i n g  s a n d  
t h a t  c o n t a i n e d  r o o t s  a n d  m o d i f i e d  t h e  
r e i n f o r c e m e n t  model p r o p o s e d  by Waldron 
(1977) and Wu (1976) : 

AS= [ {  ( l c ~ ~ b ~ e - ' ~ ~ )  '/*-I) *E*arl ( c o s  8 
t a n  @ t s i n  8) + E * I * ~ ~ * B  [I41 

where, E :  Young modulus 
a r :  c r o s s  s e c t i o n a l  a r e a  o f  t h e  

r o o t s  
B:  one h a l f  of a  s h e a r  d i sp lacement  
I :  modulus of s e c t i o n  
8: r o o t  a n g l e  a t  t h e  o r i g i n  

: i n t e r n a l  f r i c t i o n  a n g l e  of sand .  

From o b s e r v a t i o n s  o f  s h a l l o w  l a n d s l i d e  
s i t e s ,  t h e r e  were o n l y  a  few f i n e  r o o t s  on 
t h e  b o t t o m  s h e a r  p l a n e s  (Abe and  o t h e r s  
1 9 8 5 ) .  And, f o r  f a l l e n  trees, most of t h e  
r o o t s  were broken n e a r  t h e i r  t i p s  where t h e  

Recorder 

F i g .  4 .  Diagram o f  t h e  r o o t  p u l l - o u t  t e s t  
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d i a m e t e r  was l e s s  t h a n  1 t o  2  cm. T h i s  
s u g g e s t s  t h a t  most r o o t s  were p u l l e d  o u t .  
Burroughs and  Thomas (1977) r e p o r t e d  t h a t  
t h e  wid th  o f  t h e  s h e a r  zone ranged  from 7  
t o  25 cm and t h e  m a j o r i t y  o f  t r e e  r o o t s  had 
f a i l e d  i n  t e n s i o n .  S t u d i e s  o f  s l o p e  
f a i l u r e  i n  s o i l  o v e r  g l a c i a l  till i n  Alaska 
i n d i c a t e d  t h a t  t h e  e x p e c t e d  w i d t h  o f  t h e  
s o i l  s h e a r  zone ranged  from 7 . 5  t o  30 c m ,  
and t h a t  t h e  e x p e c t e d  mode of r o o t  f a i l u r e  
i s  i n  t e n s i o n  (Wu, 1 9 7 6 ) .  We assume t h a t  
t h e  r o o t s  c r o s s i n g  a  s h e a r  zone g e n e r a t e  
t e n s i l e  s t r e n g t h ,  a r e  e l o n g a t e d  i n  t e n s i o n ,  
and  b r e a k  a t  t h e  t i p s ,  n o t  i n  t h e  s h e a r  
z o n e .  Thus, t h e  mode of r o o t  f a i l u r e  i s  
s i m i l a r  t o  t h a t  d u r i n g  a  p u l l - o u t  t e s t .  
Abe and Iwamoto (1986) conduc ted  t e s t s  on 
CrvDtomeria iaDonica and measured b o t h  t h e  
p u l l - o u t  r e s i s t a n c e  a n d  t h e  t e n s i l e  
s t r e n g t h  a t  t h e  p o i n t  of b reakage  ( f i g .  4 ) .  
The r e s u l t s  were  q u i t e  d i f f e r e n t .  The 
p u l l - o u t  r e s i s t a n c e  i n c l u d e s  t h e  t e n s i l e  
s t r e n g t h  a t  b r e a k a g e ,  p l u s  t h e  t a n g e n t i a l  
f r i c t i o n  between r o o t s  and  s o i l  a n d  t h e  
mechan ica l  s t r e n g t h  caused  by p u l l i n g  b e n t  
p a r t s  o f  t h e  r o o t  t h r o u g h  t h e  s o i l .  
Consequen t ly ,  it i s  n o t  a p p r o p r i a t e  t o  u s e  
t h e  maximum t e n s i l e  s t r e n g t h  t o  r e p r e s e n t  
r o o t  r e i n f o r c i n g  s t r e n g t h .  Al though t h e  
r e l a t i o n s h i p  between p u l l - o u t  r e s i s t a n c e  
a n d  t h e  t h e o r e t i c a l  r e i n f o r c e d  s o i l  
s t r e n g t h  i s  n o t  f u l l y  u n d e r s t o o d ,  we 
p o s t u l a t e  t h a t  b o t h  a r e  abou t  e q u a l .  

S t a b i l i t y  o f  a  f o r e s t e d  s l o p e  w a s  
s i m u l a t e d  u s i n g  t h e  p u l l - o u t  r e s i s t a n c e  
(PO) ,  o b t a i n e d  b y  a  r e g r e s s i o n  a n a l y s i s  
( e q .  [151) of t h e  r o o t  d i a m e t e r  ( D )  a t  p u l l  

p o i n t s  ( f i g .  4 ) .  

SLOPE STABILITY ANALYSIS 

G e o l o g y ,  s o i l  m e c h a n i c s ,  a n d  s o i l  
m o i s t u r e  a f f e c t  s l o p e  s t a b i l i t y  and  a l s o  
a f fec t  t h e  d i s t r i b u t i o n  o f  t r e e  r o o t s ,  
e s p e c i a l l y  t a p  r o o t s .  Tsukamoto (1987)  
c l a s s i f i e d  s l o p e s  i n t o  f o u r  t y p e s .  

A t y p e - - R e g o l i t h  i s  t h i n  and  u n d e r l a i n  by 
bedrock  w i t h  few c r a c k s  and  j o i n t s .  The 
r o o t s  cannot  p e n e t r a t e  t h e  bedrock and a r e  
d e n s e l y  d i s t r i b u t e d  i n  t h e  r e g o l i t h .  Tap 
r o o t s  a r e  n o t  i m p o r t a n t .  S o i l  w a t e r  cannot  
p e r m e a t e  t h e  b e d r o c k ,  a n d  p o r e  w a t e r  
p r e s s u r e  i s  e a s i l y  g e n e r a t e d  on t h e  bedrock 
s u r f a c e .  Thus ,  t h i s  t y p e  o f  s l o p e  i s  
r a t h e r  u n s t a b l e  and mos t ly  found on d i p p i n g  
s l o p e s  i n  t e r t i a r y  p a r e n t  m a t e r i a l s .  

B type- -Regol i th  i s  t h i n  and u n d e r l a i n  by 
b e d r o c k  h a v i n g  many j o i n t s  a n d  c r a c k s .  
Roots  a r e  a b l e  t o  p e n e t r a t e  i n t o  bedrock  
and  c o n t r i b u t e  t o  s t a b i l i t y .  P o r e  w a t e r  

p r e s s u r e  i s  seldom g e n e r a t e d  b e c a u s e  o f  
h i g h  p e r m e a b i l i t y .  Accordingly ,  t h i s  t y p e  
of s l o p e  i s  q u i t e  s t a b l e  and i s  found  i n  
a r e a s  w i t h  mesozo ic  and  p a l e o z o i c  p a r e n t  
m a t e r i a l .  

C t y p e - - R e g o l i t h  i s  t h i n  and  t h e r e  i s  a  
t r a n s i t i o n a l  (wea thered)  l a y e r  between t h e  
r e g o l i t h  and bedrock .  Root growth may be 
a f f e c t e d  by s o i l  d e n s i t y  and h a r d n e s s  o f  
t h i s  t r a n s i t i o n a l  l a y e r .  S o i l  m o i s t u r e  
does  n o t  e a s i l y  pe rmea te  t h e  t r a n s i t i o n a l  
l a y e r ,  b e c a u s e  o f  i t s  h i g h  d e n s i t y ,  and  
p o r e  w a t e r  p r e s s u r e  i s  e a s i l y  g e n e r a t e d .  
Roots  a r e  most e f f e c t i v e  on t h i s  t y p e  of 
s l o p e .  A s  r o o t  s t r e n g t h  d e c l i n e s  a f t e r  
l o g g i n g ,  many d e b r i s  f l o w s  would  b e  
e x p e c t e d .  T h i s  t y p e  i s  f r e q u e n t l y  found i n  
g r a n i t e  mountains .  

D t y p e - - R e g o l i t h  i s  t h i c k  a n d  r o o t s  can  
grow w i t h o u t  r e s t r i c t i o n  by s o i l  l a y e r s .  
T h i s  t y p e  of s l o p e  i s  u s u a l l y  found a t  t h e  
b a s e  o f  h i l l s l o p e s  and  have a  g e n t l e  a n g l e .  
D e b r i s  f l o w s  n e v e r  o c c u r  on t h i s  t y p e  of 
s l o p e .  

The s t a b i l i t y  o f  t h e s e  f o u r  t y p e s  o f  
s l o p e  was i n v e s t i g a t e d  b y  a s s u m i n g  
r e a s o n a b l e  v a l u e s  o f  i m p o r t a n t  s o i l  and  
s l o p e  c h a r a c t e r i s t i c s  ( t a b l e  3 ) .  

The A-type s l o p e  h a s  80 cm o f  r e g o l i t h  
t h i c k n e s s  u n d e r l a i n  b y  b e d r o c k  w i t h o u t  
c r a c k s  and t h e  r o o t s  can n o t  p e n e t r a t e  more 
t h a n  80 c m  deep .  The B-type s l o p e  a l s o  h a s  
80 c m  of r e g o l i t h ,  b u t  bedrock i s  f r a c t u r e d  
a n d  r o o t s  c a n  i n v a d e  t h e  c r a c k s  up t o  
100 cm d e e p .  The C-type s l o p e  a l s o  h a s  
80 c m  o f  r e g o l i t h ,  p l u s  a  40-cm-thick 
t r a n s i t i o n a l  l a y e r  u n d e r l a i n  b y  b e d r o c k .  
The D-type s l o p e  h a s  150 c m  of r e g o l i t h  and 
a  40-cm-thick t r a n s i t i o n a l  l a y e r  u n d e r l a i n  
by b e d r o c k .  The s t a b i l i t y  c a l c u l a t i o n s  
assumed t h a t  t h e  ground w a t e r  r e a c h e d  t h e  
g round  s u r f a c e .  F o r e s t s  o f  w t o m e r h  
i a ~ o n i c a  aged 10,  20, 30, and 40 y e a r s  were 
assumed t o  b e  growing on each  s l o p e .  The 

T a b l e  3 - - C h a r a c t e r i s t i c s  o f  t h e  f o u r  s l o p e s  
- - - - - - - Slope type------- 

A B C D 

Slope a n g l e  ( O )  32 32 32 1 5  
Thickness  of r e g o l i t h  (cm) 80 80 80 1 5 0  
T r a n s i t i o n a l  zone (cm) 0  0  40 40 
Cohesion of s o i l  ( ton/m2) 0 .2  0 .2  0 . 2  0.2 

I n t e r n a l  a n g l e  of s o i l ( o )  30 30 3 0  3 0  
C o h e s i c n o f b e d r o c k ( t o n / m 2 )  20 20 20  20 
I n t e r n a l  a n g l e  of bedrock(O) 40 40 40 40 
Ground water  t a b l e  dep th  (cm) 0  0  0  0  
Dens i ty  of s o i l  (g / cc )  1 . 3  1 . 3  1 . 3  1 . 3  
Dens i ty  of bedrock (g /cc )  2 . 5  2 . 5  2 . 5  2 . 5  
zmax (cm) 80 1 0 0  100  170  
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s i z e  of t r e e s  i n  each f o r e s t  was obta ined 
from y i e l d  t a b l e s .  Root d i s t r i b u t i o n s  
(number of r o o t s  i n  each 10-cm-thick s o i l  
l a y e r  f o r  each 0.5-cm diameter c l a s s )  were 
s imula ted  us ing  t h e  model ( f i g .  3 ) .  The 
r e i n f o r c i n g  s t r e n g t h  (AS) i n  each 10-cm- 
t h i c k  l a y e r  was c a l c u l a t e d  using equation 
[ 1 6 1 .  

where, AS ( 2 )  : r e i n f o r c i n g  s t r e n g t h  a t  
depth z  cm 

N ( 2 ,  i) : number of roo t s  of diameter 
i cm a t  depth z  cm 

P O ( i ) :  pul l -out  s t r e n g t h  of a  root  
with diameter i cm. 

The s i m u l a t i o n  r e s u l t s  of  t h e  f o u r  
s lope  types  a r e  shown i n  f i g u r e  5 .  S o i l  
s h e a r  s t r e n g t h ,  S s ,  shows an a b r u p t  
inc rease  a t  t h e  boundary between s o i l  and 
bedrock of t h e  A-type and B-type s lopes ,  
b u t  on t h e  C-type s l o p e  t h a t  has  a  
t r a n s i t i o n a l  s o i l  l a y e r ,  s o i l  s h e a r  

SO IL-STRENGTH lk f / m a  I 
1 3 4  

:Soil shear strength - - - - - - - :Promoting sliding ~tren th 
i' a:Rooted  oil of a fore~t aged 0 

o:Rooted soi 1 of a forest aged 20 
-:Rooted soil of a forest aged 30 
+:Rooted soi l of a forest aged 40 

s t r e n g t h  g r a d u a l l y  i n c r e a s e s .  Shear  
s t r e s s ,  P s ,  exceeds t h e  s o i l  shear  s t r eng th  
a t  a  depth of 40 t o  80 cm on type A, B, and 
C s lopes .  This ind ica tes  a  p o t e n t i a l  shear  
zone a t  t h e s e  d e p t h s  l e a d i n g  t o  t h e  
p o s s i b i l i t y  of  a  l a n d s l i d e .  The 
r e i n f o r c i n g  s t r e n g t h  by r o o t s  (AS) was 
c a l c u l a t e d  by equation [I61 and added t o  Ss 
( f i g .  5 ) .  

On t h e  A-type s lope ,  t h e  growth of t a p  
roo t s  i s  r e s t r i c t e d  by t h e  bedrock so  the re  
i s  no r e i n f o r c i n g  e f f e c t  a t  t h e  boundary 
( p o t e n t i a l  shea r  zone) .  AS i s  increased 
by t h e  growing f o r e s t  only t o  a  depth of 
70 cm. In o the r  words, although t h e  number 
of roo t s  i s  increased a s  t h e  f o r e s t  becomes 
o lde r ,  root  reinforcement of t h e  s o i l  never 
develops a t  t h e  boundary and P s  w i l l  exceed 
Ss  a t  t h i s  depth  when t h e  ground water 
su r face  r i s e s .  This condit ion can lead  t o  
a  d e b r i s  flow. 

On t h e  B-type s l o p e ,  however, r o o t s  
p e n e t r a t e  t h e  c racks  i n  t h e  bedrock, and 
roo t  reinforcement develops a t  t h e  s o i l -  
bedrock boundary. When t h e  f o r e s t  i s  o lde r  

SO I L-STRENGTH (k f/n' 1 
1 03 134 105 

Fig .  5.  Simulated rooted s o i l  shear  s t r e n g t h  of f o r e s t s  having four 
d i f f e r e n t  ages on A, B, C, and D type  of s lopes  
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than  20 years ,  AS becomes s t r o n g e r  than 
Ss, and P s  never exceeds shear  s t r eng th  of 
t h e  rooted s o i l ,  Sr ( f i g .  5 ) .  But, f o r  t h e  
10-yea r -o ld  f o r e s t ,  AS i s  no t  s t r o n g  
enough t o  prevent  a  d e b r i s  flow on t h e  
s lope .  

The C-type s lope  i s  s i m i l a r  t o  t h e  B- 
t y p e .  Roots invade  and r e i n f o r c e  t h e  
t r a n s i t i o n a l  zone, and t h e  p r o b a b i l i t y  of 
l ands l ides  decreases a s  t h e  f o r e s t  becomes 
o l d e r .  

The D-type s lope  i s  always s t a b l e  with 
o r  without a  f o r e s t .  

The f a c t o r  of s a f e t y  (FS) a t  t h e  
p o t e n t i a l  shear  zone inc reases  f o r  type  B 
and C s l o p e s  a s  t h e  age of a  f o r e s t  
inc reases ,  up t o  an age of 20 t o  25 years ,  
a f t e r  which it remains about cons tant  a t  
about 2.0 ( f i g .  6 ) .  For these  slope types,  
t h e  FS of 10-year-old f o r e s t s  i s  under 1 .0 ,  
i n d i c a t i n g  a  h i g h  p r o b a b i l i t y  of  
l a n d s l i d e s .  The FS values were ca lcu la ted  
f o r  a  c o n d i t i o n  where t h e  ground water 
reaches  t h e  ground s u r f a c e .  For A-type 
s lopes ,  FS does not change with increas ing 
f o r e s t  age because r o o t s  cannot r e in fo rce  
t h e  s o i l  and bedrock i n t e r f a c e .  Type-D 
s lopes  remain s t a b l e  a t  a l l  ages of f o r e s t .  

DISCUSSION 

A s  f o r e s t s  grow, r o o t  systems develop 
t o  provide s t r u c t u r a l  support t o  t h e  t r e e s  
and t o  absorb water and n u t r i e n t s .  Roots 
a r e  important  i n  s t a b i l i z i n g  h i l l s l o p e s .  
To q u a n t i f y  t h e  amount of  r o o t  
r e in fo rcement  A S ,  it i s  necessary  t o  

Forest age 
o:A type of slope 
o:B type of slope 
A:C type of slope 
+:D type of slope 

Fig .  6. Change i n  t h e  f a c t o r  of s a f e t y  a s  
t h e  f o r e s t  ages .  

understand t h e  r e l a t i o n s h i p  between roo t  
growth, s l o p e  s t r u c t u r e ,  and dep th  of 
s l i d i n g  s u r f a c e .  In  t h i s  paper ,  r o o t  
reinforcement was modelled f o r  f o u r  types  
of s l o p e s .  Previous r e sea rch  has  shown 
t h a t  t h e r e  a r e  high s lope  f a i l u r e  r a t e s  on 
g r a n i t e ,  s h a t t e r e d  paleozoic  and mesozoic, 
and t e r t i a r y  s lopes  a s soc ia ted  with young 
f o r e s t s  (Tsukamoto 1987) .  I t  i s  expected 
t h a t  t h e r e  a r e  d i f f e r e n c e s  i n  AS r e l a t e d  
t o  d i f f e r e n c e s  i n  g e o l o g i c a l l y  r e l a t e d  
s lope  s t r u c t u r e .  Thus, it i s  important t o  
i d e n t i f y  those  f a c t o r s  t h a t  r e s t r i c t  t h e  
growth of roo t s  and t o  quan t i fy  t h e  number 
and s i z e  of r o o t s  t h a t  can pene t ra te  i n t o  
j o i n t s  of bedrock o r  t r a n s i t i o n a l  s o i l  
l a y e r s  and r e i n f o r c e  t h e  p o t e n t i a l  shear  
zone. 

Logging can cause a  l a r g e  decrease  i n  
AS. A s  t h e  roo t s  decay, a f t e r  a  40-year- 
o l d  f o r e s t  h a s  been c u t ,  t h e  s h e a r  
r e s i s t a n c e  of rooted s o i l  i n  t h e  p o t e n t i a l  
shea r  zone w i l l  decrease  t o  one t h i r d  of 
t h a t  i n  t h e  uncut f o r e s t  ( f i g .  5 ) ,  and t h e  
p r o b a b i l i t y  of s lope f a i l u r e  w i l l  increase .  
Kitamura and Namba (1981) noted t h a t  t h e  
r e s i s t a n c e  of t r e e  stumps t o  uproo t ing  
decreases r ap id ly  a s  the  root  systems decay 
fol lowing timber h a r v e s t .  They concluded, 
when cons ide r ing  t h e  combined e f f e c t  of 
root  decay of t h e  cut  t r e e s  and root  growth 
of t h e  p lan ted  t r e e s ,  t h a t  t h e  f o r e s t  s o i l  
would reach a  minimum s t r e n g t h  between 5 
and 10 years  a f t e r  c u t t i n g  and rep lan t ing .  
Ziemer and Swanston (1977) measured t h e  
changes i n  s t r e n g t h  of r o o t s  remaining i n  
t h e  s o i l  a f t e r  logging and noted t h a t  even 
t h e  l a r g e s t  r o o t s  l o s t  a p p r e c i a b l e  
s t r e n a t h  . 

In  g e n e r a l ,  t h e  i n f l u e n c e  of f o r e s t  
logging on d e b r i s  flows a r e  g r e a t e s t  i n  
g r a n i t i c  and t e r t i a r y  s l o p e s  (C-type) . 
P a l e o z o i c  and mesozoic s l o p e s  (8- type)  
g e n e r a l l y  do n o t  have an i n c r e a s e d  
i n c i d e n c e  of  d e b r i s  f low a f t e r  f o r e s t  
removal. Tsukamoto (1987) explained t h a t  
t h e  r eason  f o r  t h i s  i s  t h a t  t h e  h igh  
p e r m e a b i l i t y  of  t h e  f r a c t u r e d  bedrock 
p r e v e n t s  t h e  b u i l d - u p  of  l a t e r a l  
groundwater flow along t h e  bedrock. Ohta 
(1986) sugges ted  t h a t  roughness of t h e  
bedrock a l s o  makes t h i s  t y p e  of s l o p e  
s t a b l e .  

AS t e n d s  t o  i n c r e a s e  a s  t h e  f o r e s t  
becomes o l d e r ,  up t o  an age of about 20 
y e a r s ,  a f t e r  which AS remains  abou t  
c o n s t a n t .  The c o n t r i b u t i o n  of a  s i n g l e  
t r e e  t o  AS cont inues  t o  i n c r e a s e  a s  t h e  
t r e e  becomes o l d e r .  However, t h e  number of 
t r e e s  i n  t h e  f o r e s t  decreases  with f o r e s t  
age ( t a b l e  4 )  and t h e  n e t  e f f e c t  i s  a  
cons tan t  AS a f t e r  about 20 yea r s .  Forty- . . 
year-old s t ands  of Uygwtomerla laxmica 
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Table  4--Sizes o f  CrvDtomeria iaDonjca 

---------- Tree aqe (yr) ---------- 

DBH (cm) 5.0 13.8 20.0 24.3 
Height (m) 5.4 12.1 15.8 18.1 
Number (ha-l) 3430 2265 1345 1030 

2 Area (m ) 2.9 4.4 7.4 9.7 

have a h i g h  d e n s i t y - - o n e  t r e e  p e r  3 . 1  x  
3 . 1  m .  F o r  t h i s  s t a n d  d e n s i t y ,  it i s  
a c c e p t a b l e  t o  e s t i m a t e  AS on a  u n i t  a r e a  
b a s i s .  However ,  f o r  o l d - g r o w t h  a n d  
s c a t t e r e d  trees,  it may n o t  b e  p r o p e r  t o  
e s t i m a t e  t h e  r e i n f o r c e d  s t r e n g t h  b y  u n i t  
a r e a ,  because  t a p  r o o t s  t e n d  t o  c o n c e n t r a t e  
below t h e  widely-spaced tree t r u n k s .  

Most r o o t s  i n  t h e  p o t e n t i a l  s h e a r  zone 
a r e  l e s s  t h a n  1 . 0  c m  i n  d i a m e t e r .  I n  t h i s  
p a p e r ,  o n l y  t h e  e f f e c t  o f  r o o t s  w i t h i n  t h e  
s h e a r  zone were c o n s i d e r e d .  However, s o i l  
r e i n f o r c e m e n t  by l a t e r a l  r o o t s  s h o u l d  a l s o  
be  c o n s i d e r e d .  Burroughs and Thomas (1977) 
r e p o r t e d  t h a t  zones  o f  weakness deve loped  
be tween  s tumps  t h a t  c o u l d  l e a d  t o  t h e  
i n i t i a t i o n  o f  s l o p e  f a i l u r e .  

CONCLUSIONS 

Using a  model o f  t r e e  r o o t  d i s t r i b u t i o n  
a n d  t h e  p u l l - o u t  s t r e n g t h  o f  r o o t s  t o  
e s t i m a t e  t h e  e f f e c t  o f  r o o t s  upon s l o p e  
s t a b i l i t y ,  we conc lude  t h a t :  
(1) Root re in forcement  c o u l d  be  expec ted  on 

s l o p e s  where r o o t s  grow i n t o  j o i n t s  o f  
b e d r o c k  o r  w e a t h e r e d  t r a n s i t i o n a l  
l a y e r s .  DS i n  a  p o t e n t i a l  s h e a r  zone 
o n  s u c h  s l o p e s  h a d  t w i c e  t h e  s h e a r  
s t r e n g t h  o f  s o i l  wi thou t  r o o t s .  

( 2 )  Most r o o t s  d i r e c t l y  a f f e c t i n g  s l o p e  
s t a b i l i t y  a r e  a b o u t  1 . 0  cm o r  l e s s  i n  
d i a m e t e r .  

( 3 )  A f t e r  a f f o r e s t a t i o n ,  DS would i n c r e a s e  
q u i c k l y  f o r  abou t  20 y e a r s ,  t h e n  remain 
n e a r l y  c o n s t a n t .  
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