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Abstract: Two k i n d s  o f  s h e a r i n g  stress 
m e t e r s  ( t y p e  A and t y p e  B )  were s e t  on t h e  
channe l  bot tom i n  t h e  Arimura R i v e r  and t h e  
Mochiki R i v e r  on M t .  Sakura j ima .  Volcan ic  
mud f lows  t a k e  p l a c e  t h e r e  about  100 t i m e s  
a  y e a r .  The r e s u l t s  o f  t h e  s u r v e y s  
demons t ra ted  t h a t  t h e  a c t u a l  s h e a r i n g  f o r c e  
o f  a  v o l c a n i c  mud f low on M t .  Sakura j ima  
was from 0 .46  t o  2 .50  kgf/cm2. The a c t u a l  
impact f o r c e  c a u s e d  by c o l l i s i o n s  of b i g  
s t o n e s ,  which were c o n t a i n e d  i n  a  mud flow, 
w i t h  t h e  channe l  bot tom was c a l c u l a t e d  
t h e o r e t i c a l l y  a t  abou t  1 5  times g r e a t e r  
t h a n  t h e  dead l o a d s  o f  t h e  s t o n e s .  The 
c o l l i s i o n  o f  s t o n e s  i n  a  mud f low caused  
g r e a t  a b r a s i o n  of c o n c r e t e ,  

A g r e a t  number of v o l c a n i c  mud f lows  
t a k e  p l a c e  e v e r y  y e a r  on M t .  Sakuraj ima i n  
s p i t e  of l i t t l e  r a i n f a l l .  They o f t e n  
damage b o t h  dams and channe l s ,  and a l s o  
t h r e a t e n  t h e  i n h a b i t a n t s  of Sakura j ima .  I n  
t h i s  s t u d y ,  t h e  magnitude of t h e  a c t u a l  
s h e a r i n g  f o r c e  o f  a  v o l c a n i c  mud f low was 
r e s e a r c h e d  i n  o r d e r  t o  make c l e a r  t h e  
mechanism o f  t h e  d e s t r u c t i o n  and t h e  
a b r a s i o n  of a  dam o r  a  c o n c r e t e  channe l  i n  
t o r r e n t s  o f  M t .  Sakura j ima .  The d a t a  were 
a n a l y z e d  by t h e  t h e o r i e s  of h y d r a u l i c s  and 
t h e  c o l l i s i o n  o f  an e l a s t i c  body. The 
c a u s e  o f  d e s t r u c t i o n  and t h e  a b r a s i o n  o f  a  
dam o r  a c o n c r e t e  channe l  by mud f lows 
c o u l d  be  c l a r i f i e d  t o  some e x t e n t  from t h e  
r e s u l t s  o f  t h e s e  s u r v e y s .  

SEDIMENT YIELD ON MT.  SAKURAJIMA 

M t .  Sakura j ima ,  which l i es  i n  t h e  
s o u t h e r n  p a r t  o f  Japan ( F i g .  l ) ,  i s  one of 
t h e  most a c t i v e  vo lcanoes  i n  J a p a n .  I t  i s  
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F i g .  1 Map o f  Japan 

l o c a t e d  i n  Kagoshima Bay and  h a s  an a r e a  of 
80 km2 and c i r c u m f e r e n c e  of 52 k i l o m e t e r s .  
There  a r e  t h r e e  c r a t e r s  on M t .  Sakura j ima:  
Ki tadake  C r a t e r  (1117 m e t e r s  above s e a  
l e v e l ) ,  Nakahake C r a t e r  (1060 m e t e r s ) ,  and 
Minamidake C r a t e r  (1040 meters). 
Minamidake C r a t e r  i s  c u r r e n t l y  e r u p t i n g  
v i g o r o u s l y .  Tab le  1 shows t h e  v o l c a n i c  
a c t i v i t i e s  o f  M t .  Sakuraj ima f o r  t h e  p a s t  
20 y e a r s  (Osumi P u b l i c  Works O f f i c e ,  1 9 8 6 ) .  

L a t e l y  t h e  b a r i n g  of mountain s l o p e s  
h a s  been making conspicuous  p r o g r e s s  on M t .  
Sakura j ima  i n  l i n e  w i t h  t h e  v i g o r o u s  
v o l c a n i c  a c t i v i t i e s .  The b a r i n g  o f  t h e  
s l o p e s  h a s  been caused  by b o t h  t h e  e f f e c t  
of f a l l  from t h e  e r u p t i o n s  and t h e  a c t i o n  
o f  s u l p h u r  g a s  from smoke e m i s s i o n s  o f  t h e  
Minamidake C r a t e r .  The r e c e d i n g  o f  
v e g e t a t i o n  on t h e  s l o p e s  i n  t h e  upper  
r e a c h e s  o f  e a c h  t o r r e n t  h a s  c o n t i n u e d  on 
M t .  Sakuraj ima,  and t h e  b a r i n g  of t h e  
g  downwards y e a r  by y e a r .  A number of 
g u l l i e s  have formed on t h e  s l o p e s .  These 
s l o p e s  have been s u f f e r i n g  from r a p i d  
e r o s i o n ,  and t h e y  have been p roduc ing  a  
g r e a t  amount of sediment  f o r  t h e  l a s t  20 
y e a r s .  F i g .  2  shows a  p i c t u r e  o f  t h e  
s l o p e s  around t h e  Ki tadake  C r a t e r .  There 
i s  no v e g e t a t i o n  i n  t h i s  a r e a ,  and many 
r i l l s  and s m a l l  g u l l i e s  have a l r e a d y  formed 
on t h e  s l o p e .  

Some of t h e  geomorphological  f a c t o r s  i n  
r e f e r e n c e  t o  mud f lows were a n a l y z e d  by 
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Table  1 Volcan ic  a c t i v i t i e s  o f  M t .  
Sakuraj ima 

number o f  occurances  
smoke . . 

YSaZ erupt- e a r t h q u a k e s  

u s i n g  b o t h  a  s e r i e s  of s e r i a l  pho tographs  
from 1947 t o  1984 and t h e  r e p o r t  on t h e  
sediment  y i e l d  on t h e  s l o p e s  of M t .  
Sakura j ima  (Osumi P u b l i c  Works O f f i c e ,  
1 9 8 8 ) .  These r e s u l t s  a r e  shown i n  F i g s .  
3-6. 

F i g .  3  shows t h e  expansion o f  t h e  t o t a l  
a r e a  of t h e s e  g u l l i e s  i n  t h e  38 y e a r s  from 
1947 t o  1984. The i n c r e a s e  i n  t h e i r  t o t a l  
a r e a  i n  t h e  26 y e a r s  from 1947 t o  1972 i s  
l e s s  t h a n  t h a t  i n  t h e  p e r i o d  s i n c e  1974. 
Volcan ic  a c t i v i t y  became v e r y  v i g o r o u s  
a f t e r  1974. T h i s  f a c t  shows t h a t  t h e r e  
s h o u l d  b e  a  r e l a t i o n s h i p  between t h e  number 
of mud f l o w s  and  t h e  v o l c a n i c  a c t i v i t y  
s i n c e  1974.  The same tendency  a l s o  e x i s t s  
i n  t h e  l e n g t h  o f  g u l l i e s  ( F i g .  4 ) .  T h i s  
p r o v e s  t h a t  t h e  g u l l i e s  have been 
c o n s i d e r a b l y  ex tended ,  and t h e y  have a l s o  
expanded i n  wid th  by t h e  f a i l u r e  of 

F i g .  2 G u l l i e s  on t h e  s l o p e  of M t .  
Sakura j ima  

1940 1960 1980 year 
0 1  

1940 1980 year 

F i g .  3 Expansion of F i g .  4 I n c r e a s e  of 
g u l l i e s  t o t a l  l e n g t h  

of g u l l i e s  

O +  
1940 1980 year 1940 1960 1y"@ 

F i g .  5  Change of g u l l y  F i g .  6  I n c r e a s e  i n  
width  number of 

g u l l i e s  

s i d e w a l l s  o v e r  t h e  l a s t  10 y e a r s  ( F i g .  5 ) .  
An a v e r a g e  r a t e  of t h e  expansion of t h e  
g u l l i e s  i n  t h e  20 y e a r s  from 1947 was Only 
0 .13  m/yr .  On t h e  o t h e r  hand, it i n c r e a s e d  
t o  0 .76  m/yr i n  t h e  8  y e a r s  from 1966. The 
l a t t e r  i s  5 .9  t i m e s  g r e a t e r  t h a n  t h e  
fo rmer .  However, it h a s  d e c r e a s e d  s i n c e  
1980, because  f r e s h  g u l l i e s  began t o  form 
on t h e  s l o p e s .  F i g .  4 shows t h e  g r e a t  
e x t e n s i o n  of g u l l i e s .  The number of 
g u l l i e s  i n c r e a s e d  consp icuous ly  i n  t h e  20 
y e a r s  from 1947 t o  1966 ( F i g .  6 ) .  T h i s  
means t h a t  t h e  f o r m a t i o n  o f  g u l l i e s  had 
a l r e a d y  ended d u r i n g  t h e s e  y e a r s .  Most of 
t h e  sediment  y i e l d  on M t .  Sakuraj ima i s  
c a u s e d  by t h e  e x t e n s i o n  and t h e  expansion 
o f  g u l l i e s .  The v o l u m e t r i c  r a t e  of t h e  
sediment  y i e l d  by t h e  e x t e n s i o n  of g u l l i e s  
i s  4 1  p e r c e n t  o f  t h e  whole, and t h e  
expans ion  o f  them i s  59 p e r c e n t .  

SURVEYING METHOD 

A s u r v e y  of t h e  s h e a r i n g  f o r c e  of a  
v o l c a n i c  mud f low a c t i n g  on a channe l  
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{ SENSOR 
MOVABLE PLATE 
PLATE 

F i g .  7 S h e a r i n g  stress mete r  ( t y p e  A )  

DIRECTION OF 

~ i g .  8 S h e a r i n g  stress mete r  ( t y p e  B )  

bot tom h a s  been go ing  on i n  t h e  Mochiki 
R i v e r  s i n c e  1987 u s i n g  t h e  two k i n d s  o f  
s h e a r i n g  stress m e t e r s  shown i n  F i g .  7  
( t y p e  A) and F i g .  8  ( t y p e  B ) .  No d a t a  have 
been o b t a i n e d  from t h e  t y p e  A s u r v e y  up t o  
t h e  p r e s e n t ,  b u t  some d a t a  have been g o t t e n  
from t h e  t y p e  B .  I n  t h e  t y p e  B, p l a t e  A i s  
t r a i l e d  downstream by t h e  s h e a r i n g  f o r c e  
a c t i n g  on i t s  s u r f a c e ,  and p l a t e  B i s  b e n t  
by t h e  s h e a r i n g  f o r c e .  A s  a  r e s u l t ,  a  
bend ing  moment i s  g e n e r a t e d  i n  p l a t e  B .  
There  shou ld ,  however, be  a  b a l a n c e  between 
t h e  s h e a r i n g  f o r c e  and  t h e  bending moment. 
Accordingly ,  t h e  s h e a r i n g  f o r c e  a c t i n g  on 
p l a t e  A ( t h e  channe l  bottom) can be  e a s i l y  
measured by t h e  magnitude o f  i t s  d e f l e c t i o n  
b a s e d  on t h e  t h e o r y  of t h e  d e f l e c t i o n  of a  
c a n t i l e v e r .  The change i n  s h e a r i n g  f o r c e  
c a n n o t  b e  measured e v e r y  t i m e  by t h i s  
method, b u t  t h e  maximum s h e a r i n g  f o r c e  can 
b e  e a s i l y  measured u s i n g  t h i s  m e t e r .  

When a  dead l o a d  o f  56 .8  k i lograms  was 
a p p l i e d  t o  t h i s  s h e a r i n g  stress meter  ( t y p e  
B) f o r  t h e  c a l i b r a t i o n  of obse rved  v a l u e s ,  
t h e  a v e r a g e  d e f l e c t i o n  o f  p l a t e  B was 8  
m i l l i m e t e r s .  T h i s  mete r  i s  l i m i t e d  by t h e  
f a c t  t h a t  p l a t e  B can n o t  r e c o v e r  from i t s  
d e f l e c t i o n ,  because  a  space  caused  by t h e  

bend ing  moment forms between p l a t e  B and 
t h e  w a l l  of c o n c r e t e  t o  which p l a t e  B i s  
a t t a c h e d  ( F i g .  8 ) .  T h i s  s p a c e  i s  
i n e v i t a b l y  f i l l e d  up by s o i l  and sand which 
a r e  c o n t a i n e d  i n  a  mud f low whenever one 
r u n s  down on p l a t e  A .  On account  of t h i s ,  
p l a t e  B o f  t h i s  meter  cannot  a v o i d  
i n c r e a s i n g  i n  d e f l e c t i o n ,  whenever a  
bending moment a c t s  on t h e  p l a t e .  Of 
c o u r s e ,  t h i s  happens on c o n d i t i o n  t h a t  t h e  
d e f l e c t i o n  i s  w i t h i n  t h e  p r o p o r t i o n a l  l i m i t  
o f  t h e  s t r e n g t h  o f  t h e  m a t e r i a l  o f  which 
t h e  p l a t e  i s  made. 

SURVEYING RESULTS 

Table  2  shows t h e  v o l u m e t r i c  
c o n c e n t r a t i o n  o f  t h e  mud f low samples 
c o l l e c t e d  by t h e  a u t h o r  i n  t h e  Arimura 
R i v e r  on J u l y  18 ,  1987 i n  o r d e r  t o  
i n v e s t i g a t e  t h e  change o f  composi t ion o f  a  
mud f low (Taniguchi  and Takahashi ,  1 9 8 9 ) .  

The observed  v a l u e s  of t h e  s h e a r i n g  
f o r c e s  of s e v e r a l  mud f lows  a r e  shown i n  
t a b l e  3 .  Some v e l o c i t i e s  o f  t h e  mud flow, 
and t h e  d i a m e t e r s  o f  t h e  s t o n e s  i n  it a r e  
shown i n  t a b l e  4 .  They were measured on a  
v i d e o  t a p e  r e c o r d e d  by Osumi P u b l i c  Works 
O f f i c e  on September 24, 1988.  One huge 
s t o n e  i n  t h e  mud f low i s  shown i n  F i g .  9. 
These p i c t u r e s  were t a k e n  from t h a t  v i d e o .  
F i g .  10 i s  a  p i c t u r e  of t h e  measurement o f  
t h e  d e f l e c t i o n  o f  p l a t e  B i n  t h e  Arimura 
R i v e r  a f t e r  t h e  o c c u r r e n c e  of t h e  mud f low 
on October  6, 1988. No g r e a t  number of 
huge s t o n e s  g a t h e r e d  t o g e t h e r  a t  t h e  f r o n t  
of t h a t  mud f low was observed .  

Tab le  2  Gra in  s i z e  d i s t r i b u t i o n  and 
c o n c e n t r a t i o n  of mud f low on J u l y  
18,  1987 

C o l l e c t i o n  Time 
LC min.  15 min. 30 min, 

g r a i n  d i a m e t e r  d i s t r i b u t i o n  r a t e  
- - - - - - - - ( P C ~ )  ------- 

o v e r  2000 $ 1 . 0  1 . 0  2 . 9  
840 3 . 5  3 . 1  7 . 7  
500 5 . 8  6 . 9  1 2 . 9  
250 22.2  22.4  3 2 . 5  

37 2 . 2  
under  37 0 . 2  

c o n c e n t r a -  1 5 . 6  32 .0  3 4 . 3  
t i o n  ( p c t )  
d e n s i t y  1.11 1 . 2 5  1 .27  
(g/cm3) 
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Table  3 Observed s h e a r i n g  f o r c e s  of mud 
f lows  

d a t e  observed  s h e a r i n g  f o r c e  r i v e r  

2 . 1 3  Arimura 
0.462 Arimura 
1 .402 Arimura 
2.502 Mochiki 

Tab le  4 S t o n e s '  d i a m e t e r s  i n  t h e  mud 
f low on September 2 4 ,  1988 and 
t h e i r  v e l o c i t i e s .  

S t M e  d i a m e t e r  veloc1t.v 
(cm) m/sec 

F i g .  9 Huge s t o n e  i n  t h e  mud f low on 
September 2 4  

F i g .  10  Measurement of s h e a r i n g  f o r c e  o f  a  
mud f low 

DISCUSSION 

The t y p e  B s h e a r i n g  s t r e s s  meter  i s  
s t r u c t u r a l l y  a  k i n d  of c a n t i l e v e r .  
According t o  t h e  t h e o r y  o f  c a n t i l e v e r  
d e f l e c t i o n ,  t h e r e  s h o u l d  b e  a  l i n e a r i t y  
between t h e  s h e a r i n g  stress (2) and t h e  

maximum d e f l e c t i o n  6 o f  t h e  p l a t e :  

6 - 2  (1) 
If it i s  supposed t h a t  t h e  magnitude of 

t h e  s h e a r i n g  stress (Zo)  a l r e a d y  known a c t s  
on t h e  s h e a r  p l a n e  ( p l a t e  A ) ,  and t h a t  t h e  
d e f l e c t i o n  of p l a t e  B i s  60, t h e r e  s h o u l d  

be  t h e  f o l l o w i n g  r e l a t i o n  between 2, 20 and 

6 ,  60, u s i n g  e x p r e s s i o n  (1) : 

z /TO = 6 /60 ( 2 )  
The s h e a r i n g  s t r e s s  meter  was t e s t e d  by a  
dead  l o a d  of 56 .8  k i l o g r a m s .  A s  a  r e s u l t  
of  t h a t ,  t h e  mean v a l u e  o f  t h e  d e f l e c t i o n s  
(60) was 8  m i l l i m e t e r s  i n  t h e  l o a d  t e s t .  
When t h e  above v a l u e  of 8  m i l l i m e t e r s  i s  
s u b s t i t u t e d  i n t o  e q u a t i o n  (21,  t h e  
f o l l o w i n g  i s  o b t a i n e d :  

T = 0.357 6 ( 3 )  

Some d a t a  (& 6 .0  c e n t i m e t e r s ,  1 . 3  
c e n t i m e t e r s  and 4 .0  c e n t i m e t e r s  i n  t h e  
Arimura R i v e r  mud f low which t o o k  p l a c e  on 
September 24, 1988, October  6, 1988, and 
February  17,1989, and 7 . 0  c e n t i m e t e r s  i n  
t h e  Mochiki R i v e r  mud f low on February  17,  
1989) were o b t a i n e d .  When t h e s e  v a l u e s  
were s u b s t i t u t e d  i n t o  e q u a t i o n  ( 3 ) ,  t h e  
r e s u l t s  o f  computa t ions  were shown i n  t a b l e  
3 above.  

I t  is ,  however, d o u b t f u l  whether a  
l i n e a r i t y  b e t w e e n . t h e s e  s h e a r i n g  f o r c e s  and 
d e f l e c t i o n s  of t h e  p l a t e  might s t r i c t l y  
e x i s t  i n  t h i s  c a s e ,  because  t h e s e  observed  
d e f l e c t i o n s  a r e  consp icuous ly  l a r g e .  
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However, see ing t h a t  these  de f l ec t ions  
began t o  occur in  t h e  t e s t  when t h e  a c t i n g  
load had gone over 57 kilograms, it was 
evident  t h a t  a  shear ing  fo rce  a t  l e a s t  
g r e a t e r  than 0.29 kgf/cm2 ac ted  on t h e  
shear  p lane .  

The shear ing  fo rce  of a  mud flow a c t i n g  
on a channel bottom can be expressed a s  
follows, taking t h e  flow model of a  mud 
flow shown i n  Fig.  11 i n t o  cons idera t ion:  

2 = po g ~ s i n 8  ( 4 )  

where po i s  t h e  dens i ty  of a  mud flow; H i s  
i ts  water he ight ;  and 8 i s  t h e  angle of t h e  
channel s lope .  When t h e  a c t u a l l y  observed 
values of a  dens i ty  of 1.27 g/cm3 and a 
water height  of 1 . 0  meters i n  t h e  mud flow 
of t h e  Arimura River on Ju ly  18, 1987 a r e  
s u b s t i t u t e d  i n t o  equation ( 4 ) ,  t h e  shear ing  

Fig.11 Flow model of a mud flow 

s t r e s s  (2)  becomes about 9 gf/cm2. The 
computed value from equation ( 4 )  cannot 
prove t h a t  a  l a r g e  shear ing  s t r e s s  a s  g rea t  
a s  0.5 - 2.5  kgf/cm2 should occur even i f  
t h e r e  i s  a very l a rge  s c a l e  of a  mud flow. 
Judging from t h a t ,  it can be i n f e r r e d  t h a t  
such a l a r g e  shear ing  s t r e s s  must be caused 
by t h e  f r i c t i o n  between s tones  and t h e  
channel bottom, because these  s tones  a r e  
dragged along t h e  channel bottom a t  a  
r a t h e r  high speed. 

Using t h e  a c t u a l  shearing fo rce  a c t i n g  
on t h e  channel bottom, t h e  s i z e  of a  s tone  
contained i n  t h e  mud flow which took p lace  
i n  t h e  Arimura River on September 24, 1988 
could be es t imated .  When it was supposed 
t h a t  t h e  dens i ty  of a  s tone  was 2.7 g/cm3 
and i t s  f r i c t i o n a l  c o e f f i c i e n t  was 0.7,  t h e  
s i z e  of a  s tone  corresponding t o  t h e  above 
shear ing  fo rce  of 2.13 kgf/cm2 was 
c a l c u l a t e d  a t  about 60 centimeters  i n  
length  f o r  one s i d e  of a  cube, o r  about 80 
cent imeters  i n  t h e  diameter of a  sphere.  
Many s tones  corresponding t o  such s i z e s  
were observed on t h e  video.  Judging from 
t h a t ,  it can be seen t h a t  t h e  ca lcu la ted  
value  of t h e  s i z e  of a  s tone  i s  proper 
compared with t h e  a c t u a l  s i z e s .  However, 
t h e  maximum s i z e  of a  s tone  i n  t h e  Arimura 
River mud flow on September 24 was 3.8 
meters .  This proves t h a t  t h e  concept of 
shear ing  fo rce  i n  t h e  case i n  which a mud 
flow i s  regarded a s  only a f l u i d  l i k e  water 
cannot be used f o r  t h e  so lu t ion  of an 

a c t u a l  problem l i k e  t h e  abrasion of a 
concrete channel bottom. 

When a mud flow accompanied by many 
s tones  flows on a channel bottom, i t s  
abrasion i s  very conspicuous, because t h e  
s tones  a r e  dragged along t h e  channel 
bottom. A grea t  f r i c t i o n  between t h e  
su r face  of t h e  channel bottom and s tones  i s  
generated.  

The hydraul ic  drag fo rce  of a  s tone  ( a  
pe r fec t  cube o r  sphere) i n  f l u i d  can be 
expressed a s  fol lows:  

F = (1/2) CoPo V2A ( 5 )  
where F i s  t h e  drag force ;  CD i s  t h e  
c o e f f i c i e n t  of t h e  drag force;  V i s  t h e  
r e l a t i v e  ve loc i ty  between f l u i d  and a 
s tone;  and A i s  the  area  of t h e  appl ica t ion  
of t h e  drag fo rce .  The value Co became 
about 8 from t h e  r e s u l t s  of t h e  
computations on t h e  mud flow which took 
p lace  on Ju ly  16, 1987 i n  t h e  Arimura 
River.  

Supposing t h a t  CD was 8, t h e  dens i ty  of 
a  mud flow was 1.27 g/cm3 ( t h e  value in  
t a b l e  2 ) ,  t h e  s t o n e ' s  diameter was 3.8 
meters ( t h e  maximum diameter i n  t h e  mud 
flow on September 24, 1988 i n  t h e  Arimura 
R i v e r ) ,  and t h e  r e l a t i v e  ve loc i ty  was 5 . 1  
m/sec., t h e  drag fo rce  of t h e  mud flow 
could be est imated a t  50 tons  by equation 
( 5 ) .  On t h e  o the r  hand, t h e  f r i c t i o n a l  
r e s i s t a n c e  of a  s tone on t h e  channel bottom 
i s  est imated a t  40 - 50 tons ,  using t h e  
value 0 . 7 6  a s  t h e  c o e f f i c i e n t  of i t s  
f r i c t i o n .  Judging from t h e  above r e s u l t ,  
it can be seen t h a t  a  mud flow with a water 
height  of about 1 meter and a r e l a t i v e  
ve loc i ty  of about 5 m/sec can e a s i l y  ca r ry  
a huge s tone  a s  l a rge  a s  3 meters i n  
diameter .  The g rea t  f r i c t i o n  i s  caused by 
many s tones  dragged along a channel bottom 
by a mud flow. There i s  another  repor t  
t h a t  t h e  temperature rose about 0 .5  - 1.5012 
i n  t h e  Mochiki River when a mud flow ran 
down i n  t h e  channel (Hirano, 1989).  This 
shows t h a t  t h e  f r i c t i o n a l  heat s t a t e d  above 
might have a r e l a t i o n  t o  t h e  f r i c t i o n  which 
was generated between t h e  concrete channel 
bottom and t h e  s tones .  

A mud flow a l s o  has t h e  same 
c h a r a c t e r i s t i c  a s  a  d e b r i s  flow. It 
g r e a t l y  v i b r a t e s  t h e  e a r t h  around t h e  
stream when it flows a t  a  high speed. The 
v ib ra t ion  i s  caused by t h e  c o l l i s i o n  of 
s tones  with t h e  concrete channel bottom o r  
s idewal ls  of t h e  stream. There a r e  some 
r e p o r t s  t h a t  t h e  v ib ra t ions  caused by 
c o l l i s i o n s  between huge s tones  and t h e  
channel bottom have acce le ra ted  s lope  
f a i l u r e s  along t o r r e n t s .  This c o l l i s i o n  i s  
a l s o  another  important f a c t o r  i n  t h e  
d e s t r u c t i v e  damage of dams o r  concrete 
channels i n  t o r r e n t s .  The v ibra t ion  caused 
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by t h e  c o l l i s i o n  of a huge s tone  i n  a mud- 
debr i s  flow was surveyed on t h e  slopes of 
M t .  Yake i n  order  t o  es t imate  t h e  
occurrence of a s lope  f a i l u r e  when t h e  flow 
ran down i n  a t o r r e n t .  An acce le ra t ion  of 
0 . 1  g a l  was observed a t  a point  15 meters 
from t h e  cen t re  of t h e  t o r r e n t  i n  cross  
sec t ion  (Matsumoto Publ ic  Sabo Works 
Office,  1975) . There might have been a 
g r e a t  v ib ra t ion  near t h e  c e n t r e .  This 
problem should be taken i n t o  cons idera t ion  
t o  prevent dams o r  channels from being 
damaged i n  t o r r e n t s .  

The r e l a t i o n s h i p  between t h e  s t r eng th  
of t h e  concrete of a channel and t h e  
abrasion caused by t h e  c o l l i s i o n  of s tones  
contained i n  a mud flow i s  unclear  even 
now. The impact fo rce  caused by t h e  
c o l l i s i o n  of an e l a s t i c  body with concrete 
can be expressed a s  follows (Okubo, 1963):  

(a2/ 2E)Al  = Wo(S + h) ( 6 )  
where a i s  the  impact s t r e s s  per  u n i t  a rea ;  
E i s  t h e  c o e f f i c i e n t  of t h e  modulus of 
concrete;  A i s  t h e  a rea  of the  app l i ca t ion  
of a fo rce ;  L i s  t h e  length  of a body; Wo 
is a dead load S i s  t h e  f a l l i n g  height of a 
body from a l e v e l ;  and h i s  t h e  compressed 
th ickness  of concre te .  By solving equation 
( 6 ) ,  a i s  obtained:  

a =  (2EWo (S + h) /A  1 ) ' I 2  (7)  

On t h e  o the r  hand, a can a l s o  be expressed 
a s  fol lows:  

a =  E ( X / ~ )  (8)  
By s u b s t i t u t i n g  equation (8 )  i n t o  equation 
( 6 ) ,  a can be solved:  

a =  (Wo/A) (1 + dl+  2SEA/Wol ( 9 )  
When it i s  supposed t h a t  ho i s  t h e  
th ickness  corresponding t o  a dead load 
( W o ) ,  ho can be expressed a s  fol lows:  

ha = W ~ L / A E  (10) 
When equation (10) i s  s u b s t i t u t e d  i n t o  
equation ( 9 ) ,  a can be solved:  

a =  (w0/n) (1 + q x  (11) 
The s t r a i n  (h) caused by t h e  impact fol 
of a s tone  which i s  contained i n  a mud 
can be solved, using equations (8)  and 
(10) : 

h =  X o ( l  + . \ , I  (12) 
The dead load corresponding t o  t h e  above 
s t r a i n  can be est imated,  using equations 
(8) and (12) : 

w/w0 = 1 + ~~ (13) 
When it i s  supposed t h a t  Do i s  t h e  a c t u a l  
s t o n e ' s  diameter,  t h e  converted diameter 
(D), def ined here a s  t h e  diameter of an 
imaginary s tone  which i s  assumed t o  be 
equal  t o  t h e  impact fo rce  caused by an 
a c t u a l  s tone  with t h e  diameter ( D o )  s t a t e d  

above, can be ca lcu la ted  a s  follows, using 
equation (13) and both expressions of W = 

~ p , ~ ~ / 6 ,  W = 7tpS~o3/6: 

D / D o  = (1 + ( 1 4 )  
where D i s  t h e  converted diameter defined 
above; p, i s  t h e  dens i ty  of a s tone .  When 

it i s  supposed t h a t  S i s  10 centimeters ,  ha 
i s  1 mil l imeter ,  and s t o n e ' s  diameter i s  
3 .8  meters ( t h e  maximum diameter i n  t h e  
Arimura River mud flow on September 24, 
1988),  t h e  diameter ( D )  of an imaginary 
s tone  ( t h e  converted diameter corresponding 
t o  t h e  impact force  caused by an a c t u a l  
s tone  with a diameter of 3 .8  meters i s  
es t imated  t o  be about 9 . 4  meters.  This 
means t h a t  t h e  impact fo rce  has t h e  same 
e f f e c t  a s  a huge s tone  loaded on t h e  
channel bottom. I t  shows t h a t  channel 
works should be designed s a f e l y  enough t o  
prevent a concrete channel from 
des t ruc t ion ,  because a channel may be 
a t t acked  by a very high impact fo rce .  

I f  it i s  supposed t h a t  both areas  of 
t h e  app l i ca t ion  of forces ,  t h e  dead load 
( W O )  and t h e  impact load (W), a r e  equal,  Wo 
and W can be expressed a s  follow: 

Wv = AaO (15) 

w = A a  ( 1 6 )  
When expressions (15) and (16) a r e  subs t i -  
t u t e d  i n t o  equation ( 1 3 ) ,  t h e  following 
equation can be obtained: 

a/ao = 1 + ( 1 7 )  

Do i n  equation (17) i s  t h e  s t r e s s  by t h e  
dead load derived from an a c t u a l  impact 
s t r e s s  ( a ) .  The s t r e s s  ((r) must be within 
t h e  al lowable s t r e n g t h  of t h e  concre te .  It 
i s  genera l ly  s a i d  t h a t  t h e  l i m i t  of t h e  
s t r e n g t h  of concrete i s  about 250 kgf/cm2. 
Accordingly, t h e  maximum (a) must be about 

250 kgf/cm2. I f  t h e  same values a s  t h e  
above (hv = 1 mil l imeter  and S = 10 

cent imeters)  a r e  used here,  Go can be 
derived from equation ( 1 7 )  : 

250/00 = 15 

:. av = 1 6  .kgf/cm2 

When t h e  a rea  of t h e  app l i ca t ion  of a 
fo rce  i s  about 10 cm2, t h e  whole force  
becomes 167 kilograms, and a s t o n e ' s  
diameter corresponding t o  t h i s  allowable 
fo rce  i s  ca lcu la ted  a t  50 cent imeters .  
However, t h e  a c t u a l  compressed th ickness  of 
t h e  concrete of a channel must be l e s s  than 
t h e  1 mil l imeter  assumed above. Then t h e  
value of oo becomes smal ler  than 1 6 . 7  
kgf /cm2. Accordingly, t h e  allowable 
diameter of a s tone  i n  a mud flow t o  
prevent t h e  des t ruc t ion  of a concrete 
channel must be l e s s  than 50 cent imeters .  
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The above i s  a  d i s c u s s i o n  from t h e  
p o i n t  o f  view of t h e  compress ive  s t r e n g t h  
o f  c o n c r e t e .  S h e a r i n g  f o r c e  i s  a l s o  a  v e r y  
i m p o r t a n t  f a c t o r  i n  t h e  d e s t r u c t i o n  o f  a  
c o n c r e t e  c h a n n e l .  I t  i s  g e n e r a l l y  s a i d  
t h a t  t h e  s h e a r i n g  s t r e n g t h  o f  c o n c r e t e  i s  
1 / 4  - 1/7  o f  i t s  compress ive  s t r e n g t h  
(Okada and Muguruma, 1989) . Accordingly ,  
t h e  a l l o w a b l e  s i z e  o f  a  s t o n e  s h o u l d  be  
even s m a l l e r  t h a n  50 c e n t i m e t e r s  i n  
d i a m e t e r .  I t  can  be  f o r e s e e n  t h a t  t h e  
d e s t r u c t i v e  a c t i o n  a g a i n s t  a  c o n c r e t e  
channe l  w i l l  i n c r e a s e  even more by d i n t  of 
t h e  s h e a r i n g  f o r c e  caused  by t h e  f r i c t i o n  
of s t o n e s  w i t h  a  channe l  bottom, i n  
a d d i t i o n  t o  t h e  compress ive  f o r c e  by t h e  
impac t .  The Osumi P u b l i c  Works O f f i c e  
began t o  c a r r y  o u t  a  s u r v e y  of t h e  a b r a s i o n  
o f  t h e  channe l  c o n c r e t e  i n  t h e  Mochiki 
R i v e r  i n  1988. That c o n c r e t e  channe l  was 
c o n s t r u c t e d  t o  t h e  s t r e n g t h  of 160 kgf/cm2. 
The mixing p r o p o r t i o n  of t h a t  c o n c r e t e  i s  
shown i n  t h e  f o l l o w i n g .  

slump w a t e r  a g g r e g a t e  a d d i t i v e  cement 
f i n e  c o a r s e  

A mud f low t o o k  p l a c e  on October  6, 
1988, a  week a f t e r  t h e  channe l  works had 
been completed,  and it abraded  t h e  c o n c r e t e  
i n  t h e  s u r v e y  s e c t i o n .  That mud f low c o u l d  
n o t  be  r e c o r d e d  on v i d e o  t a p e ,  because  i t  
t o o k  p l a c e  a t  n i g h t .  The a b r a s i o n  of t h e  
c o n c r e t e  w a s  2 . 5  c e n t i m e t e r s  i n  d e p t h .  The 
r e s u l t  o f  t h e  s t r e n g t h  tes t  of t h e  c o n c r e t e  
r e p o r t e d  t h a t  t h e  s t r e n g t h  on t h e  7 t h  day 
a f t e r  t h e  mixing of t h a t  c o n c r e t e  was 110 
kgf /cm2. 

Taking i n t o  c o n s i d e r a t i o n  t h e  f a c t  t h a t  
t h e  s h e a r i n g  s t r e n g t h  of c o n c r e t e  i s  about  
1 /7  of t h e  compress ive ,  t h e  a l l o w a b l e  
compress ive  s t r e n g t h  o f  110/ kgf/cm2 
c o r r e s p o n d s  t o  a n  a l l o w a b l e  s h e a r i n g  
s t r e n g t h  of 1 5 . 7  kgf/cm2. The s h e a r i n g  
f o r c e  o f  t h e  mud f low which took  p l a c e  on 
t h e  Mochiki R i v e r  on February  17,  1989, was 
2 . 5  kgf/cm2. A s  t h e  mud f low on October  6, 
1988, c o u l d  n o t  b e  r e c o r d e d  on v i d e o  t a p e ,  
i t s  s c a l e  was unknown, b u t  t h e  marks o f  t h e  
w a t e r  h e i g h t  i n  t h e  channe l  a f t e r  t h i s  f low 
n e a r l y  e q u a l  t o  t h e  marks o f  t h e  mud f low 
on February  17,  1989, i n  t h e  same r i v e r .  
A s  b o t h  s c a l e s  were a lmos t  e q u a l ,  t h e  v a l u e  
of 2 . 5  kgf/cm2 was s u b s t i t u t e d  f o r  i t s  
s h e a r i n g  f o r c e .  It r e s u l t e d  i n  t h e  
c a l c u l a t e d  v a l u e  ( t h e  a l l o w a b l e  s h e a r i n g  
s t r e n g t h  o f  t h e  m a t e r i a l ,  1 5 . 7  kgf/cm2) 
b e i n g  l a r g e r  t h a n  t h e  observed  ones .  
However, i n  t h e  c a s e  i n  which such  s h e a r i n g  
f o r c e  a c t s  a c t u a l l y  on a  channe l  bot tom a s  
a  r e p e a t e d  f o r c e ,  t h e  s h e a r i n g  f o r c e  o f  2 . 5  
kgf/cm2 i s  n o t  s m a l l  a s  compared w i t h  t h e  

a l l o w a b l e  s h e a r i n g  s t r e n g t h  o f  t h e  c o n c r e t e  
(15 .7  kgf/cm2) s t a t e d  above.  

CONCLUSION 

The r e s u l t s  of s u r v e y s  i n  t h e  Arimura 
R i v e r  and t h e  Mochiki R i v e r  showed t h a t  t h e  
a c t u a l  s h e a r i n g  f o r c e  of a  mud f low on t h e  
s u r f a c e  o f  a  channe l  bottom was about  0 . 5  - 
2 . 5  kgf/cm2. According t o  t h e  t h e o r e t i c a l  
c a l c u l a t i o n s ,  t h e  f r i c t i o n a l  f o r c e  which 
s h o u l d  be  caused by a  s t o n e  of abou t  80 
c e n t i m e t e r s  i n  d i a m e t e r  cor responded  t o  t h e  
f o r c e  o f  2 .13  kgf/cm2 i n  t h e  Arimura R i v e r  
mud f low on September 24, 1988. Such s i z e s  
of s t o n e s  c o u l d  be  observed  on t h e  v i d e o .  
The impact f o r c e  caused  by huge s t o n e s  i n  a  
mud f low was d e r i v e d  from t h e  t h e o r y  o f  t h e  
c o l l i s i o n  o f  a n  e l a s t i c  body, and it proved 
t h a t  t h e  impact .force o f  a  s t o n e  was 
s e v e r a l  t i m e s  g r e a t e r  t h a n  t h e  dead l o a d  
caused  by t h a t  s t o n e .  When a  s h e a r i n g  
s t r e s s  o f  abou t  2 . 5  kgf/cm2 a c t e d  on a  
c o n c r e t e  channe l  wi th  a  compress ive  
s t r e n g t h  o f  110 kgf/cm2, t h e  a b r a s i o n  o f  
t h a t  c o n c r e t e  was 2 . 5  c e n t i m e t e r s  i n  d e p t h .  
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