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MICROSCOPIC  INTERPRETATION  ON  A

         RELATIONSHIP  OF  GRANULARSTRESS-DILATANCYMATERIALS

SJHoNG LIui) andHAJ[ME:,  MATSuOKA")

                                          ABSTRACT

  Matsuoka  (l974) proposed  a two-dimensional  stress-dilataney  equation  of  granular materials  on  the mobilized  plane
through  the direct box shear  tests on  assemblies  of  aluminum  and  photoelastic rods,  which  was  expressed  as rlaN=

A(- deNldy)+Lt. In this paper, the  stress ratio  TlaN  and  the  strain  increment tiatio -  dcNfdy  are  approxirnated  to be

tan s  and  tan e, respectively,  on  the basis of  the  numerically  simulated  results  for a  simple  shear  test by DEM.  Here, I

and  e denote the average  angle  of  the interparticle forces to the normal  of  the mobilized  plane and  the average  interpar-
ticle contact  angle  on  the mobilized  plane, respectively.  It was  found that  the difference between  s  and  e, denoted  as  ti,

varies  slightly during shear.  The angle  ti is related  to the average  interparticle contact  force fh, the  slope  k of  the

straight  line that characterizes  the distribution of  the  average  interparticle contact  forces against  the contact  angle,  and

the average  interparticle contact  angles  e on  the mobilized  plane. The  intercept u in the  stress-dilatancy  equation  is

interpreted as tan  ti. The influences of  interparticle surface  friction, grain shape  and  confining  pressure on  the  stress-

dilatancy relation  are  examined.  It was  found that the angle  ti is not  very  sensitive  to the interparticle surface  friction

angle  di,, except  in the lower value  of  ¢ i,,
 and  independent of  the confining  pressure. However,  it is affected  to some

extent  by grain shapes.  Various results of  the newly  developed in-situ direct shear  tests on  various  granular soils  are

presented to support  the arguments  in this paper.

Key  words:  distinct element  method,granular  materials,microscopic,  simple  shear  test, stress-dilatancy  (IGC: D6)

INTRODUCTION

  The  stress-dilatancy  relation  that usually  specifies  the

direction of  the plastic strain increment vector  in the  plas-
ticity theory is one  of  the most  important relations  in the
constitutive  equation  for granular materials.  Rowe  (1962)
proposed  a stress-dilatancy  equation  based on  force
equilibrium  and  the principle of  least work  for granular
particles in contact.  Scofield and  Wroth  (1968) derived a
stress-dilatancy  equation  from  considering  energy  dissi-
pation, which  is now  applied  in the Cam-clay model.

Through  direct box  shear  tests on  assemblies  of  alumi-

num  and  photoelastic rods,  Matsuoka  (1974) derived a
two-dimensional  stress-dilatancy  equation  on  the mobi-

lized plane by  taking  the  probability distribution ofinter-

particle contact  angles  into account,  which  was  expressed

as  TlaN=A(-deNldy)+Li.  This equation  was  latter ex-
tended  to  the  three-dimensional  stress  state  based on  the

theory  of  the  
``Spatial

 mobilized  plane'' (SMP)
(Matsuoka and  Nakai,  1974; Nakai  and  Matsuoka,

1980),

  Yamamoto  et  al,  (1994, 1995) has numerically  simu-

lated a  biaxial compression  test on  aluminum  rod  mass  by
the distinct element  method  (Cundall and  Strack, 1979)

and  examined  the  two-dimensional  stress-dilatancy  equa-

/)m

tion of  granular materials  derived by  Matsuoka  (1974)
from a microscopic  view  on  the  basis of  DEM  simulation

results. In their studies,  the interparticle contact  force at
each  contact  was  assumed  to  be the same,  i.e. the

probability distribution of  interparticle contact  forces
was  assumed  to be analogous  to that of  interparticle con-

tact angles,  Further, the  mobilized  interparticle friction
angle  thi,.. at each  contact  was  assumed  to  be equal  to

either  the interparticle friction angle,  ip,, or  the average

magnitude  of  to,.. over  arl the contacts,  diu... These  as-

sumptions  led the intercept " in the  stress-dilatancy  equa-

tion to be equal  to either tan O,. or  tan th,.,... In this study,
we  simulate  a simple  shear  test on  aluminum  rod  mass  by
DEM  and  then re-examine  Matsuoka's two-dimensional
stress-dilatancy  equation  based on  the simulation  results.

In this study,  we  take the real interparticle contact  force
and  mobilized  interparticle friction angle  for each  contact

into consideration.  Moreover, the intercept " in this

stress-dilatancy  equation  is interpreted from a microscop-

ic point of  view  and  the infiuences of  interparticle fric-
tion, grain shape  and  confining  pressure on  the intercept

are  investigated.
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NUMERICAL  SIMULATION  FOR  A  SIMPLE
SHEAR  TEST  BY  DEM

  Figure 1 shows  a  simple  shear  test on  an  assembly  of

aluminum  rods  which  models  a two-dimensional  granular
material,  The aluminum  rods  in the assembly  are  50 mm
long and  have the diameters of  3 mm  and  5 mm  with  a

mixing  ratio of  3:2 by weight.  The adyantage  of  using

aluminum  rods  is that its specific gravity (2,69) is close  to

soil  particles' gravity (2,65). In the  testing  setup,  two

rigid lateral platens are  connected  to both the base platen
and  a rigid bar at the upper  backside with  two  hinges,
respectively,  The geometrical configuration  of  this testing

setup  keeps the same  rotation  for both the left and  the

right  lateral walls. A  layer of  aluminum  rods  is pasted
with  glue on  both the downward  surface  of  the upper

loading platen and  the upward  surface  of  the basal platen
to prevent slippage  between the platens and  aluminum

rods,  The  upper  loading platen on  the  specimen  is pulled
horizontally with  a rope  while  a constant  dead  load is ap-

plied on  the specimen,  which  causes  the  inclination of  the

two  lateral walls  and  thus  induces a  shear  strain  in the

specimen,  This test is then  numerically  simulated  by

DEM.  The computing  program  used  in our  simulation  is
GRADIA  coded  by  Yamamoto  (1995), The  DEM  speci-

men  of  800 particles was  generated by  digitizing the  alu-

minum  rods  from the picture of  the test shown  in Fig. 1.

The  mechanical  properties of  the  aluminum  rods  are:

Young's  modulus  E=71  GPa,  Poisson's ratio  v=:O,34

and  the interparticle friction angle  di,=160. By  using

Fig. 1. Simple shear  test on  assembty  of  a]uminum  rods

these properties, the normal  and  tangential (shear) stiff-

ness  between the aluminum  rods  are  determined to be 9.0
GPa  and  O.3 GPa, respectively,  based on  the contact  the-

ory  of  two  elastic rigid  spheres.  Figure 2(a) shows  the

comparison  of  the experimental  and  the numerically

simulated  results  with  respect  to the relationships  among

the  shear-normal  stress ratio  T!aN,  shear  stain  7 and  nor-

rnal  strain  EN, It can  be seen  that the numerically  simu-

lated results (solid lines) are  in good  agreement  with  the
experimental  results  (open circular  plots), thus  indicating

the accuracy  of  the DEM  simulation,

  In addition  to di,, 
=

 16e of  the aluminum  rods,  the same
simple  shear  test as  shown  in Fig. 1 was  also  simulated

with  O,=Oe, 40, 80, 32e, 64" while  the other  parameters
used  in the DEM  simulation  were  kept unchanged.  Their
results  are  shown  in Fig. 2(b). It is interesting to see  that

although  the shear  strength  of  the granular material  in-

creases  with  an  increasing interparticle friction angle  di.,
it does not  increase proportionally with  the  increase in di,,.
Figure 2(b) also  shows  that  the  dilative normal  strain  of

the  sample  increases accompanying  increasing O,,. In the

latter part of  this paper, the  effects  of  interparticle fric-

tion  angle  th,, on  the  stress-dilatancy  relationship  will  be

investigated based  on  these numerical  simulation  results,

STRESS-DILATANCY  RELATIONSHIP

CORRELATED  TO  MICROSCOPIC  VARIABLES  ON

MOBILIZED  PLANE

  Paying  attention  to the  interparticle contacts  arong  a

mobilized  plane as shown  in Fig, 3 and  denoting the  inter-

particle cQntact  angle  by  ei, the interparticle contact  force
by f and  the mobilized  interparticle friction angle  by

Oim]oi, one  can  obtain  the following equation  from the

equilibrium  of  interparticle forces on  the  mobilized

plane.
           tl -

           £ f･sin(eitth,..i) Z]f･sinxi
       

T=i;i
 . .. .=  .i7,1.. .-m  (1)

       
aN

 EIf･cos(e,+o...,) E)y:･eosxi
          iul i=1

where  n  denotes the number  of  the interparticle contacts

along  the mobilized  plane and  xi(=  ei + ¢ ,,..)  denotes the
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Fig. 2.Numerically  simulated  and  experimental  strcss-strain  relationships  for a  simple  shear  test on  assembly  of  aluminum  rods
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angle  between the  interparticle contact  force f and  the

norrnal  to the  mobilized  plane. The  angle  xi changes  from
-  zf2  to n!2.  Along  the  mobilized  plane, all  the  interpar-
ticle forces f can  be characterized  with  a  probability
distribution function with  respect  to the angle  xi, which  is
denoted  as  F(x).  If we  replace  f approximately  with

F(x),  then  Eq. (1) can  be rewritten  as  follows:

          , Sl'i,,                 F(x)･sinxctx

         
b'i
 

=

S"-t:nF(x) cosx2z:itanr  
(2)

where  r=  (I 
"Y.2n

 F(x)  ･ xdu)1(  ,f 
"-/.2n

 F(x)cix), which  may  be
termed  as  the average  angle  of  the contact  forces for
convenience  and  is equivalent  to the mobilized  frictional
angle  ipnie･
  On  the other  hand, the relation  between the normal-

shear  strain  increment ratio,  
-dsrUdy,

 and  the  average

interparticle contact  angle  e is expressed  as follows

(Matsuoka,1974; Yamamoto,  199S):

sff/1deNd7

 
rr12-n/!N(e)･

 sin  e de

s-lt2
-!tan  e

N(e)･cosede

Normai
 

stress
 
al

            V Shear  stress  v
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(3)

Fig. 3. Equilibrium of  interparticle contact  forces on  mobilized  p]ane

where  e---(S!".2/2N(e)･ede)f(i!/.2/21V(e)de), and  N(e)
denotes the probability distribution of  interparticle con-

tact angles  along  the mobilized  plane, i,e. the  number  of

the contacts  with  respect  to  the  contact  angle  e,

  It should  be pointed out  that Eqs. (2) and  (3) are

statistical approximation  equations,  which  are  derived by
approximating  the angles  x  and  e with  their corre-

sponding  average  angles  r  and  e, respectively,  during
numerical  integration along  the mobilized  plane. It has
been veri  fied by using  the  data of  the  DEM  simulations  in
this paper that the error  of  these approximations  is below
3O when  N (or e) is less than  50e. The reasonability  of  Eq.

(3) has also  been verified  through  the  direct box shear

tests on  the assemblies  of  aluminum  and  photoelastic
rods  by Matsuoka  (1974) as well  as through  the DEM
simulation  for biaxial compression  tests by Yamamoto

(1995).
  Figure 4(a) shows  the  evolutions  of  r and  e during
shear  frorn the numerically  sirnulated  results  for the
simple  shear  test corresponding  to ip,, ==  160, and  Fig. 4(b)
shows  the evolutions  of  the mean  values  of  x  and  e over

the  calculated  shear  procedure  with  respect  to different
interparticle friction angles  ip,,. It is seen  from Fig. 4(a)
that  the evoLution  ofx  is analogous  to that of  e and  the

difference between them  varies  slightly  during shear  for
tests with  a  specified  di,.. For the tests with  different values

of  ¢ .,  the evolutions  of  mean  r  and  e are  also  very  similar

and  their differences are kept almost  constant  when  to,. is
larger than 40, as shown  in Fig, 4(b), Here, we  define the
difference between x  and  e as 6, i.e.

                  x-e+ti  (4)

  The variation  of  the average  angle  6 against  di,. corre-

sponding  to Fig. 4(b) is shown  in Fig. 5 by open  circular

plots (O), It illustrates that ti increases with  an  increasing

th,, in the lower range  of  O,, , but tends to be independent
of  O,. when  ¢ . is larger than  40. The fact that the evolu-
tion of  the angle  ti during shear  varies  slightly can  also  be
supported  by the results  of  the in-situ direct shear  tests on
various  granular materials;  this will  be demonstrated in
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Fig. 4. Evo]utions of  S and  e as welL  as  fi in the simulated  simple  shear  tests: (a) during shear  correspondi"g  to the specimen  with  ¢

   respeet  to  diffeTcnt va]ues  of  ip". For  each  thi,, the  p]ots rcfcr  to the  mean  values  over  the  caLculatcd  shearing  procedure.,,
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Fig. 5. Variation of  6 against  ¢ .
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Fig, 6. Evolutions of  the  difference between  the  mobi]iied  ang]e,  tan"

   (Tfa), and  the  dilation ang]e,  tan'i(-cthfdl)),  during shenr  for

   Toyo"ra,  crushed  and  Kiso-river sands  obtuined  from  the  in-situ

   direct shear  tests

the  latter part of  this paper, As  an  example,  Fig. 6 shows

the  evolutions  of  the  angles  ti during shear  for Toyoura,
crushed  and  Kiso-river sands,  where  ti are  calculated

from  the  differences between  the  mobilized  frictional

angle  and  the  dilation angle,  Thus,  for usual  frictional

granular materials,  the difference ti can  be assumed  to  be
approximately  constant  during  shear.  Upon  this assump-

tion,  the  stress-dilatancy  equation  on  the  mobilized

plane, namely,  the relation  between the  shear-normal

stress  ratio,  T!aN,  and  the normal-shear  strain  increment

ratio,  
-dtpaldy,

 can  be obtained  through  Eqs, (2), (3)
and  (4):T

 - tan e+  tani

.,  
;
 
tan

 
r=

 
tan

 (e +  6) 
==

 1 - [a'i"e= iin' ti
      1+tan2 ti u

  
=

 1 -  tan e-･tan ti 
tan

 
e+tan

 
fi

  
=i+ii.!g-" 1'dti,e,.)

 (- 
di,N)+ta.

 
ti

  
=JL

 (- diyN) +u  (5)

            1 +tan!  ti
where  A=                        and  "  

-,
 tan ti

         1+tan  ti (-dd-EyN)
  The parameter  A varies  with  ti and  (-dsNfdy), as

5

Fig. 7. Variation of  1 with  respect  to  ti and  
-
 dept- fd7

shown  in Fig. 7, but its variation  is small  in the lower
range  of  ti. Since ti=r-e,  thereby  both the probability
distribution F(x)  of  interparticle contact  forces (8, Eq,
(2)) and  the probability distribution N(e)  of  interparticle
contact  angles  (e, Eq. (3)) are  taken  into consideration  in

the  stress-dilatancy  relation  expressed  by Eq, (5). IfF(x)

is analogous  to N(e), and  the mobilized  interparticle fric-
tion  angle  diu,..i for each  contact  is assumed  to be equal  to

the  average  value  of  all  contacts  (ip,...), then  X(=ei+

q5,..,ei) turns to be (e+q5,...) and  /i(=tan  ti=tan (x-e))
turns  to be tan  di,.... In the  previous study  (Yamamoto et
al.,  1994), the  parameter  pa in Eq. (5) was  equal  to tan

di- p"tU,

  Figures 8(a) and  (b) show  the  T!aN  versus  tanr

relationship  and  the  
-dEN!d7

 versus  tan  e relationship

on  the  mobilized  plane under  different values  of  to,
analyzed  by  using  the  numerically  simulated  data for the

simple  shear  test with  the  stress-strain  responses  shown  in
Fig. 2, respectively.  It is seen  that Eqs. (2) and  (3) bridge
well  the macroscopic  variables  (T!aN, - deNldy)  with  the

microscopic  variables  (S, e) at  different values  of  th,,.
Figure 8(c) shows  the  stress-dilatancy  relationship  on  the

mobilized  plane by  combining  Figs. 8(a) and  (b), in which
the  straight  line is drawn  from Eq. (5) by using  ti i=  80 of
the average  value  in Fig. 5 when  ¢ ,. is larger than  4e. The
experimental  results  represented  by the  black circular

plots (e) are also  given in Fig. 8(c). It is seen  that the

plots obtained  from both the experiment  and  the numeri-

cal  simulations  are  arranged  very  closely  around  the

straight  line drawn by Eq. (5), thus illustrating the
reasonabMty  of  Eq.  (S).

MICROSCOPIC  INTERPRETATION  FOR  THE

ANGLE  j

  From  the definition of  ti=x-e, the  angle  i in the

stress-dilatancy  relationship  of  Eq.  (5) is related  to  both
the  probability distribution N(e)  of  interparticle contact
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Fig, 9. Norma]ized  probability distribudions of  contact  angles  A'(e) and  total contact  forces F(x)  along  the mobiLized  plane at y=4.8%  corrc-

   sponding  to Fig, 4(a)

angles  and  the probability distributlon F(x) of  interparti-
cle contact  forces, Figures 9(a) and  (b) show  the normal-

ized probability distributions of  N(e)  and  F(x) respec-

tively along  the mobilized  plane at 7=4.8%  in Fig. 4(a).
Clearly, the normalized  IV(e) and  F(x) are  unsymmetri-

cal about  e and  x. But, F(x)  is more  inclined toward  the

positive zone  of  x  than N(e) toward  the positive zone  of

e, leading to a larger value  ofX  than  that of  e as shown  in

Fig. 9. Thus,  the angle  ti is qualitatively considered  to

result from the difference between F(x)  and  N(e).
  Then,  we  examine  quantitatively the  value  of  the  angle

j. As  xi=ei+ipi,..i,  we  rewrite  the expression  of  s  as

follows:

   n

  £ f･Xi
- i=1x==

 tlE.1:'(ei+di,nioi)

1=1
   

----=-
 +

t]           [/

£ fi- Ef
i-1 i-]

  fi,2s

     F(e)･ ¢ ..,.(e)de

  
-ff/2+--
 -----･･-----

     I/!

     s         F(o)de
      

-n,2

112)f･e,i=]

  /1

£ f
 i-1

i'rr-'i. F(e) 
･
 ede

  I"-'i 
,
 F(e)de

==x(e)+X(gb,...)

11E

 f'gb,ttnioi
i=1

 
t/

  £  jl'
  i-]

(6)

where  F(e) and  to,,..(e) represent  the probability distri-
butions of  interparticle contact  forces and  the mobilized

interparticle friction angles  with  respect  to  the  contact

angle  e along  the  mobilized  plane, respectively.  Then,  we

examine  separately  the two  terms of  8(e) and  r(di,,..) in
the right  side  of  Eq. (6):
             ff !

            s                F(e)･ede
             'rrt2
About  x(e)=
              nt2

             s                 F(e)de
              

-n12

  From  Fig. 9, we  can  obtain  the distribution of  the

average  interparticle contact  forces against  contact  angle

O, which  is designated byf(e) and  shown  in Fig. 10. It is
seen  from Fig. 10 that f(e) can  be approximated  with  a

straight  line and  this straight  line is inclined upwards  the

positive zone  of  the  contact  angle  <e >  O), i,e. the distribu-
tion of  the average  interparticle forces f(e) is biased
toward  the  shearing  direction. We  express  this straight

Line by

                f(e)-=A+ke (7)

where  f] and  k are  the intercept and  the slope  of  the
straight  line, respectively,  It has been  found  that  Eq. (7) is
acceptable  during the  total  shearing  procedure  for any

cases  of  our  DEM  simulations  as  shown  in Fig. 2(b). If
the contact  force at  each  contact  point is assumed  to be a

constant  (Matsuoka, 1974; Yamamoto,  1995), then  this

straight  line will  become horizontal with  k=O.  Figure 10
suggests  that the interpartiele contact  forces along  the

shearing  direction are  larger on  average  than  those
against  the  shearing  direction (with e<  O), as  illustrated in

Fig. 11,
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  On  the other  hand, Matsuoka and  Takeda (1980) ap-
proximated  the  probability distribution N(e)  in Fig. 9(a)

with  a  triangular  distribution that  was  expressed  as

N(e)-

N(e)-

h(e+nf2)

 e,+n12

h(e-nf2)

e,-z!2

(-n!2sese,)

(e,sesz!2)

-90-60-30o30  60 90
e (degree)

(8)

Fig. 10. Probability distribution ef  the  average  interparticle contact

   forcesf(e) plotted  by using  the data in Fig. 9

e>o

  ON

   I T
e

e<

Fig. 11. Interparticle contact  forces at y=4,8%  in Fig, 4(n), illustrat-

   ing larger contnct  iorces along  the shear  direction than against  the

   shear  direetion

where  h and  e, denote the height and  the  contact  angle  at

the  peak  of  the  triangular  distribution, respectively.

  Therefore, for a specific contact  angle  e, the probabil-
ity distribution F<e) of  the total interparticle contact

forces is the  product  of  the  average  interparticle contact
forcef(e)  muLtiplied  by the number  of  the contacts  N(e),
as shown  in Fig. 12. It is expressed  as

        F(e)-f(e)･N(e)-(A,+kO)･N(e)  (9)

By using  Eqs. (8) and  (9), one  can  easily obtain  the  fol-
lowing  equation.

        -Si'.2.F(e) ede-e-+:: (i se-2+:t2)
    

S(e)-

 S"Ji.F(e)de 
-

 i+S,  e- 
(iO)

where  e is the average  value  of  the interparticle contact
angles  along  the  mobilized  planes. It is further found

from  the DEM  sirnulation  results  that the value  of  (kf
3fb)e is negligible  ( << l ,O), Thus,  Eq, (10) can  be approxi-

mated  to be

           r(e)  !  e-+1  (i se-2+ 2"i) a i)

              Si-':,,F(e)･¢ ,..(e)de

About
 

S(Ou"bo)=''
 rrtt2 

'
 

'

                  J-.,,F(e)de
  Yamamoto  (1995) simulated  a  biaxial compression  test

on  aluminum  rod  assemblies  by  DEM,  and  found  that the

probability distribution of  the  mobilized  interparticle

friction angles  on  the mobilized  plane, ¢ ,.,.(e),  is propor-
tional  to the distribution of  the shear-normal  stress  ratio,

T(e)fa(e),  on  the  contact  plane, which  was  expressed  as

     ip1.,,.(e) T(e)  sin  ip,.o cos  (2e-ip,no)
       th,, 

==

 
C'a(e)=C'1

 +sin  O,.. sin  (2e'din]o)
                              (c: constant)  (12)
Figure 13 gives the probability distribution of  to,...(e)
normalized  by di, at 7= 4,8%  corresponding  to Fig. 4(a),
in which  the solid  line is sketched  by using  Eq. (12). It is
seen  that  the law expressed  by Eq. (12) also  holds in the
case  of  the  simple  shear  test although  there are  some  scat-

ters in the plots that may  have resulted  from the limita-

-n

N(e)

1t111t11

2 ooepnl

(a) e

+

f(e)

f(e>=fo+ke k

fo1

-rt2 O nl

(b)e

O

F(e)

'tt

f,+ke)N(e) ltttttII11tltttl

n2e pn/

<c) ep'

Fig. 12. Compos"ion  for the  probabilit}' distribution of  the  tot.al contact  forces on  mobilized  plane: (a) Probability distribntioil of  the  contact

   angles,  (b) Probabi]it}, distribution of  the  average  contact  forces and  {c) Probability distrib"tion of  the  totaL contact  forces
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Fig, 13.ProbabMty  distribution of  mobilized  friction Hng]es  on  mobilized  plane at 7=4.8%  corresponding  to Fig. 4(a)

tion  of  the  particles in our  DEM  simulation.  Here, the
sign  of  the  mobilized  friction angle  ¢ ,,.. is taken  as  posi-
tive when  the  interparticle friction opposes  the  shear

stress  on  the  mobilized  plane. From  Eq. (12), we  know
that  ¢,umo takes a positive value  in the range  of  -450+

di.. f2 <  e<  45 
O

 +  ip,..!2, and  a  negative  one  in the  ranges

of  both -900<e<-45e+
¢ ..!2  and  45O+gb,..!2<e

<  90e (see the upper  illustrations in Fig. 13), Theoretical-

ly, the  integration value  of  Eq, (12) in the range  of  -  900

<e<900  is equal  to zero.  Therefore, Eq. (12) suggests
that the particles comprising  a  granular media  slide sym-

metrically  along  the  shearing  direction and  against  the

shearing  direction.

  In order  to simplify  the  integration calculation,  we  ap-

proximate  Eq. (12) with  the  following form, which  is

shown  by the broken line in Fig. 13:

    ¢ pmo(e)

         !c'･cos  (2e- ip..) (e': constanO  (12)'
      O,.
By  using  Eqs. (9) and  (12)', we  ean  then  obtain

       S:
'

j,,F(e)･di,..(e)de
r(ipltnio)=

 r"'2 
'
 

-

          J-.nF(e)do
c' q5,,, sin Omucos3e

(i +A  e) (f'-ge2)((i-
-A

 sm  (3 e-- ip..))

lk e-) cos  (3e-- ip,..)

(13)

  By  using  the  numerically  simulated  data for the simple

shear  test with  ¢ ,, 
=

 160 at  shear  strain  y=4.8%,  the  mag-

nitude  ofI(O,.,.)  is calculated  to be O.20 from  Eq. (l3). It
is found that the magnitudes  ofr(di,.,..)  are  very  small  at

other  shear  strains  for the  same  test as  well  as  for the
other  simulated  tests with  difTerent values  of  O,.. This can
be understood  from  the  aforementioned  fact that th,,..(e)

takes both positive and  negative  values  over  the range  of
-900<e<90e

 (of Fig. 13), and  has a probability distri-
bution as expressed  by Eq. (12). Thus, the term  X(Opnio)

can  be neglected,  i.e. assurning

                fi(¢ umo)!O  (14)

Substituting Eqs. (11) and  (14) into Eq. (6) yields the

expression  x of  the average  angle  of  the contact  forces

     dr-s(e)+x(di,,..)!e-+A(1,se-2+gtr)  (ls)

Finally, the  angle  i can  be approximately  expressed  as

             6.A  (i se!+gt?) (i6)

where  e and  .fL are  the average  interparticle contact  angle

and  the average  interparticle contact  force over  all the

contacts  along  the mobilized  plane, respectively;  and  k is
the slope  of  the straight  line characterizing  the  distribu-
tion of  the average  interparticle contact  force against  the
contact  angle.  The  value  of  kkei, is positive, suggesting

that  the  interparticle contact  forces are  inclined toward
the shearing  direction (contact angre  e>O)  on  average.

  By  using  the  numerically  simulated  data for the  simple

shear  tests with  the  stress-strain  responses  as shown  in
Fig. 2 (b), we  calculated  the values  of  the angle  ti at di flicrr-
ent  shear  strains  under  different values  of  O,, by using  Eq.
(16). The  average  i for each  ip,, are  plotted in Fig. 5 by
open  triangular  plots (A) , which  agree  well  with  the
values  (plots O)  obtained  from  its definition ti=.t-e,
Therefore, Eq, (16) can  predict reasonably  the  difference
O between r  and  e.
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INFLUENCES  OF  INTERPARTICLE  SURFACE

FRICTION,  GRAiN  SHAPE  AND  CONFINING

PRESSURE

Jtzf7uence of Ihterparticle Sudece  ftiction

 In order  to investigate the infiuence of  surface  friction
of  grains on  the  stress-dilatancy  relationship,  we  simu-

lated the same  simple  shear  test as shown  in Fig, 1 by
varying  the  values  of  th, to be 00, 40, 8O, 16O, 320 and  640

  
Dis

  

  

  

  LattTced  shearing  frame  Load cell

    (a) Schematic view  alon.a the shear  diT'ection

(b) Tests on  sands  ln laboratory

y

Fig. 14. A  newly  developed in-sitll direct shear  testing method.  In
  laboratoTy, a specimen  box  is Ltsed to replace  in-situ ground

MATSUOKA

while  holding the other  parameters  necessary  for the
simulation  constant,  The  simulated  results  with  respect  to

the Tla-7-eN  relationships  are presented in Fig. 2 and

the corresponding  stress-ditatancy  relationships  are  illus-
trated in Fig, 8. The  variation  of  the interceptsu( ==  tan j)
against  O, are  plotted in Fig. 5. It can  be seen  from Fig. 5
that the intercept pt increases with  the increase in ¢ ,  in the
Iower range  of  ip,, values,  but it tends not  to be sensitive  to

the  interparticle friction angle  ¢ . when  ip,, is larger than  4
e.

 It is known  from Eq, (16) that  the interparticle friction

¢ ,,, is not  directly related  to the intercept u(=tan  ti); its
effect  on  ti is refiected  indirectly through  the  effects  on  e,
k and  ,[i.  It is found from the  numerically  simulated  data
that  the average  contact  angle  e increases with  the in-
erease  in ip,,, being consistent  with  the  increase in dilative
normal  strain  of  the sample;  but, the ratio  kLfh tends  to

be a certain  value  when  ip,. is Iarger than  40, resulting  in
non-sensitivity  of  6 to O,,.

Inj7uence of Grain  Shqpe

 Figure 14 shows  the  schematic  view  of  a  newly  devel-
oped  in-situ direct shear  testing method  (Matsuoka et al,,

1998, 2001). The  influences of  grain shapes  on  the stress-

dilatancy relationship  are investigated by carrying  out  a

series  of  such  direct shear  tests on  various  granular
materials  including 5 sands  sampled  along  the Kiso-river

in Japan from the downstream to the upstream  (Liu et
al.,  2002). The particle photographs  of  5 Kiso-river sands

are  shown  in Fig, 15, which  are  considered  to represent

the typical grain shapes  of  usual  soils, The grain shape  is

ee
'as,w･

k,es/,
es

,pa/･

'StW/eq,g
Fig. 15.

ee'mm.e,.
xill'tLag'"i

tt't"t'tt't thtmatast/rmt
 Sand  D  (FU=Q,664)

Particle photogrnphs  of  5 sands  sampled  atong  Kiso-Tiver from  the  downstream  to the  upstream
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Fig. 16. Results of  the  in-s;tu diruct shear  (ests on  5 Kiso-river sands  under  a  norma]  stress of  2e kPa  and  a relative  density D, of  abollt  50%
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    1be=su
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   Coefficient of  form -nevenness  FU

 Kise river sand  O  Glass beads
  op A  e  B  Q  Ontgajogravel
  ma C  w  D  O  Toyoura  sand

  AE  VCrushedsand

Fig, 17. tnfiuences of  grain shapes  on  d,he intercepts of  the stress-

   dilatancy reLationship  obtained  from  the  in-situ direct shear  tests
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Fig. 18. Rol]ing moment  due  to sliding  friction force and  modeling  of

   ro]ling  resistance  between  two  circulur  pariicles  {after Sakaguchi et

   al., 1993; Yamamoto,  1997)

characterized  with  a coeMcient  of  form unevenness  FU
that  was  originally  proposed  by Yoshimura  (1994), and

defined as  I7U=  (4nA)!L2, where  A  is the  projected area

of  grain and  L  is the  grain perimeter. For  a  sphere,  FU=

1.0; the more  angular  the grain is, the smaller  the value  of

FU  is. Figure 16(a) presents the  relationships  among

shear-normal  stress  ratio  Tla,  horizontal displacement  D

and  vertical  displacement h for 5 Kiso-river sands  under  a

normal  stress  of  20 kPa  and  a  relative  density D,  of  about

50%.  Figure 16(b) shows  the  relataonship  between shear-
normal  stress ratio,  Tla,  and  vertic:al-horizontal  displace-

ment  increment ratio,  
-dh!dD,

 up  to the peak  shear

strength  in accordance  with  Fig. 16(a). For the  direct
shear  test, -deNldy--(dhlL)f(dDIL)=-dhldD,

where  L=the  thickness  of  the  shear  zone,  These  5 Kiso-

river  sands  have different grain shapes  with  values  of  FU
ranging  from O.758 to O.611, but they may  be approxi-
mately  considered  to have the similar  physical character-

istics such  as the surface  friction of  grains because they
are  sampled  from the same  river. It can  be seen  from
Fig. 16 that the grain shape  affects both the shear  strength

and  the stress-dilatancy  relationship,  The more  angular

the grain is, the higher the shear  strength  is and  the larger
the intercept u in the stress-dilatancy  relationship  is, too.
Figure 17 presents the plots of  the intercepts tt against  the

coeMcient  of  form  unevenness  FU  for all tests on  these 5
Kiso-river sands  and  other  granular  materials  such  as

glass beads, Toyoura  sand,  Onigajo gravel and  crushed

sand.  It is seen  that  the  intercept u increases when  the

grain becomes angular  (decreases in FU),  and  its varia-

tion is about  O.1 for 5 Kiso-river sands.  For glass beads,
the value  of  the  intercept "  is much  lower (about O.1) than
that  for other  materials,  probably  resulting  from  the
extremely  low value  of  the surfacc:  friction.

  Then,  we  investigate how  the  grain shape  contributes

to the  intercept pt( ==
 tan  a) in the  stress-dilatancy  relation-

ship  by using  the numerically  simulated  results  for the
same  simple  shear  test as shown  in Fig. 1, As  we  know,
angular  grains are  interlocked well  and  have a  great
resistance  to particle rolling  in a  granular media.  Thus,  in

our  simulation,  we  introduce a  moment  of  resisting  parti-

cle rolling  between particles to model  the effect of  grain
shape  qualitatively. Such a simulation  method  was  origi-

nally  proposed  by Sakaguchi et al, (1993), and  has been
implemented by Yamamoto  (1997) to study  the effect of

grain shape  qualitatively on  the internal friction angle  of

granular materials.  Figure 18 shows  the rolling  moment

due to the sliding  friction force between two  circular  par-
ticles and  the modeling  of  rolling  resistance  by introduc-
ing a  moment,  Mlf, whieh  is given by

                 Mf-BN  (17)

where  B  is the  width  with  a  maximum  value  of  half of  the

pressed contact  width,  and  N  is the normal  force acting
on  the particle contact.  The  particles begin to roll when

the  rolling  moment  due  to the  sliding  friction, Ml  
=:rtan

ipumoN, exceeds  the  rolling  resistance  moment,  M,f, By

comparing  Eq. (17) with  the  sliding  frictional law F="N,
the  width  B  is also  termed  as  a  frictional coeficient

against  the  rolling  by Sakaguchi et  al.  (1993). In this

paper, the  degree of  grain angularity  is modeled  by
changing  the value  of  B. Figure 19 shows  the DEM  simu-

lated results  for the  same  simple  shear  test as  shown  in
Fig, 1 with  Blr=O  and  O.02, where  r  is the radius  of  parti-
cle.  It is seen  that  both  the  shear  strength  and  the  inter-

cept  " increase when  the  rolling  resistance  moment  is in-
troduced  between particles (Blr=O.02), whieh  models

qualitatively the influences of  the  grain shapes  on  the

shear  strength  and  the intercept pa as observed  by experi-

ments  (Fig. 16). Other researchers  have also  obtained

similar  results from DEM  simulation  by combining  sever-

al smaller  circular  particles into clusters  to model  a larger
angular  particle (e.g. Kuwabara  and  Maeda, 2000). Our
simulated  results  illustrate that  both e and  kU6  increase
when  a  moment  of  resisting  particle rolling between parti-
cles is introduced, suggesting  that grain shape  contributes

to the  increase of  the average  contact  angle  e between
partieles on  the  mobilized  plane and  causes  interparticle
forces to be more  inclined toward  the  shearing  direction.

Therefore, granular media  consisting  of  more  angular

grains have  a larger intercept u for the stress-dilatancy

relationship  expressed  in Eq. (5).
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F;g.19. DEM  simulation  results  for the sHme  simple  shcar  test as  shown  in Fig, 1 with and  without relli]ig  resistanee  moment  betwccn  partic]es

thfluences of Conj7ning Pressures
  In this argument,  we  assume  that the fabric structure

of  a granular media  remains  unchanged  when  the granu-
lar media  is subjected  to different confining  pressures.
That is to say, the probability distribution of  contact

angles  N(e) and  thereafter the average  contact  angle  e do
not  change  under  different confining  pressures. Common-

ly, the interparticle forces corresponding  to any  contact

angLe  increase approximateLy  in proportion  to  the in-
crease  in the confining  pressure. Figure 20 illustrates a

schematic  view  for the probability distribution of  average

interparticle forcef(e) against  contact  angle  e, when  the

subjected  confining  pressure doubles. It can  be under-

stood  from  Fig. 20 that  the  ratio  of  fbfk holds constant
when  the granular media  is subjected  to different confin-

ing pressures. Therefore, it can  be  inferred from Eq, (16)
that the intercept "(=tan  ti) in the stress-dilatancy

relationship  is not  affected  by subjected  confining  pres-
sures,

a

a

ffe)

za

fo

12k

lk

b

b

RELATIONSHIP  BETWEEN  SHEAR-NORMAL

STRESS  RATIO  AND  VERTICAL-HORIZONTAL

DISPLACEMENT  INCREMENT  RATIO  FOR
YARIOUS  GRANULAR  SOILS  OBTAINED  FROM  A

NEW  IN-SITU  DIRECT  SHEAR  TEST

  As  stated  above,  the intercept u( ==  tan ti) in the  stress-

dilatancy relationship  depends weakly  on  the interparticle

friction angle  di,. except  in the  low range  of  th,, and  is in-

dependent of  the confining  pressure, But, it is affected  to

some  extent  by the grain shapes.  For 5 sands  sampled

along  the Kiso-river from downstream to upstream,

which  generally represent  the typical  grain shapes  of

usual  soil  materials,  thc  variation  of  the intercept "(  
=t

 tan

ti) induced  by  grain shape  is found to be about  O.1, corre-
sponding  to a  variation  in the angle  ti about  4 -- 5O. These

findings are  also  supported  by experimental  results  of  the

newly  developed large-sized in-situ direct shear  tests on

various  coarse-grained  granular soils (rockfi11 materials).

Figure  21 shows  this new  in-situ direct shear  test at a

-"f2 oContactangle

 e
xf2

Fig. 20. Variation for the distribution of  ayerage  interparticle force

  f(e) against  contact  angle  e when  the confining  pressure  doubLes

Fig. 21.Large  in-situ direct shear  test on  coarse  gramt]ar soits at  site iV

construction  site  of  embankment  using  the  same  principle
as illustrated in Fig. 14(a). Up  to now,  such  tests have

been performed  on  various  coarse-grained  granular soils

with  quite difTerent grain sizes  and  rock  classifications.
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Figure 22  summarizes  the  obtained  results with  respect  ro

the  relationship  between  the shear-normal  stress ratio, Tf

a, and  the vertical-horizontal  displacement increment ra-
tio, -dhldD,  up  to the peak  shear  strength.  It has been
mentioned  that, for the  direct shear  test, -dh!clli)

 is
equivalent  to the normal-shear  strain  increment, -deN1

dy, in the  stress-dilatancy  relationship  expressed  by Eq.

(5). In Fig, 22, the  broken  straight  lines are  drawn from
the test data for each  sample  by the least squares  method,

while  the  solid  curves  are  drawn  from Eq. (5) by using  the

respective  intercepts as  shown  in Fig. 22. Some  discrepan-
cies between the theoretical  solid  lines and  the experimen-

tal plots are  considered  to result  from both measurement
accuracies  and  approximations  of  Eq, (2). The downward
convex  solid curves  are  due to the change  of  the

parameter  A in Eq. (5) with  
-

 dsN !dy, However, based on
thc experimental  results  in Fig. 22, it might  be acceptable

to assumc  a constant  A (e.g. Matsuoka  et  al., 1974, 1980,
1994), i.e, assume  a  linear stress-dilatancy  relationship.

Nevertheless, it can  be seen  from  Fig, 22 that  the inter-
cepts  vary  slightly (from O,76 to O.83) for the tested sam-

ples in spite  of  quite large differences in grain sizes, rock
classifieations  and  so  on.  These  experimental  results

justify the arguments  in this paper.

CONCLUDING  REMARKS

  In this paper, based  on  DEM  simulation  results for a

simple  shear  test, a  stress-dilatancy  relation  of  granular
materials  on  the mobiHzed  plane derived by Matsuoka

(1974), TfoN=A(-dets･fdy)+li,  is reviewed  from  a

microscopic  view  point by taking the real interparticle
contact  force and  the mobilized  interparticle friction
angle  for each  contact  into consideration,  The  maero-

variables,  TlaN  and  
-

 dsts- fd7, on  the mobilized  plane are

related  to the average  angle  r of  the interparticle contact

force to  the  normal  of  the mobilized  plane, expressed  by

Eq. (2), and  the  average  interparticle contact  angle  e,
expressed  by Eq. (3), respectively.  There exists a  differ-
ence  ti between  S and  e, which  is interpreted as

              ti= £
.
 (1.se-2+ :i )

where  fh is the  average  interparticle contact  force of  all

the contacts  and  k is the slope  of  the straight  line tbat

characterizes  the probability distribution of  the  average

interparticle contact  force against  the  contact  angle.  The
ratio  of  kM)  represents  the biased degree of  the  probabil-
ity distribution of  the  interparticle contact  forces to the

positive zone  of  e (along the  shear  direction). The inter-
cept  pt in the  stress-dilatancy  relationship  is considered  to

be equal  to tan  i. It is found that the  angle  ti depends
weakly  on  the  interparticle friction angle  th,, except  in the

lower range  of  O, and  is independent  of  the confining

pressure.  However, it is affected  to  some  extent  by grain
shapes.
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