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The  Shear Stre ngth of Silt

L a  Ré s is t a n c e  a u  c is a ille m e n t  d u  lim o n
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S U M M A R Y

Afte r  the  dire ct s he ar  appa r a tus  ha d pr ove d its e lf uns uitable  

fo r  ihe  inve s tiga tion o f the  she ar  s tre ngth o f  s ilt, the  shear  

de for ma tion  be ha v io ur  and the  s he ar  parame te rs  we re  inve s ti­

ga te d in  three  dis tur be d, s a turate d s ilts , and in a  c lay  s ample , by  

me ans  o f  s ys te matic tr iax ial tests w ith pore- water- pressure 

me as ure me nts . F o r  dr aine d a nd  undra ine d t r ia x ia l tests the  

gove rn ing  s tress c r ite r ion fo r  the  de finit ion o f  the  effective  shear  

parame te rs  was  de fine d. It  was  pos s ible  dur ing the  u tiliza t ion  

o f the na tura l d ila ta t io n  o f  the  s ilt, to de ve lop a  m e tho d, by 

me ans  o f the  e va lua t ion o f  the  course  o f  the  stress a nd also 

the  por e  wate r  pre ssure  dur ing  the  test, w h ich  pe r mit te d a ll the  

she ar  parame te rs  o f  s ilt fo r  both the  true  a nd the  effective  

s tre ngth to  be  de te rmine d by  me ans  o f  o ne  s ingle  test. T he  true  

cohe s ion is a  lo g ar ithm ic  func t io n  o f the  wate r  conte nt. T he  

de pe nde nce  o f  the  she ar  s tre ngth o n  the  wate r  conte nt and 

the  effective  no r m a l stress is illus tr ate d in  a thre e - dime ns ional 

co- ordinate  sys te m. T he  var ious  angle s  o f  fr ic tion  de pe nd on 

the  p las ticity  inde x .

S O M M A IR E

La  boîte  de  c is a ille me nt  s imple  s’é ta n t  mo ntrée  inutilis able  

po ur  e x amine r  la  rés is tance  a u  c is a ille me nt du lim o n l’o n  s cruta 

le  c ompor te me nt  de  la  dé fo r m a t io n  au c is a ille me nt e t les  par a ­

mètre s  de  c is a ille me nt de  trois  s ols  limo ne ux , r e maniés  e t 

s aturés  d ’e au, ains i que  d ’un  é cha nt illo n  d ’argile , à  l’a ide  d ’essais 

tr iax iaux  s ys tématique s  c o mpo r tan t  des  me sures  s ur  la  pre s s ion de  

l’e au  inte rs titie lle . P o ur  les  essais t r iax iaux  dr ainés  e t no n  drainés  

l’o n  dé te r mina  le  c r ité r ium de  cont ra inte s  déc is if po ur  la  dé fini­

t ion des  paramètre s  de  c is a ille me nts  effectifs . E n  te nant  compte  

de  la  d ila ta t io n p ro pre  du  lim o n , il fu t  pos s ible  de  déve loppe r  un  

p rocédé  pe r me t tant  de  dé te r mine r , avec un  seul essai tous  les 

paramètre s  de  c is a ille me nt du lim o n  auss i b ie n pour  la  rés is tance  

effective  que  rée lle , e n  m e t tant  e n  va le ur  la  va r ia tio n de  c o n ­

t r a inte s  e t la  pre s s ion de  l’e au inte r s titie lle  a u  cours  de  l’essai. 

La  cohés ion rée lle  est une  fo nc tio n lo g a r ithm ique  de  la  te ne ur  

en e au . L ’inte rdépe ndance  de  la rés is tance  au  c is a ille me nt, de  

la  te ne ur  e n e au e t de  la  cont ra inte  e ffective  nor ma le  es t r e pré ­

s entée  dans  un  sys tème  d ’axes  de  coor donnée s  dans  l’espace . 

Le s  différe nts  angle s  de  fr otte me nt dépe nde nt de  l’indice  de  

plas ticité .

i n  t h e  l a s t  f e w  y e a r s  the  s he ar  s tr e ng th  o f  s ilt  ha s  be e n 

inv e s t ig a te d  as  a  p a r t  o f  a  c o m p r e h e n s ive  inv e s t ig a t io n  o f  the  

p r o pe r t ie s  o f  s ilt . T h e  fo llo w in g  as pe c ts  ha v e  a lr e a dy  be e n 

t r e a te d : th e  s ta tis t ic s  o f  u nd is tu r b e d  s a m ple s , e s pe c ia lly  

the s e  o f  th e  c o m p r e s s ib ility  (S c h u lt ze  a n d  Ko t z ia s , 1 96 1 ; 

Ko t z ia s , 1 9 6 3 );  the  g e n e r a l r h e o lo g ic a l b e h a v io u r  (A k a i,

1 9 6 0 ) a n d  the  r he o lo g ic a l b e h a v io u r  in  c o n n e c t io n  w it h  the  

de g r a d a t io n  w it h  t im e  o f  th e  p o r e  w a t e r  p re s s ur e  in  c o m ­

p r e s s io n  te s ts  (S c h u lt z e  a n d  Kr a u s e , 19 64 ; Kr a u s e , 1 9 6 4 );

f i g .  1. G r a in  s ize  d is t r ib u t io n  a n d  s o il c h a r a c ­

t e r is t ics  o f  the  s oils  inve s t ig a te d .

th e  s o u n d in g  r e s is ta nce  (M e n z e n b a c h , 1 9 5 9 );  the  th e r m a l 

s o lid ific a t io n  (H o r n ,  1 9 6 4 );  a n d  the  s t a b iliza t io n  by  c h a lk  

in  h ig h w a y  c o n s t r u c t io n  (B r a n d , 1 96 2 ; F r a n k , 1 9 6 5 ).

S H E A R  T E S T S

T y pe s  o f  Soil

T w o  s ilts  fr o m  the  A a c h e n  d is t r ic t  w e r e  inve s t ig a te d  

( I - I I ) ,  o n e  fr o m  Is r a e l ( IV ) ,  a n d  as  a  c o m p a r is o n , a  s ilty  

c la y  fr o m  D u is b u r g  ( I I I ) .  T h e  m a in  te s ts  w e r e  c a r r ie d  o u t  

o n  s oil I  (F ig .  1 ) .

S tate  o f  the  Sam ple s

T h e  s a m ple s  w e r e  d is t u r b e d  a n d  m e c h a n ic a lly  h o m o g e ­

n iz e d  in  a  wa te r - s a tura te d  s ta te  s o m e w h a t  a bo v e  th e  liq u id  

lim it .  In  s a m p le  I the  built - in  w a t e r  c o n t e n t  a m o u n t e d  to  

3 0  to  32  p e r  c e n t .

Dire c t  S he ar T ests  

T h e  e ffe c t ive  a ng le  o f  fr ic t io n  o f  th e  d r a in e d  d ir e c t  s he ar  

te s ts  is  a p p r e c ia b ly  s m a lle r  th a n  in  the  d r a in e d  t r ia x ia l 

te s ts , a  v a lu e  o f  3 2 .5  de g . w a s  m e a s u r e d  a s  o p p o s e d  t o  

3 6 .2  de g . T h e  c aus e  o f  th is  de v ia t io n  lie s  fo r  the  m o s t  p a r t  

in  the  a p p e a r a n c e  o f  a  p r o g re s s ive  fa ilu r e  w h ic h  w a s  c le a r ly  

r e c o g nize d  o n  the  s he a r  s ur fa ce s . Als o , d is tu r b a n c e s  a r is e  

as  a  r e s u lt  o f  fr ic t io n  a t  the  w a ll, t ilt in g , s t ic k in g , a n d  the  

la r g e r  a ve r a g e  p r in c ip a l s tres s  d u r in g  the  d ir e c t  s he a r  te s ts .
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A pparatus . Mo s t  o f the  t r ia x ia l te s ts  w e r e  c a r r ie d  o ut  

w it h  a  c e ll s u it a b le  fo r  3 .8- cm d ia m e t e r  s a m ple s  a n d  a  

s m a ll n u m b e r  o f  10- cm s a m ple s . T h e  po r e  w a te r  p re s s ure  

w a s  m e a s u r e d  b y  the  a p p a r a tu s  o f  B is h o p  a n d  P e n m a n , a n d  

b y  a  n e w ly  de v e lo pe d  p a r t  o f  th e  a p p a r a t u s .

T y pe s  o f  tes t. T h e  im p o r t a n t  inv e s t ig a t io ns  c a r r ie d  o u t  

we r e  d r a in e d  a n d  c o ns o lid a t e d - u nd r a in e d  te s ts  w it h  the  po r e  

w a te r  p re s s ur e  m e a s u r e m e n t  b e in g  m a d e  e a c h  t im e  u n d e r  

c o n s ta n t  la te r a l p r e s s ur e . In  a d d it io n , s o m e  s pe c ia l te s ts  

w e r e  p e r fo r m e d .

Triaxia l Tests

T A B L E  I

No. Tes t
V

(pe r  c e n t / m in)
T e s t dur a tio n 

(hours )

1
2 

2 .1

dr aine d 
u nd raine d 
w ith  pore- water-

0 .01 10 +  35 = 4 5

2 .2
pressure  me as ure me nt 
w itho ut  pore- water-

0 .1 10 +  5 = 1 5

pressure  me as ure me nt 1 .0 10 +  0 .5  =  10 .5

T est speeds . In  the  s t a nd a r d  te s ts  w it h  s a m p le  I  the  

r e s ults  g ive n  in  T a b le  I  w e r e  o b ta in e d  fo r  s h e a r ing  s pe e ds  

a n d  te s t d u r a t io n . H e r e  10 h o u r s  w e r e  a llo w e d  fo r  the  c o n ­

s o lid a t io n  o f  e a c h  s a m p le  a n d  a d d it io n a l t im e  fo r  the  a c tu a l 

s he a r ing .

Horizontal effective stress

T est Diagram s

Draine d  tes t. T h e  s a m p le  fa ils  a t  a po r e  w a t e r  p r e s s ure , 

u  =  0 . A t  th e  s a m e  t im e  the  q u a nt it ie s  A V / V lr (o- j — o-3) ,  

a n d  ( )  a t ta in  th e ir  m a x im u m . T h e  fa ilu r e  p o in t  is  

th e r e fo r e  u n iq u e ly  fixe d, T h e  s he a r  lin e  in c lin e d  a t  a n  a ng le  

<p' pas s e s , a ls o  w it h  o v e r c o ns o lida te d  s ilts , th r o u g h  the  o r ig in  

( c '  =  0 ) .  T h is  is  d u e  t o  the  d ila ta t io n  o f  the  s ilt  w h ic h  

r e duc e s  a n y  po r e  w a t e r  pr e s s ur e s . T h e  te s t  p a th  e nds  a t  the  

m a x im u m  o f  (o- j — cr3)  o r  (o- 'j/o- 'a) o n  the  s he ar  lin e .  In  

th is  cas e  b o th  fa ilu r e  c r it e r ia  a r e  th e r e fo r e  id e n t ic a l.

Cons olidate d- undraine d test. T h e  s a m p le  s he a r s  a t  the  

m a x im u m  v a lu e  o f  (o ^ — <r3 ) w h ic h  is  o n ly  r e a c he d  a ft e r  

la r g e  d is p la c e m e n t  (F ig .  2 b ) .  A t  th is  fa ilu r e  p o in t  the  po r e  

w a te r  p r e s s ur e  is  n o t  ze r o. T he  m a x im u m  o f  (cr\ /cr'3) a ppe a r s  

s ig n ific a n t ly  e a r lie r  be c a us e  o f  de c r e a s ing  p o r e  w a t e r  p re s ­

s ur e s  d u r in g  the  s h e a r ing  p ro ce s s  (F ig .  2 a ) .  W it h  the  fa ilu r e  

c r it e r io n  fo r  (<rx — cr3)  in  d r a ine d  a n d  u n d r a in e d  te s ts  the  

s a m e  e ffe c t ive  a ng le  o f  fr ic t io n  is  o b t a ine d . T h is  fa ilu r e  

c r it e r io n  is  the r e fo r e  g e n e r a lly  a p p lic a b le  fo r  s ilt. <p' is  the r e ­

fo r e  o b ta in e d  by  jo in in g  the  o r ig in  o f  the  c o - or d ina te  s ys te m 

to  the  p o in t  o f  the  m a x im u m  o f  (o- j — o-3)  o n  the  s he ar  

line . T h e  te s t  p a t h  fo r  the  e ffe c t ive  s tres ses  r u n s  be tw e e n  the  

m a x im u m  o f  (o- 'i/o- 's ) a n d  o f  ( <r1 — <r3)  in  the  t r ue  s he a r  

lin e  w h ic h  is  c h a r a c t e r ize d  by  the  p a r a m e te r s  c,v a n d  *pK. 

H e r e  c w 0 , a n d  ipn. <  \ p (F ig s . 2 d , 2 e ) .

Effective principal stress ratio

R E S U L T S  O F  T R IA X IA L  T E S T S

kg/cm2

sint>w - tgo<w

1>w -31.4° 

cWc o T ?— 0-40 kg/cm2

Normally consolidated undrained test 

Undrained test with interrupted 

consolidation

(u0" u at the beginning of the 

undrained test with interrupted 

consolidation)

path for an ideal
drained test

in effective stresses 
Jrained tests

Centers of M ohr-circles
■̂ 2^  kg/cm2

X kg/cm2

6

G‘ kg/cm2

Effective stress

Test path for an 

drained test

paths in effective 

stresses for the 
undrained tests

f i g . 2 .  Re s ult  o f  a n  undra ine d tes t (s ta nda r d le s t) and undr a ine d  test w ith  inte r rupte d c o ns o lida t io n : (a )  por e  wate r  

pressure  //; ( b )  de v ia tor  stress — <r3);  (c )  effective  p r inc ipa l stress r a t io o,/1/ ff'3; ( d )  she ar  d ia gr a m w ith  test 

pa th in  t  — co- ordinate s ; (e )  she ar  d ia gr a m with tes t pa th  in — <r3 ) — +  </$) co- ordinates .
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ConsoUdotion- line (J3c

f i g . 3. Re pre s e ntation o f the  shear  s tre ngth o f s ilt  in three - dime n­

s iona l co- ordinates .

Effe c t o f  the  w ater conte nt. Bo th  the  t r ue  c o he s io n , c w, 

a n d  the  c o he s io n , c„ =  ^(c r j — cr3) ,  o f  the  u n d r a in e d  te s ts  

de pe n ds  o n  the  a ll- r o und  c o n s o lid a t io n  p re s s ure  <r3c (F ig . 

4 b ) .

Y ie ld  s urface . B y  the  b o u n d a r y  s ur fa c e  o f  th e  s he ar  

s t r e ng th  (F ig .  3 )  a ll the  p r o pe r t ie s  o f  the  s ilt , w h ic h  a re  

r e la t e d  to  the  s he a r in g , a r e  g ive n . A ll  the  te s ts  c a n  be  

r e p r o d u c e d  by  c ur ve s  in  th is  c o - o r d ina te  s y s te m; th is  is  t r ue  

fo r  b o th  the  tes t p a th s  a n d  the  s he a r  line s .

S iz e  o f  the  s he ar parame te rs . T h e  e ffe c tive  a ng le  o f  fr ic ­

t io n  <p' a n d  the  t r ue  a ng le  o f  fr ic t io n  <pw de pe nd  o n  the  

p la s t ic it y  o f  the  s o il. F o r  the  th r e e  s ills  inve s t ig a te d , the  

a ng le s  o f  fr ic t io n  <p' fo r  the  fa ilu r e  c r it e r io n  (a-3 — <r3) max 

va r ie d  s lig h t ly  be tw e e n 3 6 .0  de g . a n d  3 6 .6  de g . In  c o n t r a s t , 

the  t r u e  a ng le s  o f  fr ic t io n  r a ng e d  fr o m  2 6 .4  de g . to  

3 1 .4  de g .

T h e  r e la t io n  be tw e e n cw a n d  w  is  a  p a r a lle l to  the  c o n ­

s o lid a t io n  c ur ve . W it h  o v e r c o ns o lida t io n  c ' is  a ls o  ze r o in 

the  d r a in e d  te s t, due  to  the  s u c k in g  in  o f  w a te r  by  the  

d ila t a t io n  o f  the  s oil. c„ a n d  c w de pe n d  o n  the  w a te r  c o n ­

t e n t  (F ig .  4 b ) .

Test Program m e

A  ve r y  s im ple  p r o g r a m m e  o f  inv e s t ig a t io n  fo r  th e  de te r ­

m in a t io n  o f  the  s he a r  p a r a m e te r s  o f  s ilt  c a n  be  de r ive d  fr o m  

the  a b o v e  e x p e r im e n ta l r e s ults . T h e  a d v a nt a g e  o f  s u c h  a  

p r o g r a m m e  is  t h a t  a ll the  p r o p e r t ie s  r e la t in g  to the  s he ar  

s t r e ng th  c a n  be  de te r m in e d  by  the  t r ia x ia l c o n s o lid a t io n  

te s t a n d  a s ingle  c o ns o lid a te d  u n d r a in e d  s he a r  te s t w ith  c o n ­

s ta n t , ye t  r a n d o m ly  c ho s e n , la te r a l pre s s ure .

In  th e  u n d r a in e d  te s t (F ig .  4 )  the  te s t p a lh  is  s im ila r ly  

p lo t te d  (F ig .  4 f ) .  F ir s t ly , it  give s  a p ie c e  o f  the  t r ue  s he a r  

c ur ve  be tw e e n the  m a x im u m  o f  (<r'1/o\ - )) a n d  th e  m a x im u m  

o f ( cr, — era). By  e x te n s io n  o f  the  s a m e  the  t r ue  s he a r  

pa r a m e te r s  c w a n d  <pn. a r e  o b ta in e d . T h e  e ffe c t ive  a n g le  o f 

fr ic t io n  ip' a ppe a r s  in  th is  d ia g r a m  as  a s t r a ig h t  line  be twe e n 

the  o r ig in  a n d  the  m a x im u m  o f (c ^ — cr3) .

f i g , 4. Test p ro gr amme  for  the  undra ine d test fo r  the  de te r mina t ion o f the  e ffective  angle  o f fr ic tion 

<p', the  true  shear  parame te rs  <pw and cw and the cohe s ion cu.
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If  o ne  w is he s  to  a s c e r ta in  the  value s  c w a n d  c„ fo r  o the r  

v a lue s  o f  the  w a t e r  c o n t e n t  it  is  s uffic ie nt  a t  fir s t  to  p lo t  the  

a ll- r o u nd  c o n s o lid a t io n  te s t w it h  the  o r d ina te s  w a n d  lo g  <r3c 

as  a  s t r a ig h t  lin e  (F ig .  4 b ) .  By  m e a ns  o f  the  va lue s  o f  c u 

a n d  c w a lr e a dy  de te r m in e d , o ne  c a n  th e n  d r a w  pa r a lle ls  

w h ic h  m a k e  the  de p e n de n c e  o n  the  w a t e r  c o n t e n t  q u it e  c le a r .

R E F E R E N C E S

Aka i, K. (1 9 6 0 ). Die  strukturellen Eigenschaften von Schluff. 

Mit te ilung e n  aus  de m Ins t itu t  für  Ve rke hrs was s e rbau, 

Gr u nd ba u  und  Bode nme chanik , T H  Aac he n  22.

B r a n d , W. (1 9 6 2 ). De r  Einflus s  von Ka lzium hy dr o x y d  a u f die  

Eige ns chafte n s chluffige r  Böde n im  Stras s e nbau. Dr.- Thesis , 

T e chnis che  Ho chs chule , Aache n.

F r a n k , A. ( 1 9 6 5 ) .  Einflus s  de r  Bode nke nnziffe r n und  de r  Wär m e  

a u f die  Ve r fe s tigung schluffige r  Böde n  m it  Ka lkhy dr a t  im  

Stras s e nbau. Dr.- Thes is , T e chnis che  Hochs c hule , Aache n.

H o r n , A. (1 9 6 4 ). Die  Scherfestigkeit von Schluff. Forschungs-

be r ichte  de  Lande s  Nordrhe in- We s tfale n, Nr . 1346. We s t ­

de uts che r  Ve r la g K ö ln  und  Oplade n.

- - - - -  (1 9 6 4 ). Wärme te chnis che  Ve r fe s tigung bindige r  Böde n,

insbe sonde re  von Schluff. Baumaschine- Bautechnik, 11. 

p. 367.

K o t z i a s , P. (1 9 6 3 ). Die  Zus amme ndrück barke it von Schluff. 

Mitte ilung e n  aus  de m Ins t itu t für  Ve rke hrs wasse rbau, 

Gr u nd ba u  und  Bode nme c hanik , T H  Aa che n, 28.

K r a u s e , J. (1 9 6 5 ). Unte r s uchunge n übe r  die  e indime ns iona le  

Ko ns o lida t io n e ines  ges törte n, wasse rgesättigten Schluffs . 

Dr.- Thes is , T e chnis che  Ho chs chule , Aache n.

M e n z e n b a c h , E. (1 9 5 9 ). Die  Anwe ndbarke it von Sonden zur 

Prüfung der Festigkeitseigenschaften des Baugrundes . F o r ­

s chungs be r ichte  des Lande s  Nordrhe in- We s tfale n, Nr . 713, 

We s tde uts che r  Ve r lag  K öln  und  Oplade n.

S c h u l t z e , E., a nd P. K o t z i a s  (1 9 6 1 ). Ge o te chnica l prope rtie s  o f 

Lowe r  Rh ine  s ilt. Proc. Fifth Inte rnational Conference  on 

Soil Me chanics  and Foundation Engineering, Vo l. 1, p. 329.

S c h u l t z e , E., and J. K r a u s e  (1 9 6 4 ). Pore- water  pressure  and 

creep in one - dime ns ional compre s s ion o f s ilt. Inte rnational 

Symposium Rheology  and Soil Me chanics  (Gr e n o b le ) , Vol.

2, p. 3.

353


