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Strength and deformation characteristics of a silty sand 

Caracteristiques de resistance et de deformation d’un limon sableux

J. E. Hellings -  Dames & Moore, UK  

J. B. Burland -  Imperial College o l Science, Technology and  Medic ine, London, UK

ABSTRACT: 122 triaxia l tests w ere perfo rm ed  on  specim ens o f  silty  sand. T hese  w ere  p repared  covering  a  ran g e  o f  densities from  very  

loose to very  dense and w ere tested  a t con fin ing  pressu res from  around  1 k P a  to  alm ost 1000 kPa. C om pression  and  ex tension  tests w ere 

perform ed in bo th  drained  and u ndra ined  conditions. A n  attem pt is m ade to find  a  sta te  boundary  surface  w hich  fits the  results. T he 

stiffness o f  the  sand is exam ined  th rough  m easu rem en ts o f  shear m odulus w ith  local sm all stra in  ax ia l m easurem ent. R esu lts sh o w  a 

dependency o f  streng th  and stiffness on  stress level. D ila tio n  effects, a lso  d ependen t on  strain  levels, a re  d iscussed .

RESUM E: 122 test tr iax iaux  o n t ete rea lises sur des echan tillons de  silt a rg ileux . Ils on t e te  effec tues en  cou v ran t une  fou rche tte  de 

densites de tres  fa ib le  a  tres  e levee  a des p ressions s ’e ta llan t de  Ik P a  a  p res de 1000 kPa. L es tests de com press ion  et ex tension  o n t ete 

realises en u tlisan t la m ethode de  d ra inage  e t de  non-dra inage . L es co nd itions lim ites com patib les avec les resu lta ts des tests o n t ete 

recherchees. L a  rig id ite  du sab le  a  e te  exam inee  a  p a rtir  des m esu res de  coeffic ien t a  la  transversa le  avec  une legere defo rm atio n  axiale. 

Les resultats on t m o n tre  une dependance  de  la resis tance  e t de la  rig id ite  d u  sable  par rapport au n iveau  de pression . L es effe ts de la 

dilatation sont egalem en t d ependan ts des n iveaux  de defo rm atio n  com m e ind ique  p lus bas.

1 IN T R O D U C T IO N

122 triax ia l tes ts  w ere  perfo rm ed  on  specim ens o f  silty  sand. T he 

sand used  w as a  m ix tu re  o f  tw o grades o f  industria l silica  silt and 

sand in th e  p ro p o rtio n  1 p a rt silt to  9 parts  sand. T he sand 

fraction con sisted  o f  a t least 97%  S i0 2 and  the  silt f rac tion  98 .5%  

SiO,. T he spec im en s m easu red  76 m m  h ig h  by 38 m m  d iam eter 

and w ere fo rm ed  by  ro d d in g  a  sligh tly  m o ist sand and then 

applying a  b ack  p ressu re  fo r sa tu ration . A ll m easuring  

instrum ents w ere  ca re fu lly  ca lib ra ted  - especially  im portan t due  to 

the sm all e ffec tiv e  stresses used  fo r som e o f  the  triax ia l tests. In 

addition, a  co rre c tio n  w as app lied  fo r the  effec ts o f  the  confin ing  

rubber m em b ran e  acco rd in g  to  D u ncan  and  Seed (1965). 

Specim ens w ere  p rep ared  cov erin g  a  range o f  densities, from  very  

loose to very  dense  an d  w ere  tes ted  a t con fin ing  pressu res from  

around 1 k P a  to  a lm o st 1000 kPa. C om pression  and  ex tension  

tests w ere  p erfo rm ed  bo th  d ra ined  and also undrained . T he 

stiffness o f  th e  sand  w as ob ta ined  th ro u g h  local ax ial strain  

m easurem ent. T h e  m ax im u m  d ensity  o f  the  sand w as 2064  kg /m 3 

and the m in im u m  d ensity  1865 kg /m 3, co rrespond ing  to m axim um  

and m in im um  vo id  ra tio s  o f  0 .92  an d  0 .56  respectively . A n  angle 

of repose o f  th e  d ry  heap  o f  33° w as ob ta ined  fo llow ing  C om fo rth  

(1973) reco m m en d ed  m ethods.

2 T R IA X IA L  C O M P R E S S IO N  A N D  E X T E N S IO N  T E ST S

Figures 1 an d  2 show  p lo ts o f  ()>' versus p ' fo r all drained  

com pression and  ex ten sio n  tests. T he p o in ts are  show n w ith  the 

void ratio  at peak  o f  q /p '. D esp ite  the  sca tter o f  po in ts it is c lear 

that <(>' increases w ith  d ecreasing  p ', especia lly  fo r low er e values. 

<j>' appears to rem ain  app rox im ate ly  constan t for p ' betw een  

100 kPa and  1000 kPa.

For the d ense  sp ecim ens, th e re  is an increase  in 4>' o f  alm ost 

40% b etw een  100 k P a  and  10 kPa. F o r the loosest specim ens, ie 

e o f  0 .85, increases are  a round  15% . E x tension  tests g ive longer 

values o f  4>', fo r the  sam e p ' and  e, th an  do  the  com pression  tests. 

This has been  found  to  be genera lly  the case fo r m any  o f  the 

com m only tested  sands (L add  et a l, 1977). It is in teresting  to 

note a m o b ilised  fric tio n  ang le  o f  abo u t 60° i r  ex tension  fo r the 

dense sand a t low  confin in g  p ressure. T n e  <)>' va lues are 

sum m arised g raph ica lly  (F igu re  3) fo r various e va lues fo r tests 

at p' o f  10 k P a  and  also  fo r p ' o f  100 kPa. A t 10 kPa extension  

tests consisten tly  g ive <)>' va lues abou t 7° g rea ter than  for

com press ion  tests. A t 100 k P a  the  d ifference  is abo u t 4°. T he 

increased  m o b ilised  streng th  w ith  decreasing  stress levels is w ell 

know n  fo r sand  and has b een  repo rted  by  m any  researchers.

A  fea tu re  o f  the tests w as a  vary ing  rate o f  d ila tancy  depending  

on  vo id  ratio  and  stress level; the  denser the  sam ple the  m ore 

strong ly  d ila tan t the behav iour. F igures 4 and 5 show  the  ra tes o f  

vo lu m etric  and  ax ia l stra in  to fa ilu re  p lo tted  against stress level 

w ith  e v a lues a t q /p ' ‘m ax im u m ’ and a t the  end  o f  the test (q /p ' 

u ltim ate) show n  a lo n g sid e  each  point. D esp ite  the scatter o f  data 

there  is an  ob v io u s tren d  and rough  approx im ate  con tou rs o f  

constan t e va lu es are show n. I t is in teresting  to no te  that, fo r the 

denser sand, the  d ila tancy  fo r the  sam e stress level and void  ratio  

appears to  be  g rea te r fo r com press ion  than  fo r ex tension , desp ite  

the  m ob ilised  fric tio n  ang le  fo r ex tension  being  grea ter th an  for 

com pression .

F o r u n d ra in ed  tests in com pression  (j)' a t peak  q /p ' w as 

essen tia lly  con stan t fo r a  p a rticu la r vo id  ratio , vary ing  betw een  

about 35° fo r e  =  0 .7  up to 38° fo r e = 0.6. F o r undra ined  

ex ten sio n  tests <|>' w as also  found  to be essentially  constan t for 

con stan t vo id  ra tio  v ary ing  betw een  36° fo r e =  0 .7 and  42° for 

e =  0.6. A s fo r the  d ra in ed  tests it is seen  that <(>' a t a  p articu lar 

e is up  to 4° less in the  stress level range 100 - 1000 kPa for 

com press ion  tests th an  fo r ex tension  tests. A s expected , the  rate 

o f  chan g e  o f  p o rew a te r  p ressu re  to ax ial stra in  varied  m ore 

m arked ly  w ith  stress level fo r the  m ore dense specim ens.

3 S T A T E  B O U N D A R Y  SU R F A C E

M any resea rch ers  have  a ttem pted  to m odel the b ehav iou r o f  sands. 

O vando -S h e lley  (1986) lists fac to rs w h ich  d e term ine  the  b ehav iou r 

o f  g ran u la r m ateria ls: vo id  ratio , re la tive  density , g rad ing  and 

g ra in  size, p a rtic le  shape, in terpartic le  fric tion , fabric , an iso tropy , 

and  stress h isto ry . N o  attem pt has been m ade to  pu t the  resu lts o f  

the  tes ting  p ro g ram m e described  in th is pap er in to  a  critica l state 

f ram ew ork , h o w ev er th e  p lo ts  o f  F igures 1 and 2 do define  the 

b oundary  su rfaces in te rm s o f  q, p ' and e fo r the  sand at failure.

4 T H E  E F F E C T  O F D IL A T IO N

F igures 4 and 5 ap p ear to show  a  re la tion  betw een  m obilised  

fric tio n  ang le  and  d ila tio n  rate. M any  researchers have attem pted  

to es tab lish  th is  re la tionsh ip , fo r exam ple  T ay lo r (1948) w hose
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F ig u re  1. Sand: d ra ined  co m p ress io n  tests . <j>' versus p '  a t peak  (q /p ')
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Figure 4 . Sand: d ra in ed  co m p ress io n  tests. dev/dea v ersus p '  a t b o th  q /p ' peak  and  also  q /p ' u ltim ate
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F ig u re  5. Sand: d ra ined  ex ten sio n  tests. dev/dea v ersus p ' a t b o th  q /p ' m ax im u m  and  also  q /p ' u ltim ate

m odel w as m o d ified  by B ishop  (1954) fo r u se  w ith  triax ial 

testing , and  R ow e (1962). A tk inson  and  B ransby  (1978) describe 

the  re la tio n  in te rm s o f  critica l sta te  theory . B olton  (1986) 

p ro p o sed  ex p ress ions, based  on  R o w e’s theo ries, fo r the  fric tion  

ang le  o f  sand o r the  m ax im u m  d ila tancy  ra te , as a  function  o f  

re la tive  density , p ' and  a  critica l fric tion  angle . S chandz and 

V erm eer (1996) also  consider the  re la tion  betw een  fric tion  and 

d ila tancy  o f  sand. R o w e’s m odel appears to  be m ore com m only  

used , see fo r ex am p le  Ponce  and  B ell (1971).

S om e co n firm a tio n  w as found in the  resea rch  d escribed  in th is 

p aper fo r R o w e’s m odel. Som e dra ined  tests w hich  w ere 

co rrec ted  fo r d ila tio n  co incided  c losely  w ith  resu lts from  the 

u ndra ined  ex ten sio n  tests. In  general how ever, the  resu lts do  not 

appear to fit w ell w ith  B o lto n ’s m odel.

5 S T IF F N E S S

Several o f  the  triax ia l specim ens w ere  in strum en ted  w ith  local 

s tra in  m easu rin g  d ev ices in  o rd er to o b ta in  the  stiffness a t sm all 

strain . F o r d ense  sands a t 0 .02  p ercen t ax ial strain  the  norm alised  

secan t shear m o d u lu s (G /p ')  v aried  betw een  400  and 800 a t 0 .02%  

stra in  fo r dense  sands, d ecreasing  to betw een  200 and 300 a t 0 .1%  

strain. F o r loose  sands th e  m odu lus w as betw een  200 and 500 at 

0 .02%  stra in  d ecreasin g  to abo u t 100 - 250 a t 0 .1%  strain.

6 C O N C L U S IO N S

T h e  co m p reh en siv e  tes ting  p ro g ram m e has con firm ed  a 

rem ark ab le  increase  in m ob ilised  shear s treng th  as the confin ing  

p ressu re  d ecreases fo r d ra ined  cond itions. E x tension  tests y ielded  

som ew hat h ig h e r fric tio n  ang les than  d id  com pression  tests, 

h o w ev er the  d iffe ren ce  in the  m ob ilised  fric tion  angle  w as grea ter 

in com p ress io n  tests th an  fo r ex tension  tests at sim ilar void  ratios. 

It w as po ss ib le  to  co rre la te  u ndra ined  triax ia l tests w ith  d rained  

triax ia l tests by co rrec tin g  fo r the effec ts o f  d ilation  using  the 

energy  co rrec tio n  theo ry  o f  R ow e (1962). A  m arked  n on-linear 

re la tionsh ip  be tw een  shear m odu lus and stra in  level w as found, fo r 

b o th  d ense  and  loose  sand.
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