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SY N O PSIS: C ohesionless soils are often used as base o r sub-base layers o f  pavem ent structures. T heir behaviour under traffic induced stresses is both 

non-linear and anisotropic. The paper describes the resilient testing o f  six soil type, m ore o r  less com m only used in pavem ents, in a  repeated load triaxial 

apparatus with axial and confining stresses being cycled. On sam ple m easurem ent o f  axial and radial strain were used to m onitor inherent anisotropy and 

m aterial non-linearity . M easurem ents w ere taken before and after inducing significant stain  by the repeated application o f  an axial loading several 

thousand tim es. N on-linearity  o f  response w as observed in both resilient and radial deform ation and anisotropy w as seen to vary  confining stress level, 

dev iato r stress level and stress-history. A m odel is proposed to describe m ost o f  this observations. I t is show n to be good at estim ating  resilien t axial 

strain and inherent anisotropy but less good at predicting the m uch sm aller values o f  resilient radial strain.

I N T R O D U C T IO N

C ohesion less soils are  used  in the road construction  as sub-base and/or 

base m a te ria ls  as the  w ork ing  p la tfo rm  and  a  d ra inage  lay e r  in  the 

pavem en t struc tu re .lt is  im portan t to  understand  the basic m echanical 

p ro p e rtie s  o f  a  such  a m ate ria l in o rd e r  to  d es ig n  a  new  flex ib le  

pavem ent. T h e  soil is  p laced  in  a th in  lay e r and  com pacted . I t is 

considered  that the inherent m aterial characteristics, the com paction and 

subsequent traffik ing  m ay all cause the soil to behave in a  significandy 

n o n -lin e ar and  an iso tro p ic  m anner. A cco rd in g  six  m a te ria ls , so ft 

lim esto n e  (SL ), g rits to n e  (G S), sand and  gravel (SA G ) and g raded  

w ashed  riv e r  sand (G W R S) and  in  a d ry  condition  and F onta ineb leu  

san d  (FS ) and  fu rn ac e  bo ttom  ash  (FB A ) in  a  p a rtia lly  sa tu ra ted  

co n d itio n  w ere  tes ted  u n d er a w id e  ran g e  o f  stress pa th s u sin g  a 

repeated  load triaxial test apparatus. Anisotropy w as m easured applying 
cyclic  iso tro p ic  stress excu rsio n s (cyclic  ce ll p ressu re) o f  d ifferen t 

m agnitudes.

U nder th ese  iso tro p ic  co n d itio n s som e inheren t and stress-h isto ry - 

in d u c e d  a n is o tro p ic  b e h a v io u r  w as o b se rv e d . A n ew  m odel 

incorporating  anisotropy is proposed

IM P O R T A N C E  O F  R E S IL I E N T  B E H A V IO U R  IN  R O A D  

F O U N D A T IO N  D E S IG N

T h e deform ation  a  g ranu lar layer under traffic load ing  is com posed  o f  

tw o parts , resilien t and perm anent. H ence, the  stresses observed  in a 

pavem ent foundation  are w ell below  w hich  m ight cause  failu re  B row n 

(1981). F o r a pavem ent foundation, ru tting  w hich is associated w ith the 

accum ulation  o f  p las tic  strain  is the  on ly  failu re  m ode since no  bound 

m ate ria ls  a re  inv o lv ed  B row n  and  S elig  (1991). H ow ever, a f te r  

co n s tru c tin g  u p p er lay ers  and a n u m b er o f  traffic  loads have  been  

applied , the increm ent o f  perm anen t deform ation  is m uch sm aller than 
the increm en t o f  resilien t deform ation . It is  then  the resilien t strains 

w hich  are o f  concern to  the  behaviour o f  the pavem ent structure built on 

the granular layer. T herefore, the resilient characteristics o f  the granular 

layer in the pavem ent structure gain im portance.

T H E  R E P E A T E D  L O A D  T R IA X IA L  A P P A R A T U S

T h e  repeated  load  triax ia l apparatus has been used fo r m any years to 

investigate the behaviour o f  granular m aterials although it is not capable 

o f  fu lly  p ro d u c in g  the  stress cond itio n s induced  by traffic  loading. 

H ow ever, it is  sim p le  to opera te  and  sim p le  to in terp re t resu lts. A 

triaxial apparatus w ith  a sam ple o f  size 150 m m  diam eter and 300 m m  

height w as developed by B oyce (1976) at N ottingham  U niversity  which 

w as able to cycle  both  the deviatoric and confin ing  (cell) stress (Figure 

1). P appin  (1979) sligh tly  m odified  the apparatus in o rder to  apply 

tensile  stress to the  g ranu lar m aterial. In 1991 the  electronic contro l 

system  w as replaced by a  digital control system.

T h e  appara tus is  ab le  to  app ly  an ax ial lo ad  o f  3 k N  by a hydraulic 

ac tuato r a t a  frequency  range o f  0 -16  H z. C onfin ing  stress is also  

applied  by a  flu id  p ressurized  hydraulic actuator a t a frequency o f  0 -2  

H z. S ilicone oil is used  as the  cell flu id  due to  its  low  density  and its 

excellen t electrical insulation  w hich  allow s on-sam ple instrum entation 

fo r m easu rem en t o f  ax ial and rad ial strain  using  LV D Ts and strain- 

gauged hoops respectively.

M A T E R IA L S

D ifferent cohesionless soils from  fine to coarse w ere tested, nam ely soft 

lim esto n e , sand  an d  g ravel, g rits to n e , F o n ta ineb leau  sand, g raded  

w ashed  riv e r  sand and fu rnace bottom  ash. D etails o f  the  soils tested 

can  be  found  in K arasah in  e t al (1993). G rad ings o f  m ateria ls are 

show n in F igure 2.

S A M P L E  P R E P A R A T IO N

A  v ibra ting  tab le  w as used  to to com pact each sam ple, w ith each o f  6  

layers b e in g  sub jec ted  to  v ib ra tio n  fo r 15 seconds (B oyce (1976), 

Pappin  (1979), H icks and  M onism ith  (1971)) under a  surcharge o f  30 

N. A  levelling  d isc  w as used  during  the com paction process in o rder to 

apply the com pactive effort evenly  across the top o f  the sam ple. It was 

seen  from  p rev ious experience  that fin e r  partic les tended to  m igra te
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T E S T  P R O G R A M M E

R esilient strain  tests w ere carried  o u t by the application  o f  a w ide range 

o f  stress pa ths w h ich  are  d iscussed  e lsew here  K arasah in  e t a l (1993). 

T hey  inc luded  stress pa th s in  w hich  on ly  the axial stress w as cycled , 
pa ths in  w hich  on ly  th e  cell p ressu re  w as cy cled  and  paths w ith  both  

stresses cycled . A p p lica tions o f  d iffe ren t stress pa th s at levels w ell 

below  the failu re  line have alm ost no effect on  the resilien t behaviour o f  

cohesionless soils K alcheff and H icks (1973). A fter a  litera ture review , 
(A llen and  T hom pson  (1974), H icks and M onism ith  (1971) and B row n 

and  S elig  (1991)), it  w as decided  to  apply  50 cycles to  each sam ple fo r 

each stress pa th  and the m ean response  during  the  last five cycles w as 

reco rd ed  as be in g  rep re sen ta tiv e  o f  re silien t b ehav iou r. A  load ing  

frequency  o f  1 H z w as chosen  as recom m ended  by B row n and  S elig

(1991).

M E A S U R E M E N T  O F  A N IS O T R O P Y

In o rd er to m easu re  the inheren t an iso tropy  o f  a  sam ple , it w as firs t 

subjected  to a  repeated  cell p ressure application  o f  haversine w aveform  

fro m  a  lo w er stress o f  25 kP a to  an u p p er stress increased  in 25 k P a  

increm ent, rang ing  from  50  to  225 kPa. 50 cycles w ere app lied  to  the 

sam ple a t each  stress range. A nisotropy is defined as the ra tio  o f  axial 

strain  to  rad ia l strain  under iso trop ic  p ressu re  and  g iven the sym bol n. 

N ext resilien t strain  tests, in  w hich  dev iato ric  stress w as applied , w ere 

perform ed. T hen  in  o rder to  induce  stress-h isto ry-induced  anisotropy, 

the sam p le  w as sub jec ted  to  a  rep ea ted  d ev ia to ric  stress a t the  sam e 

frequency w h ich  caused  a p lastic  strain  o f  about 1%. L astly  the initial 

stress pa ths w ere again  app lied  to  the  sam ple in o rder to see the change 

in  anisotropy.

D IS C U S S IO N  O F  T E S T  R E S U L T S

to it and prior to application of the external cell pressure.

F ig u re  l .D ia g ra m  o f  th e  re p e a te d  lo ad  tr ia x ia l a p p a ra tu s
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F ig u re  2. G ra d in g  c u rv e s

dow nw ards during  the com paction  w hereas coarse partic les m oved  up. 

In o rd er to p rev en t th is m igra tion , co arse  g ra in s w ere p laced  at the 

bottom  o f  the layer before the com paction.

Each sam ple w as enclosed  in tw o latex m em branes. D uring  the sam ple 

p reparation  the inn er one w as held  against the porous inn er surface o f 

the m o u ld  by  app ly in g  a vacuum . T h e  ou te r one w as added  afte r 

co m paction  to c o v e r  any  po ss ib le  punc tu res p ro d u ced  in the in n e r 

m em brane du ring  the com paction  process. A n in ternal partia l vacuum  

w as app lied  to the sam ple w hilst on-sam ple instrum entation  w as added

It is im possib le  in  th is p ap e r to  g ive  com plete  resu lts bu t f ind ings are 

illustrated  w ith typical data. F rom  the deviatoric stress testing it  is  c lear 

that the  ax ia l stra in  resp o n se  is  n on -linear (F igure 3). N o n-linearity  

increases as the cell p ressure decreases.

A t high levels o f  d ev ia to ric  stress a  d isp roportionate  increase in  rad ia l 

strain  w as o ften  observed . A s the  con fin ing  p ressu re  in creased  the  

radial strain  due  to dev iato ric  stress cycling  tended  to decrease (F igure

4).

D E V IA T O R IC  S T R E S S  (k P a ) 

F ig u re  3. A x ia l s t r a in  r e s u l t s  (G W R S )
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F ig u re  4. R a d ia l  s t r a in  r e s u l ts  (G W R S )

C ohesion less soil show s m ore inherent anisotropy during  the loading 

part o f  a cycle  than  during  u n load ing  (F igure  5). T he aniso tropy  

decreases as the isotropic pressure increases.

er  =  ^  [ ( 1 - 1>1 - V2 ) p  - ( 1 - -oi - 2v 2) ^  ]

w here p and q the m ean and deviatoric stress respectively 

ea , £r are the axial and radial strain respectively

n = D (£-)F  
Pa

^1 = 1 - H [ 0 L ( ^ ) M ( 5 N )Pa Pa Pm

U2 = R[(£-)S ( ^ ) T (^-)U ]
Pa Pa <}m

M r  = A [ ( ^ ) B ( ^ ) C]
Pa P

constants

( 1)

(2)

A, B, C, D , F, H , L, M , N, R, S, T , U are  m odel

C E L L  P R E S S U R E  (kPa)

P = P2-P1
PI + P2 

Pm  -  2

qi +q2 
qm - 2

pa = atm ospheric pressure introduced to ensure non- 

dim ensional constants

T he m odel can a lso  be w ritten  in an increm enta l form  in o rd er to 

consider the effect o f  stress-induced anisotropy.

T he m odel is ab le to p red ic t ax ial strain  due to the cycling  o f  both 

stresses (see F igure 7). H ow ever, fo r the sam e stress condition  the 

prediction o f  radial strain is not as good as the axial strain (Figure 8 ). 

T he p red ic tion  o f  resilien t m odulus is also  sa tisfacto ry . In general 

predictions from  this new  m odel are a t least as good as these from  other 

m odels K arasahin (1993) and, despite the scatter, radial strain prediction 

by the new  m odel is  o ften  b e tte r  than  o th e r  ap p roaches . T he 

perform ance o f  the m odel in predicting strain due to cell pressure cycles 

at elevated deviatoric stress has not been assessed.

inherent -------------- stress-history

F ig u re  5 . L o a d in g  a n d  u n lo a d in g  b e h a v io u r  (FS )

S tress h istory  has a m arked effec t on anisotropy. F igure 6  show s the 

inherent anisotropy before and after the developm ent o f  perm anent strain 

by deviatoric stress cycling. It is c lear that plastic strain has changed the 

structu re o f  the co hesion less soils. A t low  levels o f  stress a h igher 

stress-h isto ry-induced  anisotropy w as obtained  (Figure 6 ). T he sam e 

stress-induced  an iso tropy  w as observed  before  and afte r perm anent 

deform ation was induced but this is not discussed further here.

A  M O D E L  F O R  R E S IL IE N T  B E H A V IO U R

A new m odel w hich is able to predict results obtained from  cycling both 

stresses is d eveloped  fo r a non-lin ear c ross-an iso trop ic  cohesion less 

soil. T he m odel considers the effects o f  inherent anisotropy, w hich is n 

in the m odel. T he m odel needs 13 constants w hich can be determ ined 

from  the repeated  load triax ia l test and are  easy  to find  desp ite  their 

n u m b er (K arasah in  (1993)). v>2 ( 'h e  effec t o f  horizontal strain  on 
vertical strain) and x (the effect o f  horizontal strain on the orthogonal 

horizontal strain) are obtained  from  cycling  both stresses at the sam e 

tim e. M r is the re s ilien t m odulus w hich  can  be d e term ined  from  

repeated deviatoric stress testing under constant cell pressure.

C H A N G E  IN  C E L L  P R E S S U R E  (k P a )

F ig u re  6 . C h a n g e  in  a n is o tro p y  (G S)

C O N C L U S IO N S

• C ohesion less so ils show  a n on-linear an iso trop ic  b ehav iou r under 

repeated  su b -fa ilu re  load ing . T he resp o n se  o f  co h esio n less  soils 

depends on the deviatoric and cell pressure stress levels.

• A n iso tropy  can  be m easu red  by use o f  a rep ea ted  load  triaxia l 

apparatus. H ow ever, triax ial apparatus w hich has no facility o f  cycling
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F ig u re  7. A x ia l s t r a in  p r e d ic t io n s  (FS )
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F ig u re  8 . R a d ia l  s t r a in  p re d ic t io n s  (FS )

cell p re ssu re  is n o t cap ab le  o f  m easu rin g  in h eren t an iso tro p y  in 

cohesion less soil.

• A  S tress h isto ry  w hich  resu lted  in p lastic  strain  o f  cohesion less soil 

can change the inherent anisotropy.

•A t low  lev e ls  o f  stress an iso tropy  is h igher than  a t h ig h er level o f  

stress.

•A  new  m o d e l has been  d ev e lo p ed  w h ich  is c ap ab le  o f  m ak in g  

predictions o f  resilient strain response to cycled deviatoric and confining 

stresses together, o f  the behaviour o f  under repeated  deviatoric stress at 

co n stan t con fin in g  p ressu re  and  the inheren t an iso tropy . I t m akes a 

p o o r p red ic tio n  o f  rad ia l strain  th is m ay reflec t instrum enta tion  erro r 

since the m easured  values o f  radial strains are very sm all. H ow ever, its 

ab ility  to  m odel rea l m ateria l behav io u r is  re la tiv e ly  good  in  o ther 

aspects.

A C K N O W L E D G E M E N T S

T h e  au thors thank  Prof. S F  B row n fo r prov id ing  the  fac ilitie s o f  the 

D epartm ent o f  C ivil E ngineering  a t the  U niversity  o f  N ottingham  and 

the firs t au thor thanks the T urk ish  G overm ent for p roviding h im  w ith a 

scholarship fo r undertaking the study.

1830


