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Laboratory measurements of small strain stiffness of a soft rock 

Mesures en laboratoire de la rigidite de petite tension d’une pierre molle

V.Jovicic, M. R.Coop & J. H.Atkinson -  City University, London, UK

ABSTRACT: T ests  have  been  carried  o u t on  natura l and d es tru c tu red  soft ro ck  at h ig h  p ressu res in  a triax ia l ce ll u sin g  b en d er elem ents 

to determ ine the  sm a ll stra in  shear m o d u lu s G 0. T he resu lts dem o n stra te  that the genera l fram ew o rk  w h ich  re la tes G„ to  the  cu rre n t stress 

and o v erconso lida tion  ra tio  p rev io u sly  estab lish ed  fo r fine g ra ined  soils app lies as w ell fo r  the  so ft ro ck  investiga ted .

RESUM E: D es essa is  on t e te  p o u rsu iv i su r des p ie rre s  m ous n a tu re lles e t decom posees a hou te  p ressions dans une  m ach in e  triax ia l u tilisan t 

"bender e lem en ts"  afin  de d e te rm in er la  rig id ite  de  petite  tension  G0. L es resu lta tes o n t d em o n tre  que  la theo rie  g en era te  re la tive  a  G 0 p a r 

rapport a l ’e ta t ac tuel e t e tab lie  dans le  passe  su r  des so ls de  fins g rav ie rs  est aussi app licab le  su r des p ie rres  m ous e tud iees.

Laboratory M easu rem en ts  o f  Sm all S tra in  S tiffness o f  a S o ft R ock.

1 IN T R O D U C T IO N

The shear m o d u lu s fo r  very  sm all s tra in s , G 0 is now  recogn ised  

as an im portan t p aram e te r . It d efines the  m ax im u m  stiffness fo r 

non-linear s tress-s tra in  b eh av io u r and  it strong ly  in fluences 

calculations o f  g ro u n d  m o v em en ts a ro u n d  en g ineering  structu res. 

Values fo r G 0 m ay  be  d e te rm in ed  in labo ra to ry  and in  situ  tests 

from m easu rem en ts o f  the  velocities o f  shear w aves.

In laborato ry  tests o n  so ils sh e a r  w aves a re  com m only  g enera ted  

and detected usin g  b en d e r e lem en ts (Sh irley  and H am p to n , 1977). 

The techn iques fo r  u se  o f  b en d er e lem en ts in  triax ia l and 

oedom eter tests o n  so ils an d  fo r  in te rp re ta tio n  o f  the  resu lts have 

been w ell estab lish ed  (Jov i6ic e t a l, 1996) and  a re  now  used 

routinely in m any  lab o ra to ries . F o r  tests o n  ro ck s, sh e a r plates 

(Brignoli e t a l . ,  1997) a re  u se d  instead  o f  b en d e r elem ents 

because o f  the  d ifficu lty  in  insta lling  b en d e r elem ents in to  rock  

samples. H o w ev er, th e re  is less coup ling  b e tw een  shear p lates 

and the sam ple  th an  b e tw een  b en d e r e lem en ts and the  sam ple  w ith  

[he consequence th a t sh e ar p la tes  b ecom e ineffec tive  fo r  tests on 

soils and soft rock s.

For fine  g ra in ed  so ils the  re la tio n sh ip  b e tw een  G 0 and  the 

current sta te  o f  the  so il c a n  be  exp ressed  by:

—  -  A (^ -Y  Re"  (1)

P r P r

where p r is a re fe ren ce  p ressu re , u sua lly  tak en  as p r =  lk P a , 

required to  m ake eq u a tio n  (1 ) non -d im ensional: R„ =  p ’y/ p ’ is the 

apparent o v e rco n so lid a tio n  ra tio  w h ere  p ’y is the  stress at the 

intersection o f  the  cu rre n t sw elling  and reco m p ress io n  line w ith  

the norm al co m p ress io n  line: A , n  and  m  a re  m ate ria l param ete rs  

(Viggiani and  A tk in so n , 1995a). F o r  co arse  g ra in ed  soils it is 

difficult to d e te rm in e  a  va lue  fo r  p ’y and  G 0 is com m only  re la ted  

to effective stress and  a fu n c tio n  o f  the  vo ids ratio  (H ard in  and 

Black, 1966).

Tests on  b o n d ed  and u n b o n d ed  sands and  soft rock s have  show n 

that the s treng ths and  stiffnesses o f  these m ateria ls genera lly  

conform to the  overa ll fram ew o rk  es tab lished  fo r fine g ra ined  

soils (C oop and  L ee , 1993; C o o p  and  A tk in so n , 1993). A t h igh  

pressures, sands and  so ft rock s reach  w ell- d efined  norm al 

com pression lines and  it is th en  possib le  to define  the sta te  o f  a 

coarse g rained  soil in  te rm s o f  its ap p aren t overco n so lid a tio n  ratio  

which m easu res the d is tan ce  o f  the  cu rre n t sta te  fro m  the norm al 

com pression line. T o  investiga te  fu rth e r  the sm all s tra in  stiffness

F ig u re  1. In sta lla tio n  o f  b en d e r e lem en t into a sam ple o f  soft 

rock .

o f  sands and soft ro ck s, tests w ere  ca rried  o u t in  the h igh  

p ressu re  triax ia l cell d escrib ed  by  C o o p  and  L ee (1993) fitted  

w ith  b en d er e lem en ts  to  m easu re  G„.

2 E Q U IP M E N T  A N D  T E S T  P R O C E D U R E S .

T ests w ere  ca rr ie d  o u t o n  50m m  d ia. sam ples o f  na tu ra l 

G reensand  and o n  the  sam e m ate ria l a f te r  it had  been  

des tru c tu red . V alues o f  G0 w ere  m easu red  a t con fin ing  p ressu res 

up to 70M P a.

F o r b en d er e lem en t tests on  so ils in a triax ia l o r  o edom eter 

appara tus it is u sua lly  possib le  s im ply  to pu sh  the  b en d er elem ents 

in to  the  top  and  b o tto m  faces o f  the  sam ple  w ith o u t d am age to 

e ither the  b en d e r e lem en ts  o r  the  sam ple . F o r  very  s tif f  so ils and 

soft rocks, how ev er, th is techn ique is no t possib le  and it is 

necessary  to ex cava te  slo ts in  the ends o f  the sam ple  to receive  

the b en d er elem en ts . In  th is case  it is im p o rtan t to  seal the  b ender 

e lem en ts in to  the  slo ts so th a t they  e ffec tive ly  transm it and 

receive  the shear w aves.

T he m ethod  adop ted  fo r the  p resen t tests o n  natu ra l sam ples o f  

G reensand  is illu stra ted  in  F ig u re  1. A fte r the  sam ple  had  been
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tr im m ed  to the  req u ired  size sm all slo ts w ere  cu t in to  each  end  by 

hand . T he slo ts w ere  filled  w ith  a m ix tu re  o f  d es tructu red  

G reensand  and qu ick -se ttin g  epoxy  resin  (A rald ite) and  the b ender 

elem en ts pushed  in to  the  slo t. T h e  b en d er elem ents w ere  lightly  

coated  w ith  s ilicon  g rease  to  fac ilita te  ex trac tio n  a t the end  o f  the 

test. T he m ix tu re  w as m ade fro m  appro x im ate ly  equal p ropo rtio n s 

o f  sand and  epoxy  re s in  by  w eigh t. T he sand w as ob ta ined  from  

the trim m in g s fo rm ed  d u rin g  sam ple  p rep ara tio n . T h is  gave  a 

m ix tu re  w hich  in itia lly  had  the  consistency  o f  a th ick  paste , w hich  

set and cu red  in a few  m in u tes and , w h en  se t, had  a stiffness 

com parab le  to  th a t o f  the  in tac t G reensand .

As w ith  all b en d e r e lem en t tests it is necessary  to u se  a 

transm itted  w av efo rm  and  frequency  w h ich  avo ids the n ear field  

effec t and fo r w h ich  the  rece iv ed  signal is c lea r  ( Jo v iiic  e t a l., 

1996). F o r the  tests o n  G reen san d  the w ave fo rm  used  w as a 

sing le sine w ave pu lse  w ith  a frequency  o f  abo u t 7 .5 k H z . Pu lses 

w ere  transm itted  a t in tervals su ffic ien tly  long to  avoid  

in terference  be tw een  successive  pu lses.

F ig u re  2 show s traces o f  the  tran sm itted  and received  signals 

cop ied  fro m  the o sc illo scope o u tpu t ob ta ined  fro m  a  typical 

bender e lem en t tes t o n  natu ra l G reensand . T h e  travel tim e  o f  

0 .0 6 3 6 m s has been  ob ta in ed  fro m  the firs t deflec tio n s o f  the 

transm itted  and rece iv ed  signa ls . T he traces show n  in F ig u re  2 

are  typ ical o f  those  ob ta ined  fro m  all the tests on  natural 

G reensand . T hey w ere , in all cases, su ffic ien tly  c lea r  fo r 

co nsisten t and accu ra te  m easu rem en ts  o f  sh e a r  w ave velocity  to 

be m ade w ithou t reco u rse  to n u m erica l analyses o f  the signals 

(V igg ian i and A tk in so n , 1995b).

F ig u re  2 . T ran sm itted  and  rece iv ed  b en d e r e lem en t signals 

fro m  a test o n  in tac t G reensand .

3 L A B O R A T O R Y  T E S T S

T he G reensand  used  in  the  tests is a C re taceo u s deposit w h ich  

ou tcrops in  the  W eald  basin  and  to  the  n o rth -w est o f  L ondon . 

T yp ically  it is u n ifo rm ly  g raded  w ith  g ra in  sizes in  the  range

0 .1 m m  to 0 .3 m m . T h e  g ra in s a re  p redo m in an tly  rounded  q uartz  

and the  m atrix  is cem en ted  p rin c ip a lly  by iro n  ox ide . B lock 

sam ples w ere  ob ta in ed  fro m  a q u arry  n ea r  M aidstone  in  K ent and 

they have been  d escrib ed  in  deta il by C ucco v illo  (1995). T he 

u nconfm ed  com p ress iv e  s tren g th  o f  the  natu ra l sam ples w as 

genera lly  about IM P a .

S am ples o f  na tu ra l m ate ria l w ere  p rep ared  fro m  the  b locks by 

carefu l hand trim m in g  in  a so il la the u sin g  a m eta l file: the ends 

w ere  trim m ed  using  a fla t san d p ap er b lock . D estru c tu red  sam ples 

w ere p rep ared  fro m  a b lo ck  sam ple  using  a  ru b b e r pestle  and 

m o rta r  tak ing  care  n o t to d am ag e  the  sand g ra ins. Sam ples fo r 

testing  w ere  th en  m anu fac tu red  by  w et co m paction  and sa tu ra ted  

u n d er a back  p ressu re  u sin g  ca rb o n  d io x id e  flush ing  (L ee , 1991).

4  IN T E R P R E T A T IO N  A N D  D IS C U S S IO N  O F  T H E  RESU LTS

F igure  3 show s d a ta  fo r cyc les  o f  iso trop ic  com p ress io n  and 

sw elling  fo r na tu ra l and  d es tru c tu red  sam ples: the m axim um  

confin ing  p ressu re  reached  in  the  tests w as 7 0 M P a. A t effective 

stresses in excess o f  abo u t 2 M P a the d a ta  from  the test on  the 

destru c tu red  sam ple  d e fin e  a linear no rm al co m p ress io n  line with 

g rad ien t X =  0 .1 6 . A t these  h ig h  effec tiv e  stresses the m echanism  

o f  com p ress io n  is due  p redo m in an tly  to  frac tu re  and crush ing  of 

the g ra in s (C oop  and  L ee , 1993). A long  A B  the sam ple  is defined 

as com pacted  because  it has no t y e t reached  the  norm al 

com p ress io n  line w h ile  a long  C D E  and F G  the  sam ple  has been 

com pressed  and  sw elled . T h e  im p o rtan t d iffe ren ce  b etw een  a 

com pacted  sam ple  and  a co m pressed  and  sw elled  sam ple  is that 

the fo rm er has n ev er reached  the  no rm al com p ress io n  line.

F ig u re  4  show s values o f  G„ ob ta ined  fro m  the b en d er elem ent 

m easu rem en ts a t the sta tes show n  in F ig u re  3 p lo tted  against the 

e ffec tive  stress, bo th  p lo tted  to logarith m ic  scales. T he points 

m arked  A  to G  co rre sp o n d  to the  po in ts m arked  in  F ig u re  3.

T he stiffnesses o f  the  d es tru c tu red  sam ple  vary  w ith  effective 

stress and specific  vo lum e. F o r  sta tes w hen  the  sam ple  w as near 

the no rm al co m p ress io n  line (B C E F  in  F ig u re  3) the  relationship 

betw een  log G 0 and  log p ’ in  F ig u re  4  is linear and  is g iven  by 

equation  (1) w ith  A  =  4 0 0 0  and  n  =  0 .5 9 .

F o r  sta tes w h ich  are  n o t no rm ally  conso lid a ted , such  as AB, 

C D E  and F G  the  re la tio n sh ip s b e tw een  log G 0 and  log p ’ are  also 

nearly  linear b u t w ith  sligh tly  d iffe ren t g rad ien ts  and , in general, 

the sm all s tra in  stiffness a t these sta tes is a  little  la rg e r  than  at 

co rre sp o n d in g  no rm ally  co nso lida ted  sta tes a t the  sam e effective 

stress. T h e  d iffe ren ces  b e tw een  stiffnesses a t norm ally 

conso lida ted  and  o v e rco n so lid a ted  sta tes in F ig u re  4  are  n o t great 

and clo se  in sp ec tio n  is req u ired  to no tice  th a t the g rad ien t along 

AB in F ig u re  4  is a little  d iffe ren t to  the  g rad ien t along  BC.

A lso  show n  in  F ig u re  4  are  the  sm all s tra in  stiffnesses G 0 o f  the 

natu ra l sam ple . A t e ffec tiv e  s tresses u p  to abou t 5 M P a the small 

s tra in  stiffness G 0 is n early  independen t o f  the e ffec tive  stress 

ind icating  th a t the  stiffness is co n tro lled  by  the  bonding . At 

effec tive  stresses ab ove abo u t 5 M P a the  stiffness increases slowly 

w ith  e ffec tive  stress. A t very  h ig h  effec tiv e  stresses indeed , the 

stiffness o f  n a tu ra l sam ples m ig h t ap p ro ach  the  stiffness of 

des tru c tu red  sam ples as increasin g  effec tiv e  stress and continuing 

vo lum etric  s tra in  d es tru c tu re s  the  n a tu ra l m ateria l.

F igu re  3. Iso tro p ic  co m p ress io n  and sw elling  o f  na tu ra l and 

des tru c tu red  G reensand .
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Figure 4 . S m all s tra in  stiffness o f  iso trop ica lly  com pressed  

natural and d es tru c tu red  G reensand .

F igure 5(a) show s th e  v a ria tio n  o f  sm all s tra in  stiffness o f  

G reensand w ith  e ffe c tiv e  stress no rm alised  w ith  respec t to  the 

equivalent p ressu re  p ’c and G 0 n o rm alised  by d iv id in g  by G 0(nc) 

which is the stiffness o f  a  no rm ally  conso lida ted  sam ple a t the 

same effec tive  stress. T h e  eq u iv a len t p ressu re  p ’e is the p ressu re  

on the norm al co m p ress io n  line  a t the sam e specific  vo lum e. T he 

value o f  p 7 p ’c describ es the  d istance  o f  the  cu rre n t sta te  fro m  the 

normal co m p ress io n  line and , since the  g rad ien ts o f  the sw elling  

and recom p ress io n  lines in  F ig u re  4  are  re la tive ly  sha llow , it is 

approxim ately eq u a l to  the  rec ip ro ca l o f  the  apparen t 

overconsolidation  ra tio . T h e  data  in  F ig u re  5(a) are  fo r bo th  

natural sam ples and  fo r  d es tru c tu red  sam ples w hich  have reached  

their cu rren t sta tes e ith e r  by  co m p ac tio n  o r by com p ress io n  and 

swelling.

The data in  F ig u re  5 (a) show  th a t all sam ples are  approach ing  

the sam e sta te  fo r  no rm ally  co m pressed  sam ples w here  G„ =  

G0(nc) w hen  p ’ =  p ’e. A t o th e r  sta tes, how ev er, the stiffnesses o f  

the natural sam ples a re  con sid erab ly  g rea te r  th an  the stiffnesses 

of d estructu red  sam ples. T h e  stiffnesses o f  the  com pacted  

destructured  sam ples a re  a little  sm a lle r th an  the  stiffnesses o f  the 

com pressed and sw elled  d es tru c tu red  sam ples at the  sam e state . 

The h igher s tiffnesses o f  the  natu ra l sam ple  can  be  a ttrib u ted  to 

bonding. T h e  red u c tio n  o f  G 0/G 0(nc) fo r the natu ra l sam ple is due 

more to an  increase  in  G 0(nc) w ith  increasing  e ffec tive  stress than  

to the sm all ch anges o f  G0 sh o w n  in  F ig u re  4.

F igure  5 (b) show s the  sam e d a ta  as in F ig u re  5 (a) rep lo tted  as 

p V p ’ w hich  is app ro x im ate ly  the  sam e as the o v erconso lida tion  

ratio R„. T h is  d em o n stra tes  th a t G 0 increases w ith  the  logarithm  

of o v erconso lida tion  ra tio  as g iv en  by eq u a tio n  (1 ). F ro m  the 

gradients o f  the lines the  p a ram e te r  m  in  eq u a tio n  ( 1) is 0 .6 1  fo r 

natural G reensand , 0 .0 9  fo r d es tru c tu red , com pressed  and sw elled  

samples and 0 .0 4  fo r  d es tru c tu red  and com pacted  sam ples.

The data  show n  in F ig u re s  4  and  5 dem o n stra te  that the sm all 

strain shear m odu lus G 0 fo r  na tu ra l and des tru c tu red  G reensand  

is related to the  sta te  and  h isto ry  by the  sam e eq u a tio n  ( 1) w hich  

was found by  V ig g ian i and  A tk inson  (1995a) fo r fine g rained  

soils. T ab le  1 su m m arise s the  values fo r the p aram eters  in 

equation (1) fo r  G reen san d  and fo r the  so ils tested  by V igg ian i 

and A tk inson  (1995a).
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F ig u re  5. S m all s tra in  stiffness o f  iso trop ically  com pressed  

natu ra l and  d es tru c tu red  G reensand .

G enera lly  the  valu e  o f  A  is sm allest fo r p lastic  clays and 

increases w ith  p las tic ity  and  w ith  increasing  g ra in  size. T he value 

A  =  40 0 0  fo r d es tru c tu red  G reensand  is the largest reco rded . 

T he value o f  the  ex p o n en t n  reduces w ith  d ecreasing  p las tic ity  o f  

fine  g ra ined  soils and  w ith  increasing  g ra in  size in coarse  g ra ined  

soils. T he value n  =  0 .5 9  fo r  G reensand  is the sm allest reco rded . 

T he value o f  the exp o n en t m  w h ich  describes the increase o f  G 0 

w ith  overco n so lid a tio n  is m o re  variab le . F o r reconstitu ted  fine 

and m edium  g ra in ed  soils the value o f  m  is consisten tly  about

0 .2 . F o r  na tu ra l G reensand  m  =  0 .61  w hile  fo r d es tructu red  

G reensand  m  <  0 .1 .

W ith  =  p ’y/ p ’ eq u a tio n  ( 1) becom es:

—  - A(— )“(—)“
(2)

P r Pr P '

F o r a se t o f  sta tes o n  a  p a rticu la r  sw elling  and recom p ress io n  line 

the value  o f  p ’y rem ain s a  constan t. F o r  the natura l sam ple  G„ 

w as found to  be app ro x im ate ly  constan t, as show n in F ig u re  4 , 

and hence , fo r na tu ra l G reensand  n  =  m  as found . T h is resu lt 

d em onstra tes th a t eq u a tio n  ( 1) is su ffic ien t to  d escribe  the 

varia tio n  o f  G 0 w ith  sta te  w ith o u t add ing  a  function  o f  specific  

vo lum e.
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T able  1: V alues o f  th e  p aram e te rs  in  eq u a tio n  (1) fo r 

G reensand  and o th e r so ils.

A n m

G reensand:

d estructu red  and co m pressed 4000 0 .5 9 0 .0 9

d estructu red  and com pacted 0 .0 4

natural 0.61

Slate dust 2500 0 .7 2 0.21

K aolin  clay 2000 0 .6 5 0 .1 9

F ucino  C lay 500 0 .8 4

L ondon  C lay 40 0 0 .7 5 0 .2 4

V igg ian i, G . and A tk in so n , J .H . (1995a). S tiffness o f  fine-grained 

soils at very  sm all stra in s. G eo techn ique 4 5 :2 , pp. 249-265 . 

V igg ian i, G . and A tk in so n , J .H . (1995b). In te rp re ta tio n  o f  bender 

e lem en t tests. G eo tech n iq u e  4 5 :1 , pp. 149-154.

C O N C L U S IO N S

1. M easu rem en ts o f  G„ have  been  m ade successfu lly  o n  sam ples 

o f  so ft ro ck  usin g  b en d e r e lem en ts in a triax ia l ce ll w ith  confin ing  

p ressu res up  to 7 0 M P a  and  a t overco n so lid a tio n  ra tios u p  to 500.

2 . T he stiffness o f  na tu ra l G reensand  is la rg er th an  that o f  a 

d es tructu red  sam ple  a t the sam e e ffec tive  stress. T he d iffe ren ce  

can  be a ttrib u ted  to  bo n d in g  in  the  natura l sam ple .

3. T he re la tionsh ips b e tw een  G 0, stress and  o v erconso lida tion  

p rev iously  estab lish ed  fo r u n b o n d ed  fine g ra in ed  soils w ere  found 

to apply  also  fo r  bo th  the  n a tu ra l and  the  d es tru c tu red  G reensand  

sam ples tested .

4. T he analyses w h ich  reveal the sim ilarities b e tw een  the 

behav io u r o f  the b onded  and  unbo n d ed  m ateria ls requ ire  tests on  

sam ples w ith  sta tes o n  the no rm al co m p ress io n  line. F o r  coarse  

g ra ined  soils th is u sua lly  req u ires  tests to  be  ca rried  o u t at h igh  

confin ing  p ressu res.
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