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S Y N O P S IS

Her ei n an exact  sol ut i on i s der i ved f or  oedomet er  consol i dat i on under  a var i et y  of  cont i nuous 
l oadi ng pr ocedur es.  Thi s l ead t o s i mpl e f or mul as f or  i nt er pr et at i on of  r equi r ed def or mat i on par a­
met er s and pr econsol i dat i on pr essur e.

A r api d t est  pr ocedur e has been i nt r oduced,  s i mpl y cal l ed t he CL- t est  ( cont i nuous l oadi ng) . A 
t ai l or - made appar at us f or  CL- t est i ng has been devel oped.  A mi ni comput er  cont r ol s  t he r at i o bet ween 
por e pr essur e and t ot al  pr essur e,  i n such a manner  t hat  t hi s r at i o can be kept  at  a max i mum 
al l owabl e l evel ,  f or  whi ch t he t ot al  t est i ng t i me becomes mi ni mum.  Dat a acqui s i t i on,  i nt er pr et at i on 
and pl ot t i ng of  r esul t s  ar e comput er i zed.

Typi cal  r esul t s of  CL- t est s ar e pr esent ed and di scussed i n some det ai l .  I n addi t i on,  t he r esul t s 
of  sever al  t est  ser i es us i ng di f f er ent  r at i o of  l oadi ng i s pr esent ed and compar ed wi t h mor e con­
vent i onal  t est  pr ocedur es.  Par t i cul ar  i mphasi ze i s gi ven t o t he det er mi nat i on of  t he pr econsol i ­
dat i on pr essur e and def or mat i on par amet er s.

I N T R O D U C T I O N

Cont i nuous l oadi ng consol i dat i on t est s ( CL)  
of f er  sever al  advant ages over  convent i onal  i n­
c r ement al  l oad t est s ( I L) . Fi r s t  of  al l  t he 
t ot al  t i me r equi r ed f or  a CL- t est  i s cons i der ­
abl y r educed.  Secondl y,  r esul t s can be pr esent ed 
di r ect l y  as cont i nuous s t r ess- s t r ai n cur ves i n 
ar i t hmet i c  pl ot s,  whi ch enabl e a st r ai ght  f or ­
war d i nt er pr et at i on.  The smoot h l oadi ng pr oce­
dur e i s al so f avour abl e f r om t he v i ewpoi nt  of  
r educed sampl e di st ur bance.

Over  t he l ast  decade a number  of  cont i nuous l oad­
i ng pr ocedur es have been devel oped f or  oedomet er  
t est i ng,  such as const ant  r at e of  st r ai n ( CRS) , 
const ant  r at e of  l oadi ng and cont r ol l ed gr adi ent .  
Per haps t he CRS- t est  i s so f ar  t he most  wel l -  
known of  t he t hr ee.

I n a pi oneer  t est  ser i es Cr awf or d ( 1964)  used 
cont i nuous l oadi ng i n whi ch t he r at e of  l oadi ng 
was kept  smal l  enough t o j ust i f y t he negl ect i on 
of  t he por e wat er  pr essur e.  Thus,  t he ef f ect i ve 
st r ess ver sus st r ai n was r eadi l y  obt ai ned.  
Al t hough Cr awf or d r egi s t er ed t he por e pr essur e 
i n hi s sampl es , compr ess i bi l i t y  and per meabi l i t y  
wer e not  det er mi ned,  pr esumabl y due t o t he l ack 
of  i nt er pr et at i on f or mul as.

Smi t h and Wahl s  ( 1969)  devel oped appr oxi mat e 
i nt er pr et at i on f or mul as f or  CRS- t est s based on 
t he obser ved por e wat er  pr essur e at  t he i mper ­
v i ous sampl e base,  and an assumed por e pr essur e 
di s t r i but i on t hr oughout  t he sampl e.  The por e 
pr essur e at  t he sampl e base was up t o 50% of  t he 
appl i ed t ot al  axi al  st r ess,  t hus per mi t t i ng f ast  
t es t s .

Lowe et .  al .  ( 1969)  i nt r oduced t he cont r ol l ed 
gr adi ent  consol i dat i on t est  i n whi ch t he r at e 
of  def or mat i on i s cont i nuous l y  adj ust ed t o keep 
t he base por e pr essur e const ant .  For  such con­
di t i ons ver y s i mpl e i nt er pr et at i on f or mul as 
wer e der i ved.

Wi ssa et .  al .  ( 1971)  el abor at ed f ur t her  on t he 
CRS- t est ,  exami ni ng t he t r ans i ent  per i od i n 
whi ch t he base por e pr essur e i s adj ust i ng i t sel f  
t o i mposed r at e of  def or mat i on.

Aboshi  et .  al .  ( 1970)  per f or med t est s under  
const ant  r at e of  l oadi ng and der i ved t he ade­
quat e i nt er pr et at i on f or mul as.

I n or der  t o opt i mi ze t he cont i nuous l oadi ng 
pr ocedur es i t  i s necessar y  t o abandon t he r e­
s t r i c t i ons i mposed by ei t her  of  t he af or emen­
t i oned pr ocedur es.  Her ei n,  i t  i s shown t hat  
t hi s can be achi eved af t er  der i v i ng accur at e 
sol ut i ons f or  t he i nt er pr et at i on of  t he cont i n­
uous col i dat i on pr obl em,  i ndependent  of  t he 
t ype of  cont i nuous l oadi ng pr ocedur e whi ch i s 
appl i ed.

The i nf l uence of  t he r at e of  l oadi ng on t he pr e­
consol i dat i on pr essur e i s a quest i on of  v i t al  
i mpor t ance i n CL- t est i ng.  Ear l y  t est s by 
Cr awf or d ( 1964)  r eveal ed subst ant i al  i ncr ease 
i n pc ' wi t h i ncr eased r at e of  l oadi ng.  Less

s i gni f i cant  ef f ect s wer e obser ved i n a number  of  
I L- t est s by Senneset  ( 1978) ,  and i n I L-  and CL-  
t est s by Ludv i gsen ( 1978)  and Senneset  and 
Ludv i gsen ( 1979) .

The ext ens i ve wor k  by Bj er r um ( 1967,  1972)  on 
t he nat ur e of  secondar y  consol i dat i on and i t s
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dependence of  st r ess hi st or y,  i ndi cat es t hat  
pc ' shoul d not  be cons i der ed as a s i ngl e val ue,

but  r at her  as a st r ess r ange over  whi ch t he r at e 
of  secondar y consol i dat i on gr adual l y  i ncr eases.  
The r easons behi nd t hi s obser vat i on wi l l  be 
di scussed i n v i ew of  t he r esul t s obt ai ned her ei n.

TH E NEW E Q U IP M E N T

A r at i onal  use of  t he advant ages of  cont i nuous 
l oadi ng pr ocedur es r equi r es such sophi s t i cat ed 
equi pment  as a l oggi ng devi ces,  a comput er ,  
t r ansducer s,  and pl ot t i ng uni t s.

Fi g.  1 i s a gener al  v i ew of  our  new oedomet er  
equi pment  f or  CL- t est i ng.  The oedomet er  sampl e 
i s of  s t andar d si ze ( ar ea 20 c m2, hei ght  2 cm)  
and i s conf i ned by a st eel  r i ng and a por ous,  
s i nt er ed br onze di sc at  t he t op.  The base i s 
i mper vi ous,  but  cont ai ns a smal l  por ous f i l t er -  
s t one wi t h a por e pr essur e t r ansducer  beneat h i t .  
The oedomet er  i s pl aced i n a r i g cont ai ni ng an 
el ec t r omechani cal  pr ess and t r ansducer s t o 
r ecor d ver t i cal  l oad,  di spl acement  and por e 
pr es s ur e.

The phot o al so gi ve t he l ayout  of  t he cont r ol  
uni t  box.  Thi s uni t  can moni t or  t he f ol l owi ng 
r ecor di ngs:  Def or mat i on of  sampl e,  l oad,  por e 
pr essur e and r at e of  def or mat i on,  al l  i n engi ­
neer i ng uni t s.  The cont r ol  uni t  i s equi pped f or  
di r ect  connect i on t o a Hewl et t  Packar d mi ni com­
put er  ( HP 1000) .  The comput er  has t he abi l i t y  
t o do measur ement s  over  a wi de r ange,  t o scal e 
and l i near i ze s i gnal s and t o st or e t he dat a i n 
spec i f i ed dat a f i l es.  The dat af i l es  may be 
pr ocessed dur i ng or  af t er  t he t est  t o pr oduce 
t est  r esul t  di agr ams on t he x- y pl ot t er  ( or  at  
a s c r een) , and ar r ange t est  r esul t  t abl es on t he 
pr i nt er ,  wi t hout  af f ect i ng t he hi gh pr i or i t y  
pr ogr ams r unni ng t owar ds ongoi ng t est s f or  
pr ocess cont r ol  and dat a acqui si t i on.

A br i ef  descr i pt i on of  t he oedomet er  equi pment  
wi t h some spes i f i cat i ons i s gi ven bel ow:

• The pr ess uni t  and t he r i g ar e des i gned f or  
sampl es wi t h di f f er ent  si ze.

• The DC- mot or  and t he gear  al l ow a r ange i n 
ver t i cal  movement  f r om 0. 0022 mm/ mi n t o
0. 18 mm/ mi n.

• The LVDT- t r ansducer  f or  measur ement  of  de ­
f or mat i on has a capac i t y  of  ± 5 mm.  The 
t r ansducer  f or  por e pr essur e has a measur i ng 
r ange of  0- 103 kPa.  The f or ce t r ansducer  i s 
easy t o shi f t  t o keep a pr oper  measur i ng 
r ange sui t ed f or  t he t ype of  soi l .  Max.  
l oad capaci t y  i s 20 kN.  The pr esent  t r ans ­
ducer  has a r ange of  0 -  2. 5 kN.

• The cont r ol  uni t  scal e and moni t or  t he 
measur ed val ues i n engi neer i ng uni t s,  and 
i s abl e t o st op t he t est  when pr eset  
l i mi t at i ons ar e r eached ( max.  l oad or  max 
def or mat i on) .

• The ( f al se)  def or mat i ons i s t he r i g and 
ot her  par t s of  t he oedomet er ,  i s cor r ect ed 
f or  i n t he comput er  pr ogr am.

The comput er  car r i es out  al l  i nt er pr et at i ons of  
t he t est s and pr oduces t he r equi r ed di agr ams.

T H E O R Y  FOR C L - T E S T  I N T E R P R E T A T I O N

I t  wi l l  be shown her ei n t hat  a s i ngl e set  of  
f or mul as can be used f or  i nt er pr et i on of  al l  
t he avai l abl e CL- t es t  pr ocedur es.  Thus,  t hi s 
set  of  f or mul as r epr esent  a gener al  synt hesi s  
of  al l  CL- pr ocedur es . Hence t he speci f i c  
r est r i c t i ons i mposed by each seper at e pr ocedur e 
ar e over come.

Dur i ng CL- t est s t he f ol l owi ng dat a ar e r ecor ded 
cont i nuousl y,  see Fi g.  2.

q = appl i ed l oad ( ver t i cal )
6 = sampl e compr ess i on
u^  = por e pr essur e at  i mper v i ous base.

Fi g.  1 .

A new oedomet er  f or  

cont i nuous  Loadi ng.
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Hence,  t he t i me der i vat i ves of  t hese quant i t i es  
ar e al so known,  and st or ed i n t he dat a acqui s i ­
t i on syst em.  These der i vat i ves ar e denot ed q,

6 and u^,  r espect i vel y.

Load q

f or  a = ■=. Mor eover ,  one f i nds t hat

l i m f (5,  X)  = 1 -  52 ( 5a)

X+0

l i m f  ( 5, X) = 1,  except  f or  5 = 1 ( 5b)

X- l

Thi s means t hat  t he second degr ee par abol a i s a 
r i gor ous sol ut i on f or  X = 0,  as has al r eady been 
known f or  some t i me.  The appr omaxi mat e sol ut i on 
obt ai ned by Tokhei m and J anbu( 1976)  i s f ul l y 
cover ed by t he f ol l owi ng por e pr essur e f unct i on

f ( 5, X)  = 1 - 5 "

_ _ 4( 3 -  2X) 
n ---- 6 -  5X

(7)

(8)

I t  i s seen t hat  n = 2 f or  X = 0 exact  whi l e n = 4 
f or  X = 1.  The l i mi t i ng par abol a (n = 4)  f or  
X = 1 i s dot t ed i n Fi g.  3.  f or  compar i son.

When t hese dat a ar e known,  one can use t he de­
f i ni ng equat i ons f or  t angent  modul us ( M) , per ­
meabi l i t y  (k)  and coef f i c i ent  of  consol i dat i on 
( cv ) t o ar r i ve at  t he f ol l owi ng i nt er pr et at i on

f or mul i  ( see Appendi x ) :

k = a

gH

k 2ub

a &  
c 2uK

(1)

(2)

(3)

wher ei n H = i ni t i al  sampl e hei ght ,  and y w  = gpw 
= uni t  wei ght  of  wat er .

The di mensi onl ess a-  coef f i c i ent s  ar e al l  f unc ­
t i ons of  t he r at i o bet ween and q,  denot ed X

ub 

% dq
(4)

Thi s por e pr essur e- l oad r at i o ( PLL- r at i o)  wi l l  
al ways r ange bet ween 0 and 1. 0.  I n an oedomet er  
t he condi t i on X = 0 cover s a f ul l y  dr ai ned con­
di t i on,  ei t her  due t o suf f i c i ent l y  s l ow l oadi ng 
or  suf f i c i ent l y  hi gh per meabi l i t y ,  whi l e X = 1 
f or  a f ul l y  undr ai ned and no vol ume- change con­
di t i on.  The secr et  of  successf ul  CL- t est s,  and 
t he pot ent i al i t y  f or  r eachi ng opt i mal  ef f i c i ency 
and economy wi t h CL- t est s,  i s t o be f ound i n 
under s t andi ng t he r ol e of  X i n t he subsequent  
t heor y .

To ar r i ve at  t he ot - coef  f i c i ent s , i t  i s necessar y 
t o obt ai n t he por e pr essur e di s t r i but i on over  t he 
sampl e hei ght ,  Fi g.  2.  I n t he Appendi x  i t  i s 
shown t hat  f or  X = const ant  dur i ng a CL- t est  ( or  
por t i on of  i t )  a r i gor ous sol ut i on of  t he di f f e ­
r ent i al  equat i on l eads t o t he f ol l owi ng por e 
pr essur e di s t r i but i on,  i n di mensi onl ess t er ms,  
when

f  (£ t X) = u/ ub

,  , r . . _ cosh a -  cosh a g 
' cosh a -  1

wher e
( 1- X)  cosh a

(5)

(6)

Thi s numer i cal  sol ut i on i s i l l us t r at ed i n Fi g.  3.  
One shoul d not e t hat  X = 0 f or  a = 0 and X = 1

Pore pressure function f ( £ , A )  >

Fi g. 3.  Di s t r i but i on of  excess por e pr essur e

acr oss  sampl e.  Exact  and appr ox i mat e val ue.

Wi t h f ( £, X)  known one can obt ai n t he i nt er pr e­
t at i on coef f i c i ent s  a as f ol l ows,  see Appendi x

= 1 -  X/ f ( 5, X) d£

ak = -  2 / f 1( 1, X)

“ c = “ MQk

(9)

( 1 0 )

( 1 1 )

Usi ng t he exact  sol ut i on,  Eqs.  (5)  and (6)  
get s

“ M = 

“ k = 

=

t anh a 
a

2 ( cosh a -  1) 
a si nh a

2 ( cosh a -  1)

( 1 2 )

( 13)

( 14)
c a2cosh a 

Usi ng t he est abl i shed f or mul a (1 -  X)  cosha
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al l  a- coef f i c i ent s  ar e cal cul at ed as f unct i ons of  
X,  and t he r esul t  i s shown i n Fi g.  3.

Ef f ek t i ve ver t i cal  s t r ess  o'  or  p' ( kPa)

Por e pressure -  l oad rat i o A —►

Fi g. 4.  Par amet er  coef f i c i ent s  a ver sus  

PPL- r at i o,  X.

Wi t h t he appr ox i mat e sol ut i on,  Eqs.  (7)  and ( 8) ,  
one al so obt ai ns t he appr ox i mat e a- val ues by Eqs  
(9)  — ( 11) .  These val ues ar e dot t ed i n Fi g.  4.
For  al l  pr act i cal  pur poses t he r i gor ous and 
appr ox i mat e sol ut i ons ar e equal  up t o X -  0. 8,  
i . e.  wi t hi n t he ent i r e appl i cabl e X- r ange.

TYPI CAL TEST RESULTS

So f ar  a l ar ge number  of  CL- t est s wi t h X = con­
s t ant  has been car r i ed out  on di f f er ent  t ypes of  
cl ay,  see eg.  Ludv i gsen ( 1978) .

The mos t  r esent  CL- t est  ser i es wer e per f or med on 
Ri svol l an Cl ay,  whi ch i s char ac t er i zed i n br oad 
t er ms by t he f ol l owi ng dat a:

w = 39- 49% ( 45%)

% < 2y = 45- 55% ( 49%)  

y = 18 k N/ m3

1 2 %±wL- wp

s = 4u

Sensi t i v i t y  = 10±

su = 40 kPai

wher e t he aver age val ues ar e gi ven i n par ent hesi s.  
I t  i s an over consol i dat ed cl ay wi t h a r el at i vel y  
l ar ge scat t er  i n wat er  cont ent  and undr ai ned 
st r engt h,  and i t  i s l ayer ed.

For  X = 0. 3 t he comput er  r esul t s of  t wo CL- t est s 
ar e cont ai ned i n Fi g.  5,  i n wi ch e,  M,  cv , and 5 
ar e al l  shown ver sus ef f ect i ve ver t i cal  st r ess rf 
or  p 1. The f ol l owi ng t r end i s qui t e cl ear :  The 
pr econsol i dat i on pr essur e pc 1 i s wel l  i dent i f i ed 
i n al l  f our  di agr ams t o be about  250 kPa,  aa c om­
par ed t o t he pr esent  over bur den of  p 1 = 105 kPa.  
Mor eover ,  t he gr adual l y  i ncr eas i ng st r uct ur al  
br eakdown bet ween p 0’ and pc ' i s r emar kabl y  
c l ear  i n bot h r es i s t ance pl ot s,  M- g'  and cv - a ' .
I t  i s al so ver y i nt er est i ng t o not e t he pr o ­

Fi g. 5.  Test  r esul t s  of  CL- t es t  No. 4 and 5 
on Ri s vol l an Cl ay  wi t h X=0 . 3.

nounced changes i n def or mat i on r at e 6 r equi r ed 
t o keep X = 0. 3 = const ant .

The r esul t s  of  al l  12 t est s on Ri svol l an Cl ay ar e 
pl ot t ed t oget her  i n Fi g.  6.  The X- val ue var i ed 
bet ween 0. 2 and 0. 5,  and f or  each X t hr ee t est s 
wer e conduct ed.  I t  i s al most  sur pr i s i ng t o ob­
ser ve t he smal l  scat t er  i n 0 , M and cv cons i der ­
i ng t he l ar ge var i at i on i n appl i ed X and t he sub­
s t ant i al  di f f er ences i n wat er  cont ent  bet ween 
t he i ndi v i dual  sampl es.

Fi g.  7 cont ai ns a compar i son bet ween t wo CRS-  
t est s on Ri svol l an Cl ay,  wher e t he t wo speeds 
appl i ed ar e 0. 6% ver sus 6% per  hour .  Br oadl y
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speak i ng t he M and cv var i at i ons ar e not  af f ect ed 
by t he speed,  and appar ent l y  t he l ar gest  speed 
i s easi er  t o handl e and of  cour se qui cker  and 
l ess expensi ve.  Even at  6% per  hour  t he excess 
por e pr essur e i s smal l  (A < 0. 1) .

F A C T O R S  OF I N F L U E N C E

Each t est  has been i nt er pr et ed f or  modul us num­
ber s (m)  and pr econsol i dat i on pr essur es ( pc ' )

and t hese vi t al  dat a ar e pl ot t ed ver sus t he por e

pr essur e r at i os X i n Fi gs . 8 and 9.

Fi g.  8 cont ai ns t he 12 CL- r esul t s  f r om t he Ri s-  
vol l an Cl ay t oget her  wi t h t wo CRS- t est s at  
J = 0. 6,  and 6% per  hour .  I t  i s seen t hat  m 
t ends t o descr ease wi t h i ncr eas i ng X whi l e pc '

appear s t o i ncr ease s l i ght l y  wi t h i ncr easi ng X.
As f ar  as t he absol ut e val ue of  M i s concer ned 
t hese ar e t wo compensat i ng ef f ect s ( t he one ki l l s 
t he ot her ) . For  t he t wo CRS- t est s t he t endency 
i s seemi ngl y  r ever sed.

Ef f ec t i ve ver t i cal  s t r ess a ' or  p' ( kPa)

Fi g. 6 . Test  r esul t s  of  12 CL- t es t s  on 

Ri s vol l an Cl ay wi t h X=cons t ant  

Range A=0. 20- 0. 50.

Fi g. 7.  Test  r esul t s  of  2 CRS- t es t s  on

Ri s vol l an Cl ay wi t h £=6 . 0 % pr.  hour ( 1 ) 
and 0 . 6 % pr  hour  ( 2 ) .
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Fi g. 8 . Summar y  of  t est  r esul t s  f or  t he 

Ri s vol l an Cl ay.
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•  CL- t es t s  

■ CRS- t es t s

0 0 

Por epr es sur e r

•5 1 . 

a t  i o , X '*■

*  J  #  *
M ..

*
Range of  
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Fi g. 9.  Summar y  of  t est  r esul t s  f or  t he 

Eber g Cl ay.

I t  i s of  par t i cul ar  i nt er est  t o not e t hat  even 
t he r at e of  def or mat i on of  6% per  hour  cor r e­
sponds t o a l ow val ue of  X < 0. 15,  even t hough 
i t  i s a r el at i vel y  f at ,  i mper vi ous cl ay,  wi t h 
ca.  50% c l ay f r act i on.

I n Fi g.  9 ar e pl ot t ed t he r esul t s of  a ser i es of  
CL- t est s on Eber g Cl ay,  t oget her  wi t h a f ew CRS-  
t est s and t he r ange of  val ues obt ai ned by di f f e­
r ent  I L- t est s.

Thi s f i gur e i ndi cat e al most  const ant  m and pc 1

wi t h X,  al t hough t her e i s a ver y s l i ght  i ndi ca-  
of  a s i mi l ar  t r end as i n Fi g.  8.  The cl ay i s 
al most  nor mal l y  consol i dat ed,  i e.  PC' ~P0 ' .

I t  i s of  par t i cul ar  i nt er est  t o obser ve t he cl ose 
coher ence obt ai ned f or  al l  t he t hr ee t ypes of  
t est s.  The di f f er ences ar e act ual l y  t oo smal l  
t o war r ent  any r el at i ve eval uat i on.  Hence,  t he 
choi ce of  t est  t ype may be a quest i on of  con­
veni ence and economy.  The l at t er  i s hi ghl y  de­
pendent  on t i me.

The t est  dur at i on i s pl ot t ed ver sus X i n Fi g.  10 
f or  al l  t he t est s on t he Ri svol l an and t he Eber g 
cl ay.  The f i gur e shows t he f ol l owi ng gener al  
t r end:

I n t he over consol i dat ed Ri svol l an c l ay t he t est ­
i ng t i me i s r oughl y hal f  of  t hat  of  t he nor mal l y  
consol i dat ed Eber g cl ay,  and f or  X = 0. 35- 0. 60,  
t he f ul l  t est i ng t i me i s l ess t han 1 hour  f or

F i g . 10.  Su mma r y  of  t es t  d u r a t i o n
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t he OC- cl ay,  and l ess t han 2h hour s f or  t he NC-  
cl ay.  I n cont r ast ,  t he CRS- t est s l ast ed f r om 
9 t o 40 hour s.  I t  shoul d be not ed,  however ,  
t hat  i n our  opi ni on t he t endency t oday i s t o use 
much t oo s l ow def or mat i on r at es i n t he t ent at i ve 
st andar ds of  CRS- t est s.  I n mos t  cl ays a r at e 
of  5*  t o 10% per  hour  shoul d be accept abl e.  An 
except i on may be t he hi gh- pl as t i c  c l ays wi t h 
w > 100% i n whi ch case one may have t o use about  
1% t o 2% per  hour .

Fi g.  11 i s an i deal i zed M- a ' cur ve f or  i n t act  
OC- cl ays,  based on t he st at i s t i cal  aver age of  
Fi g.  6:  Dur i ng r el oadi ng i n an oedomet er  M 
i ncr eases up t o i n s i t u over bur den p 0 ' , wher e ­
af t er  i t  st ays f ai r l y const ant  ( at  MQC) . Then

i t  decr eases,  due t o st r uct ur al  br eakdown whi ch 
cont i nues unt i l  t he pr econsol i dat i on pr essur e 
pc ' i s r eached.  Ther eaf t er ,  i n t he nor mal l y  
consol i dat ed r ange,  M i ncr eases l i near l y  wi t h 
a' ,  and i t  of t en poi nt s backwar ds t o p 0 ' as t he 
new v i r gi n or i gi n.

The st r ess r ange Aa'  over  whi ch t he st r uct ur al  
br eakdown t akes pl ace var i es wi t h t ype of  soi l  
and t est i ng pr ocedur e.  I t  i s a ver y i mpor t ant  
f i el d f or  f ur t her  r esear ch.

The val ue of  Moc = moc (p ' +a)  wher e a = at t r ac ­

t i on ( 20 t o 50% of  Ape'  = Pc' - Po' )  r ef l ect s  t he

r esi dual ,  i sot r opi c i n si t u st r ess i nduced by 
Apc ' .  The val ue of  moc l i es of t en i n t he 
r ange of  30- 60 f or  Nor wegi an cl ays.

The mos t  pl easant  f i ndi ng so f ar  seems t o be 
how l i t t l e pc ' i s i nf l uenced by var i at i ons i n 
CL- t est i ng t echni ques,  even t hough t he gener al  
t r end appear s t o be i ncr eased pc ' wi t h i ncr eased

6, espec i al l y  f or  X > 0. 35.

Fi g . 11.  I dea l i z ed  M- a ' c u r v e  f or  OC- c l ay .

SUMMARY

Over  t he l ast  10 year s CL- t est i ng of  di f f er ent  
t ypes i s s l owl y bei ng i mpl ement ed i n var i ous 
par t s of  t he wor l d.  Cons i der i ng t he l ar ge po­
t ent i al  gai ns at  st ake,  i t  i s sur pr i s i ng t hat  
t he use of  CL- t est i ng i s pr ogr ess i ng so sl owl y 
bot h i n pr act i ce and i n r esear ch.  Per haps t he 
mos t  i mpor t ant  r easons ar e:

• uncer t ai nt i es  about  t he r el i abi l i t y  of  t he 
var i ous avai l abl e t est  pr ocedur es

• unknown backgr ound f or  t est  i nt er pr et at i ons

• l ack of  suf f i c i ent l y  advanced equi pment  and 
dat a l oggi ng syst ems.

I t  i s hoped t hat  t hi s ar t i c l e may  hel p r emovi ng 
t he appar ent  obst ac l es agai nst  a mor e wi despr ead 
use of  CL t est i ng.

I n t hi s ar t i c l e t he pr i nc i pl e of  CL- t est i ng i s 
br i ef l y  r evi ewed,  and a r el at i vel y  new appar at us 
f or  such t est i ng i s descr i bed.  The appar at us 
i s hi ghl y  aut omi zed,  and t he i nt er pr et at i on i s 
comput er i zed so t hat  t he t est  r esul t s  can be 
pr esent ed i n r epor t - r eady di agr ams i mmedi at el y 
af t er  t he t est  i s compl et ed.

Thi s devel opment  was r api dl y  advanced af t er  Tok-  
hei m ( 1976)  der i ved an accur at e sol ut i on f or  t he 
CL- pr ocess f or  const ant  r at i o bet ween base 
por e pr essur e and t ot al  l oad,  her ei n cal l ed X.  
Thi s sol ut i on,  t oget her  wi t h i ni t i al  t est s di s ­
c l osed t hat  t he def or mat i on par amet er s obt ai ned 
wer e near l y  i ndependent  of  X bel ow say 0. 8.  Thi s 
f i ndi ng i ndi cat ed t hat  t he t est i ng t i me f or  
Nor wegi an cl ays coul d be r educed subst ant i al l y ,  
say f r om 5 hour s t o l ess t han one hour ,  wi t h 
l i t t l e l oss of  accur acy.

Based on t he r esul t s  of  " sever al  ser i es of  CL-  
t est s on i nt act  c l ays t he f ol l owi ng obser vat i ons 
ar e made ( al l  di agr ams r ef er r ed t o ar e ar i t h­
met i c  pl ot s ) :

• For  one t ube sampl e 12 t est s wi t h X = const ant  
( =0. 2- 0. 3- 0. 4 and 0. 5)  wer e car r i ed out  and 
al l  t est s wer e pl ot t ed i n t he same di agr ams.  
These condenced pl ot s showed a sur pr i z i ng 
cons i s t ency i n par amet er  var i at i ons wi t h 
ef f ec t i ve st r ess,  i ndependent  of  X.

• A compar i son bet ween CRS- t est s  of  wi del y  
di f f er ent  st r ai n r at e ( 0. 6% ver sus 6% per  
hour )  i ndi cat e t hat  t he di f f er ences bet ween 
t he obt ai ned def or mat i on par amet er s  ar e so 
smal l ,  ( and unsyst emat i c)  t hat  t he ver y l ow-  
speed CRS- t est s  may  be j ust  a wast e of  t i me.
I t  may at  l east  be ver y di f f i cul t  t o f i nd
a l ogi c def ense f or  i t .

• The pr econsol i dat i on pr essur e may  be de­
duct ed f r om one or  al l  of  t he f ol l owi ng 
ar i t hmet i c  pl ot s:  e- o1 , M- a1 , c -o'  and 
6-a'  , when X=const ant .
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• For  an over consol i dat ed c l ay ( Ri svol l an)  
t he modul us  ver sus ef f ec t i ve st r ess cur ve 
shows t he f ol l owi ng gener al  t r end ( Fi g.  11) :
M i ncr eases up t o Mq c  at  p' 0 wi t h a negat i ve

o'  - i nt er cept  ( equal s at t r act i on,  a ) . Then 
Mq c  st ays f ai r l y  const ant  over  ca.  ^Ap' c =

^ (P' c - P' 0) / wher eaf t er  M r api dl y  decr eases

t owar ds p'  due t o st r uct ur al  br eakdown,  
c

Af t er  p1 an al most  l i near  i ncr ease i n 
c

M=m( a'  —p' Q) i s obser ved ( wi t h a posi t i ve 

st r ess i nt er cept  - p' 0) .

• The par amet er  ver sus o'  var i es  i n a

manner  s i mi l ar  t o M- o1 ( because cv = Mk / yw,

and k i s much l ess af f ec t ed by  o'  and p'  
t han M) . c

• The di agr am S- a'  shows t he f ol l owi ng t r end 
( Fi g.  6)  :

& i ncr eases al most  l i near l y  wi t h a'  up t o 
p' c af t er  whi ch $ st ays f ai r l y  const ant .

Hence,  t he pr econsol i dat i on pr essur e can 
easi l y  be det er mi ned.

• Even i n CRS- t es t s  ( wher e X var i es,  but  i s 
of t en bel ow 0. 1)  t he u- o'  pl ot  i ndi cat e a 
change i n var i at i on ar ound p' c ( see Fi g.  7) .

• The magni t ude of  p'c appear s  t o be t he same

bot h f or  CL-  and CRS- t es t i ng i f  X =  0. 35.  How­
ever ,  when X i s i ncr eased ver y  much beyond 
t hi s val ue ( say t o 0. 6)  p' c t ends t o i ncr ease 
sl owl y.

• The magni t ude of  m i s al so unaf f ec t ed by 
var i at i ons i n X < 0. 3,  whi l e m may decr ease 
s l i ght l y  wi t h i ncr easi ng X > 0. 35.

I n concl usi on,  i t  i s our  cons i der ed opi ni on 
t hat  CL- t est i ng i s t o be pr ef er r ed t o I L- t est -  
i ng f or  sever al  r easons,  but  mai nl y  f or  qual i t y  
and r el i abi l i t y  of  t est  r esul t s,  and f or  expedi ­
ence and economy.

A P P E N D I X :  D E R I V A T I O N S

Let  t he por e pr essur e di s t r i but i on acr oss t he 
sampl e be gi ven by a f unct i on f  so t hat

u = f ub ( A—1)

The aver age f - val ue ( f )  t hen becomes

f  = / f d? ( A- 2)
o

wher e £ = z/ H,  see Fi g.  1.

Hence t he aver age ef f ect i ve st r ess acr oss t he 
sampl e i s

_ I _
a = q- f ub 

By def i ni t i on,  t he t angent  modul us i s

“ - f  ■

abbr ev i at ed t o t he f or m

( A- 3)

M = “ M H f f  “
qH

(A- 4 )

Wher ei n aM = 1- Xf ( A- 5)

and X = = 
A dq

: Hh  

q
( A- 6)

By def i ni t i on,  t he 
t he Dar cy equat i on

per meabi l i t y  k 
v = k i . At  t he

i s def i ned 
per v i ous

boundar y
hence

v = 4 and i  = - du/ d( ywz) f or  5 = 1,

k =
Y w H6

ub f ' (1)
= a-

*  2ub
( A- 7)

wher e aR = - 2/ f 1(1) ( A- 8)

wher ei n f ' (1)  equal s  df / d£ f or  £ = ! •

Fr om c l ass i cal  consol i dat i on t heor y  cv = Mk / yw. 

When ut i l i z i ng Eqs.  ( A— 4)  and ( A— 7)  one get s 

3 « 2 ( A- 9)cv -  “ c 2ub

wher e ac = aMak ( A- 10)

Fr om t he above i t  i s appar ent  t hat  t he t hr ee 
a- coef f i c i ent s  ar e r eadi l y  f ound when t he por e 
pr essur e di s t r i but i on f unct i on f ( £)  i s es t ab­
l i shed f r om t he pr oper  di f f er ent i al  equat i on.

A C K N O W LED G E M E N T

The cont i nui t y  equat i on r eads,  see eg.  Janbu 
( 1965,  67 and 69) .

The aut hor s  acknowl edge wi t h gr at i t ude t he 
val uabl e cont r i but i on by Eng.  A.  Sel nas i n 
pr ogr ammi ng t he CL- t es t  pr ocedur es  al l  t he way 
t o pl ot t i ng r epor t - r eady t est  r esul t  di agr ams.  
Much cr edi t  i s al so due t o Lab. ass.  A.  Jensen 
f or  car r y i ng out  t he l abor at or y  t est s,  and t o 
Ci v. Eng.  A.  St or dal  f or  ext ens i ve hel p i n pr e­
par at i on of  t est  dat a and f i gur es.

3v _ de 
3z 3t

The hydr aul i c  gr adi ent  i s def i ned as i  

whi ch gi ves t he Dar cy vel oc i t y  

k 3uv = -
Yw

Ref or mul at i ng ff = ff, f f '

( A- l l )

1 Ju 

" Yw 8z

( A- 12)

and obser v i ng t hat ,  by def i ni t i ons,

u _ <*a ' _ da'  , 3a'  3 , . , _ • 3u
Se  d e  '  3 1  3 t  ( q  * q  3 t
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one f i nds | f  =  ̂ (4 “  f ^)  ( A- 13)

Eqs.  ( A- l l )  t o ( A- 13)  y i el ds

3 f k 3u~|  _ 1 |~3u _ •]
3z | ^Yw M |_3t  qJ

For  k bei ng i ndependent  of  z and usi ng t he 
c l ass i cal  abbr ev i at i on

( A- 14)

Cv = y.

Mk

w

t he di f f er ent i al  equat i on i s r educed t o

3u
TE "  q

When us i ng t he di mens i onl ess  var i abl es 

t c„
5 = z/ H T

one get s

H2

3 2 u _  l u  _  q H 2

3<T 3T

( A- 15)

( A- 16)

( A- 17)

( A- 18)

( A- 19)

( A- 20)

I nt r oduc i ng u = f ub , f  = f ( £, X)

» “b d"b wher e A = —  = - —
<5 dq

t he di f f er ent i al  equat i on ( A- 18)  i s f ur t her  
r educed t o t he f ol l owi ng,  f or  X = const ant ,

-  ^  ( Xf  -  1)  = 0 
“ c

( A- 21)

wher e f "  = 32f / 3£2 andac i s def i ned by Eq.  ( A— 9) 

Subst i t ut i ng F = Xf  -  1,  2X = a 2ac ( A- 22)  

Eq.  ( A- 21)  i s t r ans f er r ed t o F"  -  a 2F = 0 

wi t h t he sol ut i on F = C s i nh a 5 + C cosh a £
1 2

Hence

* [ ’
1 + Cj Si nhag  + C2cosh a u( A- 23)

Wi t h t he boundar y  condi t i ons

f  = 0 f or  5 = 1 
f ' = 0 f or  E, = 0 
f  = 1 f or  £ = 0

one obt ai ns

eJ(A-2

( A- 24)

a>

I
4 )
i _
CL

o
L-

8.
V 
O) 
D
V 
>

<

0 0. 5 1.0

P P L  -  ra tio , X.

Fi g. 12 ' Aver age por e pr essur e coef f i c i ent s 

ver sus PPL- r at i o,  X.

Us i ng Eqs.  ( A- 5) , (A— 8) and ( A- 10)  t oget her  wi t h 
( A- 26)  one get s

t anha 2 ( cosh a - 1)
aM “  a ' “ k “ a s i nh a

_ 2 ( cosh a - 1) 
“ c a2cosh a

( A- 27)

Al l  a- val ues ar e now obt ai ned as f unct i on of  X 
onl y by (1 -  X) c os ha = 1,  Fi g.  4.

I n ear l y  1970’ s our  i nst i t ut e at  NTH ut i l i zed 
an appr ox i mat e f - f unct i on of  t he par abol i c  f or m.

f  = 1 -  Sn 

wi t h n- val ues bet ween 2 and 4.

( A- 26)

Ci = 0,

(1 -  X) cosh a

C2cosh a = - 1,
( A- 25)

whi ch f i nal l y  l eads t o t he f ol l owi ng por e 
pr essur e di s t r i but i on

£ _ cosh a -  cosh a g 
cosh a -  1 ( A- 26)

wher ei n ( l - X) cosha = 1,  hence f  = f ( ?, X) ,  Fi g.  3 

The aver age f  and f ' (1)  ar e now obt ai ned

f  =
acosh a -  s i nh a

f ' (1)

acosh a -  a 

as i nh a
cosh a -  1

Thi s aver age f  as f unct i on of  X i s shown i n 
Fi g.  12.

Us i ng Eqs.  ( A- 5) , ( A- 8)  and ( A- 10)  one f i nds 
ver y easi l y

= • >___ n_ _ 2
1 J.Y-* A t1+n* '  “ k n '

(A- 2 9)

I n 1975- 76 Tokhei m obt ai ned an appr oxi mat e,  
boundar y  -  cor r ect  sol ut i on by i nt egr at i ng t he 
di f f er ent i al  equat i on ( A- 16)  t wi ce f or  an assumed 
i ni t i al  f - f unct i on ( f or  n = 2)  and assumi ng

X = const .  Thi s appr ox i mat e sol ut i on r ead

f  = (1 - £2) (1 + C£2) ,
x (A- 3 0)

wher e C =
6- 5X
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By i nspect i on one sees t hat

X = 0 f or  C = 0,  i e.  f = l - £ 2 , o r n = 2  
X = 1 f or  C = 1,  i e.  f  = 1 -  g1*,  or  n = 4

Fr om ( A- 30)  one get s

f ' (1)  = - 2( 1 + C)  = - 2( 6 -  4 X) /  (6 -  5X)

l eadi ng t o oi  ̂ = ( A- 31)

f r om Eq.  ( A- 8) . Equal i z i ng t hi s wi t h ( A- 29)  
one f i nds

The appr ox i mat e a- val ues ar e dot t ed i n Fi g.  4,  
f r om whi ch i t  i s seen t hat  t he appr ox i mat e 
sol ut i on has been good enough f or  al l  pr act i cal  
pur poses,  because so f ar  we have used X < 0. 7.
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