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Settlement estimation by using continuous oedometer tests 

Emploi des essais oedometriques (essai CRS) pour le calcul des tassements

O. Korhonen -  Geotechnical Division o f the City o l Helsinki, Finland  

M. Lojander -  Helsinki University o f Technology, Finland

A B ST R A C T: O n so ft c lay  areas, w here se ttlem en ts are expected  to  cause  p rob lem s, one  has to  find  the  best possib le  param eters  in  o rder 

to calculate the se ttlem ents and  conso lida tion  tim e. T rad itional oedo m ete r tests w ith  increm enta l load ing  are recom m ended . H ow ever, in 

many cases the  tes ting  tim e is lim ited , and th a t is w hy con tin u o u s load ing  oedo m eter tes ts  are carried  ou t.T he best eq u ip m en t is availab le  

but there is still doubt w hether the  quick ly  and easily  m easured  param eters are correct. P re -conso lida tion  p ressu res seem  to  have  increased  

and in som e cases they  are  u n realistica lly  h ig h  com pared  to  the  g eosta tic  p ressures. A  com parison  betw een  2 4 -hour tes ts  and  con tinuous 

tests has been  done.

1 IN T R O D U C T IO N

This article deals w ith  the  cho ice  o f  the  p aram eters fo r se ttlem en t 

analysis. D uring  the  last 20  years the  tan g en t m o d u lu s m ethod  

(Janbu  1963) (o r exactly  the  param eters o f  the  tan g en t m o d u lu s ) 

has been  used  in one-d im ensional se ttlem en t ca lcu la tio n s in 

F inland. T he m ethod  is su itable fo r cohesive  so ils b u t is  has been 

used  also  fo r analysing  n o n -cohesive  so ils. T he stress-stra in  

re la tionsh ip  is described  w ith  a pow er function  (Eq. 1).

e, = (1/mp) (o/ovy  + C (1)

w here m ,p  and  C  are  p aram eters and  ov =  lOOkPa 

In the  ca lcu la tio n s on ly  tw o  p aram eters o f  the  equation  (1) are 

needed:

- m  m o d u lu s n um ber

- p stress  exponen t.

T he p aram ete rs  have  d ifferen t va lu es w h en  the  so il is no rm ally  

conso lida ted  (m , p, m , , p ,)  o r  overconso lida ted  ( m 2 , p2 ). O f  

co u rse  the  p re-co n so lid a tio n  p ressu re  (o p ) is n eeded  in  the 

ca lcu la tions. M odu lus num ber, stress ex p o n en t and  pre- 

conso lida tion  p ressure are norm ally  determ ined from  the  resu lts o f  

oedom eter tests.

1.1 Stand ard  oedometer test (STD)

T he trad itio n a l tes ting  m ethod  is 24  hours in crem en ta lly  loaded  

oedom eter test. T he results o f  the  increm ental load ing  tes t (in  th is 

a r tic le  ca lled  the  standard  tes t STD ) can  be u sed  fo r se ttlem en t 

analysis w ithou t any m odifica tions o r reduction  o f  the  param eters. 

In  p rac tice  th e  param eters  are o ften  ca lcu la ted  by usin g  t= 24h  

valu es instead  o f  U = 100%  values. T he p ro b lem s in the 

in te rp re ta tio n  o f  the  tes t resu lts are m ostly  concen tra ted  to  the  

ev aluation  o f  the  p re -conso lida tion  p ressure. Several g raph ica l 

and an aly tica l m eth o d s are developed  fo r de term in in g  op b u t it is 

no t po ss ib le  to  find  an exact value. Several load  in crem en ts (>3) 

on  the  norm al com pression  line is necessary  fo r re liab le  

de te rm in a tio n  o f  th e  param eters. STD  tes t is a lso  su itab le  fo r 

d e te rm in in g  the  co effic ien t o f  p rim ary  co nso lida tion  o f  so il.T he 

re liab le  de te rm in a tio n  o f  th e  secondary  con so lid a tio n  co effic ien t 

o ften  need s longer load  du ra tion  than  24  hours.

1.2 Constant Rate o f  Stra in  oedometer test (CRS)

In m any labortories continuous loading oedom eter tests are carried 

o u t instead  o f  increm ental load ing  tests. T he C onstan t R a te  o f  

S tra in  (C R S ) test and the C onstan t P orepressure  R atio  (C P R ) test 

a re  n o rm ally  lasting  on ly  1...2 days. In  m ost cases the  tests and 

th e  p rocess in g  o f  the  tes t da ta  are fu lly  au tom atized , and th a t is 

w hy  the  tes t resu lts are quick ly  availab le . C R S and C P R  testing  

has several advantages, bu t the  p re lim inary  p rob lem  o f  these  tests 

is  still unso lved : the  resu lts m u st be reduced  before u sing  in the 

se ttlem en t calcu lations.

1.3 Reduc ing  o f  the CRS-test results

In  th is artic le  th ree  d ifferen t reducing  m ethods are com pared:

- SS , S w ed ish  S tandard  m ethod  (S vensk  S tandard  1991),

- T L , em pirica l m ethod  (T im  L ansivaara , 1996) and

- L S , la rge  stra ins m ethod.

T h e  S w ed ish  S tandard  m ethod  p roposed  by  S allfo rs (1975) is a  

practical graphical m ethod  for finding the  sm allest effec tive  stress 

value (o p ) fo r e las top la stic  strains. T h is m ethod  is su itab le  w hen  

th e  tan g en t m odu lus is used  fo r ca lcu la ting  se ttlem ents . T he 

e ffec tive  stress - tan g en t m odu lus -cu rve  is m oved  a long  the 

e ffe c tiv e  stress ax is .T he value o f  the  reduction  facto r is the  sam e 

as the  value  o f  reduction  facto r o f  the  p re-conso lida tion  pressure. 

T h is  m e th o d  is n o t very  good for the calcu la tions w h ich  uses the 

p aram eters  m  and  p instead  o f  the  tan g en t m odu lus M , because  

th ese  p aram eters are n o t at all reduced. T h is p rob lem  is obv ious 

w h en  p <  -0.5.

T he em pirical reduction  m ethod  o f  L ansivaara (1996) is based on 

the  te s t resu lts from  C anada (L eroueil et al 1985) and  from  

F in lan d  (L ansivaara  1996). T he reduction  o f  the  p aram eters o p 

and m  is dependent on the rate o f  strain  in C R S-test and  the rate o f  

s tra in  app rox im ated  in the ca lcu la tions (E quation  2). T he 

reference rate for calculations used  in th is artic le  is 10‘7 1/s. W hen  

the  rate  o f  stra in  in  C R S -test is 0 .0025m m /m in  fo r 15 m m  

sam p le , the  reduction  facto r fo r p re -conso lida tion  p ressu re  is 

k = 1 .27 . T h is  reduction  m ethod  is d ependen t on  the  em pirica l 

re la tio n sh ip  b etw een  the  rate o f  the  stra in  and  no rm alized  pre

co n so lid a tio n  p ressure. A fter the  experience  o f  som e years it is 

p o ss ib le  to  check  i f  the  used  re la tionsh ip  is correc t fo r F inn ish  

clays.
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Table 1. Taim isto, Helsinki. Oedom eter test results, and the reduction o f  CRS test results.

Test results I Reduced test results

N :o o f  

test

D epth

m

w

%

O'vo

kPa
° p

kPa

m, P, c, N ote 

e, , % /h
° p

SS

k

TL
° p

TL

m

TL
° p

LS

m

LS

P
LS

C

LS

Lim it

kPa

CRS

5205A4

4.0 59.0 61 94 3.4 -0.985 0.8 82 1.25 75 4.2 95 3.9 -0.79 135

STD

1921

4.02 87.4 61 69

79

4.2

3.8

-0.767

-0.856

0.435

0.416

t= ld

U =100%

CRS

1023

4.05 90.4 61 79 3.8 -0.927 0.432 1 65 1.27 62 4.7 63 4.9 -0.58 0.51 115

STD

1935

4.07 91.0 61 49

54

5.9

6.1

-0.426

-0.388

0.572

0.591

t= ld

U =100%

CRS

5205A5

5.4 85.7 68 85 3.4 -1.606 0.8 75 1.25 68 4.9 63 5.7 -0.53 120

STD

1922

5.42 100 68 63

64

4.4

4.8

-0.599

-0.403

0.532

0.652

t= ld

U =100%

CRS

1018

5.47 97.7 68 85 2.8 -1.333 0.392 1 76 1.27 67 3.9 66 4.6 -0.66 0.48 115

CRS

1033

5.37 82.0 68 56 6.2 -0.635 0.427 0.33 45 1.18 47 6.9 44 7.3 -0.38 0.54 100

CRS

5205A6

6.8 73.6 75 86 5.3 -0.563 0.8 74 1.25 69 6.0 85 5.4 -0.56 85

STD

1923

6.82 80.4 75 69 6.1 -0.407 0.521 t= ld

CRS

1024

6.85 84.0 75 86 5.3 -0.550 0.436 1 77 1.27 68 6.0 71 6.4 -0.35 0.55 150

CRS

1034

6.87 84.6 75 95 4.5 -0.682 0.418 4 77 1.41 67 5.7 65 6.6 -0.34 0.57 150

CRS

5205B5

5.5 88.7 68 81 3.3 -1.482 0.8 70 1.25 65 4.6 62 5.2 -0.58 115

STD

1924

5.52 102 68 63 4.2 -0.830 0.461 t= ld

STD

1936

5.56 100 68 68 3.5 -1.184 0.410 t= ld

CRS

1019

5.57 99.9 68 77 3.1 -1.279 0.389 1 70 1.27 61 4.2 66 4.3 -0.79 0.45 100

CRS

5205B6

6.2 92.1 72 101 1.8 -2.184 0.8 88 1.25 81 2.9 78 4.0 -0.75 125

STD

1925

6.22 106 72 76 2.9 -1.122 0.452 t= ld

CRS

1020

6.25 83.3 72 95 2.8 -1.260 0.363 1 80 1.27 75 3.8 66 5.4 -0.54 0.48 150

T est m ethods

ST D  S tandard  test, increm enta l load ing  (t=24h)

C R S C on stan t R a te  o f  S tra in

R ed u c tio n  m ethods

T L  T im  L an siv aara  (L ansivaara  1996)

SS S w ed ish  S tandard  (S vensk  S tandard  SS 02 71 26 , 1991)

LS L arg e  S tra in

L im it m ean s m in im u m  effec tive  p ressu re  for fitting  the  p aram eters o f  LS - m ethod .
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k= (e,„, Y (2a)

® peak ®pte.tl /  k (2b)

P calc P lest (2c)

Weak =  hr* (2d)

Param eter B is d ependen t on  the  shape  o f  the  rate o f  stra in  - p re 

consolidation p ressure -curve. In th is article the  value  o f  B =0.073 

(L ansivaara 1996).

T he large stra ins m ethod  is based  on  the  s tress-stra in  

observations in th e  C R S -test w hen  the  com press ion  £ ,> 15 ...20%  

w hich o ften  o ccu rs w h en  o = 1.5 o p . T he large  stra in  m ethod  is 

exp lained in  C hap te r 3.

2. G E O T E C H N IC A L  C O N D IT IO N S

Several standard  oedo m ete r tes ts  and C R S tes ts  w ere  carried  out 

on u n d istu rb ed  clay  sam ples w h ich  w ere taken  from  T aim isto , 

H elsinki. T he soft c lay  layer is 10 ....15m th ick . T h e  clay  is 

norm ally  conso lida ted  o r ligh tly  overconso lida ted . T h e  soil 

profile is situated  in the  area w here the reg ional stab ility  is critical

( F - l ) .

O edom eter test resu lts are p resen ted  on  tab le  1. S tandard  

oedom eter tests (ST D ) w ere  carried  o u t a t H e lsink i U n iversity  o f  

Technology. T he testing  procedure w ere traditional w ith  24  hours 

double load  increm ents. C onstan t R a te  o f  S train tests (C R S ) w ere 

carried o u t bo th  a t H elsink i U n iversity  o f  T echno logy  and  a t 

H elsinki C ity .

The calculation  o f  the overburden pressure ( o 'vo ) is based  on the 

bulk d en sity  values and  the  m easu red  g round  w ate r level (3 ,5m  

below  th e  g round  surface) on  the  n eighbouring  area. N o  

inform ation o f  the  excess pore w ater p ressu re  w as availab le . T h is 

is a typical situation  in  geo techn ical design: re liab le  d a ta  from  the  

changes o f  w ate r tab le  and  pore w ate r p ressu re  is lacking.

T he v a lu es  o f  th e  p re -conso lida tion  p ressu re  (o p ) o f  ST D  tests 

are s im p le  to  evaluate  because  o f  the  steep  slope  o f  norm al 

com pression  line. A ll the  values are near to  the  m ax im u m  value  

o f  van  Z elst (1948) m ethod . T h e  v a lues o f  th e  p re-co n so lid a tio n  

pressure (o p ) o f  C R S tests rep resen t the  m ax im u m  valu e  o f  p re 

consolidation p ressure w hich  is determ ined by fitting  the E quation

(1) to th e  te s t resu lts. T h is  va lue  o f  (o p ) is no t su itab le  fo r 

settlem ent analysis.

3 R E D U C T IO N  O F C R S -T E S T S  B Y  M E T H O D  O F  L A R G E  

STR A IN S

One w ay  to  avo id  p rob lem s d ealing  w ith  pore p ressu res and the 

rate o f  stra in  in C R S -tests is to study large m easured  valu es o f  

strains and  stresses. T h e  m ost su itab le  m ethod  o f  ca lcu la ting  

conso lida tion  se ttlem en ts is p robab ly  a  pow er-function  (Eq 1). It 

contains a  sim plyfied  linear H o o k e’s law  w ith  (3 = 1. C ritical sta te  

model is ach ieved  w ith  the  value o f  p = 0.

U sually  th e  p aram etres are d e term ined  by the  m eans o f  th e  least 

squares m ethod  to o b ta in  the best overall response. H ow ever th is 

method does not test w hether the pow er-function  is valid  througout 

the w ho le  ran g e  o f  stress - strain  relationsh ip .

The p aram etres o f  a general p ow er function  (E q  1) are  easily  d e 

term ined by E quation  (3).

log (M ) = log (m ) +  (1- p) * log (o /o v) (3)

w here M  =  6 o /6  e.

EFFECTIVE STRESS, kPa

LOG (STRESS/100), kPa

F igure  1. T aim is to , H elsink i. C R S 5205A 5. S T D 1922. a) data 

and  reduced  curve  (L S ) b ) de term ination  o f  param eters (LS)

A t th e  sam e tim e the su itab ility  o f  the  pow er-fu n c tio n  (1) for 

se ttlem ent calculations can  be tested. T he relationsh ip  o f  m easu red  

v a lu es  p lo tted  in  scale  log (M ) - log (o /o v) is linear in th a t range 

w h ere  re la tio n sh ip  (1) is valid . U sually  a  good  response  is found  

w ith  larg e  and  sm all va lues o f  stra in s and  stresses. In the  n e ig h 

bourh o o d  o f  p re -conso lida tion  stress the  p ow er function  is no t 

a lw ay s  valid  because  o f  the rate  o f  stra in  and  the  irregu larities in 

pore pressures. B y th is m ethod  the influence o f  irregular m easured  

valu es can  be  neg lected . In the  range o f  large stra ins and. stresses 

the in fluence o f  pore p ressure is relatively sm allest. T his is illustra

ted  in F igure 1 w here an  exam ple o f  determ ining  the param etres by 

m eth o d  o f  large stra ins is show n. A lso  in F igu re  1 the  m easu red  

an d  th e  calcu la ted  values are com pared. A lso  resu lts o f  standard  

24 -h o u r oedo m eter (ST D ) tes t o f  sim ilar sam ple  are show n.

T h e  irregu la ties o f  th e  re la tionsh ip  o f  m odulus - stress - curve  

above pre-conso lidation  stress are reduced  by  large stra in  m ethod . 

T h e  m ethod  is sim ilar to the  m ethod  developed  by Sallfors.

T h e  d ifference  b etw een  the  reduced  and m easu red  valu es is 

m ainly  depending on  the ratio  o f  the  co nso lida tion  "coeffic ient" cv 

and  the  rate o f  stra in  in  C R S -tests. T he reduced  p aram etres show  

to be  near to those  d e term ined  by  standard  o edom eter tes t o r by 

S allfo rs as illustra ted  in T ab le 1.

O ne p riv iledge over the  o th er reduction  m ethods in LS m ethod  is 

that the  m easured  values are  no t changed  at all - on ly  part o f  them  

is neglected  so that the equation  (1) is forced to  su it for se ttlem en t 

c a lcu la tio n  purposes.

4 C O N C L U SIO N S

T h e  m o st im portan t p a ram eter used  in se ttlem en t ca lcu la tions is 

the pre-conso lidation  stress. A s show n in Table 1 the param eters o f  

C R S -te s t sh ou ld  be reduced, because  alm ost in every  case op in 

C R S -te s t is unrealistica lly  h igh  com pared  to  ov'0or to  op in STD - 

test. In  these  cases there is no reason  in the  site w hy  the  clay 

shou ld  be overconso lidated .
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0.7

0.6

o  *
UJ h* 0.5
H Z
<  lU 0.4

^  UJ 
O Ij 0.3
-i h
<  P
O LU 0.2

(/)
0.1

TL

LS

STD

CRS

Equation

(4)

S v ensk  S tandard  SS 02 71 26. 1991. G eo tekn iska  

p rovn in g sm eto d er - K o m p ress ionegenskaper -O dom eterfo rsok , 

C R S -fb rsok  - K ohesion jord . B ST , B yggnadstandard iseringen .

S allfo rs , G . 1975. Prec onso lid a tion  p ressure o f  soft, hig h- 

p las tic  c lays. C ha lm ers tek n isk a  hogsko la . G 6teborg .

V an  Z elst, T. W. 1948. A n  Investiga tion  o f  F acto rs A ffec ting  

L abora to ry  C onso lid a tio n  o f  C lay. P roc . 2nd  C onf. Soil M ech. 

and Found. Eng. V ol V II. R o tterdam .

0 20 40 60 

APPLIED STRESS, kPa

F ig u re  2. T a im isto , H elsink i. T he resu lts o f  the  se ttlem ent 

ca lcu la tions.

T he error in determ in ing  o„0 is no t m ore th an  5 kP a.T he erro r is  - 

caused  by  the  varia tion  in the  g roundw ater table.

In T L -m ethod  the  p aram eter (J is u nchanged  w hile  the  o th er 

p a ram e te rs  are reduced . In m ost cases p is very  low  (o ften  less 

th an  -1) and th a t causes a very  d ram atic  reduction  in se ttlem en t 

v a lu es and  very  low  values o f  m odu lus M  above the  pre- 

c o n so lid a tio n  stress. T h a t causes p rob lem s in  those  cases w hen  

se ttlem ent calcu la tions shou ld  be carried  o u t in u nderconso lida ted  

situation .

In  SS-m ethod there is no convenient w ay to determ ine param eters 

m  and p.

In L S-m ethod  the m easured  test results are no t changed . O nly  the 

su itab ility  o f  equation  (1) is tested  graph ically . In  cases w h en  p is 

la rg er th an  -  - 0,5 there  w ill be no sign ifican t reduction  o f  p a ra 

m e te r s  in  C R S-test.

T h e  su rveyed  clay  area, w h ich  is rep resen ta ted  by p aram etres 

show n  in T ab le  1 (laborato ry  tests 1921, C R S 1023, 1922, C R S  

1018, 1923 and  C R S 1024) is assum ed to  be loaded  w ith  1 0 - 5 0  

k P a  app lied  p ressure. T he co nso lida tion  sta te  in  all cases is a ssu 

m ed  as d e term ined  in T ab le 1. T he resu lts o f  se ttlem en t ca lcu la 

tions are p lo tted  in F igure 2. T he settlem ent calcu lations have  also  

been  carried  ou t by  the m eans o f  equation  (4).

e =  0,85 * sqrt (w ) * l o g 10 ( (o^, +A o ) /o v'0) /(2 ,65  +  1/w ) (4)

w here  w  is w ate r con ten t, A a = app lied  stress and  2,65 is the  

specific  g rav ity  o f  soil.

T h is  exam ple  show s th a t ca lcu la tions m ade by th e  help  o f  STD - 

test, C R S -tes t reduced  by L S-m ethod  o r  by  T L -m ethod  do m atch  

q u ite  w ell. O n  the o th er hand  C R S -test w ith o u t any  reduction  

a cco rd in g  to th is d a ta  w ill resu lt to  w rong  v a lues o f  se ttlem ents . 

T he reason  fo r th is is m ain ly  the  h igh  valu es o f  p re -conso lida tion  

s tresses o f  u n reduced  C R S -tests. T he h ig h  valu es o f  p re 

conso lida tion  stress are m ain ly  caused  by u n re liab le  pore p ressu re  

m easurem ents. T he w eakest po in t in C R S -tes t is  po re  p ressu re  

m easu rem en t; th a t is w hy  y o u  have to  reduce  th e  param eters.
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