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The pa per pres ents the o ret i cal so lu tions of the con sol i da tion prob lem with re spect to the dif fer ent con di tions of con tin u ous load ing and
its ap pli ca tion. The au thor in tro duces mod i fied con sol i da tion pa ram e ters and dimensionless pa ram e ters char ac ter iz ing the course of the
con sol i da tion pro cess. There fore it is pos si ble to cal cu late the the o ret i cal pore wa ter pres sure dis tri bu tion for var i ous load ing pro ce dures
in con tin u ous load ing (CL) con sol i da tion tests oc cur ring in con stant rate load ing (CRL), con stant rate of strain (CRS) or con trolled gra -
di ent (CG) tests. The cal cu la tion re sults al low pre sen ta tion of the at trib utes that dif fer en ti ate CL con sol i da tion and clas si cal in cre men tal
load ing (IL) con sol i da tion. A new method of cal cu la tion cv (co ef fi cient of con sol i da tion) is pro posed us ing the o ret i cal di a grams of pore
wa ter pres sure dis tri bu tion and re sults of lab o ra tory mea sure ments dur ing the CL test. A com par a tive anal y sis of the meth ods cur rently
used for cv cal cu la tion and the new method is pre sented here. The cv val ues es ti mated by means of method re fer ring only to the seep age
fac tor of con sol i da tion, are usu ally higher than those based on the strain course. Proper pro jec tion of the seep age fac tor of con sol i da tion
makes it pos si ble to shorten the time of con sol i da tion tests in ac cor dance with re sults of many field ob ser va tions. The meth ods de scribed
herein can be use ful in study ing phys i cal con di tions of sed i men ta tion, gla cial ge ol ogy, early diagenetic pro cess and ap plied ge ol ogy.
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INTRODUCTION

The o ret i cal and ex per i men tal anal y ses of soil con sol i da tion 
are very im por tant in fore cast ing changes in the geo log i cal en -
vi ron ment. Strain in soils and in crease and dis si pa tion of pore
wa ter pres sure are ob served gen er ally un der load ing of soil in
natural and man-made processes. 

Among nat u ral fac tors caus ing var i ous con sol i da tion sce nar -
ios there are changes of: sed i men ta tion rate, hydro geological re -
la tions and gla cial over bur den. Anthropogenic im pact can mod -
ify the geo log i cal en vi ron ment, of ten sig nif i cantly quicker than
can nat u ral pro cesses. Some times load ing of soil at en gi neer ing
sites, dumps and land fill sites partly rep li cates the geo log i cal his -
tory of load ing. A sig nif i cant rea son for set tle ment is changes of
un der ground wa ter level dur ing min ing drain age or ground wa ter 
ex ploi ta tion. In anthropogenic im pact phe nom ena we may ob -
serve re sults of pro cesses which oc curred in the geo log i cal past
but which lasted for much lon ger. 

The the ory of con sol i da tion with re spect to fil tra tion con di -
tions is a very use ful tool for geo log i cal anal y ses. The fac tor of
time and rate of load ing which are very im por tant in geo log i cal
pro cess can be stud ied in ap ply ing this the ory. In this the ory
dif fer ent lengths of pore wa ter drain age can be used as a scal ing 
fac tor of con sol i da tion time (Dobak, 2003). Anal y sis of such
phe nom ena is pos si ble thanks to the de vel op ment of the o ret i cal 
de scrip tions and the ex pe ri ence gained from lab o ra tory tests.
From the be gin ning of the 1960’s, meth ods of test ing con sol i -
da tion us ing con tin u ous load ing (CL tests) have been grad u ally 
im ple mented. Ini tial dis trust to wards this method was caused
by con flict with ear lier load ing pro ce dure. The new ap proach
was not con sis tent with the o ret i cal so lu tions of Terzaghi’s clas -
sic the ory which anal y ses the pro cess of soil strain and the dis -
tri bu tion of pore wa ter pres sure un der con stant val ues of load -
ing (IL tests). How ever, CL tests are better for pre sent ing the
nat u ral con ti nu ity of geo log i cal and en vi ron men tal pro cesses.
They also en able a wider range of stress to be ob tained, cor re -
spond ing to the field con di tions, with fewer and less lab o ra tory
and in ter pre ta tion mis takes. An ad di tional ad van tage of CL



tests in geo log i cal ap pli ca tions is the pos si bil ity of mod el ling
var i ous load ing rates which may cor re spond to changes of sed i -
men ta tion or of ex ter nal load ing con di tions. 

Ana lysed meth ods of in ter pre ta tion of CL tests are based on 
the as sump tion that pore space is fully sat u rated by wa ter. This
is sim i lar to the con di tions in young de pos its. It should also be
noted that con sol i da tion of soil may be per ceived as the ear li est
stage of diagensis. There fore so lu tions ob tained from the o ret i -
cal and ex per i men tal anal y ses may pro vide new in spi ra tion in
the stud ies of sedimentary and diagenetic con di tions. 

PROGRAMS OF CL TESTS 

The cru cial pa ram e ter de scrib ing the con sol i da tion pro cess
based on Terzaghi’s as sump tions is the co ef fi cient of con sol i -
da tion cv. This pa ram e ter in con tin u ous load ing tests (CL) is
ob tained un der dif fer ent lab o ra tory con di tions than in tra di -
tional IL tests. How ever, the re sults are be com ing gen er ally ac -
cepted and used by re search ers be cause: 

— CL tests are short and the re sults in clude fewer er rors
than the long-term IL tests;

— the cv val ues ob tained from CL tests en able fore cast ing
of set tle ment with better con sis tency with field ob ser va -
tions;

— the seep age fac tor of the con sol i da tion pro cess is better
re flected by the CL tests; this is nec es sary for proper
scal ing of the pro cess du ra tion with re spect to the drain -
age path lengths in the lab o ra tory and un der field con di -
tions (Dobak, 2003).

How ever, while em ploy ing CL tests, we still meet some
prob lems in properly ad just ing to observed field con di tion.
There are sev eral sug ges tions con cern ing load ing mode in CL
tests:

— CRS — the con stant rate of strain tests (Smith and
Wahls, 1969; Wissa et al., 1971);

— CG — the tests with con trolled gra di ent load ing ad -
justed to keep the base pore wa ter pres sure con stant
(Lowe et al., 1969);

— CRL — the con stant load rate tests.
There is no pro ce dure which could be used to com pare re -

sults of dif fer ent test meth ods, and rec om men da tions for their
ap pli ca tion, in par tic u lar geotechnical cases: 

— The cv val ues es ti mated in CL tests are too high at the
be gin ning, which is re lated to the un re li able tran sient
(non steady) phase of the test. There is no pre cise cri te -
rion de scrib ing the at tain ment of this phase.

— The cv val ues cal cu lated ac cord ing to for mu lae given by
var i ous au thors of ten vary; thus, se lect ing the best cal -
cu la tion for mula may pose a prob lem.

— The views con cern ing se lec tion of a proper test rate are
very dif fer ent and con tro ver sial (Lee et al., 1993;
Almeida et al., 1995).

The key to solve these prob lems seems to be an anal y sis of
a the o ret i cal model of con sol i da tion tak ing into ac count dif fer -
ent ways in which load is in creased.  

The pa per pres ents a pro posal of  the o ret i cal pore wa ter
pres sure es ti ma tion un der con tin u ous load ing. Changes of pore 

wa ter pres sure are ana lysed here be cause this fac tor has a ma jor 
role in the seep age of wa ter through the soil and de ter mines the
rate of set tle ment. When we are able to com pare the o ret i cal so -
lu tions and ex per i men tal re sults we may as sess the cor rect ness
of con sol i da tion so lu tions and the pro ce dures of laboratory
tests employed.

REVIEW OF CALCULATION METHODS FOR cv

ESTIMATION IN CL TESTS

The ba sic for mula in tro duced by Smith et al. (1969) com -

bines load rate Ds/Dt with the de creas ing length of drain age
path Hi and pore wa ter pres sure ub in creas ing in the course of
the test:

c
H

t u
v

CL b

=
×

×

D

D

s

2

[1]

where: H — length of drain age path; s — stress; tCL — time from the start
of CL test; ub — pore wa ter pres sure.

Ac cord ing to the equa tion [1], with an ini tially very low
value of pore wa ter pres sure, a very high (un re al is tic) value of
the co ef fi cient of con sol i da tion cv is ob tained. Mo bi li sa tion of
the pore wa ter pres sure is ex pressed by ini tially fast in crease
and then sta bili sa tion, or con tin u a tion of its in crease. As a con -
se quence, the value of the co ef fi cient of con sol i da tion falls
quickly and then is sta bi lized or de creases slightly. The cv value 
is quasi-sta bi lized which is con sis tent with Terzaghi’s con sol i -
da tion the ory in con di tions of con stant load ing. 

Other sug gested so lu tions dealt with the un re li abil ity of cv

at the ini tial stage of the test and in volved var i ous cor rec tions to 
the ba sic for mula. 

Wissa et al. (1971) pre sented a for mula that al lowed
non-lin ear ity of the con sol i da tion pro cess:
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where: cv lin ear — cal cu lated from for mula [1].

There fore over es ti mated ini tial val ues of the co ef fi cient of
con sol i da tion and their slight de crease at the be gin ning of the
ex per i ment are lim ited in com par i son with the re sults for the
basic formula [1].

The for mula rec om mended by ASTM [3]:
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gives re sults sim i lar to those ob tained us ing the for mula [2].
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Janbu et al. (1981) in tro duced a method of cor rect ing over -
es ti mated val ues at the ini tial stage of the test. The val ues cal cu -
lated by means of the ba sic for mula [1] are mul ti plied by co ef fi -
cient — a cv

cal cu lated as fol lows:
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While us ing this so lu tion, a low value of a cv
is ob tained

with a sig nif i cant in crease of the pore wa ter pres sure. As a re -
sult, a de sir able de crease of the cv value oc curs at the ini tial
stage of the test. 

When pore wa ter pres sure be comes con stant in the course

of the CL test, l ® 0, ac ® 1 and the cv value is the same as the
one ob tained from the ba sic for mula [1]. The Janbu et al.
(1981) so lu tion does not change the cv value for the “steady”
phase of CL tests. 

Fig ure 1 pres ents the sche matic model of cv changes ac -
cord ing to dif fer ent em ployed for mu las for the as sumed
quasi-sta bi lised value of cv. The di a grams pres ent the de pend -
en cies de scribed above. 

How ever, lim ited, the vari abil ity of the cv val ues pre sented
above cal cu lated from the CL tests needs to be com pared in de -
tail with ref er ence to: 

— var i ous load ing sys tems;
— changes of per me abil ity and con sol i da tion pa ram e ters

in the course of in creas ing load ing;
— as sump tions and im pli ca tions of the clas si cal the ory of

con sol i da tion.

A load ing sys tem is cru cial for the course of the CL test.
Fig ure 2 pres ents a scheme of mu tual re la tions be tween de for -
ma tion, stress and strain rate for CRL and CRS tests.

It is clearly vis i ble that keep ing a con stant load rate causes
sig nif i cant change of the strain rate, par tic u larly for nor mally
con sol i dated soils. On the other hand keep ing a con stant strain

rate in the CL tests causes a curvilinear de pend ence of s = f (tCL). 
Var i ous load ing pro ce dures have to be taken into ac count

while ana lys ing the the o ret i cal course of the CL con sol i da tion
pro cess, and com par ing the de pend en cies ob tained with re sults
of lab o ra tory tests.

PRINCIPLES OF THEORETICAL
COMPUTATIONS

PARAMETERS

Ap pli ca tion of Terzaghi’s the ory to de scribe the CL con sol -
i da tion pro cess un der con tin u ous load ing re quires de vel op ment 
and con ver sion of the con sol i da tion parameters.

The fol low ing pa ram e ters have been used in the the o ret i cal
anal y sis:

— pore wa ter pres sure — ub, mea sured at the bot tom of the
sam ple, when drain age is di rected to the up per sur face;

— dimensionless pa ram e ter of pore wa ter pres sure C =

ub/s named as CIL for IL tests, and as CCL for CL tests,
— new pa ram e ter — a spe cific con sol i da tion time t(T = 1).

Fig ure 3 pres ents the de pend ence be tween the val ues of
the t(T = 1) pa ram e ter and the co ef fi cient of con sol i da tion
for a typ i cal length of a drain age path, ob tained in CL
tests. In tro duc tion of the t(T = 1) pa ram e ter al lows cal cu la -
tion of pore wa ter pres sure dis tri bu tion with re gard to
the changes of Hi length of the drain age path. This point
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Fig. 1. Com par i son of cv char ac ter is tics es ti mated by var i ous meth ods

A — es ti ma tion of cv value by dif fer ent for mula; B — changes of cv v. l



of view was taken into con sid er ation in anal y sis of cv

changes by Butterfield and El-Bahey (1995). Be cause
changes of H ob served in the CL tests can be greater
than these in the IL tests, they should be taken into ac -
count while ana lys ing the en tire con sol i da tion pro cess. 

— a new pa ram e ter — rel a tive time of the CL con sol i da -
tion — TCL. This is a re la tion of time tCL from the start of
the CL test and the cur rent value of the t(T = 1) pa ram e ter.

The con sol i da tion de gree U used in IL tests is use less for
CL tests be cause com ple tion of the con sol i da tion pro cess can -

not be spec i fied in con di tions of a con stant in crease of load ing.
Ac cord ing to the the o ret i cal anal y sis the dimensionless pa ram -
e ter TCL de scribed above re veals spe cific con nec tion with the
fea tures of pore wa ter pres sure dis tri bu tion. Thus, it may con -
sti tute a mea sure of prog ress in the con sol i da tion pro cess for IL
and CL tests. Its ad van tages will be shown in the the o ret i cal
anal y sis.

CALCULATIONS

The pur pose of cal cu la tions was to es ti mate the de vel op -
ment of the o ret i cal pore wa ter pres sure dis tri bu tion un der con -
tin u ous loading conditions.

The in put data were:

— con tin u ous changes of load ing dur ing the test σ = f(tCL);
— changes of prop er ties of con sol i dated soils oc cur ring in

the course of the test; they are ex pressed by the func tion
t(T = 1) = f(tCL);

— as sumed discretization of test course and con sol i da tion
pa ram e ters.

The au thor con ducted vari ant anal y ses of the cal cu la tion
discretization. Cal cu la tions may be con ducted as sum ing the

ini tial discretization of the stress for in stance Ds = const or of
the time pa ram e ters. Ac cord ing to the the o ret i cal anal y sis, as -

sum ing Ds = const to be the discretization cri te rion, the cal cu la -
tion re sults are not com pa ra ble for var i ous val ues of con sol i da -

tion pa ram e ters. How ever, in the other case, when  DtCL/t(T = 1) is
the discretization cri te rion, the cal cu la tion re sults do not de -

pend on changes of the soil prop er ties. When DtCL/t(T = 1) the er -

ror  DCCL/CCL £ 1% oc curs, which is ac cept able while com par -
ing the lab o ra tory and field-test re sults. 

One can as sume that DtCL/t(T = 1) the discretization steps of

Ds be came dif fer ent in the course of the test. For the next steps

of Dsn cal cu lated as above, ex cess of the pore wa ter pres sure
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Fig. 3. De pend ence be tween the co ef fi cient of con sol i da tion cv 
and the spe cific time of con sol i da tion t(T = 1) for var i ous

lengths of the drain age path

 Typ i cal val ues of cv af ter Gudehus (1981)

Fig. 2. Stress and strain changes in the CRS tests (A) and CRL tests (B) 



Dub (i, n) is es ti mated with re gard to pore wa ter pres sure dis si pa -
tion in the time tCL func tion. 

As a re sult we ob tain a two-di men sional ta ble con tain ing re -

sults of Dub (i, n) cal cu la tion for ev ery level of Dsn and  times tCL i.

The ad di tion of SDub (i, n) for suc ces sive time tCL i, is the fi nal
re sult of discretized cal cu la tion as a the o ret i cal value of the
dimensionless pa ram e ter CCL, i Fig ure 3. De pend ence be tween
the co ef fi cient of con sol i da tion cv and spe cific time of con sol i -
da tion t(T = 1) for var i ous length of the drain age path.

The cal cu la tion with for mu las ap plied is shown in Fig ure 4.

THEORETICAL ANALYSIS 
OF THE CALCULATION RESULTS

The key is sue for both the o ret i cal and ex -
per i men tal anal y sis of con sol i da tion is the
course of pore wa ter pres sure changes. The pur -
pose of the o ret i cal cal cu la tions based on the as -
sump tions noted above is to an a lyse pore wa ter
pres sure dis tri bu tion un der con tin u ous load ing.
These con di tions have not been a sub ject of
classical consolidation analysis. 

The so lu tions pre sented from the o ret i cal
cal cu la tions (Dobak, 1999) ex tend the char ac -
ter is tics of con sol i da tion pro cess for a con tin u -
ous load ing pro gram. 

The ba sic fac tors in flu enc ing vari abil ity of
pore wa ter pres sure dis tri bu tion are ex am ined al -
ter na tively as sta ble and vari able con sol i da tion
char ac ter is tics of the soil (ex pressed as t(T =1)) and 
dif fer ent sce nar ios of load ing in crease. 

Be cause of the fact that the anal y ses pre -
sented are gen eral, the in put pa ram e ters have
been re duced to com pa ra ble the dimensionless

vari ables. Ini tial time tCL and stress s have the
value 0 here and the fi nal ones 1. Cal cu lated ub

val ues are pre sented as a frac tion of max i mum
stress value and the re sults of anal y ses are pre -
sented as the dimensionless pa ram e ters (TCL,
CCL) de fined above. 

Re fer ring to the as sump tions dis cussed the
anal y sis was con ducted for the fol low ing con di -
tions: 

— Three cases of con sol i da tion fea tures
ex pressed by the spe cific time of con sol i da tion 
(t(T = 1)). Two vari ants of t(T= 1) = const marked
as lines C 0.1 and C0.2 (Fig. 5B) were in cluded.
The val ues in in dex cor re spond with the re la -
tion t(T = 1)/(tCL max = 1). The case of lin early in -
creas ing t(T = 1) is marked as line L (Fig. 5A). 

— Var i ous val ues of load rate: two dif fer ent 
val ues of con stant load rate (the CRL con di -
tions) marked on Fig ure 5B as I and II; two
mod els of the in creas ing load rate (Fig. 5C) for
con di tions sim i lar to the CRS test marked on
Fig ure 5C as III and IV.

The re sults of pore wa ter pres sure dis tri bu -
tion in CL con di tions are de scribed below.

Fig ure 5D, E pres ent the o ret i cal changes of the pore wa ter
pres sure value. Ini tially, a con sid er able in crease of pore wa ter
pres sure and then a quasi sta bili sa tion of the ub val ues are ob -
served for the lin ear in crease of stress (the CRL tests, I and II
cases) and con stant val ues of t(T = 1). The quasi sta bili sa tion of
pore wa ter pres sure takes place when the con sol i da tion de gree
U for the first in fin i tes i mal in crease of stress is equal to 0.99….
and the T pa ram e ter from the clas si cal Terzaghi and Tay lor so -
lu tion is equal to 2, which means when t = 2t(T = 1). The fur ther
lin ear stress in crease re sults in the con stant value of ub stabil. 
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Fig. 4. The block scheme of cal cu la tion — the SUM al go rithm

L — lin ear in crease of t(T = 1); C0.1 — con stant value of t(T = 1) + 0.1 t max;
C0.1 — con stant value of t(T = 1) + 0.2 t max
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Fig. 5. The o ret i cal pore wa ter pres sure dis tri bu tion dur ing the CL tests

The rel a tive val ues of time are com par a tive in all  the di a grams



The ub stabil value de pends on t(T = 1) value (com pare I, C0.2

and I, C0.1 cases) and load rate (the I, C0.1 and II, C0.1 cases).
Dur ing CRL tests with a lin ear in crease of t(T = 1) we do not

ob serve sta bili sa tion of pore wa ter pres sure but a quasi lin ear
in crease of ub be tween ex treme lines (I and II) for t(T = 1) = const
on the di a gram (Fig. 5D).

When the load in crease is not lin ear and Ds/Dt2 > 0, a con -
sid er able con stant in crease of pore wa ter pres sure is ob served.
It ap pears that sta bili sa tion of pore wa ter pres sure oc curs dur -
ing CRL tests only with t(T = 1) = const (Fig. 5D). 

At the same time it is worth not ing that in ten tion ally main -
tain ing the con stant value of pore wa ter pres sure (the CG test)
re quires proper con trol of the load rate change. It is pos si ble
only when the mea sure ment ap pa ra tus is spe cially in ter ac -
tively pro grammed. 

Re sults of the anal y ses pre sented show that the the o ret i -
cally ex pected sta bi li za tion of pore wa ter pres sure in the CL
test may oc cur only if two con di tions are met at the same time: 

Ds/Dt = const: (CRL tests)
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where: gw — unit weight of wa ter; k — co ef fi cient of per me abil ity;

M0 — modulus of com press ibil ity.

In prac tice, changes of the H, k, M0 pa ram e ters cause a
increase of the t(T = 1) value. There fore not only in CRS and CG
tests, but also in CRL tests we can ob serve a con tin u ous in -
crease of pore wa ter pres sure. 

Uni fi ca tion of de scrip tion of pore wa ter pres sure dis tri bu -
tion in the course of CL tests is ob tained by means of in tro duc -
ing dimensionless parameters. 

When the CCL pa ram e ter is on the y-axis and TCL is on the
x-axis we ob tain only two curves for ev ery case ana lysed.
Stand ardi sa tion of the di a grams shows that the course of the
CCL–TCL curve de pends only on the model of load ing in crease

(Fig. 5F). One curve char ac ter izes ev ery CRL test in de pend -
ently of the rate of load ing. We ob tain other curves while the in -

crease of load ing is ex pressed by the s = atn func tion and the
course of the CCL –TCL curve de pends only on ex po nent in dex n. 
This sit u a tion usu ally oc curs in the CRS test. 

To sum up, curves ana lysed do not de pend on the con sol i -
da tion prop er ties of the soil and de pend only on load rate. An
im por tant item with re gard to CL tests is TCL = 2, be cause it con -
sti tutes a the o ret i cal bound ary be tween non-steady and steady
phases of the pro cess. This is the time when dis si pa tion of pore
wa ter pres sure caused by the first in fin i tes i mal stress in crease is 
prac ti cally fin ished. In the CRL test this limit is re lated to CCL =
0.24, but in the CRS test CCL for TCL = 2 is higher.

THEORETICAL CHARACTERISTICS OF CL
CONSOLIDATION

The re sults of cal cu la tions car ried out for var i ous as sumed
con di tions con firm and ex tend the de pend en cies be tween the
con sol i da tion pa ram e ters pre sented above. As a re sult of pre sent -
ing pore wa ter pres sure dis tri bu tion by means of the
dimensionless pa ram e ters CCL and TCL we may in tro duce gen er -
al ised curves for dif fer ent CL test pro ce dures. The curves are in -
de pend ent of the con sol i da tion pa ram e ters of soil (cv), and de -
pend only on load mode. For the tests with con stant (lin ear) load
in crease, only one CCL vs. TCL curve is ob tained. The curve char -
ac ter ises CRL con sol i da tion just as the U vs. T curve char ac ter -
ises Terzaghi’s the ory. The fac tor re spon si ble for course of the

CCL vs. TCL curve is not the load rate (Ds/Dt) but a change of

stress in crease (Ds/Dt2 ¹ 0). Fig ure 6 pres ents a set of CCL vs. TCL

curves ob tained for test pro ce dures de fined by power func tions s

= a × tn. The n value char ac ter ises par tic u lar curves. 
Con tin u ous load ing in the IL tests may be treated as a spe -

cial case of the power func tion s = a × t0 = a = const. Fig ure 6
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Fig. 6. The o ret i cal pore wa ter pres sure dis tri bu tion for var i ous load ing pro ce dures (af ter Dobak, 2000, mod i fied)



also pres ents pore wa ter pres sure dis tri bu tion ac cord ing to
Terzaghi’s the ory.

For load ing pro ce dures de scribed by the multinomial func -

tion s = a2 × t
2 + a1 × t at a2/a1 = const, a set of uni fied CCL vs. TCL

curves is ob tained.
It should be pointed out that mod el ling of load ing pro ce -

dures in CRS tests might be strongly in di vidu al ised. The the o -
ret i cal pore wa ter pres sure dis tri bu tion is very sen si tive to
changes of load ing pro ce dure. There fore se lec tion of the
multinomial func tion should be done very carefully. 

The re sults of the o ret i cal anal y sis of the CL con sol i da tion
enable:

— com par i son of var i ous cv for mu las against the back -
ground of Terzaghi’s con sol i da tion the ory ap plied to
CL tests;

— cal cu la tions of cv on the ba sis of anal y sis of CCL vs. TCL

curves;
— con sis tency of con sol i da tion the ory with ex per i men tal

re sults.

CALCULATION OF cv FROM CL TESTS —
ASSESSMENT OF VARIOUS METHODS

Fig ure 7 pres ents as sump tions and re sults of com par a tive
cal cu la tions of con sol i da tion pa ram e ters for var i ous test pro ce -
dures. The pur pose of this anal y sis was to as sess dif fer ences be -
tween cv eval u ated ac cord ing to widely used for mu lae and the
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Fig. 7. Com par i son of dif fer ent meth ods of cv es ti ma tion in the con text of the o ret i cal anal y sis
of the CL con sol i da tion pro cess



the o ret i cal so lu tion pre sented above. As sumed in put data in
dimensionless form is sim i lar to Fig ure 5. 

The cal cu la tion was car ried out for the fol low ing con di tions:
— two types of load ing pro ce dure;
— three types of soil with dif fer ent con sol i da tion prop er -

ties; the prop er ties were ex pressed by means of t(T =  1)mod

(Fig. 7B); 
— the as sumed soil com press ibil ity for nor mally con sol i -

dated clay (Fig. 7C); this as sump tion was nec es sary to
eval u ate cv, but cal cu la tion re sults were con verted into
t(T = 1) us ing val ues of e and Hi.

The as sumed val ues of the t(T = 1)mod and t(T = 1) pa ram e ters
cal cu lated ac cord ing to the for mu lae of Smith and Wahls,
Wissa et al., ASTM and Janbu, were com pared. Fur ther anal y -
sis would re fer to the in versely pro por tional re la tion of cv and
t(T = 1) (see Fig. 3) — in crease of the t(T = 1) value re sults in de -
crease of cv and the op po site.

Ac cord ing to the ba sic for mula (af ter Smith and Wahls,
1969) the t(T = 1) val ues are un der es ti mated in the ini tial part of
the test and over es ti mated later on. The au thor ob served this
phe nom e non in the ma jor ity of CL tests, but their quan ti ta tive
as sess ment was im pos si ble. That as sess ment would be pos si ble 
af ter tak ing into ac count the re sults of cal cu la tion of the o ret i cal
pore wa ter pres sure dis tri bu tion. The sim u la tions con ducted re -
sulted in the fol low ing con clu sions:

— a di ver gence of as sumed val ues of pa ram e ters and val ues
cal cu lated ac cord ing to Smith’s for mula oc curs usu ally in 
the non-steady (tran sient) phase of CL tests (TCL < 2);

— for the tests with an in creas ing load rate (Ds/Dt2 > 0), the 
di ver gence of t(T = 1)Smith and t(T = 1)mod is more vis i ble and
oc curs not only at the be gin ning of the test but also at its
later stage;

— the re corded di ver gences be tween t(T = 1)Smith and t(T = 1)mod

de pend on the as sumed load ing pro ce dure and not on
the con sol i da tion pa ram e ters.

The cor rec tion co ef fi cient in tro duced by Janbu changes re -
li abil ity of the con sol i da tion pa ram e ters in the ini tial phase of
the test. This co ef fi cient is eval u ated on the ba sis of changes of
the pore wa ter pres sure value which de pends both on the load -
ing pro ce dure and on the vari abil ity of con sol i da tion pa ram e -
ters [cv, t(T = 1)]. Con se quently di ver gence be tween t(T = 1)Janbu and
t(T = 1)mod would also de pend on both fac tors: 

— in the case of soil show ing con stancy of the con ven -
tional time of con sol i da tion (the C case), the t(T = 1)Janbu

value is close to the t(T=1)mod value; a small un der es ti ma -
tion of t(T = 1)Janbu in the sta bi lised phase (Fig. 7E) re flects
sim i lar un der es ti ma tion of t(T = 1)Smith, that is not clearly
vis i ble in Fig ure 7D be cause of the di a gram scale used;

— when the t(T = 1) value still rises, there is an in crease of
pore wa ter pres sure even in the later stages of the test
(for TCL > 2); thus Janbu’s cor rec tion co ef fi cient still
mod i fies con sol i da tion pa ram e ters; as a re sult some
over es ti ma tion of the t(T = 1)Janbu val ues may be ob served
dur ing com par i son with t(T = 1)mod val ues.

While us ing the for mula rec om mended by ASTM, the di -
ver gences be tween t(T = 1)ASTM and the as sumed val ues de pend
on load ing pro ce dure:

— at the be gin ning there is a sig nif i cant over es ti ma tion of
t(T = 1)ASTM val ues in the CRL tests, how ever, these grad u -
ally de crease;

— in stead, t(T = 1)ASTM val ues are un der es ti mated in CRS tests.
The val ues of con sol i da tion pa ram e ters cal cu lated us ing

ASTM’s for mula and Janbu’s method are sim i lar to each other
(Fig. 7G).

A METHOD OF cv ESTIMATION
FROM PORE WATER PRESSURE DISTRIBUTION

Due to the pe cu liar i ties of CCL vs. TCL, it is pos si ble to es ti -
mate the cv value by means of a newly sug gested method called
the MD method (method of pore pres sure dis si pa tion). This
method is based on the o ret i cal curves of pore wa ter pres sure
dis si pa tion in var i ous courses of con tin u ous load ing. We may
ana lyse all CRL tests that pro duce uni form CCL vs. TCL curves.
The fol low ing pa ram e ters are re corded dur ing the test:

— load in crease s = f(t);
— ax ial strain h, cur rent length of the drain age path Hi =

H0– h;
— pore wa ter pres sure ub at the bot tom of the sam ple.

We can es ti mate the CCL pa ram e ter as ub/s at any time t and
sub se quently its cor re spond ing value of TCL us ing the CCL vs.
TCL the o ret i cal de pend ence. Then CCL vs. TCL is sim ply trans -
formed into con sol i da tion pa ram e ters: t(T = 1) and cv (Fig. 8).

In other CL tests (CRS and CG tests) the other s = f(tCL)
func tion should be used de pend ing on the com press ibil ity of
the soil. It is nec es sary to ob tain a spe cific ap prox i ma tion of the

func tion s = f(t) and cal cu late the re la tion of CCL vs. TCL by
means of the SUM al go rithm. Then the next steps of es ti ma tion
should be as de scribed above. 

Fig ure 9 pres ents the re sults of of cv value cal cu la tion ac -
cord ing to all meth ods ana lysed. The cv val ues form a range that 
is wider in the ini tial phase of the test and more nar row later on.
The cv val ues cal cu lated us ing the MD method in gen eral are
sim i lar to the high est es ti ma tions of cv with the ex cep tion of
Smith et al. ba sic for mula in the ini tial part of the test.

ANALYSIS OF THE CONSISTENCY
BETWEEN THE THEORETICAL SOLUTION

AND EXPERIMENTAL TEST RESULTS

Con sol i da tion of soils hav ing var i ous gen e ses were in ter -
preted us ing the method of the o ret i cal anal y sis pre sented above 
(Dobak, 1999). Typ i cal pat terns are pre sented herein. Prop er -
ties of the soils ana lysed are listed in Ta ble 1.

The re sults of lab o ra tory tests have dif fer ent di ver gences in
the var i ous parts of the tests. In the ma jor ity of cases the value
of CCL max  in the ini tial phase of the test is lower than the the o -
ret i cal value CCL max = 1. This may be caused by:

— de lay of pore wa ter pres sure mo bi li sa tion un der ini tial
load ing: in com plete sat u ra tion of pores with wa ter in many
sam ples; un dis turbed struc ture and nat u ral hu mid ity of the
sam ples; pre-con sol i da tion ef fects. 
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The de vel op ment of load ing caused a de crease in soil po ros -
ity and an in crease in the quasi-sat u ra tion of the pores. There fore
the dis tri bu tion of pore wa ter pres sure in the sub se quent part of
the test is con sis tent with the model. Such be hav iour can be
named quasi-the o ret i cal (QT) pore wa ter pres sure dis tri bu tion.

There are three more types of CCL vs. s de pend ence ob -
served, which are not in ac cor dance with the the o ret i cal so lu -
tion pre sented above (Fig. 9): 

— Dis placed the o ret i cal (DT) dis tri bu tion: in the same tests 
pore wa ter pres sure dis tri bu tion is de layed in com par i -
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Fig. 9. Types of cv dis tri bu tions ob tained from the tests

H24, H7, L5, L15, L11, L14 — tests (see Ta ble 1)

 

 

               

            

Fig. 8. Rules of cv es ti ma tion  from the the o ret i cal pore wa ter pres sure dis tri bu tion (the MD method)



son to the the o ret i cally re quired sit u a tion. In this case
the CCL value grad u ally in creases and reaches the max i -
mum value lower than 1 in the more ad vanced phase of
the test. Later its de crease is sim i lar to the the o ret i cal so -
lu tion.

— Ir reg u lar vari able (IV) dis tri bu tion: in the tests of the
non-con sol i dated soils (pastes) ir reg u lar changes of the
CCL value are some times ob served. This can be caused
by re con struc tion of the soil struc ture and lo cal changes
of its per me abil ity.

— Con stantly in creas ing (CI) dis tri bu tion. In this case the
CCL value in creases con stantly which is re lated to a rapid 
in crease of the t(T = 1) value in the course of the test.

Af ter chang ing the co-or di nate sys tem into CCL vs. TCL we
ob tain an equal route of the curves.  

It is worth men tion ing that, when the con sol i da tion pro cess
is pre sented in the CCL vs. TCL sys tem di a gram, for other types
of pore wa ter pres sure dis tri bu tion in ter est ing re sults are ob -

tained as well. Due to con vert ing the CCL vs. s sys tem into CCL

vs. TCL the ex per i men tal curve runs close to the the o ret i cal one
and TCL val ues first de crease and than re turn up along the the o -
ret i cal curve (Fig. 10). This is be cause of a sig nif i cant in crease
of t(T  = 1) dur ing the test. This may be a re sult of too high a load
rate and a lim ited pos si bil ity of pore wa ter pres sure dis si pa tion
in the con sol i dated soil, es pe cially in clays with a high value of
the plas tic ity in dex (Dobak and Kowalczyk, 2008). 

The au thor con ducted some cal cu la tions as sum ing an in -
crease of t(T = 1) de scribed by the func tion the 
t a t cT CL

b
( ) ( )= = × +1 . The re sults showed that a pos si bil ity of

TCL re ces sion oc curred when the sec ond de riv a tive of the func -
tion t a t cT CL

b
( ) ( )= = × +1  (for a, b, c > 0) had a pos i tive value

(Dobak, 1999).
Anal y sis of CCL di a grams may pro vide im por tant in for ma -

tion con cern ing as sess ment of the load rate in CL tests. The
tests should be car ried out with ref er ence to the re sults of
proper load ve loc ity ac cord ing to the field con di tions (Dobak,
1995, 1999).

DISCUSSION

The sug ges tion for as sess ment and se lec tion of the op ti mum
CL con sol i da tion pa ram e ters pre sented above is closely con -

nected with Terzaghi’s so lu tion. Terzaghi’s the ory of con sol i da -
tion, in tro duced in the 1920’s, has for many years been a ba sis
for fur ther ad vanced the o ret i cal so lu tions (Da vis and Ray mond,
1965; Gib son et al., 1967; Fredlund and Rahardjo, 1993;
Butterfield and El-Bahey, 1995) and is still of ten used for set tle -
ment fore casts. The most in ter est ing el e ment seems to be the so -
lu tion of the most dif fi cult prob lem — scal ing of the pro cess
time. Terzaghi ex plained the sim i lar ity of the con sol i da tion time
in the lab o ra tory tests and field ob ser va tions by a phys i cal con -
nec tion be tween set tle ment time and pore wa ter drain age con di -
tions. Due to that, a long-last ing set tle ment fore cast con cern ing
the soil layer might be con nected to the re sults of short lab o ra tory 
tests. Ac cord ing to Terzaghi’s the ory, the set tle ment time is pro -
por tional to the square length of the drain age path, al though re -
sults of fur ther lab o ra tory ex per i ments in di cate a ne ces sity of
more gen eral pre sen ta tion of this de pend ence: 

t
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2

1

2

=
æ

è
ç
ç

ö

ø
÷
÷

[6]

where: the n value is some times not equal to 2. 

How ever, treat ing the re la tion of drain age path lengths as a
scal ing co ef fi cient is phys i cally de pend ant on seep age con di -
tions in the con sol i da tion process.

Ac cord ing to the test re sults for var i ous types of soils, ex -
cept in seep age con di tions, soil creep also in flu ences the con -
sol i da tion pro cess. In or der to prop erly scale the con sol i da tion
time, ef fects of fluid flow should be sep a rated from creep. This
prob lem was pre sented in many pa pers, where au thors dis tin -
guished two stages of con sol i da tion: pri mary — gov erned by
the fluid flow, and sec ond ary — creep (Schiffman et al., 1964).
Dis agree ment be tween the cv val ues es ti mated us ing var i ous
meth ods (Duncan, 1993) shows that the sep a ra tion of these el e -
ments of con sol i da tion is still not sat is fac tory. In par tic u lar the
as sump tion that seep age is the only fea ture of the ini tial stage of 
the con sol i da tion pro cess may be ques tioned. It seems that the
creep fac tor is sig nif i cant for many pre-con sol i dated and even
fresh or un sat u rated soils.

In or der to prop erly es ti mate the co ef fi cient of con sol i da -
tion con nected with fluid flow it is most im por tant to pre cisely
con trol the pore wa ter pres sure dis tri bu tion. Pore wa ter pres -
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T a  b l e  1

Geotechnical prop er ties of soils and con di tions of CL tests

Type of soil Sam ple no

Ini tial soil prop er ties Av er age ve loc ity of 
CL test

At tain ing Sr = 1 in
the course of CL test

Den sity of soil
r0

 [Mg · m –3]

Wa ter con tent

w [%]

Ini tial de gree 
of sat u ra tion 

Sr  0 [-]

Ds/Dt
[kPa s–1]

De/Dt
[s–1]

s (Sr = 1)
[kPa]

ε (Sr = 1)

 [-]

Odra gla ci ation tills H 8 2.17 11.9 0.85 0.37 4 .10–5 110 0.050

Neo gene com plex

level III H 24 1.71 33.5 0.92 1.23 2 · 10–4 130 0.090

level IV
L 5 2.05 23.3 1.00 0.22 3 · 10–5     0 0      

L 11 1.86 31.4 0.96 0.11 5 · 10–5   43 0.027

level VII
L 14 2.09 11.7 0.73 0.22 2 · 10–5 225 0.080

L 15 2.04 15.2 0.80 0.19 6  · 10–5 116 0.071



sure changes are greater and shorter in du ra tion in CL tests than 
in IL tests. Con se quently, mea sure ment er rors are mi nor and
ap pli ca tion of Terzaghi’s so lu tion for CL tests en ables se lec -
tion of the fluid flow as pect in the process ana lysed. 

The CCL vs. TCL di a grams have been pre pared on the ba sis
of Terzaghi’s the ory. There fore the cv value es ti mated us ing
MD tests mainly re flects the seep age as pect of the con sol i da -

tion pro cess. This is why cv val ues ob tained us ing the MD
method are higher than those es ti mated us ing pre vi ously ap -
plied meth ods which, to a var i ous ex tent, al lowed for the creep
fac tor. Se lect ing the fluid flow fac tor is cru cial for proper use of 
the time scale ef fect for long-term fore cast. 

408 Paweł Dobak

                

 

               

 

Fig. 10. Com par i son of the cv co ef fi cient val ues es ti mated ac cord ing to the MD and other meth ods



CONCLUSIONS

1. The con sol i da tion pro cess in the con tin u ous load ing con -
di tion pos sesses at trib utes that make it dif fer ent from clas sic
con sol i da tion un der constant loading.

2. Ap pli ca tion of the in tro duced dimensionless pa ram e ters
CCL vs. TCL makes it pos si ble to pres ent char ac ter is tic di a grams
of pore wa ter pres sure changes de pend ing only on the load ing
pro ce dure.

3. The al go rithms pre sented al low for com par i son of the in -
ter pre ta tion meth ods ap plied up to now for CL tests with the o -
ret i cal so lu tions based on the clas si cal Terzaghi model of con -
sol i da tion.

4. On the ba sis of the CCL vs. TCL re la tion the value of the
con sol i da tion co ef fi cient may be es ti mated de pend ing on the

fluid flow and per me abil ity fac tor of the con sol i da tion pro cess
(MD method). As a rule, cv val ues are slightly higher than the
val ues ob tained from the in ter pre ta tion meth ods for CL tests
used up to the pres ent time.

5. Com par i son of the the o ret i cal di a grams and the ex per i -
men tal re sults en ables dis tin guish ing of the types of pore wa ter
pres sure dis tri bu tion and their con sis tency with the as sump -
tions of the fil tra tion consolidation theory.

Ac knowl edge ments. I wish to ex press my thanks to prof.
Z. Glazer, prof. L. Wysokiński and prof. J. Gaszyński for in -
spired dis cuss and advices.

REFERENCES

ALMEIDA M. S. S., MARTINS I. S. and CARVALHO S. R. L. (1995) —
Con stant rate of strain con sol i da tion of Sin ga pore ma rine clay  —
discusion to pa per: Lee K. et al., 1993. Geotechnique, 45 (2):
333–336.

ASTM D 4186-89 Stan dard test method for one di men sional con sol i da tion
proporties of soils us ing con trolled — strain load ing. Am. Soc. Test.
Ma ter., 1998.

BUTTERFIELD R. and EL-BAHEY M. E. (1995) — A sim ple non-lin ear
fi nite-strain con sol i da tion anal y sis. In: Com pres sion and Con sol i da -
tion of Clayey Soils (eds. H. Yoshikuni and O. Kusakabe). Balkema.
Rot ter dam.

DAVIS E. H. and  RAYMOND G. P. (1965) — A non-lin ear the ory of con -
sol i da tion. Geotechnique, 15 (2): 161–173.

DOBAK P. (1995) — Fil tra tion fac tor in the con sol i da tion pro cess. Procc.
XI European on Soil Me chan ics and Foun da tions Di vi sion.
Kobenhavn: 3.49–3.54

DOBAK P. (1999) — The role of fil tra tion fac tor in uni ax ial con sol i da tion
tests of soils (in Pol ish with Eng lish sum mary). Pol. Acad. Sc.
Kraków: 1–225.

DOBAK P. (2000) — Kryteria zgodności badań IL oraz CL z teorią
konsolodacji filtracyjnej. Mat. Sesji “Geotechnika w budownictwie i
inżynierii środowiska”. Gdańsk. Wyd. Politechniki Gdańskiej.

DOBAK P. (2003) —  Load ing ve loc ity in con sol i da tion anal y sis. Geol.
Quart., 47 (1): 13–20. 

DOBAK P. and KOWALCZYK S. (2008) — Con sol i da tion pa ram e ters of
Neo gene green clays from Bełchatów — a study on CL test in ter pre ta -
tion. Geologija,  Suplement, 50: 520–525. Vilnius

DUNCAN J. M. (1993) — Lim i ta tions of con ven tional anal y sis of con sol i -
da tion set tle ment. J. Geotech. Engin., 119 (9): 1333–1359. 

FREDLUND D. G. and RAHARDJO H. (1993) — Soil me chan ics for un -
sat u rated soils. John Wiley and Sons, INC, New York.

GIBSON R. E., ENGLAND G. L. and HUSSEY M. J. L. (1967) — The the -
ory of one-di men sional con sol i da tion of sat u rated clays.
Geotechnique, 17: 261–273.

GUDEHUS G. (1981) — Bodenmechanik.  Enke Verlag. Stutgart

JANBU N., TOKHEIM O. and SENNESET K. (1981) — Con sol i da tion
Tests with Con tin u ous Load ing. Proc. 10th Int. Conf. On Soil Me chan -
ics and Foun da tion En gi neer ing. Stock holm, 1: 645–654.

LEE K., CHOA V., LEE S. H. and QUEK S. H. (1993) — Con stant rate of
strain con sol i da tion of Sin ga pore ma rine clay. Geotechnique,  43 (3):
471–488.

LOWE J., JONAS E. and OBRICIANS V. (1969) — Con trolled gratient
con sol i da tion tests. J. Soil Mech. Foundat. Di vi sion, Proc. Am. Soc.
Civil Engin., 95 (SM1): 77-97

SCHIFFMAN R. L., LADD C. C. and CHEN A. T. F. (1964) — The sec -
ond ary con sol i da tion of clays. Proc. Symp. Rhe ol ogy Soil Mech.,
Grenoble: 273–298.

SMITH R. E. and WAHLS H. E. (1969) — Con sol i da tion un der con stant
rate of strain. J. Soil Mech. Foundat. Di vi sion, Proc. Am. Soc. Civil
Engin., 95 (SM2): 519–539. 

WISSA A. E. Z., CHRISTIAN J. T., DAVIS E. H. and HEIBERG S. (1971)
— Con sol i da tion at con stant rate of strain. J. Soil Mech. Foundat. Di -
vi sion, Proc. Am. Soc. Civil Engin.,  97 (SM10): 1393–1412.

Evaluation of consolidation parameters in CL tests; theoretical and practical aspects 409


