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Ob tain ing the re li able val ues of fil tra tion–con sol i da tion pa ram e ters de pends on ap pro pri ate pro gram ming of load ve loc ity.
The pa per pres ents a crit i cal as sess ment of the cri te ria for se lect ing the load ve loc ity with re gard to a the o ret i cal model of
con sol i da tion un der the con stant rate of load (CRL). A key el e ment of in ter pre ta tion is to dis tin guish three stages of in ves ti ga -
tion: mo bi li za tion of pore pres sure, steady phase and un steady phase. Re li able val ues of fil tra tion–con sol i da tion pa ram e ters 
are ob tained dur ing the steady phase de ter mined on the ba sis of dimensionless test pa ram e ters, stan dard ized for CRL: the
pore pres sure and rel a tive time of con sol i da tion CL (con tin u ous load ing). In or der to as sess the trends in changes of fil tra -
tion–con sol i da tion prop er ties of the Krakowiec For ma tion, clays were cho sen for in ves ti ga tions. The tests were per formed
on un dis turbed sam ples and us ing Mid dle Mio cene soil pastes at dif fer ent load ve loc i ties to pro pose a method to choose ap -
pro pri ate test speed in CL tests.

Key words: con sol i da tion, load ve loc ity, Krakowiec For ma tion clays, fil tra tion co ef fi cient.

INTRODUCTION

Tests per formed with a con tin u ous load in crease are im por -
tant in the de vel op ment of uni ax ial con sol i da tion tests meth od -
ol ogy that re fers to so lu tions of the clas si cal Terzaghi the ory,
but de mands change of ap proach in in ter pre ta tion – both in a
the o ret i cal and prac ti cal as pect. As much faster and re sult ing
with more sig nif i cant pa ram e ters ob tained, the CL tests shall be 
con ducted more com monly in any con sol i da tion-re lated de -
signs. The main gen eral ob jec tive of the work is to pro vide more 
data for un der stand ing of CL tests, and thus to help with fur ther
prac ti cal de vel op ment of pro ce dures and in ter pre ta tion.

To set the def i ni tion frame, ac ro nyms used in the pa per are
ex plained here: IL – in cre men tal load ing, re ferred to as STD
(stan dard) as well, CL – con tin u ous load ing – gen eral name for
the fol low ing types of tests: CRL – con stant rate of load, CRS –
con stant rate of strain, CG – con stant pore pres sure gra di ent.

CONSOLIDATION MODEL UNDER CONTINUOUS
CL LOAD INCREASE

CL tests can be per formed with con stant ve loc i ties pres er -
va tion of: load CRL (Aboshi et al., 1970), de for ma tion CRS
(Wissa et al., 1971), or pore pres sure CG (Lowe et al., 1969).

To gether with in tro duc tion of the de scribed meth ods, CL
tests phases were de ter mined (Wissa et al., 1971; Vu Cao
Minh, 1977) as non-steady and steady. Fur ther the o ret i cal stud -
ies al lowed to stan dard ize the model of pore wa ter pres sure
changes in the course of CL tests (Dobak, 1995, 1999, 2008),
through in tro duc tion of non-di men sional quan ti ties:

– pore wa ter pres sure pa ram e ter CCL:
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where: ub – pore wa ter pres sure at the base of consolidometer [kPa]; 

s – ap plied ex ter nal stress  [kPa],

– rel a tive con sol i da tion time TCL:
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where: t – time from be gin ning of CRL test [s]; t(T=1) – spe cific time of
con sol i da tion [s]; cv – co ef fi cient of ver ti cal con sol i da tion [m2/s]; H  –
length of drain age path [m].

The TCL pa ram e ter can be con sid ered in the CL tests as a
mea sure of ad vance ment of the con sol i da tion pro cess, and is
equiv a lent to con sol i da tion de gree U.

CRITERIA OF CONSOLIDATION TEST SPEED, 
LED WITH CONSTANT LOAD VELOCITY

CCL pa ram e ter de scribes the role of pore wa ter pres sure in
the course of con sol i da tion and fil tra tion fac tor, and agree ment
of test re sults with ap pli ca tion of the Terzaghi the ory.

As pre sented above (Ta ble 1), the pro posed quan ti ta tive
cri te ria sig nif i cantly dif fer, which re sults from dif fer ent me thodic
ap proaches. Smith and Wahls (1969), on the ba sis of lab o ra -
tory test ing, al low for high val ues of ub/s ra tio in the course of
test. The pro posed so lu tions re fer rather to the clas si cal
Terzaghi the ory. In turn, Wissa et al. (1971), on the ba sis of the
Da vis and Ray mond (1965) non-lin ear the ory (1965), state that
tran si tion from un steady to steady phase is in de pend ent of load 
ve loc ity.

Ex per i men tal works led and de scribed by Gorman et al.
(1978) pres ent dif fer ent cri te ria of load ve loc ity ap pli ca tion.
Wide pro gram of com par a tive re search in volved CG, CRS,
STD IL, tests with use of “back pres sure” tech nique among oth -
ers, his sug ges tions was the per for mance of the tests for soils

of wL > 60%, with De/Dt speed of 8 ́  10–5/s, whereas for lower li -
quid ity in dex, this speed can be dou bled.

On the ba sis of re search re sults, Lee et al. (1993) pro posed
a cri te rion of non-di men sional de for ma tion rate b, which, re fer -
ring to the above-men tioned (Dobak, 1999, 2008) spe cific con -
sol i da tion time t(T=1) pa ram e ter, can be de scribed as:
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where: e – rel a tive strain [–], other ex pla na tions as in equa tions [2].

The pre sented re view in di cates lack of con for mity and, of -
ten, ar bi tral char ac ter of pro posed speed test cri te ria. By this,
two im por tant re marks have to be stated:

– the pos tu late of ex pected con for mity be tween pa ram e -
ters ob tained from IL and CL tests is still to dis cuss, as in
its back ground lies the un stated con di tion that the con -
sol i da tion pro cess in cases of two dif fer ent soil load ing
sys tems is iden ti cal;

– con sol i da tion pa ram e ters do not have ex clu sively phys i -
cal char ac ter, though are de rived on the ba sis of cer tain
the ory.

There fore, com par i son of pa ram e ters ob tained from dif fer -
ent meth ods de mands prior con for mity as sess ment of soil re ac -
tion with the im pli ca tions of as sumed the ory. 
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CCL = ub/s Soil type Pub lished by

0.5 kaolinites, Ca-montmorillonites, Massena clay Smith and Wahls (1969)

0.05 Boston blue clay (sedimented ar ti fi cially) Wissa et al. (1971)

0.1–0.15 Bakebol Clay Sallfors (1975)

0.3–0.5

(ub = 7 kPa)
tills and clays from Coal Ba sin in the Mis sis sippi Plain (Ken tucky) Gorman et al. (1978)

T a  b l e  1

Rec om mended val ues of CCL = ub/s for var i ous soil types (af ter Lee et al.,1993)

Fig. 1. Granular and mineral characteristic of tested Krakowiec Clay
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METHODOLOGY

ASSUMPTIONS FOR RESEARCH PROGRAM

Re sults of tests led in Rowe and Barden consolidometer on
sam ples of Mio cene clays from the Carpathian De pres sion are
pre sented.

The grain and min eral com po si tions of tested soils are pre -
sented in Fig ure 1, phys i cal pa ram e ters in Ta ble 2.

The Atterberg’s lim its are as fol lows: den sity of solid par ti -
cles rs = 2.72 g/cm3, plas tic limit wp = 24.6%, liq uid limit wL=
65.0%

The re search pro gram in volved com par i son of con sol i da -
tion prog ress dur ing tests led in 3 load ve loc i ties: 25, 50 and
100 kPa/h. To de ter mine the in flu ence of the drain age path
length, two sam ple heights: 19 and 32 mm, have been used.
As sess ment of the role of struc tural and mois ture fac tors was
pos si ble by com par ing test re sults led on un dis turbed struc ture
sam ples, as well as soil pastes.

TEST RESULTS

PORE PRESSURE PARAMETERS

Con sol i da tion prog ress anal y sis in con di tion of con tin u ous
load in crease re veals that the ex per i men tal mea sure ment re -
sults are to a great ex tent co her ent with the the o ret i cal (Dobak,
1999, 2008) char ac ter is tics of non-di men sional CCL–TCL de -
pend ence (Fig. 2).

It is also ex pressed by a dis crep ancy in the pat terns of
CCL–s ex per i men tal curves with the model so lu tion (Fig. 2),
where, ac cord ing to the clas si cal Terzaghi as sump tions, it is ex -
pected that im me di ate and com plete stress trans fer by pore wa -
ter (CCL = 1) oc curs to gether with load ap pli ca tion. In tested soils 
(un dis turbed and pastes alike), de spite of sat u ra tion with the
use of back-pres sure tech nique, this im me di ate re ac tion is not
ob served, and from the be gin ning of the test, the soil frame
trans fers more stresses, than Kel vin’s rhe o log i cal model as -
sumes. As an ef fect, ini tial stage of CCL value mo bi li za tion is ob -
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T a  b l e  2

Char ac ter is tics of sam ples tested at dif fer ent ve loc ity in Rowe and Barden consolidometer 

Fig. 2A – phases of CL consolidation test; B – ranges of pore pressure parameter experimental values on the background of
theoretical CCL–TCL dependence
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served, then reach ing CCLmax (usu ally lower than 1), and fi nally
pore pres sure dis si pa tion qual i ta tively co her ent with the model
pro cess oc curs.

The CCL mo bi li za tion stage de mands sep a rate the o ret i cal
de scrip tion and shall not be con sid ered in de ter mi na tion of re li -
able con sol i da tion and per me abil ity co ef fi cients with out ap pli -
ca tion of spe cial in ter pre ta tional so lu tions. Whereas, start ing
from reach ing CCLmax, con di tions of un steady and steady
phases oc cur rence shall be con sid ered and fur ther con sol i da -
tion pa ram e ters shall be ana lysed with re la tion to them. This re -
quire ment is im por tant both in in cre men tal mode of load ing
(WoŸniak, 2009) and in con tin u ous load ing tests (Kowalczyk,
2005; Dobak and Kowalczyk, 2008)

Re sults of the per formed tests il lus trate the fol low ing ten -
den cies (Fig. 3):

– in crease of pore pres sure ub is ob served both in pastes
and un dis turbed struc ture soils. Ini tially, it pro ceeds sim i -
larly, in de pend ently from test speed, and even from the
drain age length (sam ple height). Al though, this in crease
ex pires ac cord ing to model the o ret i cal as sump tions
(Dobak, 2008), even re veal ing fur ther slight fall. It could
point to the im prove ment of drain age con di tions dur ing
the test, which is con firmed by a cor re lated de crease of
the spe cific con sol i da tion time t(T=1) pa ram e ter;

– in the tests per formed with higher load ve loc ity, val ues
ubmax are higher and reached later. This trend is gen er -
ally co her ent with the o ret i cal as sump tions, how ever, ac -
cord ingly to the model (Dobak, 1999), the ex pected pro -

por tional na ture of ubmax value to the test speed Ds/Dt, is
not ob served. In stead, from the ana lysed mea sure -
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Fig. 3. Pore pressure (A – natural structure, B – soil-paste) and pore water pressure parameter 
(C – natural structure, D – soil-paste) changes during CL tests at different velocity of loading
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ments, it rather ap pears that ap pli ca tion of higher Ds/Dt
ve loc i ties is con tin u ously less re flected in gen er at ing
higher pore pres sures;

– con tri bu tion of liq uid phase to load trans fer changes in
the course of CL con sol i da tion and de pends both from
load ve loc ity and struc tural fac tors. As an ex am ple, in
the per formed tests, it was ob served that CCLmax val ues
are higher in pastes than in un dis turbed struc ture soils.

AXIAL DEFORMATIONS

Changes of rel a tive ax ial de for ma tion e for soils of var i ous
struc tures and drain age path length in the tests per formed with

var i ous load ve loc i ties, shall be ex plained pri mar ily with re la tion
to ob tained va ri ety of pore pres sure dis si pa tion pat terns.

The soil struc tures con sid ered in the ana lysed tests are nat -
u ral and mod eled (pastes). The dis tinc tion be tween the role of
soil struc ture ver sus other fac tors in the de for ma tion char ac ter -
is tics is a re search task of it self (Szczepañski, 2007). One of the 
ap proaches to asses it, is the use of in trin sic soil pa ram e ters
and nor mal ized pa ram e ter – po ros ity in dex Iv (Szczepañski,
2009). This anal y sis is out of scope of this pa per.

The dif fer ences in de for ma tion de pend ing on the length of
drain age path are more vis i ble in sam ples of un dis turbed struc -
ture and less vis i ble in pastes. The shape of s–e graphs de -
pends also on pore pres sure dis si pa tion (Fig. 4).
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Fig. 4. Dependence between strain vs. stress (A – natural structure, B – soil-paste) and relative time of consolidation
 (C – natural structure, D – soil-paste)



RELATION BETWEEN CONSOLIDATION PROCESS ADVANCING AND
NON-DIMENSIONAL DEFORMATION RATE

The ex per i men tal data re veal spe cific lin ear de pend en cies
be tween CCL and b pa ram e ters.

Very good lin ear de pend ence (Fig. 5) was ob tained for the
per formed paste tests in the ranges of b Î (0, 0.25) and  CCL Î
(0, 0.5). Cri te rion of re li abil ity b < 0.1, as sumed by Lee et al.
(1993), cor re lates very well in pastes with steady phase (CCL <
0.24). En large ment of the re li abil ity range pro posed by Almeida

et al. (1995) to b < 0.28 ex ceeds the steady phase, though for
pastes, the quasi rec ti lin ear char ac ter of CCL–b de pend ence is
pre served.

In the un dis turbed struc ture sam ples, the CCL in creases
faster in func tion b. Si mul ta neously, it was noted that the line in -
cli na tion CCL = f(b) is greater for the tests with length ened drain -
age path.

Whereas, the ana lysed lin ear ity does not oc cur in the un -
steady phase for all un dis turbed struc ture soils and pastes,
when CCL > 0.24.

There fore, the ob tained val ues il lus trate cor re la tion ar eas of 
test speed cri te ria, as well as sit u a tions, for which only one cri te -
rion is ac com plished. Faster in crease of wa ter pres sure pa ram -
e ter CCL in b func tion, ob served in case of un dis turbed struc ture
sam ples and length ened fil tra tion path, points to the ne ces sity
to de scribe in di vid ual cri te ria for de ter mi na tion of al low able b
value, de pend ing on the soil type and struc ture.

DISCUSION AND INTERPRETATION OF RESULTS

COEFFICIENT OF CONSOLIDATION

Val ues of cv in pastes are around 0.5 mag ni tude or der lower 
than for un dis turbed struc ture soils (Fig. 6). It con firms the sig -
nif i cance of struc tural fac tors. Prop er ties of pastes better cor re -
spond to the o ret i cal as sump tions taken for the cre ation of con -
sol i da tion the ory. Di verse fil tra tion re sis tance in un dis turbed
struc ture soils causes dis crep an cies in the pro cess prog ress
with re la tion to model so lu tions. It is re flected in the change -
ability of the ob tained re sults.

PERMEABILITY COEFFICIENT

Val ues of per me abil ity co ef fi cient are cal cu lated in di rectly
from CL tests, on the ba sis of the for mula:
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Fig. 5. Spe cific de pend ence be tween non-di men sional ve loc ity

of strain b vs pore pres sure pa ram e ter CCL at dif fer ent con di -
tions of load ing ve loc ity, struc ture and length of drain age

Fig. 6. Coefficient of consolidation cv  estimated at different conditions of loading velocity, structure and length of drainage
 (A – natural structure, B – soil-paste)



k
c

M
v w=

× g

0

[4]

where: gw – unit weight of wa ter [kN/m3], M0 – the modulus of com -
press ibil ity [kPa], other ex pla na tions as in equa tion [2].

As for pastes, the re la tions be tween k val ues de ter mined
un der con di tions of var i ous load ve loc i ties and drain age path
lengths, ana lysed on the ba sis of stress, are or dered in versely
than in anal y ses led with re la tion to stress and TCL pa ram e ter
(Fig. 7).

Anal y sis of k value changes, per formed on the ba sis of pro -
cess ad vanc ing (TCL pa ram e ter), re veals that val ues of fil tra tion
co ef fi cient de crease in re la tion to lim i ta tion of pore space per -

me abil ity. Phys i cally, it re sults from both de crease of po ros ity
along with de for ma tion prog ress, as well as from flow con trac -
tion un der pres ence of higher pore pres sures, which oc cur un -
der higher load ve loc i ties and lon ger drain age paths.

TEST SPEED OPTIMIZATION

De ter mi na tion of the test speed in the lab o ra tory shall un -
doubt edly cor re spond to the load con di tions oc cur ring in the soil 
mas sif.

The first fac tor mod er at ing the con sol i da tion time and ap pli -
ca tion of load ve loc ity, can be re la tions be tween con sol i da tion
time and drain age path length (Dobak, 2003).
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Fig. 7. Permeability alternatively considered on the background of relative time of consolidation 
(A – natural structure, B – soil-paste) and stress (C – natural structure, D – soil-paste)
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The sec ond el e ment in lab o ra tory mod el ling of fac tors oc -
cur ring in the soil mas sif is stress val ues. There fore, the test
shall en ter into the sta ble phase un der stress val ues cor re -
spond ing to stress con di tions in the mas sif.

Anal y sis of cor re la tion be tween se lected pa ram e ters of the
CL-type con sol i da tion ad vanc ing pro cess and load ve loc i ties,
which have been clearly re flected in the re sults of soil paste
tests, are given in Fig ure 8.

Anal y sis of con sol i da tion can be ini ti ated from the mo ment
of reach ing pore wa ter pres sure max i mum value CCLmax. Un der
load ve loc i ties 2 and 4 times greater than the ini tial value of
25 kPa/h, the ob tained CCLmax value in creased 1.5 and 2.5
times, re spec tively. The value of stress, un der which the test
en tered into steady phase (TCL = 2), in creased 2 and 2.8 times,
re spec tively. Sim i lar char ac ter is tics of the value in crease were
ob served un der TCL val ues equal to 2 and 3.

It is worth no tic ing that, in the slow est of the ex am ined tests
(Ds/Dt = 24 kPa/h), the sta ble phase oc curred with s val ues of
300 kPa. If the anal y sis of geo log i cal con di tions re veals ne ces -
sity to de ter mine consolidation–filtration pa ram e ters un der low
stress, the pro grammed load ve loc ity shall be there fore de -

creased. On the other hand, un der low ve loc ity tests, par tic i pa -
tion of the fil tra tion fac tor in the con sol i da tion prog ress is mi nor
(low CCL max val ues), which in flu ences phys i cal con di tions of the
pro cess and in creas ing role of rhe o log i cal fac tors.

CONCLUSIONS

As a gen eral con clu sion and jus ti fi ca tion to use the CL ap -
proach, it should be em pha sized that CL tests al low ob tain ing
much more de tailed pa ram e ters in a faster way com par ing with
IL tests.

Con sol i da tion of CL-type (in con tin u ous load mode) has its
spe cific prog ress, other than the clas sic model de riv ing from
con stant load value (of IL-type).

To de ter mine op ti mal load ve loc ity in CL-type tests, it is nec -
es sary to ex ploit spe cific pa ram e ters: rel a tive con sol i da tion
time TCL, pore wa ter pres sure pa ram e ter CCL, as well as their
the o ret i cally de rived model de pend ence. The de rived model
de pend ence al lows sep a rat ing the test phases, as well as eval -
u at ing the con sol i da tion pro cess prog ress. The CRL test en ters
into steady phase, when CCL < 0.24 and TCL > 2.

The per formed anal y sis of CL-type con sol i da tion prog ress
in di cates that de ter min ing the mo bi li za tion stage of pore pres -
sure, as well as un steady and steady phases, is cru cial for cor -
rect in ter pre ta tion. Re li able re sults are ob tained for steady
phase – there fore it is nec es sary to con sider the test prog ress
on the ba sis of CL-type con sol i da tion ma tu rity.

The ap plied load ve loc ity sig nif i cantly in flu ences the pore
pres sure dis tri bu tion, as well as the re lated prog ress of soil
sam ple ax ial de for ma tion. In case of higher load val ues and in -
creased length of drain age path, higher pore pres sure val ues
are ob tained, as well as phases bound aries are reached later
and un der higher stress val ues. Ad di tional anal y sis not pre -
sented herein, is needed to as sess the in flu ence of struc tural
fac tor on de for ma tion char ac ter is tics.

Phys i cal con di tions of the changes of con sol i da tion and per -
me abil ity pa ram e ters, de pend ing on the ap plied load ve loc ity,
are clearer to an a lyse with the back ground con sol i da tion prog -
ress, than the stress val ues them selves.

 Non-di men sional pa ram e ters: de for ma tion ve loc ity b and
wa ter pore pres sure CCL, are the cri te rion for de ter mi na tion of
re li able load ve loc ity in CL tests. Lin ear re la tion of these pa ram -
e ters was ob served in the range of steady phase. In cli na tion of
the b–CCL line de pends on struc tural fac tors and length of drain -
age path.

An ad di tional cri te rion for pro gram ming load ve loc ity should
be an anal y sis upon reach ing steady phase in re la tion to stress
con di tions pres ent in the soil mas sif.
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