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Proper eval u a tion of per me abil ity pa ram e ters has a cru cial sig ni fi ca tion in multi-scale pre dic tion of con sol i da tion. Drain age
path is con nected with the time of one-di men sional con sol i da tion in Terzaghi’s the ory and nu mer ous later so lu tions. That is
why the eval u a tion of per me abil ity fac tor al lows to model the set tle ment’s time of geo log i cal lay ers based on re sults ob tained
on a lab o ra tory scale. Nu mer ous tests show a dif fer ence of the con sol i da tion de gree ob tained from one-di men sional strain
course and pore pres sure dis tri bu tion. Eval u a tion of con sol i da tion co ef fi cient cv based on a newly pro posed method al lows
better un der stand ing of the ba sic rea sons of un con ven tional be hav iour of tested soils. Un paral lel char ac ter is tics of strain
and pore pres sure dis tri bu tion show im por tant role of soil’s skel e ton creep and its re la tion to per me abil ity as pects. So lu tions
pro posed by Biot’s the ory al low ana lys ing the dif fer ent ve loc ity of strain and pore pres sure dis tri bu tion. The ar ti cle pres ents a
new ap prox i mated method based on Terzaghi’s the ory and eval u a tion of pa ram e ters which are nec es sary in ap pli ca tion of
Biot’s one-di men sional so lu tion. These pa ram e ters are con nected with com press ibil ity and co ef fi cient of per me abil ity. The
goal of pre sented meth od olog i cal stud ies is com par i son be tween per me abil ity ob tained from ap pli ca tion of Terzaghi’s and
Biot’s theories. It al lows try ing to ex plain phys i cal rea sons of dif fer ences be tween ap plied mod els and test ing re sults, and im -
prov ing the meth od ol ogy of one-di men sional con sol i da tions tests.
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INTRODUCTION

De ter min ing per me abil ity of weakly per me able soils as a re -
sult of lab o ra tory test ing is an im por tant is sue in as sess ing in su -
la tion prop er ties of geo log i cal bar ri ers of dif fer ent thick nesses
(Garbulewski, 2000; Majer, 2005), and for set tle ments pre dic -
tion. Es tab lish ing per me abil ity fac tor in co he sive soils is con -
nected with many dif fi cul ties of both tech ni cal and in ter pre ta -
tional na ture (Kaczyñski et al., 2000). It con cerns, among oth -
ers, non-lin ear re la tion be tween per me abil ity rate and hy drau lic
gra di ent in pre-lin ear phase of the pro cess (Kovacs, 1981), du -
ra tion of anal y sis and re lated es ti ma tion er rors.

An in di rect method of per me abil ity fac tor de ter mi na tion in
lab o ra tory tests is the con sol i da tion pro cess anal y sis (Pane et
al., 1983). Ac cord ing to Terzaghi’s the ory (1925) and Biot’s the -
ory (1941), per me abil ity fac tor is a driv ing fac tor for con sol i da -
tion. Wa ter flow in con sol i dated, po rous soil has a char ac ter of
source field, in which:

divv ¹0 [1]

and flow sources may the o ret i cally oc cur in each point of con -
sol i dated layer (Glazer, 1985).

The main ad van tage and con tin u ous vi tal ity of con sol i da tion 
the ory de vel oped by Terzaghi (1925) is the abil ity to grad u ate
the pro cess in re la tion to the soil per me abil ity and the drain age
path length. It al lows to model the is sue in dif fer ent geo log i cal
con di tions. The so lu tion pro posed by Terzaghi (1925) is based
on sub stan tial sim pli fi ca tions which were cor rected grad u ally
start ing with the work of Schiffman (1958), with re gard to dif fer -
ent bound ary con di tions: the load in crease, the length of drain -
age path, large and small de for ma tions etc. These nu mer ous
sce nar ios lead to op ti mal meth ods of ex per i men tal data in ter -
pre ta tion (Gib son, 1981; Zindarcic et al., 1983). It should be
noted that the cri te rion for the se lec tion of the proper way to as -
sess the con di tions of the con sol i da tion pro cess in each case is
a pre lim i nary as sess ment of the level of com pli ance (or di ver -
gence) of soil be hav ior in re la tion to the stan dard the o ret i cal so -
lu tions. It will be pre sented be low.

Im ple men ta tion of Biot’s model (1941) for solv ing prac ti cal
tasks re sults from gen er al iza tion of the con sol i da tion pro cess in 
re la tion to the as sump tions made by Terzaghi (1925) and his
suc ces sors. It has its ba sis in the phys i cal pre mises which take
into con sid er ation the abil ity to de scribe the ini tial de for ma tions
of the con sol i dated soil at the time of the load is ap plied, and it
was not ap plied in Terzaghi’s model (1925). Math e mat i cal de -
scrip tion of the de for ma tion state in consolidometer, adopted in
the study, is a sim ple re duc tion of the full set of equa tions of
Biot’s the ory (1941) to the uni ax ial is sue.
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THEORETICAL SOLUTIONS

EVALUATION OF PERMEABILITY-CONSOLIDATION PARAMETERS ON
THE BASIS OF TERZAGHI’S MODEL

Co ef fi cient of per me abil ity k, based on Terzaghi’s the ory
(1925), is de fined by the fun da men tal for mula:

k
c

M
w v=

×g

0

[2]

where: cv – co ef fi cient of one-di men sional (ver ti cal) con sol i da tion

[m2/s]; gw – unit weight of wa ter; M0 – oedometric modulus [kPa]

De fin ing these pa ram e ters de pends on pre-set as sump -
tions, how ever, con sol i da tion co ef fi cient cv causes ma jor in ter -
pre ta tional dif fi cul ties.

In dif fer en tial equa tion for con sol i da tion, ac cord ing to
Terzaghi’s the ory, cv is a con stant value de scrib ing phase
space of ad mis si ble so lu tions. How ever, in put as sump tions
made in for mu lat ing this the ory are dif fi cult to meet in prac tice.
Thus, as the pro cess pro gressed, nu mer ous ex per i men tal
nonconformities were noted in re la tion to the o ret i cal so lu tions
(Duncan, 1993; Dobak, 1999). Other noted ob ser va tions were:
va ri ety of cv re sults de pend ent on the in ter pre ta tion method,
and fur ther de vel op ment of per me abil ity-con sol i da tion the ory
by changes in bound ary con di tions (Poskitt, 1969; Mikasa and
Takada, 1986).

Still, the as sess ment of con for mity be tween the the o ret i cal
and ex per i men tal char ac ter is tics re mains a ba sic prob lem
(Dobak and Paj¹k, 2011).

Pre vi ously ap plied meth ods of per me abil ity fac tor cal cu la -
tion, based on 50 and 90% con sol i da tion prog ress points (Tay -
lor, 1948) were sub sti tuted by the anal y sis of the whole ex per i -
men tal curve or its most im por tant part (Parkin, 1978).

The ar ti cle de scribes the com par i son method of ex per i men -
tal re la tions and a fam ily of the o ret i cal curves for cho sen con -
sol i da tion co ef fi cient val ues.

The re sults con cerned are uni ax ial con sol i da tion of IL type
with reg is tra tion of ax ial strain ei and pore pres sure ui in chang -
ing time ti from the be gin ning of the load ap pli ca tion.

The fol low ing val ues are de ter mined:
De gree of con sol i da tion Ue,i; on the ba sis of sam ple set tle -

ment prog ress:
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[3]

where: h0 – ini tial height of sam ple at ana lysed step of load ing; hi –
height of sam ple at any time af ter ap pli ca tion of ana lysed step of
load ing; hf – fi nal height of sam ple at ana lysed step of load ing.

De gree of con sol i da tion Uu,i based on pore pres sure dis si -
pa tion:

U
u u

u u
u i

i

f

, =
-

-
0

0

[4]

where: u0 – ini tial pore wa ter pres sure (max i mal value) af ter ap pli ca -
tion of ana lysed step of load ing; ui – pore wa ter pres sure at any time
af ter ap pli ca tion of ana lysed step of load ing; uf – fi nal  pore wa ter
pres sure at ana lysed step of load ing.

So ob tained val ues Ue,i and Uu,i are usu ally dif fer ent for the
same time ti due to the fact that pore pres sure dis si pa tion u is in
prac tice hardly com pli ant with uni ax ial strain e and po rous
space de crease. This di ver si fi ca tion is an im por tant in di ca tor of
the na ture of the pro cess, where con tri bu tion of fil tra tion and
solid par ti cles creep ing con di tions change. It is the con se -
quence of real com plex char ac ter of con sol i da tion pro cess
(Yoshikuni et al., 1995).

Com par i son of strain and pore pres sure dis si pa tion prog -
ress with se lected the o ret i cal dis tri bu tions of con sol i da tion pro -
cess is made in de pend ently for ex per i men tal char ac ter is tics
Ue,i–ti  and Uu,i–ti.

To de ter mine the set of the o ret i cal re la tions Un,i*–ti, n-num -
ber of sim i lar val ues of con sol i da tion co ef fi cient cv,n* is as -
sumed. The val ues are cho sen in re la tion to the ob tained ex per -
i men tal pro cess path.

As sumed changes of op tional con sol i da tion co ef fi cient cv,n*
val ues are de ter mined by m fac tor:

 cv,n+1* – cv,n* = m cv,n* [5]

For each ti, the fol low ing val ues were cal cu lated:

– non-di men sional time co ef fi cient Tn,i*:

( )
T

c t

h
n i

v n i

i

,

, *
=

×
2

[6]

where: ti – any time af ter ap pli ca tion of ana lysed step of load ing; hi –
height of sam ple cor re spond ing to ti value;

– con sol i da tion de gree Un,i* (based on T–U re la tions; Tay -
lor, 1948) cor re spond ing to rect an gu lar dis tri bu tion of
pore pres sure ex cess in the axis of con sol i dated layer).

The o ret i cal dis tri bu tions Un,i*–ti are com pared with ex per i -
men tal char ac ter is tics Ue,i–ti and  Uu,i–ti.

For this pur pose, dif fer ences be tween ex per i men tal val ues
of con sol i da tion de gree Ue,i, Uu,i  and Un,i*, cal cu lated at given
op tional cv,n* val ues for each con sid ered ti value, were de ter -
mined.

As a cri te rion for com pli ance of the o ret i cal and ex per i men tal 
char ac ter is tics, weighted av er age val ues of the above-men -
tioned dif fer ences were taken to cal cu la tions, de scribed by the
fol low ing for mu las:
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Where the weighted av er age stands as a range area in the
sur round ing of each Un,i* point, ac cord ing to the for mula:
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[9]

Val ues dn,e, dn,u ob tained from com par i son of ex per i men tal
curves with the o ret i cally as sumed ones for con sec u tive con sol i -
da tion co ef fi cients cv,n* are com piled on dn,e–cv,n*, dn,u–cv,n*
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graphs. Min i mal dn val ues point to this cv,n con sol i da tion co ef fi -
cient value, which is most prox i mal to ex per i men tal dis tri bu tion.

Val ues dn at the same time stand for the qual i ta tive prox im -
ity level in dex of the o ret i cal char ac ter is tics to the ex per i men tal
re sults. The smaller dn is, the more ac cu rate ad just ment of the -
o ret i cal curve to the ex per i men tal one is.

De ter mi na tion and com par i son of cv val ues, be ing op ti mally
prox i mal to the o ret i cal dis tri bu tions, al lows also for quan ti ta tive
in flu ence eval u a tion of per me abil ity and strain in con sol i da tion
pro cess. The o ret i cally, it is as sumed that if the pore pres sure
dis si pa tion is a rul ing fac tor for con sol i da tion pro cess, then U
char ac ter is tics ob tained on the ba sis of the set tle ment prog ress 
should be equal to non-di men sional char ac ter is tics of pore
pres sure dis si pa tion in time. Also the val ues of con sol i da tion
co ef fi cient cv(e) and cv(u) as well as co ef fi cient of per me abil ity  k(e)

and k(u), de ter mined re spec tively on the ba sis of sam ple set tle -
ment anal y sis and pore pres sure mea sure ments, should be the 
same. In fact, de vi a tions from the model are ob served in lab o -
ra tory tests.

Quan ti ta tively, these dis crep an cies can be de ter mined by
in tro duc ing h fac tor for val ues of cv and k ob tained for each step 
of load ing:
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Value h = 0 means full, model com pli ance of con sol i da tion
prog ress char ac ter is tics an a lysed on the ba sis of the strain and
pore pres sure dis si pa tion.

Pos i tive val ues of h fac tor point to the de lay of pore pres -
sure dis si pa tion pro cess in re la tion to the strain prog ress. This
re sults from flow chok ing, con nected both with struc tural and
hy dro dy namic fac tors.

Neg a tive val ues of h fac tor in di cate an eas ier pore pres sure 
dis si pa tion, which can be caused by trans for ma tion of the soil
struc ture dur ing con sol i da tion and op tional fa vour able fil tra tion
path ways cre ated af ter dis si pa tion of lo cal ex cess of pore wa ter
pres sure or, also pos si ble, leak ages of test ing equip ment.

EVALUATION OF PERMEABILITY-CONSOLIDATION PARAMETERS ON
THE BASIS OF BIOT’S MODEL

The ba sis for de ter min ing per me abil ity fac tor is the anal y sis
of Biot’s con sol i da tion the ory equa tions in uni ax ial strain state.
Such a state is per formed in consolidometric IL tests. Con struc -
tion of so lu tion was given  by Gaszyñski (1984). In the fur ther
course of anal y sis, the fol low ing for mu las will be used: con sol i -
dat ing soil layer mar gin set tle ment w(t) and pore pres sure dis si -
pa tion s(t) at its non-per me able mar gin. The for mu las for h soil
thick ness and q con sol i da tion load are:
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where the func tion F(t) equals:
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Co ef fi cients: A, N, Q, R ([Pa]) and k ([m4/(Ns)]) are Biot’s
pa ram e ters. The re main ing ones stay re lated as be low: 
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The func tion F(t) has the fol low ing prop er ties:
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thus we ob tain:
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The in tro duced val ues Ek and Ep bring an in ter est ing and im -
por tant phys i cal sense:

– char ac ter ize soil com press ibil ity at the end of the con sol -
i da tion pro cess, thus it is mod ule of fi nal com press ibil ity:

E M Nk = + 2 [18]

– char ac ter ize soil com press ibil ity at the be gin ning of the
con sol i da tion pro cess, thus it is mod ule of ini tial com -
press ibil ity:
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R
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From the con di tions de scribed above, an ob vi ous re la tion
co mes out:

E E
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R
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2 [20]

There fore, in the light of in tro duced mark ings, it is prof it able
to es tab lish the fol low ing for mu las for soil set tle ment and pore
pres sure dis si pa tion:
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Us ing given el e ments of the above-men tioned so lu tion, the
fol low ing val ues are de ter mined: Ep, Ek, R, H and k. It is not
equiv o cal with de ter mi na tion of the ba sic Biot’s model pa ram e -
ters given ear lier (as given in Gaszyñski, 1984), how ever,
stands suf fi cient for the de scrip tion of per me abil ity co ef fi cient.
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The next stages of pa ram e ters iden ti fi ca tion are:
1. The set tle ment mea sured at the ini tial mo ment is ex -

tracted from con sol i da tion curve. It is as sumed as w0 value,
which oc curs in the out come of ini tial-edge con sol i da tion model
so lu tion – w0. Pro ce dure for es tab lish ing of the ini tial con sol i da -
tion mo ment is de scribed in the test meth od ol ogy. Us ing this
pa ram e ter, the ini tial com press ibil ity modulus Ep can be de rived 
from the for mula [16]: Ep = hq/w0.

2. Set tle ment given for the fi nal sam ple height is ex tracted
from the con sol i da tion curve. It is as sumed as pre vi ously, that
this value oc curs in the ini tial-bound ary con sol i da tion model so -
lu tion – wk. Us ing this pa ram e ter, the fi nal con sol i da tion
modulus Ek can be de rived from the for mula [17]: Ek = hq/wk.

3. The reg is tered value of pore pres sure at the ini tial mo -
ment – s0 is put into the for mula [22]. Thus, it is cal cu lated as
fol lows: H = s0Ep/q.

4. From the for mula [20], the fol low ing value is ob tained: 

R
H

E Ep k

=
-

2

5. Us ing al ready known pa ram e ters, from the for mula [14]3,

it gives: B = R×Ek/Ep.
At this point, al most all pa ram e ters nec es sary for the set tle -

ment equa tion [21] of the sam ple in the consolidometer are
avail able. The only re main ing pa ram e ter to ob tain is co ef fi cient
of per me abil ity k.

6. De ter mi na tion of co ef fi cient of per me abil ity k is done
through in scrip tion of the o ret i cal so lu tion func tion into the ex -
per i ment re sults, us ing an op ti mi za tion method – er ror re duc -
tion. One of the op tions is de scribed in the pre vi ous chap ter.

As it was al ready men tioned, the given so lu tion does not
lead to the full iden ti fi ca tion of pa ram e ters from Biot’s model. It
re sults from the range of mea sure ments car ried out dur ing con -
sol i da tion test de scribed be low.

METHODOLOGY OF LABORATORY TESTS

All tested soils are from Chmielów (Po land). They are of 
Mio cene age and rep re sent the Krakowiec Clays de pos ited in
the Fore-Carpathian Ba sin. Their phys i cal pa ram e ters are as
fol lows: 

– frac tion con tent: clay – 42%,  silt – 44%, sand – 14%;

– 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 pa ram e ters of soil paste sam ples of the Krakowiec
Clays pre pared for the test are given in Ta ble 1.

These re sults from the mea sure ments car ried out dur ing
con sol i da tion test are de scribed be low.

RESEARCH ASSUMPTIONS

Soil-paste sam ples of the Krakowiec Clays were tested in a
uni ax ial consolidometer, in a ring with 75.0 mm di am e ter and
the ini tial height of about 29–29.5 mm.

The pro gram as sumes con sol i da tion tests un der ef fec tive
stress val ues: 300, 600, 900 and 1000 kPa. The tests were
made in a cham ber of max i mum al lowed pres sure 1100 kPa.
The back pres sure is es tab lished at the level of 90 kPa. Ap plied
ex ter nal loads are: 390, 690, 990 and 1090 kPa.

DESCRIPTION OF TEST EQUIPMENT

Ex ter nal load is ap plied to the top of the sam ple through hy -
dro static pres sure gen er ated by the wa ter placed in an iso lated
rub ber mem brane. Back pres sure is given to the top of the sam -
ple through a pipe cross cut ting the mem brane. Sub se quently,
the mem brane is placed on a po rous fil ter disc. Pore pres sure is 
mea sured at the bot tom of the sam ple (Fig. 1).

Be fore in stall ing the sam ple, all wa ter ing pipes are de-aired. 
Af ter in stall ing the sam ple, cov er ing with the mem brane and
mount ing all to gether, the wa ter is in tro duced into the mem -
brane while the vent 1 is opened.

Wa ter is de liv ered to the space be tween the mem brane and 
sam ple through the back pres sure pipe, while the vent 2 stays
open. All pres sure and height ten sors shall be now re set.

RESEARCH STAGES

I. Sat u ra tion. Sat u ra tion of po rous space with wa ter was
led in stages with sub se quent ex ter nal pres sure val ues: 100,
150, 200, 250, 300 kPa, at re spec tive back pres sure val ues: 90, 
140, 190, 240, 290 kPa. Sat u ra tion was fin ished at the fol low ing
pa ram e ters: ex ter nal pres sure of 300 kPa, back pres sure 290
kPa, and pore pres sure sta bi lized at 286 kPa. The ini tial sam ple 
sat u ra tion reached 97%.

II. Con sol i da tion tests schemes. Con sol i da tion pro cess
prog ress, in par tic u lar its ini ti a tion, sig nif i cantly de pends on the
level of ap plied load.

Dur ing test ing, the sam ple should be treated with ex ter nal
and back pres sures. Var i ous op tions are pos si ble:

  A. Si mul ta neous open ing of both ex ter nal and back
pres sure valves. As a re sult of this set of loads, the pore
pres sure in the sam ple in creases at the be gin ning, the
sam ple is drained and then set tles. Af ter the pore pres -
sure in creases at the ini tial phase, it de creases to the
value close to the back pres sure.

  B. Open ing of the ex ter nal pres sure valve with the back
pres sure valve closed. Pore pres sure in creases and sta -
bi lizes at cer tain level; the sam ple does not set tle. Af ter
the pore pres sure sta bi lizes, the back pres sure valve is
opened. The pore pres sure de creases to the value of
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Sam ple 
no.

In tro duc tory con sol i da tion
of soil-paste:

mois ture w

IL con sol i da tion test

ini tial state (be fore
first step of load ing)

fi nal state (af ter 4th
step of load ing)

ini tial wi
[%]

fi nal wf = w0
[%]

r0
[g/cm3]

w4
[%]

r4
[g/cm3]

IK1 62.0 36.1 1.87 24.4 2.03

IK2 63.6 36.4 1.80 23.9 2.04

IK3 61.4 30.1 1.90 23.0 1.96

T a  b l e  1

Mois ture and den sity changes of Krakowiec Clays soil-paste sam ples



back pres sure with si mul ta neous set tle ment of the sam -
ple.

III. IL con sol i da tion re spec tively to the sub se quent load 
lev els. For all stages of ex ter nal stress sz (390, 690, 990 and
1090 kPa), all the tests were con ducted ac cord ing to the op tion
B (above).

The back pres sure uw was de creased to the level of ca.
90 kPa. Pore pres sure u in creased from the level re spec tive for
sat u ra tion end to umax value, which was the ba sis for de ter mi na -
tion of ini tial pres sure value u0 = umax – uw  on the given load
level  sn = sz – sw. Open ing of the back pres sure valve started
the con sol i da tion pro cess and, from this point, the ten dency to -
wards equal ity be tween pore pres sure u and back pres sure at
the level of ca. 90 kPa was ob served to gether with sam ple set -
tle ment de clin ing.

RESULTS

Both ho mog e ni za tion of the analysed soil and the ac cu rate
prep a ra tion pro ce dure with con sec u tive sat u ra tion and ini tial
con sol i da tion, al lowed ob tain ing the set tle ment prog ress and
pore pres sure char ac ter is tics very close to each other.

At sub se quent load stages, com press ibil ity modulus in -
creases pro gres sively, which is il lus trated by mul ti di men sional
re la tion M0 = 0.02sn

2 – 1.23sn + 3485.1 , where R2 = 0.977.
In the sn range from 300 to 1000 kPa with more than a

three fold load in crease, five times greater com press ibil ity
modulus was ob tained with a faster stiff ness in crease noted at
higher load stages. This sim ple char ac ter is tic re flects struc tural
changes caused in soil pasta by con sec u tive con sol i da tion.

As a con se quence of struc tural changes, pore pres sure
par tic i pates in load trans fer, both at the ini tial con sol i da tion

stage (im me di ately af ter sub se quent load ap pli ca tion) and dur -
ing the whole pro cess of pore pres sure dis si pa tion in real time.
Ana lys ing pore pres sure value CIL = u/sn, sig nif i cant de crease
of the ini tial value CIL0 at sub se quent load stages can be noted.

Also, sig nif i cant di ver si fi ca tion of CIL0 in the sam ples was
ob served at the step sn = 300 kPa. The high est CIL val ues close
to model value = 1 were noted at the ini tial 300 kPa load of sam -
ple IK1. Suc ces sive CIL0 de crease is ob served at sub se quent
load stages (Fig. 2).

It re sults from the suc ces sive soil stiff ness in crease and de -
creas ing po ros ity.

Rel a tively high dif fer en ti a tion of CIL0 val ues was ob tained in
si mul ta neously tested sam ples at the same load. It in di cates in -
di vid ual liq uid phase re ac tion un der con di tions of in cre men tal
load ing.

How ever, the anal y sis of CIL changes in time re veals close
and re cur rent de pend ence of pore pres sure dis si pa tion on the
load value in dif fer ent sam ples. It in di cates a trend of con sol i da -
tion – per me abil ity changes and is a phys i cal il lus tra tion of per -
me abil ity de crease in con sol i dated soil me dium.

INTERPRETATION

Tran si tion from phys i cal de scrip tion to com par i sons re lated
to ap pli ca tion of Terzaghi’s the ory al lows dis tin guish ing sep a -
rate me dium be hav iour.  It is rel a tively closely re lated to sub se -
quent con sol i da tion lev els. Char ac ter iza tion of con sol i da tion
be hav iour in de pend ently, by the ob ser va tion of ax ial strain as
well as pore pres sure prog ress, al lows dis tin guish ing three
mod els of be hav iour.

I – where pore pres sure dis si pa tion is de layed in re la tion to
the prog ress of sam ple set tle ment. These con di tions cor re -
spond to fac tor value h > 0 (in the course of anal y sis, h ranges
from 0.2 to 4.5). This sit u a tion in di cates in ten sive re build of solid 
par ti cles and oc curs at the ini tial load stages (this case is shown 
in Fig ure 3).

II – where pore pres sure dis si pa tion is sig nif i cantly con sis -
tent with sam ple set tle ment in time. This sce nario re flects gen -
eral as sump tions of con sol i da tion-per me abil ity the ory. There -
fore, it may stand as a pre req ui site for re li abil ity as sess ment of
the ob tained con sol i da tion-per me abil ity pa ram e ters. Fac tor h is 
thus prox i mal to 0 value.

III – where pore pres sure dis si pa tion is faster than the set -
tle ment and fac tor h < 0. Such sit u a tion oc curred in IK2 sam ple
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Fig. 1 The set of loading and monitoring system for soil
behavior during consolidometer testg

1 – soil sam ple, 2 – wa ter, 3 – cover, 4 – vent 1, 5 – vent 2, 6 – po rous 
fil ter disc, 7 – rub ber mem brane, 8 – valve, 9 – the ex ter nal pres sure
ten sor, 10 – back pres sure ten sor, 11 – pore pres sure tensor

Fig. 2. Changes of pore water pressure parameters
 (CIL and CIL0) during IL tests



at loads sn = 900 and 1000 kPa, which is con nected with a de -
creas ing pore pres sure con tri bu tion in loads trans fer.

It is worth no tic ing that the dis crep an cies be tween the real
be hav iour of tested soil and the o ret i cal con sol i da tion so lu tions
de pend on the stage of test and on the way of the con sol i da tion
de gree es ti ma tion, which is cal cu lated on the ba sis of set tle -
ment prog ress path and/or pore pres sure dis si pa tion. The best
ad just ment of the o ret i cal and ex per i men tal curve may be ob -
tained by eval u a tion  of weighted av er ages dn,e and dn,u min i -
mum val ues. 

It is also worth men tion ing that the dn,e and dn,u val ues de -
crease at higher load lev els, con firm ing higher re li abil ity of soil
be hav iour de scrip tion us ing the o ret i cal mod els (Ta ble 2).

Si mul ta neously, the val ues dn,u are al most three times
higher than dn,e. Thus, pore pres sure as the more dif fer en ti ated
value, gives more di ver si fied re sults of con sol i da tion pa ram e -
ters, which are less con sis tent with the space phase of dif fer en -
tial equa tions so lu tion in con sol i da tion the ory.

Dis cussed re la tions and cor re la tions are re flected in the set
of re sults of per me abil ity fac tor es ti ma tions on the ba sis of con -
sol i da tion prog ress anal y sis, re fer ring to Terzaghi’s and Biot’s
the o ries (Fig. 4).
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Fig. 3. Evaluation of optimal values of cv by proposed method

No. of
sam ple

Ef fec tive
stress

Initiale
hight

Com press ibil ity 
modulus

Pa ram e ters ob tained from
fac tor

h
course of strain e pore pres sure u dis si pa tion 

sn h0 M0 cv(e) dn,e k(e) cv(u) dn,u k(u)

[kPa] [mm] [kPa] [m2/s] [–] [m/s] [m2/s] [–] [m/s] [–]

IK1

  296 29.12 5100 8.0E-09 0.070 1.6E-11 1.5E-09 0.365 2.8E-12   4.5

  599 27.44 10000 6.5E-09 0.066 6.7E-12 1.2E-09 0.316 1.2E-12   4.4

  900 26.58 18500 5.1E-09 0.029 2.E-12 5.0E-09 0.049 2.7E-12   0.0

1010 26.15 23500 2.4E-09 0.046 1.0E-12 1.8E-09 0.240 7.7E-13   0.3

IK2

  299 29.01 4200 7.5E-09 0.058 1.7E-11 2.5E-09 0.167 5.8E-12   2.0

  599 26.99 9800 6.1E-09 0.019 6.2E-12 4.0E-09 0.043 4.1E-12   0.5

  900 26.16 21400 4.2E-09 0.052 2.0E-12 5.5E-09 0.054 2.6E-12 –0.2

1001 25.79 25800 2.4E-09 0.085 9.3E-13 1.8E-08 0.111 6.8E-12 –0.9

IK3

  299 29.28 5800 9.9E-09 0.081 1.7E-11 4.0E-09 0.091 6.9E-12   1.5

  601 27.76 12600 6.9E-09 0.025 5.5E-12 6.0E-09 0.032 4.7E-12   0.2

  900 27.10 20200 6.0E-09 0.033 3.0E-12 7.0E-09 0.060 3.5E-12 –0.1

T a  b l e  2

Con sol i da tion and per me abil ity pa ram e ters ob tained from in ter pre ta tion of con sol i da tion tests by ap prox i ma tion method 
on the ba sis of Terzaghi’s the ory



The ob tained con sol i da tion and per me abil ity fac tors of
tested soil de crease at sub se quent load stages. The pa ram e -
ters ob tained from the soil de for ma tion anal y sis ac cord ing to
Biot’s the ory are higher than the pa ram e ters based on
Terzaghi’s so lu tion cal cu lated from the soil de for ma tion anal y -
sis and pore pres sure dis si pa tion prog ress.

DISCUSSION

The ob tained char ac ter is tics of con sol i da tion-fil tra tion pa -
ram e ters and their changes are also worth com par ing with nu -
mer ous mod i fi ca tions of clas sic Terzaghi’s so lu tion made
through out al most half of cen tury. By their au thors, these works
are qual i fied as a non-lin ear so lu tion of con sol i da tion the ory,
how ever, they do not al ways lead to a strictly math e mat i cal for -
mu la tion of non-lin ear ity.

The typ i cal way of broad en ing the the ory was through the
suc ces sive abol ish ment of the ini tial sim pli fy ing as sump tions. It
also re ferred to the in volve ment of soil fil tra tion pa ram e ters
change ability.

How ever, most of the re search ers tried to hold the ba sic
value of the the ory, which is ex press ing the so lu tion in a func -
tion of non-di men sional time fac tor T, bond ing in one nu mer i cal
value soil fil tra tion prop er ties, com press ibil ity char ac ter is tics
and drain age path length.

Re fer ring to the re search pro gram pre sented in the given
pa per, it is worth to con sider the ef fects of so lu tions given in
some of pre vi ous anal y sis and the o ret i cal so lu tions.

Da vis and Ray mond (1965), re fer ring to the log a rith mic de -
for ma tion model, as sumed con stant cv, al though k and mv may
change if the fol low ing con di tion is kept:

cv = [k/(mvgw)] = const [23]

Sup pos ing de for ma tion du/dt is equal to the rate of wa ter
loss from the soil sam ple, they changed Terzaghi’s equa tion to
the form:

c
z

u

t
v

d w

d

d

d

2

2
=

[24]

where: w = log10(si'/sf'); sf'/s0' – fi nal/ini tial ef fec tive stress in soil.

Disambiguation of their so lu tion with Terzaghi’s the ory is
pre sented as a set of u/s – T char ac ter is tics, which dif fer de -
pend ently on the value of sf'/s0' Ì (1, 16)  ra tio. The re search
pro gram pre sented in this pa per as sumes the val ues sf'/s0' < 1.
There fore, the ef fects of the de layed pore pres sure dis si pa tion,
de scribed by Da vis and Ray mond (1965), had a mi nor sig nif i -
cance in the ana lysed re search, es pe cially on the ma ture stage
of the pro cess. Whereas in com plete mo bi li za tion of pore pres -
sure, ap pear ing un der low in crease of Ds, was both ob served
both in the re search on clay pastes led by Da vis and Ray mond
(1965), as well as in the re sults de scribed in the given ar ti cle.

In turn, Barden and Berry (1965) as sumed the model of fil -
tra tion co ef fi cient change ability, based on the e-logk re la tion,
which is con sis tent with the quasi-lin ear model of change ability,
ob tained for the in ves ti gated clay pastes from Chmielów. The
model de scribed with the equa tions:

( )k k u uf k
NB B/ /= - = +

-
1 1s b

a [25]

re lates the bk =  kf/k0 pa ram e ter with the ear lier de scribed
sf'/s0' = aB ra tio, as well as NB  co ef fi cient, which re flects the per -
me abil ity in var i ous cases.

Poskitt (1969) as sumed that the fil tra tion co ef fi cient
change ability can be ex pressed with the for mula:

k k
k

k
f=

æ

è
çç

ö

ø
÷÷0

0

[26]

where: m =
e0 -

-

e

e e
i

f0

 and re fers to the Ue,i value de scribed above.

To de ter mine the m value, non-lin ear ef fects were in cluded
by adapt ing a per tur ba tion method. The ob tained so lu tions of
con sol i da tion prog ress in the func tion of non-lin ear time fac tor
T, ac cord ing to cal cu la tions of both Barden and Barry (1965),
and Poskitt (1969), re veal that the con sol i da tion prog ress char -
ac ter ized through pore pres sure dis si pa tion is de layed in re la -
tion to the char ac ter is tics based on de for ma tion prog ress. This
re la tion was con firmed in the an a lyzes of clays from Chmielów
un der the first load stage – there fore, the great est par tic i pa tion
of pore pres sure and CIL0 value.

The non-lin ear con sol i da tion the ory, pro posed by Gib son et
al. (1967), as sumed the lin ear change ability of con sol i da tion ra -
tio in the func tion of po ros ity changes. In the ana lysed tests
such change ability is ob served in the load range from 300 to
900 kPa. Re lat ing to  Gib son et al. (1967) re sults of model cal -
cu la tions on the clays from Chmielów, much greater changes of 
cv co ef fi cient were ob tained with def i nitely smaller changes of
po ros ity. It points to te ex is tence of fac tors not in cluded in the
men tioned the o ret i cal de vel op ments of fil tra tion con sol i da tion
the ory. Lin ear char ac ter of the c

v
 = f(e) de pend ence and tak ing

no ac count of com press ibil ity in stress func tion are im por tant
lim i ta tions of the method. It com pli cates ad ap ta tion of the
method for a range of prac ti cal tasks.

Butterfield and El-Bahey (1995) pre sented a method of
broad en ing the range of con sol i da tion prog ress cal cu la tions not 
only for the high load cases, but also for per me abil ity changes
of soil. The changed time pa ram e ter is nec es sary to be in tro -
duced into the clas si cal Terzaghi’s so lu tion:

t’ = (H/H0)t [27]

As shown, it is nec es sary to ap ply the pres ent val ues of de -
creas ing drain age path length in this pro posal.
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Fig. 4. Trends of decrease in permeability from tests’
interpretation based on Biot’s and Terzahgi’s solutions



This method al lows for sim pli fi ca tion of the cal cu la tions in
com par i son to the so lu tion of Gib son et al. (1967), and ob tain -
ing the cv = f1(1 + e)  lub cv = f2(s’) con sol i da tion ra tio change -
ability char ac ter is tics.

For merly in tro duced re la tions are also used in con sol i da tion 
pro cess anal y ses (Butterfield, 1979):

– trans for ma tion of soil vol ume change ability co ef fi cient

mv’ = mv(1 + e0)/(1 + e) [28]

– en hanced linearization of soil com press ibil ity:

ln[(1 + e)/(1 + e0)] = –CBln (sf'/s0') [29]

Linearization of per me abil ity changes in the con sol i dated
soil, ex pressed as:

ln(k/k0) = ABln[(1 + e)/(1 + e0)] [30]

for soils of var i ous or i gins (Zindarcic et al.,1986), gives co ef -
fi cient val ues AB » 6 un der CB » 0.2. (Butterfield and El-Bahey,
1995).

When CB(AB –1) = 1, sim pli fi ca tion of ba sic con ti nu ity of
hydrodynamical equa tions oc curs, which in con se quence al -
lows for ap pli ca tion of Terzaghi’s so lu tion with cor rected de ter -
mi na tion of con sol i da tion ra tio:

cv’ = k/(gwmv’) = (ks’)/(CBgw) [31]

Butterfield and El-Bahey (1995) com pared the the o ret i cal
so lu tions given above with ex per i men tal con sol i da tion prog ress 
of kaolinite clay in a large-scale oedometer. Cal cu la tions of the
con sol i da tion prog ress ac cord ing to their pro posal re veal a
gen er ally greater con for mity with the re sults of anal y ses, than
the clas si cal so lu tions (Terzagi, 1925; Gib son et al., 1967). Ap -
ply ing time scal ing as in [27] gives slightly in creased U val ues at 
the ini tial stage of anal y sis and slightly de creased at the fi nal
stage. Even better con for mity was ob tained us ing so lu tion with
cv’ cor rec tion (ac cord ing to [31]), where U cal cu la tion re sults are 
de creased only for the fi nal stage of anal y sis. Then, in the in ter -
pre ta tions ana lysed in the ar ti cle, the op ti mized con sol i da tion
curve, in com par i son to the ex per i men tal re cord, re veals de -
creased U val ues at the ini tial pro cess stage and de creased at
the fi nal stage, where sec ond ary con sol i da tion ef fects may ap -
pear.

The com par i son of the de scribed meth ods with the ex per i -
men tal data al lows for op ti mi za tion of in ter pre ta tion de pend ing

on the bound ary con di tions (load ing pro gram, drain age path
length), as well as the char ac ter of the in ves ti gated soil. The
meth ods pro posed in the ar ti cle al low for the ini tial as sess ment
of con sol i da tion (fil tra tion) co ef fi cient value with a lesser er ror,
than the tra di tional point-based meth ods. Ob tained char ac ter is -
tics can stand as a ba sis for de ter mi na tion of func tional de pend -
en cies {cv, k} = f{e/e0, s’/s0, H/H0}, nec es sary for it er a tive se lec -
tion of op ti mal, non-lin ear con sol i da tion the ory so lu tions.

CONCLUSIONS

1. Con sol i da tion and per me abil ity fac tor es ti ma tion, based
on the pro posed meth od ol ogy, al lows eval u at ing the char ac ter
of fil tra tion pro cess and solid par ti cles creep ing, us ing newly in -
tro duced pa ram e ters: weighted av er ages of de vi a tions dn,e, dn,u

and h fac tor.
2. Very low per me abil ity of tested soils is re flected in both

the val ues of es ti mated con sol i da tion fac tors and pore pres sure 
pa ram e ter CIL. At higher load lev els, the lim i ta tions of per me -
abil ity fac tor are ob served, which is caused by the de creas ing
con duc tiv ity of po rous space.

3. Us ing three in de pend ent meth ods of cal cu la tion, sim i lar
ten den cies in the trend of the de crease of per me abil ity with de -
crease of load ing are ob served. Val ues k ob tained from Biot’s
method on the ba sis of the sam ple set tle ment prog ress are
higher and more di ver si fied than the re sults ob tained from
Terzahgi’s method both strain and pore pres sure dis si pa tion
anal y sis. Tak ing into con sid er ation the safety of in su lat ing bar ri -
ers, it is better to in clude meth ods that give higher val ues of per -
me abil ity.

4. The ob served sen si tiv ity of con sol i da tion be hav iour in soil 
paste in di cates the ne ces sity of ad just ing the re search pro gram
to the con struc tion and ex ploi ta tion of ar ti fi cial in su lat ing soil
bar ri ers (thick ness, con sis tency, ex pected loads). Fur ther stud -
ies are rec om mended, among oth ers, on the in flu ence of struc -
tural age ing on con sol i da tion-per me abil ity char ac ter is tic
changes.
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