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Abstract: In this work the consolidation characteristics of the experimental and theoretical process of consol-
idation was studied. The analyses were carried out on the basis of the axial soil deformation progress and the 
pore pressure dissipation. The applied methodology gives possibility for the simultaneous comparison of the 
experimental and theoretical consolidation data and verification of the validity of calculated values of coeffi-
cient of consolidation, estimated using different methods. The aim of this research was to put some light on the 
quasi-filtration phase of consolidation. The results of consolidation studies on five high quality paste samples 
prepared from Krakowiec clays showed that the quasi-filtration occurs only in specific stages of the whole pro-
cess. The analysis of changes in coefficient of consolidation depending on the degree of consolidation, enables 
the separation of the region of quasi-fixed values of cv, which corresponds to the quasi-filtration phase of con-
solidation.
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INTRODUCTION

Consolidation tests enable the determination of 
consolidation parameters. The knowledge of these 
parameters is required for permeability assess-
ment as well as forecasting settlement – in par-
ticular, for low-permeability, cohesive soils. 

The primary problem in obtaining reliable re-
sults of consolidation testing is the adoption of an 
adequate theoretical solution and specification of  
a calculation model. The widely used Terzaghi’s the-
ory is severely limited and involves multiple simpli-
fications (Crawford 1986, Duncan 1993, Sridharan 

& Prakash 1995a). Furthermore, the laboratory 
procedure and design of measurement instruments 
result in the creation of adverse distortion effects 
which, on the one hand, determine the nature of 
the resulting experimental curves and on the other, 
prevent the interpretation of the process as pure-
ly filtration-related. This means that they prevent 
full compliance of the experiment with theory. The 
difficulties in the isolation of a section compliant 
with the model are caused by several factors. The 
most common effects inducing the non-compli-
ances are: initial compression and time-dependent 
effects typically assumed as creep.
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PHENOMENOLOGICAL 
POSTULATES  
OF THE CONSOLIDATION 
PROCESS DESCRIPTION

The current accomplishments in the phenomeno-
logical description of the consolidation process 
can be reduced to the following postulates:
–	 During the filtration phase, the soil structure 

deformation is limited by the filtration ability 
of the pore fluid.

–	 The filtration phase coexists with the rheologi-
cal phase (viscosity effects) which clearly man-
ifests in the later stages of the process, usually 
after reaching 50–60% consolidation progress. 

–	 The rheological mechanism results in soil 
deformation which is related to the reorgani-
zation of the mineral skeleton structure. This 
mechanism describes the reaction of parti-
cles to one-dimensional loading and results 
from the friction on the contact surfaces of 
strain-bearing particles. 

–	 The Poisson process occurs during one-di-
rectional consolidation (Joseph 2013, 2014a, 
2014b) – particle movement during one-direc-
tional consolidation, approaching a set struc-
ture pseudo-flow state with random shearing 
deformations.

–	 In the case of low permeability soils, the sta-
bilization of the dispersion of excessive pore 
pressure is observed before its complete dissi-
pation. One explanation of this phenomenon 
can be given making a hypothesis for shrink-
ing of water migration corridors resulting in 
the decrease of the hydraulic gradient below 
critical value. 

–	 The soil considered to be compliant to Ter-
zaghi’s theory can only be viewed as such in 
individual one-dimensional consolidation 
process phases.
The purpose of this study is the comparison of 

the experimental course of consolidation with the 
theoretical solution and distinction of the qua-
si-filtration phase of the process as well as the ver-
ification of the reliability of the anticipated values 
of the coefficient of consolidation with the use of 
multiple consolidation testing interpretation tech-
niques.

METHODOLOGY

The testing was performed using a Rowe & Barden 
hydraulic consolidometer type EL25-0700 made 
by ELE International (Fig. 1). The most important 
feature of this system is the ability to control the 
conditions of drainage and the opportunity of mea-
surement of pore water pressure. The consolidom-
eter used in this study also allows for both vertical 
and radial flow tests for consolidation and direct 
permeability measurements. In addition, the hy-
draulic system provides precise control of the ap-
plied loads in a wide range. The consolidation cell 
is made of stainless steel and consists of three basic 
elements: the lower base, the central cell and the top 
cover. Lower base contains two ports that allow the 
measurement of pore pressure. The pore pressure 
was recorded centrally on the bottom surface of the 
sample at the impermeable base of the cell. Pres-
sure systems equipped with sensors was connected 
to a data acquisition station. Before the test all the 
flexible leads are vented. The applied incremental 
loading (IL) system had increment paths of 100 kPa 
and 200 kPa, with uniform stress distribution and 
single-side drainage conditions. A displacement 
sensor with the tolerance of 0.002 mm was used to 
measure the change in sample height – δ. 

The widespread use of the Rowe cell has also 
focused some disadvantages of the system. Khan 
& Garga (1994) pointed out two general problems 
associated with use of diaphfragm loading system. 
The authors indicated the difficulties to assemble 
the diaphfragm loading system without entrap-
ping air or water between the bellofram and the 
cell wall. Moreover, they stated that the force ap-
plied to the diaphragm is not fully transmitted to 
the sample, the discrepancies could reach 15–20%. 

Blewett et al. (2002) compiled disadvantages of 
the conventional Rowe cell with special focus to 
soil fabric disturbances as follows:
–	 the assembly of the bellofram on top of the 

sample can lead to soil fabric disturbance, 
–	 difficulty of getting an initial level loading sur-

face on the sample, 
–	 lack of rigidity of the bellofram.

Other shortcomings are referenced to the rel-
ative stiffness of the flexible leads of the pressure 
system and specific deformation capacity of the 
stainless steel cell walls.
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The analytical procedure (Sridharan et al. 
1995b) was applied for the comparison of the ex-
perimental and theoretical process of consolida-
tion as well as for the verification of the validity of 
anticipated values of coefficient of consolidation, 
estimated using different methods. The procedure 
assumes to use a single diagram with experimen-
tal values, represented by δ − t measurement coor-
dinates in relation to model curves log10(H2/ttheor) 
− U (Fig. 2), drawn based on the one-dimension-
al strain ODS or pore pressure dissipation PPD. 
By the collation of experimental log10(H2/texp) − U 
curves and model curves log10(H2/ttheor) − U, estab-
lished for the optional values of the coefficient of 
consolidation cv(opt) and correspondent time ttheor, 
the identification of distinct process stages is pos-
sible. Abbreviation H denotes the sample height 
which corresponds to the length of the drainage 
path of a consolidating soil layer; ttheor is the the-
oretical time calculated on the basis of option-
al value of coefficient of consolidation; texp is ex-
perimental time (time reading); U is the degree of 
consolidation. Theoretical time can be calculated 
from the following equation:

t TH
cv

theor
opt

=
( )

2

� (1)

where, T is the non-dimensional time factor. Note 
that, optional coefficient of consolidation cv(opt) 
used in equation (1) denotes whichever value of cv 
obtained by whichever method. 

The presented methodology allows a simple 
way of determination of the filtration phase of con-
solidation by identifying two key points. The first 
is represented by the end of initial compression 
and the second by visible beginning of secondary 

compression in log10(H2/t) −U space (Fig. 3). Test-
ing using an oedometer or consolidometer are 
bound by limitations, resulting in observed dis-
crepancies with the applied Terzaghi’s theory of 
consolidation. The soil considered to be compliant 
to Terzaghi’s theory can only be viewed as such 
in the individual consolidation process phase. 
The generally accepted division recognises three 
phases in terms of strains. There is initial com-
pression, primary compression and secondary 
compression. While the initial compression oc-
curs immediately after the application of a load 
increment, the primary consolidation and the sec-
ondary compression are time-dependent. 

The coefficient of consolidation cv used in the 
calculations was determined by semi-analytical 
curve matching procedures as well as analytical 
methods. Over the last 50 years, several arduous 
and time-consuming attempts were made to de-
velop the appropriate methodology and interpre-
tation standards for consolidation studies. The 
most elusive problem is still the estimation of real 
cv values. Methods of determining this parame-
ter can be divided into three groups. The first ap-
plies to “curve matching”, in which the measured 
consolidation settlement δ − t curve is compared 
to the theoretical progress of consolidation U − T 
curve. In these procedures, the values of the cv 
are calculated based on the matching of a single 
experimental point to the related consolidation 
progress. For example, for the logarithm of time 
method (Casagrande & Fadum 1940) we search 
for pairs: (δ50, t50) and (U50, T50). Thus, the gener-
alised formula for calculating the coefficient of 
consolidation can be written as:

c T H
tv ,Casagrande = 50 50

2

50

� (2)

The second group is represented by analytical 
methods, which do not require the matching pro-
cedure in order to determine the consolidation 
characteristics and estimation of the coefficient of 
consolidation. The third are combined methods. 
During the preliminary work, tools were selected 
to determine the coefficient of consolidation from 
the experimental curve sections least affected by 
the impact of initial compression and rheological 
consolidation. The basic criterion for “matching” 
methods is assumed to be the compatibility of the 
test with the theoretical solution. 

Fig. 1. Arrangement of Barden-Rowe cell 
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Fig. 3. Distribution of log10(H2/ttheor) − U curves with superimposed log10(H2/texp) − U curve and determination of key points for 
identification the end of initial compression and beginning of secondary compression
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Fig. 2. Distribution of log10(H2/ttheor) − U curves with superimposed log10(H2/texp) − U curve
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The following methods for determining the 
coefficient of consolidation were applied using 
the aforementioned criterion in the analysis: log-
arithm of time CA (Casagrande & Fadum 1940), 
inflection point IP (Mesri & Feng 1999), logarith-
mic LL (Sridharan & Prakash 1997), modified ve-
locity (δ − logdδ/dt − VT1, δ − dδ/dt − VT2) (Tewa-
tia 1998, Tewatia et al. 2013, Olek et al. 2016). The 
verification tool for the calculated cv values was 
the approximation method in two variants: ap-
proximation course of strain (ACOS) and approx-
imation course of pore pressure (ACOP) (Dobak 
& Pająk 2012, Dobak & Gaszyński 2014), whereby 
the course of the experiment is compared to the 
theoretical solution.

APPROXIMATION METHOD 

Consolidation testing records changes in sample 
height δ as well as changes in the excessive pore 
pressure u in relation to time t. For each refer-
ence point a corresponding experimental degree 
of consolidation U (specifying the advancement 
of the process) is determined by the following re-
lations:

U R R
R R

i
ODS =

−
−

0

0 100 �
(3)

U u u
u u

i
PPD = −

−
0

0 100 �
(4)

where R0 is the initial reading from the displace-
ment sensor under the analysed stress level; Ri is 
the reading from the displacement sensor at the 
given time; R100 is the final reading from the dis-
placement sensor for the given stress; u0 is the pore 
pressure value at the initial stage of consolidation; 
ui is the pore pressure value in the analysed time t;  
u100 is the final pore pressure value. The approxi-
mation method involves selecting the model curve 
closest (best match) to the experimental course of 
the consolidation process. The comparison criteri-
on proposed by the authors is the du index:

d

U U
U
nU

i i

i

i

=

−
∑ exp, ,

exp,

theor

�

(5)

U U Uexp = ∨ODS PPD � (6)

where ni is the number of analysed measurement 
values i, Uexp,i is the experimental level of consol-
idation referring to one-dimensional strain ODS 
or pore pressure dissipation PPD, Utheor is the the-
oretical level of consolidation. In this method the 
analytical procedure is used to determine the the-
oretical course of the consolidation process in re-
lation to the experimental records of actual time ti 
and the height of the testing sample hi. Then, the 
theoretical time factor is determined:

T c t
hi
v i

i

= 2

�
(7)

for several values of coefficient of consolidation cv.  
On the basis of above notation, the theoretical 
time factor is determined and from standard re-
lationship (Taylor 1948) the theoretical value of 
degree of consolidation Utheor could be obtained. 
The procedure to compare the experimental and 
theoretical consolidation behaviour and deter-
mine through the cv is shown on Figure 4. Note 
that curves I to VII are model curves obtained ap-
plication of different values of coefficient of con-
solidation. In this method, the best matched mod-
el curve is the one for which the du index has the 
lowest values (Dobak & Pająk 2012). Dobak & 
Gaszyński (2014) provided an even better crite-
rion for compatibility of theoretical and experi-
mental characteristics by introducing a weighted 
average into consideration. The application of the 
weighted average enables a more accurate deter-
mination of the representation to measurement 
data in the conditions of shifting direction defor-
mation or pore pressure dissipation:

d

U U
U
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Table 1. Changes in moisture and density of soil paste in the course of experiment.

Sample No

Introductory consolidation of soil paste IL consolidation test

initial state final state the final state (after last loading step)

w w ρ w ρ

[%] [%] [g/cm3] [%] [g/cm3]
CH1 65.02 43.0 1.62 30.0 1.74
CH2 65.01 43.0 1.60 29.9 1.78
CH3 65.02 43.1 1.62 30.0 1.75
CH4 65.02 46.0 1.61 34.0 1.84
CH5 65.00 42.0 1.58 30.0 1.73

Fig. 4. Analysis for coefficient of consolidation by ACOS method – course of experimental consolidation relating to model curves 
and change of the du indicator vs the assumed values of cv(opt)

RESEARCH MATERIAL

The testing was performed on a sediment of clay 
suspension, based on Miocene Krakowiec clays 
from Chmielów (Podkarpackie province, Poland). 
These soils developed the form of grey clays, local-
ly with a green or ash-grey tint. These clays, some-
times with sand interbeddings and inserts are 
a part of the complex of pre-Carpathian Sarmatian 
sink deposits. 

The physical parameters and granulometric 
composition of the soil used to make the pastes 
are as follows:
–	 fraction content: clay – 48%, silt – 38%, sand – 

14%; 
–	 density of solid particles ρs = 2.72 g/cm3, plastic 

limit PL = 24.6%, liquid limit LL = 65.02%.
The parameters of the Krakowiec clay soil 

paste prepared for testing are presented in  
Table 1.

Uexp – t
U

 [–
]

texp [s]
experimental curve
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The pastes with plasticity approaching the liq-
uid limit (wn ≈ LL) were made from dried and 
mortar-ground soil mass combined with water to 
form a uniform texture. The next stage of sample 
preparation was preliminary, one-week consolida-
tion in consolidation rings with the constant load 
of 100 kPa. 

RESULTS AND DISCUSSION

In the present study, an experimental and theo-
retical behaviour of consolidation is compared 
to determine the quasi-filtration phase of this 
process based on matching procedure. Filtration 
consolidation is defined as time-dependent com-
pression resulting from water pressure dissipa-
tion in the pores as a reaction to the application 
of stress. The compared theoretical and experi-
mental log10(H2/t) curves in the same scale enable 
the determination of the scope of impact of initial 

compression and rheological effects in individual 
process stages. 

Results of consolidometric tests conducted on 
five high quality paste samples, show that the qua-
si filtration phase occurs only in specific stages of 
consolidation process. In the early stage, under 
the first load increment the effect of initial com-
pression is large and easy to identify. This regu-
larity was observed in all analysed samples. For 
the example given in Figure 5 the end of the re-
gion influenced by initial compression occurs af-
ter 27% progress of consolidation. It is due to rear-
ranging structure of soil induced by applied load 
and expulsion of air from the pore space. Effects of 
initial compression are significantly lower during 
the next load increments, in which the soil struc-
ture exhibits a more stable state. At this state be-
tween solid particles are formed privileged flow 
corridors. In this work only the second load stage,  
i.e. 400 kPa was interpreted. 

Fig. 5. Effect of large initial compression and secondary compression on sample CH4 under first load stage of 200 kPa
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Taking into consideration this statement for 
the next load stage after application of model 
curves and found the two points which limit the 
quasi-filtration phase, it is possible to establish 
the range of the prevalence of compliance with 
the accepted theory. This enables the determina-
tion of a section closest to the theoretical solu-
tion. In other words, the determination of points 
related to the end of initial compression and the 
start of secondary compression on the curve 
shows the area of quasi-filtration behaviours. 
Figure 6 shows distribution of log10(H2/ttheor)  
– U curves for different cv values, calculated from 
various methods. Common curve-fitting meth-
ods produce different coefficient of consolidation 
values and usually fail to adequately evaluate 
reasonable cv values. 

For the given example the best compliance be-
tween the experimental course of consolidation 
and theoretical distribution was obtained when 
applying the values of coefficient of consolida-
tion from approximation course of strain (ACOS), 
one-dimensional strain (ODS), δ − logdδ/dt – VT1 

and inflection point (IP) methods. The cv values 
obtained using the nine different interpretation 
methods for sample CH4 are shown in Table 2.

The effect of secondary compression was also 
observerd. For all data sets, the visible beginning 
of secondary compression was observed for dif-
ferent advancement of the process. For sample 
CH1 the experimental curve is in agreement with 
Terzaghi’s theory of consolidation only up to U 
= 0.6 (Fig. 6). This draws attention to the signif-
icant effect of amount of secondary compression 
during consolidation. As stated earlier various 
methods produce different coefficient of consoli-
dation values. The log10(H2/t) – U approach pro-
vides the opportunity to choose the best-fit value 
of the coefficient of consolidation. Figure 7 shows 
an example of the experimental course of consol-
idation log10(H2/texp) – U curve collated with mod-
el diagrams log10(H2/ttheor) – U, calculated for the 
selected optional values of the coefficient of con-
solidation. The best conformity was obtained 
when applying the value of cv from approximation 
course of strain method.

Fig. 6. Distribution of log10(H2/ttheor) − U curves for different cv values, calculated from logarithm of time CA, pore pressure dis-
sipation (PPD), one-dimensional strain (ODS), δ − logdδ/dt − VT1, δ − dδ/dt − VT2,  approximation course of pore pressure 
(ACOP), approximation course of strain (ACOS), inflection point (IP), logδ − logt (LL)
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The quasi-filtration phase, in the theoretical 
aspect should be characterised by semi-estab-
lished cv values. An effective method of obtaining 
the quasi-establishment criterion is the drawing 
of the logcv − U diagrams with the geometrical av-
erage of cv marked for the selected range. These 
parameters were obtained based on two solu-
tions for the U − T relationship – rectangular and 

parabolic. Calculated percentage of test advance-
ment expressed by the degree of consolidation 
usually differs, taking into account changes in 
deformation progress and pore pressure dissipa-
tion. Most of the fine-grained soils exhibit a pre-
dominant consolidation ruling factor: creeping of 
soil skeleton or pore pressure dissipation. Deter-
mination of the coefficient of consolidation on the 

Fig. 7. Comparison between experimental and theoretical results using best predicted value of cv(opt) and value calculated from 
approximation course of strain (ACOS) method for CH4 sample

Table 2. Comparison of the cv [m2/s] values obtained using nine interpretation methods for pressure range 200–400 kPa

Sample
Pressure 

range 
[kPa]

Method

CA PPD ODS VT1 VT2 ACOS ACOP IP LL

CH1 200–400 1.36 . 10−8 7.86 . 10−9 1.30 . 10−8 1.23 . 10−8 1.61 . 10−8 1.35 . 10−8 4.40 . 10−9 1.29 . 10−8 1.24 . 10−8
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basis of one-dimensional strain analysis and pore 
pressure measurements in relation to the adopted 
theory should be the same. In practice there have 
been discrepancies in obtaining values of this pa-
rameter and in observed settlement and dissipa-
tion curves. Dobak & Gaszyński (2014) distin-
guished two possible cases of discrepancies:
1)	 delays in pore pressure dissipation progress oc-

cur, in relation to deformation progress.
2)	 facilitation of pore pressure dissipation. 

The logcv − U curves (Fig. 8) illustrate the co-
existence of three ranges of the coefficient of con-
solidation values for the entire scope of the level 
of consolidation. In the initial stage of the process 
U ≤ 0.25, the coefficient of consolidation cv pre-
sents the highest values which are lowered with 
the increase of U and stabilise at a quasi-linear 
form. The coefficient of consolidation always as-
sumes lower values in the later stages of the con-
solidation process, depending on the impact of 
rheological mechanisms. The assumed rectangu-
lar distribution shows the quasi-established sec-
tion for the coefficient of consolidation obtained 

based on the one-dimensional strain. The para-
bolic distribution should be applied to pore pres-
sure dissipation. 

The main advantage of this approach is the 
ability to direct evaluation of experimental data 
obtained by the convergence criterion of the theo-
retical condition. This condition is fulfilled in the 
case of determining the coefficient of consolida-
tion for the quasi-filtration part of the consolida-
tion. The presented approach could be applied for 
all fine-grained soils, even soils with high organic 
matter content. 

CONCLUSIONS

1.	 The obtained δ − t consolidation curves are en-
cumbered with errors caused by the initial com-
pression and rheological consolidation effects. 
The distinction of the area with quasi-filtration 
behaviour on the curve is possible with the ap-
plication of the Sridharan et al. (1995a) proposal 
which involves the comparison of the theoreti-
cal and the experimental course of the process. 

Fig. 8. Relation between coefficient of consolidation cv and degree of consolidation U according to and pore pressure dissipation 
(PPD) for parabolic distribution and one-dimensional strain (ODS) for rectangular distribution with visible quasi-constant 
curve portions for CH1 sample
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2.	 The procedure was verified using the approxi-
mation method, based on the studies completed 
with clay pastes. The values of the coefficient of 
consolidation determined with this method can 
be assumed to be actual values. The comparison 
yields a high degree of conformity, especially for 
the second load increment (400 kPa). 

3.	 The coefficient of consolidation determined 
based on the matching procedures is high-
ly variable, due to the assumption of different 
reference points on the experimental curve. 
Based on the results of the tests, it can be said 
that the coefficient of consolidation values de-
termined using the approximation course of 
strain (ACOP) and one-dimensional strain 
procedures are in the best agreement with the-
oretical solution.

4.	 Terzaghi’s consolidation theory does not take 
into account the initial and rheological subsid-
ence. It is recommended to remove affected ar-
eas before the interpretation of the test results. 

5.	 The analysis of the changes in the coefficient of 
consolidation depending on the progress of con-
solidation showed the presence of a region with 
semi-established cv values. In the analysis based 
on the course of one-dimensional strain, the 
section is visible upon the application of rect-
angular distribution and for the course of pore 
pressure dissipation – parabolic distribution.
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