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Sebastian Kowalczyk

The article presents the results of consolidation tests of Neogene green clays from the geological
profile of the Befchatéw lignite mine (Central Poland). Reliable characteristics of the consolidation
parameters are essential for forecasting settlements and for assessment of their insulation features. The
reliability criteria of the test results for consolidation at a constant rate of loading are analysed. Quasi-
stabilization of the ¢ value in the stress function o, may be used as a simple and effective criterion.
Criteria based on comparisons with the theoretical course of the process indicate the key role of the
steady phase of the test. In the analysed clays, a high consistence of the course of their consolidation
with a theoretical solution in the steady phase was obtained. Corrections based on Wissa and Janbu
suggestions or the reinterpretation of ¢ using theoretical rules introduced to CL tests are necessary,
especially for the non-steady phase.
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INTRODUCTION

Advanced researches of soil consolidation are increasingly used
both for assessment of settlements conditions for buildings and
embankments and for determination of permeability of low-
permeable soils. However, in classic interpretations of these re-
searches, a high variability of results has been observed. To im-
prove the correctness of parameter specification, it is necessary
to compare the consistence of experimental data with consolida-
tion theory solutions.

Consolidation theory was proposed by Terzaghi for con-
stant loading (IL test). In the recent years, though, tests under
continuous loading (CL tests) have been increasingly common.
Interpretation of such tests required adaptation of Terzaghi’s so-
lutions to a different type of loading.

Analysis of the theoretical model of consolidation process
with continuous loading enabled presentation of theoretical re-
lations which can be compared with experimental data. While
presenting these relations, it is necessary and very useful to ap-
ply the following parameters of CL test:

— pore water pressure 1, measured at the impervious base of
a consolidometer, kPa

- pore water pressure parameter C, =u,/ 0,

- specific consolidation time t ;. =H%c ;s

- relative time of consolidation T,
TCL = tCL/ t =" tCL Cv/ Hz’

where:

o, — total vertical stress, kPa

t, — time from the start of the CL test, s

¢, - coefficient of consolidation at the moment ¢ , calculated
using different formulas (Wissa et al., 1971; Janbu et al., 1981;
Dobak, 1999), m*/s

H - length of drainage way consistent with the present
height of the sample, m.

All these parameters are determined in randomly selected
stress ranges and illustrate changes of consolidation conditions
occurring during the entire CL test.

In the consolidation test, with increasing the load, an initial
non-steady phase occurs. The values of the coefficient ¢ , calcu-
lated in this phase, are significantly too high and unreliable. Later
in the test the steady phase begins. In practice, this is usually a
quasi-steady phase where only some of its features are met.

There are four criteria for determining the steady phase and
the correctness of specification of the consolidation coefficient:

« stabilization of pore pressure

o values of the consolidation coefficient at the diagram
¢,~o, are quasi-linear and asymptotically go to the o axis

« relative time of consolidation has a value of T, > 2,

[<] defined as
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« consistence of the experimental course with the theo-
retical pattern of C_ -T,, .

This article analyses the above-mentioned criteria with
respect to the test results on consolidation of Neogene green
clays overburdening the Belchatow lignite deposit (Central
Poland).

These clays are extremely widely spread in the Neogene
deposits of Central Poland. However, in the deep Kleszczow
tectonic graben these clays have a specific facial seating. The
examined clays were taken from the depth of 90-110 m from
two different places marked as I and II. Their basic characteris-
tics are presented in Table 1.

The tests were conducted in consolidometers adapted both
for alow (LS) and high (HS) consolidation stress o,. Loading of

Table 1. Basic physical properties of soil

soil samples in the LS tests was made using elements of a tri-
axial apparatus system, and in HS tests an MTS press was used.
In LS tests, variable rates of loading were obtained, and they
were situated in the range from 0 to 20 kPa/min, while in the
MTS press three values of a constant rate of loading were ap-
plied: 25,40, 50 kPa/min. Therefore, these tests can be classified
to the CRL type.

DISTRIBUTION OF PORE WATER PRESSURE
DURING CL TEST

Figure 1 presents the results of theoretical calculations of pore
water pressure distribution for continuous loading (CL) tests.
Changes of the pore water pressure values are influenced by the

Localization of samples in Betlchatéw open pit

Parameter Symbol Unit I 0
Density of solid particles 3 Mg/m? 2.67-2.74 2.80-2.82
Bulk density of soil Mg/m? 1.99-2.21 1.84-1.93
Density of dry soil Py Mg/m? 1.68-1.90 1.41-1.47
Natural moisture content w, [%] 13.8-21.0 28.9-35.0
Plastic limit w, [%] 17.7-20.1 36.4-38.0
Liquid limit . .
*Casagrande apparatus w, [%] 4?;8'60'9 108'6'1 106
“*ELE penetrometer 520 1054
Liquidity index I, [-] (-0.03)+(-0.09) (-0.07)+(-0.09)
Plasticity index I, [%] 30.7-40.8 70.2-72.6
Porosity n [-] 0.30-0.39 0.48-0.50
Void ratio e [-] 0.42-0.51 0.92-1.00
Sand fraction fp [%] 38-51 0
Grain-size fraction Silt fraction f [%] 3-11 7-10
Clay fraction f [%] 44-52 90-93

Fig 1. Theoretical rules of pore water
pressure distribution during CL tests
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loading velocity Ao / At, permeability and consolidation proper-
ties of the soil expressed by means of the specific consolidation
timet ;..

Figure 1 (a and b) presents the results of theoretical calcula-
tions of the pore water pressure distribution with ¢ ,._ = con-
stans and the constant loading velocity. For each case, (1), (2),
(3), a different constant loading velocity was applied, and the
value of the stabilized pore pressure was proportional to the ap-
plied soil loading velocity.

Then (Fig. 1c) we analysed the distribution of pore pressure
under a constant loading velocity Ao / At and different consoli-
dation features expressed by two values (¢ (- 1))2 =2(t - 1))1. In
such conditions, the values of theoretical pore water pressure
stabilization (1), are proportional, too. In the situation when a
possible increase of the specific consolidation time in the course
of the tests is taken into account, the pore pressure will never be
constant, but slightly increasing.

The relations obtained during model calculations are con-
firmed by the experimental data. In the tests, no stabilization of
pore pressure was obtained (Fig. 2a), although it was theoreti-
cally expected. This is caused not only by changes of the loading
values (Fig. 2b), but first of all by an increase of the specific con-
solidation time # ;. during the tests (Fig. 2¢).

It happens because the value of the consolidation coefficient
c, decreases faster than the drainage way H. An increase of the
pore pressure during the tests indicates that seepage and con-
solidation conditions deteriorate while the stress o, and the pore
pressure u, increase.

CHANGES OF THE COEFFICIENT C, DURING
CONSOLIDATION TESTS

The second analysed criterion was changes of ¢, values in the
stress function. These ¢ values are very high and unrealistic at
the beginning, and later in the tests the ¢, course is quasi-linear,
going asymptotically to the o axis.

Such character of variability is consistent with consolida-
tion theory. However, the problem is to specify the point where
we can assume that ¢, values are correct. With a smooth, con-
tinuous course of the diagram we can assume a convergence
with the linear approximation ¢ at an advanced stage of the
test. It is also important to assess the reasons for the high, un-
reliable ¢, values at the beginning of the test. It is caused both
by the ¢, calculation formula (Fig. 5) and by the initially low
values of pore pressure.

During the tests, several types of pore pressure distribu-
tion were observed, which were more or less different from
the theoretical model and were demonstrated by experimen-
tal models: QT, PT, NZ*and NZ" and CR (Dobak, 1999; Kowal-
czyk, 2005).

In many cases, the maximum CCL value is lower than the
theoretically assumed value 1 and occurs not at the beginning
of the test, but somewhat later. This means that when the soil
is loaded, the mobilization of pore pressure is gradual but not
immediate. The time needed to reach C_  was named by
Kowalczyk (2005) as the response time. A reliable interpretation
is possible after C,, reaches the maximum and later decreases.
Hence the proper consolidation phase is obtained. Points cor-
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Fig. 2a. Increase of pore water pressure in Neogene green clays during CL tests
Fig. 2b. Rate of loading during CL tests
Fig. 2c. Changes of consolidation properties expressed by specific time of consolidation
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related with the maximum C_, value are marked in the ¢ -0
diagrams (Fig. 3a, b). Usually they are situated in the rectilinear
quasi-stabilized section of the diagram. This confirms the cor-
rectness of the ¢ value in this phase of the CL test.

c,, mis
Y 05 a
110
910" sample graphical | the point of Co| max[~
sii® marks | (the response time)
\ 1-LS6 - O
710% -
\ I-Ls-7
610 \ 1-LS-16 -
£16% 1-LS-18 - O B
. \ \ I-LS-24 —— O
0 -
! \ IS26 | — @)

g
&
g

800 1000

PN
N
008 /fﬁ '\Ak [

o, kPa

Fig. 3a. Quasi-hyperbolic changes of ¢ during CL tests
Fig. 3b. Distribution of pore water pressure parameter (, and translation of maximum
(, value

COMPARISON OF EXPERIMENTAL DATA WITH
THEORETICAL SOLUTION OF CL TEST

Theoretical relations mentioned at the beginning of this article,
expressed using non-dimensional C, and T, parameters, cons-
titute the best possible criterion of indicating a continuous reli-
able phase of the CL test.

Figure 4 presents changes of the C_ parameter in the T,
function for the constant rate of loading (CRL) tests.

The value of the relative time of consolidation T, =2 divides
the unsteady and the steady phases. From the point of view of
mathematics, this value is consistent with the end of consolida-
tion caused by the initial increase of Ac,. > 0.

When T, > 2, the test enters the steady phase. It is con-
firmed by comparing the theoretical C, distribution with the
results of tests. In Fig. 4, the continuous line illustrates theoreti-
cal solutions C_,-T,,, while the points mark the results of CRL
tests conducted in a consolidometer using an MTS press. The
results of experimental tests significantly differ from the theo-
retical diagram in the non-steady phase and are more similar to
the theoretical solution in the steady phase. Location of experi-
mental points in the non-steady phase in the diagram indicates
that these T, values are too high. Modification of their loca-
tion can be based only on the correction of ¢, values because the
t.,» C., and H values come from direct measurements and are
correct. Therefore, moving the experimental point with coordi-
nates (T, C,,) to the left, to the theoretical curve, a decrease of
T, values requires a consequential decrease of ¢, (see the for-
mula in Fig. 5).

The above analysis indicates that the ¢, value is overesti-
mated in the non-steady phase. In order to improve this value,
the non-linear formula from Wissa et al. (1971) or the a, cor-
rection factor suggested by Janbu et al. (1981) can be used.
Another way of correcting ¢, is interpretation of the theoretical
diagram C_,-T, . Then, as the initial data we take C, parameters
and the relevant values of the ¢, time. These data come directly
from measurements and do not depend on the consequences of
theoretical assumptions of the consolidation process. In the ana-
lysed tests results, this interpretation is most similar to Wissa’s
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Fig. 5. Comparison of ¢, values from non-steady phase calculated by different formula
non-linear solution. This confirms the consistence of Wissa’s  References

formula with the theory of consolidation applied to continu-
ous loading. Correction of ¢, values from the non-steady phase
is justified from the physical point of view after the end of mo-
bilization of the pore water pressure phase (exceeding the C,
maximum value in the course of the test). This requirement is
impossible to meet when the CR or NZ diagram is obtained for
C.,—o,. In the case of tests with a variable loading velocity (for
example, CRS tests), it is necessary to calculate the C,~T,, theo-
retical diagram according to an individual loading program. It
limits the common use of this referential method for correcting
the ¢ value.

CONCLUSIONS

1. Analyses of the consolidation process in the test green clays
show that distinguishing the unsteady and steady phases of the
tests is necessary for a proper interpretation of test results.

2. In every test, a significant decrease of soil permeability
was stated, which also causes a decrease of the consolidation co-
efficient. In such conditions, stabilization of pore water pressure
cannot be obtained and this criterion cannot be used for assess-
ing the steady phase in the tests under analysis.

3.0n the hyperbolical ¢ -0, diagram, a quasi-linear recti-
linear section asymptotic to the ¢ axis can be distinguished.
The values of ¢ in this section are consistent with the phase
where the C,  value was exceeded and the distribution of pore
pressure typical of seepage consolidation occurs. Data from this
section of the diagram may be recommended as reliable ¢ va-
lues from CL tests.

4.C_ and T, values obtained from the CRL tests show a gen-
eral consistence with the theoretical curve at an advanced stage
of the tests. Therefore, it is correct to assume the steady phase
(T, >2)asareliability criterion for CL test results.

5. In CRL tests, we can recommend an easy method of
correcting ¢ by means of reference to the theoretical curve
C.,~T,,- The results of this method of CL test interpretation are
most similar to the calculation of ¢, . formula presented by
Wissa. The linear formula and the Janbu correction give higher
and lower values, respectively.
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NEOGENO BELCHATOVO ZALIOJO MOLIO
KONSOLIDACIJOS PARAMETRAI - CLBANDYMU
INTERPRETACIJOS TYRINEJIMAI

Santrauka

Patikimas konsolidacijos koeficiento vertés nustatymas yra bitinas
prognozuojant statiniy nusédima bei vertinant grunto izoliacines sa-
vybes. Tyrinétas neogeno Zaliasis molis, slagsantis vir§ rudosios an-
glies klodo Belchatovo telkinyje (Centriné Lenkija). Gilios Klescevo
tektoninés jdubos salygomis molis jgavo specifiniy savybiy. Tyrimai
atlikti didéjancios apkrovos CL metodu. Klasikinis patikimumo krite-
rijus, pagristas stabilizuotu pory slégiu, yra nepatikimas, nes didéjant
apkrovai Zenkliai kinta grunto filtracinés ir konsolidacinés savybés.
Patikimumo kriterijumi sitloma pasirinkti kvazistabilizuota konsoli-
dacijos koeficiento verte C . Eksperimentiniai duomenys palyginti su
teoriniais sprendiniais apibrézta funkcija, t. y. pory slégis (parametras
C,,) ir reliatyvus konsolidacijos laikas (T, ). Stabilizuota fazé prasideda,
kai T, > 2. Geriausiai tyrimy rezultatai atitinka teorinius sprendimus,
kai konsolidacijos koeficientas skai¢iuojamas pagal Wisso nelinijinj
sprendinj. Gauty rezultaty analizé rodo, kad batina i$skirti CL tyrimo
fazes - stabilizuota ir nestabilizuotg ir gautus rezultatus palyginti su
teoriniais sprendimais.
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PARAMETRY KONSOLIDACJI NEOGENSKICH
ZIELONYCH IEOW Z BELCHATOWA - ANALIZA METOD
INTERPRETAC]JI BADAN CL

Streszczenie

W artykule przedstawiono zagadnienia metodyczne zwigzane z inter-
pretacja wynikow badan konsolidacji prowadzonych w warunkach
ciagtego wzrostu obcigzenia (system CL). Uzyskiwanie miarodajnych
warto$ci wspétczynnika konsolidacji jest niezbedne w prognozowa-
niu osiadan i moze by¢ takze wykorzystane przy ocenie wlasciwosci
izolacyjnych gruntéw spoistych. Badaniom poddano neogenskie ity
zielone wystepujace w nadkladzie najwigkszego w Polsce Centralnej
ztoza wegla brunatnego ,,Belchatéw”. Grunty te reprezentujg szeroko
rozpowszechniong w Polsce formacje jeziornych itléw neogenskich. W
warunkach glebokiego rowu tektonicznego Kleszczowa posiadaja je-
dnak specyficzne wyksztatcenie i whasciwosci (tab. 1). Jako podstawowe
kryterium miarodajno$ci wynikéw badan CL przyjmuje si¢ osiagnigcie
fazy ustalonej konsolidacji. Klasyczne kryterium oparte na stabilizacji
ci$nienia porowego jest tu nieprzydatne, gdyz wraz z rosnagcym ob-
cigzeniem znaczaco zmieniaja si¢ wladciwosci filtracyjne i konsolida-

cyjne gruntu wyrazone przez parametr ¢ ,._, (rys. 1 i2). Jako zalecane

T=1
kryterium miarodajnoéci nalezy przyjmowa¢ )quasi—stabilizacjg wartos-
ci wspotczynnika konsolidacji ¢, ktérej poczatek jest w analizowanych
badaniach dobrze skorelowany z osiagnieciem maksymalnej wartosci
parametru ci$nienia wody w porach C, _ (rys.3).

Uzyteczne jest tez poréwnywanie danych do$wiadczalnych z te-
oretycznym rozwiazaniem okreSlonym przez zalezno$¢ parametru
cié$nienia wody w porach C,, od wzglednego czasu konsolidacji T,,. W
rozwigzaniu tym faza ustalona zaczyna sie, gdy T,, > 2 (rys. 4). W fazie
nieustalonej obserwuje si¢ natomiast znaczace zawyzenie parametréw
konsolidacji. Przeanalizowano rdzne metody korekty wynikéw z fazy
nieustalonej. Najlepsza zgodno$¢ z rozwigzaniami teoretycznymi wys-
tepuje, gdy wspdtczynnik konsolidacji ¢, obliczany jest na podstawie
nieliniowego rozwigzania przedstawionego przez Wissa i in. (1971). W
przeprowadzonych badaniach obliczenia oparte na rozwigzaniu linio-
wym oraz poprawce zaproponowanej przez Janbu (1981) daty odpowie-
dnio wartosci ¢, zawyzone lub zanizone. (rys. 5). Analizy wynikéw badan
wskazujg na potrzebe wydzielania faz badania CL: nieustalonej i ustalo-
nej, oraz porownywania uzyskiwanych wynikow z rozwigzaniami teore-
tycznymi, na ktérych oparte jest pojecie wspotczynnika konsolidacji.

ITaBen Jlo6ak, Ce6acTnan KoBanpuuk

KOHCOINUIJAIIMMOHHBIE ITAPAMETPbI HEOTEHO-
BBIX BEJIXATOBCKUX 3EJIEHBIX IJIMH - UICCJIE[O-
BAHVIA UHTEPIIPETAITMY VICIIBITAHU CL

Peswome

Ormpeyieniennie JOCTOBEPHOTO 3HadeHMs1 K03 uineHTa KOHCOMIIA-
LUM ABMACTCH 00A3aTeIBHBIM IIPY IPOTHO3UPOBAHMM OCAJKI COOPY-
JKeHMIT U OIleHKe M3OAIMOHHBIX CBOICTB IPyHTOB. VccmenmoBamich
HEOTECHOBBIE 3eJIeHble IMVHBI, 3ajleraloliyie Haj TOJIIeNl KOpI4He-
BOro yra B MecropoxpaeHun bemxaroBo (Llenrpanphas Ilonblma).
B riay6oxoit TexroHmdeckoii Bnaguxe Kremero rnmHel mpuoGpenmn
crieruudeckne cBoiicTBa. VccnenoBanus NPOBEEHB B YCTOBUAX
yBemmuuBaomerica Harpysku MetofoM CL. Kmacciraeckmit xputepmit
TOCTOBEPHOCT, OIIPEeAEMbIil 110 IOPOBBIM JABICHNAM, He ABJIIET-
A OCTAaTOYHO JOCTOBEPHBIM, KPOMe TOTO, TIPY YBEMYEHNN HATrPy3-
KJ 3HAYUTE/IBHO U3MEHSIOTCA YCIOBYA (UIbTPALNM KOHCOMMAALIMMN.
OKCTIepMMeHTabHble Pe3yNMbTaThl CPABHEHBI C TEOPETHYECKMMII,
TIOMyYeHHBIMI C TOMOL[BIO MApaMeTpa TMOpoBoro mapnenns C, u
penATBHOTo BpeMeru Koncomuauym T, . ®asa crabummsaiym KoH-
comupuanyy Hadnnaercs npu T, > 2. Haumyuinee cooTBeTCTBUE 3KC-
TepUMEHTATbHBIX 1 TEOPETNYECKIX JAHHBIX ITOTy4eHO B TeX CTydYasx,
Kor/a Koo uipreHT KOHCOMMAALINM PACCYUTHIBANICA T10 HETUHEITHOMY
pemennio Bricca. AHamM3 TIOTy4eHHbBIX Pe3y/IbTaTOB IIOKA3bIBAET, UTO
C/IefiyeT BBIIENUTD OTHeNbHbIe (asbl ucbITannit mo merony CL: cra-
OM/IM3MPOBAHHYIO M HECTAOUIM3UPOBAHHYIO, KPOME TOTO, TIOTy4YeH-
HbIe Pe3y/IbTaThI CIef[yeT CONOCTAB/ATD C TEOPETUYECKMMI TAaHHBIMIL



