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Abstract

In this study the effects of cyclic freezing and moisture content on unfreezable water content were inwestigated. Six
monoionic forms of bentonite were used in experimental program. Samples were tested with Differential Scanning
Calorimetry (DSC) method. The analysis of the results was done with Universal Analysis 2000 software and JETHRO
program. Using statistical analysis as the tool it can be assumed, that the unfreezable water content of bentonite depends to
some extent on the soil moisture content. The influence of cyclic freezing on unfreezable water content was not statistically

significant.
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1. Introduction

Bentonites belong to the group of cohesive soils,
being composed primarily of montmorillonite. This
mineral is formed as a result of weathering volcanic
tuffs in the alkaline and highly basic environment
[1]. Hydromicas and montmorillonite are two
most common argillaceous mineral. At present,
this mineral is undergoing hypergenic processes
which result in its metamorphosis. In Poland pure
montmorillonite rocks are rare [2]. Despite this fact,
conducting research on these soils is of real use not
only for scientific reasons, but also practical ones —
to be applied in industry. Many Polish companies
deal in importing bentonites from abroad, e.g. from
the USA, Slovakia and Turkey. The demand for this
raw material is systematically growing, especially
in broadly understood environmental protection,
construction industry and even medical sciences.
On account of their special expansive qualities and
high adsorption potential for water, bentonites are
applied for building protective barriers used in waste
dumping. They are also indispensable in removing
toxic chemical compounds from the environment [4].
In recent years it has become popular to use bentonites
to seal dikes. In building industry bentonites are also
used to stabilize boreholes and deep ditches.
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The properties of montmorillonite clays are due to their
specific structure of 2:1 type. The elementary surfaces of
adjacent packets are occupied by oxygen atoms, which
results in a weak bond between the packets. Molecules
of water and other polar liquids may easily get into
spaces, weakening the operating intermolecular forces.
This provides excellent conditions for ionic exchange in
these soils [1]. The minerals from this group are highly
hydrophyllic (they manifest a high level of swelling and
considerable moisture.)

Thestructure ofbentonites may undergomodifications
as a consequence of: moisture, cyclic freezing, the
kind of exchangeable action the changes in the above
mentioned parametres influence many engineering-
geological properties of the soil. The impact of the
changeable action on the non-freezing water (whose
content depends on the temperature) is well examined
[5]. The objective of this work is to define the impact of
moisture and cyclic freezing on the non-freezing water,
whose content does not depend on temperature. Water
has a significant impact on concrete. According to
Lebiediev [6] there are 5 states of water in the ground:
vapour, bound water(tightly or loosely bound water),
free water (capillary and gravitational), water in the
solid state, water of crystallization and chemically
bound water. The equilibrium freezing temperature for
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the free water is steady and equals 273.15 K (0°C) For
soil this temperature (7)) depends mostly on moisture
[5, 7, 8]. This temperature is an important parameter
in the water-soil system, as above this temperature
ice is absent from the system. Koztowski concluded
[5] that a certain part of water does not freeze at the
T temperature. It is only through further lowering of
the system temperature that the next portions of water
freeze. In the wet ground there is a fraction of water,
which does not change its state of matter in a broad
range of negative temperatures. It is the so called
non-freezing water. Its content is usually defined
analogously to moisture expressed in the percentage
share of the mass of the skeleton (1):

- (1)
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with: m —the mass of the unfrozen water, m —the mass
of the skeleton.

The change of the content of the non-freezing water

in the soil depends closely on the temperature (Fig. 1).
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Fig. 1. The curve of the content of the unfrozen water
in relation to temperature [5]

For temperatures higher than 7| ice is not present
in the system and the content of the unfrozen water u
equals the total wetness w. During lowering the system
temperature it is possible to overcool to the temperature
of spontaneous nucleation 7, (B of the diagram) in
which crystallization begins. Next as a result of the
emission of the latent heat there occurs a rapid increase
of the temperature up to the value of 7| (point 4 of the
diagram). Further quasi-statistical cooling leads to a
gradual change of the content of the unfrozen water
on the way AC. During the warming up from the
negative temperatures there occurs the increase of the
content of the unfrozen water on the way CA. At the T
temperature the last ice crystals melt and the content of
the unfrozen water equals w again [5].

In the water-soil system the following division of the
non-freezing water can be assumed: unfrozen water

adsorbed on flat surfaces of crystallites, quasi-thin
layer on top of ice and free water which does not freeze
below 0°C [5].

In natural conditions a certain part of the unfrozen
water does not freeze at all. This part is defined as
the non-freezing water. The percentage share of the
non-freezing water in the sample can be determined
with equation (2). It is the difference between the
total content of water in the sample and the content
of ice [5].
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with: L — latent heat of the ice melting, A/ — the total
heat effect of the ice melting, m_— the mass of
the skeleton.

The content of the non-freezing water in bentonites
is to a certain degree connected with tightly bound
water — so called hygroscopic water [2]. The properties
of tightly bound water are similar to those of a solid.
Moreover, this water has a considerable cohesiveness
and resiliency. Its mean freezing temperature is -78°C
and it depends on the mineral composition. It is
estimated that with the temperature -70°C there is still
7% of the unfrozen water [9], according to the author
it is only at -193.8°C that the water in soils freezes
completely. The question of the impact of the cyclic
freezing-thawing (CFT) on the non-freezing water
appears an important issue to tackle. Engineering
experiments prove that CFT has a negative impact on
the subgrade soil [10]. Moreover Koztowski’s studies
also proved [11] that this phenomenon modifies
the specific surface area and the ion distribution
parameters. Consequently, it may have an influence
on the content of the non-freezing water. According to
Anderson and Hoekstry [12], the inner-packet water of
the bentonites migrates during freezing into the pore
space and it is only there that the crystallization takes
place. However, the results of the conducted SEM
observations [11] revealed that the direction in which
those microstructure’s changes go is not so clear, which
additionally hinders the proper defining of the impact
of CFT on the non-freezing water. The diversity and
ambiguity of the processes accompanying CFT was
also discussed by Yong et al. [13] and Kumor [10].

This work attempts to answer the question: to what
degree moisture and CFT affect the amount of the non-
freezing water in mono-ionic bentonites. The basic
experimental method to be used was the differential
scanning calorimetry (DSC). The data obtained as a
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result of this measurement will undergo an analysis
developed by Koztowski [5]. The obtained results
underwent statistical analysis using the Stat-Crunch
programme enabling data analysis in the network.

2. The characteristic of the examined soils

The research on the phase composition was
conducted on the following samples:

— four mono-ionic forms of bentonite: B-Ca*, B-Mg?**,

B-Na*, B-K™;

— naturally sodium bentonite from Wyoming: B-Wy;
— naturally calcium bentonite from Texas: B-St.

Bentonite from Chmielnik, which is commonly
regarded as a model bentonite [14] provided a base
material for mono-ionic clays. It is practically a pure
montmorillonite with 3-4% admixtures of volcanic
glaze, quartz of pyroclastic origin, feldspars, biotites
and chlorites [15]. The montmorillonite content
on the basis of vapour sorption [16] accounted for
96% [5]. This value corresponds to the results of the
analyses DTA, DTG and RTG published in the works
of Heflik [15], and Grabowska-Olszewska [14]. The
value of the total volume of the cation exchange
C.E.C. amounts to 112.7 mval/100 g. In the sorption
complex the calcium cation Ca** constitutes 87% and
magnesium cation Mg* — 12%[14].

The mono-ionic forms of montmorillonite were
obtained by repeated saturation of the fraction
< 0.063 mm and eliminating the dissolved substances
by diffusion. The pastes were then dried at room
temperature until they achieved the required wetness
and kept in a sealed container for app. Three weeks
before the experiment. The detailed preparation of
the samples is presented in Koztowski’s work [5].
The basic properties [5] are presented in Table 1. The
values of the specific surface area were obtained by
means of sorption test for vapour (WST) [16].

Table 1. The properties of mono-ionic forms of bentonites

Main granulometric Borders of | Specific surface
Kind cation composition consistency area [m/g]
in
[% C.E.C] sl el ey W1 outer | inner

(el | %] | (%] | %] | [%]
B-Ca| 96 2 | 64 | 34 [69.7 1068 122 | 732

B- Mg* 96 5 61 | 34 | 758 | 105.9 | 122 732

B- Na* 81 0 8 | 92 | 865 |253.7| 110 | 644

B-K* 76 2 68 | 30 | 66.0 | 93.2 | 56 336

The basic properties of the bentonite from Wyoming
and Texas are presented in Table 2.
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Table 2. The properties of the bentonite from Wyoming
and the bentonite from Texas

B- Wy B- St
Origin USA, state USA, state
of Wyoming, of Texas,
Crook county | Gonzales county
Main cation Na* Ca?
Volume of ionic
exchange — C.E.C [mEq/100g] e 844
Specific surface area (outer)
by nitrogen sorption [m?/g] [m?/g] 3182 8.19

3. The Methodology

The phase composition was studied by means of
differential scanning calorimetry (DSC). It is the
most suitable method presently available for studying
the phase composition of water [5]. Calorimetric
measurements were performed by means of DSC Q200
calorimeter produced by TA Instruments — a company
recognized worldwide for high technology products.
It has a built-in Tzero technology that provides the
highest stability and repeatability of the base line
combined with the highest sensitivity and resolution.

The calorimeter works according to the principle that
the sample’s temperature changes constantly within
a certain assumed range. In a differential system the
temperature changes occur simultaneously in the pan
with the examined sample and in the empty reference
pan. The possible thermal effects in the sample cause
a delay or advance of the sample temperature against
the temperature of the empty reference pan. In the
graph showing the heat power output in relation to
temperature ¢g(7) this fact is reflected as an appropriate
peak (Fig. 2) The area under the graph of power in
relation to time represents heat.

500
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Fig. 2. An example of a registerred DSC file
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The identification of the file position (together with
the temperature of the beginning T, and the end (7))
of the file) creates difficulties while analysing the
DSC results. The phase transitions of pure crystallic
substances give sharp peaks, whereas the ice melting
in the water-soil system takes place in a wide range
of temperatures and initially gives only insignificant
thermal effects. The so called short-term noise resulting
from the discontinuity of the calorimetric signal also
makes the identification difficult. As a consequence of
the noise, the rectilinear shape of the signal graph ¢(7)
in the range of the ice pre-melting temperatures merely
approximates the real signal graph. Therefore, the base
line approximation using the smallest squares method
was performed. A set of signal values ranging from
-20°C to -12°C was selected on the basis of the visual
identification of the file beginning temperature for the
received thermograms. It may be assumed that at the
temperature of the phase change beginning the signal
values start to move away from the approximating
straight line. In consequence of the short-term noise,
an accidental set of several adjacent signal values may
appear above the base line [5]. Considering the presence
of the short-term noise Koztowski [5] developed an
algorithm of searching the 7' temperature based on
checking the succeeding signal values, starting from
the maximum and moving towards the beginning of
the file. The first encountered signal lower than the
extrapolated value of the base line means the border of
the straight line segment without the phase change and
the preceeding checked value constitutes the beginning
of the file. Thus all the signal values within the file are
higher than the values extrapolated by the base line
equation. The method correctness was checked by
using it to search the temperature of the beginning of
the pure ice thawing file. An analogous procedure was
used in order to find the end of the file temperature, but
with the base line approximation within the range of
+5°C to +9°C [5].

In order to define the heat of the phase change
within new temperatures 7' i T, it is necessary to
create between them “liquid” base line, taking into
account the specific heat change of the sample
ingredients. The ,liquid” base line between Tp
i T, was constructed numerically according to
Koztowski’s instructions [5]. Equation (3) describes
the function of the file 4(7) corrected against the
liquid base function:

W) =g(T;) - g(T) 3)

assuming that:

2(T)=a, ()T +b,(T) (4)

with: g(T) — quasi-linear equation discribing the

coordinates of points of the imagined base line within

therange [T; T]; a (T).b,(T) — coefficients dependent
on temperature.
The research method enabled:

— more precise defining of the characteristic
temperatures of the Tp 17 file,

— determinig the liquid base line under the change file,
connected with the change of the heat capacity of the
sample in the course of the phase change,

— determining the function of the corrected file
against the liquid base line /4(7),

— calculating the total heat effect of the phase change as
the area under the file 4(7) and on this basis calculating
the content of the non-freezing water u .

3.1. Research design

A sample of the soil paste in plastic state and
weighing 5-12 mg was placed in the aluminium
calorimetric pan with the diameter of 6 mm. In order
to facilitate the heat flux, the samples were given
a homogeneous form of a flat layer covering the
bottom of the pan. The sealed pan with the sample
was weighed with the accuracy of 10 g and kept in
special containers. Directly before the examination
the pan with the sample was weighed again to check
the seal. After placing the pans in the socket A of the
calorimeter (the empty reference pan was placed in
socket B where it stayed all the time), the chamber of
the calorimeter was locked and previously prepared
research programme was started. The programme
included 5 freeze-thaw cycles. The freezing was
conducted at the rate of -2.5°C/min to the temperature
of 90°C. After a 5-minute temperature stabilization
at the level of 90°C there came the heating at the
rate of 5°C/min to the temperature of 20°C. After
a 30-minute stabilization the cycle was repeated
4 times. The examination of one sample in the
calorimeter took over 8 hours. After that time the
sample was taken out of the calorimeter and weighed
again with the accuracy of 0.01 mg to check the seal.
Then the calorimetric pan was pierced and dried at the
temperature of 110°C in order to define the moisture.

5 samples of pastes were taken from each of the
six kinds of bentonites and examined for the sake of
this work. The final effect of the DSC was a period
covering five full freeze-thaw cycles. Because of the
overcooling (occuring during freezing) only the cycles
of the sample thawing, marked with the succeeding
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even numbers: 2, 4, 6, 8, 10, were examined in this
work. The handling of data from the thermal analysis
was done by means of the Universal Analysis 2000
software, which enabled separating single cycles
from the graph and changing them into the digital
form. The next step in the handling of the data was the
work in the Jethro programme created by Koztowski
[5] in order to convert the change heat into the non-
freezing water. The data prepared in such a form were
later transformed to Excel and underwent statistical
analysis by means of the StatCrunch software.

4. The research results

As it has been mentioned before, the content of the
non-freezing water (1 ) may depend on many factors.
They include e.g. the kind of the exchangeable cation,
cyclic freezing, moisture. Comparing the mean
values of the non-freezing water in different kinds of
bentonites, it has been revealed that the impact of the
mineral composition is significant (Table 3). It has
been confirmed by the variance analysis (Table 4) and
the presented diagram (Fig. 3).

Table 3. The general statistics of the non-freezing water

B-Ca** | B-Mg? | B-Na* | B-K* | B-Wy B-St

minu | 29,57 | 26,80 | 2848 | 1579 | 21,79 | 2579

maxu | 33,94 | 3292 | 29,98 | 16,91 | 2518 | 30,00
meanu | 31,99 | 30,94 | 29,19 | 16,22 | 23,05 | 27,75

Table 4. Variance analysis — the impact of the cation on the
non-freezing water

values u_ significantly differ. The conducted chi-square
test showed, that the impact of the mineral composition
on the non-freezing water is significant on the level 0.05
in four out of five of the examined bentonites (Table 3).
The significance of the mineral composition was also
evaluated on the basis of the graph of the mean values u,
in the analysed groups (Fig. 3)
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Fig 3. The content of the non-freezing water (%)
in particular kinds of bentonite

4.1. The impact of the cyclic freezing on the non-freezing
water in the bentonites

In order to evaluate the impact of the cyclic freezing,
moisture, and the interaction of these factors on the
non-freezing water (Table 5), the multiple regreession
analysis was conducted by means of the StatCrunch
software. The non-freezing water was the dependent
wariable; whereas moisture, cycle (2, 4, 6, 8, 10) and

ANOVA table the interaction of these factors were the independent
Source | dr | SS Ms F-Stat |Pvalue | yariables. Figure 4 presents the distribution of the
Treatments| S| 3720.498| 744.0996|420.54523) <0.0001]  nop-freezing water in different thawing cycles.
Errar 119|210.65489 | 1.7693688
Total 174| 3931 053 Table 5. The multi-factor variance analysis
Parameter estimates:
kation | Sample Var. | DF | Chi-Sguare Stat | P-value Variable | Estimate Std. Err. Tstat P-value
Intercept | 19.465328| 5.4784517| 2.5530708| 0.0007
Ca 1.7634786) 24 42371487 00434 w 0.13835195| 0.0B567814| 2.1085142| 0.0393
b 01043142 (19 1.9819698 | =0.0001 CYRL -0.17604262( 0.8258077(-0.21315049| 0.82319
Mg 4045007 | 24 g7 1028 =0.0001 CYREL*w | 0.002066545 | 0.009901 352 0.2087134) 0.8354
Ma 01567886914 24950417 0.00032 Analysis of variance table for multiple regression model:
Source | DF 55 MS F-stat P-value
St 1.9461882 (149 36.97FATT 0.016
model 3 B9.61051 | 23.203505 | 9674584 [ =0.0001
ity 1.87500051149 29925009 01055 Eror  |61|146.30228| 2398338
Total |G4|21591278
The value obtained in the test for the statistic F, smaller
than 0.0001, is lower than the statistical significance  Summary of fit:

0.05. The null hypothesis should be rejected. That means
that there are at least two groups in which the mean
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Root MSE: 1.5486761
R-squared: 0.3224
R-sgquared {(adjusted): 0.28%91
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Fig. 4. The content of the non-freezing water (%)
in different thawing cycles

The results of the regression analysis show that
cyclic freezing does not have a significant impact on
the content of the non-freezing water. The level of
statistical significance is 0.83 and the null hypothesis
is rejected at the level of 0.05. A similar result is
visible in the impact on the non-freezing water of
both moisture and cycle at the same time.

4.2. The impact of moisture on the non-freezing water
in the bentonites

The impact of moisture on the non-freezing
water showed considerable symptoms of the model
significance (Table 5). The level of statistical
significance was 0.039. Therefore a single-factor
regression analysis was applied to evaluate the impact
of moisture on the non-freezing water in different
cycles (Table 6).

Table 6. The dependency of moisture on the non-freezing water in different cycles

Simple linear regression results for CYKL=2:
R (carrelation coefficienty= 05874
F-gi=10.34511894

Estimate of error standard deviation: 1.3755292
Parameter estimates:

nzw
33

Parameter | Estimate Std.Err. |DF| T-Stat | P-Value

Intercept 19924686 | 46394944 11142945314 0.0013

Slope 013391623 | 0045620346 (11| 2407684 00343

Analysis of variance table for regression model:

Source | DF 55 M5 F-stat |P-value .

Maodel 1110968292 10968282 | 5.7969427| 0.0348 29 .

Error  [11(20.8128851.8920804 R

Total 12 31.781166 75 80 . 85 80
Sirnple linear regression results for CYKL=4: nzw

R (correlation coeficient) = 06362 H .
R-go= 040468723

Estimate of error standard deviation: 1.5635396

Parameter estimates:

Parameter | Estimate Std.Err.  |DF| T-Stat | P-Value

Intercept 16486073 52736316 | 1131450963 | 0.0093

Slope 017288458 | 006322266 |11 2734535 0.0194

Analysis of variance table for regression model:

Source | DF 55 Ms F-stat | P-value

Model 1 18.28036| 18.28036 (74776816 0.0194 28

Error |11 26.891216| 2.4446561 a7 .

Total 121451715877 75 80 . 85 80
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Simple linear regression results for CYKL=6:
R (correlation coefficient) = 0.4564

R-sg= 020828068

Estimate of errar standard dewiation: 1.8049862
Parameter estimates:

Parameter | Estimate | Std.Err. ({DF| T-Stat | P-Value

Intercept 20.40678| 6.0830017(1

—_

3.3519669| 0.0065

Slope 012415751 | 00728847 11| 1.701121

—_

NN

Analysis of variance table for regression model:

Source | DF S5 Ms F-stat | P-value

odel 0427971 9427971 2.8931127| 0117

—_

—_

Error | 11| 35.83773[ 325679753

Total (12| 452657

75

40

Simple linear regression results for CYKL=8:
R (carrelation coefiicienty = 05758

F-50=0233149104

Estimate of error standard deviation: 1.73181445
Parameter estimates:

Parameter | Estimate Std.Err. |DF| T-Stat |P-Value
Intercept 17.341028| 5.8412086 |11 | 29687414 0.0128
Slope 016354759( 0070026994 | 11| 23354933 0.0385

Analysis of variance table for regression model:

Source | DF 85 Ms F-stat |P-value

Model 16.38914 1 1635014 5.4545293| 0.0395

=

=

Error 113299103 | 2.9991846

Total  [12] 4935017

nzw

75

g0

Simple linear regression results for CYKL=10:
R (carrelation coeflicienty = 0.5973

F-s0= 035671118

Estimate of error standard deviation: 15946461
Parameter estimates:

Parameter | Estimate Std. Err.  |DF|  T-Stat | P-Value

Intercept 17.7BETE4 5378545 [11] 3.3069841 0.oav
Slope 015925017 | 0.06448047 (1124697428 0.03N
Analysis of variance table for regression model:

Source | DF 55 MSs F-stat |P-value
Model 118510723 15.510723 | 6099629 | 0.0311

Error  [11)27.971857 | 2.54284963

Tatal | 12]43.482582

nzw

33

75

a0
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In four out of five of the thawing cycles there have
been noted considerable symptoms of the moisture
effect on the non-freezing water. In each cycle the
content of the non-freezing water increases with the
rise of moisture.

5. Conclusions

1. Cyclic freezing does not have a practical effect on
the content of the non-freezing water. It corresponds
to the water adsorbed on flat areas of clay particles
and most probably in the process of cyclic thawing
the change of this area does not occur.

2. One may observe a certain insignificant impact
of the total water content on the content of the
non-freezing water. This fact could be possibly
explained by the contribution of the quasi-liquid
water layer formed on the ice crystals, to the total
non-freezing water (and the more ice in the sample,
the more water of this kind).

3. Itis expected that the cyclic freezing will have effect
on the form of the non-freezing water function,
whose value depends on the pores distribution. This,
however, requires completely new calculations.

This investigation was founded in part by the European
Union within the framework of the European Social Fund
project “Enhancing Educational Potential of Kielce
University of Technology — Educating for Success”
Operational Programme Human Capital, Agreement No
UDA-POKL.04.01.01-00-175/08-00.
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Wplyw wilgotnosci i cyklicznego zamrazania
na wode niezamarzajaca monojonowych bentonitow

1. Wprowadzenie

Bentonity naleza do gruntéw spoistych, zbudo-
wanych glownie z montmorillonitu [1]. Jest to sze-
roko rozpowszechniony w przyrodzie minerat ilasty
o unikalnych wtasciwos$ciach: duze pecznienie, wy-
soka wilgotno$¢, dobre wlasciwosci adsorpcyjne [2].
Glownym z czynnikow decydujacym o tym jest spe-
cyficzna struktura bentonitow typu 2:1. Cechg cha-
rakterystyczng jest to, ze powierzchnie elementarne
sasiadujacych pakietow obsadzane sa przez atomy
tlenu co przyczynia si¢ do stabej wigzi miedzy pakie-
tami. W przestrzenie tatwo moga wchodzi¢ czastecz-
ki wody i innych polarnych cieczy ostabiajac dziata-
jace sity miedzyczasteczkowe. Stwarza to doskonate
warunki do wymiany jonowej w tych gruntach [1].
Szerokie spektrum zastosowan bentonitow wzmaga
popyt na ten surowiec z kazdym rokiem, szczegolnie
w szeroko rozumianej ochronie srodowiska, budow-
nictwie, a nawet medycynie [3, 4]. Istnieje jednak
szereg czynnikow mogacych modyfikowac struktury
bentonitéw, jednoczesnie warunkujac zmiany w ich
wlasciwosciach np.: wilgotnos¢, cykliczne zamraza-
nie, rodzaj kationu wymiennego. Wptyw kationu wy-
miennego na wode niezamarznigtg (ktorej zawarto§e
zalezy od temperatury) jest dobrze poznany [5]. Jako
cel niniejszej pracy obrano okreslenie wptywu wil-
gotnosci i cyklicznego zamrazania na wod¢ niezama-
rzajaca, ktorej zawartos¢ nie zalezy od temperatury.

Istnieje wiele odmian wody w gruncie [6], ktore z ko-
lei stanowia czynnik silnie oddziatujacy na bentonity.
Jak wiadomo temperatura zamarzania réwnowago-
wego wody wolnej (przy statych warunkach ci$nie-
nia) jest stata i wynosi 273,15 K (0°C). W przypad-
ku gruntu wartos¢ tej temperatury (7)) zalezy przede
wszystkim od wilgotnosci [5, 7, 8]. Temperatura ta
stanowi wazny parametr w systemie woda-grunt,
jako temperatura powyzej ktorej 16d jest nieobecny
w uktadzie. Koztowski [5] stwierdzil, iz pewna czgs¢
wody nie zamarza w temperaturze 7,. Dopiero dal-
sze obnizanie temperatury uktadu prowadzi do zama-
rzania kolejnych porcji wody. W wilgotnym gruncie
istnieje frakcja wody, ktéra nie zmienia stanu skupie-
nia w szerokim zakresie temperatur ujemnych. Jest
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to tzw. woda niezamarznicta. Jej zawartos¢ okreslana
jest zwykle analogicznie do wilgotnosci w procen-
tach masy szkieletu (1). Zmiana zawarto$ci wody
niezamarznig¢tej] w gruncie zalezy $cisle od tempera-
tury (rys. 1). W warunkach naturalnych pewna czgsé¢
wody niezamarznigtej w ogoéle nie ulega zamarzaniu.
Ta cze$¢ wody okreslana jest jako woda niezamarza-
jaca. Procentowa zawartos¢ wody niezamarzajacej
W probce mozna wyznaczy¢ ze wzoru (2). Jest to roz-
nica miedzy catkowita zawartoscia wody w probce
1 zawartoscig lodu [5].

Zawarto$¢ wody niezamarzajacej w bentonitach ma
w pewnym stopniu zwigzek z wodg silnie zwigzang
tzw. higroskopijna [2]. Temperatura jej zamarzania
wynosi §rednio -78°C, przy czym jest zalezna od skta-
du mineralnego. Szacuje si¢, iz w temperaturze -70°C
istnieje jeszcze 7% wody niezamarznigtej, wedtug
autorki pracy [9] dopiero przy temperaturze -193,8°C
woda w gruntach catkowicie zamarza. Istotnym wy-
daje si¢ tu podjecie kwestii cyklicznego zamrazania
— odmrazania (CZO) na wod¢ niezamarzajaca. Do-
$wiadczenia inzynierskie przekonuja nas o ujemnych
skutkach CZO dla podtoza gruntowego [10]. Dodat-
kowo w pracy Koztowskiego i in. [11] udowodniono,
iz zjawisko to modyfikuje powierzchni¢ witasciwa
1 parametry dystrybucji poréw. Co za tym idzie, moze
mie¢ wplyw na zawarto§¢ wody niezamarzajacej.
Wedtug Andersona i Hoekstry [12], woda migdzy-
pakietowa bentonitow migruje w trakcie zamarza-
nia do przestrzeni porowej i dopiero tam odbywa si¢
krystalizacja. Jednakze wyniki przeprowadzonych
obserwacji SEM [11] wykazatly, ze kierunek zmian
mikrostruktury nie jest jednoznaczny, co dodatkowo
utrudnia wiasciwe okreslenie wptywu CZO na wode
niezamarzajacg. O wielorakosci i niejednoznacznosci
procesow towarzyszacych CZO pisali rowniez Yong
et al. [13] oraz Kumor [10].

Niniejsza praca jest proba odpowiedzi na pytanie:
w jakim stopniu wilgotno$¢ i CZO wptywa na zmiane
ilosci wody niezamarzajacej w bentonitach monojo-
nowych? Jako podstawowa metode eksperymentalng
wykorzystano kalorymetri¢ skaningowag DSC. Dane
uzyskiwane z kazdego pomiaru zostang poddane ana-
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lizie opracowanej przez Koztowskiego [5]. Uzyskane
wyniki zostaty poddane analizie statystycznej z uzy-
ciem programu StatCrunch umozliwiajacego analizy
danych w sieci.

2. 0gélna charakterystyka badanych gruntéw

Badania sktadu fazowego prowadzono na prob-
kach:
— czterech monojonowych form bentonitow:
B-Ca?', B-Mg?*, B-Na*, B-K*;
— naturalnie sodowego bentonitu z Wyoming: B-Wy;
— naturalnie wapniowego bentonitu z Texasu: B-St.
Materiat wyjsciowy dla czterech form bentonitow
stanowil monomineralny bentonit z Chmielnika [15].
Szczegdtowa preparatyke probek monojonowych
mozna znalez¢ w pracy Koztowskiego [5]. Podsta-
wowe wlasciwosci zostaty przedstawione w tabeli 1.

3. Metodyka badan

Badania sktadu fazowego prowadzono z wykorzy-
staniem réznicowej kalorymetri skaningowej (DSC)
przy udziale aparatu TA typu DSC Q200. Jest to
metoda najbardziej odpowiednia dla potrzeb badan
sktadu fazowego wody sposrod obecnie istniejacych
[5]- Metoda pozwala na szczegotowe okreslenie tych
zmian wykorzystujac do badania jedng probke. Efek-
ty termiczne objawiajg si¢ wystgpieniem odpowied-
niego piku (rys. 2) (wraz z temperaturg poczatku (7° p)
1 konca piku (7)). Czyste substancje krystaliczne
daja ostre piki co umozliwia okreslenie powyzszych
temperatur . Problem z ich identyfikacjg pojawia si¢
w przypadku topnienia lodu w systemie wodno-grun-
towym, ktore zachodzi w szerokim zakresie tempera-
tur 1 poczatkowo daje nieznaczne efekty termiczne.
Identyfikacje utrudnia réwniez pojawienie si¢ tzw.
szumu krotkookresowego bedacego skutkiem nie-
ciggtosci sygnatu kalorymetrycznego. Problemy te
zostaly rozwiazane dzigki algorytmom stworzonym
przez Koztowskiego [5]. Ich wykorzystanie w niniej-
szej pracy pozwolito na:

— bardziej precyzyjne okreslenie charakterystycz-
nych temperatur piku T, 17,

— wyznaczenie ptynnej linii bazy pod pikiem prze-
miany zwigzanej ze zmiang pojemnosci cieplnej
probki w toku przemiany fazowej;

— wyznaczenie funkcji piku skorygowanego wzgle-
dem plynnej linii bazy A(7);

— obliczenie catkowitego efektu cieplnego przemia-
ny fazowej jako pola pod pikiem /(7) oraz na jego
podstawie obliczenie zawarto$ci wody niezama-
1Zajacej u .

3.1. Procedura badawcza

Przed rozpoczeciem badania w aparacie DSC doko-
nano odpowiedniej preparatyki probek. Grunty w sta-
nie plastycznym o masie rzedu 5-12 mg umieszczano
w aluminiowym naczyniu kalorymetrycznym jed-
noczes$nie nadajac im forme ptaskiej warstewki dla
utatwienia przeptywu ciepta. Nastepnie hermetycznie
zamykano naczynie z probka i wazono z doktadno-
scig 10° g. Gotowe probki umieszczano w komorze
kalorymetru i zataczano program badawczy. Obejmo-
wat on 5 cykli zamrazanie-odmrazanie. Zamrazanie
przeprowadzono z predkoscia -2,5°C/min do tempe-
ratury 90°C. Po 5-minutowej stabilizacji temperatury
na poziomie 90°C nastepowalo ogrzewanie z predko-
$cig 5°C/min do temperatury 20°C. Po 30-minutowe;j
stabilizacji nastgpowato czterokrotne powtarzanie
cyklu. Badanie jednej probki w kalorymetrze trwato
ponad 8 godzin. Po tym czasie probke wyjmowano
z kalorymetru i ponownie wazono z dokladnoscia
0,01 mg dla sprawdzenia hermetycznosci. Nastgpnie
naczynie kalorymetryczne przekluwano i suszono
w temperaturze 110°C w celu okreslenia wilgotnosci.

Efektem koncowym pracy DSC byt wykres obej-
mujacy 5 pelnych cykli zamrozenie-odmrozenie. Ze
wzgledu na zjawisko przechtodzenia( wystepujace
podczas zamrazania) w pracy interpretowano jedy-
nie cykle rozmrazania probki, kolejno oznaczone nu-
merami parzystymi: 2, 4, 6, 8, 10. Obrobka danych
z analizy termicznej zostala wykonana przy uzyciu
oprogramowania Universal Analysis 2000, dzigki
ktoremu wyodrebniano z wykresu pojedyncze cykle
1 zamieniano je na posta¢ cyfrowa. Kolejnym kro-
kiem w obrobce danych byta praca w programie Je-
thro stworzonym przez Koztowskiego [5] dla celow
przeliczenia ciepta przemiany na wod¢ niezamarza-
jaca.Tak przygotowane dane byly przepisywane do
exela i dalej poddawane analizie statystycznej przy
uzyciu oprogramowania StatCrunch.

4. Wyniki badan

Analiza wariancji (ANOVA) i test chi-kwadrat
wykazal znaczacy wptyw kationu wymiennego na
zawarto$¢ wody niezamarzajacej w poszczegolnych
rodzajach bentonitow. Test chi-kwadrat wykazal, ze
wptyw sktadu mineralnego na wode niezamarzajacg
jest istotny na poziomie 0,05 w czterech z pigciu ba-
danych bentonitow (tab. 3).

Dla oceny wptywu cyklicznego zamrazania, wilgot-
nosci 1 wspotdziatania tych czynnikéw na zawartos¢
wody niezamarzajacej postuzono si¢ analizg regresji
wykonang przy uzyciu oprogramowania StatCrunch.
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4.1. Wptyw cyklicznego zamrazania na wode
nieamarzajacq w bentonitach
Wyniki analizy regresji (tab. 4) wskazuja, iz cyklicz-
ne zamrazanie nie wplywa istotnie na zawarto$¢ wody
niezamarzajacej. Poziom istotnosci wynosi 0,83. Po-
dobny skutek widoczny jest we wplywie jednoczes$nie
wilgotnosci i cyklu na wodg niezamarzajaca.

4.2. Wplyw wilgotnosci na wode niezamarzajaca
w bentonitach

Wptyw wilgotnosci na wode niezamarzajaca wyka-
zal znaczne oznaki istotnos$ci modelu (tab. 5). Poziom
istotnosci wyniost 0,039. Postuzono si¢ wigc jedno-
czynnikowg analizg regresji dla oceny wptywu wil-
gotnosci na wode niezamarzajacg w poszczegolnych
cyklach (tab. 6).

Zaobserwowano znaczne oznaki efektu wilgotno$¢
na wode niezamarzajacg w przypadku czterech z pie-
ciu powyzszych cykli rozmrazania. W kazdym z cy-
kli zawarto§¢ wody niezamarznicte] wzrasta razem
z wilgotnoscia.

5. Wnioski

1. Cykliczne zamrazanie praktycznie nie wplywa na
zawarto$¢ wody niezamarzajacej. Odpowiada ona
wodzie adsorbowanej na ptaskich powierzchniach
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czastek ilastych i1 najprawdopodobniej w procesie
cyklicznego zamrazania nie dochodzi do zmian tej
powierzchni.

2. Obserwuje si¢ pewien nieznaczny wpltyw wilgot-
nos$ci catkowitej na zawarto$¢ wody niezamarza-
jacej. Mozliwe wyjasnienie tego faktu to wktad
quasi-ciektej warstewki wody na krysztatkach lodu
do catosci wody niezamarznigtej (a im wiecej lodu
w probcee, tym wiecej tego rodzaju wody).

3. Oczekuje si¢, ze cykliczne zamarzanie wptynie
jednak na posta¢ funkcji wody niezamarznigte;j,
ktorej zawarto$¢ zalezy od rozktadu porow. Wy-
maga to jednak catkiem innych obliczen.
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