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The paper presents the differential analysis of volumetric strain (DAVS). The method allows measurements of volumetric
deformations of capillary-porous materials caused by water-ice phase change. The VSE indicator (volumetric strain effect),
which under certain conditions can be interpreted as the minimum degree of phase change of water contained in the material
pores, is proposed. The test results (DAVS) for three materials with diversified microstructure: clinker brick, calcium-silicate
brick and Portland cement mortar were compared with the test results for pore characteristics obtained with the mercury
intrusion porosimetry.

INTRODUCTION
An analysis of volumetric strains in freezing samples of porous materials filled with water may constitute
an interesting supplement to the methodology of research
on microstructure susceptibility to water phase change.
Common tools for assessing the intensity of internal
processes are popular methods based on measurements
of linear strains, most often used to evaluate the deformation remaining after freeze/thaw cycles.
The proposed method of differential analysis of
volumetric strains (DAVS) makes it possible to observe
the effects of freezing on the whole of the material
sample, including the water expelling onto the surface. A
scope of the problem, which is separation of the thermal
deformations caused by cooling from volumetric strains
directly related to water-ice phase change, is limited
due to the application of a comparative dilatometer
(containing the sample without water), and also because
of the introduction of additional corrective amendments.
A variety of differential analysis of volumetric
strains (DAVS) has been used since 1986 [1]. The idea
of the test was inspired by earlier works [2, 3] that
focused on concrete aggregate tests performed in a
single dilatometer. In the tests presented in the paper, the
water-saturated sample was placed in a steel measuring
dilatometer (Dilatometer 1), shown in Figure 1. In Dilatometer 2, a control sample of the same dimensions and
approximately the same thermal deformability coefficient was located.
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Figure 1. Set-up of measuring dilatometers. 1 - water-saturated
tested sample, 2 - control sample, 3 -– measuring dilatometers,
4 - temperature sensors, 5 - measuring tubes.
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Figure 3. The final calibration adjustment of ΔV.
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Figure 2. Course of temperature changes over the freezing
cycle.

Changes in sample volume in cooling were automatically recorded with a digital camera every 60 seconds, and then the kerosene level was read from the
photographs with an accuracy of 0.01 cm3. The temperature inside the samples and on the surface of the
dilatometers was recorded every 60 seconds. Temperature
changes were recorded with an accuracy of ± 0.1°C.
As the recorded volumetric changes were considerably
affected by differences in the kerosene volume in the
dilatometers, temperature differences between the dilatometers resulting from the non-homogeneous temperature
field inside the heating-and-cooling thermostat as well
as differences in the specific heat of two samples (wet
and dry), an appropriate adjustment was introduced.
This adjustment was calculated for each measurement
individually, basing on the analysis of ΔV’ deviation
from the “0” value at the initial measurement stage until
the moment of water crystallization onset. It is assumed
that the deviation has a linear nature across the entire
measuring range. The procedure is presented in Figure 3.
During the test, temperatures inside and outside the
dilatometers were recorded. Figure 4 presents the value
of ΔT, which equals the difference of temperatures inside
Dilatometer 1 and 2.
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The dilatometers were equipped with calibrated
measuring tubes and temperature sensors placed inside the samples and outside the dilatometers. The dilatometers were filled with kerosene to the “0” level on
the measuring tubes. Each sample was freezing in the
thermostat which made it possible to obtain a programmed
temperature change profile as a function of time. Each
time, the freezing cycle was preceded by a several-hourlong temperature stabilization at the level of + 2°C. The
freezing cycle consisted of the linear cooling phase from
the temperature of + 2°C to the temperature of – 25°C,
over 2 hours and 45 minutes, at the rate of approx.
0.16°C/min, and also the temperature stabilization phase
at the level of – 25°C over 2 hours 45 minutes. The
course of changes in the temperature of the dilatometer
cooling liquid over the test cycle is shown in Figure 2.
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Figure 4. Sample record of ΔT (measured inside Dilatometer 1
and Dilatometer 2) versus bath temperature.

With the assumption that all the sample pores have
been filled with water (e.g. during vacuum saturation),
it is possible to approximately interpret the result of
the volumetric strain in freezing in terms of the water
quantities undergoing crystallization in relation to the
total content of water evaporable at the temperature of
+ 105°C. Since an increase in ice volume in relation to
water volume amounts to 9.17 %, the following rough
assumption is made: the volumetric strain equal to
0.0917 cm3/g water in the pores corresponds to 100 %
water-ice phase change. The relative minimal weight of
ice may be calculated on the basis of the formula:
VSE =

∆V
× 100 %
m w × 0.0917

where VSE is the volumetric strain effect which may be
roughly treated as a relative minimal content of ice, %,
mw is the weight of water which fills the sample pores.
EXPERIMENTAL AND RESULTS
Three different building materials were tested: clinker brick, calcium silicate brick and Portland cement
mortar (w/c = 0.45). Some properties of the materials are
presented in Table 1.
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Table 1. Properties of the materials.
vacuum absorption
(%)

amount of water
in sample (g)

degree of pore filling
with the water (%)

2.20
1.79

19.3
29.4

17.7
25.4

41.0
72.4

91.7
86.4

2.11

23.9

21.0

63.4

87.9
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Figure 5. ΔT values for clinker brick, calcium-silicate brick and
cement mortar.

In addition, the distribution of pore sizes was
determined by the mercury intrusion porosimetry.
Figure 9 shows the cumulative intruded pore volume vs
pore size. The data are presented in relation to the total
pore volume of each sample.
DISCUSSION
The volumetric strains of the materials presented in
the form of VSE may be roughly treated as a relative
minimal content of ice. Such a presentation is shown in
Figure 10.
Taking into account the assumption that VSE represents the minimal relative amount of ice, the specific
characteristics of material porosity may be described in
terms of three groups of pores: those containing water
which is able to freeze up to – 25°C, those containing
water which does not undergo the phase change in this
range of temperatures and the pores which are not filled
with water under vacuum treatment.
Taking assumptions for the Gibbs-Thomson formula in the same way as it was presented in [4], the
relation between the pore radius and the freezing point
temperature may be useful for the analysis of the material
properties tested by the DAVS method. According to the
formula, the temperature of – 25°C corresponds to the
pore radius of approx. 0.004 μm.
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In clinker brick cooling, an increase in the ΔV value
stopped when the temperature inside Dilatometer 1
reached – 5°C (the outer surface of the dilatometer body
was around – 10°C). According to the Gibbs-Thomson’s
formula, the whole water capable of freezing was located in the pores, the radii of which were above 0.015 μm.
The MIP examination (Figure 11) does not indicate the
presence of significant quantities of pores between 0.004
and 0.015 μm. The analysis of the VSE (Figure 10)
shows that about 90 % of the total quantity of water was
transformed. About 10% of the water was absorbed by
the pores smaller than 0.004 mm. The comparison of
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The samples for DAVS method were cut by drilling.
The sample had a diameter of 50 mm and a length of 150
mm. Before vacuum absorption all samples were dried in
an oven at 105°C. The registered values of the ΔT and ΔV
are shown in Figures 5-8.
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Figure 6. ΔV and the internal and external temperature record
for clinker brick.
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Figure 7. ΔV and the internal and external temperature record
for calcium-silicate brick.
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the absorption of the sample under vacuum with its total
porosity (Table 1) indicates that approximately 8.3 %
of the pores are not filled with water. So, it cannot be
excluded that the amount of ice was greater than that
presented in Figure 10. An increase in pressure caused
by freezing can be very high in isolated small pores
(more than 200 MPa), which could lead to the partial
filling with water of the pores that were not filled under
vacuum absorption.
In the case of calcium-silicate brick (Figure 7) after
the stage of initial freezing of supercooled water, further
increase in ΔV may be observed for temperatures below
– 20°C. Figure 10 shows that at least 80 % of water in
the sample froze, about 20 % of ice was formed below
– 10°C (estimated on the basis of the temperature inside
the sample), which corresponds to the range of pore
dimensions approx. 0.004 - 0.008 mm. The analysis of
the data in Figure 11 shows that in this area, the pore
mercury has a volume of about 6 % of the total volume
of intruded mercury in the MIP test. The VSE index
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shows that about 20 % of the water was not frozen. It
cannot be excluded, as in the case of clinker brick, that
due to pressure, a part of the water moved to the area not
filled earlier.
The lowest value of the VSE was recorded for cement mortar sample. The water froze to a significantly
lesser extent than in calcium-silicate brick. Recorded
thermal effects (ΔT- Figure 5) also indicate a limited
range of the phase change process in the mortar. This
phenomenon has been known for a long time [5] and
confirmed repeatedly in laboratory studies. Cement with
a very low w/c can hardly contain any water capable
of freezing. In this context, the mortar of w/c = 0.45,
additionally dried at 105°C, has not only small pores
containing unfrozen water, but also some pores in which
water was transformed into ice (r > 0.004 µm) - Figures
9 and 11. As in previous cases, without validation with
the use of low temperature calorimetry it cannot be
excluded that additional quantities of water were frozen
without the possibility of those being recorded by the
DAVS method.
The samples were subjected to a single time freezing. Due to the susceptibility of their microstructure,
that could lead to changes in porosity. An increase in the
amount of pores containing water that can be frozen may
be significantly different in next cycles, indicating the
beginning of destruction or lack thereof in the case of
resistant microstructure.
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Figure 8. ΔV and the internal and external temperature record
for Portland cement mortar (w/c = 0.45).
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Figure 9. Cumulative intruded pore volume vs pore size in relation to the total pore volume.

106

clinker brick
calcium-silicate brick
portland cement mortar
2

0 -2

-6

-10
-14
-18
-22
Bath temperature (°C)

-26

Figure 10. Volumetric strain effect VSE vs bath temperature.
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Figure 11. Log differential intrusion vs pore size in relation
to the total pore volume.
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CONCLUSION

REFERENCES

● The DAVS method allows a comparison of different
porous materials in terms of water freezing.
● The VSE parameter might be considered as an
indicative parameter of the minimum content of ice in
the sample.
● The DAVS method makes it possible to observe the
effects of water freezing in relatively large samples
including the phenomena dependent on the length of
flows of still unfrozen water.
● It seems necessary to validate the observed volumetric
strains using low temperature calorimetry and also
other available methods, e.g. the NMR.
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