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Abstract. The influence of cyclic freezing and thawing of concrete upon its microstructure is investigated in this
research. The following methods were applied: microscope analysis of specially prepared fragments of concrete speci-
mens, capillary pulling up water under atmospheric pressure, thermal analysis of hardened cement paste separated from
concrete specimens. Tested concrete did not contain any chemical or mineral admixtures; W/C ratio was constant for all
specimens (0,65). Indexes of mean radius of capillary pores — A and indexes of homogeneity of capillary pores — o were
measured after various numbers of freezing cycles. Experimental results enable to describe the phenomena occurring in

concrete subjected to frost.
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1. Introduction

The problem of durability of concrete structures is
often investigated by researchers from all over the world
[1-4]. The scale of losses and costs of repairs indicates
the urgent necessity of solving this problem. There is a
deep interest in the predicting durability of concrete struc-
tures under frost attack [5—8]. Different frost damage
models of concrete have been developed in the past by
several authors [9, 10]. Though the deterioration of con-
crete structure under frost attack has already been de-
scribed to a certain extent, a deeper understanding of
this process, especially for predicting frost resistance, is
still necessary. Under microscopic examination cement
paste is a non-homogeneous and anisotropic matrix com-
posed of irregularly shaped and unevenly distributed
pores. Recognition of phenomena occurring in concrete
structure subjected to cyclic freezing and thawing would
allow understanding the mechanisms of concrete destruc-
tion. Research in this field has been conducted in
Bialystok Technical University for several years [11-13].
The present study is focused on recognition and analysis
of phenomena occurring in porous structure of cement
concrete subjected to cyclic freezing and thawing. A
quick method of forecasting concrete freeze resistance
on the basis of intensity (speed) of changes of selected
porosity parameters after initial cycles of freezing and
thawing can be developed.

2. Characteristics of materials

River sand was used as a fine aggregate and gravel
of fractions 2+4 and 4+8 as a coarse aggregate. Grain-
size distribution was determined on the basis of recom-
mended graining [14] (sand — 39,2 %; fraction 2+4 —
25,3 %; fraction 4+8 — 35,5 %). Ordinary Portland ce-
ment CEM 1 32,5 was used in the experimental research.
Properties of this cement are presented in Table 1.

The following concrete composition was used:
cement — 300 kg/m3, water — 195 dm?/m?3, sand —
717 kg/m3, gravel 2+4 mm — 463 kg/m?, gravel 4+8 mm
— 650 kg/m?, water-cement ratio W/C = 0,65. Specimens
were taken out from moulds after 24 hours and than kept
in water for 27 days.

3. Experimental results

Examinations of concrete structure were conducted
after different number of cycles of freezing and thawing
(up to 100 cycles) in order to identify changes in porous
concrete structure (DTG, DTA and TG).

The following methods were applied: microscope
analysis of selected and specially prepared fragments of
concrete specimens using scanning electron microscope,
examinations of changes of capillary porosity parameters
using capillary pulling up water under atmospheric pres-
sure and thermal analysis.
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Table 1. Mineral composition and properties of cement CEM 1 32.5

Mineral composition: C3S 58,09 %
C,S 21,02 %
C;A 12,16 %
C,AF 6,20 %
Other minerals 2,53 %
Compressive strength after 28 days of hardening 45MPa
(according to PN-EN 196-1)
Water requirement for normal consistency (according to PN-EN 196-1) 152 ml
Setting times (according to PN-EN 196-3)
* initial setting time 180 minutes
+ final setting time 280 minutes

3.1. Microscope examinations

SEM examinations were conducted in order to com-
pare morphology of cement hydration products located
inside the pores and elements of structure of hardened
cement paste of tested concrete specimens. Fragments of
surface parts of concrete specimens in the form of frac-
ture of area about 300 mm? were examined. Magnifica-
tion was in the range from 20 to 4000x.

Air pores were mostly in clusters of few items in
tested concrete fragments. The fractions of these pores
were circular, diameters in the range from 50 to 100 pum.
Pores of diameter 100 pm dominated in all specimens.
That is why these pores were subjected to detailed qual-
ity observations under SEM and photography documen-
tation was made. Four series of concrete specimens were
examined. All specimens were kept in water until the
28™ day of hardening and than they were subjected to
different number of cycles of freezing and thawing. One
series of specimens — control one was kept in water.

Specimens not subjected to frost
Very fine hydrated calcium silicates C-S-H and

relicts of unhydrated cement can be recognised in ce-
ment stone microstructure. Air pores of various diam-
eters are concentrated in clusters of few items. Some of
them are cracked inside and they are filled with prod-
ucts of hydration to a small degree. Typical structure is
presented in Fig 1.

Specimens after 25 cycles of freezing and thawing
Hydrated calcium silicates C-S-H and relicts of

unhydrated cement can be recognised in hardened ce-
ment paste microstructure. There are not many air pores
in these specimens; they are relatively shallow and filled
with newly created products of cement hydration. Each
of examined pores has microcracks. Typical images of
these specimens are presented in Figs 2 and 3.

Specimens after 75 cycles of freezing and thawing

Very fine hydrated calcium silicates CSH, crystals
of ettringite and relicts of unhydraed clinker can be rec-
ognized in cement stone microstructure. Air pores, like
in the previous specimens, were in clusters of few items.
Pores are filled by products of cement hydration. Deeper
pores are less filled by products of hydration. Typical
images of concrete specimens are presented in Figs 4
and 5.

Specimens after 100 cycles of freezing and thawing
Very fine hydrated calcium silicates CSH, crystals

of ettringite and relicts of unhydraed clinker can be
recognised in cement stone microstructure. The biggest
number of air pores was observed in this specimen. These
pores are filled by product of hydration to various ex-
tents. Bigger pores are less filled and smaller ones are
completely filled by products of hydration. Typical im-
ages of concrete specimens are presented in Figs 6, 7
and 8.

Fig 1. Fraction of concrete specimen; 0 cycles of freezing and thawing; SEM: magnification 100x
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Relicts of cement
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microcracks

CSH phase

cement relict
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Fig 4. Fraction of concrete after 75 cycles; SEM: magnification 100x
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ettringite

microcrack

microcrack

CSH phase
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Fig 7. Fraction of concrete after 100 cycles; SEM: magnification 200x
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Fig 8. Fraction of concrete after 100 cycles; SEM: magni-
fication 1000x

3.2. Changes of parameters of porosity

Examinations of porosity of concrete structure were
made on the basis of kinetics of water absorption after
0; 25; 50; 75 and 100 cycles of freezing and thawing
according to the procedure described in GOST 12730-
78. The method of determining porosity according to
kinetics of water absorption is based on the behaviour
of liquids (water) in capillary pores. It allows determin-
ing total porosity and differential porosity (index of mean
radius of capillary pores — A, index of homogeneity of
capillary pores — Q).

Changes of parameters of concrete porosity take
place under the influence of cyclic freezing and thawing.
Changes of indexes of mean radius of capillary pores
and homogeneity of capillary pores were tested after 0;
25; 50; 75 and 100 cycles. The results are presented in
Figs 9 and 10.

As it can be seen from Figs 9 and 10 indexes de-
crease under the influence of the initial cycles of freez-
ing and thawing. Mean radius of capillary pores (1) de-
creases because of formation of microcracks and par-
tially filling of pores with secondary hydration products.
This results in decrease of index of homogeneity of cap-
illary pores. Further freeze-thaw cycles cause formation
of more cracks and as a result index of mean pore ra-
dius (Fig 9) and index of homogeneity of pores (Fig 10)
increase. After 100 cycles parameters of concrete poros-
ity (1, a) returned to the initial values (before cycles).
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Fig 9. Index of mean radius of capillary pores (A);
W/C = 0,65
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Fig 10. Index of homogeneity of capillary pores (0);
W/C = 0,65

3.3. Thermal analysis of cement stone

The compositions of selected cement stones sepa-
rated from concrete specimens determined on the basis
of thermal analysis (DTG, DTA and TG) are given in
Table 2.

On the basis of test results, it can be stated that
quantity phase composition and structure of concrete
specimens differ depending on the number of cycles. The
content of water chemically bounded in products of hy-
dration is significantly higher in specimens after 100
cycles compared with the control specimens. It is ac-
companied by the presence of high amount of well
crystallised ettringite crystals. Content of calcium hydrox-
ide also increases after 75 and 100 cycles compared with
concrete specimens after 0 and 25 cycles. These obser-
vations confirm the hypothesis of secondary cement hy-
dration under influence of cyclic freezing and thawing.

Table 2. Composition of hardened cement paste separated from concrete specimens

Content of selected components, % by weight
No Type of specimen Water chemically bounded in the temperature range Calcium Weight loss
20+540 °C hydroxide 20+1000 °C
20+480 °C 480+540 °C >
1. 0 cycle 9,7 1,6 11,3 6,6 304
2. 25 cycles 9,3 1,6 10,9 6,6 29,7
3. 75 cycles 9,2 2,3 11,5 9,5 29,3
4. 100 cycles 11,0 2,0 13,0 8,2 29,2
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Experimental results (structural examinations in
SEM, examinations of changes of capillary porosity pa-
rameters and the results of thermal analysis) make it
possible to describe the phenomena occurring in con-
crete subjected to cyclic freezing and thawing.

4. Conclusions

Cycles of freezing and thawing cause microcracks
in hardened cement paste which enable access of water
to relicts of unhydrated cement. Then secondary hydra-
tion of cement takes place and pores are filled with prod-
ucts of hydration (ettringite and calcium hydroxide first
of all). The phenomenon is repeated and continuous
changes in porosity structure take place until concrete
destruction. Tightening of concrete structure as a result
of secondary hydration of unhydrated cement after cycles
of freezing and thawing can cause at the beginning in-
crease of compressive strength until irreversible changes
take place. Taking into consideration significance of
changes of concrete porosity structure under frost influ-
ence a trial to develop a method of forecasting freeze
resistance on the basis of intensity (speed) of selected
porosity parameters changes after initial cycles of freez-
ing and thawing can be undertaken.

The study was supported by State Committee for Scien-
tific Research; project number S/IIB/1/02.
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