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« FT-caused microcracking in concrete w/& w/o air-entrainment is studied by DIP.

« Matrix microcrack characteristics all increase with the increase of FT damage degree.

o ITZ cracks instead of mortar cracks are the major part of FT-caused cracks.

« FT-caused microcracks in concrete w/& wj/o air-entrainment are compared.

« Relationships between mechanical properties and microcrack densities are established.
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Most of the hydraulic concrete structures in cold regions of China are suffering freezing-thawing (FT)
deterioration and the first step to choose repairing measures is to appropriately and quantitatively
evaluate the FT damage degree in concrete. The current evaluating parameters for FT damage in concrete,
such as resonant frequency and ultrasonic wave velocity are all phenomenological descriptions and can-
not reveal the essence of the FT damage, which is the initiation and propagation of microcracks. This
paper proposes a method to evaluate FT-damage in concrete based on vacuum-epoxy-impregnation
method and digital-image-processing (DIP) technique. Quantitative microcrack analysis and mechanical
tests including compressive tests, flexural tests and axial tensile tests were performed for the concrete
specimens with/without air-entrainment suffered different FT cycles. Evolutions of microcrack character-
istics of the matrix cracks (including Interfacial Transition Zone (ITZ) cracks and mortar cracks) in the
concrete specimens were thoroughly investigated. Relationships between the relative mechanical
properties and the microcrack density were established. Results show that the length density, area den-
sity and crack width of microcracks in the matrix of concrete all increase with the increase of damage
degree and the ITZ cracks instead of the mortar cracks are the major part of FT-caused microcracks.
The high correlation coefficients between the mechanical properties and microcrack density indicate that
quantitative microcrack analysis could be used as a powerful and promising tool of quantifying FT
damage in concrete.
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1. Introduction FT-damaged concrete structures is to make appropriate and reliable

evaluations for the damage in concrete. The most effective and

Most of the hydraulic concrete structures in North China are sub-
jected to freezing and thawing (FT) deteriorations because of the
cold weather and severe/rapid temperature changes all year around.
FT-damaged concrete will suffer mass loss, decreases in mechanical
properties and gradual loss of durability caused by microcrack
development [1,2]. The precondition of maintaining and repairing

* Corresponding author. Address: Al Fuxing Road, Haidian District, Beijing
100038, China. Tel.: +86 10 68781469; fax: +86 10 68529680.
E-mail address: chengx@iwhr.com (G. Chen).
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0950-0618/© 2014 Elsevier Ltd. All rights reserved.

essential way to evaluate FT damage in concrete is to quantify the
microcracking process in the FT process and establish the prop-
erty-microstructure relationships. However, the current three
widely-used FT-damage evaluating parameters, namely the reso-
nant frequency [3,4], the ultrasonic wave velocity [3,5,6] are all phe-
nomenological damage descriptions and neither can directly reveal
theinitiation and growth process of microcracks in concrete. Though
CT technology seems to be a promising non-destructive tool to get the
3D structure of cracks in concrete through image-reconstruction, the
spatial resolution and field of interest are in a dilemma and it is really
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Table 1
Chemical composition of cement.

S. Li et al. / Construction and Building Materials 69 (2014) 177-185

Chemical composition Si0, Al,03 Fe,03 Ca0

MgO K20

Na,O0

Cement (%) 21.42 3.51 5.32 60.55

4.76 0.39

0.10

Table 2
Mixing proportion of non-air-entrained concrete (NAC) and air-entrained concrete (AC).

W/C Sand ratio (%) Super-plasticizer (%) Air-entraining Water (kg/m®) Cement (kg/m®) Fly ash (kg/m®) Sand (kg/m®) Aggregate (kg/m>)
agent (%) 5-20mm  20-40 mm
NAC 045 36 0.60 / 140 311 / 719
AC 045 36 0.60 0.01 122 2304 40.7 745
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Fig. 1. Relative dynamic modulus of elasticity and FT damage degree of non-air-entrained concrete (a) and air-entrained (the air content is 5%) concrete (b) at different FT

cycles.

a huge challenge for the current CT system to detect FT-caused
microcracks 10-50 pm wide in full-scale concrete specimens which
are usually over 5 cm in dimension in the laboratory. For instance,

Wakimoto [7] applied X-ray laminography to assess frost-damage
in concrete specimens 7.6 cm in dimensions, but only microcracks
about 0.1-0.2 mm in width could be identified. Though Promentilla



S. Li et al./ Construction and Building Materials 69 (2014) 177-185 179
Table 3
Mechanical properties of non-air-entrained concrete specimens suffered different FT cycles.
Concrete specimens So M M Ss Sa Ss Se
FT cycles 0 27 44 74 85 91 98
FT damage degree, D 0 0.083 0.161 0.329 0.398 0.441 0.596
Compressive strength/MPa 62.6 60.6 59.1 56.3 523 48.5 45.7
Relative compressive strength 1.000 0.969 0.943 0.899 0.836 0.775 0.730
Flexural strength/MPa 5.87 4.78 4.31 3.19 2.50 2.04 1.62
Relative flexural strength 1 0.810 0.727 0.533 0.415 0.339 0.271
Axial tensile strength/MPa 3.06 2.81 2.62 1.66 1.26 1.13 1.05
Relative axial tensile strength 1 0.897 0.816 0.493 0.369 0.324 0.299
Table 4
Mechanical properties of air-entrained concrete specimens suffered different FT cycles.
Concrete specimens A0 Al A2 A3 A4 A5
FT cycles 0 200 300 350 400 450
FT damage degree, Dir 0 0.018 0.057 0.080 0.084 0.092
Compressive strength/MPa 42.6 421 41.4 39.0 389 38.8
Relative compressive strength 1.000 0.988 0.972 0915 0.913 0911
Flexural strength/MPa 5.63 4.72 4.02 4.04 3.98 3.93
Relative flexural strength 1.000 0.838 0.714 0.718 0.708 0.698
Axial tensile strength/MPa 2.82 2.47 2.11 2.09 2.09 2.09
Relative axial tensile strength 1.000 0.876 0.748 0.741 0.741 0.741

and Sugiyama [8] detected microcracks as small as 10 pm in width
in mortar specimens exposed to FT by microfocus X-ray CT system,
the cylindrical specimen he scanned was only 12 mm in diameter.

With the development of microscopy and digital-image-pro-
cessing (DIP) techniques, quantifying microcracks in deteriorated
cementitious materials becomes feasible now [9-13]. This paper
firstly presented a method of identification and quantification of
microcracks in concrete based on vacuum-epoxy-impregnation
method and DIP technique. Secondly evolutions of microcrack pat-
terns of mortar cracks, ITZ cracks and matrix cracks (composed of
ITZ cracks and mortar cracks) in non-air-entrained and
air-entrained concrete with the increase of FT cycles were investi-
gated. Finally relationships between the mechanical properties and
the microcrack density were established.

2. Experimental program
2.1. Materials and mixing proportion

Two groups of concrete specimens (non-air-entrained and air-entrained) were
produced and medium-heat Portland cement P. MH42.5 in China (equivalent to
ASTM Type 1I) with a density of 3.23 g/cm® and type I fly ash with a density of
2.39 g/cm® were used was used and the chemical compositions were shown in
Table 1.

Crushed sand was used as fine aggregates with a density of 2.60-2.63 g/cm?, a
fineness modulus of 2.77-2.97 and a water absorption ratio in saturated-surface-
dry (S.S.D) condition of 1.0-1.4%.

Crushed gravels whose sizes were in the ranges of 5-20 mm and 20-40 mm
respectively were used as coarse aggregates. A naphthalene-based superplasticizer
was applied to produce fresh concrete with satisfying workability. Rosin-based air-
entraining agent was used for air-entrained concrete and the actual air void content
in the concrete specimens is 5.0 + 0.5%.

The mixing proportions of the two series of concrete are shown in Table 2.

2.2. Testing procedure

A series of prismatic, cubic and cylindrical specimens were produced for either
non-air-entrained or air-entrained concrete for FT tests and mechanical tests
according to the Test code for hydraulic concrete (SL352-2006) of China. After being
cured for 28 d in the standard curing room, all the specimens were sealed in sil-
ver-paper bags filled with water and kept in the chamber of the FT testing machine.
Rapid freezing and thawing methods were used and the resonant frequency tests of
the specimens at different FT cycles were done according to the Test code for
hydraulic concrete (SL352-2006), which is similar with the Standard Test Method
for Resistance of Concrete to Rapid Freezing and Thawing (ASTM C 666 M-03).

Mechanical tests were performed to get the compressive strength, the flexural
strength and the axial tensile strength of those specimens subjected to different FT
cycles. The dimensions of the specimens for the compressive tests and axial tensile
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Concrete slices
in"a plastic bag
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Image-capturing
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Fig. 2. The vacuum impregnation system (a) and the fluorescent microscope
system (b).
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() (€9)
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Fig. 3. Typical microcrack image including ITZ crack (circle 1 in (a)) and mortar crack (circle 2 in (a)); processing flowchart of typical mortar crack image (b-e) and ITZ crack
image (f-i) by QUANSMIC: grayscale images (b, f); binary images after thresholding (c, g); images after shape analysis (d, h); skeletons of the microcracks (e, i).

tests were 15cm x 15cm x 15 cm and 10cm x 10 cm x 55 ¢cm, respectively. For
the resonant frequency tests as well as the flexural tests the specimen dimensions
were 10 cm x 10 cm x 40 cm.

2.3. Freezing—thawing and mechanical test results

FT damage degree is proposed to describe the deteriorating extent of FT cycles
to concrete and it is calculated by the following formula,

E
Dnzl—E, (1)

where Drris the FT damage degree, Ey is the initial dynamic modulus of elasticity of
concrete and E’ is the dynamic modulus of elasticity of concrete suffered certain FT
cycles.

The relative dynamic modulus of elasticity and FT damage degree of the non-
air-entrained and air-entrained concrete specimens at different FT cycles are shown
in Fig. 1(a) and (b). It can be seen from Fig. 1(a) and (b) that for both groups of con-
crete the relative dynamic modulus of elasticity decreases while the FT damage
degree increases with the increase of FT cycles.

For non-air-entrained concrete the FT damage degree firstly increases slowly
before 45 FT cycles and then rapidly increases to around 0.60 at 98 FT cycles (see
Fig. 1(a)), while for air-entrained concrete the FT damage degree increases approx-
imately linearly to only around 0.10 at 450 FT cycles (see Fig. 1(b)). The comparison
shows that the frost resistance of air-entrained concrete with an air content of 5.0%
is satisfactorily higher than non-air-entrained concrete.

Tables 3 and 4 show the FT damage degree, the relative compressive strength, the
relative flexural strength and the relative axial tensile strength of non-air-entrained
and air-entrained concrete specimens suffered different FT cycles, respectively. The
relative mechanical properties are calculated by dividing the mechanical properties
of concrete specimens suffered certain FT cycles by those cured in the standard curing
room for 28 d.

It can be seen from Tables 3 and 4 that the relative compressive strength, the
relative flexural strength and the relative axial tensile strength of the concrete spec-
imens without and with air-entrainment all decrease with the increase of FT cycles.
Also it can be seen that the flexural strength and the axial tensile strength of
concrete are more sensitive to FT damage than the compressive strength. Take
the non-air-entrained concrete specimens for example, it can be seen from Table 3
that the relative compressive strength only decreases to 0.730 while the relative
flexural strength and the relative axial tensile strength decrease to 0.271 and
0.299 respectively at the FT cycle number of 98.
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Fig. 4. Evolutions of the length density (a) and area density of matrix cracks with FT damage degree in non-air-entrained concrete and air-entrained concrete; evolutions of
the average width and maximum width of matrix cracks with FT damage degree in non-air-entrained concrete (c) and air-entrained concrete (d).

3. Quantitative microcrack analysis

Quantitative microcrack analyses were performed on those
slices cut from the specimens tested for resonant frequencies at
specified FT cycles.

3.1. Specimen preparation

The concrete specimens for microscopic analysis were prepared
by fluorescent-epoxy vacuum-impregnation method in the follow-
ing procedures:

a. Two slices of 15-20 mm thickness were cut from the middle
parts of each 10 cm x 10 cm x 40 cm prismatic specimen (to
reduce the effects of both ends on microcrack patterns)
which had been tested for resonant frequency at different
FT cycles.

b. The surfaces of the slices were ground and polished using a
grinder to obtain a smooth flat surface.

c. The smooth surfaces were rinsed with water at low and high
speeds to remove any leftover debris.

d. The slices were dried in an oven at a temperature of
40-50 °C for 24 h (According to Gran’s experimental results
[14], the effect of being dried at 50 °C on the cracking extent
in the concrete slices is not significant).

e. The slices were placed in a plastic container and evacuated
for at least 1 h at a constant pressure of 1 kPa in a vacuum
chamber.

f. The plastic container inside the vacuum chamber was then
filled with the epoxy resin containing fluorescent dye while
maintaining the vacuum (see Fig. 2(a)).

g. Finally, the slices were taken out from the vacuum chamber
and from the plastic container, and then slightly ground to
remove the excess epoxy on the surfaces once the epoxy
was hardened.

3.2. Quantitative analysis system of microcracks in concrete

Besides specimen preparation, reliable quantitative analysis of
microcracks requires acquisition, processing, and analysis of a
large number of microscopic images because of the complexity
and heterogeneity of the mesoscale structures of concrete. The
impregnated and polished concrete slices, namely the microscopic
specimens, were observed under a fluorescent microscopy to
search for microcracks and have the images stored in the computer
for further processing and analyzing (see Fig. 2(b)). The micro-
scopic specimens were covered by a steel mesh which had a grid
size of 1 cm x 1 cm and was helpful to seek and locate the micro-
cracks. The specimens were scanned manually grid by grid on the
stage at a magnification of 40 which was sufficient to detect micro-
cracks as thin as 2 pm in width. Every grid was carefully observed
to find all the microcracks inside and the total observed area for
each slice took up as high as 90% of the slice’s total area.

A MATLAB-based software package called QUANSMIC (Quanti-
tative Analysis System of Microcracks in Concrete) was developed
to acquire the geometrical characteristics of microcrack patterns. It
includes four modules, namely image-binarizing module, shape-
analyzing module, crack-skeletonizing module and automatic-
measuring module. The original colour microscopic images con-
taining microcracks are firstly converted into greyscale images,
and then the microcracks are recognized and extracted by the
image-binarizing module. Noises and voids are distinguished from
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the microcracks and deleted by the shape-analyzing module and
then the preserved microcracks are skeletonized by the crack-
skeletonizing module. Finally the geometrical characteristics such
as area, length and average width of the microcracks are measured
and calculated by the automatic-measuring module. The process-
ing flowchart of a typical microcrack image by QUANSMIC is
shown in Fig. 3(a)-(i).

The precision of QUANSMIC was validated with several ordered
specimens with shapes of known sizes (the precision of the
ordered specimens is +1 pm) and the relative errors of QUANSMIC
were smaller than 5%, indicating it has a high accuracy [12].

4. Results and discussion

Six microcrack characteristic parameters, namely the total
length/length density, the total area/area density, the maximum
width and average width are calculated by QUANSMIC to quantify
the microcrack patterns in concrete specimens subjected to differ-
ent FT degrees. They are calculated as follows:

Total length - sum of the microcrack lengths on all the micro-
scopic images.

Length density - ratio of the total length to the observing area.
Total area - sum of the microcrack areas on all the microscopic
images.

Area density — percentage of the total area of microcracks to the
observing area.

Average width - total area divided by the total length.
Maximum width - the maximum value of all the average
microcrack widths.

4.1. Evolutions of the microcrack characteristics of the matrix cracks
with different damage degrees

In this paper it is hypothesized that coarse aggregates are not
affected by FT, so only matrix cracks (composed of ITZ cracks and
mortar cracks) are analyzed.

The evolutions of the matrix microcrack density (the length
density and the area density), matrix microcrack width (the
average width and maximum width of matrix cracks) in the
non-air-entrained and air-entrained concrete with FT damage
degrees are shown in Fig. 4(a)-(d).

It can be seen from Fig. 4(a) and (b) that either the length
density or the area density increases with the increase of the FT
damage degree for both groups of concrete. As the damage degree
increases from 0.0 to around 0.6, the length density and area
density increase from around O to 0.175 mm/mm? and 0.295%
respectively for non-air-entrained concrete. For air-entrained con-
crete, as the damage degree increases from O to close to 0.1, the
length density and area density increase from around 0 to
0.0207 mm/mm? and 0.032% respectively.

Although the matrix microcrack density in air-entrained con-
crete seems a little smaller than non-air-entrained concrete at
the same damage degree which is no more than 0.10 (as seen from
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Fig. 7. Relationships between the FT damage degree and the length density (a) and the area density (b) of matrix cracks in non-air-entrained concrete; relationships between
the FT damage degree and the length density (c) and the area density (d) of matrix cracks in air-entrained concrete.

Fig. 4(a) and (b)), more tests are needed to verify whether this
applies to damage level greater than 0.10.

It can be seen from Fig. 4(c) and (d) that both the maximum
width and the average width of matrix cracks increase with the
increase of FT damage degree and the increasing slope of maxi-
mum crack width is greater than average crack width for both
groups of concrete (For non-air-entrained concrete the average
crack width remained almost unchanged during FT deteriorating
process). The reason is probably that while the existing micro-
cracks become wider and wider as the FT damage increases, many
new microcracks are emerging making the average width of all the
microcracks changed a little.

4.2. Evolutions of the microcrack characteristics of mortar cracks and
ITZ cracks with different damage degrees

Evolutions of the length percentage/area percentage of the mor-
tar cracks as well as ITZ cracks to the total matrix cracks are shown
in Fig. 5(a)-(d), respectively. As can be seen from Fig. 5(a)-(d), for
non-air-entrained and air-entrained concrete either the length per-
centage or area percentage of ITZ cracks is greater than 70%, which
is much higher than mortar cracks taking less than 30% of total
matrix cracks. It indicates that ITZ cracks are the major part of FT-
caused microcracks in both groups of concrete. The reason why
ITZ cracks are dominant in FT-caused microcracks relates closely
with the difference between the linear thermal expansion coeffi-
cients of aggregates, ITZ and mortar, as well as ITZ’s higher porosity
and lower tensile strength compared with mortar [15-17].

The evolutions of the average width and maximum width of ITZ
cracks and mortar cracks in both groups of concrete are shown in
Fig. 5(e)-(h) respectively. It can be seen from Fig. 5(e)-(h) that as

the FT damage degree increases, either the average width or the
maximum width of both mortar cracks and ITZ cracks in concrete
air-entrained or not has the trend of increasing. It can also be seen
that there are no obvious differences between the ITZ cracks and
mortar cracks in either average width or maximum width for
non-air-entrained and air-entrained concrete.

4.3. Relationships between the macro properties and matrix
microcrack density of FT damaged concrete

Relationships between the mechanical properties (including the
relative compressive strength, the relative flexural strength and
the relative axial tensile strength) and the matrix microcrack
density (length density/area density of the matrix cracks) in
non-air-entrained and air-entrained concrete are shown in
Fig. 6(a)-(d), respectively.

It can be seen from Fig. 6(a), (b) and Fig. 6(c), (d) that good qua-
dratic and power correlations can be established between the rel-
ative mechanical properties and the matrix microcrack density in
non-air-entrained and air-entrained concrete, respectively. All
the squares of the correlation coefficients are no less than 0.83. It
can also be seen from Fig. 6(a)-(d) that the relative compressive
strength is less sensitive to the microcrack density than the relative
flexural strength and the relative axial tensile strength, which are
both sensitive to the FT damage degree and the fitted curves
almost overlap.

Relationships between the FT damage degree and the matrix
microcrack density in non-air-entrained and air-entrained con-
crete are shown in Fig. 7(a), (b) and Fig. 7(c), (d) respectively.

It can be seen from Fig. 7(a)-(d) that good linear relationships
can be established between the damage degree and the matrix
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microcrack density, although the correlation coefficients for air-
entrained concrete is not as high as non-air-entrained concrete.
This is probably because of the narrow range of the data series
for air-entrained concrete whose maximum FT damage degree is
just around 0.10.

As seen from the above results and analyses, the decreases in
the mechanical properties of FT-deteriorated concrete have strong
correlations with the matrix microcrack density. This indicates that
instead of mechanical tests and non-destructive tests to measure
the resonance frequency or the ultrasonic velocity, microcrack
density obtained by quantitative microcrack analysis could be
developed as a new tool to quantitatively evaluate FT damage in
concrete. Anyway, correlations between the macro properties
and the microcrack density established in this section are just
preliminary results showing a high probability of quantifying FT
damage in concrete by microcrack characteristics.

5. Conclusions

A thorough investigation based on DIP techniques was made on
the development of microcrack patterns in slices cut from non-air-
entrained and air-entrained concrete specimens suffered different
FT cycles. The following conclusions can be drawn from the results
and analysis above.

a. The length density, area density, crack width of matrix
cracks all increase with the increase of FT damage degree
in concrete whether air entrained or not.

b. ITZ cracks instead of mortar cracks are the major part of FT-
caused microcracks in concrete and there are no obvious dif-
ferences in average width or maximum width between the
matrix cracks and ITZ cracks.

c. Good correlations are established between the macro prop-
erties (including the relative compressive strength, the rela-
tive flexural strength, the relative axial tensile strength and
the FT damage degree) and the matrix microcrack density
(the length density and the area density), indicating that
microcrack density could be used as a direct and visual
parameter to evaluate FT damage in concrete.

d. The matrix microcrack density of air-entrained concrete
seems smaller than that of non-air-entrained concrete at
the same damage degree which is no more than 0.10. It
needs to be verified by more tests whether this applies to
damage level greater than 0.10.

Results of this study indicate that quantitative microcrack anal-
ysis is a powerful and promising tool to quantify FT damage in con-
crete. More work needs to be done to study the spatial
distributions of microcracks in the FT-affected prismatic concrete
specimens and to study the long-term evolution of microcrack
characteristics with FT damage degree. The effects of air void con-
tent, aggregate type on the development of microcrack character-
istics also need to be studied in the future.
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Appendix A

Notation:

Der  damage degree in concrete caused by freezing-thawing
E elastic modulus of damaged concrete
Eo  elastic modulus of undamaged concrete
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