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Table 1 Composition of cement w/%
SiO, ALO, Fe,0, CaO MgO SO, Na,O,, Loss f —CaO
252 6.37 4.18 54.88 2.63 2.67 0.55 2.19 0.78

w is mass fraction; eq. is equivalent; Loss is the loss on ignition.
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Table 2 Physical properties of cement

Specific surface/ Sieve residue on

Setting time/min

Flexural strength/MPa Compressive strength/MPa

Water demand/%

(m>kg™") 0.08 mm/% Initial

Final 3d 28d 3d 28d

343 0.76 22 169

251 42 7.3 24.4 53.9
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Table 3 Mix proportions of concrete

Cement/(kg-m) Water/(kg-m) Water-cement ratio (w/c)

Fine aggregate/(kg-m™) Coarse aggregate/(kg-m™)

360 216 0.60 810 1045
w4 RETAPEIERE BARU), Ho 1A T 28 I SRR AR R
— Table 4 Physical Propertles of concrete LIRS, BN 5 AL T RIS BTN 8.
pressive Flexural tensile Slump/mm Air content/%
strength/MPa strength/MPa P ° 16+ 24. 32 YiEEBEIS G I DIP Z3H7 o
28.3 3.6 120 1.4
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Fig. 2 Sketch of the unrestrained concrete mould

(a) Restrained concrete specimen (b) Unrestrained concrete specimen
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Fig. 3 Specimens of restrained concrete and unrestrained

concrete
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Fig. 4 Position of the strain sensor in the specimen
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Fig. 5 Digital image for concrete sample
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(b) ROI of pore attached with cracks™”

1-6 are the counts of microcracks.
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Fig. 7 ROI of pore attached with cracks inside concrete

(a) Pore(the red ROI) attached with crack(the yellow ROI)

(b) Pore without crack

Note: Fig. 8a does not indicate a clear boundary between pores and
microcracks in concrete; The color difference only represents the parts

that can be removed after 3 iterations of open operation.
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Fig. 10 Evolution of pore parameters of concrete subjected to freezing and thawing (F-T) cycles
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Extended Abstract

Introduction The freezing and thawing (F-T) is one of the main threats for concrete in cold regions. The migration and phase
transformation of moisture inside concrete induced by the F-T cycles is the origin of surface scaling and internal damage, which can

induce the deformation of the matrix. The deterioration process of concrete can be further accelerated with the deicing salt. Previous

studies usually followed the standardized methods. The deformation of concrete during the F-T cycles is free, which is different from

the concrete in a service state. The concrete specimen is only equivalent to one unit in the concrete member. All concrete units

undergo a deformation subjected to the F-T cycles, limiting the free deformation of adjacent concrete units. The limitation between

adjacent concrete units is a form of restraint. Some restraint devices are developed to limit the deformation of concrete during F-T

cycles. Conventional concrete frost resistance tests underestimate surface damage but overestimate internal damage due to the lack of
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consideration for restraint. However, the impact of restraint on the deterioration of concrete pore structure and the
initiation/propagation of microcracks due to F-T cycles is unclear. Characterizing the internal damage of concrete is an important way
to investigate the mechanism of concrete frost damage. The common method is to use digital image processing (DIP) to analyze the
deterioration of concrete microstructure induced by F-T cycles, which has the advantages of convenient sample preparation and
unrestricted sample size. In recent years, DIP methods have been also combined with morphological image processing to form a
method of segmenting, extracting, and quantitatively analyzing for pores and microcracks that rely on "shape factors" to identify
pores and microcracks. This paper was to focus on the restrained and unrestrained concrete as research objects. The pore structure and
microcrack parameters were statistically analyzed after the single-side salt F-T test. The residual strain of concrete was calculated.
The comparative analysis of the differences between two types of concrete in terms of pore structure deterioration and microcrack
initiation was carried out to elucidate the influence of restraint on the deterioration of concrete pore structure and microcracks. The
results could be expected to guide the mix design of frost resistant concrete in cold regions, ensuring the long service life of concrete
materials.

Methods P. 142.5 cement, natural river sand with a fineness modulus of 2.68, and graded stone by uniformly mixing the crushed
stone with 5-10 mm and 10-20 mm in a mass ratio of 4 : 6 were used to prepare fresh concrete at a water/cement ratio of 0.60. The
28 d cube compressive strength of the concrete specimen was 28.3 MPa. Two groups of moulds were used to cast concrete specimens.
For unrestrained specimens, cylindrical plastic moulds with a diameter of 100 mm and a height of 70 mm were used. For restraint
specimen, a restraint device was used. The curing and pre saturation of concrete specimens were carried out according to the salt
freezing method in the CIF test and the GB/T 50082—2009. The CDF/CIF TESTER produced by Schleibinger Geréte was used to
provide single-side salt F-T cycles. After each 4 F-T cycles, the DIP sample was prepared. The processing of digital images included
shooting, binarization, segmentation and extraction of region of interest (ROI), and skeleton. The obtained pore parameters included
pore diameter distribution, most probable pore diameter (d,, ), mean pore diameter ( d ), standard deviation of pore diameter (d., ),
). The obtained microcrack parameters included the mean length ( L

and percentage of damaged pores ( P, ) and mean width

(Wl’l

nean

Results and discussion The d,,, d, d, and P, of both restrained and unrestrained concretes increase with the F-T cycles.
After the 32 F-T cycles, the d,,, d, d_,and P, ofthe restrained concrete are 11%, 10%, 5%, and 7% smaller than those of the

unrestrained concrete, respectively. The results indicate that the restraint limits the expansion of the pores due to the F-T cycles.

am ‘mean

) of microcracks.

During the cooling process, the restraint weakens the water migration inside concrete via limiting the shrinkage deformation of
concrete, thereby reducing the pore diameter shrinkage induced by water migration, the saturation of larger pores and thereby
reducing the crystallization pressure. The restraint reduces the pore expansion and microcrack initiation of restrained concrete. The
L,.. of restrained and unrestrained concretes increases with the F-T cycles. After the 32 F-T cycles, the L . of restrained
concrete is 7% less than that of unrestrained concrete. The W, of unrestrained concrete decreases, but the W, =~ of restrained
concrete increases with the increase of F-T cycles. The restraint changes the evolution of microcracks in concrete due to the F-T
cycles, resulting in macroscopic differences in the frost damage of the two types of concretes. Furthermore, after the 32 F-T cycles,
the S of restrained concrete is 30% less than that of unrestrained concrete. The grey correlation degree shows that the pore expansion
and microcrack length induced by F-T cycles are the main factors leading to the increase of residual strain. A correlation between the
expansion of pore diameter inside restrained concrete and the increase in residual strain is greater, which is related to the weakening

of water migration under the restraint.

Conclusions The restraint had a significant inhibitory effect on the pore diameter expansion and microcrack initiation of concrete
subjected to single-side salt freezing and thawing. The restrained concrete was to release stress through the expansion of microcrack
width, being a key mechanism for reducing internal damage induced by the single-side salt freezing and thawing cycles. The main
reason for the increase in residual strain of concrete induced by the F-T cycles could be the expansion of pore diameter and the
growth of microcrack length.
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