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(a) Concrete in the normal temperature state
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(b) Microcracks on the surface of concrete in the normal
temperature state
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(c) Direction of development of surface cracks in concrete
during freezing

(f) Concrete after surface spalling
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(e) Spalling occurs on the surface of concrete

(d) Schematic diagram of stress between ice and concrete
surface when temperature rises

K4 Rk R RIVE LB R R

Fig. 4 Schematic representation of the glue spall mechanism in concrete
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Table 1 Ice pressure and icing volume expansion rate of different freeze-thaw media in concrete

Freeze-thaw medium Mass fraction/%

Temperature/'C

Ice pressure/MPa Icing volume expansion rate/%

Water[?2-24]
Sodium chloride (NaCl)122-23, 25-26] 3.5
4.0
10.0
20.0
Calcium chloride (CaCl,)?7] 3.5
10.0
Magnesium chloride (MgCl,)?7! 3.5
10.0
Ethylene glycol (EG)3] 3.5
10.0
Propylene glycol (PG)?! 3.5
10.0
Calcium magnesium acetate (CMA)2?! 3.5
10.0
Potassium acetate (KAc)22 24 3.5
4.0
Sodium acetate (KNa)[2?! 12.0

-20 9.00
-30 469.7 12.57
-30 350.0 11.94
25 490.0

—20 129.2 4.10
-20 1.00
=30 220.9

=30 56.4

=30 187.3

-30 61.0

-30 388.6 10.36
-30 215.6 8.70
-30 221.9 10.48
=30 161.6 7.62
=30 313.9 10.14
=30 236.4 9.40
=30 359.6 7.50
-20 7.20
-20 4.00
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Fig. 6 Physical mechanism of salt freezing at low temperature!33]
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Table 2 Summary of the cumulative damage model
Provenance Formula Symbolic meaning Scale
Yu et al.[17] —1_ 1-BlogN Dn: Relative loss of dynamic elastic modulus Macroscale
! 1-Blog(N —n) f: Material parameters
N: Number of freeze-thaw cycles at failure
n: Number of freeze-thaw cycles
Wang et D, =a+bx+cx’; D,: Salt erosion factor
al.[158] D, - Bin (5 _ 7} D,: F-T cycles factors
n Dy: Coupling situation
D,=D +D,-DDy; a, B, 7, a, b, c: Fitting parameters
Hosseinzadeh D, = an 1 D,: Damage rate characterized by concrete electrical resistivity
et al.l>% a: Power law fitting parameters related to gel material types
n: Number of freeze-thaw cycles
Xiao etal.[" D, =1- CXP[—(3 87;347)0'819] n: Number of F-T cycles Mesoscale
Nili et al.l'é!] D,=1-e™,n<n, b: Fitting parameters
D, :1_\/@, 0, <n <300 k: The general value is 1.25 .
k b n¢: The number of cycles when RDEM is 0.8
Wang et . Cﬁm&-m\m e(ﬁ+f&+g]ew Cgp: Pore expansion coefficient Microscale
al.[162] o A;: Initial porosity
: Damage parameter
a, b, c,d,e,f, g: Fitting parameters
Jin et al.[163] o=l D, rr = D in : Damage parameter
D, -D,, D rr: Surface fractal dimension of pores under freeze-thaw damage
Dy, Surface fractal dimension of pores without freeze-thaw damage
Fan et al.[1¢4] Klg( D, (") — Dy, ]
M(n) = D,, - D, D rr: Surface fractal dimension of pores under freeze-thaw damage
K [ D, (M) =Dy, ] 1 D : Surface fractal dimension of pores without freeze-thaw damage
Ds.o - Dmm
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Table 3 Measures and mechanisms to improve the frost resistance of concrete

Classification Admixtures Optimum dosage (in mass fraction)
Chemical AEAIR 174] 0.01%-0.15%
admixture
SAPLI20-122,175] 0.2%-0.3%
Antifreeze PEG-PVA 0.021%
agentl!!8]
Chelating agent!!?’] 2.25%
Supplementary ~ SFI63-63] 5%—15%
cementitious ~ FA[S7-58] 5%—50%
materials
MEKI81 83, 89-90] 15%-30%
RHAL 176] 15%-30%
GGBFS3-9112,177] 20%—-50%
Hydrophobic Silanel!3%-141]
materials
Fibers STFL!3] 0.1%-4.5%
PPFLI01 1.5%
PVALI0 1.5%
Nanoparticles ~ CNTU!03-10] 0.3%
NS 1%-3%
NADL7I 1%-3%
NT®II 2%
Go[108 109] 0.03%

Improving mechanism

Introduce small uniform air bubbles, reduce the spacing factor of air voids, and
alleviate crystallization pressure

The water-releasing effect of SAP left numerous air voids in concrete, improving
the pore structure

The ability of PEG-PVA (polyethylene glycol-graft-polyvinyl alcohol) to inhibit
ice recrystallization and dynamic ice shaping produces freeze-thaw resistance in
cement paste and concrete

Adding chelating agents produces a large number of needle-like structures, which
fill the internal pores of concrete, making it more compact

Utilizing the pozzolanic reaction of volcanic ash to promote cement hydration
and C-S-H gel formation, refining the internal pore structure and increasing the
density of the concrete elements

Refining the pore structure, reducing the air void spacing factor, and generating
C-S-H gel, resulting in a densified internal structure

Reducing the thickness of the interfacial transition zone (ITZ), enhancing the
bonding capacity between aggregates and paste, and decreasing the flow of free
water

Enhancing the strength of surface mortar in concrete, reducing surface
micropores and microcracks

Coating concrete surfaces with silane can produce C-S-H gel, filling surface
micropores and cracks; it reduces free water entry into capillary channels and
decreases capillary water absorption through the pore lining effect

Steel fibers (STF) act as a skeleton and dissipate the pressure of water expansion
through their ductility and tensile strength

Polypropylene fibers (PPF) prevent crack propagation and reduce stress
concentration at crack tips

Polyvinyl alcohol fibers (PVA) enhance the spacing factor of the composite
material

Carbon nanotubes (CNT) can inhibit the propagation of microcracks

NS (nano-silica) and NT (nano-titanium dioxide) can provide nucleation sites,
making the distribution of hydration products more uniform; NS and NA
(nano-alumina) can reduce internal pore size, lowering water absorption rate

GO (graphene oxide) enhances the hydration degree of cement paste and

improves pore structure
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Freeze—Thaw Durability of Concrete—A Short Review
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(1. College of Civil Engineering and Architecture, Guangxi University, Nanning 530004, China; 2. College of Civil Engineering,
Hunan University, Changsha 410082, China)

Extended Abstract

The freeze-thaw resistance of concrete is a crucial factor determining its service life in cold regions. This review represents

recent research progress on concrete freeze-thaw resistance based on freeze-thaw damage mechanisms, influencing factors, damage



ERE= 28 XBIRE S5 JREE HURBIOA TR RERT FU - 211 -

models and service life prediction, as well as measures to enhance freeze-thaw resistance.

The freeze-thaw damage mechanisms of concrete mainly are based on powers hydraulic pressure theory, osmotic pressure theory,
the Setzer's micro-ice lens theory, Scherer and Bresme's crystallization pressure theory, and the salt frost theory. These theories
provide insights into the damage mechanisms of concrete during freeze-thaw cycles from different perspectives. However, a unified
theory is not yet established, and a further research is thus needed.

Some factors influencing the freeze-thaw resistance of concrete can be classified as direct and indirect factors. The direct factors
primarily encompass pore structure characteristics (such as porosity, pore size distribution, air void spacing factor, etc.) and degree of
saturation, with the air void spacing factor being the decisive element affecting concrete's performance in resisting freeze-thaw cycles.
The indirect factors can be classified into two categories, i.e., material composition and environmental conditions. In terms of material
composition, the type of aggregates, water to cement ratio, mineral admixtures, and various chemical admixtures play important roles.
Using lightweight aggregates or reducing the water to cement ratio can enhance the freeze-thaw resistance. The addition of mineral
admixtures like silica fume and fly ash can optimize concrete pore structure and improve the freeze-thaw resistance. Chemical
admixtures such as air-entraining agents and water reducers can enhance concrete freeze-thaw resistance from different aspects. The
application of fiber materials and nanomaterials has a potential in improving concrete freeze-thaw performance, primarily via
enhancing its mechanical properties and microstructure. The environmental conditions like freeze-thaw temperature, curing conditions,
and freeze-thaw rate are key factors affecting concrete freeze-thaw resistance. Lower temperatures and rapid freeze-thaw cycles often
exacerbate concrete damage, while appropriate curing conditions can significantly improve its freeze-thaw durability. These
environmental factors interact with material composition factors to collectively determine concrete performance in cold environments.

Recent work propose various freeze-thaw damage models to describe the performance evolution of concrete under freeze-thaw
cycles. These primarily include models based on cumulative damage, probability distribution models (such as the Weibull
distribution), and multi-scale numerical simulation models. These models provide a theoretical basis for predicting the service life of
concrete structures. However, some limitations remain in parameter determination and practical application.

To enhance concrete freeze-thaw resistance, some improved techniques are proposed. These mainly include: 1) adding chemical
admixtures such as air-entraining agents, superabsorbent polymers, and antifreeze agents; 2) incorporating mineral admixtures like
silica fume, fly ash, metakaolin, rice husk ash, and ground granulated blast furnace slag; 3) using fiber materials such as steel fibers
and polypropylene fibers; 4) adding nanomaterials like nano-silica, nano-alumina, and carbon nanotubes; and 5) applying surface
coating treatments, such as using hydrophobic materials like silane. These techniques primarily aim to improve concrete freeze-thaw
resistance via enhancing its pore structure, reducing internal free water, and strengthening its internal structure.

Summary and Prospects This review represents recent research status on concrete freeze-thaw damage, encompassing key
mechanisms, influential factors, damage models, and remedial measures, thereby establishing a basis for future investigations.
However, the existing research still faces some challenges, from microscale freeze-thaw damage mechanisms to macroscale
performance evaluation, with some aspects that need to be resolved. A future research needs to make breakthroughs in multiple
directions, including an in-depth exploration of microscopic mechanisms, the development of new materials, the optimization of
damage models, the study of composite environmental effects, and the improvement of evaluation standards and test methods. These
efforts will drive concrete technology towards more sustainable and intelligent directions, enhancing the service life of concrete
structures in cold regions, while meeting growing engineering demands and environmental requirement. The research can focus on the
following directions, i.e., in-depth investigation of freeze-thaw damage mechanisms and their interactions at the microscale;
development of new frost-resistant materials, such as novel supplementary cementitious materials, chemical admixtures, and
nanomaterials; optimization of multi-scale damage models to improve their prediction accuracy and applicability; study of concrete
durability under coupled environments; improving evaluation standards, test methods, and design specifications for concrete frost
resistance. These research directions will help to enhance the service life of concrete structures in cold regions, promote the
development of concrete technology towards more sustainable and intelligent directions, thereby meeting the growing engineering
demands and environmental requirements, while providing more reliable theoretical foundations and technical support for the
frost-resistant design and service life prediction of concrete structures.

Keywords concrete; freeze-thaw damage; microstructure; freeze-thaw damage modeling; mineral admixtures; additives



