5 53 B 2 W R i % R Vol. 53, No.2

2025 4 2 /] JOURNAL OF THE CHINESE CERAMIC SOCIETY February, 2025

http://www.gxyb.cbpt.cnki.net DOI: 10.14062/j.issn.0454-5648.20240563

G & T

R 32 TR L R HE B R BRI S

REE, EEWY, AFE Y, kERS

(1. WIFERZE T ARTREZERL, KV 410082; 2. M K%, HFRIMEES5PIMEEE SR =, Kb 410082;
3. IAAE BRI R ARAE, K& 030032)

O WEAIL. VEAbm R AETES HX A& R R TS R R K T KK AR, AR EE fLE gk, W
AT UK 2, AR TIREE L 2R RE L AR R . e Z a1 1 5 R R R R R LB R i A P 7T ik, AR
JRERAR T ARFISEA R, AR A ORI, 2R, BIRHIRE. KIREE . ABIPEREREL . BT R S A A5
S5, MRS URIREE T AR RE T AVEAN OSSR B S A o SRR OGBS M DR FO0 L B2 R TR e L A LB SR Y 1
TG P2 VR IA] . 4 R A - IR . BRI T 5 UK B B AR PN #8723k 5 ) S ) R R TR T Bl P B, ) A
BRIt A PR AT R E AT o W] S 7 1L X R 6 Al 3 Jt FF) -7 00 52 VR AT ST AN B 47 R BB S R AN SR 8 3, BRI
i AN S HRAR 5 i o

KR FHIZURIRE L TN ORGSR BRREIR
HESES: TUS28  EMFERD: A XEHES: 0454-5648(2025)02-0471-24

4% AR AT E]: 2024-11-21

M HPHRIRES: s HIRTF 5 °C, IREEE TR
HENAIAE T, SRR S & Ll BT 2 he s
AL FRP PR, SRS BL, R S
Tt P T B B M R S e A ok it e [ 9804
X, IHERIE. PEIESEH X A mHKL 3~6 A4
H 5 A3V 70 e TR ARAR B B 8 T I P 0 Bk b
FEHE TR B, ARG SEGE KV /K AL, BHASTREE L
THOUR &8 e R 5 1 e, A ASHIR B 1 R PR RE 54k
PERIE, MREE IR N 5 CR, JKIBHIKAL R N
R N SIREAF-2.8 CH, KIgKIEK
SEFEAAE 1L, H 95% kA K 4 vk 78 IRAE R
B, REMURRIEH 5 15 RE LR, BRI
PERE, RSN FAZ Y, W CUy CO, S5 X TRt £
42 0h, Bl RN h. RIS TSRS,
VR EE R 2 et S ar. Bk, &4
DX ) VR B D LA R PR T o R TR
TP TERT T, R R A R AR A
F R LA AR 2y DA N LR 1) TREE AL
GRS MR 52 %, RIVREE L AEIL A0 0 20, BAx

WA E i 2024-08-26. BT H#: 2024-09-18.

REWH: ERESFILTRIEH(2022YFB3708700); [H 5 H AR} 5
S EFEETH (52008164); 3 X A PR @ SR HA
ATl H A5 S =TT HORB(KLTLR-Y23-6).

HEF: REIBA98T—), &, Mt #R.

NSLEIRZ R 2) TREELAETR AR RS20, AR
NI, 3) IR AL JE A BB eRE
JEMRZ R, WERRNE AR . IBEK AT 2 MR
SRR Z R, OS2 R R R R AN T
(1o 25 3 FhREE L 52 U & TR B 78 & S VR AR
PN BT TR A PE 1), H AT A TR B bR 3 2
AN 3 T VS R R LE AR T Btk VAN NGBS
R B BOE R ez

TR A TR T — 77 T 2 iE G2 /K e I K4k
PHASHRFEII AR RS . 9 —J5TH, B EE - FAAE R E
R E H7K, XL K — B2 0RE AR oK,
FEP= A 9% IR, TR R ik /1%
FHEKEAKWFREMR. SR, #HPTRIKEE
7%, — BRI R R g, AR
gk, MEiEEEER LA BN, MIRE T ER
WK B CA BB, OKA ORI EFE VR e B R LIRSS
WA, IR aE A2 R, P o B 208
20%~40%, AR TESFHE 40%~60%, MRkt
Fighi 115 R 70%, XAHREE LS E K

Received date: 2024-08-26. Revised date: 2024-09-18.
First author: WU Zemei (1987-), female, Ph.D., Professor.

E-mail: wuzemei@hnu.edu.cn



. 472 . CRERR Sh2230)

J Chin Ceram Soc, 2025, 53(2): 471-494

2025 4F

ke s P RE L RS E AN E R
At R, il AR AT PR (R | TR AR R
DAZRUR BT BRI F AR Ttk G o S 1 By 1 AR S
TR L NAEAR A HRAR E 5R A, BIPTiRIm St s
FEAE . V2 B 0420 TR0 AR bR,
— AR TZER RN P E CGERR TR
THUREY FE %I AR 5 MPal'; 525 4
B T R L E (I Lo Al 4~8 MPal™,  H A AT
Bt 0 E FRAH AR A 3.5 ~5.0 MPal'®'7l, 25 [ R
g3 A& ZR R B T OB g 2 B IR &+ 2 ACT
306R-10 1 (RAR SRS, % hmvE O B K Y8 3
FERHIG AR BN 3.5 MPa, e B R g+
DA AE TR EL R I R, Be s TR e
R AR IR A7 A7 a6 A v, B3
FRAG I S 5im P DURIE TR 24t . R .
HRE ZRAE S PR SRR RE X, TS LA H
st KA, TREE I LR G S, TREET
G RE AS T B A 1 B R AE R S R AN 3R L, e
X P VR g it 38 5 SR FH o — Moy SRk AT, BPFETR
5k HR N B R R PR VR S Hh LIS TR UK R
PRAUE S R IR T, (A5 VR & e R T IR
LS, PRAUEHAE A 8 BA P I B R 155
. MR R R IR P, R
ISR 5 R A EE CaClys NaCl. RS
JRESE . MAk, SCHR 3R TR B L BB P 4
WAFES ANGEEARIE . BLag A 23122 B 7
2 S Ah, IR AT FRAG K . R L Gh Ry ),
e R g 1 R K 414

ASLE TR EN AT BSR4
WLEE, F5 PPN 7%, ARG SRR 1A R PR 20 1
SURIREE L T YERE . T ANES SO 2544 (1) A2 AL RN
Tty B T OB A D] 20T A 52 R TR gt L PR R
VR ML B 7 5T S22 W A2 R i 1) . 3R v v
He LR AE . PR AT &5 UKoK S A P S K 2
UREEIBT I T, X BEFP AR W IR LR 2R AT
TXF AT, noAF E L. RALEEAHLX R
VREE BT Kb 4. it Lk E B A AR T
SRS IR A AR 4R T .
1 B85 R R % R R AL B

IR0 7 ik
1.1 KRR AR

H 20 thad 30 KD, 1R 2 5238 X TR BE 7Rl
PUHREAT T RE I, IR T A B AL,
3% 1. Powers ZEPY#R /K EEB NN, VhR4sJCAE

TR RIS BOREE L ) SFLE b B
EIRERWT T, 2 MK g K818 N AR R
WA . O, ARV KGE i B LB N TR
. TR RS K 770 H T8 K B TC iR — b
Vil B AR A IK B, Powers 2 MR H T
VBB R TR, YRTREE T TR b 2 R 45 )
VRV R AR R RN, 5 LN L P AR A B
W, BRAN, SUKMEE,  H TR R R KR
FZEEASER S, F /N L RS R TLE R,
FE VKK VRN 28 /5 T 2 AL B R 25 P L R0 P
TR T IR A I5E S . Litvan3R2 H (1%
FLUKBEEIN A, FLBR/K R 45 R P A (UK ik 2
FETHE R R FHASK 2 R A FLT R, (75 hE 2
7 SH (IR R FR R LB K RERE N, R 5455 o
HEAb, BET ERVRER T (VR L AR R, A iR
TR IR B EA T, K B KR ER RS, R4
FTE 0

DA b 0 v R A R B A B TR AL VR R
RYERT SE A R T SR o FOE T IR BE 0 Ll W R B
197 15 751 AU #6 AG 5 T K 40 VR 4, RAIE B Uk - 7E 47
BRAERS . Bk, 2T 3000 KRR 0
W, HE—E R T SRR
R FE . 7E FURVREE L I R R b, K
Ay — B UK BGRB8
B A AT ST L. i TREE LR M2 E
SRR, KBRIKER DI, £FB0R
B RIFLAR . FLIETR . IETRUK S AR AL, T
I UK R 7 VR U - o A R AR BRI 22
T UK PO, HE e R R TR
BT R T R I AR AR A, S
B SEP) OB N B R 75 TR K 5 PR 45 K
IR Lb F K AR 9 R R R R B R, BT
IKECE . EAEER DI N R IR R S 5 K
e TR B 0 L S R B YDA G, B S R I T R
— 77 T AT HEHTIR B i R, R A KR
(KA S 4R 3t I N 37 T, AR B 1 5 4 R R
BEAR UK 5o 4 B OISR 1 ) B R e i P
WA, R+ U I 50 5 (0 A BRAS 2 HR PR
SEAT RS, T SR YRR - P K U AR AK A i R
T BB — Rl SRS, 38 B IR 25 R Bk A B
BECFE R RN T E ., KA PR T
B VR B B A I SRS, DA R Tk
LR GT ¥ 0 I T e v R ] 5 94 0 35 0D £ S
PR



HS3ESE 2

R 5F

s SIS R IR S LB R BRI T i .

473 -

*x1

R LR R AR A IR I8 R 4R K TR IR

Table 1 Theories and related principles of freeze-thaw damage of concrete

Principle

The water in the pores of concrete freezes and leads to 9% volumetric expansion and a flux
away from the zone of freezing. The hydraulic pressure that drives this flux is the cause of
damage from internal frost action

Due to the difference between the energy level of frozen water and unfrozen water in the pores,
the unfrozen water migrates into the frozen zone and then freezes. The salt concentration of the
nearby solution then increases, resulting in osmotic pressure with the surrounding liquid phase

The ice crystals formed from the capillary water in the freezing process will hinder the
migration of water to the unsaturated pores when thawed at elevated temperature. This results
in the increase of water saturation of pores in the following freeze-thaw cycle, and eventually
aggravates the frost damage

Adding antifreeze can reduce the freezing point of pore solution of concrete. However, the

structure constantly evolves due to the continuous hydration of cement, resulting in large errors

The decrease of freezing point of concrete after adding antifreeze is closely related to the
liquid-to-cement ratio; the antifreeze can be reduced by 20%~30% by using the liquid phase
quantity for the calculation

Antifreeze is the driving force to promote cement hydration under negative temperature. The
frost damage of concrete at early age is closely related to its microstructure. The formation of
the early microstructure can provide sites for cement hydration, and can increase the activation

energy of water and reduce the freezing point, so as to resist the early-age freezing damage

The critical strength of concrete is a state formed during the hydration process, in which the

total average volume expansion rate of concrete is less than zero

The antifreeze amount is uncertain and controllable, and control measures can be taken

according to the antifreeze amount. The cooling time and the average temperature during the

Refs. Object Theory
4] Hardened Hydraulic pressure
Powers .
concrete hypothesis
D51 Hardened Osmotic pressure
Powers
concrete theory
Theory of
. 1261 Hardened . .
Litvan microporous ice
concrete
crystals
Negative . .
31 Freezing point
Raoult temperature
theory
concrete of the results
Negative
Lu 12 temperature  Liquid-cement ratio
concrete
Negative Th  earl
eory of early
Ba 1*3 temperature .
structure formation
concrete
Negative Critical strength
Jin B34 temperature theory of frost
concrete resistance
Theory of
Negative .
B3] calculation of
Niu temperature .
regenerative and
concrete

cooling

cooling process after the pouring of negative temperature concrete during the hardening period

can be calculated
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Table 2 Evaluation methods of deterioration of early-age frozen concrete

Parameters and/or

Category Technique o Featured sample Characteristics Results
possibilities
Microstructure ~ X-ray computer 3D tomography Small sample ~ Microstructure damaged from The lower limit of the detectable pore size is
characterization  tomography™! freeze-thaw action can be 3 um; the pore size of high w/c = 0.5 pastes
well preserved and revealed, ranges up to 200 um
failed to capture the
nanoscale-size
Scanning electron Morphology of Small sample  Quantitatively or qualitatively Samples without pre-curing showed loose
microscopy(SEM)* hydration products analyze the pore structure morphology, while that with 5 h pre-curing
and crack and micro-morphology of was relatively dense and compact
visualization samples before and after

Low-field nuclear

magnetic resonance

Liquide water

content, ice

Small cylinders

(LE-NMR)2 content
»Si NMR*! Mean chain length, Grinded powder
Al/Si ratio sample
X-ray diffraction Structural and phase Grinded powder
(XRD)" composition sample
Thermal gravimetric Calcium hydroxide Grinded powder
analysis (TGA)* content, sample
chemically bond
water content
Fourier transform Band location and ~ Grinded powder
infrared intensity sample
spectrophotometer
(FTIR)*
Mercury intrusion Porosity and pore  Small sample
porosimetry (MIP)!*  structure
Mechanical Compression test*’! Strength loss of Cubes and
properties specimens after cylinders
evaluation Tensile test*’! certain freezing  Dog-bone
duration shaped

Shear stress test!*”

Steel-concrete bond

test”!

specimens or
prisms

Layer prisms

Prisms

freeze-thaw damage
Can monitor the formation and LF-NMR can determine the optimal
transformation of original antifreeze dosage and pre-curing time
micro structures during the
icing and melting process
directly and dynamically
Quantitatively reveal the The mean chain length of alkali-activated
hydration process binders decreased with the reduction in
temperature
Quantify the change in content With the increased CSA content, the
of hydration products with early-formed contents of ettringite and
hydration process aluminum hydroxide increased
Reflect the hydration degree  The early-age frost reduced the hydration
of paste degree of pure cement paste
and weakened the pozzolanic activity of
nano-SiO;
Structure of C-S-H gel Early-age frost reduced the polymerization

silicate chains of C-S-H gel

Can detect pore size greater ~ The porosity of frozen sample with 0.3

than 3 nm and less than 1 pm  water-to-cement ratio at 1 d was 22%, which
is greater than that of the control sample

Destructive test, time With the prolonged frost duration and
consuming, a high amount decreasing frost temperature, the cubic
of laboratory work compressive and splitting strengths

gradually decreased.

The peak shear strength of the early-age frost
roller compacted concrete interfaces was
considerably lower than that of the unfrozen
interfaces at the same interval time

With the decreasing frost temperature or
increasing frost duration, the bond properties

of deformed steel bars were reduced

(to be continued)
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(Continued)
Parameters and/or
Category Technique . Featured sample Characteristics Results
possibilities
Mechanical Resistivity test’>® 4 Frost damage could Cubes 1) Can monitor concrete 1) The freezing temperature led to a sharp rise
properties generate real-timely and in the resistivity of concrete
evaluation irreversible uninterruptedly 2) The freezing process of early age concrete
increase in 2) Low cost and easy to was divided into three stages according to
resistivity operate the resistivity evolution
3) A lot of laboratory work  3) There was a good log-linear relationship
needed on establishing the between resistivity and compressive
relationship between strength
resistivity and the frost
damage
Ultrasonics®” Ultrasonic pulse Prisms or 1) Nondestructive method for The re-cured calcium sulfoaluminate mixture
velocity cylinders evaluating the quality of a achieved 117% of the unconfined
cement-based structure compressive strength of its reference,
2) Can reflect the quantity of ~ showing high resistance to early-age frost
internal cracks, cavities, damage
and defects
Deformation!”! Deformation-time  Prisms 1) Another good physical 1) The characteristic values of the
curve parameter for the change deformation were significantly affected
of internal structure by sub-zero temperature, type of
damage of concrete antifreeze agent, and pre-curing time
2) Provide guidance for the  2) The deformation of early age concrete
choice of antifreeze agent suffered from frost damage was divided
and the design of into six stages
pre-curing regime
Durability Water absorption(*”’ Absorption after Prisms Reflect the density and Early-age frozen concrete
evaluation immersion, microcracks of the damaged  exhibited greater absorption after immersion
Volume of concrete indirectly and the volume of permeable pore
permeable pore space ,compared to that without freezing
space
Chloride Passing electric Cylinders Rating of the chloride The chloride ion diffusion coefficient of
permeability!®! charge, chloride permeability concrete experienced early-age frost was

ion diffusion
coefficient

Air permeability**! Air flow capability ~Cylinders

Frost damage!*”!

Dynamic modulus  Prisms
of elasticity, mass
loss, durability

factor

15.34 x 107'2 cm®/s, which is approximately
2.27 times greater than that without frost
damage
Nondestructively evaluate A criteria was proposed to determine the
structures in their original early-age frost damage by measuring the
location; Torrent air permeability at 3 d
Destructive test and a high ~ The earlier the early-age freeze-thaw cycles
amount of specimens was, the poorer the later-age performance

would be
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Table 3 Changes of mechanical properties of early-age frozen concrete

w/b ratio or . Freezing Frozen Curing after . . . .
Ref. On-set time . Specimen size Mechanical properties
strength grade temperature duration frost
The decrease of compressive strength
increased with the extension of freezing
Yietal™ 03,05,0.5506 0,6,12h,1,3d  -10C 6,10h 2100 mmx200 mm duration. The lower the w/b ratio was,
the smaller the decline rate of strength
would be
12h Compressive strength: 2.3 MPa
Choi et al.*] 0.5 24h -20C 24h 28 d air-curing 2100 mmx200 mm Compressive strength: 6.2 MPa
48 h Compressive strength: 14.3 MPa
The lower the freezing temperature and
the longer the freezing duration were,
the more obvious the deterioration
[45] 5 would be; The deterioration degree of
Huetal. C35 0.5,2,8,24,72h -1,-5,-9°C  2,4,8h 100 mm cubes
performance of frozen concrete: after
initial setting and before final setting >
before initial setting > before final
setting
With the decrease of temperature, the
1571 5 72h mass loss of concrete increased, and the
Wuetal. C40 3,7,28d -15,-10,20 C 100 mm cubes . o .
compressive and splitting tensile
strengths decreased
Sealed curing
under 5 C until
L 5 The 3d strength of concrete cured at
(46] achieving 3 . 30 F/T 20 ‘C water
Koh et al. 0.5 ) -18°C to 4°C . 2100 mmx200 mm 5°C was only 30% of that cured at
compressive cycles curing B
20°C
strength of 5
MPa
28 d water Compared to the specimens without
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Note: w/b denotes water-to-binder ratio; F/T cycles means freeze-thaw cycles.
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Fig. 3 Influences of frost temperature and frost duration on compressive strengths of early-age frozen concrete under various on-set times
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Table 4 Comparison of various protection techniques for early-age frozen concrete

Antifreezing technique Concrete measures

Action mechanism

Advantages Disadvantages

Postponing the onset time Increasing the placing

of early freezing temperature of materials;
cover with insulation strength before reaching
materials; use heating sub-zero temperature
devices, such as a stove,

steam, and infrared heater

Incorporating of
Enhancing the early-age nano-particles

strength of concrete strength of concrete due

filling and nucleation effects

Reacting with C3A, C,S, etc.,

Using early-age agents

Keeping concrete at appropriate

temperature to secure the critical

Accelerating the hydration of

cement to improve the early

High feasibility, good
effect

Limited effect through raising the
pouring temperature of raw materials
or covering with insulation material
only, high energy consumption, high
risk of fire or electric shock, high CO,
emission and low construction
efficiency, high labor cost

Simple operation, fast A lot of trial tests to obtain the optimal

strength development, content of the additions, combined

to energy saving and use with external heating because of

environmental protection  limited effect

quickly to form a rigid system

and accelerate the early strength

Adding alkali-activator

Reducing the freezing point of

pore solution, and promote the

formation of C-(N)-A-S-

H, thus

improving the early strength

Reducing the amount of ~ Lowering w/b ratio,

freezable water prolonging pre-curing time

compactness of microstructure

of concrete
Inhibiting the freezing of Adding inorganic and

internal water organic antifreeze

in the concrete does not freeze,

so concrete can set and harden

normally

Decreasing the liquid water

content and enhancing the

Reducing the freezing point of

solution to ensure that the water

Simple operation, energy ~ The freezing time is not controllable in
saving and environmental engineering practice, and the
protection antifreezing effect is limited
Simple operation, low cost, Negative impact on strength and
energy saving and durability of concrete, such as rapid
environmental protection, setting of cement, corrosion of steel

good effect bars when using chlorine salts
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Extended Abstract

Concrete industries in cold regions, such as Northeast and Northwestern China, are facing serious challenges in achieving
targeted performance criteria of concrete during winter construction. The early freezing of concrete during winter construction affects
the hydration process of cement, rendering porous structure and increased internal frozen water content, which is detrimental to the
development of mechanical properties and durability of concrete. Thus, investigating the performance and microstructure of early-age
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frozen concrete and proposing protection techniques are of great importance to the design, preparation, and durability improvement of
concrete infrastructures in cold areas.

There is a large amount of unhydrated free water in the newly mixed concrete, which can be transformed into ice once frozen at
low temperatures. This process generates 9% increase in volume, leading to expansion stress on concrete. Since the cement paste at an
early age has a low hydration degree, its frost resistance is relatively weak due to its low tensile strength. Once the expansion stress
exceeds the ultimate tensile strength of the material, cracks will occur and accelerate the deterioration of concrete. In addition, when
the temperature rises above the freezing point of the pore solution, the ice melts and leaves cavities in concrete, resulting in
irreversible losses of strength and durability.

The properties and microstructure of early-age frozen concrete are affected by factors, such as mixture proportion,
water-to-binder ratio, antifreeze admixture type and dosage, freezing onset time, freezing temperature, freezing duration, and
pre-curing regime, etc. The water-to-binder ratio is the primary factor influencing the damage degree of early-age frozen concrete
because it directly determines the content of freezable water and concrete strength. When the water-to-binder ratio decreases from
0.46 to 0.29, the liquid water contents in the total and capillary pores decrease by 34.0% and 56.8%, respectively. Under a given
water-to-binder ratio, freezing onset time is the most significant factor affecting the properties and microstructure of concrete,
followed by freezing duration and temperature. With the decrease in freezing temperature, the extension of freezing duration, and the
advance of onset freezing time, the mechanical properties of concrete gradually decline. This results in increased total and large pore
volumes and decreased gel pore volume. In addition, early freezing lead to decreased polymerization degree and amount of C-S-H.

To prevent early-age frost damage, concrete should obtain sufficient strength before it freezes, that is, the critical strength. In the
technical standards of concrete for winter construction in some countries, the critical strength value is specified, generally ranging
from 3 MPa to 8 MPa. Several techniques have been employed to ensure sufficient strength to alleviate the early-age frost damage
and guarantee the safety of concrete structures during cold weather concreting. These include postponing the onset time of freezing
with the aid of heating devices, enhancing the early-age strength of concrete using rapid-setting cement, nano-materials, alkali
activator, etc., reducing the freeable water content through densifying the microstructure of concrete, and inhibiting the freezing of
internal water using antifreeze admixtures. The purpose of postponing the onset time of early freezing is to keep concrete at
appropriate temperatures to reach the critical strength as soon as possible. The use of nano-materials, early-strength components, and
alkali activators can accelerate the early hydration of cement and improve the early strength of concrete. By reducing the
water-to-binder ratio or extending the curing time, the internal structure is densified to reduce the amount of freezable water. In
addition, antifreeze admixtures can inhibit the freezing of internal water by reducing the freezing point of the solution of fresh
concrete mixture. At present, concrete mixed with antifreeze admixtures combined with heating devices are common means to
prevent the early-age frozen damage of concrete.

Summary and prospects Concrete should have good early-age and long-term frost resistance under negative temperature
conditions. The pore structure of concrete and the variety and dosage of antifreeze admixtures are critical to the development of the
performance and microstructure of early-age frozen concrete. So far, precise mixture design of concrete subjected to early freezing is
lacking. Therefore, proposing design methods for durable concrete based on the pore structure and antifreeze optimization is of great
significance in promoting its application in cold environments. Besides, current literature mainly focuses on experimental
investigation of early-age frozen concrete, the early-age frost damage mechanism is not clear since there are many influencing factors.
It is necessary to correlate the macro-performance to the microstructure of early-age frozen concrete utilizing experimental tests and
simulations. Also, there is a need to establish multi-scale freeze-thaw damage models, which would help explore the damage
mechanism and predict the service life of early-age frozen concrete.

Keywords early-age frozen concrete; damage evaluation; microstructure; anti-freezing techniques



