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Influence of Restraint on Surface Damage of Concrete Under Single-Side
Salt Freezing and Thawing

GAO Zhihao, WANG Ling, ZHAO Xia
(The State Key Laboratory of Green Building Materials, China Building Materials Academy, Beijing 100024, China)

Abstract: The effect of restraint (i.e., expansion restraint and shrinkage restraint) on the surface damage of single-side salt freezing
and thawing (SSFT) of concrete and its mechanism were investigated. After every four SSFT cycles and the strain during the cooling
phase of the first SSFT cycle, the surface scaling was measured on the restrained concrete with a water-cement ratio of 0.40, and the
tensile stress in the ice on the concrete surface was calculated. The results show that the surface scaling of restrained concrete is
greater than that of free concrete, and it increases with the increase of the expansion restraint stress, but has little relationship with the
shrinkage restraint stress. Compared to the free concrete, the tensile stress in the ice on the restrained concrete's surface is greater, and
it is influenced by the expansion restraint stress positively. The results calculated based on the theory of “glue-spall” indicate that the
expansion restrains cause the ice to crack more easily and more serious surface damage to concrete under the ice.

Keywords: restraint concrete; single-side freezing and thawing; surface damage; surface scaling; apparent thermal expansion
coefficient
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Table 1 Chemical composition of cement wi%
SiO, Al O3 Fe O3 CaO MgO SO; Na,Oeq. Loss f-CaO
25.1 6.38 4.19 54.87 2.61 2.66 0.56 2.18 0.79

w is a mass fraction.

®2 KIRHVIEMERE

Table 2 Physical properties of cement

Setting time/min

Flexural strength/MPa Compressive strength/MPa

Specific surface/(cm*-g ") Mass fraction of water demand/%

Final 3d 28 d 3d 28d

346 24

253 4.0 7.3 25.1 54.0
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& 70 mm.
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e, IFMIRBE GRS 10 s DUARIETREE £ 78 i A
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L) AR L A L R E LA 2, 4

KH 304 ANEFNHIE
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TR A 78 24 [ A A VR e . 7R VR AR AL S
SRR, MEE TR, Y
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o ARKFEEIH I mmEINE 4mm. Smm, [
Ak 20 353 513K 280%F1 410%,

B2 1A 24 fREAR 6 mm (ANEERS, IR
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Fig. 1 Schematic diagram of mould for free concrete and the

3—Waterproofer;
5—Clylindrical cast iron mould; 6—Concrete.
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Fig. 2 Schematic diagram of mould and restraint device for

restraint concrete

Bl 2 o, AL T4 E s s R IR, R
FH 2 [ 52 L0 AL . T 20 R8s B R s 2= 11
F & 70 YR RE, N Eh R P VR 4t A 4 A 3K
[IPNEESTAY EZN s SRR $28

WARLAFINEE d MEELARKE [, 135 4
PR WS, MNARE] 4 20 BAAHFRCA HEZ R
HEAF LR SREE ALK 3), X AR
[FIPC & b B B TR e CFo W31 T3,

®3 RELAMRESEHEYRAS

Table 3 Concrete specimens’ number and their restraint

parameters

Concrete Sample Restraint combination

Free concrete CFO0 d=0 mm, /=0 mm

Restrained concrete TR1-28 d=1mm, /=28 mm
TR4-28 d=4 mm, /=28 mm
TR8-28 d=8 mm, /=28 mm
TR8-33 d=8 mm, /=33 mm
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Fig. 3 Restrained concrete and strain gauge outside the

2—Strain gauge.
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Fig. 4 Temperature regime for one freezing and thawing cycle
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Fig. 6 Plot of concrete strain versus temperature during the cooling phase of the first F-T cycle
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Table 4 Apparent thermal expansion coefficient ac of specimens in different temperature ranges
Sample ac(15°C=—-10°C) /107" C™! R’ ac(-10'C=20°C)/10°C™! R
CF0 12.41 0.997 17.34 0.996
TR1-28 7.19 0.955 7.39 0.983
TR4-28 4.11 0.992 5.49 0.993
TRS-28 3.39 0.983 4.70 0.987
TRS-33 3.32 0.966 4.86 0.991
MK 48] I, CFORHAE 2 ANEFE X A 1T oc Aa=a,—ac 3)

B R AT 4 HARERE, LRSS HBSR
BB IAFER K E 7. W TR1-28,
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AR ac, LRSI ac B d TG o
b4 TR8-28. TR8-33 RAF ac KIL, ac 2 [ {HIY
M AL /)N
2.3 AREARBRTREMRGHNIE
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CREMG-FITE 7 PSR T UKE T B BN 4%
)it 5",
o(T) = jTT B(T)[ A+ Ac”exp(-Q/T) /¢ |dT (2)

X o(M)NIREN T WIKEd BRI T,
MPa; T, AUKERBN I HEEE TR, K T H
VKIE BN A SR IR, K B(T) Nvk—IREE
T AR S &, MPa; Ao NUK5IRE )
WK R 2, C' 4. 0 ¥ &ImEH Y,
A=127x10"MPa>s!, 0=1.207x10°K; o HIEFE
HOT, BFUKESREE, MPa; N R A3E5U, H
N=3; g NBEEHEER, RRGEEN 1360Ks s o
NUKEIPEIK 28, BL 5x107°°Cy ac MTREEE A
ik 2%, Cl.

B(T) 5 UKBIAEFR B oo T) A BR KR 22 LK (4),
1M X T) 5 7R FE T IR R £ & L (5).
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B(T)=Ea(T)/{(1-v)[1-o(T)]} (4)

o(T)=ke™" +b (5)
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SRR, — AN 2.7182818; T NI %R 564 rh
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WH, 3%NaCl VAN 0.84.

oy BB E SR R R VK o BB
H1: 1(=1.79~-10 ‘C)FI I[ (-10~-20 C), +HIE

B P R ac %% 4 BUE. WWEE-1.79°C
i, WENT =0, RQ)FHNRE®6), FoEE
—10 CHoKJZH RARFIN. /) 0(263). THEE TTHT B
(-10~-20 C)N BIVKZ RN A3, —10 C UK JZ B
HEUEN 6=0(263), RI-10 ‘CHFUKZWI4E N 1 BUE
REE T B B(—1.7~-10 C)&5 RN B 11 0(263)-
R Q)M 153 20°C K K E BB EL N N
0(253)0 AR EE X5 B UK R H B )i 45 R A
T£5.
263
o(T) = jmmB(T)andT (6)
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Table 5 Tensile stress in the ice in different temperature range

Phase [ (-1.79°C —-10C)

Phase I[(-10 'C—-20C)

Sample

Aa/10°°°C! 6(263)/MPa Aa/10°¢°C! 6(253)/MPa
CF0 3.759 -0.578 1 3.266 2.73
TR1-28 4281 -0.658 4 4261 3.49
TR4-28 4.589 -0.705 7 4.450 3.52
TR8-28 4.661 -0.7169 4.668 3.55
TR8-33 4530 -0.7179 4514 3.54
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T3 BN 13%. 22%K1 24%, H. 0(263)i1 545 R
RPAE. 2 HIAE LI RA R R EE i, TR8-33
1) Aa L TR8-28 ] Aa {XUek/IN 3%, TR8-33 [ (263)
Et TR8-28 1) 6(263) {3411 0.1%.  SCHR[19] 15 45
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PIRL Ty, TiEFFR . ARSI H-10 CHIUKEH R )
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T 3%NaCl &M FUKIE N IE-10 C )5 fE s
BRI 1, 5CHR[191 4 R —5, H5H
A VREE LA, 2R STRE LR TIKZE RN /)
CIpNS

Zib, Aa M o(253)SBERZAK 20 AN Iy 3 KT
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S FAN TS B T AN [F) R B SR T T UK B AR AR o
WX VK E R S35 ma, AR5l N(2), 75 2
3%NaCl FRMIZ&IE T, BINLHR R I HREE &
MAEIK REORENE, HHERIEHT Ao 2
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1—Ice;

2—Crack;

3—Concrete.
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Fig. 7 Schematic drawing of ice crack and the stress analysis near the crack
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Table 6 Stress of ice crack tip at ice - concrete interface

Sample 0(253)/MPa o./MPa
CFO0 2.73 8.19
TR1-28 3.49 10.47
TR4-28 3.52 10.56
TR8-28 3.55 10.65
TR8-33 3.54 10.62
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[R5t 111 o0 3R T A6 VR ot L A PR A e B2
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2 I T T S AR T A A
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3) A THT Eh VR VR 1 3R U A A R B AiK
LY JHER TN, SUREE LR ) R RN

4) VR R UK P LN 7 Bl RK 20 51 8 7
BRI K, SUREE LN R /BN,

SE 3R

[1] SUN Wei, MU Ru, LUO Xin, et al. Effect of chloride salt, freeze-thaw
cycling and externally applied load on the performance of the
concrete[J]. Cem Concr Res, 2002, 32(12): 1859-1864.

[2] ZEsche, OME, . R S IR R B A E R IR B L
BB AT FURE R [T]. FERR R 24, 2009. 37(12): 2142-2149.
LI Wenting, SUN Wei, JIANG lJinyang. J Chin Ceram Soc, 2009,
37(12): 2142-2149.

[3] EFEH, Phak, £, FREEH S TR ME R FIREELATE I
B35 HTI]. RERREL 4, 2012. 40(8): 1133-1138.
WANG Zhendi, YAO Yan, WANG Ling. J Chin Ceram Soc, 2012,
40(8): 1133-1138.

[4] w&dG, £, BE, & B RE R RS L 2R i 2
B A SHARE]. TR, 2020(12): 26-30+34.
GAO Zhihao, WANG Ling, ZHAO Xia, et al. Concrete (in Chinese),
2020(12): 26-30+34.

[5] renEvh. SOBRR JyaE R o R kL B R AT N R ma (D). o
I UM R 2 S B, 2020,
GAO Zhihao. Control of Restraint Stress and Its Effect on Behavior of



349 B 11 TN S ZYTON FLTH Bh R R R SR A 1 s A L PR + 2501 -
Concrete under the Attack of Single-Side Freezing and Thawing (in [14] POWERS T C, HELMUTH R A. Theory of volume changes in
Chinese, dissertation). Beijing: China Building Materials Academy, hardened Portland cement-paste during freezing[C]//Proceedings of the
2020. 32nd Annual Meeting on the Highway Research Board. Washington,

(6] RMET. LHCRES TR E L BRI AT AL BT E[D]. DC, 1953, 32: 285-297.

I BRI B, 2017 [15] ¥4t VR L Eh VR B HLER (T ) —— B 4078 MK 3 A 25 VK R (7).
XU Yading. Behavior and Mechanism of Damage Induced by Freeze-Thaw BEHARLFR, 2007(5): 522-527.

Cycles with Salt Solution of Restrained Concrete (in Chinese, YANG Quanbing. J Build Mater (in Chinese), 2007(5): 522-527.
dissertation). Beijing: China Building Materials Academy, 2017. [16] ¥dxf. TRE T SRR (ID): VR K B NG K R [J]. 50

[71 RAK, ME, KT, 5. FEVRRLEE RS TR 7 R, 2012(6): 741-746.

77 3% 1 BB AL TT R 5 B0 e O X [T]. RE IR #h 2 4l YANG Quanbing. J Build Mater (in Chinese), 2012(6): 741-746.
2008(S1): 128-135. (17] ER, skirsg, 20, &5, iR I 22X i e+ BT Sk R
YU Hongfa, SUN Wei, ZHANG Yunsheng, et al. J Chin Ceram Soc, SUAD). EHUMRLEAIR, 2014, 17(1): 138-142,

2008(S1): 128-135. WANG Fazhou, ZHANg Zixin, MING Li, et al. J Build Mater (in

(8] JEI B, ¥kl EWIRE, . AR SR T RE A%k Chinese), 2014, 17(1): 138-142.

VR TR A AR, RERR 3R 223, 2019, 47(7): 855-864. [18] VALENZA J J, SCHERER G W. Mechanism for salt scaling[J]. J Am
LONG Guangcheng, YANG Zhenxiong, BAI Chaoneng, et al. J Chin Ceram Soc, 2006, 89(4): 1161-1179.
Ceram Soc, 2019, 47(7): 855-864. [19] VALENZA J J, SCHERER G W. Mechanism for salt scaling of a

[9] SETZER M J. Frostbelastungsmessung mit Behinderung der cementitious surface[J]. Mater Struct , 2007, 40(3): 259-268.
Verformungen eines pordsen Priifkorpers[P]. DE Patent, 14166123.1 [20] VALENZA J J, SCHERER G W. A review of salt scaling: II.
2014. Mechanisms[J]. Cem Concr Res, 2007, 37(7): 1022-1034.

[10] BT, T%. RBE LA HIEE[P]. CN Patent, 201621165742.0. [21] HAYNES W M, LIDE D R, BRUNO T J. CRC Handbook of
2016. Chemistry and Physics, 95th Edition [M]. Section 5 Thermochemistry,
XU Yading, WANG Ling. Concrete restraint device. CN Patent (in Electrochemistry, and Solution Chemistry. 2015: 5-142.

Chinese), 201621165742.0. 2016. [22] WEEKS W F. Tensile strength of NaCl ice[J]. J Glaciol, 1962, 4(31):

[11] md&rs, ER. B 290 J R AR N 7 I & 4% B R & 7 25-52.
¥%[P]. CN Patent, 201910311601.7. 2019. [23] WANG Zhendi, YAO Yan, WANG Ling. Research on the apparent
GAO Zhihao, WANG Ling. Concrete restraint stress and deformation thermal expansion coefficient of concrete subject to freeze-thaw cycles
stress measuring device and measuring method. CN Patent (in and chloride salt attack[J]. Adv Mater Res, 2012, 446-449: 3304-3310.
Chinese), 201910311601.7. 2019. [24] BARNES P, DAVID T, WALKER J C F. The Friction and Creep of

[12] T, T3, TR, RE TR REBEIAINR . FLEANRL Polycrystalline Ice[C]/Proceedings of the Royal Society, Great Britain:
VR[], RERRERIEHK, 2017, 36(2): 491-514. The Royal Society Publishing, 1971: 127-155.

XU Yading, WANG Ling, WANG Zhendi. Bull Chin Ceram Soc (in [25] RARATY L E, TABOR D. The Adhesion and Strength Properties of
Chinese), 2017, 36(2): 491-514. Ice[C]//Proceedings of the Royal Society, London: The Royal Society

[13] XU Yading, WANG Ling, ZHAO Xia. Analysis of Internal Frost Publishing, 1958: 184-201.

Damage of Restrained Concrete[C]//Recent Advances in Concrete [26] TADA Hiroshi, PARIS P C, IRWIN G R. The Stress Analysis of

Technology and Sustainability Issues, Beijing, China, 2018.

Cracks Handbook [M]. 3rd.New York: ASME Press, 2000: 82—164.



