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Table 1 Chemical composition of calcium sulphoaluminate cement clinker and anhydrite W%
Material SiO, AL Os Fe,03 CaO MgO SO; TiO, K>,O z
CSA clinker 8.58 33.59 2.34 43.08 2.19 7.99 1.58 0.41 99.76
Anhydrite 6.12 0.60 0.25 38.61 2.57 49.89 98.04

w is mass fraction. CSA is calcium sulphoaluminate cement.
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Table 2 Mineral composition of calcium sulphoaluminate

cement clinker and anhydrite wW/%
Material CiA3S  CGS  CAF  CT  CS p)
CSA clinker 63.86 24.62 7.11 2.69 98.28
Anhydrite 84.81 84.81

CsA; S is calcium sulphoaluminate. C,S is dicalcium silicate. C4AF is

tetracalcium aluminoferrite. CT is perovskite. C S  is monocalcium silicate.
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Fig. 1 Freezing point curves of the different solutions with concentration
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Table 3 Preparation concentration of different solutions W%
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Fig. 2 Temperature curves of calcium sulphoaluminate cement mixed with different solutions
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Fig. 3 Compressive strength of calcium sulphoaluminate cement mixed with different solutions
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Fig. 9 XRD patterns of calcium sulphoaluminate cement paste mixed with K,CO; solution
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Fig. 10  XRD patterns of calcium sulphoaluminate cement paste mixed with CH;OH solution
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Fig. 12 XRD patterns of calcium sulphoaluminate cement paste mixed with (CH,OH), solution
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Fig. 13 XRD patterns of calcium sulphoaluminate cement paste mixed with C3HgOj5 solution
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Table 4 Mineral compositions of calcium sulphoaluminate cement mixed with different solutions for 12 h

wW/%
Material Rup
Ye’elimite Belite Anhydrite Ettringite Calcite Potassium sulfate Others
MgCl, 37.79 19.38 13.78 17.04 12.01 10.82
CaCl, 29.34 19.51 12.57 24.47 13.11 9.54
NaCl 40.80 20.85 14.68 13.30 10.37 12.36
NaNO, 41.18 20.97 14.85 12.90 10.10 11.32
Ca(NOs), 32.18 20.70 12.68 21.98 12.46 9.65
K,CO; 53.65 20.63 17.84 1.86 2.73 3.29 10.39
CH;0H 52.92 22.41 18.21 1.26 5.20 11.91
CH;3;CH,OH 53.91 22.46 18.93 0.83 3.87 12.12
(CH,0H), 51.69 21.25 17.99 2.55 6.52 12.21
C3H303 50.43 21.14 17.65 3.94 6.84 10.55
R, is weight factor, which is used to evaluate the accuracy of the fitted data results.Others are minor minerals. X-AFm phase and amorphous phase.
x5 TRIFRHRHASMBIRRACRKK 28 d HETMERSE
Table S Mineral composition of calcium sulphoaluminate cement mixed with different solutions for 28 d
W%
Material Ryp
Ye’elimite Belite Anhydrite Ettringite Calcite Potassium sulfate Others
MgCl, 13.25 16.73 8.49 40.50 21.03 8.89
CaCl, 10.50 14.58 7.77 43.33 23.82 8.84
NaCl 19.23 17.39 11.61 34.11 17.66 10.17
NaNO, 20.89 18.66 12.85 31.70 15.90 9.52
Ca(NO3), 29.21 19.65 11.55 25.01 14.58 9.16
K,CO; 52.96 20.58 17.66 2.07 3.15 3.58 11.41
CH;0H 46.75 20.37 14.68 9.14 9.06 11.71
CH;3CH,OH 47.31 20.90 14.90 7.26 9.63 11.58
(CH,0H), 42.77 18.96 14.21 11.58 12.48 10.53
C3H303 35.62 18.37 12.70 17.36 15.95 8.85
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Fig. 14 SEM images of calcium sulphoaluminate cement mixed with different inorganic solutions for 12 h
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Fig. 15 EDS spectra and element lists of P1 micro plots in Fig. 14
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Fig. 16 EDS spectra and element lists of P2 micro plots in Fig. 14
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Fig. 17 EDS spectra and element lists of P3 micro plots in Fig. 14
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Fig. 18 EDS spectra and element lists of P4 micro plots in Fig. 14
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Fig. 19 EDS spectra and element lists of PS5 micro plots in Fig. 14
Ca
Element X%
gl o
a 0 20.65
2|C
= C 60.22
Ca . Ca 19.13
a Total 100.00
0 1 2 3 4 6
Energy/keV
20 14 1 P6 X 73 0 Wi AN TC R A1 3R
Fig. 20 EDS spectra and element lists of P6 micro plots in Fig. 14
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Fig. 21 EDS spectra and element lists of P7 micro plots in Fig. 14
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Fig. 22 SEM images of calcium sulphoaluminate cement mixed with different organic solutions for 12 h
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TR T KoCOso BRI, T ARSEEG T 25% 3K FE 1A TR
H K,CO3 425N K8y, MZABTMEMIR, 4557
BTt KoSO4 it . Fid e it fE n] F(6) & w, %
RIS FE SR A H ==10.71kJ / mol ), M
S EL AR B T R, 124k RN 2 KA KCO;
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Table 6 Standard molar enthalpy of formation for related ions and compounds AHZ /(KT -mol )
Ca® (aq) K*(aq) SO (aq) CO?¥ (aq) CaCO,(s) K,S0,(s)
—542.83 —252.38 -909.27 —677.14 —1206.92 —1437.79
®7 TUBRERSHONBAEETTER M ARER
Table 7 Logarithm of mineral solubility product and dissolution reaction equation!"’
Mineral Ig Kyp Chemical equations
CaSO, -5.04 CaSO, = Ca*" +S0;"
Ca(OH), -5.26 Ca(OH), = Ca>* +20H"
CaCO; -8.54 CaCO; = Ca* +C03"
Mg(OH), -10.74 Mg(OH), = Mg** +20H"
NO,-AFm —26.24 Ca, Al (NO,),(OH),, - 4H,0 = 4Ca** + 2AI(OH); +2NO; +40H™ +4H,
NO;-AFm -28.67 Ca,Al,(NO,),(OH),, - 4H,0 = 4Ca** +2AI(OH); +2NO; +40H™ +4H,0
Cl-AFm -27.27 Ca,AlLCl,(OH),, - 4H,0 = 4Ca®" + 2AI(OH); +2CI™ + 40H™ +4H,0
AFt —44.90 Ca,Al,(SO,);(OH),, - 26H,0 = 6Ca** +2AI(OH); +3SO?™ +40H™ + 26H,0
®8 AZLUFRIABHAFUTKILDRE
Table 8 Similarities and differences of hydration products under different solution mixing conditions in this experiment
Solutions Hydration products
Water AFt, SOs~AFm, AH;, C-S-H, Ca(OH),, CaSO4

Water + MgCl,
Water + CaCl,

AFt, Cl-AFm, AH;, C-S-H, Mg(OH),, CaSO4+Ca
AFt, Cl-AFm, AHs, C-S-H, Ca(OH),, CaSO4+Ca

, MgCl,
. CaCl,

Water + NaCl AFt, ClI-AFm, AH;, C-S-H, Ca(OH),, CaSO4+Na,S0., NaCl
Water + NaNO, AFt, NO,-AFm, AH3, C-S-H, Ca(OH),, CaSO4+ Na,SO,, NaNO,
Water + K,CO5 CaCO;3, K,S04, KoCO5

Water + Ca(NOs), AFt, NO;-AFm, AH;, C-S-H, Ca(OH),, CaSO4+Ca , Ca(NO;3),
Water + CH;0H AFt, AHs, C-S-H, Ca(OH),, CaSO,4, CH;0H

Water + CH;CH,OH
Water + (CH,OH),
Water + C3HgOs

AFt, AH3, C-S-H, Ca(OH),, CaSO,, CH;CH,0H
AFt, AH3, C-S-H, Ca(OH),, CaSOy, (CH,OH),
AFt, AH;, C-S-H, Ca(OH),, CaSOy, C5H;Os

The blue font represents the migration trend of the solute, and the orange font represents the SO,*~ migration trend replaced by the AFm phase.

Ca”* (aq) + 2K* (aq) + SO3 ™ (aq) + CO3 ™ (aq) ©)
— CaCO;(s) + K,S0,(s)
B KoCO; FAt, Hofth 5 FPEHLIAREES S04
KW=, S KRS . FEA DU 2 £
— MK KA =D A . AFm 25 468 X n]
LA [Ca,Al(OH)6] X -mH,0 R, Hor XA A & T,
AL CIy NOs ™ SO,7 48, 2 3P4’ A 7E ]

AFm MR E M2, X HEFESHIR. U5+
[FI & A Z BT, B FEUREE ) R 255
W CI'. NO; « NO, . COs*. SO, OH ™,
I, MgCly. CaCl, 1 NaCl VWEEElEE, 21t
JeAE R Cl-AFm; NaNO, RiRFEE ke, e
i NO,-AFm; Ca(NOs), i HE &k, 056K
NO;-AFm. 7E4E R X-AFm A, 2 & H S0,
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Extended Abstract

Introduction Calcium sulphoaluminate cement has a potential application in sub-zero temperature environments due to its rapid
hydration, rapid setting, fast strength development, and high early strength. In cold construction sites, such as polar regions, the
materials and the concrete both are exposed to sub-zero temperatures for extended periods. It is thus necessary to investigate the
formation, condensation, hardening and microstructures of calcium sulphoaluminate cement at sub-zero temperatures. Cold
concreting method widely recognized involves directly blending raw materials on-site at the same temperature as the ambient
environment, even at sub-zero temperatures, follows via pouring and curing fresh concrete without supplemental heating. Choosing a
suitable mixing solution is crucial for the effective cold concreting technology. The mixing solution must prevent freezing of both the
solution and the cement pastes at sub-zero temperatures, initiating the cement hydration reaction and enabling continuous progression.
Also, the properties of the mixing solution (i.e., pH value and ion concentration) affect the dissolution and hydration of clinker
minerals, leading to consequential changes in cement characteristics. In this paper, the performance evolution laws and mechanisms
of calcium sulphoaluminate cement mixed with different mixing solutions at sub-zero temperatures were investigated.

Methods Deionized water was used as a solvent. Six inorganic analytical pure chemical reagents and four organic analytical pure
chemical reagents were used as solutes. Each of these reagents was dissolved individually in deionized water at room temperature.
The solution was stirred until in a homogeneous state and left standing for 24 h. To ensure the temperature of the materials as the
environmental temperature, the calcium sulphoaluminate cement and the mixing solution both were placed in a sub-zero temperature
experimental system for a storage period of at least 24 h. All processes, i.e., sample shaping and curing, were carried out in the
sub-zero temperature experimental system.
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At —10 C, the mixing solution and cement were poured sequentially into a mixing bowl. They were stirred at a low speed for
120 s, paused for 15 s, and then stirred at a high speed for 120 s. The resultant paste was poured into the mold. After pouring, the
vibrating table was used for 60 compactions. The samples were then placed on a rack for cured without being covered in the sub-zero
temperature environment. Once the samples were cured to the specified age, a portion of them was taken out from the sub-zero
temperature experimental system for the measurement of compressive strength. Another portion was crushed and sampled on-site.
These samples were placed in anhydrous ethanol to terminate hydration at room temperature for at least 7 d. Afterwards, they were
dried in vacuum at 40 ‘C and —0.08 MPa for no less than 24 h. A portion of the samples dried was used for the microscopic
observation, while another portion was ground and further analyzed for the phase composition.

Results and discussion CaCl,/Ca(NOj3), solution is capable of accelerating hydration, resulting in an increased hydration
temperature and a greater early strength. The peak temperature reaches up to 23.6 C and 20.4 °C, and the compressive strength at
12 h reaches 21.5 MPa and 16.5 MPa, respectively. Furthermore, the compressive strengths at 28 d are 101.8 MPa and 19.6 MPa,
respectively. K,CO; solution generates an increased hydration temperature and results in a high early strength, with a peak
temperature of 7.7 C and a compressive strength of 13.9 MPa at 12 h. However, the compressive strength only increases to
19.3 MPa after a 28-d period. MgCl,, NaCl and NaNO, solutions exhibit a limited effect on enhancing hydration, presenting a low
heat evolution and an early strength at their peak temperature of <5 C and the compressive strength of <5 MPa after 12 h.
Nonetheless, after a 28-d period, their compressive strength increases to 74.0, 42.7 MPa and 39.2 MPa, respectively. After 12-h
hydration, the main products formed from CaCl,, Ca(NOj3),, MgCl,, NaCl and NaNO, in calcium sulphoaluminate cement are AFt
and AFm phases, having a needle-bar and flake morphology. Also, the main products formed from K,CO; solution-mixed samples are
CaCO; and K,SO4 phases, having a cube and ellipsoid morphology.

CH;0H, CH5;CH,0H, (CH,OH), and C3HgO; solutions have a slight promotion effect on the hydration, resulting in a negligible
heat evolution (peak temperature of < -5 °C), minimal strength development at 12 h, and extremely low compressive strength for the
samples after 28 d. However, the compressive strength of C3HgO; solution-mixed samples reaches 23.5 MPa after 28 d. For the
samples mixed with four organic solutions, no hydration products such as AFt appear after 12-h hydration.

Conclusions CaCl, and Ca(NO;), solutions with the same ions (Ca®") as the cement minerals promoted cement hydration, resulting
in an increased temperature and a greater early strength. MgCl,, NaCl and NaNO, solutions had negligible effects on the hydration,
leading to a decreased temperature and a weaker early strength. CO5* in K,COj5 solution reacted with Ca®* produced due to the
dissolution of anhydrite to create CaCQOj; precipitates. This reaction increased the freezing point of the solution and reduced its frost
resistance, causing the sample to freeze and preventing the effective cement hydration reactions.

The hydroxyl group of alcohol molecule in CH;OH, CH;CH,OH, (CH,OH), and C;HgOs solutions was adsorbed by Ca*" on the
surface of cement particles to form an adsorption film. This film delayed hydration. In addition, the interaction between water and
cement particles also impeded when the alcohol molecule contained a methyl group, exacerbating a retarding effect.

Keywords cold concreting; mixing solution; calcium sulphoaluminate cement; hydration



