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Experimental study on the degradation law of f-CaQO and optimization of
expansion performance in steel slag treatment under different carbona-
tion conditions
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Abstract: To address the issues of expansion risks caused by the hydration of free calcium oxide (f-
CaO) in steel slag and its low utilization rate of resources in road engineering applications, a carbona-
tion treatment technology was employed. Single-factor and orthogonal experiments were conducted to
investigate the effects of temperature, humidity, CO, concentration, and carbonation time on the f~CaO
content in steel slag. The improvement effect of carbonation treatment on the volume stability of steel
slag is verified by expansion rate tests. The results show that carbonation treatment can significantly re-
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duce the f-CaO content in steel slag, and the f-CaO content decreases with the increase of temperature,
humidity, CO, concentration, and carbonation time. The optimal carbonation process condition, derived
from orthogonal experiments, were temperature of 25 “C, humidity of 70%, CO, concentration of 20%,
and carbonation time of 90 minutes. Under these conditions, the f-CaO content is minimized and car-
bonation efficiency was optimal, with the influence factors in descending order being temperature > CO,
concentration > carbonation time > humidity. Expansion rate tests revealed that the optimal carbonation
group exhibited a water immersion expansion rate of only 0.86% after 10 days, significantly lower than
1.8% of the uncarbonated group, demonstrating a significant improvement in the volume stability of
steel slag. Additionally, incorporating carbonated steel into asphalt mixtures also significantly reduced
the expansion rate while maintaining intact surface structure, confirming the effectiveness of carbona-
tion treatment in improving the volume stability of steel slag. This study demonstrates that steel slag
carbonation treatment not only effectively suppresses expansion and improves aggregate performance
but also achieves CO, sequestration, providing a feasible pathway for the resource utilization of steel
slag and the implementation of the "dual carbon" strategy.

Key words: carbonation treatment; steel slag; free calcium oxide (f-CaO); volume stability; orthogonal
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Table 1 Physical properties of steel slag

Crushing  Apparent relative  Bulk density relative

Water absorption/%

Los Angeles suffered  The content of needle-like and ~ Adhesion

value density to mass damage/% flake-like particles/% level
13.6 3.585 3.462 1.0 18.4 4.5 5
R2 AR XSLRANRE(XRF) WERERLFHS
Table 2 Chemical composition of steel slag determined by
X-ray fluorescence spectrometry (XRF) %

SiO, Fe,0; ALO; CaO MgO f-CaO ClI'  P,Os; loss
1533 2147 6.66 36.76 7.66 1.9 0.103 1.17 9.14

1.2 Wi K kT

oA LA R LR A KAk
AW Rk, HHE AR IR 3,4, 5
7, o ABEIRE N 25 °CL B TR R I R
60 °C.

(a) HHEHOWIEAL, (b) #I7 BURROR
B NEEREERE THMARERS
Fig.1 The microscopic surface morphology of steel slag
under scanning electron microscope
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Table 3 Test results of petroleum asphalt

. Softening point of 10 °C Ductility ~Dynamic viscosity TFOT aging
Wax content/%
Penetration/0.1 mm bitumen/C /em /(Pa-s) * " Penetration ratio/% Residual ductility/cm
74 47.5 >100 229.8 2.0 62 12

x4 ERERERNER

Table 4 Test results of aggregate performance

Apparent relative ~ Water

Crushing Soundness/% Flaky and elongated Los Angeles suffered ~ Sand

Project density absorption/% value/% particles content/% damage/% equivalent/%Anglﬂarlty/S
Basalt coarse aggregate 2.792 0.80 17 4.6 20.2
Basalt fine aggregate 2.826 74 40
Steel slag coarse aggregate 3.585 1.0 13.6 4.5 18.4

RS UHENERMERE

Table 5 Basic performance test results of mineral powder

Performance density/(t-m) Water content/%

Hydrophilic coefficient

Plasticity index/% Heat stability

2.650 0.2

0.82 3.8 stability
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Fig. 2 The influence of various factors on the free calcium oxide content of steel slag powder
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Table 6 Orthogonal experimental table

Level A(Temperature) /°C B(Humidity)/% C(Concentration of CO,)/% D(Carbonization time) /min
1 5 30 20 30
2 15 50 40 60
3 25 70 60 90
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Table 7 Orthogonal experiment results and analysis

Numbering A(Temperature) /°C  B(Humidity)/% C(Concentration of CO,)/%  D(Carbonization time) /min The content of f~-CaO/%

1 5 30 20 30 1.5623 1.5724 1.692

2 5 50 40 60 15123 1.535 1.5432
3 5 70 60 90 1.2052 0.7227 1.181

4 15 30 40 90 14454 15687 1.5514
5 15 50 60 30 1.4132  1.4321 1.4422
6 15 70 20 60 097717 0.998 0.894 1
7 25 30 60 60 09623 09732 09115
8 25 50 20 90 04847 04346 0.3532
9 25 70 40 30 09426 12144 1.1212

x8 EXHKBBRESH

Table 8 Orthogonal experiment range analysis
Factor A(Temperature) / C B(Humidity)/% C(Concentration of CO,)/% D(Carbonization time) /min
K, 12.527 6 12.2399 8.970 3 12.393 1
K, 11.723 9 10.1513 124350 10.308 9
K; 7.398 1 9.258 4 10.244 4 8.9477
ky 1.3919 1.3599 0.996 7 1.377 1
k, 1.302 6 1.1127 1.381 6 1.145 4
ks 0.8220 1.028 7 1.138 2 0.994 1
Range analysis R R1:0.569 9 R2:0.3312 R3:0.384 9 R4:0.382 8

£ LG EXRBERRFENH

Table9 L,(3%) orthogonal experiment results and variance analysis

Sum of squares of deviations Degree of freedom Mean square F P Significant
A 1.8346 2 09173 67.125 6 4.512 37E-09 Significant
B 0.5410 2 0.270 5 19.795 0 2.846 59E-05 Significant
C 0.755 6 2 0.377 8 27.647 6 3.249 09E-06 Significant
D 0.743 3 2 03716 27.1957 3.632 99E-06 Significant
Error 0.2459 18 0.013 6
Total 3.874 5 26
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Fig. 3 The influence of carbonated steel slag f-CaO content - Comparison chart of experimental groups
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Table 10 Granular size distribution of steel slag %

31.5mm 26.5mm 13.2mm 4.75 mm 2.63 mm 0.3 mm 0.075 mm
0 2.5 30 52.7 65 80 94
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Fig. 4 Test on the variation of expansion rate over time
under different carbonation conditions
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Fig. 5 Natural aging expansion rate of steel slag
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Table 11 1~9 Carbonation conditions table
Numbering Temperature/C. Humidity/% Concentration Time/min
of CO,/%
1 5 30 20 30
2 5 50 40 60
3 5 70 60 90
4 15 30 40 90
5 15 50 60 30
6 15 70 20 60
7 25 30 60 60
8 25 50 20 90
9 25 70 40 30
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A2 R I 38 d e EL BB )1 i 35 (10 d 3T 1.8% )
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Table 12 Test results showing the variation of steel slag
expansion rate over time under different car-
bonation conditions

Expansion rate/%

1 day 2 day 3 day 4 day 5 day 6 day 7 day 8 day 9 day 10 day

Carbonization test

Un-carbonized 0.05 0.26 042 0.70 097 1.11 130 143 1.64 1.80

1 0.02 0.17 032 041 046 0.58 0.65 0.74 091 0.99
2 0.03 0.08 041 0.65 0.83 090 1.05 1.18 139 1.55
3 0.03 0.14 030 0.44 0.51 0.60 0.66 0.77 0.85 1.02
4 0.02 024 039 0.67 084 092 105 121 141 158
5 0.03 0.08 0.41 048 0.56 0.66 0.72 0.87 0.98 1.11
6 0.02 0.08 0.29 0.44 0.50 0.61 0.67 0.80 0.84 1.06
7 0.03 0.08 0.29 043 049 0.62 0.68 0.75 0.88 1.06
8 0.01 0.05 020 025 043 0.54 0.63 0.73 0.82 0.98
9 0.03 0.08 0.29 042 049 0.61 0.67 0.72 0.84 1.05

Optimum 0.00 0.05 0.18 022 040 0.51 0.60 0.67 0.74 0.86
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Table 13 Design of the grading combination for AC-16C
steel slag asphalt mixture

Steel slag Basalt aggregatc/% 58;66110 sllzgl Mineral
content/% 10 ~20 mm 5~ 10 mm 3 ~5mm 0 ~3 mm aggregate/% filler/%
0 30 28 13 25 0 4
25 30 21 13 25 8 4
50 30 14 13 25 15 4
75 30 6 13 25 23 4
100 30 0 13 25 29 4
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Table 14 Test results of the pavement performance of AC-
16C steel slag asphalt mixture

Water stability/%
Ttem High t.e'mperat}llre Low temPf?rature Residual Tensile
stability/mm stabilit . strength
stability .
ratio
Stecl slag 2431 3250 80.6 791
asphalt mixture
Asphalt mixture 1941 2513 81.2 78.4
Technical
cemiea =800 >2300 =75 =75
requirements
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