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(CH). HERAKAIRERRES (AFm)FI C-S-H HE).
D EARIKAEEHC3S. CoS %), PASAEMLI N T3
KRB R R — e ERE TR . Hd,
T K ALPI(CHL C-S-H &) N EZ T RALAH . N
T o 2% ST 2H 53 B 52, 38 SR A S ) i e A
IKALBIZK BB, WCP. R, Sk o 0 B
BN WCP Bl S Sys R 1) _ERR, T BRI i >k

B K R IR e 0 SEPRFE BB 5E o Jiang 1Y )
S0 WCP FIEHL WCP 1 RISVl 18 H S
WCP FIRRA R0 R X Rb S 1 R 10 52 m A B I T
L WCP, Bl WCP Rl #4 B K EFR K
K HFLE WCP,

B 145 T SCRR[15-24]F WCP 4L 224k,
FEN Si0,. CaO. ALO; F Fe,05, 439l 5 WCP #
i B 1 31.00% ~ 39.83% « 24.20% ~ 44.50%
3.40% ~ 12.50% % 2.48% ~ 6.20%"° 1, 4R 45 =X
(D, CO, Wi B 545 & B 52 IEAR SS9 R o ) WCP
L ) CaO & & JRIL T HAR T ik 17 68

X co, max = 0-785(Ca0 —0.56CaCO, —0.7S0; ) +
1.091MgO +1.42Na,0+0.93K,0 (1)

60
—o— WCP
—o— PC
50 |-
4450
Fe,O,
L doF =
E 3758
g
< 30
g
=
2420
L 12,50 2%
12T
8 |- _
) 75| o i 28
- 5200 .
340 545 o064 =0 BN 062 om 06 o5 182 o
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Composition
1 WCP SRR Eh /K Jé(PC) L 2 i 43124
Fig. 1 Chemical composition of WCP and portland cement (PC) ['>2%
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PEFREULT-# ReWE 2 ElAr GB/T 1596—2017 MK T
T0%HI R, 3 HLIEE Fe SOt AR g /N i T
BBAGK Si0 PV HEAT H AL EET. T Ak 7R
i, WCP & 38 nI 15 2R . Rl e i Ab 3 11
cWCP, JEVEFREERTH R B, I H AR R
(1) WCP 5 53 /2 5 PR HU 2K

2 BRACE I IREE L

21 FRUEGE

211 TR WCP FE ARG R, Bt

SNAE AN SR R BRAL R T EAT o B AL AT 17 WCP
P EBHERERT, CO, A PR BRI S B A7 A PR e H
BHAS CO,3#E—2B B BEit WCP FLiE B+
LR B R R i B e e R 28 (1) GR35, X ik
A= R P = A

R MY AT S, WCP X E 5 & 454 (n
CH. C-S-H &)K. w2 frw,
BR[30THF 7L T WCP B A ik 2 v (B BR 45 2E il i 5
CH WHHEZ MK R, KIIEA W E RH)K
T 90% M Tk m Ak Fh (L 2 20 38 43), BRAL AT L
SRS R CO, MR B GE k5 B A & 85 AH K
AP, FHr CH BfkfbiE T C-S-H &,
MAE RH N 100% 1w (L 2 35 65 57)
K, CH HFEE LT3k B — 0 4 46 i =5 38
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Wk, BT WCP ARG S R I CH R %
fift, TJE A TFiH C-S-H BER BT, Al %
IR B X 30 7E T WCP FLVE TR I /K 4 & o 22
o fE CH MIPUEMEAES, BRAHTTER 7 80% 1)
CaCO; )2, Rl 7 WCP H1 IR CH FIHEE, BrRAtiE
KEEAR N BRCY . B BRAL AT IR ) WCP Py 8
C-S-H BEigHEsk, Ca™ BT C-S-H B BisS i

TERCFLRIIE M (1) CaCO; EH AT Hl. #ib BB
BT RT3 % WCP I iR sh A Rt , H
A S TR 2 I P S K i ok, 38— 2 B
W E AFLBR &K E, R FEE TR 2R,
A LSeEl 8 ek Bl, ik, TiEmib A,
WCP i) 132K & BEEEm 22, X SEWmRiL
BRI 2 FR), B =Pra st .

Table 1 Average particle size, replacement and activity index (AI) of WCP

=1 WCP HIEIHHE . BEMFEMLIEH

Standard Al requirement/% Replacement/% Category Dso/um Treatment 28 d Al/% Ref.
GB/T 1596 70 30 Coarse WCP 104.0 54.0(Dissatisfy) [5]
BS EN450-1 Fine WCP 12.0 72.7
Finer WCP 9.0 81.0
GB/T 17671-1999 70 30 WCP 12.0 80.0 [15]
GB/T 1596 70 30 WCP 523 Nano SiO, 71.0 [26]
GB/T 1596 70 30 WCP 10.8 Thermal 73.7 [27]
GB/T 17671 65 30 WCP 2.4 Thermal 75.7 [28]
ASTM C311 75 20 WCP 26.5 76.0 [29]
cWCP 38.4 Carbonation 77.0
GB/T 1596 70 30 WCP 9.0 70.0 [32]
GB/T 1596 70 30 WCP 19.0 72.6 [33]
%‘) Theoretical line that calcium carbonate only produced from Ca(OH), E(] jﬁﬁﬁ:fg , C-S-H ;é%ﬂj??f CH )_L%Zﬁ}g Hﬂ’j‘a:l:ﬁé HFE
5 20} UL 45001, A SCARAE Shen SCYITT TR WCP 1135 :05
on P . N >
= L W23 0y 4 A BOFR T’ 3. 5 1 B, COo;,
8 15¢ // Fitted curve of RH at 100% FEZK AR I FL g CO327$|] H', [ Ca®'H1 CH
£ ;. T X B pH (HIS A THS, 5] WCP 13 ]
E 10y i ML T CO, s Y, e RINE, 1
& s Fitted curve of RH at 90% and 80% N e n " o (341
§ a Wet-cWCP TS N AT IRALI , 58— BE AL Si i EERE hnt,
R e RO X ATRESELI CaCOs HIVTHE. BLIF CO, [T fRER
- = ) (] o, N
E 4 ¢CWCP-RH(80%) CaCO; [RITHE#S AT REHI 2B Ak HEAR . 55 2 BB, Ca™*
O . . . N N, U N Y ==
0 40 60 80 100 K H CH ¥R C-S-H EELBiAS . WCP R THIE T &

Calcium carbnate centent per 100 g cement/g
2 WCP WAt F b AR £5 4 B (AL FE %) 5 CH T
FER I 6 R 1O

Fig. 2 Relation between calcium carbonate formation

(carbonation degree) and portlandite consumption
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55, W S N R B T KA AR . Qian 250
s, KA pH {EIEH R AGIE AT (R IE B
TATA] B P9V R S AR R R R R AN, (T
WCP [MIEfEENT1, BEA BRI 2. 3 W Bodh i
SRR . 56 4 BB, o RER A A AR B
PO K. CaCO; |25, WL L, &
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<2 min 2-10 min
CO (1)
) J

co> &
(main) ﬂ dog  HCO:
Ca>* (limited)

J o

<
Ca** '

Slightly increase of pH value,
approximate 12.3

PH value dropped from 12.3
to 10.5

O Main precipitation
shown in Eq.1;

O Undersaturation of
CH increased rapidly but
become more
supersaturated for calcite;

O Dissolution of CO, limits

O Main precipitation
shown in Eq. 1;

O High supersaturation of
calcite was achieved and
kept stable;

O Ca** dissolution and
transport are the limiting

CO;>(limited)

s ¢ q&wm

10-20 min > 20 min

€ AP
» <@ Q. i

HCO, (main)

PH value dropped from 10.5 PH value decreased to less

to7 than 7 and reached flat
O Main precipitation O Main precipitation
shown in Eq. 2; shown in Eq. 3;

[ Saturation index of calcite
and hydrates decreased to
minimum value and
kept stable;

O Rapid formation of silica

O Supersaturation of calcite
decreased rapidly while the
undersaturation of C-S-H
increased;

O Ca?* dissolution is the

the carbonation. factors. limiting factors. gel and alumina gel.
Ca?*+C0,>—CaCoO, 1)
Ca**+HCO,;—CaCO,+H,0 ) ‘ <:> % @ L
2t +Si02 +2H,Si 3
Ca** +H,CO,+Si0,>—CaCO,+2H,SiO, 3) WCP

CH C-S-H CaCoO, Silica gel

3 WCP IBIEBACIE RN 4 DN BOR &L, AR SCHR[38]4:
Fig. 3 Schematic diagram of the four stages of the wet carbonation process of WCP, based on [38]
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HE, CABRAGFRSI (R RS, BRAGFREE Z R 2
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ST S, WCP B4k SN HFFEE 3 17 h 5
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CO, iR (RT3 B0 N 18% AT AERRAL 17 h JEiA %]
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W, N SRR . BRALIREE . AR RS [A]
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PRI P 2 T 5 FAAEG C O, TS 1 W VAL A P SRl 21 A
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(a) Different RH and CO, concentrations!

K4 WCP fEANFRRIAA BRI S & B RE A [ 221

Fig. 4 Variation of calcium carbonate content with carbonation duration when WCP is carbonated at different conditions

R F AL, EBIERAL T COLIRIELL CO, ik
], Mao 2548 HZEBRAL AT 10 min Y, CO, ik
M 3 L/min 303 5 L/min B34 1 CaCO; & &,
TR T 2R LU TR PR S 1 B i B

B TRV EB ARV P AT, DR d m s 4%
B AR 2 SR R AR . R 4b AT
Zajac 250U R [FVA IR BT T BRIRAS & B R AR AL
I [B] PRI AR 9, R IS B IR i (NaOH IR B
0.1 mol/L 11 0.4 mol/L)INI# 1 Ak s B (R HI s o B »

—2—0.25 mol/L NaOH mixed with 0.25 mol/L Na,SO, [54]

80 |—*—0.10 mol/L NaOH [53]
—=— (.40 mol/L NaOH [53]
—o—0.25 mol/L Na,SO, [54]

—#—0.50 mol/L Na,SO, [54]
60 —e—H,0 [53]

20 +

Calcium carbonate 100 g per 100 g WCP/g

0.1 1 10 100
Time/min

(b) Different solution environments'™' >

®2 WCP R ZE RS

Table 2 Carbonation degree and conditions of waste concrete powder

Carbonation condition

Carbonation Particle
dogree Dry/Wet size/yum Liquid.—solid Temperature/'C CO; concentration (%)/CO, Duration/h Relative humidity %/  Ref.
ratio flow rate (L/h, per g WCP) Aqueous

48.60 Dry 2-75 201 99/~ 24 60+5 [3]
30.83 Dry Dgg<100 20 25/~ 6 80 [30]
50.84 Dry Doo<100 20 25/~ 6 90

66.15 Dry Doo<100 20 25/~ 6 100

59.52 Dry Dog<253 20 25/~ 6 100

4.00 Dry Dgg<150 0.3 20 20/~ 0.5 5-10 [46]
16.30 Dry Doo<150 0.3 60 20/- 0.5 5-10

30.60 Dry Doo<150 0.3 100 20/- 0.5 5-10

18.20 Dry Doo<150 0.3 140 20/- 0.5 5-10

60.19 Wet Dgp<100 10 g/100 mL 25 100/0.06 1 Aqueous [6]
61.35 Wet Dg<100 10 g/100 mL 80 100/0.06 1 Aqueous

90.74 Wet Dgp<100 10 g/100 mL 20 25/0.16 6 Aqueous [30]
81.20 Wet Dgp<100 15 g/100 mL 20+1 10 (with N,)/0.16 6 Deionized water [51]
77.42 Wet Dg<100 15 g/100 mL 20+1 10 (with N,)/0.16 6 0.1mol/L NaOH

82.78 Wet Dg<100 15 g/100 mL 20+1 10 (with N,)/0.16 6 0.4 mol/L NaOH

61.56 Wet Dgo<100 15 g/100 mL 201 10 (with N»)/0.16 6 0.25 mol/L Na,SO, [52]
60.13 Wet Dg<100 15 g/100 mL 201 10 (with N,)/0.16 6 0.5 mol/L Na,SO,
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fE2 RPN TR, RERIS A A, M
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Uk, CaCO; SHEERRIIAHXS /A fE T MEVERRAL
TAEER, TIEmALT, CaCO; WEIZEHE R
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the shearing direction, resulting in high thixotropy behavior
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Fig. 6 Schematic illustration of how the shapes of different calcium carbonate polymorphs interrupt and deflect the flow lines of the

liquid flowing around them and needle-like high thixotropy of the cement paste caused by aragonite
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Extended Abstract

As an energy-intensive industry, cement manufacturing is a significant contributor to CO, emissions. Simultaneously, the
increasing volume of construction waste has also exerted significant pressure on the environment. Recycling demolished concrete has
been proposed as a strategy to address the depletion of aggregate resources. In addition, it facilitates the disposal of construction waste
and reduce carbon emissions. A particularly promising approach is the recycling of waste concrete powders (WCP) as a
supplementary cementitious material (SCM), which has garnered significant attention. However, the high absorption and low
reactivity of WCP pose a challenge to its direct use as SCM. Accelerated carbonation of WCP produces calcium carbonate (CaCOs)
and amorphous silica gel. These products enhance the reactivity of WCP and facilitate the effective sequestration of CO,. This process
not only promotes the high-quality utilization of WCP but also helps to mitigate the environmental and energy burdens associated
with cement production.

This study reviews the properties of carbonated waste concrete powder (cWCP) and provides an in-depth analysis of the
carbonation process of WCP. It covers various carbonation methods, the regulation of carbonation degree and the prperties of
carbonation products. Furthermore, the review evaluates the influence of cWCP on the performances of cement-based materials,
including rheology, hydration behavior, mechanical properties, and impermeability.

The carbonation products of cWCP are influenced by the carbonation conditions. In turn, cWCP influences the properties of
cement-based materials through the properties of these carbonation products. The primary products of ¢cWCP are CaCOs and
amorphous silica gel. Their composition, morphological characteristics, chemical properties, and relative distribution depend
significantly on the carbonation method and conditions used. The reaction environments and carbonation kinetics of dry and wet
carbonation processes differ significantly, resulting in variations in both the degree of carbonation and the polymorphs of products. By
optimizing these carbonation conditions, it is possible to improve the degree of carbonation of cWCP while also controlling the
polymorphs of CaCOs and polymerization degree of silica gel. Furthermore, the influence exerted by these carbonation products on
cement-based materials primarily stems from their surface characteristics combined with various effects. Surface properties include
both geometrical and surface electrochemical characteristics of CaCOs in diverse polymorphs, as well as the hydrophilicity of the
silica gel. The effects of carbonation products include the filler effect, nucleation effect, chemical reaction with C;A, and the
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pozzolanic effect attributed to silica gel. Notably, improvements in rheological properties are not significantly influenced by either the
filler effect or surface electrochemical characteristics of CaCOs. Instead, more pronounced negative influences arise from the
hydrophilicity of silica gel and the fibrous geometry of aragonite. These factors contribute to a significant deterioration in rheological
properties, with hydrophilicity being the primary mechanism behind this deterioration. When the degree of carbonation is sufficiently
high, the combined positive effects of the filler effect, nucleation effect, chemical reaction, and pozzolanic effect can surpass the
negative influence of dilution effect. As a result, the incorporation of cWCP accelerates the hydration, improves the microstructure,
and enhances the compressive strength and impermeability.

Summary and Prospects Existing studies have shown that the incorporation of cWCP accelerates cement hydration, improves
microstructure, enhances compressive strength, and strengthens mortar impermeability. However, it may also result in a degradation
in rheology.

Base on these findings, further advancements are essential to fully understand the properties of cWCP-based cementitious
materials and to support their widespread application. Key areas for development include: 1) establishing a model that correlates
carbonation conditions with carbonation products to precisely control their performance, 2) addressing the contradiction between
compressive strength and rheological properties, 3) deepening our understanding of the durability of cement-based materials
containing cWCP, particularly concerning corrosion of steel reinforcement, and 4) overcoming challenges related to improving the
degree of carbonation in cWCP due to an accumulation of carbonation products. These efforts will lay the groundwork for the
industrial adoption of cWCP and drive the concrete industry toward more sustainable and environmentally friendly practices.

Keywords carbonated waste concrete powder; supplementary cementitious material; calcium carbonate; silica gel; property;
hydration



