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B OE . DIPEIREE K (Concrete slurry waste, CSW) JyJFURE, R VA RE 45 fbi R 45 & ik Igse T2,
il #5 T — Fh b RE I 5 09 AN T8 ¥l (Artificial aggregate, AA), I & B T #25 #l & 50 B # + (Lightweight
aggregate high-strength concrete, LAHC), H AW T AA BIWRIPERE . J12#PEREAGIOM 254 ) LAHC B T.1E
PERE . J1APEREFIURAETERE . BFOTAS SRR DL CSW Rkl RIS R SS B LS Ak b3 T2 A7 1Y AA,
HAFTE; BRE AA R0 A F8AE 4.75~14 mm Z 8], FAECHERREE AT 950~1 100 kg/m® Z [7], 1h MK
TN 9.96%~12.89%., FAL TR 30 AR AL YL [N 13.68~15.64 MPa, f5 JE 53R ¥ 4 T 8.18~9.17 MPa; fillJE ik 1k
3d AT AA BRI S8 B A TR R B S 5 20 14% F 12%, R EERRAL 10 min #2529 9% 1 8%, WK HR 35T
[%24 23% Fil 14%, WIEBRALRID TS AR 45 09 AT LAHC 28 d HL 3R 7T 34 45.2 MPa, Hidiim
J¥ 4.7MPa, %% 1807.6kg/m’, /& LAHC HYEOK; B AA fEBNRZRAON A B A —E ok i ag, wigak
PUA B T G5 % B RN R B 1 4 [0 B, X AA BEAT 24 h Y FIRALRE, 7T LKL 90 d A4 % /b 10.0%., BF
FEMR R — AR RIS S AP RMICIR AL . PRSI S
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Preparation and properties of artificial cold-bonded lightweight aggregate
high-strength concrete

SHANG Xiaoyu' , HUANG Wenyi' , FANG Zeyu', CHEN Yugi', ZHANG Bin**
(1. School of Civil Engineering and Architecture, Northeast Electric Power University, Jilin 132012, China; 2. School of
Human Settlements and Civil Engineering, Xi'an Jiaotong University, Xi'an 710049, China; 3. China Energy
Engineering Group Shanxi Electric Power Engineering Co., Ltd., Taiyuan 030001, China)

Abstract: In this study, an artificial aggregate (AA) with excellent performance was prepared from concrete slurry
waste (CSW) as raw material using cold-bonding granulation technology combined with a carbonation reinforce-
ment process, and lightweight aggregate high-strength concrete (LAHC) was developed, focusing on the physical
properties, mechanical properties, and microstructure of the aggregate, as well as the workability, mechanical pro-
perties, and shrinkage properties of the LAHC. The study results demonstrate that using cold bonding technology
combined with a carbonation enhancement process to produce AA from CSW as a raw material is feasible. The
particle size distribution of the spherical artificial aggregate mainly ranges between 4.75 mm and 14 mm. The
aggregates have loose bulk densities of 950-1 100 kg/m?, water absorption rates of 9.96%-12.89% at 1 h, individual
pellet strengths of 13.68-15.64 MPa, and cylinder compressive strengths of 8.18-9.17 MPa. Pressurized carboniza-

tion 3 d for AA individual pellet strength and cylinder compressive strength increase by approximately 14% and
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12%, wet carbonization 10 min increases by approximately 9% and 8%, the water absorption rate decreases by

approximately 23% and 14%, respectively, wet carbonization shows higher efficiency advantages. The 28 d

compressive strength of the prepared artificial LAHC can reach 45.2 MPa, flexural strength 4.7 MPa, density

1 807.6 kg/m®, which meets the standard requirements of LAHC. The spherical AA itself has a certain water-

reducing function, and pre-wetting treatment can help to alleviate the problem of shrinkage of the LAHC, and the

pre-wetted AA in 24 h can reduce the shrinkage rate of the concrete in 90 d by 10.0%. The research results provide a

reference for the new generation of sustainable concrete materials.

Keywords: lightweight aggregate high-strength concrete; artificial aggregate; cold bonding; carbonization; con-

crete waste slurry

HORE 5 R BE £ SR B 60%-~80%", KR
HOREZ B [ ARG SR R R BRI, A A [
FaU X R, T AR B AR T
FRA VR EE 1Bkl B ET SR B AT AT Y AT R
MR, ARSI PR Tz W TR,
PE B RGBSRl , g S0 AR 7 (8 5 4> [
& GDP 1) 20%.,  Fifi & 3% [ 38k 7 2 15 R RS TH 3k 2l
T, HEHHEA SR R B, B AR R S
W ok bk 2190, AR TR B - H R O R TH SR
PR T RME S IR EE L, SadneE . WHPE. i
J& HEAE —E W B B A, S B8 T R RR
“ N T H Kl (Artificial aggregate, AA)”. #R 1M K
B3 A4 B 5 BTl I 7 AN e B EE T TR B
Al R R IR A AA YR B AT L
PRI AR O TIHIAL B, 38 ] DA o B R} 9% U R
s 11y [

Tt KL — N ORL RST 9 R By i 72, 3 5 4 /)
FUR AR BB . RS L LR L R TR
RO AR AR 2y L S A A DU 5
Mo RV 2 [ 1A P2 534 LLAnBORL Y AP AE
TR R K I LR R R W Ak Sy 3 (B A S MR
FRARJy vE O Rl A I 2 b 2 mk v K 5 Y
SOl g i SUR B [ ARAT — 2 1 1 2R . B
+ o MBS T A be gt AA RO H A RS, (H T
PRl ok BT EEINRETH AR . JF AR — S MR,
PRI VR R 25 T 250 g, A IR 8 /¢ L iR s )i A
B A3 R RMA R, %07 RAEH &t B RRFEAIK
IORZVE, BN g JE — g o n] Hp o 5 0,
MBI . 15K . AR S SR B AR R R 4 T2
(4 JEURHE 2 77 S AA

A ORHERE - B AW m 0y ek B, T AEORTE
el Es . REEN. RZERMERET, 1§
BTz G, Y 28d P H v B I F) Le4o DL E R
AT R A B E B o i BE £ (Lightweight aggregate
high-strength concrete, LAHC)"™, H AL A [ A%

ShA EE, HOATAE A S5 R A 1 i AR A AR Ak
TVERT. BRI B RBE R I KA
N M H L R KSR e T R, 2t
TR ANt 43 5 B AT AdE ), H %% B 7E 500~900 kg/m® 2
S A, REE L BT AR, AT
BREEREEEKS SRS . WIET . WIKICE
FRR 50, BT Ay 25 v A 425-900 kg/m® M,
5 RR T R Y o 5 Ot B AR K [ k9 IR
AL RO RN s BHE 1Y, R T oK,
SR figf R B R AT R ()

PG, AR SCDATR B A 8 3 Ol SRRk, ) S K
gl b R EE ARG T2, s T —FhdEgE
S AA, I & T LAHC, H ST 5 R
HPEfE . 1A RE MO ZE 9 & A T LAHC ) T
TEVERE . TR Ml tepE . AR BE R BOR
SEEL T R SUAORE L 0 R R A B SR DR
REUE Mt — 8 B2 Y IR Im) A, W) s AT A 1
a5, MENSESHEMSE T
SRR, O R Rk A AR BE W &
B 22—, WIS R LA R O R A AR AR
KT AR ) LAHC #18F, MHr—AC R IR % 1+
MR AT R RIS

1 X ERE
1.1 FE##

45 K (Sand, S) R & ARAAAETLI A, K
PRAERIRh ), AEERIEC 2.9, TR TN 1.9%,
HEFLH N 1600 kg/m®, PURIG L K 4F . KR
‘B Bl (Natural coarse aggregate, NCA) 3% H i #R A
Wzl s, YR E 1479kg/m®, 5-16 mm 3% 4%
Pl o KU R LA K IR 75 AT BR ST AT 2 ) A
B & P-O042.5 KJe, RN 335 m*/kg, hek
Ok 3.24%, ¥ BE B A 60 min, 2% #E B R Ch
300min, 3d¥t F i B . LU 0RO 4 G ok
25.0 MPa, 55MPa, 28d#iJE5mE | P& o
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%4 46.0MPa, 7.5MPa. F}#JK (Fly ash, FA) R
FH 5 MR TR SRR = TGO IR, A1 0 52 B K 2
kA, WOk A 5], A0 (45 pm 7 L 0 O
R)H 4.88%, i K &L CH 90%, Lk F AN
637 m*/kg, fik )X (Silica fume, SF) K I i K1id
920 £k K, AMWLE IR A ERCIR B K, Si0, &
w K F 92%, 3£ M AL 23000 m*/kg. Uk K
(Superplasticizer, SP) >k F YL 75 7 14 4F PCA-V R
SRR S TERE UK ), WK 30%. 1 56 Kk SR 5 bk

i858 [ kK . B EEIR & T 3K K 5 ) (Concrete
slurry waste, CSW) R [ & AT b kiR 5 +)
TREE T E R AU ITTE, I8 RS, 43
MBI, FHAEIEVLHERR Z R K5, 88K
T2 20% BT IR EE 1 IR R UE, B AR SO A
FHEY CSW. IS K AT A Ry e S il ik 72 v 9 JRy
PR Mk K HEAT A o B R 28 X B T
(Zetium, Malvern Panalytical) ;i , 4k 2% B 43 40
RI1IPIR,

F1 JkiE. BER (FA). FEK (SF) FLRELER P (CSW) LEH S (wt%)
Table 1 Chemical composition of cement, fly ash (FA), silica fume (SF) and concrete slurry waste (CSW) (wt%)

Material SiO, CaO Al,O4 Fe,03 MgO SO3 TiO, K,0 Na,O LOI

Cement 20.25 62.30 6.04 3.41 2.01 3.65 0.39 0.84 0.17 3.24
FA 76.24 2.84 14.24 2.34 0.81 0.91 0.48 1.72 - 4.76
SF 92.40 0.55 1.32 0.16 0.42 3.09 - 0.90 0.13 0.35
CSwW 32.65 35.27 8.31 6.64 1.39 2.98 0.53 1.72 - 10.35

Note: LOI—Loss on ignition.

1.2 AIBRH&E

K Ve R 45 15 bR AR 5 5 i fb 3G a8 T 20,
7 AA. B CSW B ARl B FE AL (42 1S100)
M 2min, T B EA/NEURL, B S
¥ CSW RS & B A 1B 4% 8 K2 AL (F #L S500) Hr, (R
#H 300mm, HE 100mm, L 35r/min 3
JE 1 4500 £ 3 3 ki 5 min, fE 1K AT 2 min, A
T 385 S 9 K DA 1 B R B, B K R 4R i #E
30% Ze A7, DAGaid i i 2 K SRl RURE 22 ] & A
FERG BUBURLE A, I AR S KRN kA
BERMOR (AN UkL), s m ok e Re , JF BK
SRR 15 R AE 10 min AN, PR AR LA 1,
P EEAINR T Ny TE R 2 R SR (NE RN S LA (1]
T 2ah, LIRS PIIAGR B, SR )G PRk 55 A it
1T RSP L2 S TR B A& T, 40 0 SR
PRUEFEY . R m AL IR P BBk L R i 3 Fh
BN AA FEATHESRAL B, AA B RAR A 1 R .
FRAP IR T A BRI ik

FRUEFRYT: AA 7EZ IR (2045)°C MR R T 5%
r7d, [FIEE AR 45 B RIS K, B O R R
TN 20 AR AW IR 2, DA B Y KA R R

IMEBALTEY . AA LA BN A,
HAHRhE 28 B -50kPa, SRJFTEA4LLN) CO, <Ak,
308 3 57 FH 0 1 Mg(NOs), 75 WK Tk AL B9 25 s 9 A
X BE PR REAE (50£5)%, I FH A4 I8 15 25 K itk
LN 2 5 CO, By AL B #2 il 7€ 2.5 L/min, H JJ#%

il 7E 10kPa, it 3d J5 Mt .

MRS AATE 2L &R IEF 5,
DME TR A5 BB IR, s H 58 2 R AE K
JKE e OK 5389 i ) 910 2 1, DL 0.2 L/min
P AR T B R KT A MR B S 99% 1 Tl 4% CO,
Sk, TR AR AE 15°C T, LA 200 r/min
B T R B FE R K, N CO, MR K H Y I
B, LUET CO, S5/K RN AL M £ 1) COT B 7,
Frg it ()24 10 min™, e AR S 095 B A KT
%= (IRE T=25°C, AHXEE RH=50%) F' X T 24 h,
1.3 BEHERELHE

Z M g E R R B N H AR B ) 0GI/T
12—2019)™, §2-8 KR % + (LAC) M #: R —
DR R 0 O 20, SN TR S B RS Al
BB . REIK . KRR —E 12 0.5 min )5,
PRI, kS FEA 2.5 min Bi 0], nf& 2 fir
TR o ARVT N TV G 45 5% 5 Rk X TR BE + M Be s e
A, AR SCUL iR Le40 Bl BHIREE LA L
Sont, LA S, Bt s, A
ZNGIFRITAN N NN il S AN N CIE = 9 2 € vz <6
BoA L, Nk 2 frs
1.4 REHE

MR Rkl S 7 ko 2 40 R4k
BHR 777 ) (GB/T 17431.2—2010)2 X A T.¥ Kl
SRR BUR L BC . AAHICE BB . 1 h KR
AU ik B e AT [ P AT IR AT B
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V. Carbonation curing
1 NTAH (AA) Hil R
Fig.1 Artificial aggregate (AA) preparation process
| Water, SP |
Prewetting
AA
S, FA, SF
Ready-mixed Secondary mixing Mixture
Mixing for 0.5 min Mixing for 2.5 min
S—Sand; SP—Superplasticizer
B2 kL
Fig.2 Secondary batch mixing method
*2 BELEEEE
Table2 Mix proportion of concrete
No W/C/ Cement/  FA/ SF/ NCA/ AA/ S/ Water/ SP/ Pre-wetting
' (kgm™®) (kgm™®)  (kgm™®) (kgm™®) (kgm”) (kgm™) (kgm?®) (kgm™) (kgm™) time/h

LAC1 0.29 350 100 50 0 828.52 470.25 145 5.75 0
LAC2 0.29 350 100 50 0 828.52 470.25 145 5.75 1
LAC3 0.29 350 100 50 0 828.52 470.25 145 5.75 24
LAC4 0.31 350 100 50 0 828.52 470.25 155 5.75 24
LAC5 0.33 350 100 50 0 828.52 470.25 165 5.75 24
L-NAC 033 350 100 50 569.42  414.26 470.25 165 5.75 24
NAC 0.33 350 100 50 1138.83 0 470.25 165 5.75 24

Notes: LAC—Lightweight aggregate concrete; LAC1, LAC2, LAC3—Lightweight aggregate concrete with pre-wetting time of 0 h, 1 h and
24 h, respectively; LAC3, LAC4 and LAC5—Lightweight aggregate concrete with water-cement ratio of 0.29, 0.31 and 0.33, respectively;
LAC5, L-NAC and NAC—Lightweight aggregate concrete with the replacement ratio of 100%, 50% and 0%, respectively; W/C—Water-
cement ratio; NCA—Natural coarse aggregate.
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0 P T 003 R Y BRI S
MR [21-22] HHR A 5 e A TR BRSO B B Y
o SR Tl R4 (b ) B BRA w4 7
) E45.105 % MTS Exceed E45 i, T J7 g ik 5 HL LI
0.6 mm/min fiY i1 28 2 FE X 2R 080E Rkita i — A~ 77,
ISk P U J7, AR T T A kR U
SREE . TE R UCE R R BCEAA AR 1Y 50
7R CBLAE7E 6~14mm Z 0], FURLIE AR UL T b5
HERDE), WE 3 s,
_28P 1)
h?
K: ok FAEUBORL i W 5 B (MPa); Pk 80k JIF
Z WA T (N); AR N s Z [ A FE 2 (mm).

P P

v l
rF 3 F 3
20 mm

Y h

v

| |
(b) Individual pellet strength

(a) Cylinder compressive strength
P—Peak force on the particle; h—Distance between loading points
PR3 fif i i LU B X s =
Fig.3 Schematic diagram of cylinder compressive strength and

individual pellet strength
Z M R BE LA PPk RE S 7 bR )
(GB/T 50080—2016)> X A T4 Kk &5 4% B kL 1R Bk
TGV AT IR MY RN E, DU E H R

1200 - 22
(a) —a— Loose bulk density
1150 - —=u— Water absorption - 20
721100
= \ 418
%n 1050 - / }
2 1000 } 116
% 950 114
= i
A
z 900 112
£
o 850 | /%
<) % 4 10
S 800 F
750 | 18
700 L L L 6

A-N A-P A-W

Water absorption/%

ik, BUERSH 2 1 mm; R RIS E R AR
s\l G R ML) i 3 1Y YAW-5000F fHLEE il B
WAR R F L, S0 CIRE 9 B 22 v fE
R J7 e An i ) (GB/T 50081—2019)2 ik 17 $it Ji
SR ORE Kbt T AR B E . 4 SR A 100 mmx
100 mmx100 mm 7. 77 /& i {4 A1 100 mmx100 mmx
400 mm BRI SRR EERHA AL SR
77 1) HSP-540 AR B 4 Wi 48 A T A EA T I 4 i 56
Z B TR 1 K 1M BB R i A B X 50 T vk
Fr #E ) (GB/T 50082—2009) {ii FJ 1 43 4 fih v
4 R )8 100 mmx100 mmx515 mm, B P75 5
B IR AE bR E F5 50 0 K 5 7 B EE B 2= 23 (2042)C |
FEXT R BE (6045)% 1Y PR 45 NI 9D I K B, RS
RIS AR AT AL I s AR R (R, H R 1d
3d. 7d. 14d. 28d. 56d. 90d WM HrFE
PR IEAR, B3 WS 45 R W 5 AR - S HAE N
N

2 REERSHH
2.1 AIERMIERNFENRE
MAREE S5 R F, LU CSW R JERE, R K
P ARLE S AR T 2770 AA, BT,
T HE PR BRI AACRLIE 3 A 24 4.75~14 mm
ZIA, BRI KA. K AR T AN TR R g R
HORHNTE E RSB R 7d. R B A
B kAL 3 d ANk il 10 min 3 #2544 T F
Ja M RE (A-N. A-P. A-W)., & 4(a) AT LI
Fh, MXTFRRESRY, el in R am Ak A L ik
A A 3R N TV R 245 25 B %) P B HE AR BE 03 )
2y 8% T 4%, 8] I WK 2255 51 R B 2 23%

22 22

(b) —a— Individual pellet strength 20
20 —n— Cylinder compressive strength | £
§ 18 + 1182
=16 - {\} 1168
S / 3]
st 114 E
s 92 112 =2
3 2
= B i 3]
P 10 /I\I 10 =
s 8r } L 1 18 £
'_g o
:6r 10 5
2 4t 14 E
>
2t 12 ©

0 : ' : 0

A-N A-P A-W

A-N—AA was cured at room temperature (20+5)C under 95% relative humidity for 7 d; A-P—AA was carbonized under a pressure of 10 kPa in a sealed
chamber with (50+5)% relative humidity for 3 d; A-W—AA carbonized by wet carbonization for 10 min

K4 AFEGFRPITRIA TR RS R BRI TERE

Fig.4 Properties of artificial aggregates with different curing methods
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14%. TEARFZAF TIPS 80 N TR R4 5 a
A B FR %% BE 7E 950~1 100 kg/m® Z 6], LT
1200kg/m’, 1 hiW /K AR {63 Fl ol 9.96%~12.89%

& 4(b) FTLAE H, REIFEP ST AT AR
45 % kY FRUBUURE 98 B Ol 13.68~15.64 MPa,  fi
JEBRJE K 8.18~9.17 MPa, #IWIERETR W& (F24E
R IGRI rk 5 1 #r: BEERL) (GB/T17431.1—
2010)% FRAEF SR . CO, INERRAL T T A T4 Kl &%
B UL S T SR I A R AR T
I3 B R 2 14% Fl 12%., XS H ol CSW A 5K
Ve KA A AKALD), #E CO, IERAL ST,
A PR 4t B CaCO, ULHE , XA FHA T AR,
S s R E N BCE AL, B LU R AR N, W)
KR R, SR B A BT R TP, Rk LT T A
VA R 4 R ek B R B R R 5 B AT R
FERER TR, 40 2 9% FI 8%, iRk Ak A SR
PG CO, W AE K, l K5 CO, Bl &
R PR R DR RN A B 1Y CaCO L TE L FE AL
B, FRARIK S, 4 kb e,

Xof b in e Ak AR I i AL Tl AR B . (1) InJE
e Al X T N T8 R 45 A R R K 23R 1 R AT R iR
MR THE TR AL, ORI B (2) B ikk
TR I e AR, BT s I () 4, R e 2 I )
WP B L, R THEORMERE s (3) MRk Ak T Y

WD Eno l—i 10 pm .

(a) Standard curing

(b) Pressurized carbonation curing

CO, HE [ 2 7K 1Y L 2 HK 38 BB I ER LB, Rt
JE L CaCO; TLIE 43 35355 o
2.2 AIERMREN

P 5(a) H W SR B K 2 21 4R OK AL REBR 45 (C-S-
H) FERRES LA (Aft) 55 ALK AL ™= 4, CSw L
T R E AR KR IORL, oK At B 7 A
THZRKAL Y, EDS 45 5 0] DLW 3 &5 5 i
SilgfE . 1€ 5(b) A1 5(c) xR & B KL=
fE CO, 23 F AL A UUE, JfiEid EDS % &
WA R, O A SR HE RO E BRI
BORARM, XRS5 IEW RPN,
B Ak 55 47 0 R K SR B A D AL, s sk 1k 7
A DUA RO N TV R 45 5 B RO S5 # . A
PR AL 77 T LR E IR AR AL =3 i T O
45 ¥ O O SN N 8 A AR AL A L, AR
WORLE KR Z W 7 fit AR e Rk, R AR
SMYETERE, By EA FEE P AEE R R,
BB kR (AP Z , FHEY CO, B &, i
PR 8 e A R 2 R R Y I I e A A
J7 il A ORL R /]S, SRR AE — S TP WA B0 1) T4
¥, JF H R 1 S e fb %, {10 min HE ]
PLIR B — 7 i fb iR, Bam TR R B fE
JE K — 7 sk fk B[R] T LAAS: 380 B4 S i e AR AR
EFR DA FEATS 2 30 TF- 3 B[] B 3k SR B 4t

(c) Wet carbonation curing

K5 ARSI AT AR SEM-EDS
Fig.5 SEM-EDS of artificial aggregate with different curing methods

2.3 AIEREE T TIEM4RE
K6 N5 kR E L+ &Y ah il 5%,
F 7R T N T aRHEER LAY RYHERE . ¥

JERE Je KAE (Wi BE R B L (). an 1Al 7(a)
frs, BEE AA TGS E] A9 30, e R Bk
BV I LR BE B R O o 2 R T



FORACHR, A5 N TV Rl 9 B el i SR 5 o) M

- 1011 -

6] & 24 h B, B9 BE AT R B2 43 51 4 226 mm Fil
514mm, AT I T 11% 1 24%, {H{YL
FE TS 1 h BURERE I T 2.3% Al 4.9%., ] LA
W 24 h FE A W R 0O U S M R Ay, AT
1 h PG WRE 0 sl [R)RE 1T D3k B4 1 7K
V-, AA1h WK R Al ik %] 24 h WK 1 80% LU L,
AA T 1 h B4 0 2 A B () A L3 #h & 7(b)
ATLAE W, FRETE 24 h (9B, KK HE 3
R IR A7 ke I B R R BE 3 . B 7(c) WoR
KR E RHREE + P& MY - B 43 51k 233 mm
M 541 mm, FIFERE LT, 50% B AA UG E W
FE & 2 %) 4 246 mm Al 570 mm; LACS5 %% BHE
e PHE AP R B 4> 50 O 251 mm Fil 595 mm,
AA TSR B R &, TREE L IHE Y R
FEMHBR R, BAR RN B RIOK R S AA, B2
RAR B BUE R A BLNAG B b ff, 32100 5 R
HRHE Z M E K, AR mBRCR, Xa
FEARIRBE L B sh ik, MiERIE AA TR BRI, 3£
WG, AR TRE LRENEE, HikAA
B TN st ] 45 2 X VR e+ T AEPERE = AR 5
W, BF IR, N TR RHREE A PR K 2
55 F KRB RHRBE 1,

(a) Slump test (b) Extensibility test
6 JREETHAY TGRS

Fig. 6 Workability test for concrete mixture
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Fig. 7 Workability of concrete mixture
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Fig.9 Flexural strength and bend-press ratio of concrete
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Fig. 10 Drying shrinkage of concrete
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