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Tab.1 Optimal Si/Al ratios of different systems

(IEISZS T & TP AAt Fef Si/AL L P HEH EE/MPa e
T+ NaOH .Na,SiO, FrifEFRgr 225 1.5~31.0 SCRR[11]
P e 16 - NaOH Na,SiO, 65 *Ciriili I3 1.69 8~49 SCHR[12]
EAT Y NaOH \Na,SiO, FrRUESEY 2.1 10~13 CHR[13]
IR NaOH \Na,SiO, 20 °C, HIXHRJE 60% 22 22~34 SCHR[14]
TR e NaOH \Na,SiO, FRUEFRAF 25 7~13 SCHR[15]
WK R NaOH ,Na,SiO, 20 °C, HHXFRE 50% 2 6.1~13.5 SCHR[16]
FATEIR wis £ NaOH \Na,SiO, bRIEFR 2 56~79 SCHR[17]
BRI 0 i NaOH ,Na,SiO, FrifEFRI 1.69 14~37 CHR[18]
TR 1 KOH Na,SiO, 60 °CRi g3 d 1.58 15~79 SCHR[19]
W R MR NaOH .Na,SiO, 60 °Crilh e 1 d 1.89 2~20 Hk[20]
(T it NaOH \Na,SiO, 60 °Crillt g1 d 2 10.6~13.4 SCHR21]
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LTy NaOH .Na,Si0, .NaAlO, 70 °CraiFE4r 1 d 3.5 10~42 SCHR[25]
R SR B i NaOH .Na,SiO, 20 °C XL 65% 3.5 10~85 SCik[26]
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Fig. 1 Microstructure of ITZ between ordinary recycled concrete and geopolymer recycled concrete
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Fig. 2 Mechanisms of three types of interfacial reinforcement
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Tab.2 Reinforcement methods for interface of recycled aggregate concrete
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Fig.3 Principle and effects of fiber-reinforced geopolymer recycled aggregate concrete

WA R LB IRk A B ALIE

SE: 95
H— LR Y A R Y A TR B R R R0 B
EN 7 Z ST, Hbh sk R o i A
g2 SN TR e D O & | TECE2 e P e -
B PR A5 R S B, AT 4 T+ GRAC 1 $9) 4 1 3% 4% i
JE LR 4 (SF) & i R W AR TR+ P i e i 2 10
B2 Zhu WIS T SFAR TR TS A R Y
WOk BE RGOS A BIL R Hh AV T, 22 B0 SF (R 8 it
TR A B EIE R, HoA BT e e
U A (3 SRR A5 SEINA &) FEC o RIS, SF 2 1m]
R E R K AR Y2, B GE T SRR
FREEE A T T A R SR T R AR R R
JIRIGEVE . Zhao 255 % B A 100% FEA= BRI 1.5%
LT 411 GRAC Eb KRB R 85 38 /K e TR E + i bt
JE 58 B 15 38%, B 58 B 15 83%, PS5 R 41%, 1M
JE46 IS B G A 43 58 & T 160% LA AT 170%
DI F L IF4 T SF-GRAC 72758 B i 20 1 /A 2 Li
SEPURESE T AN [A) SF FIF-A R & 6 GRAC 4 12
PEREFN AT FRLVERZ I, 255 2% S8 1240 B W HETBOR

1.3.1

BN AR5 R IR RS FUR /N 50%, SF 4 H
INTF 0.5% . Li 52— BE S BT 46 T Ca/Si H R
AR B R AR TR B L FLBR S | s
FTF UG TN B I0 , S BN 2T 4 14 5 1t SR ) P A
TREE L R W RR T, 3 AR IR S 28 dSR
9 61%~84% , H.& Ca/Si Lt i 38 5% 5% & H 2> [ AIG 4E
P, T 21 2 B AEAE NI BF R kb 1 33— BRI  Jiang 265178
Gao ZEPV LAty E ST T A Bt 1 24 Y SFGRC 1Y
PR R 45 1 T3 -RE AR T R AT T AT A G 2
L7 R TR B0 P A B R AR X TR - R R 1 52
Wi, % B SF (8 AR 52 m Tl ki IR =, Ha
BEMF RN T BUEYEREIR , JF FLE SF AR/ 0 3
i, Z4EE 5 dh 2 R i e f 3 Ok R B T
S B IBEAS TR AE AN 5 ARG RERE /) . Jiang 25048
ST AN TR AR R R 22 R v A AR T2 -
SFRGRAC W HHRART TR, M8 T H P A i R R 1)
IRPEREIR G S8 R 22 (0 ) RS ZE R AL RO T B0, R 4
(B AR BE SRR LA M D R T i i
BRANETF 441 , Rezzoug 200 RGE 4545 T TR AN K A4S
(CNTs) \ Z #A 27 4 (BF ) Fl 28 2o Ak R 5 4 3L 1) P-4



555 4]

ATV IE, A5 < [ I DI R] 5 R R < b SR P AR TRBE LIS S e B 235

BRI Rl e 1 RE T 4k 3 5i i SR W A TR e 1,
BF ] i— 24 e U 0 B 045 RE T IR EEHIRHT
A, T 83 7 Sk T 5 PR 2 - Guo 2076
GRAC & AR L H (PE) £F 45 19 TAEYE 124 PRI
IS HEVEREDFSY , K BLUS AN PE 21 4E 2Bk GRAC 1947t
s 56 JBE R A, L 5 i vy 1 A o ) i SRR
TELTHE 55 i 1.5% LSS B URE IR A8 Jie P, L TCET
HEHE R 471 o

VAT, X SRR BE AR R AV 2T 4EB ADFAY
TESG SR AL R b A7 AE A - 38 A A7 4 SR SO A3 2T A

RS G, P T 2R BRI ; [, 2T 4E8 it
VERERA B IR AP E AR B RO,
T4 T RE T BT AR T el L s ™ =00 R
[F] 2T 24 3% 5 3t 3R Wy B TRk L R AR 2T HE B B DL DL
F 3 MR P AR IR BE L, 2 R B AR A
RERICE FH-A FRh B b R W S AT R B 1 22 s,
FHE BB BAR A IS 5 A K PR E RS2 AN IR
J5 e RENE2E AR RS M SR ) SR SE 1 22 SR
TFE IS ME IR S A7 R T SR W AR TRBE 1 i 25

49,51,53,55
ArERES L

*®3 AEAFLEEEMRYIECR BT KT EL BT

Tab.3 Optimal fiber contents of concrete based on different fiber-reinforced geopolymers

e LY/LE N LY AR S
FNET 4 (SF) 1.0%~1.5% SCHR[49-53,55]
R ) (PE) T4k 1.5% SCHR[57]
MO B A O HIVHAARBD JIRBONDIES g os0q it o740 30 AV SCHRTS6]
YK SiO, AR YE (B iR K ) 1.5% 44K Si0, . 1.5% H£T 4 SCHR[60]
LT R IIRETHE(PF) (B - ) 0.15%PF .0.5% 4N 2T 4 SCHR[61]
LA LYE(BF) (B EA B R 0.25%~0.50% SCHk[62]
BRAIKRAE - 20 (PVA) S5 214 0.1% BRAIKRAE 2% B L IeT 4 SCHR[63]
TR R TR+ LRI (BF ) -4k GRS 2% LI LU 2% DOKBRIRES (Rt iT) SCHR[64]
-SRI  (pp ) S B 27 4 1% 5NEFYE  1.5% BINKLF4E SCHR[65]
R & (PVA) - -4 K i B 5 2% T LATETYE 2% DK B BRES SCHiR[66]
FAREET 4t 2% SCHR[67]
I8 — e R IR R FHPIRARERES (SCC)-PVA TR 41K & 2%(PVA £ 45 SCC L] 8:2) SCHR[S8]
-PVA IR G &1 4 1.5% 4N ET4E . 0.6%PVA £ 4 SCHR[59]
BYRPCTHOB RN e i pva) s GE A 274 SFEK I 0 mm B HE0.3% Sihi68]
i 5 06— i S SRR L AL YE(BF) 1% iHR169]
*ﬁ?%‘%ﬁ—ﬁizﬁ“?&‘igﬂﬁé% LT (SF) 20 SCHRET0]
RHET
e BT (G A 2P 4 296 CHIET - B FRET A 1 8:2) 71
B LT 1% SCHR[72]
YRR~ 04 1+ — T R A R
RERAT--Z R ARG LT 4 5% IEIRATETAE 1% T4t 1% R a 2T 4E SCHR[73]
NSRS IR L7/ Mt TRANKAE -5 L5 (PVA) S 5 27 4 0. 1% BRAIKAE | 1.0%~1.5% R LI SCiHk[74]
132 WEDBARBELALFLKAYHKES % Zhang 2P WESE LR BRR S (SCC)—-PVA TR 2= 14
ATH Z, PVA ZFYESL AL 0T i W FE M 2, SCC 2T 4 2

TRIRET AR RN T B — P YRR R LS TE T
AT DL A AN [ €1 2 14 P ) 410 P 8 3 4 o 3t SR Ay TR
b BT APERE S MBS 1A R RE AN R TR A
GERT LR B B AN TR A A0 , L DB RIS AT L g e
ALK JE R BEAIRUR ) 25 Rk BT K o

TEH R YIR R h, S5 R 4 i D[R] AE F 2 6

B 70 RS A A R U S A KAk
S 38 5 GO SE A A FL A5 4 45 T HR e 4 %% . Li 2
PR P LT 4E (GF)-PVA £H4E Y 5 SR 2, R B 3
YRR IERE M, RIPE R IR AR PR T BB YRR A A 24
LU, SR PVA LR 47 il T PERE 2 2R 4 L As
LB A IR R E T H -SSR 28 F K



236 TRER2ESH AR

%58 %

W B8 o T AE = I AR R AT (40 SHPB 8l 245 43 24
55 IR ARET YR R RIS W 2 1) ShAS I SR A0, B 5
T, B X H L U ET 2 I, bR 20 A 4
R, 2R YR, sE R WIRE ) B T B
FUGAHSE (DIC) E ARG~ FEh AT 2 T, 24808 Se
P2 i DX S5l 7 A VR I8y T ARG T S AT
LA O FRY R R AT i 1 2 R R AR
FA 5 0 T P el vk RE AN R A AL T AR Y-
SR A ST A 5 A8 R 4 RE R RERIOHL AR e A, 1
WA HT B, TR 22T AR R R RS L AL FLBR 4544 (B AIK
AL B A8 I 1 i B 1% S oF — 2P SR ) M RN
ﬁ\‘l.i[49,58] N

XF LU HER W AR TRE AR R | Gl i 52 £ 4T
FERA L IZE [, AU Ma R R ALE 4E (SF) B 1A
TS BRI AR 5 B P 2 4k (PE )RR 2055, LA
A E R AT GRAC 2R, 25 5 i |, SF AL PF it
GRAC HLA M RE FAT B & i P [R50 , SR 1T, SF 1 2%
K5 PF Mg K AR , 155 T 2 4L 0k BLim it 25
B XA — R E AL TR EE - LA RE , 150
FEST A T 35 1 R W) AR TR R R R T
JE LT 4 22 (A MY S T Sun 26 T 4K sio,
M LS ZGIR R, T A BRI E G 4B at
X GRAC g2 BE A 1] F 47 13 ) -y A8 e 1) s i
HEFAEB N 1.5%S10, . 1.5%SF, HoAl [m] g s 5
P A 5 BE RN P o AR BT X AL A AR T
31.5%.80.49% 1 51.84% ; TE WO 2 17, 44K SiO, i ik
H LB FIOL E C—S—H BERE 1T R A A FLZ5 ) | 1
B 2T 248 DU 3 2o LA S ZE A0 40 ) R B R o Rezzoug
PO R T 2 A £ 4k (BF )RR (CNT) E 4
TR FOR LT b 3R Wy P A YR T A R e
GRAC 1, BF 5 44 K A8 P [R)4 1T, ey K48 TR
FEFLBRZE Y 15 S 1w 2% S0, BF WM #2260 N4, [R)
I 03 T 7 90 R G P £ P B, 41 v P BB P A 25
SR

A KF M T GPC, IR 4 4 44k & %t T
GRAC [ #IiR BE Sk S AT P AR B R R SR ) 25 40 1
HI GGG A FVE I REAEROR ERph A=
HoRH A B RE RO AE BB SRS S B , DAk FLBR
S5, RIS TE 220 1 M e 285 | AL SR 44 8 kil +
45, 3T RE R S OO0 R Sy A TR 1
PETF A 2R A )y 2. B, TR A LT
Y 1o b SR W AR B RMA RIE TR B S M IR R R
WS INES , 6 = il A8 Bl Ty 5 K i A PR B
B TR R IR 47 4y %, s B A
TRBE 1 712 M RE AN A M RE A3 T, i 22— 25

GER IRV S 4 £F 4 15 P PR OB 205 X GRAC HEfg
(R R B

2 {RERSTHARIE GRAC FHIR A

2.1 CO,F EAR SR IEIEERES
2.1.1 ¥R ARG B AAT A

Hh 2R Py 1k 3 v = K Ca(OH),, IRt LAk
Al B F2 B I R 1 T RE B P I S R
B A RT3 o R RR A A il s fLgs
P 55 8T 1A iR s b — A S R ) 2 RR K
i APETT . Bernal S5V RBIESEHE H, TSR BRI
Tirf M v P AR L M 25 W B 1 S AL B AL SRR A
[H] AN BE ) B8 ] OPC 4 & 11 B 1k LA . B0 A
TR, R [t SR AR 22 22 18] (R AL 7 o A A
B3 2E 5 AR P 7E TR AR AR A I Ca & AN
JIT T ISP B5E e 25 A A 2 S5 o V05 R v 85 b SR P i
FS AN E 4 R

A 93 IR i v 0 - K M R AR &R R AR
N-A-S-H i, CO, i AFLIRE F 2S5
Na' K" &0 Pk 2 F B0, I 4 i Na,COy 25 5k 1k 7=
U7 AR A 2R M SR A R A 3o R v B AR
AIBRAL IR, F 2 SR R v Ca & BEEIG (BUfil 5 AN 2
A % Luan 2550 BE— 2 0F 58 2 B, BT R K 2 3
RYNREE T 28 dBRAL TR B L 25 mm, 178 K PR TR
HE AN 11 mm, 175 B AbH 2 2 R IS 25 1 2.2 5% AR
FHINK Z G T 5 R YR R el i Co,
AR 4 B 5 /A G, A B pHAEAN 24 10.9,, W] A1
TE-E K JeAR R 12.5,

IR, % FARAS R 2 o N-A—S—H B e fR k1
it v R T F AT 7 — 5 41 o Bernal 2507 14
XRD FI FTIR 43 #7 & B, 145 1t 5 W i fb i B AR L
BRI WA S B, {0 N—A—S—H BEIE T 289 K & 4k
BB AR, R IAh CO, B AEFL B P (B 5,
17T AV T B I 58 I 45 4 o A2, Puertas 25U I 0 8¢ 3]
KA Ab J5 7R 2 Na RELE %, FR PRl FLAR 3 K I
BEIC AR TR SF I, D i ik PT e 3 BORE e fe e P
T o Luan 2 5E— 258 45 i 3R B Ak 200 399
F Na,CO, B 7 FLER 25 H B0 I B0 1k, (8 )5 W bt %5
Na,CO, & T , LS T HTHLIL , MR AR
B o IR It N—A—S—H #E I 7E 1 W1 fb R 5% 9 EL S0 A8
FEPEAT T HE— 2R .

MILZ T, S B IR R TSR
2 C—(A)-S-H #E e , Fotefb i A5 2 B2 3 A 45 )2
I3 . CO, HEAMR R G 2R C—(A)-S-H B H 1 Ca®*
Btk L I3 — 25 T8 i CaCO, TR IR I, 5 46 1k



555 AL, A B R PR SRR PR R R AR TR R S R 237
¥ rH
{IRES R 2 TR
(N-A-S-H ) T
¢~ gk
TP
S
W Y
. e W\
— \ _
y’ ] 2 |
A R {4\%&# 2 ctk > . " TR L
D ) T
(C-(A)-S-H)| |2 \_/\H/}/‘ | 4 S l.l ; "Lvynéf = (@ } o
b 4 o Q of J
LA \V?}p. y S50 e J\}’ N | e
— BETE ) 4 o L e &F sy
Befleri Weferm JEm——
~ N-A-S-HEEE ~~o C-(A)-S-HEHKE O fLIR @ Na Ca  ANaCO, [lCaCO, @WCO,

El4 (REESSEHRIRLR N SHEDRUINEREE
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e Al i i P 7 BRI I 4 S B 4 4 Ak
5 “CaCO, 4 75 FL B 5 B =) 3B B0 AL Wi Rl 32 4 HL
LIS g B S R T Ca B R,
TEBR AL 7T BE Pl CaCO, SELFLAE T T 30 58 i 4 %5
P T, 0 B 25 085 R 2 AT, JE WA 2 s B0 B
o

Ik JEE 2 F A, LR 20 A 3 At 2 ke R Hb SR
BRARAT o i T K 25 Li U8 Y 2291, O, 78 M 3R
Wy ORE 1 S FLBR R FLAR 3 A B FL i
PR 5 , 48 85 114 126 5 AL LG A1) 2 i O, 1] A B4
Huang 25" ik — 2545 ), B AL 0 AR v BRI S5 4 8 Ak 22
3 7530 43 ik FL ) v e FLE 1k, AT 5 5 CO, Bk

PEAER , 6 T FRAE BRI s SR R BRAb 47 3%
M F R 52 35 Wi 22 . Xiao 25 BF 58 & B, 535 3 #h 3%
YR T AR H M SR A R TR R - DR A R R
TAIFRE A THADIR , N Rt e A 2R84 S LB, FE CO,
L B AR TN A B A ORI 5 LA S 4R i R A 1
FUBE 3 A0 L1 3 9 X BB /KO, AT I3 CO, i
A TMBRALTRE

LA, g4 o SR R R A BURR AL PR RE | ST 4F ok
BFFE 24 T T4 K SI0, 5 DR IR R 2T e o
SEpletk Iy 1  Huang 288 9 355 | A i 1 K
BEMS IR R IR R Ca o i, TSR XS CO, Y ZE e 19T

R AL TR | T $2 i s SR WA R AR AL P RE o Li
2SR W, 2F 4 5 BE 0% 10 1 1R L 4 b T i
/1> CO, 154 8 . Yang 2545 i, 40K Si0, BEAS i
ERERRBEIE R A H FEAR AL EL ], AT AL AL S5 #
P 1 b SR A TR BT Ak R R

25 LR i SRR R AT R IR G —
2z 3 2 N R i LRl R 0L, 785 B Hh 2R )
ARMBRALAT ], 1 45 A H AR Z2 RRAE UEA T X 1
WHoE.
2,12 FAFA ik ALK 32

PEAEk , CO, MR A B AR B A A 2 48 T P A=
BEHRCA) T RE I 92 B 347 1A R0 1%, HoAS JTi 78
Tl AR TSI S5, (e dF B R LB 25
o AL SO R AL o P AR TR B R R T R
H B A ML () S - = A R VAR R, CO, i R
Hr SRS KB4 C—S—H BEIE S % AR ) CaCO;, M
75 BOAL B3R 50 Je S5 M BOB AL, I Bl — 2 R B 1Y
C—S—H MBS A FH ™ 2 fal L2385 4y 38 A 1o 2 i AN g
S W K SRR LA B T 3 O DX R R T A
(ST2551 ol WL 4 g 140 000 A e 2 36 B A 2 WL R ) i
2 Al AL B P A E ORI K 3 2 BRI, UL
P FERRFRFRIBIN R R Ak P26 B R 45 1 2R
TR 5% 3 5 2 UL M o R AT R A B A T A
RET0 PRIt B A i B SR AR LR AR R B SR T



238

TR

EFN 55 58 4

CaCO, JLFRE R 1 FL B S TR0, A TR B0 AL R,
e s pis .

T ESH07 R FHBEE (CO, MR IR KAk ik
I TR0 3 DA Ay S B M P A VR - i R bR Ak R A
REFRTHIOCHER 2, 6 4 45 TR T 23805 RCA Bk
PR S o F b X A R s il e fb S
AL BHZ — AL ILEARSTE L 50%~70%
V1A 3 RS0 T AT O R e A 3R LA ) 2 P
B AR T X — G BT p AR A T LBR R T
TR K B RE AL E CO, AN Ca™ 1A%, NAS
EBHAT CO, LEALBR P 1 5 24 5 /K i e i, FL B
IKIEFE AN COL P B, WA 433k DBt B A 2 1o F
SERE 1278 55 MM AR AL R0 o 72 CO, MR Tl L 3
M = CO, YR T AT UMb AL 2] 8 1 2 541 2
CaCO;2E B, 20%~50% I CO, e 338 5 I SE3AL = 1Y)

T A% (R =5 11 CO, V3 1 B -8 CaCOL FEH LR
TR, TR IR0 2 , I TTBERS CO, il s 1",
I, FEARUERRAL RS T R A &k CO, B
A R TR AT AT o AR Ty T, L R
i) J52 7 811 11 2% Je CO, FEAK HR S A T R kb e Al ad
A= AR R Ak S 174 3 BT I B 3 6 T 20~30 °C
SR T 7R 3% X 6] P RS FRIIT CO, 4 B 407 LA B R
IR DT ARAHE I ARl A AR S FE A B ] 7 T, ke
IS 07 38 s 2 BSR4 B AREAE - Gao 25 R, 762K
TRIRRAL 2 F T, 30 min PN RI A SEERZ) 10.6% AORRILFE
J¥ 5 11 Kaddah 25748 | Ak 400 30 L) S 80004 S R
F S AR KA BRSO RR AL, TR BlFL PR 4S
FA AR J PT RE PR E0™ A o EAT , SER AR AL ] B A
B T2 m AL R B (R HIG R O S B SO 3204 732
ST

A AR (AbBHAT)

IHEbI

pess

CO, TR A LA

FAERR (MRS )

e R I I e

+O-@+@
AUBRAWEN
W*%%ﬁ
- = A WAL CaCO, Ui Y
CO, 7l 59t kRCaCO,  ABMUEGEEL L e
SR
{ eco, Qc  Qaon, @cs-u  @im  @cco, OHO |
. © s0,H,0 @ KRR O Habs sk ,
E5 BEFRCOMERLALEMNERNERER

Fig. 5 Schematic illustration of the mechanism of CO,-accelerated carbonation treatment for recycled aggregates
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Fig. 6 System boundary of life cycle assessment (LCA) for geopolymer and recycled aggregate concrete systems
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Solid Waste Synergistic and Low-carbon Recycling: Research Progress and Outlook of
Geopolymer Recycled Aggregate Concrete
SHI Xiaoshuang, WANG Qingyuan*

(Failure Mechanics and Engineering Disaster Prevention and Mitigation Key Laboratory of Sichuan Province (Sichuan University), Chengdu 610065, China)
Abstract:

Objective The rapid urbanization of China generates more than 3.5 billion tons of construction waste annually, along with enormous quantities of
industrial solid waste, including fly ash, slag, and red mud, with cumulative stockpiles exceeding 20 billion tons, severely constraining green de-
velopment. Simultaneously, the cement industry contributes approximately 8% of global anthropogenic CO, emissions. Geopolymer recycled ag-
gregate concrete (GRAC), which replaces ordinary Portland cement (OPC) with alkali-activated solid-waste precursors and natural aggregates
with recycled concrete aggregates (RCA), provides a threefold solution involving waste disposal, low-carbon building material production, and
CO, mitigation. This review systematically synthesizes recent advances in GRAC, focusing on three interconnected themes: cementitious chemis-

try and interfacial science, performance optimization, and low-carbon technologies, to identify scientific bottlenecks and guide future engineering
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implementation.

Progress 1) Si/Al regulation and gel chemistry. The Si/Al molar ratio was established as the most critical parameter governing geopolymerization
kinetics, gel nanostructure, and mechanical strength. Optimal Si/Al ratios generally ranged from 1.5 to 2.5, although the exact value varied with
precursor reactivity, activator type, and admixtures. Low-calcium systems produced N—A—S—H gels, whereas high-calcium slag-based systems
formed C—(A)—S—H gels. The interactions among the Si/Al ratio, Ca content, and precursor activity determined the dominant gel type and final
performance.

2) Triple interfacial transition zones (ITZs). GRAC exhibited a unique three-phase ITZ structure (old aggregate—old mortar, old aggregate—
new geopolymer mortar, old mortar—new geopolymer mortar), which was more complex than the single ITZ in conventional RCA concrete. Un-
like OPC systems with wide, porous ITZs, the geopolymer binder provided pronounced pore filling and densification at the interfaces because of
alkaline pore-solution migration into the porous old mortar and in-situ formation of supplementary gels. Advanced characterization techniques
(BSE-EDS, CLAHE-based segmentation, X-ray CT, SEM-DIC) enabled quantitative identification of ITZs. Among the strengthening strategies,
surface coating with slag or silica fume combined with alkali activation improved compressive strength by more than 60%, whereas carbonation
pretreatment of RCA, which was effective for conventional RAC, showed limited or negative effects on GRAC because carbonate ions induced
efflorescence and disrupted the aluminosilicate network.

3) Fiber reinforcement. Single fibers, particularly steel fibers (SF) at 1.0%—1.5% (volume fraction), significantly enhanced toughness, ductil-
ity, crack resistance, and post-peak residual strength, compensating for RCA defects, including high porosity, microcracks, and weak bonding.
Other fibers (basalt, PVA, PE, and carbon nanotubes) provided specific benefits, such as thermal stability or sulfate resistance. Hybrid fiber sys-
tems (steel-PVA, basalt-CNT) produced synergistic multiscale bridging and outperformed single-fiber systems in terms of energy absorption and
durability, although compatibility between hydrophobic and hydrophilic fibers required careful control.

4) Machine learning (ML) for mix design. Ensemble boosting algorithms, particularly XGBoost, consistently outperformed other models
(BPNN, SVR, random forest) in compressive strength prediction because of their robustness in handling high-dimensional nonlinear interactions.
SHAP (SHapley Additive exPlanations) analysis revealed that, unlike conventional geopolymer concrete, in which curing temperature dominated,
the most influential features for GRAC were testing age, natural fine aggregate content, RCA replacement ratio, and slag content, which high-
lighted the distinctive role of RCA. However, ML studies were constrained by small, heterogencous databases; CTGAN (Conditional Tabular
Generative Adversarial Networks) was explored as a data-augmentation approach. An open, standardized, multiscale GRAC database was ur-
gently needed to facilitate the transition from strength prediction to performance-directed design.

5) Carbonation behavior and CO, mineralization. The carbonation response of GRAC differed fundamentally from that of OPC. In
low-calcium systems, carbonation consumed alkaline cations (Na', K") to form soluble carbonates (Na,COs;), while the N-~A—S—H skeleton re-
mained relatively stable, although Na* leaching eventually caused pore coarsening and strength loss. In high-calcium slag systems, carbonation in-
duced the decalcification of C—(A)—S—H with simultaneous CaCO, precipitation, which produced short-term pore refinement and temporary
strength gain, followed by long-term degradation. The presence of RCA, with its attached old mortar, pre-existing cracks, and higher porosity, ac-
celerated CO, diffusion and resulted in carbonation depths approximately 2.2 times those of OPC concrete of a comparable grade. Accelerated
carbonation of RCA effectively densified the pore structure, reduced water absorption, and improved crushing resistance through CaCO, deposi-
tion but required strict control of humidity (50%-70%), CO, concentration (20%-50%), temperature (20-30 °C), and duration to prevent efflores-
cence. Various carbonation routes (high-purity CO,, flue gas, gas-solid, wet, semi-wet, pressurized) exhibited distinct trade-offs among reaction
rate, carbonation degree, and engineering feasibility.

6) Life cycle assessment (LCA). GRAC reduced global warming potential (GWP) by 50%—63% compared to OPC, primarily because of
avoided clinker calcination and reduced virgin aggregate extraction. However, the production of alkaline activators (NaOH, Na,SiO;) introduced
higher burdens in marine ecotoxicity, human toxicity, and freshwater ecotoxicity, which represented a “carbon-toxicity” trade-off that required ac-
tivator reduction or the development of lower-impact alternatives. Transport distance, regional energy mixes, and allocation methods (cut-off, eco-
nomic, mass) substantially influenced LCA outcomes, which emphasized the need for standardized methodological frameworks. Multi-criteria
decision-making (MCDM) approaches that integrated strength, durability, and environmental metrics emerged as promising tools for holistic
GRAC optimization.

Conclusions and Prospects This review confirmed that GRAC possesses superior interfacial density and a significantly lower GWP than conven-
tional RAC; however, several bottlenecks hinder its large-scale application: 1) multi-solid-waste interaction requires precise regulation and stan-
dardization through rapid characterization—reactivity prediction—mix adjustment closed-loop systems; 2) long-term durability prediction under

coupled environmental actions (freeze—thaw, wet—dry, chloride, and carbonation) requires in-situ X-CT and nanoindentation to model ITZ evolu-
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tion; 3) the integration of ML with materials genomics requires open, multiscale, standardized databases that bridge macrostructural and micro-
structural features; 4) hybrid fiber systems beyond binary blends, including natural plant fibers (jute and sisal) and basalt fibers, warrant system-
atic investigation of interfacial compatibility and long-term performance; 5) accelerated carbonation technology requires industrial-scale develop-
ment to address batch uniformity and flue gas adaptability, along with unified carbon accounting for carbon trading; and 6) structural-component-level
studies (beams, columns, slabs, and joints) are essential for establishing design codes and standards. GRAC represents a paradigm-shifting mate-
rial that integrates waste recycling, low-carbon manufacturing, and intelligent design, providing a viable pathway toward sustainable infrastruc-
ture. This review provides a critical and forward-looking synthesis that can facilitate fundamental research and engineering adoption in the global
pursuit of carbon neutrality.

Key words: geopolymer recycled aggregate concrete; interface transition zone; alkali activation; fiber reinforcement; machine learning; life cycle
assessment; CO, mineralization
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