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Figure 1 Development of concrete materials and structural design methods (Data source of papers: Web of Science; retrieval date: December 31,

2021)
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Figure 2 (Color online) Bidirectional dynamic coupling effects of structure-environment symbiosis

TR GEIRBE L AT AR AR AR g A S5 44
NRAE AL B, KR H ARSI A R00R s, (62 mr
1A A S IR Bl T A5 R - SRR R
MIEE RPEERR. PRI, A APk AR i e TR EE + 254
B T, ATARFE 1 5 UG X P I XS
AR AR M TF TR 33 I SR WS B4 R A v
TEMSAEAEAE N, kG S5 R I A XSS, PR IR T
AERR NI RERT SR B A s DG RIGAR Sl o TR 5E 145
P A= i R RRHE S 0 A7 S5 BAIG, DRI il SR Ak, 38
TV PRI T, I XU R R (512).

p R 8 Ay AT (183 p L

TREE T 25t A TRt T — KRR SGE AR
TR T SR, SRR %R
T2 R SRS NS BRI Al s i S s
SKIBETT, VERARRR IR O JE M. PIRREL i L i
FF17134F H Carlowitz1E AR M B AR o 55 o i
PO 198 7AEE A Bl Our Common FuturedR 5 WAHG T 7]
o R R E LS BFRY, M19924F (HAEFH) %
[E| IR 45 B ST B IE LRt . [ 1992442 H A DU
S S B T T [ TR S, IR T
HERFFE, TSR R R SR L, 5IAT
X AR ARG Y S AR RN &, (B A AL

3428

5 A SAAHE RN 734

UTAEAE, S REXT IR TRAL S, TrBE L2450
B SE THERTAT R S5 S B & P21z
TFRE, TR T 25 AT R AR BE T 25 R AT R PR
S, FRBA A A O B R A TR BE - 25
AIHFLEPEBETE,  RIDAET Xoh 20 56 P Dtk SR Mt 114 P g 1
B, kI 2 AR A H B B 45 A8 T REE S Bk
PR, BRSO RS BT, X2
WA RGN SR R ATk d g MR E A
Wi FE S A I A

A5H-IRBERE I RRHE T AAE

LERRBR BT M SS A A Ji B 2540 - PR 05
L RS, TNAL G R AR AL, A
9 2 e I SR R AR A R L AR R A%
1k REIR AL 55 SRBBRHE I A AL . i, b
LA AT REPE BT RN 25 H S S, b FEXT 454
A fi SR B HE R P, TS TR BE L A5 A A
IR L <5 197 ST S E N GERTIE  (  AYRE 2/ 3V e =X (B
ACTERR, IR G IR 2 T 3R
PIERMEA ik, 53— i, o 7 5 TR - 45 B A
HEROKFH — B B U2 e 5 F, AR
NRAE IR S IR BE - A5 RO PERETR AL HL A, BRI i 12

2.1



P A

Nt S KA R R 0 R EE = 454 3 A 5 IR O,
FF47 B TR RE - 45 F S A DG R A X 4 A B

M, FRATTFGEE T 2548 T SEPE R HE e AR A
T AR S SRR AL B SR MLALDR B Y &
¥ - IR BE S SRS A (E]2). CURIC24) HI R AE TR BE 1 45
FEE S R HE RO S A AL R RE R, AR S AR X 45
FRRA AT SEPER R BRI, C3RAELS M AR ] S 5
HARHEL ] SR, AR T RUE. 5 T Fst
PEETREE L2 T SR E, B sh A SR R B2
R T BIC2FRAE; Z5H AT RRL v e It mt b k—4
HIRCI 5 C3M AR, AT R A R s 4514
AT S RO T B bR, TR 2 RS s 5
T, SRR R H AR SEB 3T, ekt
ARG R EIEIA.

2.2 BB R REE LAkl ekt

B IE AR LR PRI BE - A M T SRR, DR
FORTEIREE 250 v h g n] SE 0 FHAR BEIERS. A dfEgln]
RGO, (IR BE L ADRHS 25 i 7 1Y RE s
TS, NZR TR PO A 3 2 R A 45 R A4
AREOU b AT RAFRBRIHEOR.  #H3%) FRHARIF R Y
At RHEREINS S A . St i fe et 5 D he R
Thy B S U AR R A 4 5 R T A R I Y
GRS, T (R R B S O 45
HBLIIKN, S92 BT RpE A ] Sk iR A
Bl

WA, 25 T RS A A AL T R B O T AU
AR RL(C2REALSRAE), EEAE M (1) IEE
SMRALIR TR SR AR, (2) AERAS 2k
X A S AR 55 R X R PR, Az Ak T 46
LADIETE 32 i NIE SV

P(R=S) = PIR() = S(@)] = [ fa(@)do, (1

A, PSR S N ALERIREAR, RRIS 54t ik
LR SO B RS B, QO RFNSIC A 73 A1 B R
ARZE], GRREAS 23 [ 25 2 A R L= 00 1 (46
L), R(e)s S(eo)s Gle)Bom 5 1B = A mbE
AT e IR, ARG HORE (i 454 2 4l
1Ny 0N G ISEAR A (LA, folo) WHABEREE

X T — ORI SR PRI T IR AR AR B - 45
1y, AT RO A BB 5 | AU R 5

NP, SRR B EE AR AL R . AR, A
FEEHGBEH, R, R AR e g
75 220 1 i AP A Ak SRR AR AR B IE T NI T A
AR AL B AR T T s, R
3 52 Arrhenius 23 2 Sz L s A 161 phy b, A g
AKX TR EE - 2 A PR s e T AL 2 T Sy, (5
UFALA DDA R RIS IT R T i g 5 Y.
SREAEACANG ST LK i XU AR ity o 114 2 AR AR
gt A A A I 7 T P AT e A A A
o, BRSO SR 1o 2R i B S TR AE S
AP BT SRR SE AT AR A

2% ST RSk TR EE - A5 AT SRR A (R SR
W 42 4 o -S54 SR T e S, S TIREE L
SER AR L Y, (L PR g A X 5 4y A i ) ik HE
TR AR AT, MELLUE ORIk B bR BT S8, AN
FITFAIAR 7 48 A e DA 18 sl ZRUAPRs SR s Py g 2.

2.3 DRV AFHAEAEE a5l Rk il

RO AL PP 2 30 AR M TR - 5 R4 AT X<
AR I E B2, AarFBITE (life cycle as-
sessment, LCA)JyEA58] 1732 i I ok, 5k
Rk s e AR AR HE R LA S AN
AET. Ry S BURRHERC R SR B T SRR, SR S T
BB LI S8 A MR AR Y I JRARE R AL AR HE 1T
WERAZTO) iR, YW R S LCATTS R4y
BT X5 22 SRy A= i JR) B A AR 22 4 IR AR %) 8 4 sl A 42
SR IR R A B, IO A 5 R s Il e s HE K
ICHLCAZESR. RMEAEZRAATT, R 4540 7 2 i
HEBCIRL (LB TR - IRBEF5 A 55t 32 IR 1 N &5
Fa AT S B AL R IR (C3), T BALIR LC AGE #4531 B —
GRS, Wt g 15 45
A A 458 R R S R e L SR AR A T

P(I < Icr’R Z S) = J.GP{ISafe[r(w)’S(a))] = Icr}fﬂ(w)dw’

2)
Ao, D5 A=A IR HE R R, 1, oM 5 A= iy SR i
HERBRAEL, () Fls(w) 730 % 4 Fi i o Xt R 1 25 Bt
TGN Isag[r(w),s() | HESHITE L S 0 S AT 1Y
LCARRHEIAS
FESE R T SRR Tl A i S 4 A B A b R
WHE BV 8T, FRARFC 2 R WA 45 S 10 7 24
PECTTOTH g ST R A B AR BT RAZ T, HeSh T4

3429



M43 8 & 2025108 $£e67% £2820H

MRS E A A, SR, LiRPEM el o B iz
17, FHE5H- RS B R AL BIRC IR, Sfdigiiy
BHEROK -5 HnT St oM A0 UIBR BE 20 FExE LADC e,
A REE AR XU B4, B AL R 2
BRI A SR H AT A BLSERY, S5 Hx s il
(18 52 M 3 3 45 P TR A S BB AR B, RT3 el A7 ke
HE H R AR HE UK, IS4 S0 BUR K<
EAS AL TR 37 e e s R I R (1813). ik, FRATTHE
MR TR 35 - 45 b T AR A3 AT PR 8 5 D B AR X H A,
It B 2 TR S A A S A ek ALY, 4R
ZIEC1 PT84, [RIRUR 72 2 IR B 454 - R 3L
H: RGN ARG O R WL Z A F B A P ([E3), A
T AP (2) 22 Ry

PUI<I,R=>S)

= P {]Safc[r(w)a S(C())] S Icr(cc) }fQ (a))da), (3)

Glee)

AP, L(eo) I URAEA T e XL I 25 K A i fol S e
HERCRAE. i, n] [R5 iR A A e R b X 4548 A
BB, S R B B AR B TR - 4
AR IT I

FHAL b, SEHRRHEOR B BRI R R T 2R Ak
'
b
8 :
8 L B
e 4'.! ..................
R SEEH,
N “ TS
o B ABRIRRBCR T
BORHEAT AR KT
AR SRE
. RIENR RS
t*
=
i RS/,

B 3 (MZEROR @) IRITIREE L A5 B R (E A C
Figure 3 (Color online) Quantification of C1 based on the carbon
emission limit for concrete structures

3430

BCIRASTEA, B
PUI<I,)=PUI<I,R>S)+P(I<I|R<S)P(R<S),

4)
R, PUSIL|R<S) ALHARBCRASS, oA fn o A HE
JCH R BRAE R AL SR, Y HAT) i X 25K R AL
JIT Bt HE T G 322 v T 45 4 22 A IRBOIR B0) i) A 5
%, DU BRI AT RREE PP DFE b g 4 H R T 4G
s S RO I, (ES— B fEURT H T B S ST
FIRAR,  RAI E R L 52 2 A58 1R DX AR S Y
TR, DANAEEH BN 2R BERE ) SEE 2 A ENE
PRI, IR, PRAIOE A A R AR, n] A
PRSP HIA %5 5% T BRHER G AL FRAEAIHE R0, RIZR
PR R GRG)) FAEBRHE R I FARAY AR, (HiX
ol L AL A 1 A K () 5 JBE 7K P AR X R 1) B e
BOKF, S2bs b, AN [ A 2 A AR (A E AR ] A0
TR AR AR fEE2E 5%, XS TR RV
Y. SRIAA BRI IA LG 22 AR T, HA R 1
BRI DR F AR T R AR, mT e RfE b vah 1

T REAEE, BN ~2 B ITE AR . (K,
NRAELER SR RE ), B0 AT SR BT e
PR B R U ARASE 73 iy A R R AR A RITAR T,
R A PRI AT RS R SR RN S M 2

P(I<I,R>S
P([EICJRES):W, (5)

K, PUSILIR=S) WA & AR, HoA: i JR R HE
IO 2 PR SR A ME R, BS54 T RRE AR

i, S5 RTREEEE R EO TS (1)
a1 ) SR AR AE B (AL AT SEPE T H(C2), B R E
b PR T IRA I N B 450 22 4 (2) et T 1) AR
FRUREE (1) 22 SR W i HIE A A28 (C3), S A i v
JEPRFSE R JR R HAREESR. Wi a5 iR R
LS R T SRR S B S BR, A SCES &, T LR
HEBCPAN B FERE - IRALC3 AL, S48 T S Xt HLs
HERCERE MR 53 A AR =2,

(1) BRHERC S S5 F T SERE A OC. S5H A4 R4S 3
Hh, A RS2 AT SR AR SR Y, TS e e
SRS IR P MR TR Y, b, St as
A HE e L A M e R A, B S5 4 A
KFfr e IR, 1 I 5 oK A 454~
/S 33 G N A E 15 N | Al



P A

() AU SE5FHTARE. ST IS
T AN P b AR P A K 32 S A5 fL I S,
S R 2280 (1) rh 2 g T 6 A AN S I A A e,
AN, FETRSE A AR T, TR —
T VR 2 RN R B A B HE RO E A S5 £ i T
HAIRI A, AR BRI X 55070

(3) BHEM S 45 H AT SE A G, TEAE G ikt
Jrgerh, St RIS A T A fr A, W] AT
SRR, IR A R TE A, 2R
52 HAR T )y .

R ) e 2 by T S A A i R e i
(AR DGR BRI AT, SR MR 5 e Rk,
XL, BEAIREE S5 TE IR TTE F A B
TAER, Lo, 0 B2 5 2 i A
RESIHI R T, 5 4E 75 S5 R ) S ik TR 78 4
FIF R ST A MERE, UM, B
QBFAE RS AT 5 4 J h AR .

3 IREEESRIREREIAR

AR BB HRIE (9 T HOARH T e AR OB 5 4
P ARBRE AR B TR L A AR T S S R
SABHERL I DG 2 (C3), Tk P 1A 2RI R A7 AE AR
HAREE. 0, SRSFRZE AT SR TS5 B
AE T M R IR, TRBE LR LR R
R EIERBE - SERT AE, AR ms AL A i
X5 R T R R (B SR, i TR
Rt IS 2 -9 o5 ST I ES T2 2 catiaanil]
B4 80, TARWHRRAELEE S50 AT SEVERERTHE T 1Y

1.0
a5 I E RRRE
08

PRI = BRHEGEREES (t COLft)
© © ©o o o o o
- N w N [4;] (o)) ~

o

TRREE ARSI, Pt 2 RUBE TR A 2 K B3 FH Dy fig
R AR RE - S AR HERL.

3RIEN, BNyt fb(reduce) FFH (reuse) FI-FHE
Hi(recycle) F201H 0 704EA 4", HIMRAT SR ML
T EHGIFT, AT FESEREE T A5 0RHRCS i SRR
A5, HSRIRLEE A AR AR R R 3R SN, 7 i
BB AR 432 Rl i (carbon reduction) . #5%-F-FH (car-
bon reuse) 5 HkEH (carbon recycling) i AR, 435l 7EF4 £}
A, AR E AR R ST AL A B AR R 5
i, FEEE R AR A S R IR 7 i B e HE R
% BRHEE TS B AL A, EL2E I a4 P8R AL
ESTIE=3)1}

3.0 ERECEHIAR

Ty £ ] DA BtkHIR TS ot 32 AR R A Ak ] 2 R AER 7 1
ARSI

(1) ZKVSRTREE B SR o FeR o R Rk
H 19904F LIk, sl A= T A S RBIRFE AL, /KU BEHE
FESEIEL T 291 2% B Ik HE(GNREHE %2, www.gccasso-
ciation.org/gnr/). {HHFrK I BVEHESE L FE REFE M 2 L
HE IR COLAN R 3R A, E— 20 19 1 A5 Dt i A8 T 1
oA, SHT, BRI SR BB R A BUUK
PO IZHEAT, I R JE BB E B BERA )
e L, Wb T 2924% 7K DR SCHRHF R (GNREUE 5)
(K14). SR, A Tk, 33w R B BE#A LAY
PR RS, LOKVRIREE T — Mg nonl i, i
AR B T ARERREL KV 1) — TR G AR
KV, R R AR BERE R R 8D TIPS RERE, AHAL

COIREMRNIRRE ——SRISE L 0.84

- 0.82

°© o o o
;s 3 8
BRI RS L

o
~
N

— 0.70

1990 2000 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

F

Bl 4 KI8Tl ARk BEAE IR DL

Figure 4 Variation of carbon intensity in cement industry
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Industrial civilization causes huge carbon emissions, accelerates climate change, and hinders the sustainable development
of human society. The construction industry causes about 40% of annual global anthropogenic carbon emissions, within
which the massive construction of concrete structures alone accounts for more than 10% of the global emissions. China’s
national goals for carbon peaking, neutrality, and the low-carbon development consensus call for the low-carbon design
theory of concrete structures in the construction industry. Starting from the scientific issues with the concrete structure-
environment symbiotic system, this paper clarifies the indicators, design methods and tuning means of low-carbon
structural design, aiming to lay a foundation and provide suggestions for the development of low-carbon design, and
promote the sustainable development of concrete industry.

By briefly reviewing the history of the concrete industry, we illustrate the trend of low-carbon transitions, for which it is
urgently needed to shift the perspective of structural design from only centering on human needs to meeting the sustainable
needs of the integrated system of concrete structures and environments. Based on the characteristics of carbon emissions
and uptake of concrete structures, the significance of regulating concrete structures’ net embodied carbon emissions for
climate change mitigation is clarified. Further, to cope with climate change, we put forward the scientific issues and design
requirements for the concrete structure-environment symbiotic system.

To facilitate the sustainable development of the concrete structure-environment symbiotic system, we focus the low-
carbon design method on the quantitative characterization of structure-environment dynamic coupling. The structural
sustainability indicator is established to simultaneously reflect the structural reliability and carbon emission level of
concrete structures. Further, we sort out relevant evaluation and design methods into the evolution of low-carbon design
from the structural reliability design considering sustainability to the sustainability design characterized by a bidirectional
perspective, which means the design methodology has developed from the reliability guarantee of qualitative low-carbon
strategies facing climate change to quantitative carbon emission target guarantee in the form of conditional probability
control, which ensures both low-carbon emissions and reliable service performance during the life cycle of concrete
structures under climate change.

Further, in order to assist the low-carbon design regulation, we put forward the carbon emission-based 3R principles,
i.e., carbon reduction, carbon reuse, and carbon recycling, to construct a low-carbon design technology system with
superimposable carbon emission reduction benefits among categories. Typical low-carbon technologies for concrete
structures are classified following the three principles according to their main emission reduction advantages, i.e.,
embodied carbon reduction in material production, embodied carbon allocation by construction mode transition, and
carbon uptake with a developed end-of-life management system, and their emission reduction potential and promotion
prospects are explored.

A lot of future work is needed for the innovative development and promotion of low-carbon design of concrete structures,
which includes clarifying the carbon emission benchmarks and goals for the concrete industry, strengthening the
identification and management of failure risks and possible failure consequences under climate change, enriching and
improving available low-carbon design technologies, and developing codes and software for integrated low-carbon design.

concrete structures, climate change, carbon emissions, low-carbon design theory, structural sustainability,
structure-environment symbiosis
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