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Abstract

Composite electrothermal cement materials hold broad application prospects in intelligent build-
ings, road snow melting, and structural monitoring. However, existing research is mostly limited to
qualitative or single-scale analyses, lacking quantitative cross-scale correlations from microstruc-
ture to macroscopic performance. This study establishes a micro-macro cross-scale analysis frame-
work and develops a multiscale model of graphene-cement-based composites based on COMSOL
Multiphysics. The model spans two levels: a microscopic Representative Volume Element (REV) and
a macroscopic specimen. First, a self-developed random distribution algorithm is employed to gen-
erate the REV microstructure model of graphene-doped cement. A method for calculating the equiv-
alent material performance parameters is developed based on Hooke’s law, Joule’s law, and Fou-
rier’s law, systematically investigating the performance variations of the material within the gra-
phene content range of 0.1~1.2 wt%. Subsequently, a multiphysics coupling model for electro-
thermo-mechanical analysis is established at the macroscopic specimen level to analyze its struc-
tural response and performance evolution under applied voltage, accompanied by corresponding
experiments. The optimal graphene content is identified as 0.8 wt%, resulting in synergistic en-
hancement of the electro-thermal and mechanical properties of the cement-based composite: the
elastic modulus increases by 12.2%, electrical resistivity decreases by 63.4%, and thermal conduc-
tivity rises significantly by 128.5%, achieving optimal comprehensive electro-thermo-mechanical
performance. Under a 36 V voltage, the material achieves effective and uniform temperature rise
while maintaining controllable thermal displacement, satisfying both performance requirements
and engineering safety standards, with minimal deviation from experimental results. The mul-
tiphysics simulation of the specimen reveals the intrinsic mechanism of electro-thermo-mechanical
responses and interactions: the electric field determines Joule heat distribution, heat conduction
couples with boundary heat dissipation to form a stable temperature field, which induces non-uni-
form stress and strain under mechanical constraints. This study establishes a cross-scale correla-
tion from nanoscale structural design to macroscopic performance prediction, providing a system-
atic theoretical basis for the optimized design and engineering application of graphene-modified
cement-based electrothermal materials.
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KB R FRTIH avkfe . St S Sk, N EARTRE. BREEH. TEH ALK S 45 4540
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FEEAE KU TS I/ A S R I 12%, FHILAR 30%, B BRI MO 25 M BUFPE[11]. VanDacHo
VNN PRG AP SRADIRGRIE, MK RST&fE, RRSTSGEpR e, NRSFARE[12]. Ming Jin 5558
I AT EI S R B E A KA R, R 0.8%~1.8% BB, VI F HA eI S M4 1R
LG, FRRIITESFHEM EDS HiRGERK EEX /K EFWI[13]. Tk T M LIS EAERR L KYE P.O42.5 A
FAR, IR0 0.08% A B AT N KA, PR SLE, 28 RYUEIEEIA 48.62 MPa, 60 YK Rl AH X S5
PERLE 94.02%, B3 1 SPUEIERE14] IR NERR A SRR TE KV IR L], R TA R
TCI AR VR T 2 B, ARERMERBUG(REV) B AL S A 35 AL, oA SCRAE R & MR M BE T
Mo BREOE T IEAS R A R eRL, RIS BRI RIE 60 V HLE RI6HE 11.9°C, H
RH 6 5 AR i FEAR DG, VR TERURAR e T, & TR &5 B[ 15]. ZHidEid Ansys BB 5 DY
MR SS9, TS 0.07 wt% i Sk eI E G b &, A SBmaet kT B Mg B35 52T 715 ae,
LSS 2 5 far 2R AR R AR DG, HLARAG A T et Bk S, R R UM BHR AR 7 R [16]. 22
R 5 R R G A A SR ot AR U 9 2 F A ME R, R B 30 VO HL R IE FLJS R E 333°C L3 77 80 MPa.
Hi#% 0.14 mm [17]. DA K 245 EIEE = B iT, MRS AR S H IS TR S84 14,
SERR T2 BT B e . BRSO &2 W I s ORI S 8 RS 40 AT

FT LU BT, ARFTEAIHT A T AR R ARG B R 2 R RA R, Bk, il
BEAL o AT SR A SR IB 4K REV B8, AT IE A TR AN B2 & A /KR I8
S, WSRGMEEE, feimBaLal. R, BEASER TR, BT - - S
ST, DU RE S5 AR e R 8 Bk AR R, T SERIUE, &5, EmiBreEs R b Told
JEF, MBS - 3 - 2R G 10 AR . 2T TSI T AN OK S R R T 1 2 I R T i R
FEORIE, A% BE FE UK TR B AP RI I I B BT 5 TRE R A FR A T R G r 3R AR A 5 0 S 5

2. AR *®

AT 5t H T COMSOL Multiphysics - &, B G ESH W =4k REV B8, B4 B0 ot K 241
BHET AT E MRS, 115 0.1~12 wi% B E T E A MBI SEREIEE ., SRAK S HELE, WTRiis
e, KR, @ASEPR OB, ST AFE R N AR, e TAERIE. B, fERiES
H L9 5 22 4 AR B R 25 A0 T #87 TA4 R - 4 - D 3 5 40 BRI S EEALA o

2.1. BREMHEBNFMEENR

2.1.1. REV #REMSHITH

1ZH COMSOL A REV 158, BAUANF 4 S )15 B N L) AR o FEL I 8 52 e S it %6 58 23 A o
IR RN FRAE TR . 2tk . R IR . @R A SRIE R A KIREM B RS A F M. A
BIHHISIBHLCHR . REEERG S N1/ NERLHME; ¥y RESHR, ZE T8N, |
W HLAOE S ) B Ak AR S R R, RS A R R, RS R AR B R S,
BMEKERAL R R AR S T HA R

N S SRR IS KR B UR BU A BRI, HE T REV BB S AT, XM R s A5
BEATTRE, G PRI & RO AR B N S5 8O S N 7 5 46 38 A IR B AR (R(1)~(4)) [ 18]
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L FE R (Z0(5)~(9)) [19].
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Horr, R BRI, p, R EESERREA, L RMEHCE, S 2RI, P2 RiE,
U ZHEIEM B I, o R5MHREE.

NI SRR T T KR MR R RE I 2, BE T REV B S48 I B AT THE A R
AR ERHEN(10)~(12)) [20]-

q=-kVT (10)
TEA BRIC TS
ZQ,S, (11
__2n9S,
or = VTS, (12)
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2.1.2. REV JL{a[t&ER = 7

A =4k REV JUAEALZ H B O K RIREHL AT H %, £ COMSOL Multiphysics #4147
FER %% RSB REV BRI o %07 VR R AR NS Q1 8 | 38544 7 5 AL BE LB RERER I LT A5
F— P @I 150 nm (/K YEHEAR 5 OB L BE ML A 004 SR s A, T IS A AR A DA
KEZTHRN, RERRZSARRESETIN, RIEERIAFEIR S AES, ARk 101G sR s,
00, U R SRR E T A A o BRIN A SRR ISR K e BRI REV B, W& 1(a). 7KYE3E
I K 150 nm, A7 807 N 0.335 nm. R RAR R0 A 1(b).

Figure 1. Geometric illustration of the REV model (a) and mesh quality distribution (b)
& 1. REV 28RS (a) 5 1% L& 5376 (b)

2.1.3.REV RS D R &FH

TEJ1 RSN, SR € REV JRIRI(Z=0), FETRHMEINESG, HARVUm E B 782 AR
i, 7E REV MXTHBH TN K, 75 REV KHEHEH, H—MHEInA 2 x 10-° V HEE, HRUAES
8% . ERFPERERIIRT, 76 REV JKHI(Z = 0)iXE 273.15K, H—MA 274.15K, HR VUL
%o KIEHAZEN 64 Q-m (SLMME), HRMRBEMHELLE 1. ZERLL 0.1 wt%5K, 0.1 wt%~1.2 wt%
BET, ASGBRKERIIFEERE. VR L AEERE, JREET AT HH OC S IR IR IE

Table 1. Parameters of the REV model
= 1. REV #ERISHE

R BE K FEAR[21] i BIR3] [15] [22] [23]
A5 (GPa) 7.42 1050
TAFALE 0.25 0.186
L FH 2 (Q-m) 7.42 1050
EL VN = 0.25 0.186
MERW (mK)-) 1.51 5000
EL#(J (kg K)-1) 1050 750

2.2. MAMREMR

2.2.1. RHRBEERILMRE
ONTRINAN TR 5 R B A SR 5ok g, BEATIE RN FIREIA 200 . B, BRI REJ) - REARL
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B KN 2 MBI A AT, AW TP 0 2 R S AL T DU e B, Ao sRs K e 2t
RFUI e R A &, BRI S S MORERIUNE AT v, KBS SHitiE; B
- - SRR E RIS UOME, RS AR B R IR 0T BN . BRI [ A A [ A ) 2
Vg A SRR TR 2 0L o WA RGT Ria K 4 em R SRR B BIRA BN RS K 4.5 cm,
% 3 cm, JE 0.1 em BT . PYRAROA BEBUKIEL AN 0.9 cm, HAEAIKYE 3 ecm, W 2(a). a0E
2(b), WA RI P ARRAE YR (K B b DU A R T A AT SEIR IO E, 1A 2(c).

Figure 2. Geometric illustration of the actual specimen model (a), mesh quality distribution (b) and experimental specimen (c)

B 2. EPRAHRBLATRE (). MIBRE D (b)) 5Lk (o)

222, MEFRRSRRORFH

SEMEDKIERI S, HG IR E SR, A SRR RIS R E A RN S, SR
I g N EAAREE, H 2.1 HHEE RIS . % 2400 kgm—>, HEIKRE1.5% 10-°, HARIEEH
NERE T, HEANEEE Vi N 10V, 20V, 30V, 40V, 50V, 60V, HEEDFHELAR, AR E RN
W MR 41T W m>K)-!, R 22°C. fi5ah s, RHBEEIRHEZ = 0). X =0, X =0.04)
PLA AR P G . HoAR T B AR TE[15] [17] [24]. FRATHE mt il A SG B g, mAEmE N BEHk
J1VERETEAL ST

3. ER5i1i8
3.1. BRNZEM RN

3.1.1. ARFBEXN NFMENFEI

FEIFHBEN 0.1~1.2 W% SRR T R R 3, MEASRGS AR, A8GBK
KR A B SR A BRI, EER A BEA S G Wm AR R, 7R S 30 i 68
AR IARIE R ST, AT Bl e A

NS I BN 1 A AR RN AL, RIS 248 0.8 W%l AT /00T, 1 Aitnle 4, = BB
BHWEARLL, RAERJEWIE B K. 55— 3 N7 VPG ARG 1 I 2R XU (R G B R bR, ik BB b o
FERPR, AR & AE R SEE T 2. A 4(a)s [ 4(e) T LB HHAEEIN 0.8 wt%, 55— 38 /75 i il
J82 73 Ry E CORIIE (IR 350 50 73 At o H A 80 1 ] 4(b)~(d) PITI, A 0 = 1 v I8Eg DXCAsl 7 A 8 3G 5 A for
B, WEE 4b)s El 4(c), KIS RAEEKIe AR AN JBEE R, 255 KAEBKHIA. Von
Mises S5 RN 742 T S PE 4 ) Do RS0 B8 O 4 b, 0k BIRE R A B, 4 ool 2 Je IRABEER o el Py 50350 T
400 B 4(g)~ B 4ch), WSR3 A A 22 5, AKYBIEARFITSZ BTG, N o0 A 70 A s d 4
SRR b, JCRE AR R AKCPRAR, RO, X U0 A S IA IR B AT R )T, BRI
SR BRI ), BEEBRERT BT84, BTN M e R, H T
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Figure 3. Effective elastic modulus of graphene-doped cement-based composites

3. AERBRKRESHCEMEE

(T SOST]A] UOA

Figure 4. First principal stress (a~d) and von Mises stress (e~h) distributions in the 0.8 wt% graphene-doped cement REV
model and its cross-sections at X, y, z= 75 nm

& 4. 0.8 wt% A=HZ ALK REV {RBIAAR x\ yv z=75 nm YIEAIE —E N S1E](a~d)F1 von Mises 2 F1[E (e~h)

3.1.2. ARFBEXBEMENFT

ARIFBB RN 0.1~1.2 W% BRI 5, A8EM S R R R S W%, &
BRI R B R B A A SRR SR AR AN I B IR N B, NI RE D%, BE 0.6 w%Z )5,
P FRER AL, B8 03 wth2a, HHFENEE, BE 08 w5, HIHRJLFAZE, Xf il
PR a0, TESEPRSLIR R, HBHRIE A B S R 0.4 Wt Sl N, SIS AR TR RE, R
EEEE M, LR SHEMGEZER, FERARBZERRIERP19], HRARE SR ER/N.
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Figure 5. Resistivity of graphene-doped cement-based composites
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Figure 6. Current density distributions in the 0.8 wt% graphene-doped cement REV model and its cross-sections at x, y, z =
75 nm (a~d)
& 6. 0.8 wt% A EMHISHIKIE REV RBEIIEKR x\ yv z=75 nm FIEAE R E El(a~d)

3.1.3. AEBISENAF MM
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Figure 7. Thermal conductivity of graphene-doped cement-based composites
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Figure 8. Temperature distributions in the 0.8 wt% graphene-doped cement REV model and its cross-sections at X, y, z =75
nm (a~d)

& 8. 0.8 wi% AEHIBIIKIE REV REUNER x« yi z="75 nm YIEHIERE 575 El(a~d)

FEAT SB ARG 9 /KR BEAR A AR L AT, R 7K TRRRE N B A B AN 210 A, B 9(a)
LA ARG, 1A 9(a)~(c) T AR A S I AE A B AR B, R BRI S RN, 24
A SIRAUR T B HES T S TN B AT — B, AR R, TEER, AR AR IR

a

C
1010 1010 1010

Y\I/x

Figure 9. Heat flux distributions in the 0.8 wt% graphene-doped cement REV model and its cross-sections at x, y, z= 75 nm
(a~d)
9. 0.8 wt% A EHB K REV BERAK x. vy z=75 nm YIERIFRRZE 5 E(a~d)

B A SRIG IS R E N, EAMEINE SR RIS, BIHR TR, SHRAIUES. BEET
0.8 wt%lhf, HIFLR FEEEABTFE, FHMKOHR, BEBRRE. AR A R sc i F R
b, FEPERLEIRTE 12.2%, HPFHZEFFK 63.4%, FHRARHELS 128.5%. I HABEPIKF LRI
SIS FTLh, WSEBRRI %R, REEG I 3800, S mmAR, TRt s il br st sk . 286 B )
SIE0R, FHSIEE. S BCL AT LA T RARTE R R, 0.8 wi% i e NiZE A B RES R E.

3.2. MAMEEMAR

3.2.1. FEBEFH TRBHRERE

AW T EL 0.8 wtvofr SME (T NI B 44 &, e IR AR i R AN DL RS AR A il 28 o P 10(a) 7T 20,
I8 25 e S T, AR IR TR E 10 VAREE ST, MR AR R A T R KT
MEETHE 30 VI, MORHEEIRELF] 85°C, MEERTIE 40 VI, FOEHEE 1357C.

1 1O(b)FT %0, BEAE MR T, MR AR AR LI K, BRI &, EMREX T, MEERS) M
ARG N, BERG LY T AR KB A, (A RS AT RUR AT s 4R THE 40 VI, B ORRRAE
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Figure 10. Evolution of temperature (a) and displacement (b) in the actual specimen

B 10. SPRAHHEREEN(2), BT (b)F 36 ViIRHFREEK ()

AP EIIEEREDT, 0.8 wt% A 5015 22 K Ve BHE HURAE FHF RIS 232 1 Ak B 5 FAAR
TEAT o MORREE B f R T = R ARZRMESEC, 30V IIA 85°C, 40V BF5EAk 135°C [N, AIAETE 40
V LU RERREE, S50 VR 2RI A 0.08 mm. M TFENFHMAESE, TR, EHceE L%
SN GE A E, 36V FIRE 110°C, AiF8HcK 0.043 mm, FHEEPRA AN RE EIR, ATl
36 VNI TAEE K. HE 10(c)ml &, 7536 V IAEHBET, 75 120 480, 55 BE A (828 e
o HARERME S SEI0E R S BB AL, R ZEBUN.

3.2.2.0.8~36 V TR FRISHIBIAHR ML

AT U3 B HE A BRI 5 2 i 0.8 wioelFI/K YR, INEk e Ak 36 V T 2 EI R & 0T, s
WA EEHHG A RES TR A SN .

FLAE L3 AT H s FE U B o ) 11() RN E] 11(b), R H e FE A A L 3, 9t Tl 7
RS A () v FRLL S B TE . BN SBIGB R KIR AR T B R =4 S A% . (12 R R
BRI, AR O R rp e X R, R LA AR R e R O R A A SRR R e A H AR M
T A N4 L 2 PE /N, AR TR B R P )3 s R T X R A AR 5 3% 20 A 4 S D e 4 50 P A
BE T AR AR TR S A
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Figure 11. In the actual specimen evolution of temperature (a) and displacement (b)
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Figure 12. Current density magnitude distributions in the specimen and its cross-sections at X, y, z =75 nm (a~d)

12, REERK x\ y. z=75 nm YIEHERBEE (a~d)

AlLin

W)
@w-y) r

=]

FEH A AEBRL TG T AR E IR . B 1R 13 TN, R 5 W B o A B R A1
ERZARS R RA R, W N N RGL T, AEHBR, EI7 SR AAFEXTR A, #
EHCRER . BRI, BRI FE S OB T A R IE BT, (H SR B e e i B o 8 S DX
I 15 b 16 DY Jel 3 ko PR 5 AL I S DR X A R A P e B I S IR A A B AR E AL
NEIL], IS EARRERDN, RUIFEIA SRS T 5T BN -

b
22
117

Figure 13. Temperature distributions in the specimen and its cross-sections at X, y, z= 75 nm (a~d)
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Figure 14. Stress distributions in the specimen and its cross-sections at x, y, z =75 nm (a~d)
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Figure 15. Distribution of displacement magnitude in the specimen and its cross-sections at X, y, z =75 nm (a~d)
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