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A simplified model of hydration Kinetics for portland cement

YAO Wu, WANG Wei, WEI Yongqi

(Key Laboratory of Advanced Civil Engineering Materials of Ministry of Education, Tongji University, 201804 Shanghai, China)

Abstract: To more clearly elaborate the influence of water-cement ratio (w/c) on hydrate process of Portland
cement, the kinetic model ( Tomosawa model, T model) of hydration was analyzed and simplified. In
simplified T model, the hydration process was controlled by mass transfer, interfacial reaction and diffusion
process at different stages, respectively. Based upon the degree of hydration measured by chemical bound
water method, T model and simplified T model were applied to investigate the relationship between the degree
of reaction and hydration rate for cement pastes with different water-cement ratios. The results show that the
effects of w/c on the parameters in the T model are different. Along with the change in w/c, the coefficients of
mass transfer are almost unaffected, the interfacial reaction coefficient is less affected, while the diffusion
coefficient is significantly affected. The development trend of hydration rate with degree of reaction at different
stages can be well simulated by simplified T model, which is not affected by w/c. However, the critical degree
of hydration from interfacial reaction to diffusion process is increased with the increasing of w/c.

Key words: portland cement; hydration kinetics; water-cement ratio; degree of reaction; hydration rate

IKIE KA 27K Hh A 2H 35 7K RH EL N )
A AR I S S SE SO A S
R B e i S L 45 22 b 3l 1 A A7 . A R OK R
B B O3 R W K AR B B0 g 2 O ESE 4
W, C5S MK T2 BoR Y1 4 7r 2 — , BE

WFs B#: 2013 -01 -03.

BEEUA: EKEEEMIE R RITRIWH (2009CB623105) .
EEE . Bk R(1966—) , 55, 2042, T A= Uil
BEEE: b X, yaowuk@ tongji. edu. cn.

% 2 WK e 1 7K Ak 3l 3 2 R ALE

E AR Z#H K Z LA CS KL 1258
HEAE R FE Al oF 483 B 58 7K U 1 7K Ak ] L
Pignat 25 L C,S B (K I8, 17 4 BoRE T30 )
SRR BRI R oK YR 45 #4188 . TR
A H AR 2 AR IR & rh i U 2 S AR A B
)72, Bezjak 251 BESTAG T AE AL K U 3K 1A
& BB 4y K AL B B2 B Dabic, Krstulovic
SEL BRI T KR KA R, RS T
FAEKACTREE 5 7K Al 3 30 22 0] 56 2R B0 A



.82 [ N - S

$45 %

i K AR R B S5 IR 56 22, FFIA K e K At
FEFEEEH 3 A R 25 U S AR A K
F2 (nucleation and crystal growth, NG) , #H 5L 1 [z
i 33 2 (interactions at phase boundaries, 1) ,$ H{
1 #E (diffusion, D).

FFK G KA 53 A FLE Y B, Maekawa
LT T R — AR BRIE 2K U Uk K Ak Y B
BT, A Ry 7K 8 FURE 4 5] 73 WlrE K, KAk i 7
Hr, CSH BERERE 7E C,S BURLAY 21 , M CH W 7E
FLBR A% 45 . Tomosawa " $2 Hy T BURLAZR K I8
WURLKAL ) 2 R (TR B T RS ), TS A 4 A
FEHI SR T RER R A KA I R oK A RE E
KA I 56 R LT T B, Park 4F
1 BP Bl 2 W 45 1 T 7K P8 K A 72, AT ot
IKARREE K AL 38 B L BR R %5, Maruyama 451
Do T A B AR UL TR 46 - 4 43 1) Ut B AR Ak R .
Wang W HBIE T T BB, JE 15 FAE IE 5 19 3h
S5 R IR K UE B i i K AR B, E ST T
IKVEKALH) ZAH 3 T 2 Y. B L E A5 2 R ]
T BERIEAUK YK A BRI, AURAE 1 /K AL AR 2
BE KA I TR] O AS AR, TR T A3 K 8
IKACHLEEA TR A SOBE T T BRI 58 A ] 7K
JR FEIK PSR A KA S 3o 2 (] B T A5 7 3
17 VAR, I TR AR IS 1 T BRG] f R 6 7K 718
TRACALEESEA T 24T

1 BRI AKRNAME ) FEA

T BOE ) HEA B 2 1) BROE K e kL
KA, 57 R A HE KA SR s ARAE =4 S BRI AL
BAEARKACTIURL 2 17, HARBUA B kAL s i
B2 5. 2) WA kAL = = iR 2R K AL
FURERTHT, 5 R AR AR RN I R IR A R o T
AKAGIERE A R A KA = ) 2 T B K AR
WIJEZ 50 IRAE RS SN RAL ™ W J2= P
PRORBBA 225 3) Y5330, S B Ay B 4 7K
JRURLA MR BE 38 i M 36 K, 22 ) B bk A
7 VRSN Uk 55 . 4) Bl K P K A B Y

11, IKRAE =R 3 (R AN b, 7K ek Asd 3
AR
KUK E 57K AL 22 R (S 3R o

dﬂ _ 3C,. 1 2
de vp.ry {E(l s+
n(1-a) 7 - (1l+a) 7]
DE

IR )
St o AN ¢ KA () (C,.. e
NI BV v K AR B AL
He . KRS (i - em™) ry o KUEIRLE 12
Com) ok, 4 F2 52 9 16 . T B 5 1 5 %
Com = b by K AEBUAHOE TR em - 1),
by SRR K RIS X, 7Ty
2)
A1 B BRI R B 5 BRI
K Com - 7)€ GBS BBBAAT S (em - ).
D, JAACF AT BOR AL (ont® - 1),

D, Jo K AR WAL, T 27

k, = B + Cao’.
a

D, = Dy(In(1/a))?, (3)
B il AR, R R A
B = B,,/T/293, (4)

SR ZRKC k, A1 D, SZIRPE N, 4545 Arthenius

C = Cyexp(-B,(1/T -1/293)), (5)
k, = kpexp(-B,(1/T -1/293)), (6)
D, = Dyexp(—B;,(1/T -1/293)). (7)

;T:t:qj Bzo \Czo \k,zo 74H] Dezo %%'Jﬂil B\C\k, %ﬂ De E
293 K B 11E,B, B, F1 B; M ikkIE REL(K).

2 REAMHERRT &

2.1 [FE#e

Kye:P. 1 42,5 BEWR ER KR, bb 3% 1 FLS
390 m*/kg; K M58 [ kK. FERR LK TR Ak 2E 40 oy
(B0 Wk 1.

*1 mEBRHKRLZED (FRESH) %
Si0,  ALO;  Fe,0,  Ca0 MgO S0, Na,0  K,0  TiO, P,0; Mn,0;  ZnO LI
20. 4 5.0 2.2 62.0 3.2 2.6 0.3 0.7 - - - - 1.1

2.2 RKWHE

WIRKJE R FK K EE 43501 2 0.3 Fi1 0. 4.
B G, BT e = SR, AR I3 e
3.6.12.24 48 72 144 264 1720 h % iR A

STA409PC BUFASM A A AT 3K, i T N, Ay
WA B it I Ry S AR AR . X R T
Ok 40 mg, MR R AT H AT HE 22105 C
Jebk BRSSP AER S A K B ERE



510 3]

Wik, 5 FERRER KK LBl Jy 27 A Y - 83 -

1 050 °C, SR J5 7E ML T A ik R fE 0 5
FERAE 105 ~ 1 050 °C [Tt 2%, BIVRE 1tk
Gk E R FHREE N 20 C/min. B FTM ¢ Bf
ZIWEA K I AR 5 T8 KA KJE SR AR I A2 25
KA E, BT A AL K 2R AR T ¢ B 20
IKARREE. =0 (8) THE AR ALAR L.
W, (1)
MD:M. (8)
K cale) e BFZUKPE K ALFERE W, (1) Mt
B ZIK e KA = P A2 45 K i W, K
e KA A2 45 6K HAE R 0. 23.
PR KK FL K R 2R AR K A R B B ] 119 A2 £k
B DL 1. BN KK B K e 2 R K A g b,
IRALRR B TR 5, S5 K AE Y gz, Hoh
1R 7K R E 7K 8 A4 18 R A AR BE R TR K Eak Ui

AR AKALTRSE .
101
08f B
Bog| T
% 06 L
i 7
% 04 _{f o
i
0 200 400 600 -

5 /m
E1 ARKKEKRBALBENTWL

3 KB A LN S TE
3.1 TEBRERKIRKLTTE

W E A TRV 01 K e AR 1y A 2= 25 6 7K, AR 4l
3 (8) B 3 7K Ve IR A4 45 5 J 1) K AL R . 7K e %
AOKACFE B I 25 5 T B A T 25 2L 2 [6]
A Eegss, LKL 2 3.l B AT A, T R BB 4 I AL 4

JKIREE S 0.3 F10. 4 FY7K eI M) K AR R 281k
HUHE. T AETUBLLL BRI EEK P kA i A,
g1 )i SH B .C. D, Ml k, AL A 534 A
B, BARBE WA 2. th T A, JKOK EE AR AR X 3
T2 i B P SR A - AL BUS R R % B
C RZIKIK HAEALHFE . Berliner 251 A Ay i
HIY A, ARV kAL Bl 1 2 R AN 2K K LY
SN A5 SN AR KNk, 32 BRIV IR 5 5 RR
FRBD, ZRIREECR. AT RE S /KA B9 o
BEAAT O, UK LK PRI A S5 R 5 52, K o
S -3 R R XE , DR 7 BICR 0 T e 7K
JRYCIRVESKAREE R BB , 7K I3 FES 9 B
NGy, N AR EECR.

1.01
0.8
®oor s ¢
%04 o
o o IR
0.2 % PRI
i -ems BT
i
0 200 400 600 800

w3/

2 KIxtEZ5 0.3 FHAIG R EEBER

101
o
2 _ Pt
&Lﬁ L ’,_?.---
5 1
X 04r Q
;7 ° lﬁgﬁég%
0.2 il - uwn
o
0 200 400 600 o

e H/h

3 JKIREEH 0.4 RHKBR AR SRIULER

R2 TREGMERIKRKLIENSH

p./ ro/ Byy/ C/ D/ kag/ Bl B, B
w/c Ce v
(g+em™) cm (em+h™) (em-h™)(em? - h™')(em - h™!) K K K
0.30 1. 00 0.25 3.15 5.0E-4 3.5E-9 2.6E-3 6.3E-11 2.8E-6 3.0E3 4.2E3 3.0E3
0.40 1. 00 0.25 3.15 5.0E-4 3.5E-9 2.6E-3 1.0E-10 2.5E-6 3.0E3 4.2E3 3.0E3

3.2 TH#HEEFERIKEX

WRAEA 2 BN B T 2 I PR AR 52 2% SO D
H I AR A 18 11 DA i A R KR AR KA B
AN — 1A S S A T e EA 2 Fof B AL A )
SR RE XS AR Rl R A, SN i A0 e
KA RE I R AN [R] Br BE R i R K A
[ AR TR T A e A AR R

PRI G R A (EAS BE Bt 2% 52 I B B ) 42 1
PR, RIAS [ BT B Be P il A BROAS [) AN BE AT
iR K e K AL ML

T AR KR AR AR JEE 5 7K A 38 22 T )
RERFEM b, k, 1D, ZASHkE. FIL, AR
BOR PRI e 32 B ol A% Tl A L A v S o
Y B AR 3 Al e kg R T R A D i 3



-84 MoK BT

AN

$45 %

AN A SRS , 73591 s S ) A% i
GERRT TV FOVAGIE/ N U

1) LBt

IKIETRAL IR b6 B B, 7K 8 1 7K A 2352 310K
= B AR 2 B S 0 i Br Be AR B 2
HE AT 15 R 1 il 2 /K AR L 7, e B B A B i
SR AT FBCIed 8 36 7K A S IO 3 3R B S MR AR /)N 7K
A B R 4 75 R AU

da g p (-0t
ENK by (1 —a)?, (9)
K = 2Ce (10)
vp.To
st K I
2) 40 LI

KR K AL S BT HE A INE YT, KA
PR C IR A, 18 B R A B A B
AR/, AH G S A4 A2 3R AR AR
JO7 33 AT R AL Bl

da i
dt~K k(1 —a)3. (11)

3) Pt e

BEE KRR BZIER, K AT Hh FLBE R A, B
JEEFL IS iR S 3 K, 7K o ad i 7K A = R BHL T
SR AL el AR AR SR 1T S I 36F S IO 3 #4814 52 )
BUIN ARG RE R AR, KA SN E AR T R
(9]

de K D,

det ro (1_0[)%_(1_,_0[)*;*. (12)
IKACE AR B R AL TR AL AR e 25 R
BN ZE R LI 4 5. KA 3 AR B R AL FE 88, 2
NN ER PN ) SR SN LN SR B Y N
FIK K H 2. i & 4 AT, KR HE A 0.3 7K
AR K ACFREE 298 0. 15 B, KAk 3Rk 3 5 K
(B AR T 0. 15 1, 7K Ak 33 32 B 7K A A B8 1) 8 R
BEIN 5 KT 0. 15 I, 7K Al A Bl K A R B R 5 R
TN f LS AT, KR R 0. 4 K65 4
WHA MG, KA AR B Fe R AE, AR

KA EE 2R 0. 15.
HiE 4.5 W1, KK ALTR FEHARI , ok 1k
S R R, 31X 3 B T K4 S oK e
fith 22 I, 7K Y ATURE 2 1T e , T3 ke A KA BN
BEA KA FR R A 58 O, KA SO H A% o e 42
B 78 DRy R S S 7 A R I e A S B A o)
B 70 SR R A A AT B I A o e A AR
il AR, 2352 BIACK E RS2 IR, KR R 0.3 1)
IKPEFAR T, NIKACFEE S 0. 2 I IT a4 B

AR AR HE o 0. 4 17K ek i, K
AREE N 0. 25 B PR BUS N N PR IR X5
IRYRIEAR I HONEE KA 5%, IR OK FE R YR 3K 1A 45
B, AR YPERRLZ A FLBR /) , P B K
WRRBE AT, ] LASRAHEO B 45k , 15K
JERA IS P AR G T 5 1o s 1 2 28 S e R
1. T i KR HE K IR SR AASE A BN A | 7K e 0k
Z IR A BRI, PRG3R 3]/ 7K OB L A TR] % 552 JBE
if, B K e A AR AR BEHE R st )oK ek Ak
J52 7 F A S T S 0 47 1l e A Ay 47 Rt AR A o P i
PR , RIUK AR BE 8 R.

100 i
[ i
008 i
w [V 1 Tt
jag 0-06 g\ —— ST R iR
e riv R
Sow[] | rumm
_'i \ FERTRE S
0.02 iz =o' ——__
H N TT———
! I nl\.-g‘nd—ﬂ-llh R L)
0 02 04 0.6 0.8 1.0
IKA L

4 fEjfk T HBEGERUKIREE 0. 3 B7kiR 3Rk & RHER

1.001 i l|
i
0.08F | |
‘\ ----- 1 i 72
3 0.06F 1\ — = A S S N ik FE
5 P I SeK
< 0-04_‘,-‘ \\ ° WL
! \
002 >~z egrmem
) ) |° ke BN —:-:"L\wl
0 02 04 06 08 10
IKACFESE

5 fEjfk T #EERIKIREL 0.4 Bk 3Rk 1k = BE R

4.5 1,3 S5 2R AR BE AT b 3 B A48l K
Ye /KA A K Ak 7 23R 55 K AR BE 22 ] 1 O 2R
VLR T B R] H F o3 Ak (b R 5 7K (b 2
JEZ IR OE R, Al I E B T /K R K Ak B e AR
(R B B, A7 A [m] g 4 il R 25 g FH 1Tk T #5574
WEAT 3 B AUL T, il 4R 1) SR AR AL /A 2 32 3|
AR ECRE M. BRI, R4k T #38RT BT fif B hik
R ER 7K Ve 2 A= 7K AL LA

4 % b

1) fjfb T 450 v 5 4% 57 B AH DG 1 S 80UL
PRS2 KR A2 W), 5 R B TSR A 56 1 S 4
KK BRI, TS5 BCR B e S 802
TR H 52 M) 8 2



510 3]

Wik, 5 FERRER KK LBl Jy 27 A Y -85 -

2) fajfk T A5 R m] 45 b st 7 BEAEADUK Al i 56
WK AR BEAE A1) A 3, Bz A 52 7KK
FUSE 5 ELIE AR 5 10 S W 42 ] i) 47 R0 7 4 o
AR PRI S KA R BE 32 B KK L2, ELBE K
JRYCSENN, Wi SR AR R 3 K

%% Xk

[1] PIGNAT C, NAVI P, SCRIVENVER K. Simulation of
cement paste microstructure hydration, pore space
characterization and permeability [ J]. Material and
Structure, 2005, 38(4) . 459 —466.

[2] BEZJAK A, JELENIC 1. On the determination of rate
constants for hydration processes in cement pastes [ J].
Cement and Concrete Research, 1980, 10(4):553 -
563.

[3] BEZJAK A. Kinetics analysis of cement hydration including
variosmechanistic concepts: 1. Theoretical development
[J]. Cement and Concrete Research, 1983, 13(3):
305 -318.

[4] DABIC P, KRSTULOVIC R, RUSIC D. A new approach in
mathematical modeling of cement hydration development
[J]. Cement and Concrete Research, 2000, 30 (7).
1017 - 1021.

[5] KRSTULOVIC R, DABIC P. A conceptual model of the
cement hydration process [ J]. Cement and Concrete

Research, 2000, 30(5) : 693 —698.

[6] MAEKAWA K, CHAUBE R P, KISHI Y. Modeling of

concrete  performance;  hydration,  microstructure

formation and mass transport [ M ]. London and New
York: E&FN SPON, 1999.

[7] TOMOSAWA F. Development of a kinetic model for
hydration of portland cement [ C]//Proceedings of the
Tenth International Congress on the Chemistry of
Cement. Gothenburg: Amarkai AB and Congrex, 1997 .
51 -58.

[8] PARK K B, NOGUCHI T, PLAWSKY J. Modeling of
hydration reactions using neural networks to predict the
average properties of cement paste [ J]. Cement and
Concrete Research, 2005, 35 (9) :1676 — 1684.

[9] MARUYAMA I, MATSUSHITA T, NOGUCHI T. Numerical
modeling of portland cement hydration [ C]//International
RILEM Symposium on Concerete Modeling-ConMod * 08.
Delft:RILEM, 2008 155 —162.

[10]WANG X Y, LEE H S. Modeling the hydration of concrete
incorporating fly ash or slag [J]. Cement and Concrete
Research, 2010, 40(7) : 984 —996.

[ 11 ]BERLINER R, POPOVICI M, HERWIG K W, et al
Quasielastic nertron scattering study of the effect of water
to cement ratio on the hydration kinetics of tricalcium
silicate [ J]. Cement and Concrete Research, 1998, 28
(2):231 -243.

(4

A E)



