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Influence of Early Curing Methods on Properties of Ultrahigh-performance Concrete

JIANG Rui
(1. Institute of Railway Construction, China Academy of Railway Sciences Co.,Ltd. Beijing 100081, China;
2. State Key Laboratory of High Speed Railway Track Technology, Beijing 100081, China)

Abstract: The effect of curing methods on the mechanical and microscopic properties of ultrahigh-performance concrete (UHPC)
was investigated at different curing temperatures (i.e., 20, 40, 60, and 90 ‘C) and with thermal insulation. The results show that the
compressive strength of UHPC is positively correlated to the early curing temperature, but the difference decreases with the age. The
28 d compressive strength difference of UHPC is less than 4%, and the tensile strength is high after curing with thermal insulation or
at 90 ‘C in early stage. The peak value of heat flow of each samples increases with the increase of the ambient temperature and occurs
in advance, and the cumulative heat release becomes stable in a shorter time. At 4 d, the intensity of Ca (OH), diffraction peak in
UHPC matrix after curing with thermal insulation is reduced, compared to that after curing at 20 ‘C, indicating that the admixture is
well involved in the hydration. The mean chain length of Si—O chain in the C—S—H gel for UHPC after curing with thermal insulation
in early age is similar to that for the samples after curing at 90 C, and the matrix density is extremely high.
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Tablel Chemical composition of powder materials

Mass fraction/%
Material
Si0, ALO; FeO;3 CaO MgO SO; Na,0O K,0
C 19.25 382 337 6353 276 345 0.12 0.75
SF 9526  0.21 0.16 0.56 0.69 031 036
MP1 53.83 19.10 11.06 833 0.74 1.04 161 1.87
MP2 1.87 052 028 5290 043 0.03 0.06

C is cement; SF is silica fume; MP1 is fly ash; MP2 is limestone powder.
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Table 2 Mixing proportion of ultrahigh performance
concrete (UHPC)
Mixing proportion/(kg'm )

Type

C SF MP1 MP2 PCE Natural sand Water Steel fiber
A 924 176 19.8 1100 186 158
Bl 682 176 242 19.8 1100 186 158
B2 682 176 242 19.8 1100 186 158

PCE is polycarboxylate superplasticizer.
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Curing methods:

e TB=thermal insulation

® T20=(20+2) C, RH=95%
® T40=40 'C, 48 h, RH=95%
e T60=60 ‘C, 48 h, RH=95%
® T90=90 C, 48 h, RH=95%

RH is relative humidity.

|

Difterent powder proportion: Age:

o A=84%C+16%SF e 1=1d

® B1=62%C+16%SF+22%MP1 e 4=4d

o B2=62%C+16%SF+22%MP2 e 7=7d
e 14=14d
®28=28d

B3 i i 555 X B OC &R

Fig. 3 Corresponding relationship between test variables and sample numbers
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methods

T20 754775 30, B SLg Ay o B i K (& 6),
RArae 5 @Ry T AN, K B KA TR A X 4L
%, HEERSEETEN Y5 &R —UOKEREEEAS 2

AR BEEF AT RS2 S, UHPC (1) 28 d Hith:
SRIEHETE, (HMREMAFRPEEH 60 Cilt—Bitm
£ 90 ‘CH}, UHPC i 28 d i 4 5 B 1 K i o 4
/No RA TB #9772\ UHPC, R H B LFHIPT
PrtkRE, XATRERE BT RA A RRIEFR T, A
BhF 3% UHPC K45 #) .

10
zZA BB B2
7.9
Q? 8 7869
= 69 675
EXh
2
5 4f
k7]
5
= ol
0
TB T40 T60

Curing methods

K6 AFZFY %M ABLB2 B UHPC HIHHL 58 E
Fig. 6 Tensile strength of UHPC with different curing methods

22 WA IEES
HRREGRAE 200 40, 60 °C /K Ak #K il 25 4
Bl 7 B BEEIRERE T 5, BB R 17K 1k
RN, 5 R R R 2 AR 1S sk R A B
SRR R R A s TR E, ST
20 CHEE, KAHRER KN 72h, THXTT 40 F
60 CHIEG, IKAUHCKEN KA HI4AFE S 450 F1 27 he
Bl 8 AR AR 55 A 1 K Ak #4 il 2R SR R AE 2 80
FEARFRRIREIRE T, Bl 5 B2 B Hbif 324 B (1
RIS BT A BCHIS R . 76 20 ‘CHBS
i, B2 KGR R IE(E H B A A R, X 3
B 2 JFIEAE R : 1) B2 Bt b AR ) /2 MP2,
JE& TR, G OK T A R oKV A BUK KL,
S BUKVE KA TR & B I BB 1) S B0
AN SRR (R KA TG R TR R s 2) BT
MP2 UKL A 7K V8 KA 5 L B B R A% A 5, AT
HE— AR T KR HIKAL . {E B A PR IR 4R
T, KA SRR 0 R, MP2 [ R 1 F 4 0 55
FEARF PR B IR FE R, B S256 20 (1 /K Ak i Hh s %
WA HE LB ) B /NS T 3 0k 2 ME R, X
RPN AE K e KAL I I RE , Ca® 1k 22 W B 72
PR R R TH , {3 Ca(OH), A1 C—S—H ) BiAZ A1 1
S5 AL IR oKk A s R PR T L b i R
T Bl R 53 58 B BRI G o 7 I 168 3 1 28
FUSCEIN S, A7 Bl A PR 50 I3 = i 3K,



+ 1664 - CTERR 2R 400 J Chin Ceram Soc, 2020, 48(10): 1659—1668 2020 £
pts = Ny 2 > 40
R E AR 40 BE 1 H Aok 1 1) 8 N R T e it < _—
< A
BRI PR B R B KA T R 2 003 =3
N o N 30 F 2 =
HEIE, OB EH KA, TR B = 72530882507
Y < -
WSR2 57 N7 =
S 20
0.020 g
2 300 s }:) — 12.53 1078
) i 2 9.58 :
£3 we g 101 — X 7.71 B&7.40
~ 0.015 F = 2 150- - g — —
‘ . £ 20 C S
o0 60 C 32 = — —
g 2 ‘ < 9 — = ==
\g 0.010 | =0 40 80 20 40 60
= Time/h Environment temperature/C
<
]
T 0.005 f (a) Appearance time of heat flow peak
20
0 . A
60 80 - Bl
Hydration time/h T 15| =B2 13.35
= 13.28
(a)A B —
0.020 =~ 300 % 10 L —
.= = 8.08—
£3 or #T g 6.55 —]
—~ L 2= 150 = 7 5.24 —
—‘w 0.015 %5 20T E 50 4.63 —
2 <5, [ = 2391 90 1.96 —
2 0010 0 40 8 0 — —
° Time/h
< o " 20 40 60
L . o
T 0.005 Environment temperature/ ‘C
(b) Heat flow peak
0 300
Hydration time/h " b f a
tion t : —
ydration time =250 Bl 234.02
3 E3 B2
(b) B g . 7
= 200 | 185.53 175.71
0.020 — g7 16831 e
T g 15136  145.46 Z I6L1S o m—
2L ) . S 150 + 13825 —— — ]
£3 60°C_ 40°C E» — —
= 0.015} R - I — — —
b £ 20°C g 100 | — —
3 %, . : — = =
Z 0010F [60C £ o 40 80 E s0r —
=] Time/h Q L — — —
= Q — |
3 A < — ]
T 0.005 ] / 20 . 40 ] 60
40°C o9 Environment temperature/ C
0 n (c) Accumulative hydration heat
0 20 40 60 80 -
Hydration time/h B8 AEIFEGIRE T KK RHES L
(©) B2 Fig. 8 Characteristic hydration heat parameters of paste at

K7 AFENRET A, Bl, B2 BRI KAl 28
Fig. 7 Hydration heat curves of paste samples at various
environment temperatures

SEE DR T R R U S KA A R R AR T L, %
S5 2H P R BE WS A I A R R, R 2 e
RO, WEZELEL T T20. TB BAA T90 =
FEY 07 R VAR 4 d I KAL) XRD i,
SR 9. F KAL) XRD AT5f g A7 B IR A
FHIE], 2 B 5 B3R 7 U AR R A 2 e KA =

various environment temperatures

VIRV R, (RS YIRS AA AR 22 e, RFRT T K
X 7K FE 7 SR 2 R o BH T UHPC R
it AR IR A KPR BORL L 22, AN [F) 7247 07 0T 24 g B
BEE] C5S. CS WAH, HIEmpim, f£—%
FRPE FHISS T 45014 (AFt). Ca(OH), 25 /K AL P29 ()
R iR . 2R T20 7247 5 3R, 1 RE b
RE L2 255 1) AFt it 0, KM T90 B¢ TB &4
TG, B RSB A TCVE M S F] AFt AT,



48 5 10

WA FUERY T 2O T RE TR E T BE RS « 1665 -

X5 T90 5 TB R RN FRP R EE S, AFt LI
SEAFIER %o S ULFE L) Ca(OH), fi7 S 06 58 FE 1%
=K N T90. TB. T20 &%, B T90 75477
KB ERZSE5RUNEE RS . BT TB 7%
197 3T B RE B Ca(OH), T4 I 58 & 7F E.%¢ T20
FR3 T A RS, RFEERKSEE T B 6
B ORI S 5 T« UK RN

600 -
34, 1—AR 3G
450 2—Ca(OH), 4—C,S
E
g 300
< I 2
2z
£
£ 150
1 1
0 e T N e
5 10 15 20 25 30 35 40 45 50 55 60 65
20/°)
(a)A
400
33/42 I—AFt  3—CS
2—Ca(OH), 4—C,S
~ 300}
E 2
=
5 200 MWMJ«U
2
£ 100
Op».‘wwu

5 10 15 20 25 30 35 40 45 50 55 60 65

26/(°)
(b) Bl
600
3/5 1—AFt 4—C,S
2—Ca(OH), 5—CaCo;,
450 t 3—C,S
3/4
300 + 2

5
5 2
50137 953 T90-B2

W
150 ¢

5 10 15 20 25 30 35 40 45 50 55 60 65
20/(°)

Intensity/(counts-s™)

() B2

AFt is ettringite.

K9 AR RE ABLB2 B4 XRD %

Fig. 9 XRD patterns of paste samples with different curing
methods

KAL 28 DA K XRD 3£ 8, %% UHPC 712
PERE 122 TR T HoK AL FE BE A AS [ 5 5 50 5 DA A R
TB 7247 7730F, UHPC (¥ 28 d Hi v 50 5 58 s (1) 3
%, H1T Bl 5 B2 fidtk UHPC f50 5 & JE A2
L, EEXT AL Bl BCHERR AR E3E4T T NMR
WA, R 10, Si frabi 5 B2 5H Q”
For, Hon BL0~4, n=0 FIR[SI047 T4 T EPIR
By n=1 FoR[SI07 14T — B AR B KA B3 s n=2
R[S0 1R T8E BRI T H & 3R n=3 o5
[SiO 14TV A RUIRZ5 4 s n=4 FoR[Si047 14k
T3 18] Y 1R RRIR 45 40 o MR 31 254 d 1) 2°Si NMR 3,
THEH C-S—H B Si-O % 1) %185 K (MCL) %%
WEER, GitdERILE 3,

HEEOLR, KIeBEYAH C,S A1 C5S 1)
Si UL QI AAZHE, KA =¥ C—S—H %tz
(1 Si EEL Q' A QI RIFLE. 458K 10 5%
3 W[ LLEMN, T20. TB. T90 =Ff##" R F, &
SEIS KA A R ) MCL A7 E W] B 22 5, 3%
TS, BUE RIS, AR TR Aok
TEA K AL FE BE DA B Si T0 B AL 23R B3 1 6 R
TR —E A, RA TB #9 A s
Q° MHXS EL LK T20 7477 XA Fr &A%, Q'
Q (1ANFT Q*(OANE S ISR RN, I TH AR
Bl, RHER A KGR EIR B, C-S-H #Ei
MERME . MERPRENRS, C-S-H B
REE DY TR R A FLE BN, (BIEFR IR
#] 50 CUA LI, C-S-H &R MCL {1 Fifi 5 i FE (1)
T A AR KM, HLbAs TB 5 T90 WRh IRy 7
NS EI UHPC #AE R B, H MCL BUN R,
JHEXT#5H MP1 ) TB-BI 525640, H MCL £
WG E T AR T90-B1, X7E—EfEE /R T TB
F247 77 3T UHPC P i FE 48 e R AOu s [

MEFE i T20-B1. Fan TB-B1 DL KA i
T90-B1 41 28 d i ¥ UHPC 1k (K 11a~& 11¢)
AL, ASE R 77 BT 13 21K UHPC R4k % 52 1
B SR I I X TR BRABRY , A S R R R
BT AR R 25 5, R RETE S TH Ik I X 5 ALBR A 5
W52 H) Ca(OH), A4 (Kl 11d). 7EFE & T20-B1
PR VG BBl Y, A7 7E 3 H S I BRI IR R, 7K 4k
PN AR R L ST 4E B 2, AT &
T90 A5 TB H T sk, WREFIE Bl P o B 2
BB . SCHR[20198 HY, YR EE L RO F o x 2 e A
FLBR /0 fUs, #omE T20 77245 F, UHPC 1
P o A



* 1666 - CTERR 2R 400 J Chin Ceram Soc, 2020, 48(10): 1659-1668 2020 4E
z &
£ g
-50 -60 -70 -80 90 100  -50 -60 -70 -80 -90  -100
Chemical shift 6x10° Chemical shift 6x10°
(a) T20-A (b) T20-B1
z z
k= k=
=50 —-60 =70 -80 -90 -100 =50
Chemical shift 5x10° Chemical shift 6x10°
(c) TB-A (d) TB-BI
z z
= =
=50 -60 =70 -80 -90 —-100 -50 -60 -70 -80 -90 -100
Chemical shift 6x10° Chemical shift 6x10°
(€) T90-A () T90-B1
Bl 10 SRAAS R4 7 :U5 910 °Si NMR %
Fig. 10  ?°Si nuclear magnetic resonance spectra of paste samples with different curing methods
*3 XAREFPHRERRS C-SH WEMESH
Table3 C-S-H gel compositionsin paste sampleswith different curing methods
Intensity of Q" distribution of C—-S—H gel/%
Sample No. MCL
Q’ Q™ Q' Q(0A1) Q'(1A)
T20-A 56.13 6.21 16.85 7.33 12.48 5.09
TB-A 41.23 6.49 17.39 8.49 26.40 7.53
T90-A 3591 6.59 17.61 8.78 31.11 8.30
T20-B1 60.51 2.65 12.42 12.26 12.16 6.91
TB-Bl1 40.99 5.75 12.87 14.39 26.00 10.30
T90-B1 32.90 13.62 13.43 11.30 28.75 10.10

MCL is mean chain length.
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(b) TB-B1

(¢) T90-B1

(d) High magnification of Fig.11(b)

B 11 SRHAARZR T 20UG B ECECRE & ) SEM A
Fig. 11 SEM images of samples with mixing proportion of B1

curing with different methods
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