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Abstract: Explosive spalling behavior and microstructure of ultra-high performance concrete (UHPC) prepared with four different
curing regimes (i.e.,, 20 ‘C water curing, hot water curing, dry air heating and hot water-dry air combined curing) were investigated.
The results indicate that the combined curing is efficient to enhance resistance of UHPC to explosive spalling under high temperature.
No spalling occurs on the UHPC cured by 90 ‘C hot water curing for 2 d and 250 ‘C dry air heating for 3 d. Such a combined
curing is a novel approach to prevent explosive spalling of UHPC at elevated temperature, which is different from adding
polypropylene fiber usually employed. It can be attributed to an internal free water minimizing mechanism. During dry air heating
within the combined curing, a high-temperature steam environment can be established inside UHPC. Thus, further hydration of
residual cement and pozzolanic reaction of mineral admixtures both can be activated to form massive dense hydrates. Meanwhile,
most of internal free water has been consumed, so that the vapor pressure inside UHPC under high temperature is decreased, hence
prohibiting the spalling occurrence efficiently.

Keywords: ultra-high performance concrete; combined curing; explosive spalling under high temperature; microstructure; free water

Rt AR E L (UHPC) A M DR, A0 U, R B TR Iz AR, AR,
o AP0 o FE AN AR 9 AL S BT AR SR R AL WSS EEUE H) UHPC, RS EmFI T AL

Wk H . 2020-03-31, BITH#: 2020-04-18. Received date: 2020-03-31.  Revised date: 2020-04—18.
HETH: FEXRARRHES(51878032, 51278048); JLuTi A AR First author: NIU Xujing (1989-), female, Ph.D.

F42(8172036)- E-mail: wonderfulnxj@tsinghua.edu.cn
B FRE1989—), L, it Correspondent author: PENG Gaifei (1966-), male, Ph.D., Professor.

WEEE: AMdEa9ee—), B, i, #HiZ. E-mail: gfpeng@bjtu.edu.cn



2 48 H5 8 W

OIS TR O P AR R B R R R RE R R < 1213 -

PR, 0K i AR Y E R, 45 H P A
WidREE, B S SRR E Lk, B
Sl E K. Bk, W5 UHPC RIPL S
PERE KB il L2

WP RN, Z&RENIEE R HR A+ m iR
RAEREENHE, SEKRIEMT, UHPC &
B IOV 5 WK 2 RS K 28 95 B 3T B8 R ) A B
TR AT AR Bt = P 0 7 AR A 28R 0, 5
Rl F, R RS B A
TR R E B K, DL 10 "C/min FITHRE R
H 20 Cn#Z 800 CidfEH, #EH & 0%/ UHPC
RATARRN G RKAE, MRS ERN 25%K4 0L BT
UHPC R4 T s, Hgs R, mam
e gl

BN A SR (150~175 °C) K28 75 5 (PP)
R4, P A4 s AL S T P B LR, R
TREE LN AR R, MR IH] s R R
£ B g AeUY, Bangi 25 i 1 I i A VR R
WIBIIZEIRE, FHRIESE T PP 2FZEE 1) iy il
ZT5 T BIE FH R - Ju I B A R 5 & PP 41
HE(1) UHPC 4T T i BRI K L, PP £F4Ew]
DA 25 SR MR e T AR AR, ln: HRIRRKR
AR IRIR T ARG RN (A1 55 . BN 474 15
=1, UHPC 9L ARG, 2 PP 4481
AR EIX B IGE 0.9%HF, AT LLSE e H] & iR
B R A T LR PP 2R 4RI sk itk i
RO, A aa 22 60 HADI S S R A A 4
JEFF ARG TR I, BI5GB AT AL 1 2 210~
230 C B R e AR (I 5 2 225 C) B AT F
WE 2 H0H] UHPC s BRI BN, Heqens
FAHEN, PP £74E 5 Je et 4k 24 i /e Fl RUR 5 —
F BN SR, SRR R R S LT
YeAEHR = UHPC i miln R ERE B RIS, ] RE2x %)
HA MR — B AR a3 16

ITAER, BRI AR N UHPC oM 45t
Atk fe EEF R, 230 T E AN
JZKIE. Helmi WL B, KA 240 C T
F#3" 48 h I, UHPC 7£ 7 d I (970 R 38 5 Lk 20 “CoK
FNHEE T 44%. HLTR—#HF5Y, A&7
% UHPC 772 P B AR R AP0, et 7 g
o, ST HOK TSRS, AT TGRS T DU
$&m UHPC MIPUESRE, Flhn: 80 CHUKFEY' 8 h
i UHPC P 3EEEANA 175 MPa, 114877 80 C#4

JKFEY 8 h+200/250/300 CT-# 324" 8 h J5, TRkt
(K70 R 50 2 B HR 22 198 224 11209 MPa, X3
B 5 ER IR R MKV B P R SRR A R
B FEUKICRERRES R A ARG 5. AT UL, #
Fr47 5 B UHPC BA 1 B8 & e e 5 FE A S 80
TSGR, T B AT TR il R 2 1 R e Vg 2
JE 1 S o o P R B0 M DA v 1T I T B iE 2 A TR
FEY | FE 2 A ] 22 Sl 2 0% T3 6 [ /(1) i 7 H
T A 4RO

KT, XA 4 FOASE RS20 CAKFE
HORFEY T IRFEP R ROK-T- A A TP 5 UHPC
PR B BT THF ST, I DA IR B R
B, R T ROK-T GG IR AR AL

1.1 EMRKREEE

KA B HE . PeIl 52.5 R HURERR Eh/K Ve« T
Ky B BERFI s HE R A X REH A, Kt
43N 5~10 mm F1 10~16 mm (i & LR 3:7); 408
BEAHLHI S, 4HFERIEL 294, MERIEE LN
1 650 kg/m’; ANINFHIZ 58 74 445 R IG i BORK ), R
IKE 40% . BT F 4T 4E (P L BEFR A L3R 1) BLFE
% —RRARABPP)LF Y, — L R SN
ordE, HIRIBERG RO THIER, R4 450 Cr
IACER, DAEBRIRI A BRIk . AR
B2, BRI AN T 25 7T DA 3 084% UHPC (1 i 1
Z, [FIm$Em UHPC MW,

K R AR 4 3 Fh 2R 8 UHPCOK I
N 0.18). & 2 FUH T 3 Fl UHPC FIX B i 2K AR
[

®1 AHERMIRMEEE
Table 1 Physical properties of fibers

. Tensile Diameter/ Density/
Fiber type  Shape Length/mm 3
strength/MPa mm (g:em™)
Steel fiber Crimped 2000 46 1.0 7.8
PP fiber Straight 400 19 0.02 0.9

PP is polypropylene.

*2 UHPC MERHEALL
Table 2 Mix proportions of UHPC and paste kg/m’

Types of Artificial Coarse PP Steel
Cement SF FA GGBS

concrete sand aggregate fiber  fiber

Plain UHPC 540 90 180 90 620 930 0 0

S-UHPC 540 90 180 90 620 930 0 39

PS-UHPC 540 90 180 90 620 930 135 39

Paste 540 90 180 90 0 0 0 0

GGBS is ground granulated blast furnace slag; SF is silica fume; FA is fly

ash.
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Table 3 Curing regimes and strength of UHPC at 28 d

Curing feature

Strength/MPa

Concrete Identification
Stage 1 Stage 2 Compressive Tensile splitting

NW 20 °C in water for 27 d 1194 4.6

HW2 90 C in hot water for 2 d 131.6 6.8

200DA-2d 200 C in dry air for 2 d 161.6 6.2

Plain UHPC 200CC-1d 90 C in hot water for 2 d 200 C in dry air for 1 d 164.1 6.4
200CC-2d 90 C in hot water for 2 d 200 C in dry air for 2 d 177.6 7.3

200CC-3d 90 C in hot water for 2 d 200 C in dry air for 3 d 183.3 7.5

250CC-3d 90 C in hot water for 2 d 250 C in dry air for 3 d 197.1 8.0

S-UHPC 200CC-3d 90 C in hot water for 2 d 200 °C in dry air for 3 d 190.1 12.5
250CC-3d 90 C in hot water for 2 d 250 °C in dry air for 3 d 209.7 19.4

PSURPC 200CC-3d 90 C in hot water for 2 d 200 °C in dry air for 3 d 185.3 11.8
250CC-3d 90 C in hot water for 2 d 250 °C in dry air for 3 d 193.6 18.0
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Fig. 3 Heating curves and ranges of temperature for spalling occurrence of plain UHPC cured under various curing regimes during
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Fig. 8 XRD patterns of hardened cement paste of UHPC
subjected to only water curing or combined curing
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Table 4 Degree of cement hydration and mass fraction of main crystalline phases presented in hardened cement pastes of
UHPC subjected to only water curing or combined curing

Mass fraction of main crystalline phases/%

Degree of cement

Curing regime

CsS C.S C;A  C4AF Ca(OH), Ettringite Quartz Katoite Tobermorite hydration/%
NW 154 4.3 0.0 2.4 5.4 2.3 22 0.0 0.0 50.8
HW2 15.3 6.8 0.0 2.9 1.8 0.5 2.3 0.0 0.0 45.8
200CC-3d 7.8 2.6 0.2 1.7 0.1 0.0 1.8 4.1 1.9 73.4
250CC-3d 8.6 33 0.2 1.1 0.0 0.0 1.4 2.6 1.4 71.3
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Fig. 9 Differential thermal gravimetric curves of pastes under
various curing regimes
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