Journal of Southeast University (English Edition)

Vol. 30, No. 3, pp. 348 —352

Sept. 2014  ISSN 1003—7985

Influence of different curing regimes on the microstructure
and macro performance of UHPFRCC

Saly Fathy

Sun Wei

(School of Materials Science and Engineering, Southeast University, Nanjing 211189, China)

Abstract: This study investigates the influence of different
curing regimes on the microstructure and macro properties of
ultra-high performance fiber reinforced cementitious composite
(UHPFRCC), and aims to discover whether it is possible to
produce qualified UHPFRCC using different curing regimes.
A control mix of UHPFRCC is prepared. The mechanical
performance and the short-term durability of the UHPFRCC
matrix under three curing regimes are studied. In addition, the
microstructures of the UHPFRCC matrix with different curing
conditions are analyzed by combining scanning electron
microscopy (SEM) and mercury intrusion porosimetry (MIP).
The results explore how different UHPFRCC curing regimes
affect its microstructure and how the microstructure affects its
macro behavior. Heat and steam curing for 3 d is succeeded to
produce the UHPFRCC with nearly the same mechanical
properties and durability as those of the 90 d standard curing.
However, the heat cured UHPFRCC does not show great
resistance to chloride-ion penetration.
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he development of material properties is the basis
for the design and construction of structures made
"I Applying appropriate
curing methods is essential for any concrete to gain prop-
erties, particularly for UHPFRCC. Like all other con-
cretes, UHPFRCCs require water to hydrate, but com-
pared to other concretes, UHPFRCCs have been engi-
neered to require very little water. The reduced water
content in the UHPFRCC mix necessitates careful atten-

from cement-based materials

tion to curing practices so as not to allow the included
water to escape prior to hydration *'. In practical engi-
neering applications, the cases of the in-situ concrete ap-
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plications and the pre-cast elements are both required.
This explains the importance of studying the availability
of the production of UHPFRC using both different curing
Refs. [3 — 4]
showed the effect of curing conditions on the mechanical
properties of UHPFRCC. This study presents the influ-
ence of different curing regimes not only on the macro
performance but also on the micro structure of UHPFRCC

regimes ( rapid and standard curing).

produced with different curing conditions, using scanning
electron microscopy (SEM) and mercury intrusion poro-
simetry( MIP) .

1 Experimental

1.1 Materials

The early strength Portland cement (PC) used in the
experiments is produced by Jiangnan Cement Co., Ltd.,
Nanjing and it is classified as P. II 52. 5R according to the
Chinese standards. The physical and mechanical proper-
ties of the materials are shown in Tab. 1. Grade [ fly
ash (FA), similar to Class F fly ash according to ASTM,
is supplied by the Zhenjiang Power Plant with a specific
surface area of 454 m*/ kg. The silica fume (SF) used in
the experiments is produced by the Ai Ken Company with
a specific surface area of 22 000 m’/kg. The oxide com-
positions of the FA and SF analyzed with the X-ray fluo-
rescence spectroscopy are listed in Tab. 2.

Ordinary river sand with a maximum diameter of 2. 36
mm, a fineness modules of 2. 44, and a packing and ap-
parent density of 1.4 and 2.4 g/cm’, respectively, is
used as fine aggregates. A visconcrete 3301 superplastici-
zer (SP) supplied by the Switzerland Sika (China) Build-
ing Materials Co., Ltd. with a water reducing ratio of
more than 30% and a solid content of 28% is used.
Dramix, a superfine steel fiber covered by a copper, is
incorporated. The fibers (VF) are 13 mm long and have
a circular cross-section with a diameter of 0. 2 mm.

1.2 Mix proportion

The mix design of UHPFRC differs significantly from
that of normal and high-strength concretes ”'. UHPFRCC
mix compositions are characterized by: 1) The enhance-
ment of homogeneity by elimination of coarse aggregates;
2) The enhancement of compacted density by optimiza-
tion of the granular mixture, i.e. silica fume improves
the compacted density of the mix, thereby reducing voids
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Tab.1 Physical and mechanical properties of cement

Standard Initial setting Final setting Flexural strength/MPa Compressive strength/MPa Specific surface

consistency/ % time/min time/min area/(m” - kg~ ')
3d 28d 3d 28d
26.3 140 245 7.2 10.6 34.7 62.8 362

Tab.2 Oxide compositions of FA and SF %

Mineral admixture ~ w(SiO,) w(ALO;)  w(Fe,03) w(Ca0)  w(MgO) w(SO;) w(K,0) w(Na,O) Loss

FA 54.88 26. 86 6.49 4.77 1.31 1.16 1.05 0.88 2.5

SF 94. 48 0.27 0.83 0.54 0.97 0.8 2.13

and defects; 3) The reduction of the water/cement ratio
and inclusion of a superplasticizer which ensures a worka-
ble mix; 4) The enhancement of ductility by incorpora-
ting small-sized steel fibers. The composition of the pre-
pared UHPFRCC matrix is shown in Tab. 3.

are taken out and dried for 2 d at (60 +30)°C. Powder
samples are collected from depths of 0 to 5 mm, 5 to 10
mm, 10 to I5mm and 15 to 20 mm. Using a drill, at
least 5 g of fine powder are extracted from each depth.
Subsequently, the chloride content, as a percentage of
Cl~ by the mass of concrete, is determined by titration.

Tab.3 Mixing proportion of UHPFRCC ~ kg/m’ ‘ .
£ PIop £ The freeze-thaw test is conducted according to GB/T
Sili Ri Steel
Cement Fly ash fl:ncz g::ir Superplasticizer Water . be:r 50082—2009. The test data are collected once after every
u S 1 . .
40 e 08 1256 8 1728160 25 freeze-thaw cycles to determine the weight-loss rate

1.3 Specimen preparation

The main step in specimen preparation is to produce a
uniform distribution of UHPFRCC components including
binder materials and steel fibers. Therefore, according to
the mixture proportions in Tab. 3, fresh concrete mixtures
are cast into steel molds to produce samples with a dimen-
sion of 40 mm x40 mm x 160 mm, and then placed on a
shaking table in order to achieve good compaction. After
the samples are kept for 24 h at room temperature, the
prism specimens are demoulded and cured with different
curing regimes. For standard curing, the temperature is at
(20 +2) T, and has a relative humidity RH greater than

and the relative dynamic elastic modules of the speci-
mens.

2 Results and Discussion

2.1 Mechanical properties
2.1.1 Effect of curing regimes on mechanical proper-
ties of UHPFRCC

The data in Fig. 1 represent the flexural and compres-
sive strength of the cured UHPFRCC under the three cu-
ring regimes ( standard curing, heat curing and steam cu-
ring). From this data it can be concluded that fast heat
curing for 3 d can make UHPFRCC exhibit close mechan-
ical properties to those of 90 d standard curing.

95% . For steam curing specimens, the specimens are put 180 = Sta“dafd.cuﬁng(% d)
into a steam box of 85 °C for 3 d, and as to the heat curing £ 140t = SHeat 0““?5(3;;
specimens, they are put into an oven at 105 C for 3 d. %0100 2 Steam enring(3 d)
g 60
1.4 Test method & "
1.4.1 Mechanical properties test method Com;SSive ) e~
According to the Chinese standard GB/T 17671— e Stgg;rth

1999, the bending specimen is a prism (40 mm x40 mm
x 160 mm) when applying a three-point bending test.
The span is 100 mm, and the loading rate is 1 mm/min.
The compressive strength specimen is a 40 mm x 40 mm
x40 mm cube.
1.4.2 Durability test method

In this study, the chloride analysis is undertaken ac-
cording to the Chinese standard JTJ 270—1998 and the
NT Build 443—94 '°'. After taking the specimens from
the curing rooms, each specimen is coated with gas-tight
epoxy resin. One surface of each specimen is left uncoat-
ed for the purpose of exposing this surface to a NaCl solu-
tion'”). The UHPFRCC specimens are placed with a 10%
NaCl solution for 2, 3, 4 months, respectively. Immedi-
ately after the specified immersion period, the specimens

Fig.1 Mechanical properties of UHPFRCC subjected to differ-
ent curing regimes

Steam curing at 85 C and heat curing at 100 C for 3 d
are used to enhance UHPFRCC properties by accelerating
the hydration reaction of cement particles and the Pozzo-
lanic reaction of the mineral admixtures including silica
fume and fly ash, and then to achieve high early strength
it can be used for precast elements. However, UHPFRCC
cured in standard conditions ( (20 £2) C, RH >95% )
heat
strength, to be able to be used in situ applications for re-
habilitation and strengthening of structures'®’ .

When comparing the strength results of 3 d heat and

without treatment successfully gains sufficient

steam curing, it is found that at the same age, the



350

Saly Fathy and Sun Wei

strength of steam cured specimens is greater than that of
heat cured specimens. This is because in dry hot condi-
tions, water evaporates easily, which leads to the forma-
tion of a small number of large pores and results in a
slight increase in materials porosity and, thus, strength
slightly decreases.
2.1.2 Effect of curing regimes on the toughness of
UHPFRCC

Load-deflection curves of the three systems of 90 d
standard curing, 3 d heat curing and 3 d steam curing are
shown in Fig. 2.

18-

Standard curing (90 d)
161 —— Heat curing (3 d)
4r —— Steam curing (3 d)

Deflection/mm

Load-deflection curves of UHPFRCC under different
curing conditions

Fig. 2

The damage produced by the expansion caused by the
hot and the humid conditions of dry hot and steam cu-
ring, respectively, was decreased due to the addition of
steel fibers. The incorporation of steel fibers in UHP-
FRCC matrix increases the resistance to hot and humid
expansion stress.

Fig. 2 shows that the steam curing for UHPFRCC after
3 d has the greatest toughness among the three curing re-
gimes. That is because the Pozzolanic materials become
more reactive under high temperature conditions, which
makes the strength of the UHPFRCC increase quickly.
On the other hand, the slurry water evaporates due to the
high temperature conditions, resulting in the formation of
a small number of large pores which can slightly reduces
the strength. However, in the steam curing, the steam
compensates for the humidity loss.

2.2 Results for the durability tests
2.2.1 Chloride resistance of UHPFRCC with different
curing regimes

Fig. 3 shows the Cl~ concentration distribution at dif-
ferent depths in UHPFRCC150 with different curing con-
ditions after 90 d immersion. It can be concluded that the
Cl~ diffusion concentration value for the heat cured UHP-
FRCC specimens at the 5 to 10 mm depth is five times
more than that for the steamed and standard cured UHP-
FRCC at the same depth. When using heat curing, the
water evaporates from the matrix, leaving some connect-
ed internal pores and leading to the easy and quick pene-

tration of the chloride ions into UHPFRCC. Most of chlo-
ride concentrations of the standard curing with steam cu-
ring matrices concentrate only at the 0 to 5 mm depth.
Compared to the standard curing, steam curing matrices
have better resistance to chloride ion penetration. This
means that steam curing can speed up the hydration
process of UHPFRCC and lead to a dense microstructure
in a shorter time which is even more efficient than the 90
d standard curing.

0.32r

0.28F —=#— Standard curing (90 d)
S —e— Heat curing (3 d)
E 0.24r —4— Steam curing (3 d)
=
£ 0.201
8
£ 0.16f
Q
L
E0.12r
=3
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© 0.08f
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Fig.3  Chloride concentrations at different depths of UHP-
FRCC with different curing conditions after 90 d immersion

2.2.2 Effects of curing condition on the freeze-thaw
performance of UHPFRCC

Figs.4 and 5, respectively, show the effects of curing
regimes on the mass loss and the relative dynamic modu-
lus of elasticity of UHPFRCC with the increase of freeze-
thaw cycles. For the three different curing regimes and
after 800 cycles of freezing and thawing, the mass loss
and the relative dynamic elastic modules are about 1. 0%
and 95% , respectively. The results of the heat and steam
curing do not differ much from the standard curing re-
sults. This means that the rapid curing has no significant
influence on the UHPFRCC frost resistance.

3_
& —=— Standard curing (90 d)
% 2r —e— Heat curing (3 d)
T% —a— Steam curing (3 d)
=
0 100 200 300 400 500 600 700 800 900
Number of freezing-thaw cycles
Fig.4 Effects of curing condition on the mass loss of UHP-

FRCC

2.3 Results of microstructure tests

As MIP provides information about the connectivity of
the pores and microscopy reveals information about pore
geometry, researchers have been interested in combining
the techniques for a more complete picture of pore sys-

temsm .
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Fig.5 Effect of curing conditions on relative dynamic modulus

of elasticity of UHPFRCC

2.3.1 Morphology of UHPFRCC after different cur-
ing regimes

Figs. 6 and 7 shows the morphology of UHPFRCC after
3 d heat curing and steam curing, respectively. No obvi-
ous Ca (OH) , exists in UHPFRCC, which indicates that
the hydration process in UHPFRCC has been almost com-
pleted after a short time of the heat or steam curing. For
heat curing regimes, because of the high temperature,
water evaporates from the specimens and leaves small con-
nected pores as can be seen in the figures. The chlorides
can penetrate into UHPFRCC very fast through the con-
nected pores. This is the reason why heat cured UHPFRCC
has relatively lower mechanical properties and chloride re-
sistance than the other two curing regimes. On the contra-
ry, for steam curing, steam compensates for the loss of
water from the UHPFRCC matrix’s surface, which leads
to a more smooth and dense microstructure. In addition,
standard cured UHPFRCC has a similar morphology to
steam cured UHPFRCC.

Fig.7 The SEM image of UHPFRCC after steam curing

2.3.2 Effects of curing condition on the pore size
distribution of UHPFRCC

Fig. 8 is the pore size distribution of UHPFRCC with
the three different curing regimes. The figure shows that
the most probable pore size in the three groups of speci-
mens is about 4 to 5 nm, indicating that the pores in the
UHPFRCC matrix are mainly small size gel pores, which
are harmless for the mechanical performance and durabili-
ty of UHPFRCC. 1t is also obvious that the heat cured
UHPFRCC has higher porosity. For heat curing, there are
many pores with sizes between 10 and 100 nm in UHP-
FRCC. This also indicates that the water evaporates out
of specimens during the curing, and leaves connected
pores in UHPFRCC as seen in the SEM image. These
pores reduce the chloride resistance of heat cured UHP-
FRCC.
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Fig.8 Effects of curing condition on the pore size distribution

of UHPFRCC

3 Conclusion

The research shows that UHPFRCC can be produced
successfully with three different regimes. The rapid cu-
ring condition can serve the case of pre-cast elements,
and the results indicate the possibility of producing UHP-
FRCC using standard curing to be able to be used in situ
applications for rehabilitation and strengthening of struc-
tures. The results show the effects of the different curing
regimes not only on the macro behavior of UHPFRCC but
also on its micro structure. Combining the advanced
methods of testing the microstructure of the UHPFRCC
matrix including SEM and MIP can produce a more com-
plete understanding of the reasons for the excellent per-
formance of UHPFRCC.
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