Journal of Southeast University (English Edition)

Vol. 28, No. 2, pp. 184 —189

June 2012 ISSN 1003—7985

Main properties of ultra-high performance fiber reinforced
cement composites under couple effect of load and environment

Saly Fathy'’

Gu Chunping'

Sun Wei'

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

(*Department of Civil Engineering, Alexandria University, Alexandria 21532, Egypt)

Abstract: This study aims to reveal the mechanism that how
the content of steel fibers and strength grades affect the macro
performance of the ultra-high performance fiber reinforced
cementitious composite ( UHPFRCC ) and to study the
UHPFRCC durability under the combined effect of loads and
environments. Three types of high and ultra-high performance
fiber reinforced cement composites with different strength
grades (100, 150, 200 MPa) and different steel fiber volume
fractions (0%,
properties of mechanical performance and short-term durability
are studied. A preloading frame is designed to apply a four-

1%, 2%, 3%) are prepared. The main

point load external flexural stress with a stress selection ratio
of 0.5 for UHPFRCC150 specimens. The results show that the
growth in strength grade with a proper content of steel fiber
greatly increases the strength and toughness of the HPFRCC
and the UHPFRCC while decreasing the dry-shrinkage ratio.
For the loaded specimens, the existence of steel fiber can
reduce the negative influence of tensile stress on the Cl~
penetration resistance of the UHPFRCC in addition to
improving its ability to resist the freeze-thaw damage.
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he development of mechanical properties is funda-
mental for the design and construction of cement
Ultra-high performance ce-
mentitious composites ( UHPCC), developed in France

based material structures''.

approximately two decades ago, are a relatively new class
of concrete that has superior performance characteristics
compared with the conventional concrete. The improved
strength and durability properties of UHPFRC are mainly
due to the optimized particle gradation that produces a
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very tightly packed mixed density, the use of steel fibers,
and an extremely low water to binder ratio'”'.

On the real conditions of concrete, durability and load
conditions have a very close relationship, but they only
consider the role of a single factor, which may overstate
the true durability of concrete structures. The coupled
effect of loads and environments must be considered for
improving the reliability and accuracy of the concrete
study "', As a result, Refs.[3 —6] gradually realized the
urgent need to focus on the coupling effect of loads and
environments on cement-based materials. Therefore, this
paper presents the results of an experimental study on the
main properties of high and ultra-high performance fiber
reinforced cementitious composites under different
strength grades (100, 150, 200 MPa) and different steel
fiber volume fractions (0% ,1% ,2% ,3% ) with or with-
out the effect of loads. Specimens are cured in standard
conditions ((20 +2) C, RH>95%) for 90 d.

1 Experimental

1.1 Materials

The high early strength Portland cement( PC) used in
the experiments is produced by Jiangnan Cement Co.,
Ltd, Nanjing and it is classified as P -+ [[ 52. 5R accord-
ing to the Chinese standards. The physical and mechani-
cal properties of the materials are shown in Tab. 1. Grade
I fly ash (FA), similar to Class F fly ash according to
the ASTM, is supplied by Zhenjiang Power Plant with a
specific surface area of 454 m’/kg. Silica fume ( SF)
used in the experiments is produced by the Ai Ken Com-
pany with a specific surface area of 22 000 m’/kg. The
oxide compositions of the PC, FA and SF analyzed with
the X-Ray fluorescence spectroscopy are listed in Tab. 2.

Ordinary river-sand with a maximum diameter of
2.36 mm, a fineness module of 2. 44, and a packing and
apparent density of 1.4 and 2.4 g/cm’, respectively, is
used as a fine aggregate. A visconcrete 3301 superplasti-
cizer supplied by Switzerland Sika (China) Building Ma-
terials Co., Ltd. with a water reducing ratio of more than
30% and a solid content of 28% is used. Dramix, a su-
perfine steel fiber covered by copper is incorporated. The
fibers are 13 mm long and have a circular cross-section
with a diameter of 0. 2 mm.
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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 3d 28 d 3d 28 d area/(m? - kg~!)
26.3 140 245 7.2 10.6 34.7 62.8 362
Tab.2 Oxide compositions of the FA and SF %

Mineral admixture w(Si0,) w(AL,O;)  w(Fe,05) w(CaO) 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

mm cube.

1.2 Mix proportion

All of the bases highlighted in the international defini-
tions and discussed above are utilized for the design of the
cementitious materials with three different strength
grades: HPFRCC100, UHPFRCC150 and UHP-
FRCC200. In addition, different volume fractions of steel
fibers are added into the control matrix of UHPFRCCI150
to reveal the influence of the amount of steel fiber on the
mechanical properties and durability of the UHPFRCC.
Three mixture proportions of the cement composites are
designed in the experiment, of which the sand-to-binder
ratio (S/B) and the super plasticizer content ( SP) is con-
stant. ¢ is the volume fraction of steel fiber. The com-
position of cementitious materials is a total of 100% . The
proportioning of the concrete mixture is listed in Tab. 3.

Tab.3 Mixture proportions in the present study %

Strength grade We  Wga Wsg S/B wsgp W/B  @gp
HPFRCC100 50 50 5 120 3.5 0.17 1
UHPFRCC150 50 40 10 120 3.5 0.16 2
UHPFRCC200 50 35 15 120 3.5 0.15 3
UHPFRCCI150(0%) 50 40 10 120 3.5 0.16 O
UHPFRCCI150(1%) 50 40 10 120 3.5 0.16 1
UHPFRCC150(3%) 50 40 10 120 3.5 0.16 3

1.3 Specimen preparation

The main aspect in specimen preparation is to produce
uniform distribution of UHPFRCC components including
binder materials and steel fibers. Therefore, according to
the Chinese standard test method JTJ 270—98 and the
mixture proportions in Tab. 3, fresh concrete mixtures are
cast into steel molds to produce samples with a dimension
of 40 mm x40 mm x 160 mm, and then placed on a sha-
king 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 for standard curing at
a temperature of (20 +2) C, with a relative humidity
RH>95%.

1.4 Test method

1.4.1 Mechanical properties test method

According to the Chinese standard GB/T 50081—
2002, the bending specimen size is a prism (40 mm x40
mm x 160 mm). 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 x40 mm x40

1.4.2 Durability test method

In this study, a spring type of the preloading frame is
prepared to apply a four-point load external flexural stress
with a 135 mm span to the specimens, as shown in Fig.
1. The frame is made up of stainless steel, and the ap-
plied load that comes from the elastic forces of spring
The selection ratio of
the flexural load stress in the test (i. e., the ratio of ex-
ternally applied flexural load to the ultimate flexural load
capacity) in this study is 0.5, which is applied to the
specimens by screwing in a bolt, and controlled by the
compression length.

é Ié _I,—Spring

w Fulerum
|—Sample
12.5 135
160

[ ]

compression is shown in Fig. 2",

57.5 45 51.5

Fig.1 Schematic for UHPFRCC pre-loading(unit: mm)

Fig.2 The loading device

According to the Chinese standard GB/T 50082—
2009, after curing 3 d, specimens are placed in a cham-
ber at a constant temperature of (20 +2) C and a humid-
ity of (60 +5) % . Immediately after the removal of the
specimens from the curing room to the test lab at room
temperature, the initial lengths are measured. The de-
formation measurements are procured according to the fol-
lowing curing time: 1, 3, 7, 14, 28, 45, 60, 120, 150,
180 d.

The freeze-thaw test is also according to GB/T 50082—
2009. The test data are collected once after every 25
freeze-thaw cycles to determine the weight-loss rate and
the relative dynamic elastic modules of the specimens.

In this study, the chloride analysis is undertaken ac-
cording to the Chinese standard JTJ 270—98 and the NT
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Build 443—95"" titration.
from curing rooms, each specimen is coated with gas-

After taking the specimens

tight epoxy resin. One surface of each specimen is left
uncoated for the purpose of exposing this surface to a
NaCl solution'”. The preloading concrete specimens are
placed together with the loading frame into a chloride so-
lution, NaCl with a 10% mass fraction for 2, 3, 4
months, respectively. Immediately after the specified im-
mersion period, the pre-loading frame is removed, and
the specimens are taken out and dried for 2 d at (60 +3)
€. Powder specimens are collected from finite depths: 0
to 5 mm, 5 to 10 mm, 10 to 15 mm and 15 to 20 mm.
At each depth, two samples are taken. One sample is ex-
tracted from the tension surface, the other from the com-
pression surface. Using a drill, at least 5 g of fine powder
is extracted from each cementitious composite layer. Sub-
sequently, the chloride content, as a percentage of Cl~
by the mass of concrete is determined.

2 Results and Discussion
2.1 Mechanical properties

2.1.1 Effect of strength grade on the mechanical
properties of HPFRCC and UHPFRCC

The data in Tab. 4 represent the flexural and compres-
sive strength of UHPFRCC100, UHPFRCC150 and UHP-
FRCC200 after 90 d of standard curing. From this data,
it can be concluded that the strength increases with the in-
crease in silica fume and steel fiber content and the de-
crease in the water/binder ratio. Furthermore, the
strength values after standard curing for 90 d are to meet
the design requirements. For example, the compressive
strength of C200 increases by 70%
strength by 106% in contrast to the smaller values of C100
at the same curing age. At the crack tip, steel fibers can

and the flexural

restrain the extension of the crack and reduce the extent of
stress concentration at the tip of a crack, thus changing
the direction of crack growth and delaying the growth rate
However, silica fume increases the interfa-
cial characteristics due to its filler effect, crystallizing

6
of a crack'™.

effect, and pozzolanic effect.

Tab.4 Strength of HPFRCC and UHPFRCC after 90 d stand-
ard curing

Strength Flexural Compressive

grade strength/MPa strength/MPa
HPFRCC100 19.6 124.9
UHPFRCC150 38.6 156. 1
UHPFRCC200 40.5 212.7

2.1.2 Effect of volume fraction of steel fiber on the
mechanical properties of UHPFRCC

In this study, steel fibers with different volume frac-

tions (0%, 1%, 2% and 3% ) are added to the UHP-

FRCC150 matrix in order to understand the enhanced role

of the steel fibers. Compressive and flexural strength re-

sults of different fiber contents after 90 d standard curing

are shown in Fig. 3. It can be seen from Fig. 3 that the
compressive and flexural strength increases with the in-
crease in UHPFRCC fiber content. The increase of flexur-
al strength is particularly sensitive to the fiber volume
fraction. The incorporation of 1% steel fiber into a ce-
ment matrix is not very effective for strength as it incor-
porates 2% and 3 % steel fiber. Adding 2% steel fiber to
UHPFRCC specimens increases the flexural strength two
times more than those without steel fiber. In addition,
adding 3% steel fibers makes the flexural strength reach
2.7 times its value without fibers. This is due to the bridg-
ing effect of the fiber which is responsible for carrying
loads after the appearance of cracks'. Furthermore, in-
creasing the volume fraction of steel fiber in UHPFRCC150
leads to an increase in the energy absorbed by its matrix.
As illustrated in Fig.4, specimens without fibers reach ul-
timate flexural strength after brittle fracture. Conversely,
the incorporation of 1% steel fibers not only increases the
strength of UHPFRCC but also increases the area under the
load deflection curve, significantly enhancing the fracture
toughness and thus preventing sudden failure.

200 - B Flexural strength ; [ Compressive strength

Strength/MPa
8 8
T T

W
(=)
T

0 1 2 3
Psr/ %

Fig. 3  Flexural and compressive strength of UHPFRCC150
with different steel fiber volume fractions after 90 d of curing

18 -

Load/kN

Deflectiom/mm

Fig.4 Load-deflection curve of UHPFRCC with different steel
fiber volume fractions

2.2 Results of durability test

2.2.1
Fig. 5 shows the shrinkage strain resulting from drying

Shrinkage test results

the shrinkage measurements of high and ultra-high per-
formance fiber reinforced cementitious composites. The
shrinkage strain of UHPFRCC for 180 d is limited to 400
x 10 ~® and 600 x 10 ~° which is slightly less than ordinary

concrete values (500 x 10 ™° to 900 x 10 ™*) ™. Due to
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the low water/cement ratio and the incorporation of a
high amount of mineral admixtures in UHPFRCC matrix,
the permeability and the number of pores is greatly re-
duced. Therefore, the rate of the drying shrinkage is re-
duced, since it will take more time for the water to find
its way out of the specimen. In addition, as can be seen
from Fig. 5, the shrinkage strain is reduced with the in-
crease in the volume fraction of steel fiber'"”" The shrink-
age strain is reduced with the increase in the steel fiber
from 0% to 3%, respectively.

700

600
S 500
2
g 400
g,300 - —s— UHPFRCC150(0%)
) —e— HPFRCC100
- 200 —— UHPFRCC150
= —v— UHPFRCC200
100

0

0 20 40 60 80 100 120 140 160 180 200

Testing time/d
Fig.5 Shrinkage strain of HPFRCC and UHPFRCC at differ-
ent testing times

2.2.2 Cl concentration in UHPFRCC150 after dif-
ferent immersion time

Fig. 6 shows the Cl~ concentration distribution at dif-
ferent depths of unloaded immersed UHPFRCCI150 in
10% NaCl at 2, 3 and 4 months, respectively. It can be
concluded that Cl1~ diffusion concentration increases at a
lengthier immersion time. The chloride concentration val-
ues for 2 and 3 months immersion at different depths are
very close, but it increases slightly after four months of
immersion, indicating that Cl~ penetrates very slowly in-
to UHPFRCC. This is mainly due to its low porosity and
dense microstructure.
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Fig. 6  Chloride concentration at different depths of UHP-
FRCCI150 after different immersion times

Resistance of different HPFRCC and UHP-
FRCC strength to Cl~ diffusion

Fig. 7 shows the free Cl~ concentration distribution at
different depths of different HPFRCC and UHPFRCC
soaked for three months. The figure shows that the free
Cl~ concentration values for HPFRCC100 and UHP-

2.2.3

FRCC150 are very close, but the free Cl~ concentration
in UHPFRCC200 is about 50% lower. This is mainly be-
cause UHPFRCC200 has the lowest w/ ¢ ratio (0. 15) and
the highest silica fume percentage (15% ) of the three in-
tensity levels.
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Fig.7 Chloride concentration at different depths of different
HPFRCC and UHPFRCC after 90 d immersion

2.2.4 CEffect of loading and ¢ . on the UHPFRCC
resistance to Cl  penetration

Figs. 8 and 9 show the results of the chloride concentra-
tions at different depths of UHPFRCC150 (0% ) and UH-
PFRCCI150 (2% ), respectively, at different stress states
after a three-month immersion. As it can be concluded
from the two figures that the resistance to Cl~ penetration
for the tension side is less than that in non-loaded speci-
mens while the higher resistance to Cl~ penetration is on
the side of compression. The effect of adding steel fibers
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JE 0.20 —e— Compression face
§ 0.16 | —a— Tension face
=3
e 0.12
=
Eo0.08f
=
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Fig. 8  Chloride concentration at different depths of UHP-
FRCC150 (0% ) with different stress states after 90 d immersion
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Fig. 9  Chloride concentration at different depths of UHP-
FRCCI150 with different stress states after 90 d immersion
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implied by the unloaded UHPFRCC150 (¢ =2% ) and
UHPFRCC150 (0% ) chloride concentration at O to 5 mm
depth is about 0. 22 and 0. 2, respectively.
2.2.5 Effect of loading and strength grade on frost
resistance of HPFRCC and UHPFRCC

Figs. 10 and 11 show an extremely excellent anti-
freeze-thaw performance of all the specimens. After 800
cycles of freezing and thawing, damage does not occur.
The weight loss rate is very slow and mostly concentrated
in about 0. 5% . Only the weight loss rate of loaded UHP-
FRCC150 (725 cycles) is relatively high, reaching
1.0% . At the beginning of freeze-thaw cycles, contrary
to what is expected, we observe some increase in the
specimen weight. The pores in UHPFRCC expand under
the frost effect, resulting in water absorption increasing
and a slight increase in the weight of the specimen. By
continuing freeze-thaw cycles, the specimen gradually

peels and spalls; therefore, the weight loss successively
[

increases
4 —s=— HPFRCC100
—e— UHPFRCC150

<3t —s— UHPFRCC200
g —v— Loaded UHPFRCC150
2L —<+— Loaded UHPFRCC200
-~
o
° 1F
3

0

1 1 1 1 1 1 1 1 ]
0 100 200 300 400 500 600 700 800 900

Number of freeze-thaw cycles

Fig. 10 Effect of strength and load on weight loss of HPFRCC
and UHPFRCC
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Fig. 11 Effect of strength and load on relative dynamic modu-
lus of elasticity of HPFRCC and UHPFRCC

Under the action of freeze-thaw cycles, a large number
of micro-cracks appears and the internal structure of the
All these factors lead to the increase in
the relative dynamic elastic modulus of different strength
grades for HPFRCC and UHPFRCC as shown in Fig. 11.
After 800 cycles the relative dynamic elastic modulus re-
duction for both the loaded and the unloaded specimens is
only 5% for all strength levels. This value is very low

matrix loosens.

due to a low w/c ratio and high proportion of silica fume
thus improving the internal pore structure.

The weight loss of UHPFRCC increasing and the rela-
tive dynamic elastic modulus decreasing in the loaded ca-

ses are more than those in the non-loaded cases, because
the static load stress results in the increase in the number
of cracks, and coupled with freeze-thaw cycles, the crack
expansion is increased, leading to material failure.
2.2.6 Effect of steel fiber volume fraction on UHP-
FRCC frost resistance

Figs. 12 and 13 reveals the effect of the volume fraction
of the fiber on weight loss and the relative dynamic elastic
modulus of UHPFRCC. After 800 cycles of freezing and
thawing, the weight loss of UHPFRCCI150 increases
about 0. 5% . Similarly, as the relative dynamic elastic
modulus increases, so does the steel fiber volume frac-
tion. Thus, due to the inhibitive bridging effect of fibers
on crack propagation, the matrix has a decreasing rate of
surface spall. Conversely, the weight loss and the relative
dynamic elastic modulus values for UHPFRCC150 (0% )
are more than 1. 0% and 90% , respectively. The cracks
caused by freeze-thaw cycles are not controlled as a result
of the absence of fibers. This leads to an increasingly de-
teriorated matrix.

4r —=— UHPFRCC150(0% )

. —e— UHPFRCC150(1% )
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Number of freeze -thaw cycles

Fig. 12  Effect of the volume fraction of steel fiber VF on mass
loss of UHPFRCC
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Fig. 13 Effect of the volume fraction of steel fiber on relative
dynamic modulus of elasticity of UHPFRCC

3 Conclusion

This research presents an alternative to the use of high
temperature curing in the production of UHPFRC pre-cast
elements. In addition, the results point to the possibility
of using standard curing ((20 +2) C, RH >95%) for
90 d while successfully meeting strength requirements and
maintaining high mechanical performance at all three dis-
tinct strength levels of high and ultra-high performance fi-
ber reinforced cement composites. The different propor-
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tions used in this study show excellent short-term durabil- and 2D carbonation of fly ash concrete under flexural
ity of shrinkage strain, resistance to Cl~ penetration and stress [J]. Journal of Southeast University: Natural Sci-
frost resistance even for specimens subjected to the cou- ence Edition, 2007, 37(1): 118 ~122. (in Chinese)
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pled effect of static load and environment. After 800 [5
freeze-thaw cycles, the weight loss and the relative dy-
namic elastic modules are only about 5% and 95%, re-
spectively. Furthermore, the incorporation of steel fiber [6]

prevents the sudden brittle failure of the matrix under mixed corrosion, freeze-thaw cycles, and persistent loads
flexural loads. In the absence of loading, steel fibers on behavior of reinforced concrete beams [J]. Journal of
have a slight effect on UHPFRCC resistance to Cl~ pene- Cold Regions Engineering, 2010, 25(1): 37 —52.
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presence of fibers perform well at suppressing the forma- ride penetration. NT Build 443 [R]. Espoo, Finland:
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hancing the resistance of the matrix to Cl~ penetration
and proving the urgency of adding steel fibers in the pro-
duction of UHPFRCC.
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