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Static and dynamic mechanical behaviour of ECO-RPC
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Abstract: Ecological reactive powder concrete (ECO-RPC) with small sized and different volume fraction
steel fibers was prepared by substitution of ultra-fine industrial waste powder for 50% to 60% cement by
weight and replacement of ground fine quartz sand with natural fine aggregate. The effect of steel fiber
volume fraction and curing ages on the static mechanical behaviour of ECO-RPC was studied. Using the split
Hopkinson pressure bar technique, the dynamic mechanical behaviour of ECO-RPC was investigated under
different strain rates. The results show that the static mechanical behaviour of ECO-RPC increases with the
increase of steel fiber volume fraction and curing ages. The type of ECO-RPC with the substitution of 25%
ultra-fine slag, 25% ultra-fine fly ash and 10% silica fume is better than the others with compressive
strength, flexural strength, and fracture energy more than 200 MPa, 60 MPa and 30 kJ/m’, respectively. ECO-
RPC has excellent strain rate stiffening effects under dynamic load. Its peak stress, peak strain and the area
under strain-stress curve increase with the increase of strain rate. Its fracture pattern changes from brittleness to
toughness under high strain rates.
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Reactive powder concrete (RPC) is a new kind of
cementitious composite with ultra-high performance.
However, the high cost of RPC restricts its applica-
tion'' "' In this paper, 50% to 60% of cement was re-
placed by ultra-fine industrial waste powder. The
ground fine quartz sand with the maximal diameter of
600 wm was totally replaced by natural fine aggregates
with the maximal diameter of 3 mm. By the means of
binary and trinary composition of ultra-fine industrial
waste powder, the advantages of granular packing and
component complementing were achieved. Three types
of ecological reactive powder concrete ( ECO-RPC)
were prepared, which had the advantages of high prop-
erty to price ratio, resource and energy saving and eco-
logical and environmental protection'’ "'

The static and dynamic mechanical behaviour of
ECO-RPC was researched. By utilising the reinforce-
ment of fine steel fibers, excellent mechanical perform-
ance of ECO-RPC was achieved. Results show that the
mechanical performance of ECO-RPC increa-ses with

the increase of curing age and steel fiber fraction. By
the split Hopkinson pressure bar ( SHPB) technique,
the effect of strain rate on ECO-RPC mechanical be-
haviour is investigated under the impact loading.

1 Experiments

1.1 Materials

Four cementitious materials are used in the re-
search, including portland cement, silica fume, ultra-
fine fly ash and ultra-fine slag. Their chemical compo-
sitions and properties are tabulated in Tab. 1. The
strength grade of cement is P-[[ 42.5 in accordance
with the relevant Chinese standard. The maximum par-
ticle size of natural sand is 3 mm with a fineness modu-
lus of 1. 34. The superplasticizer is produced by the Si-
ka Company in Guangzhou, China with a water-reduc-
ing ratio of no less than 35% . The equivalent diameter,
length and tensile strength of the fine steel fiber are
0. 175 mm, 13 mm and 1 800 MPa, respectively.

Tab.1 Chemical compositions and properties of cementitious materials

Items Chemical composition/ % Specific surface/ Density/
w(SO;5) w(SiO,) w(Fe,03) w(MgO) w(Al,O3) w(Ca0) (m?-kg™") (g-em™?)
Cement 2.24 20. 60 4.38 0.55 5.03 65. 06 346 3.02
Silica fume 0. 80 94. 50 0. 83 0.97 0.27 0.54 20 000 2.20
Ultra-fine fly ash 1.45 54.98 5.93 1.27 31.34 3.90 720 2.33
Ultra-fine slag 1. 00 34. 20 0.43 6.70 14. 20 41.70 800 2.82
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1.2 Composition of ECO-RPC

Three types of ECO-RPC matrix (M,, M, and
M,) were designed. Their compositions are listed in
Tab. 2.50% to 60% of cement was replaced by ultra-
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fine industrial waste powder. Ground fine quartz sand
was totally replaced by natural fine aggregates. The
water-binder and sand-binder ratio were 0.15 and
1. 2, respectively. The volume fraction V, of steel fiber
was 0 to 4% .

Tab.2 Composition of ECO-RPC matrix %

Silica  Ultra-fine Ultra-fine Super-

Matrix Cement

fume fly ash slag plasticizer
M, 50 25 25 1.7
M, 50 10 40 1.7
M, 40 10 25 25 1.7

1.3 Test of ECO-RPC

The cementitious materials and sand were put in
a forced mortar mixer at the same time and mixed for
3 min. Then the water and superplasticizer were mixed
together and the liquid was put into the mixer to mix
for another 6 min. Finally, fibers were dropped into the
mixture and it was mixed for 3 min so that fibers were
well distributed throughout the mortar. After mixing,
the mixture of ECO-RPC was cast into steel moulds
and compacted using a standard vibrating table. The
specimens were stored in standard conditions ( (20 +
2)C,RH >90% ) and demoulded after 24 h. Then the
specimens were cured in standard conditions for 28, 90
and 180 d before testing.

“8” shaped specimens were used to test the inter-
facial bond strength according to the Chinese standard
test methods for steel fiber reinforced concrete. Speci-
mens for the test of flexural strength, compressive
strength and fracture energy were 40 mm x 40 mm X
160 mm prisms. Flexural strength and compressive
strength were tested according to standard GB/T
17671—1999. Through three point bendings the frac-
ture energy was tested (see Fig. 1). The testing span
Iwas 150 mm and the rate of deformation was 0. 02
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Fig.1 Test of fracture energy. (a) Set up of three point ben-
ding test; (b) Load-deformation curve of bending

mm/min. The fracture energy G is given by
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where f Pds is the work of load P, %mgamx is the
0

work of specimen weight, m is the mass of a speci-
men, § is the deformation, b and h are the width and
height of a specimen and a is the depth of the kerf. In
this test, b = h =40 mm, a =15 mm.

The cylinder dimension for the SHPB test is 70
mm in diameter and 35 mm in length. A typical SHPB
set-up is outlined in Fig. 2. It is composed of an elas-
tic input and output bars with a short specimen placed
between them. The impact of the projectile at the free
end of the input bar develops a compressive longitudi-
nal incident wave g;(t). Once this wave reaches the
bar specimen interface, a part of its g5 (1), is reflec-
ted, whereas another part goes through the specimen
and transmits to the output bar £.(¢). Those three bas-
ic waves are recorded by the gauges pasted on the in-
put and output bars. According to the wave propaga-
tion theory, the average stress, strain and strain rate of
specimens can be calculated by the following equa-
tions:

A
o=FE SR(I)I?O
) 2¢c,
&= _To[gT(t) -&/(1)]

t
& = f g(r)dr
0
where E is the Young’s modulus; A and A, are the
cross section area of the bar and the specimen, respec-
tively; [, and ¢, are the length of the specimen and the
elatic wave speed, respectively.

Projectile Input bar  Specimen Output bar
[ ] [ — || ] ]

Gauge
Fig.2 SHPB test setup

2 Results and Analysis

2.1 Interfacial bond strength between ECO-RPC

matrix and steel fiber

The bond strength between matrix and fiber is
one of parameters used to evaluate the interfacial
properties used of ECO-RPC. The experimental results
are shown in Fig. 3. The interfacial bond strength in-
creases with the increase of curing age. At the same
age the interfacial bond strength of M, is the largest
and that of M, is the second largest. There is a large
quantity of industrial waste powder in the ECO-RPC.
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As curing age increases, its pozzolanic activity devel-
ops completely and the interfacial zone is improved
continuously.
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Fig.3 Influence of curing age on the average interfacial

0

bond strength

2.2 Flexural strength and compressive strength
Fig. 4 shows the influence of fiber content and
curing age on the flexural strength of ECO-RPC. The
flexural strength increases with the increase of fiber
content and curing age. The matrix of ECO-RPC is
very brittle. When steel fiber is added, its toughness
and ductility are improved greatly. As curing age in-
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Fig.4 Influence of steel fiber volume fraction on the
flexural strength of ECO-RPC. (a) M,;(b) M,;(¢) M,

creases, the pozzolanlic reaction of ultra-fine industrial
waste powder increases too, so the microstucture of
ECO-RPC is improved and the bond between fiber and
matrix is enhanced. Therefore, the flexural strength of
ECO-RPC increases with curing age.

Fig. 5 shows the influence of fiber content and
curing age on the compressive strength of ECO-RPC.
As well as flexural strength, the compressive strength
of ECO-RPC increases with the increase of fiber con-
tent and curing age. From Fig. 4 and Fig. 5 we can al-
so see that the influence of matrix composition on
flexural and compressive strength is the same: M, >
M, > M,, when fiber content and curing age are the
same. For M, in particular, flexural and compressive
strength are over 60 MPa and 200 MPa after curing for
180 d under standard conditions. This fact shows that
the properties of ECO-RPC are improved through tri-
nary composition of ultra-fine industrial waste pow-
der, which reacts with Ca(OH), to form more CSH.
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Fig.5 Influence of steel fiber volume fraction on the com-
pressive strength of ECO-RPC. (a) M,;(b) M,; (c) M,

2.3 Fracture energy
Fig. 6 shows that the fracture energy of ECO-
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RPC increases with the increase of fiber content. The 280+
fracture energy of ECO-RPC matrix is very low. The 20 | Strain rate/s ™" :
energy of ECO-RPC with 2% fiber is over 100 times ol -
larger than that of matrix. With the increase of fiber . 160 :%‘
content, the average distance between fibers decreases % I —e— g1
and the reinforcement of fibers improves. The devel- s 1201 %
opment of cracking is prevented by fibers, so the frac- 80
ture energy of ECO-RPC increases with the increase 40 |-
of fiber content. From Fig. 4, we can see that fracture 0 | ! . |
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on the fracture energy of ECO-RPC with a large quan- a0 - S“f’:a:g 57
tity of industrial waste powder whose pozzolanic ac- ——50
tivity increases with curing age. 200 :.6,2
25 § 1eor e
I:E 20 DMl \b 120 %
=2 oM,
\E6 15 g, 80
% 10 40 H
S 5 0 1 1 1 1 1
g ) ) 0 0.004 0.008 0.012 0.016 0.020
€
- 0 (b)
280 - Strain rate/s™!:
—~ —=—13]
35 201 ——52
E3of LM | ——63
- . - 200 -
25t @M | - pot
Sob mw § § g0 e
g 15 L \
g 10 § § S 10
5
20 . - HR or
0 3 4 40 H
0 L ] |

Fig.6 Influence of fiber volume fraction on the fracture 0 0.004 0.008 0.012 0.016  0.020
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energy of ECO-RPC. (a) 28 d;(b) 90d (¢)
Fig.7 Influence of strain rate on stress-strain curves of
2.4 High-speed impact strength ECO-RPC. (a) V;=0%:(b) V; =3%:(c) V; =4%

Fig. 7 shows the influence of strain rate on the

stress-strain curve of ECO-RPC under high speed Tab.3 Data of impact compression of ECO-RPC

. . .. v/ Strain Peak Strain at peak Area under the
compressive impact (‘The matrix is M3) - Tab. 3 shows % rate/s ' stress/MPa stress/10 * strain-stress curve
peak stress and strain at peak stress under different 30 120. 7 2515 0. 178
strain rates (30 to 100 s '). Results show that: (D) In 50 158. 1 3.210 0. 480
general, the peak stress increases obviously with the 0 64 171.4 3. 300 0.973
) . . 75 180.9 3.310 1.119
increase of strain rate. The areas under the stress-strain

) ) i ) ] 81 182.5 3.315 1. 105
curve evidently increase with the increase of strain 05 190. 6 3588 1 307
rate. The fact shows that ECO-RPC has an excellent 43 1421 2.645 0.252

. . . . 50 208. 0 3.879 0. 892

effect of strain rate stiffening. The strain under peak
i ) g ) p i 3 66 227.8 3.889 2.195
stress also increases with the strain rate. (2) Steel fi- 74 233.3 3.901 2.261
bers have an excellent effect on the toughness of 82 236.3 3.91 2.290
. . 93 243.0 3.920 2,421
ECO-RPC. The peak stress of fiber reinforced ECO- 3 1382 2. 684 0,164
RPC is larger than that of ECO-RPC matrix. 52 225.3 3.903 1.048
Furthermore, the damage of ECO-RPC matrix is more 4 63 241.6 4.091 2.995
) ’ ) g ) 72 247.6 4.138 3.079
serious than that of fiber reinforced ones under near 83 253.5 4.159 3.085
91 261.4 4.166 3.133

rate of strain . As shown in Fig. 8, under high speed



Static and dynamic mechanical behaviour of ECO-RPC 201

impact the matrix of ECO-RPC is damaged into small
parts while those reinforced with steel fibers only have
some cracks on the sides. The experimental results al-

so show that the content of steel fibers has little effect
on the ultimate stress of fiber reinforced ECO-RPC.

(a) (b)

(e)
Fig.8 Fracture pattern of ECO-RPC M, under high speed
impact. (a) V;=0%;(b) V;=3%;(c) V;=4%

3 Conclusions

By means of binary and trinary composition of
ultra-fine industrial waste powder, ecological reactive
powder concrete is prepared which has excellent static
and dynamic mechanical performance. In this paper
the effects of curing age, steel fiber content and the
rate of strain on the mechanical performance of ECO-
RPC are studied.

1) Under standard curing conditions, the strength
of ECO-RPC increases with the increase of curing age
because of the development of pozzolanic action of ul-
tra-fine industrial waste powder. The performance of
trinary composition matrix is better than binary ones.
After curing for 180 d, its compressive strength, flexural
strength and fracture energy are more than 200 MPa, 60
MPa and 30 kJ/m’ respectively.

2) ECO-RPC matrix is a brittle material.
Through the reinforcement of small size steel fibers its
toughness and ductility are improved significantly.
With the increase of fiber content, its mechanical
properties increase simultaneously.

3) Strain rate has an important effect on the dy-
namic performance of ECO-RPC. With the increase of
strain rate, its peak stress and relevant strain increase.
With the reinforcement of steel fibers, the damage de-
gree of material under impact decreases largely.
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