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This study investigates the synergistic effect of steel fibres and coarse aggregates on impact behaviour of ultra-
high performance fibre reinforced concrete (UHPFRC). UHPFRC matrices with a low cement content and
maximum aggregate sizes of 8 mm and 25 mm are designed by using a particle packing model. Three types of
steel fibres (13 mm short straight, 30 mm medium hook-ended and 60 mm long 5D) are studied in terms of the
utilization efficiencies. The results show that UHPFRC with coarser aggregates tends to have a lower cement
consumption but slightly weaker mechanical strength, and the largest aggregate size is suggested to be no more
than 25 mm considering the reduction on flexural toughness and impact resistance. The medium and long fibres
contribute to an excellent deflection/strain hardening behaviour instead of short ones. A preferential synergistic
effect on impact and flexural properties is observed between the medium fibres and the finer aggregates, while
the longer fibres are more compatible to the coarser aggregates. The length of steel fibre is recommended be-
tween 2 and 5 times the maximum aggregate size. The flexural strength controls the impact resistance under low-
energy impact loadings, and flexural toughness determines it under relatively high-energy (beyond energy
threshold) impact loadings.

1. Introduction

Ultra-high performance fibre reinforced concrete (UHPFRC) pos-
sesses superior properties [1-5] due to its special mix design methods
and utilized raw ingredients, usually incorporating high steel fibre
content and large amount of cement [6-8]. Its excellent mechanical
strength and energy absorption capacity contribute to broad applica-
tions in civil, protective and military engineering under both static and
impact loadings [4,9,10].

The traditional UHPFRC consumes a large amount of cement without
applying coarse aggregate to increase homogeneity and eliminate
inherent weakness, such as defect of interfacial transition zone (ITZ)
between matrix and coarse aggregate, stress concentration in point-to-
point contact of aggregates [3,11,12]. It results in a cement consump-
tion three times greater than normal strength concrete, consequently
causing environmental and economical burdens [13,14]. To reduce the
cost and broaden its application, normal natural sand has been suc-
cessfully used to replace the expensive quartz sand [15]. Nowadays,
some researchers attempt to introduce coarse aggregates into UHPFRC

systems in order to further reduce the cost and extend its engineering
application [16-21]. Our previous studies have proven that high
strength coarse aggregates, e.g. basalt aggregates, can be successfully
introduced into a UHPFRC system, which greatly reduce the cement
amount and cost [5,16]. Furthermore, concrete incorporating coarse
aggregates can also enhance volume stability [17], improve projectile
impact resistance [18], achieve better workability, sometimes even a
higher strength [19,20], and increase the transition point of stress-strain
curves under confined conditions [21]. However, none of these studies
have systematically researched the size influence of coarse aggregates in
UHPFRC systems. In this study, coarse aggregates with the maximum
size (Dmayx) from 8 mm to 25 mm are utilized to investigate their influ-
ence on both flexural and impact properties.

Steel fibres are considerably efficient to improve the mechanical and
impact resistance of UHPFRC, especially for enhancing the stress
transfer capability beyond elastic state and then strengthening the
toughness and energy absorption capacity [22,23]. Nevertheless, high
strength steel fibres are much more expensive compared to the other
solid ingredients in UHPFRC. Furthermore, the reinforcement degree is
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Fig. 1. The basalt aggregates.

significantly influenced by fibre characteristics, such as fibre content
[24,25], shape [26,27], orientation [11,28] and hybridization [29].
Therefore, the appropriate type and content of steel fibre should be
carefully researched to achieve an optimal utilization efficiency. As
previously reported [22,30,31], two methods are well-known to
enhance the flexural properties and energy absorption ability, namely
utilizing hook-ended or twisted steel fibres, and enlarging the length of
steel fibres. However, relevant research in UHPFRC incorporating coarse
aggregates are very scarce.

The reinforcement of steel fibres is dependent on not only the fibre
characteristics but also matrix properties (e.g. particle size, strength,
shrinkage) and fibre-to-matrix bond. The presence of coarse aggregates
in concrete has considerable effects on fibre distribution, dispersion and
interfacial bonds, consequently influencing the fibre utilization effi-
ciency [32]. Coarser aggregates tend to need longer steel fibres to
overlay and provide enough bridging effect between them on static
properties of normal fibre reinforced concrete [33]. But, too long fibres
conversely cause mixing and casting problems, as well as disturbance in
compactness of the granular skeleton [34]. However, how to use
appropriate fibres to outbalance those benefits and drawbacks is very
important but still not clear, especially for the dynamic properties of
UHPFRC incorporating coarse aggregates under impact loadings. It is
therefore very important to research the synergistic effect between steel
fibres and coarse aggregates in UHPFRC systems for making full use of
their potential.

The objective of this paper is to explore the synergistic effect be-
tween steel fibres and coarse aggregates on impact properties of
UHPFRC. The effect of the Dy from 8 mm to 25 mm, steel fibre type
(short straight, medium hook-ended and long 5D), and interaction be-
tween coarse aggregates and steel fibres are analysed. Furthermore, a
correlation between impact resistance and static mechanical properties
is established. Based on the results of impact and flexural behaviour,
appropriate sizes of coarse aggregates and corresponding suitable
lengths of steel fibres are suggested.
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Fig. 2. The steel fibres.

2. Experimental program
2.1. Materials

The ingredients of UHPFRC mixtures include Portland cement (PC),
limestone powder (LP), micro-silica (mS), normal sand (S), coarse basalt
aggregates (BA) with different sizes, steel fibres with different types
(SF), superplasticizer (SP) and tap water (W). The physical and chemical
properties of powders can be found in our previous studies [16,35].
Fig. 1 shows the utilized six coarse basalt aggregates with different
particle size fractions. Three different steel fibres are used, namely 13
mm (short) straight fibre, 30 mm (medium) hook-ended fibre and 60
mm (long) 5D fibre. Table 1 and Fig. 2 present the characteristics and
shapes of steel fibres. Fig. 3 shows the particle size distributions (PSD) of
powders and aggregates.

2.2. Mix design

Table 2 presents the recipes of UHPFRC matrices, and Table 3 shows
the research variables including basalt aggregate sizes and steel fibres
type used in UHPFRC. The limestone powder and micro-silica contents
are 20% and 5% of total powders’ by mass, following our previous
research [16]. 900 kg/m3 powder are used in the mixtures incorporating
the maximum basalt size of 8 mm. While, the powder content is reduced
to 700 kg/m® for UHPFRC with coarser basalt aggregates (maximum size
of 25 mm), considering the fact that coarse aggregates contribute to less
demand of powder in concrete [16,17,36]. The contents of aggregates
are calculated based on the Brouwers method [37-39],

D7 — DI
PD) =g 1
RSS = Z [P"”'X (Di:Jrl) - Ptargel (Di:“)]z—)min (2)

i=1

where D is the particle size. P(D) is the cumulative fraction of all the
particles that are smaller than size D. The key parameter in this model is
the distribution modulus g, and a small g value of 0.19 is proposed and

Table 1
Characteristics of steel fibres.
Length,1(mm)  Fibre shape Diameter, d (mm)  Aspectratio,l/d  Density (kg/ Tensile strength Elastic modulus Number of fibres per kg
m®) (MPa) (GPa)
13 Short straight 0.21 62 7850 2750 200 27000
30 Medium hood- 0.38 79 7850 2300 210 3600
ended
60 Long 5D 0.9 65 7850 2300 210 2300




P.P. Lietal

100 - -—

Cumulative volume (%)

- - n

10 100 1000 10000
P

Target line- - - ASF0 —#—PC —e—mS —A—L
—v—S0-2—4—BA1-3—<«—BA2-5—>—BAS5-8

Particle size (um)

Cement and Concrete Composites 115 (2021) 103866

100 - -
q=0.19,
80F | R*=0.995

40

Cumulative volume (%)

20

ax

0 -~
1 10 100 1000 10000

Target line- - - A25F0 —#—PC —— mS —4&—LP —v—S0-2

—4—BA2-5—<—BA5-8—>—BASg-1l —=—BA 11-16 —=— BA 16-25

Particle size (um)

(@ (b)
Fig. 3. The PSD of raw materials and UHPFRC matrices.

Table 2
Recipes of designed UHPFRC matrixes (kg/m3).

Mix No. Powder PC mS LP S BA BA BA BA BA BA w SP

0-2 1-3 2-5 5-8 8-11 8-16 16-25
A8F0 900 675 45 180 640 198 403 194 0 0 0 174.2 5.8
A25F0 700 525 35 140 667 0 367 173 121 64 365 154.7 4.9

utilized for UHPFRC mixtures with inclusion of coarse aggregates and
low powder contents based on our previous research [16]. The quality of
fit between the designed and target lines is evaluated by the coefficient
of determination,

S0 [Pose (D) = Prage (D))

S [P (D) = 500 P (D)

R*=1-

S @)

The PSD curves of the designed and target UHPFRC matrices are
shown in Fig. 3. The water and superplasticizer amounts are adjusted to
achieve self-compacting. The dosages of different steel fibres are fixed at
2% by the volume (vol.) of mixture.

2.3. Testing methods

2.3.1. Compressive and tensile splitting test

The tensile splitting and compressive strengths of concrete samples
are tested, three specimens for each mixture, in accordance with EN
12390-6: 2009 [40] and EN 12390-3: 2009 [41], respectively. Fresh
concrete is cast into moulds (150 x 150 x 150 mm?>) and demoulded
after 1 day. After that, the samples are cured in water (around 20 °C) for
another 27 days before testing. The hardboard packing strips in EN
12390-6: 2009 cannot withstand UHPFRC and are replaced by steel

Table 3
Research variables for UHPFRC.

ones. The specimens and set-ups are shown in Fig. 4.

2.3.2. Central point flexural test

The central point flexural test for each UHPFRC mixture is conducted
by a beam (150 x 150 x 550 mm?) with the span (1) of 450 mm, in
accordance with EN 12390-5: 2009 [42], as shown in Fig. 5(a). Based on
the central point flexural tests, the load-deflection curves and corre-
sponding key parameters can be obtained, as illustrated in Fig. 5(b),
such as first crack load and deflection, peak load and deflection, and
toughness, as well as three stages (elastic stage, deflection/strain hard-
ening stage, deflection/strain softening stage).

2.3.3. Pendulum impact test

A pendulum device is designed to investigate the impact resistance of
UHPFRC beams, one specimen for each mixture, which have the same
size to those in flexural test mentioned above. The pendulum device has
a flexible impact mass (22-40 kg) and height (0—4 m), as shown in Fig. 6.
First, UHPFRC beam is hung by steel ropes with a span of 450 mm. Then,
the hammer is released from a fixed position and perpendicularly
impacted on the central point of UHPFRC beam at the lowest hammer
position. Afterwards, both the highest positions of sample and hammer
are recorded during the first post-impact swing by a high-speed camera.
The impact resistance of UHPFRC is described by the impact number and
energy absorption E(J) for each impact is obtained by,

Mix No. Short straight fibre (13 mm) Medium hook ended fibre (30 mm) Long 5D fibre (60 mm) Max. size of aggregate, D (mm) L/Dpax
A8F0 0
A8F13 2% 1.625
A8F30 2% 8 3.75
A8F60 2% 7.5
A25F0 0
A25F13 2% 25 0.52
A25F30 2% 1.2
A25F60 2% 2.4

Note: the values in Mix No. respectively represent the maximum size of aggregate and the length of steel fibre used in the designed UHPFRC, and 0 means plain

UHPFRC without steel fibre.
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Fig. 4. Specimens and set-ups of (a) compressive and (b) tensile splitting tests.
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Fig. 5. (a) Flexural test device and (b) key parameters.

(a)

Steel rope

Concrete sample

Hammer part

High speed camera

Catching part

ey | !

:

Hammer

e

Fig. 6. Pendulum impact device: (a) scheme and (b) impact at the lowest position.

E=Mg(H, — hy,) — Mgh, @
where M}(30.3 kg) and Hy(2.35 m) are the mass and initial height of
hammer, the specimen mass M;varies for different UHPFRC beams,
gravity acceleration g = 9.8 m/s?, the maximum heights of hammer (h;)
and beam (h,) are measured after impact. To obtain a moderate impact
number, the pendulum hammer mass and its initial height in this study
are chosen based on preliminary trials, consequently achieving an initial
hammer energy of about 698 J. The impact is repeated till the complete
failure (fracture) of UHPFRC beam, and the total absorbed energy E,psorb

can be obtained.
3. Results and discussion
3.1. Static mechanical properties
Fig. 7 presents the compressive strength of the designed UHPFRC
after 28 days. With increasing the maximum size of coarse aggregate

from 8 mm to 25 mm, the compressive strength of the plain concrete
reduces from 137.2 MPa to 124.3 MPa. Although the compressive



P.P. Lietal

T70F 1541 15838

152.3

140

110

80

Compressive strength (MPa)

50
<O \> N Q <0 \> N Q
pd ?33 ?&? Pg& ?3,‘3 PO:)‘? Pofﬁ ?O:ﬁ

Fig. 7. Compressive strength.

strength has a decrease trend because of the coarse aggregates, the
decrease degree is less than 10%, which is in line with our previous
result [16]. In addition, the UHPFRC matrix with coarser basalt aggre-
gates tends to have a lower powder demand with even a better quality of
fit, namely, powder of 700 kg/m® and a R? of 0.995 for the mixture
A25F0, compared to 900 kg/m® and 0.986 for the mixture ASFO.
Furthermore, the binder efficiency, defined as 28 days compressive
strength normalized by binder amount, can be greatly improved from
0.152 MPa/(kg/m>) at the mixture ASFO up to 0.178 MPa/(kg/m>) at
the mixture A25F0. With the inclusion of 2 vol% steel fibres in the
matrix (Dyq = 8 mm), the compressive strength can be enhanced in the
range between 10.4% and 15.7%. The 30 mm medium hook-ended steel
fibres show the best reinforcement, possessing slightly larger compres-
sive strength than the 13 mm short straight fibres, followed by the 60
mm long 5D fibres. The reinforcement ratio in UHPFRC with coarser
aggregates (Dpqy = 25 mm) ranges between 6.2% and 22.5%. Smaller
steel fibres tend to contribute to a higher compressive strength, probably
due to their more homogenous distribution inside the concrete matrix.

Fig. 8 shows the tensile strength of the designed UHPFRC after 28
days. The coarse aggregates have a limited negative effect on the tensile
strength, from 6.4 MPa to 6.2 MPa, which is similar to that of the
compressive strength. After incorporating 2 vol% steel fibres, the tensile
strength is improved considerably, with increase ratios between 127%
and 170%, due to the bridging effect of steel fibres. However, the effects
of reinforcement on tensile strength between different fibre types are not

20

173 17.1

16

12

Tensile splitting strength (MPa)

SRR T R R

Fig. 8. Tensile splitting strength.
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very obvious in the same UHPFRC matrix. The 30 mm medium hook-
ended steel fibres show the best reinforcement, followed by the 60
mm long 5D fibres and the 13 mm short straight ones.

The flexural behaviour of UHPFRC is illustrated by the load-
deflection curves or stress-normalized deflection curves in Fig. 9. As
illustrated in Fig. 5(b), all the load-deflection curves experience three
stages, namely elastic stage from zero point to the first crack point,
deflection or strain hardening stage from the first crack point to the peak
point, deflection or strain softening stage after peak point. The main key
parameters in flexural tests are summarized in Table 4. The slopes
(respecting elastic modulus), loads and deflections at the first cracks in
the curves without or with different types of steel fibres are very similar,
which indicates that the elastic stages are mainly dependent on the
UHPFRC matrix instead of the steel fibres. With the inclusion of 2 vol%
steel fibres, all the UHPFRC beams exhibit strain hardening behaviours,
although it is not obvious in the case of 13 mm short straight fibres. The
peak deflection can be greatly enlarged from mixture of ASFO to ASF60,
therefore the ductility of UHPFRC is greatly improved. All the curves of
the designed UHPFRC mixtures have long tails during the strain soft-
ening stages, revealing the high residual strength and energy absorption
ability of the designed UHPFRC.

3.2. Impact properties

3.2.1. Energy dissipation

The impact resistance of UHPFRC beams is represented by the impact
number and absorbed energy. Table 5 shows the failure impact number
and total absorbed energy calculated based on Eq. (4). The two plain
concrete can only suffer from one pendulum impact, which indicates
that they are very brittle and not suitable to be used for impact resistant
element or structure. Incorporating 2 vol% of 13 mm short straight fi-
bres, the energy dissipation ability of UHPFRC beams can be greatly
enhanced, as high as about 5-6 times. The impact resistance is further
significantly increased with the inclusion of 2 vol% of 30 mm medium
hook-ended or 60 long 5D steel fibres. Thus, the steel fibres are indis-
pensable for UHPFRC subjected to impact loading, due to an increase in
fibre pull-out load and strain capacity [5,31]. However, the improve-
ment degrees are not the same for different UHPFRC matrices, which
will be discussed in following Section 3.3.3.

To further analyse the impact resistance mechanism and damage
propagation, the development of energy absorption during each impact
is investigated, as shown in Fig. 10. In this study, the absorbed energy of
UHPFRC beam during one impact usually ranges between 35% and 50%
as the initial impact energy of hammer (approximately 698 J). For the
UHPFRC beam reinforced with steel fibres, the energy absorption
development suffers through three stages, firstly dissipating relatively
low energy at the initial several impacts, afterwards keeping in a higher
and stable level at the following impacts, and then tending to further
higher energy absorption and complete failure at the last few impacts.
The first stage is more like elastic collisions, transferring more gravita-
tional potential energy into kinetic energy of UHPFRC beam, thus
resulting in less energy absorption of material itself. The second stage is
mainly due to the fibre pull-out process. The partially damaged UHPFRC
beam tends to be ‘soft’ because of degeneration of stiffness, which
contributes to more impact energy transformation into the material
deformation energy instead of kinetic energy. The third stage is a failure
acceleration stage where damage degree develops faster and faster till
the complete breakage from the centre occurs, and more impact energy
is absorbed due to large deformation. An example is shown in Fig. 10(a),
that the three stages are indicated.

3.2.2. Correlation between impact resistance and flexural properties

Until now there is no standard impact method to measure the impact
resistance of UHPFRC, most dynamic or impact testing methods re-
ported in literature are too complex and costly compared to the static
properties tests. Thus, it is of great significance if we can predict the
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Table 4

Key parameters of UHPFRC in flexural test (see Fig. 5(b)).

Mix No. First First crack Peak Peak stress, Toughness, Ty
crack stress, o1 Load, o, (MPa) @)
load, (MPa) P, (kN)

P; (kN)

A8F0 71.2 14.2 71.2 14.2 8.3

A8F13 77.3 15.5 79.6 159 235.4

A8F30 88.6 17.7 118.8 23.8 716.1

A8F60 85.4 17.1 112.8 22.6 718.1

A25F0 64.8 13.0 64.8 13.0 7.2

A25F13 70.5 14.1 74.8 15.0 219.3

A25F30 71.3 14.3 91.2 18.2 489.4

A25F60 75.1 15.0 97.4 19.5 516.1

Table 5

Total impact number and energy dissipation.

Mix No. Failure impact number, N Energy dissipation, Egpsorp, (J)
A8F0 1 299

AS8F13 6 1833

AS8F30 93 27940

A8F60 17 5650

A25F0 325

A25F13 5 1561

A25F30 2519

A25F60 15 4759

impact resistance of UHPFRC by its static properties. Our previous study
has confirmed that the toughness can be used as a good indicator to
reflect the impact resistance of UHPFRC [5]. Fig. 11 presents the cor-
relation between impact energy and flexural toughness of the designed
UHPFRC beams. A linear analytical model can be introduced to describe
this correlation, except for the results of specimen A8F30.

G)

The correlation coefficient k varies from different hammer and beam,
such as size, mass, impact velocity, texture etc. The value of k is
approximately 7.576 (R? = 0.96) in this research, which is much larger
than the previous study on notched beam with a smaller initial impact
energy (346 J) [5]. This enlarged k is probably due to the increased
dynamic properties by higher loading rates effect under much stronger
impacts (698 J) [43-45].

It should be noted that the result of specimen A8F30 does not fit to
this linear model, which shows an impact resistance above the trend
line. Because the beam of A8F30 possesses the highest flexural strength

Enbmrb =k Tf

as shown in Fig. 9, the stress induced by impacts is possibly below the
elastic limits. Thus, the plastic deformation and damage is very limited,
resulting in a relatively high residual strength and impact resistance.
Fig. 12(a) illustrates the residual strength of composites under different
impact energy levels [46], with an obvious threshold value of impact
energy. Below the threshold energy, the residual strength remains sta-
ble. Thus, there is almost no or only slight damage and the element can
withstand many repeated impacts. Fig. 12(b) shows a parabolic rela-
tionship between the impact number and impact energy. Under the
impact energy higher than the threshold, only a few impact number is
observed. When the impact energy value is lower than the threshold, the
impact responses behave in elastic state, resulting in a significant in-
crease of impact number [47].

Hence, the impact resistance of UHPFRC beam (absorbed energy or
impact number) is greatly dependent on both flexural strength and
toughness. It is mainly attributed to the flexural strength when subjected
to impacts with the impact energies below the threshold energy. While,
flexural toughness determines the impact resistance and shows a linear
correlation, if the impact energy is beyond the threshold.

3.3. Discussion

3.3.1. Coarse aggregate effect

When coarse aggregates are introduced into UHPFRC system, the
powder consumption tends to decrease, while the interfaces around the
coarse aggregates could become the weakest part and be the inherent
flaws [48]. Therefore, the effect of coarse aggregates on impact resis-
tance, static properties and economic benefit should be very carefully
analysed and discussed. Generally, in this study, the coarse basalt ag-
gregates bring economic benefit by decreasing the powder content from
900 kg/m? to 700 kg/m>, and greatly increasing the binder efficiency.
without significantly sacrificing the compressive and tensile strength.
The compressive and tensile splitting strengths have limited decrease
ratios, no more than 13%, when increasing the Dy, from 8 mm to 25
mm. The decrease ratios of flexural strength and toughness seem rela-
tively larger, which could be even as high as 23.5% and 31.7%,
respectively, compared with mixtures of A8F30 and A25F30. As illus-
trated in Section 3.2.2, the reduced flexural strength and toughness
certainly result in lower energy dissipation ability and impact resistance,
namely 14.8%, 91.0% and 15.8% reductions in the presence of different
steel fibres. To sum up, considering the benefits brought by coarse ag-
gregates, the negative effect of coarse aggregates on strengths is limited
and tolerable. While, the negative effect of aggregate size on toughness
and impact resistance is more sensitive than the strengths, which is
probably attributed to a faster damage development and lower residual
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Fig. 10. Development of energy absorption, in (a) an example of 3 impact stages are indicated.
flexural strength for an UHPFRC beam with coarser aggregates. The reinforcing factors in terms of impact resistance (5 , ) and flex-

3.3.2. Steel fibre effect

As mentioned above, the type of steel fibre is another key factor on
impact resistance and flexural behaviour of UHPFRC beam. In this sec-
tion, the effects of three different steel fibres are discussed with a fixed
dosage of 2 vol%. Normally, the reinforcement of steel fibres is depen-
dent on the geometric and mechanical characters, utilized dosage and
fibre-to-matrix bond. To assess the overall effects of the three different
steel fibres on impact resistance and flexural properties, a reinforcing
factor 5 and strain hardening factor ¢ [49] are introduced,

Xunrrre
__ ZLUHPFRC 6
Xmulrix ( )
_% @)
0

where Xygprre and Xpmarix are the key properties of UHPFRC with and
without steel fibres, respectively, such as first crack strength (o7), peak
strength (c,), toughness (Ty) and absorbed impact energy (Egpsors)-

The reinforcing factors in terms of first crack strength, peak strength,
toughness and impact resistance are presented in Table 6. The rein-
forcing factor in terms of first crack strength (_, ) changes in a rela-
tively low and narrow range between 1.09 and 1.25, which indicates
that the first crack stress is not sensitive to the fibre type effect and is
mainly determined by the UHPFRC matrix. The reinforcing factor in
terms of peak strength (y_,) is always clearly larger than that of first
crack strength (_,, ) for the same UHPFRC matrix, which means that the
steel fibres contribute more to the peak strength rather than the first
crack strength. The fibre-to-matrix bonding force is triggered up to the
maximum value during the strain hardening stage [50], which results in
more efficient reinforcement and thus a larger reinforcing factor #_ .

ural toughness (n ) are very considerable, namely several or even
_Ty

dozens of times the flexural strengths. In other words, the energy ab-
sorption ability of UHPFRC beam is mainly provided by the “bridge
effect” of steel fibres, instead of the UHPFRC matrix. Compared with the
reinforcing factors of different steel fibres, the 13 mm short straight fi-
bres show the poorest reinforcement on impact resistance and flexural
toughness. The 30 mm medium hook-ended fibres provide the best
enhancement for UHPFRC with the finer aggregates (Dpqx = 8 mm),
while the 60 mm long 5D fibres are more suitable than the medium ones
for the UHPFRC with the coarser basalt aggregates (Dpgx = 25 mm).
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Fig. 11. Correlation between impact energy and flexural toughness.
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Fig. 12. Effect of impact energy on (a) residual strength and (b) impact number.

The value of strain hardening factor is larger than 1.0 when a strain
hardening phenomenon is triggered by the utilized steel fibres, and a
larger value means a stronger strain hardening behaviour. The strain
hardening factors of UHPFRC beams are shown in Table 6. The strain
hardening factors are very close to each other with different UHPFRC
matrices incorporating the same type of steel fibres. UHPFRC incorpo-
rating the 13 mm short fibres shows a very slight strain hardening
behaviour, with a factor ¢ around 1.04. UHPFRC with the 30 mm me-
dium fibres acquires the strongest strain hardening behaviour incorpo-
rating the maximum basalt size of 8 mm (¢ = 1.35), followed by the 60
mm long 5D fibres (¢ = 1.32). On the one hand, fibres with special

shapes of hook or 5D ends can provide a positive anchoring effect
compared to the straight fibres. On the other hand, fibres with longer
length can enhance the flexural strength and energy absorption capacity
by increasing the peak pull-out load and corresponding slip, due to the
improvement on effective bonding area of fibres at crack surfaces and
fibre orientation [31,51]. When coarser basalt aggregates are included,
e.g. maximum size of 25 mm, the long steel fibres show a slightly larger
strain hardening factor (1.30) than the medium fibre (1.29).

3.3.3. Synergistic effect between aggregate and fibre

As illustrated in Table 5, the improvement degrees on impact resis-
tance by different steel fibres are not the same for different UHPFRC
matrices. A synergistic effect between aggregate and fibre is observed,
namely UHPFRC with the smaller basalt aggregates is preferred to the
30 mm medium hook-ended fibres to achieve the best impact resistant
mixture (A8F30), while the coarser basalt aggregates need much longer
steel fibres (60 mm long 5D) to acquire enough reinforcement (A25F60).
Because the impact resistance is linked to the static flexural properties,
as demonstrated in Section 3.2.2, a similar synergistic effect can also be
obtained in flexural properties. The order of reinforcement on flexural
properties is as follows: 30 mm medium hook-ended fibre >60 mm long
5D fibre >13 mm short straight fibre for UHPFRC with the Dy,q, of 8 mm,
while 60 mm long 5D fibre >30 mm medium hook-ended fibre >13 mm

Table 6
Fibre reinforcing and strain hardening factors for UHPFRC mixtures.
Mix No. Mo N g, n_r, N _Eqpany %
A8FO 1.00 1.00 1.00 1.00 1.00
A8F13 1.09 1.12 28.4 6.13 1.03
A8F30 1.25 1.68 86.3 93.4 1.35
A8F60 1.20 1.59 86.5 189 1.32
A25F0 1.00 1.00 1.00 1.00 1.00
A25F13 1.09 1.15 30.5 4.80 1.05
A25F30 1.10 1.40 68.0 7.75 1.29
A25F60 1.15 1.50 71.7 14.6 1.30
1.84 13
o 1.64 ¢
|

L\l <1.24

[ 1 =

g g

2 Q

“ 144 &

on =)

= =

< < 1.1

=) =]

= =

21248

1.0+ 1.0

L/D

100 100 14
B
- 3 -
- 80 ; L 75 2 F1.3 :
— = 3
g S &
Q ~ an
< — =)
L60 5 F50 2 F12 8
k= & 3
£l o2l B
£ 2 =
<
F40 & F25 € P11 &
b
o~
20 Lo L1.0
8

max

Fig. 13. Correlation between L/D,q, and fibre utilization.



P.P. Lietal

Max. aggregate size

20 mm

40 mm

Fibre length

Fig. 14. Interaction between aggregates and steel fibres on granular skel-
eton [32].

short straight fibre for UHPFRC with the Dyq, of 25 mm.

Due to the inherent correlation between impact resistance and flex-
ural properties, the relative size effect (ratio of fibre length to maximum
aggregate size, L/Dmqy) on the both impact and static parameters (17_,,,
N_g,> N_Tp> 1_Egyyy, @0 ) are used to reveal the interaction between ag-

gregates and steel fibres, as illustrated in Fig. 13. The lowest utilization
efficiency is obtained with the short steel fibres, which is in line with the
results observed in the UHPFRC incorporating coarse aggregates [16].
Firstly, the straight fibres have weaker bond compared to other fibres
with anchoring effect at ends. Additionally, the short fibres cannot
completely overlay aggregates with a large size, thus providing a limited
fibre-bridging interlock stress. Furthermore, if the size of coarse aggre-
gate is too large compared to the fibre length, the fibre distribution in
matrix can be significantly disturbed, as shown in Fig. 14. The
non-random orientation of steel fibres adversely affects the reinforce-
ment efficiency and decreases the compactness.

Preferential synergistic effects are observed between aggregates with
the maximum size of 8 mm and 30 mm medium hook-ended fibres
(A8F30), aggregates with the maximum size of 25 mm and 60 mm long
5D fibres (A25F60), considering all fibre utilization factors (7_,,, 7_,,
N_1;5 _Eg,, and @) in Fig. 13. Thus, a longer fibre is not always better,

and an appropriate length of steel fibre is needed to match the size of
coarse aggregate. On the one hand, longer fibres are beneficial to
overlay coarse aggregates, enhance the interlock between fibres and
coarse aggregates and then improve the flexural performance [31,48].
On the other hand, limiting the particle size to half the fibre length is
recommended from the workability point of view [32], which can also
decrease the probability of the ‘fibre balling’ phenomenon. Han et al.
indicated that the rational range of the ratio of steel fibre length to
coarse aggregate maximum size for steel fibre reinforced concrete is
1.25-3 by considering the reinforcements on splitting tensile strength
and flexural properties [33]. Rui et al. summarized that the fibre length
is mostly about 2-4 times of the maximum aggregate size in normal
concrete, at least not shorter than the aggregate size [52]. Based on the
acquired results, the length of steel fibre (L) is recommended to be be-
tween 2 and 5 times the maximum size of aggregate (Dmqx) for UHPFRC
systems, as illustrated in Fig. 13. In the case of a smaller Dy,qy, the L/Dyyqx
tends to a larger value.

4. Conclusions

This paper studies the synergistic effect between steel fibres and
coarse aggregates on impact resistance of UHPFRC applying a pendulum
impact test setup. The aggregate size effect, steel fibre type effect, and
their interaction are analysed. Moreover, correlations between impact
resistance and static mechanical properties are established. The key
conclusions can be summarized:

Cement and Concrete Composites 115 (2021) 103866

e Coarse basalt aggregates up to 25 mm can be successfully introduced
into UHPFRC with a significantly lowered cement consumption,
designed by using a particle packing model, with limited influence
on compressive and tensile splitting strengths. However, the negative
influence of basalt size effect is more obvious on impact resistance
and flexural toughness. The maximum size of coarse aggregate is
suggested to be no more than 25 mm.

e The 13 mm short straight steel fibres show a good reinforcement on
compressive strength due to the more homogenous distribution in
UHPFRC matrix. While, the 30 mm medium hook-ended or 60 mm
long 5D fibres are more efficient in reinforcing tensile, flexural and
impact properties.

e Based on the analysis of fibre reinforcing factors, the impact resis-
tance and flexural toughness are more sensitive to the steel fibres,
followed by the flexural peak strength, while the first crack strength
is mainly controlled by the UHPFRC matrix.

e The deflection or strain hardening behaviour can be acquired by
utilizing 2 vol% of 30 mm medium hook-ended or 60 mm long 5D
steel fibres, while the 13 mm short straight fibres only trigger a very
limited strain hardening behaviour.

o A preferential synergistic effect is observed between the coarser ag-
gregates and the longer steel fibres. The length of steel fibre is sug-
gested between 2 and 5 times as the maximum size of aggregate. The
order of reinforcement on impact and flexural properties is: 30 mm
hook-ended fibre >60 mm 5D fibre >13 straight fibre for UHPFRC
with the Dy of 8 mm, while 60 mm 5D fibre >30 mm hook-ended
fibre >13 straight fibre for UHPFRC with a Dpy, of 25 mm.

e The flexural strength determines the threshold of impact energy, and
it is the main factor to control the impact resistance of UHPFRC beam
subjected to impact loadings below the threshold. While the flexural
toughness shows a linear relationship on impact resistance of
UHPFRC beam when the impact energy exceeds the threshold.
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