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ABSTRACT.

This paper investigates the effective fracture energy of UHPFRC with various fibre

volume fractions and various fibre aspect ratios. We have concluded that the effective fracture energy
is dependent on both the fibre volume fraction and the fibre aspect ratio. In addition, we have found

that both dependencies follow a linear trend.

KEYwWORDS: effective fracture energy; UHPFRC; straight steel micro-fibres; fibre volume fraction; fibre

aspect ratio; simplified predictive model.

1. INTRODUCTION

Ultra-high-performance fibre-reinforced concrete (UH-
PFRC) is an advanced cementitious composite with
enhanced mechanical and durability properties that
outperforms conventionally used concretes in many
ways. Such a material with certain properties and
specifications is well suited for energy absorption fa-
cade panels and key elements of building structures
that may be exposed to impacts [IH3] or blast loads [4-
7). In the event of such a disaster, a large deformation
of the structural member is expected, while the ex-
posed member is required to continue to possess some
residual capacity to carry the load. It can be stated
that the resistance of civil infrastructure is strongly re-
lated to the energy absorption capacity. The capacity
of the member to absorb energy can be quantified via
the effective fracture energy, which represents the over-
all energy that a material can absorb per square meter.
Many researchers have demonstrated the considerably
higher energy absorption capacity of UHPFRC (as
indicated by the fracture energy) compared to con-
ventionally used fibre reinforced concretes or normal
strength concretes [SHIT]. The energy absorption ca-
pacity is the main material property that benefits
from fibre reinforcement. The effective fracture en-
ergy (Gy) is a key parameter for evaluating the ability
of a material to withstand an impact or blast load
and also to redistribute the load from the exposed
structure to its surrounding parts.

The aim of this study is to investigate the effec-
tive fracture energy of UHPFRC with various fibre
volume fractions and various aspect ratios. Differ-
ent behaviour of UHPFRC in terms of Gf can be
expected for various fibre volume fractions and for
various aspect ratios, as the fibres are the key compo-
nent of UHPFRC that results in enhanced ductility.
The results provided in the present study can serve
as valuable information for verifying material mod-

Gr
Gr
notch \\ G = N
L effective fracture energy \\\
Qo (h-av)
h

FIGUureE 1. Effective fracture energy of a notched
specimen.

els, and also for design purposes. This paper also
provides an overview of basic mechanical properties
of UHPFRC and experimental techniques used. In
addition, a brief mixing procedure as well as sample
preparation is presented.

2. EXPERIMENTAL PROGRAM

The effective fracture energy (Gf) of a material is
defined as the energy required to open a unit crack
surface area. The fracture energy is primarily gov-
erned by the tensile mechanism of the material, and
represents the amount of energy consumed when a
crack propagates through a beam. The fracture en-
ergy (Gr) is expressed as the work of external forces
acting on the beam related to the actual depth of the
crack. The overall work of the external forces related
to the final crack depth is considered as the average
fracture energy, the so-called effective fracture energy
(Fig. [1).

The effective fracture energy (Gy) was determined in
this study on the basis of recommendations presented
by the RILEM Technical Committee [I2] and also by
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FIGURE 2. Experimental setup.

other studies [13, 14]:

Gy = DL (1)

b(h — ao)
where Gy is the effective fracture energy, Wt is the
work of external forces (i.e., the area beneath the load-
deflection diagram), and mgu, is the contribution of
the weight of the beam and measurement equipment
that is not connected to the loading frame. In detail,
m is the mass of the beam and the free experimental
equipment, g is gravity acceleration, u,, is the ultimate
deflection of the beam, b is the width of the beam, h
is the height of the beam, and aq is the height of the
notch.

Experiments were performed on beams of 100 x
100 x 550 mm in dimensions with a clear span of
500 mm. Similar spans were used in previous studies
by Habel and Gauvreau [15] and Sovjék et al. [9], for
instance. The beams had a notch in their bottom edge
which was 30 mm in height and 5 mm in width (Fig. .
Each beam was turned 90° from the casting surface
and then sawed through completely at midspan [16].
The aspect ratio and the fibre volume fraction were
set as the main test variables in this study. Three
different fibre volume fractions were tested covering 1,
2, and 3% of the fibre volume content. Other studies
have shown that the optimal fibre volume fraction for
a protective structure or for a defence structure is 2 %
by volume [I7), [18]. The effect of aspect ratio on Gt
was therefore investigated in this study on samples
with 2% of fibres by volume only. The aspect ratios
investigated in this study were 50.0, 59.1, 72.2 and
108 : 1, using fibres of 8.5 x 0.17mm, 13 x 0.22 mm,
13 x 0.18 mm and 14 x 0.13 mm, respectively.

Quasi-static loading conditions were simulated by
a deformation controlled test with a speed of the
cross-head of 0.2 mm/min. This speed corresponded
to a strain rate of 5.6 - 107%s™!, which is considered
as the quasi-static strain rate [19] [20]. During the
experimental program, the force acting on the beam
and the deflection measured by two LVDT (linear
variable differential transformer) sensors were recorded
with 5 Hz frequency. Steel yokes were implemented
in the experimental setup as mounts for the LVDT
sensors, in order to subtract the settlement of the
supports from the measured deflections [21].
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The compressive strength and secant modulus of
elasticity were measured on cylinders with 100 mm
in diameter and of 200mm in height. Because
the strength of the best available capping material
(100 MPa) was significantly lower than the expected
measured strengths, the tops of the cylinders were cut
off and grinded. Compressive strength was measured
on the cylinders by monotonic increments of load with
an average speed of 36 MPa/min up to the level of
70 % of the expected compressive strength. At this
point loading was switched to deformation control
with a speed of 0.048 mm/min for about 20 minutes in
order to measure peak and post peak behaviour. The
modulus of elasticity was measured using two strain
gauges with a 50 mm base, attached to the sides of
the cylinder specimen. A hydraulic loading machine
was used and the loading procedure was stress con-
trolled. As a first step the specimens were loaded
to 1/3 of expected maximal compressive strength —
in this case 50 MPa — for 60 seconds. Afterwards
the specimens were unloaded to 5 MPa. This proce-
dure was repeated three times. The secant modulus
of elasticity was calculated from the third unloading
cycle.

The modulus of rupture in a three-point bending
configuration was measured on prisms with dimensions
of 400x100x 100 mm with a clear span of 300 mm. The
loading speed was 0.1 mm/min. A direct tensile test
was carried out on dog-bone shaped specimens without
a notch. The length of the specimens was 330 mm
and the cross-section of the narrowed part was 30 x
30mm with a length of 80 mm. The specimens were
mounted into specially developed grips and the loading
speed was 0.1 mm/min. Splitting tensile strength
was measured on cylinders with 100 mm in diameter
and with a length of 100mm. The splitting tensile
test was stress controlled and the loading speed was
3MPa/min.

3. MATERIAL

The UHPFRC tested in this study was developed on
the basis of components widely available in the Czech
Republic. The material design process has been fully
described elsewhere [17),22] [23]. High particle packing
density is a key property of ultra-high compressive
strength of concrete. Therefore the mixture design
was based on optimizing the particle packing density
of sand (S), silica fume (SF), glass powder (GP) and
cement (C). An improvement in particle packing was
achieved mainly by changing the matrix composition
and proportions and by selecting ranges of particles
for sand [24]. The first mixture was designed following
the proportions of C : SF : GP recommended by Wille
et al. [25] as 1:0.25 : 0.25 with a water binder (w/b)
ratio of 0.2. Subsequent changes in the most important
parameters such as high-range water reducer (i.e.,
superplasticizer), water content (W), SF, and GP led
to an optimized cementitious matrix (Tab. .
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Fibre content 1% 2% 3%
Cement CEM I 52,5R 800
Silica fume 200
Silica powder 200
Water 176
Superplasticizer 39
Fine sand 0.1/0.6 mm 336
Fine sand 0.3/0.8mm 720 640 560
Straight steel fibres 80 160 240

TABLE 1. Mixture design of the UHPFRC used in this
study (values in kg/m?).
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FIGURE 3. The various micro-fibres used in this study.

13 mm

The UHPFRC was mixed in conventional mixers,
and the beams were cured in water tanks. The mixture
contained a high volume of cement and silica fume,
and the water-to-binder ratio was 0.18. In this study,
the fibre aspect ratio and the fibre volume fraction
(i.e., the fibre content) were selected as the main test
variables. The high-strength steel micro-fibres used
in this study were straight and smooth, with a tensile
strength of 2800 MPa (Fig. as specified by the
manufacturer. High tensile strength of the fibres was

chosen in order to achieve the pull-out failure mode.

The pull-out failure mode (Fig. |4h) is a much more
energy-consuming mode than the fibre failure mode
(Fig. [dp) [26]. Straight fibres also provided a good
trade-off between the workability and the mechanical
properties of the resulting mixture.

When mixing UHPFRC, it is very important to
achieve good workability, particle distribution and
packing density. In comparison to normal strength
concrete, UHPFRC contains more constituents and
finer particles. Several researchers recommend mixing
all fine dry particles first, before adding water and
superplasticizer [27H29]. They do so because small
particles tend to agglomerate and it is easier to break
these chunks when the particles are dry. The specific
mixing procedure looked as follows: As the first step
both types of aggregates and silica fume were mixed

a)

b) -
steel

fibre

FIGURE 4. a) Pull-out failure mode. b) Fibre failure
mode.

for five minutes. As the second step cement and
silica powder were mixed for another five minutes. At
the end of the procedure water and superplasticizer
were added. The addition of superplasticizer was
gradual. The mixture became fully workable after
another 5 minutes. Fibres were added gradually into
the flowable mixture, to avoid chunk formation, during
the last 5 minutes of mixing. The shear action of the
fibres helped to destroy any remaining agglomerates
in the mixture, thus improving workability. The total
mixing time was 20 minutes. A food-type mixer with
a capacity of 251 was used to prepare the samples.

The placement of the fresh UHPFRC mixture in
the moulds caused the fibres to be aligned along the
length of the beam [30]. UHPFRC had flowable and
self-consolidating characteristics, so beams made of
UHPFRC were fabricated by placing concrete at a cer-
tain point of the mould and allowing it to flow [16], 31].
This led to fibre alignment in the direction of the ten-
sile stress, because when filling the fresh UHPFRC
into formwork, the fibres in the zones near the surface
are predominantly oriented parallel to the formwork
walls (the so-called wall effect) [32]. No other tech-
nique was used to align the fibres. All beams were
tested after 28 days from casting in order to avoid
the effect of ageing, which may also influence the
results [33].

UHPFRC is usually cured using pressure or ele-
vated temperature. This helps to enhance its prop-
erties by accelerating the hydration reaction of the
binder. However, this is not only energy-expensive
but it also limits the usage of UHPFRC to precast
elements production. Therefore, the UHPFRC inves-
tigated in this study is a self-consolidating concrete
with fast strength development which does not require
heat curing or special mixing techniques.

As shown in Tab. [2] and Tab. [3] the compressive
strength measured on cylinders of 200 mm in height
and 100 mm in diameter was around 150 MPa. The
compressive strength did not vary, either with an
increasing fibre content or with various fibre aspect
ratios. However, the uniaxial tensile strength, the
splitting tensile strength (Tab.[2) and the modulus of
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Fibre content 1% 2% 3%
Fibre geometry 13 x 0.22mm
Cylinder compressive strength (MPa) 150 152 150
Tensile strength (MPa) 7.80 990 11.7
Modulus of rupture (MPa) 15.8 25.6 33.8
Splitting tensile strength (MPa) 14.9 20.5 26.6
Modulus of elasticity (GPa) 45.1 56.3 51.5

TABLE 2. Mechanical properties of the UHPFRC used in this study.

Fibre Fibre geometry (aspect ratio)
content 8.5 x 0.17mm 13 x 0.22 mm 13 x 0.18 mm 14 x 0.13 mm
(50.0 : 1) (59.1: 1) (72.2:1) (108 : 1)
CCS MOR CCS MOR CCS MOR CCS MOR
1% - - 150 (2.4) 158 (2.5) - - - -
2% 144 (6.1) 21.0 (1.6) 152 (7.4) 25.6 (1.5) 147 (5.2) 27.0 (1.8) 148 (3.3) 36.5 (2.5)
3% - - 150 (6.5) 33.8 (1.4) - - - -

TABLE 3. Cylinder compressive strength (CCS) and modulus of rupture (MOR) of the UHPFRC used in this study
(values in MPa). The value in parentheses gives the standard deviation from the tested specimens.

Force (kN)

(]
1

0 4 8 12 16 20 24 28 32 36
Deflection (mm)

FIGURE 5. Load-deflection diagrams for UHPFRC
beams with various fibre contents.

rupture (Tab. 3)) showed a linear dependence on the
actual fibre content or aspect ratio. The maximum
tensile strength was determined to be 11.7 MPa when
the fibre content was 3 % by volume [10].

4. RESULTS AND DISCUSSION

Load-deflection (L-D) diagrams were plotted for all
beams including various fibre volume fractions (Fig.
and various aspect ratios (Fig. @ Six beams were
tested for all fibre contents and for all fibre aspect
ratios, making a total of 36 tested beams.

The experimental results obtained in this study
showed that an increase both in the aspect ratio of
the fibres and in the fibre volume fraction resulted in
an increase in the effective fracture energy (Tab. .
In addition, both results appear to follow a linear
trend (Fig. [7] Fig. [3).

Data obtained by other researchers dealing with
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FIGURE 6. Load-deflection diagrams for UHPFRC
beams with various aspect ratios.

UHPFRC with straight steel micro-fibres subjected to
flexure using notched specimen were examined in or-
der to verify the results derived from this study. Kang
et al. [34] tested UHPFRC using a notched 3-point
bending test, where the fibre volume fraction varied
from 1 to 5%. The UHPFRC used in their study was
mixed using a w/b ratio of 0.2 and steel fibres with an
aspect ratio of 65 (13 x 0.2mm). The tensile strength
of the fibres was specified to be 2500 MPa. The beams
were 400 mm in length (300 mm clear span) with a
notch 30 mm in height. The effective fracture energy
derived from their study increased approximately lin-
early with an increasing fibre volume fraction until
5%. A linear increase in G was also observed in the
work conducted by Yoo et al. [35]. Yoo et al. tested
UHPFRC up to 4% of the fibre volume fraction, and
the effective fracture energy values tended to increase
as the fibre volume increased (Fig.[9). Yoo et al. also
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Fibre Fibre geometry (aspect ratio)
content g5 . 017mm 13 x0.22mm 13 x 0.18mm 14 x 0.13 mm
(50.0: 1) (59.1: 1) (72.2: 1) (108 : 1)
1% - 12700 (2000) - -
2% 10900 (1300) 18700 (1000) 21000 (1700) 32400 (4000)
3% - 26200 (800) - -

TABLE 4. Effective fracture energy (Gt) of UHPFRC, in J/m?. The value in parentheses gives the standard deviation

from the tested beams.

30000

20000 -

Gy (J/m?

10000 -~
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FIGURE 7. Development of the effective fracture en-
ergy in the framework of various fibre volume frac-
tions.

tested smooth steel fibres with an aspect ratio of 65
(13 x 0.2mm) and with tensile strength of 2500 MPa.
The beams were 400 mm in length with a 300 mm-long
clear span, and the notch was 10 mm in height. The
average compressive strength of the UHPFRC used
by Yoo et al. ranged from 182 MPa to 207 MPa.

Fig. |§| shows that Gy increases as Vi increases. In
addition, it tends to follow an assumption of linear pro-
gression. The forecasting equation for the simplified
linear trend model can be expressed as

Gt = Gf + AAV, (2)
where Gy is the effective fracture energy, Gf is the
reference sample value of the effective fracture en-
ergy (measured), A indicates the size of the increase
in G¢ when V; increases by one percent, and AV
is the change between the reference sample value of
Vt and the actual sample value of V;. The domain
for the proposed equation is between 1 and 5% of
Vt. The experimentally derived constant A was calcu-
lated as an average slope, and was determined to be
6500 J/m?/%.

We have found very little research on UHPFRC with
different aspect ratios of the fibres in the framework of
high-strength, straight and smooth steel micro-fibres.
Yoo et al. [31] tested various aspect ratios of fibres
in UHPFRC incorporating 2% of the fibres by vol-
ume. The fibres were 13.0mm, 16.3 mm, 19.5 mm and
30.0mm in length and 0.2 mm, 0.2 mm, 0.2 mm and
0.3 mm in diameter, respectively. The UHPFRC used

40000 -

30000 -
= 20000 -
O

10 000 - 3

O T 1
25 75 125
I/d ()

FIGURE 8. Development of the effective fracture en-
ergy in the framework of various aspect ratios.
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FIGURE 9. Effect of fibre volume fraction on the
effective fracture energy of UHPFRC.

in the study by Yoo et al. was specified by a highest
compressive strength of 204.5 MPa for a cylinder with
a fibre length of 16.3 mm. Yoo et al. also reported that
the compressive strength was somewhat independent
from the fibre geometry. The data obtained by Yoo
et al. tended to maintain its linear trend throughout
the range of aspect ratios used in their study. This
trend was found also to be dependent on the reference
value of Gy in order to reach the uniform gradient of
increments between different studies per change in
aspect ratio. It could therefore be noted that both the
effective fracture energy and the aspect ratio increase
proportionally where the proportionality constant also
covers the reference value for the effective fracture en-
ergy. The proportionality constant for this trend was
specified by the experimental constant B and the ref-
erence value of the effective fracture energy (Gf). The
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F1Gure 10. Effect of aspect ratio on effective fracture
energy of UHPFRC.

experimental constant B was determined to be 0.0338
(Fig. . The value of the experimental constant B
was calculated as the average slope of the two lines
presented in Fig.

Fig. shows that Gy increases as [/d increases.
The forecasting equation for the simplified linear trend
model can therefore be expressed as follows:

Gt =Gf + BG AL, (3)

where Gt is the effective fracture energy, Gf is the
reference sample value of the effective fracture energy,
B is the experimentally derived constant, and Aé is
the change between the reference sample value of 1/d
and the actual sample value of I/d. The domain for
the proposed equation is limited from 50 to 108 : 1 of
l/d.

Within the framework of the studies discussed here,
it is interesting to note that the slope of the linear de-
pendence is not influenced by the matrix composition
in the case of various fibre volume fractions. Only the
intercept of the line is influenced by various matrix
compositions in each study, despite the fact that vari-
ous matrix compositions lead to different fibre-matrix
bond properties, which have a direct influence on the
fracture process. On the other hand, the slope of
the linear dependence, in the case of various aspect
ratios, was found to be influenced by the composition
of the matrix. This was reflected by the implemen-
tation of the reference value of Gy (i.e., the initial
value of the line by the lowest {/d in the domain) to
the experimental constant B, which reflects the size
of the increase in Gy when [/d increases by one unit.
Using the reference value of Gy (i.e., Gf), a uniform
slope of the individual lines was achieved. However,
it is important to note that only a limited number of
results were found and used in this simplified model,
and it is essential to provide more data to upgrade or
extend the scope of this trend.

The simplified model for estimating the change in
the effective fracture energy due to the change in the
aspect ratio and/or in the fibre volume fraction can
be established using both dependencies, as presented
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in and , as follows:
Gf:G?"r‘AAva"r‘BG;Aé, (4)

where G} is the reference (measured) value of the
effective fracture energy, A and B are experimentally
derived constants, AV} is the change between the
reference sample fibre volume fractions and the actual
sample fibre volume fractions, and Aé is the change
between the reference sample fibre aspect ratio and
the actual sample fibre aspect ratio. The correlation
between the results obtained experimentally and the
results obtained by the proposed model is shown in
Fig. 11}

Fig. [IT] shows that the scatter plot follows an ap-
proximately linear pattern. The correlation coefficient
for all data was calculated to be 0.986. This value
implies that the simplified linear model describes the
relationship between Gy and AV; and between Gy and
Aé with reasonable accuracy. These calculated plots
were derived from , and they are valid only within
the given intervals. We cannot provide any guarantee
that the relationship will continue beyond the range
for which the data were collected. It can be expected
that a further increase in fibre content or aspect ratio
beyond these limits will lead the linear relationships
to break down. Therefore, an extension of the scope
of the current testing by other experimental data is
needed.

5. CONCLUSIONS AND FURTHER
OUTLOOK

The effective fracture energy was determined on a
total of 36 beams, which were tested with various
fibre aspect ratios and with various fibre contents. A
three-point bending configuration was applied and
L-D diagrams were examined. A closer examination
of the fracture surface revealed fibre pull-out from
the matrix, which is more energy-expensive than fibre
rupture (Fig. [12)).

The fibre volume fraction ranged from 1 to 3%
by volume, and the aspect ratio ranged from 50.0 to
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(a)

FIGURE 12. a) Fibres used in this study. b) Fibre pull-out failure mode.

108 : 1. Other studies [31], B4}, B5] were examined and
relevant data were obtained to create the simplified
model.

The following conclusions can be drawn on the basis
of the experimental outcomes derived from our study:

(1.) The effective fracture energy (Gr) increases as
the fibre volume fraction increases. It has been
specified that the average increase in Gy per 1%
increase in V; is approximately 6500 J/m?.

(2.) The effective fracture energy also increases as
the aspect ratio increases. A higher aspect ratio is
reflected by a higher absolute number of fibres in
the mixture and therefore by a larger surface area.
In addition, it was found that the dependence of
Gt on the aspect ratio of the fibres tends to follow
a linear trend. This has also been confirmed by
another study.

(3.) A simplified model was established to calculate
the change in the effective fracture energy when
the fibre volume fraction or the aspect ratio of the
fibres changes. Two experimental constants were
established on the basis of the results from this
study and other available literature [31], 34} 35].

(4.) An idealization of the linear dependence has been
proposed, but the model is valid only within the lim-
its given in Tab. 5] Further extension of the model
by other experimental data is needed, especially for
higher aspect ratios.
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