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Abstract. Ultra-high-performance concrete (UHPC) is an advances and novel cementitious com-
posite with superior structural strength and durability properties. A blend of lower water-binder ratio,
pozzolanic materials, fillers, and chemical admixtures results in a denser mix, leading to enhanced me-
chanical and durability properties. The fibre aspect ratio significantly impacts both the mechanical and
damage characteristics of Ultra-high performance fibre reinforced concrete (UHPFRC). This research
focuses on investigating the impact of fibre aspect ratio on the mechanical and fracture behavior of
UHPFRC. Flexural strength tests were conducted on prism specimens (500mm x 100mm x 100 mm,)
with two different fibre aspect ratios 37.5 and 65. Fracture properties of UHPFRC composites were
evaluated using specimens (700mm x 150mm x 80 mm). the nondestructive acoustic emission (AE)
technique was utilized to capture fracture characteristics ahead of the crack tip in the presence of
different aspect ratio fibre. The results infer that with an increase in aspect ratio from 37.5 to 65, both
flexure and fracture strength are superior. Furthermore, the aspect ratio is significantly influencing the
post-cracking phase more than that of pre-cracking.

1 INTRODUCTION

Development in the field of construction ma-
terials is very progressive. Out of many con-
struction materials like steel, wood, bricks, and
clay, concrete is considered to be a highly ver-
satile material. It has been taken to new heights
with the development of normal strength con-
crete (NSC), high strength concrete (HSC), and
UHPFRC due to this versatile nature. In com-
parison to NSC or HSC, UHPFRC has superior
mechanical, rheological, and durability proper-
ties [1]. UHPFRC is a novel developed ma-

terial using very fine materials to reproduce a
densified particle packing. fibres have an influ-
ential role in preventing the development and
spread of cracks by providing a bridging force.
This bridging force not only enhances the over-
all material properties but also increases tough-
ness. In addition, incorporating steel fibre in
the UHPFRC mix provides enhanced tensile
properties and crack resistance, hence widen-
ing its applicability towards various civil engi-
neering infrastructures such as bridge and build-
ing components, offshore structures, repair re-
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habilitation, hydraulic structures, overlay, etc
[2]. Steel fibres are added to increase ductil-
ity, and these generally transform the developed
cracks into multiple cracks of small width, im-
proving the flexural strength and durability of
UHPFRC members after post-cracking. Steel
fibres and their aspect ratios have greater in-
fluence in shaping the properties of structural
materials [3]. In recent years several research
articles studied the impact of steel fibre. Ac-
cording to Yan et al. [4]], the addition of an
appropriate amount of steel fibre can substan-
tially enhance both the brittleness and tough-
ness of UHPFRC. Meng et al. [5]and Wu et
al. [6]] conducted studies on the impact of steel
fibre content on the shrinkage performance of
UHPFRC. The results revealed that the appro-
priate addition of steel fibres effectively mit-
igates local stress concentration and reduces
shrinkage. However, excessive fibre content
can increase the area of porous, weak inter-
faces, leading to a decrease in shrinkage inhi-
bition. The splitting tensile strength of UH-
PFRC is influenced by the fibre aspect ratio, fi-
bre bond factor, and fibre volume fraction [/7]]
To enhance the mechanical properties of UH-
PFRC, researchers have explored the approach
of increasing the aspect ratio of fibres instead
of altering the fibre dosage [8-10]. Various
study concluded that the first cracking phase has
minimal effect or impact on fibre aspect ratio
but play an important role in the post-cracking
phase [11H13]]. Ngo et al. [14] reported that
a higher aspect ratio of steel fibres leads to
an enhanced load-carrying capacity. But along
with mechanical study, the effect of aspect ra-
tio on fracture properties is not explored in de-
tail. Over the past few years, the utilization of
the AE technique has gained significant atten-
tion as a non-destructive method for monitor-
ing purposes. This technique has been widely
employed to effectively characterize the frac-
ture process of quasi-brittle materials [15,/16].
For the large-scale implication of this material
in structure, it is of utmost importance to detect
and evaluate the severity of any damage present,
as this provides a measure of their structural

health [17]. Consequently, it becomes essen-
tial to thoroughly investigate the fracture mech-
anism and damage characteristics of UHPFRC.
The focus of this study is to investigate the in-
fluence of two different steel fibre aspect ra-
tios. Pre-notched UHPFRC beam specimens
with two different aspect ration were used for
the testing under center-point loading. To eval-
uate fracture properties, crack mouth opening
control testing was performed. To capture frac-
ture characteristics ahead of the crack tip in the
presence of different aspect ratio fibres, the AE
technique was used throughout the experimen-
tation. Based on the experimental study, flex-
ural strength and fracture parameters were pre-
dicted.

2 EXPERIMENTAL PROGRAM

2.1 Material and Mix Proportion

In order to achieve high strength and im-
proved packing density in the UHPFRC com-
posite, fine-grained reactive admixtures are re-
quired to be blended with cement. Current
work uses silica fume and ground granulated
blast furnace slag (GGBFS) to achieve greater
strength. In the UHPFRC mix design, the ce-
ment was replaced by 22% GGBFS and 10%
silica fume. The OPC 43 grade cement is used
in this study. The fine aggregate utilized in this
study is river sand, with a fineness modulus of
2.68. A polycarboxylic ether-based superplasti-
cizer was utilized to enhance the workability of
UHPFRC. To investigate the effect of the dif-
ferent aspect ratios two types of straight micro
steel fibres shown in Table [1] were considered
with a constant SF volume of 1.5%. The com-
position of the mix for UHPFRC is given in Ta-
ble

2.2 Mix Procedure and Sample Prepara-
tion

The dry components, including cement, sil-

ica fume, GGBFS, and sand, were initially pre-

mixed to ensure a uniform dispersion. Sub-

sequently, water containing the superplasti-
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cizer was gradually added to the dry mixture
while continuously mixing. Once the mixture
achieved the desired fluidity and viscosity, the
steel fibres were carefully dispersed and incor-
porated into the mixture. The ten cubes of
size 150mm x 150mm x 150mm were cast
to determine the 7-day and 28-day compres-
sive strength. For the flexural testing, six beams
were cast for each aspect ratio using dimensions
of 100mm x 100mm x 500mm. Furthermore,
to examine the fracture properties, four beams,
each with dimensions of 700mm x 150mm X
80mm were cast for every aspect ratio. The
notch of depth of 25 mm and width of 3 mm
is constructed using the saw cut method three
days before the completion of 28 days of cur-
ing. Subsequently, the specimens were placed
in a room with a temperature of 20 °C for 2-3
days to facilitate the hardening process.

Table 1: Properties of SF

Fibre Diameter Length Aspect Density

Type df(mm) ls(mm) Ratio  (g/cm?)
Typel 0.6 6 375 785
Type2 0.2 13 65 7.85

3 EXPERIMENTAL SETUP

Cube testing for determining the compres-
sive strength was conducted by the guideline
outlined in IS 516 [18]. A controls compres-
sion testing machine with a capacity of 5000 kN
was used to perform the testing. The compres-
sive strength was monitored for the 7th and 28th
days of curing. The flexural strength of concrete
was evaluated through a four-point bending test
using a Controls compression testing machine
and the setup is shown in Figure [I] Beams
with dimensions of 100mm x 100 x 500mm x
were tested using BS EN 12390-5 2019 [19].
To investigate the fracture properties of UH-
PFRC composite, specimens with dimensions
700mm x 150mm x 80mm were tested in a
500 kN load frame under center-point loading.
The tested specimen for both aspect ratios along

with setup is shown in Figure The experi-
ments were performed under the crack mouth
opening displacement (CMOD) control man-
ner at a loading rate of 0.003 mm/sec. Mean-
while, the crack mouth opening displacement
(CMOD) was monitored using a clip gauge
equipped with a measuring range of 12 mm.

Table 2: Mix Compostiton of UHPFRC

Constituents Quantity (K g/cm?)

Cement 782

GGBFS 253

Sand 115

SP 17.3
Water binder 212.75

4 CALCULATION OF FRACTURE PA-
RAMETERS
4.1 Flexure testing
The flexural strength of the notched UH-
PFRC beam is determined following the
RILEM TC 162-TDF recommendations [20],
utilizing Equation In this equation, f, and
P, represent the flexural strength and peak load
from the load-CMOD curves, respectively. The
L, b, d, and a, refer to the span, width, depth,
and notch depth, respectively.

_ 3P,L
~ 2b(d — a,)?
The residual strengths are determined using
Equation?] as per the guidelines outlined in
RILEM TC 162-TDF recommendations.
Frs = 3Pr ;L
BT 0(d — ay)?
where, fr ; is the residual flexural strength;
Pr; is the load recorded at CMOD;

(OMODO.Smmy C1]\401)1.5mma CMOD2.5mma
and CMOD35mm)

Ju (D

2)

4.2 Fracture Energy

The amount of energy required per unit area
to open a crack is referred to as fracture en-
ergy (Gr). According to a method created by
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Hillerborg and used by RILEM TC 50-
FMC [22], fracture energy is calculated as the
area under the Load-CMOD curve divided by
the notched cross-section’s area(Ar), as stated

in Equation 3]
P(5)dd
Gy = / (A; (3)

4.3 Acostic emission

Acoustic Emission (AE) is a phenomenon
characterized by the generation of transient
elastic waves caused by crack propagation, steel
bar corrosion, or other forms of deterioration
(AE sources). In this research, an eight-channel
data acquisition system by MISTRAS was used.
The resonant-type differential piezoelectric AE
sensors, called R6IAST, function within the 20
to 100-kHz frequency range was used. The
AE signal was recorded during the three-point
bending test. The AE acquisition system’s
threshold value was set to 40 dB.

5 RESULTS AND DISCUSSION

The compressive strength was monitored on
the 7 and 28 days of curing. The average 7
days and 28 days compression strength is 83.4
and 119 MPa, respectively. The average flexu-
ral strength obtained from the four-point bend
test for fibre lengths 6 and 13 mm is 9.87 and
18.32 MPa, respectively. The results of both
compression and flexural testing are summa-
rized in Table3l The results showed that the
fibre aspect ratio significantly affects the hard-
ening properties of UHPFRC. In the context
of the flexural test, the load-CMOD curves of
the notched specimens are depicted in Figure
Bland @ These curves demonstrate a predom-
inantly linear trend up to the peak load, suc-
ceeded by a ductile post-peak softening phase
until reaching deflection values of 9 mm and
11.5 mm for fibre lengths 6 and 13 mm, re-
spectively. The results showed that the fracture
flexural strength for notched specimens under
the three-point bend test for 6 and 13 mm fi-
bres is 9 MPa and 13 MPa, respectively. This

infers that flexural strength with 13 mm fibre is
44% higher than with 6mm fibre. The residual
flexural strength results indicated that the fibre
with a length of 13 mm represents the sophisti-
cated residual strength but the fibre with 6 mm
demonstrated a very low value.

Table 3: Mechanical Parameters of UHPFRC

Concrete  Compressive Flexural
Type  strength (M Pa) strength (M Pa)
7 days 28 Days Typel Type 2
UHPFRC  83.7 119 9.87 18.33

Table 4: Summary of flexural test

Fibre  f,  fros [fris [r25 [rR3s5
Type

Typel 9 74 41 22 13
Type2 13 111 95 71 56

Figure 1: Four-point bend test specimen with 13 fibre
length.

Figure 2: Test setup with beam containing 6 and 13 mm
fibre.
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CMOD (mm)

Figure 3: Load-CMOD curve with fibre aspect ratio 37.5.
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Figure 4: Load-CMOD curve with fibre aspect ratio 65.

The average residual flexural strength results
are summarised in Table 4l From the load-
CMOD curve, the average fracture energy for
two aspect ratio fibres is 2.7 N/mm and 8.95
N/mm respectively. The AE system continu-
ously recorded various AE parameters, includ-
ing events, absolute energy, time, counts, ampli-
tude, frequency, duration, and others, until the
specimens were fractured. The average number
of events was found to be 5703 and 8948 for 6
and 13 mm fibre length specimens respectively.
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Figure 5: Variation of load and cumulative energy with
time for 6 mm fibre length.
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Figure 6: Variation of load and cumulative energy with
time for 13 mm fibre length.

The variation of load and cumulative energy
with the time is plotted as shown in Figure [3]
and [6] and it shows that with an increase in fi-
bre aspect ratio, there is an increase in the cu-
mulative energy also. In the case of fibre with
an aspect of 65, up to the peak load, no abso-
lute energy is recorded. However, beyond ap-
proximately 77% of the post-peak load, the cu-
mulative energy demonstrates a more rapid in-
crease, and its keeps on increasing till it reaches
its maximum CMOD limit. This shows that the
crack is still propagating in a stable state reason
being a good bridging mechanism as the distri-
bution is majorly uniform through the cracking

Cumulative Energy (aJ)
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plan. The cumulative energy variation slope is
steeper in the case of fibre with an aspect ra-
tio 37.5 because as the crack opening keeps on
increasing fibre length is not enough to bridge
the cracking. The major reason of the observed
behavior could be due to the fact that cracking
is mainly governed by the mechanisms of fibre
pull-out. During the post-cracking stage, the
steel fibres took a major percentage of the ten-
sile load via a load transfer mechanism depen-
dent on the fibre-matrix interfaces. In contrast
to the 13 mm fibre length, the bridging is inade-
quate due to the short fibre length of 6 mm fibre.
Similar observations have been reported by re-
searchers i.e., with the constant volume fraction
of steel fibre, the flexural strength of UHPFRC
exhibits an increment with an increase in the as-
pect ratio of steel fibre [8]. The steel fibres with
larger aspect ratios possessed longer anchorage
lengths and stronger bonding interactions with
the matrix, resulting in a significant crack prop-
agation deceleration. The study reported that as
compared to short fibre larger aspect ratios were
more effective in suppressing the formation and
expansion of macro cracks, thus improving the
flexural strength of UHPFRC [8]. There are
previous studies supporting the similar finding
as observed in current study that longer steel
fibres, possessing higher aspect ratios, exhibit
an increased bonding area between the matrix
and fibre, resulting in higher strength character-
istics. [|55/12}23]].

6 CONCLUSIONS

This research paper investigates the ef-
fect of aspect ratio on mechanical proper-
ties and fracture parameters of UHPFRC.
The findings are summarized as follows

1. Incorporating the constant steel fibre vol-
ume of 1.5%, load-carrying capacity un-
der flexural testing with unnotched spec-
imens increases with an increase in fibre
aspect ratio from 37.5 to 65.

2. The average flexural strength from a four-
point bend for fibre lengths 6 and 13 mm

15 9.87 MPa and 18.32 MPa, respectively.

3. Fracture parameters, such as frac-
ture flexural strength, residual flexural
strength, and fracture energy, using a
notched specimen, demonstrate supe-
rior properties when using fibres with a
length of 13 mm compared to fibres with
a length of 6 mm.

4. The cumulative energy vs. time analysis
from the AE study revealed that the as-
pect ratio of 37.5 exhibited a steep slope,
indicating a relatively weaker bridging ef-
fect. On the other hand, the aspect ratio of
65 displayed a broader trend, indicating a
more pronounced bridging effect.
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