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Abstract. This study investigates the evolution of fracture process zone (FPZ) in ultra-high perfor-
mance fiber reinforced concrete (UHPFRC) using the acoustic emission (AE) technique. An impor-
tant factor contributing to the fracture energy in concrete is the nucleation of its FPZ. The examination
of FPZ helps in understanding the initiation and propagation of cracks in a material. The influence
of different toughening mechanisms within the FPZ helps in predicting the structural integrity and
performance of a material when subjected to an external loading. Thus, it is essential to investigate
the evolution process of FPZ. In order to determine it, three-point bending tests with monotonic load-
ing are performed on three notched beam specimen groups: ultra-high performance concrete (UHPC)
without fibers, UHPFRC with 2% (by volume percentage of concrete, (V7)) straight micro-fiber, and
a hybrid UHPFRC with 1% (V) straight micro-fibers and 1% (V) straight macro-fibers. Straight
micro-steel fibers of 13 mm length and 0.2 mm diameter and straight macro-steel fiber of 26 mm
length and 1 mm diameter have been used for the study. An AE parameter based on Shannon’s en-
tropy is used to examine the evolution of FPZ. The AE entropy performed more efficiently compared
to the other conventional AE parameters on account of it being independent of threshold, and being
more sensitive to changes in AE signal irregularities. It is observed that the entropy distribution is
greatly influenced by the presence of fibers, indicating a more controlled and distributed cracking pro-
cess in UHPFRC compared to the brittle behaviour of UHPC without fibers. It is also observed that
the FPZ width decreases when straight micro-fibers is partially replaced with straight macro-fibers.

1 INTRODUCTION

Ultra-high performance fiber reinforced con-
crete (UHPFRC) is an innovative cementitious
composite that exhibits extremely high com-
pressive strength, ductility, and durability [1].
With the usage of supplementary cementitious
materials such as silica fume, fly ash, and
ground granulated blast furnace slag (GGBS),

it has also become a more sustainable option in
the construction industry compared to conven-
tional concrete [2]. Incorporation of fibers into
the UHPFRC mix yields high flexural strength
and toughness [3]. It has been observed that
using a combination of fibers is more effec-
tive in bridging cracks at different scales. The
micro-fibers improve the flexural strength and
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the macro-fibers contribute to enhance the de-
formation capability of the structure. Initially,
micro-fibers impede the propagation of microc-
racks followed by arresting macrocrack forma-
tion by macro-fibers at a later stage [4,5]. With
the progression of fracture in concrete, an in-
elastic zone, known as the fracture process zone
(FPZ), develops around the crack tip, impart-
ing concrete its nonlinear behavior [|6]. Frac-
ture toughness is significantly influenced by the
size and development of the FPZ. Therefore, it
is important to understand the evolution of FPZ
in UHPFRC and the role of fibers in its genera-
tion.

Acoustic emission (AE) technique is one of
the best methods to study the fracture process in
concrete. It has an advantage over other meth-
ods due to its ability to record and measure the
elastic waves generated during the formation
and propagation of cracks [7]. Alam et al. [8]
estimated the width and length of the FPZ in
concrete beams subjected to three-point loading
by determining the region where the cumulative
AE event was greater than or equal to 20% of
the highest cumulative AE event. The results of
the AE analysis showed a good correlation with
the DIC observations. Similar results were also
reported by Keerthana and Chandra Kishen [9].
This method was based on the work of Otsuka
et al. [[10], in which they found that the region of
AE events that contribute to more than 95% of
the total energy represents the FPZ of concrete.

Conventional AE parameters such as AE am-
plitude, absolute energy, duration, rise time,
counts to peak, etc., have been used in the past
to study fracture of concrete. These parame-
ters have their own limitations. AE entropy, ini-
tially introduced by Claude E. Shannon, seems
to overcome these limitations. It was first intro-
duced in 1948 by the name of information en-
tropy [11]. Santo et al. [12] observed that with
increasing threshold value the different AE pa-
rameters, namely, AE energy, count, duration,
and rise time, were reduced. Only AE entropy
and amplitude were found to be independent
of threshold; but unlike amplitude, AE entropy
carried the necessary information to predict the

waveform characteristics. Change in hit defi-
nition time was also found to affect all the AE
parameters except entropy. Using AE entropy,
Kahirdeh et al. [[13] could identify three dis-
tinct stages of damage in composites. Ahmed
and Dutta [14] used AE entropy to differentiate
the different damages stages, i.e., fiber-matrix
debonding, friction, and fiber rupture during the
pull-out process of a steel fibers from an UHPC
matrix. A strong correlation was also observed
between the evolution of AE count and entropy
[15].

The prediction of FPZ in UHPFRC using AE
entropy is sparse. Therefore, the aim of this in-
vestigation is to study the size and evolution of
FPZ in UHPC and hybrid UHPFRC using AE
entropy based on Shannon’s entropy.

2 METHODOLOGY
2.1 Materials and specimen preparation

Ordinary Portland cement of 43 grade, sil-
ica fume, and GGBS are used as binders. River
sand with grain size between 0.15 and 4.75 mm
is used as fine aggregate. To improve the work-
ability of the mix, a polycarbolxylate-based su-
perplasticizer is used. The mix proportions used
in this study are summarized in Pan
mixer has been used to prepare the mixes. The
samples are cured in hot water at 90°C for 2
days before being transferred to normal water.
The 28 days compressive strength performed on
100 mm cubes is 125 MPa.

Table 1: Mix Proportion

Unit Weight (kg/m®)
Cement Silica Fume GGBS Quartz Powder Sand Water Superplasticizer
716.8 102.4 204.8 77 1024 195 14

In order to investigate the influence of fibers
on the development of the fracture process
zone, straight micro and macro-steel fibers are
included. The properties of the steel fibers are
given in Three groups of notched
beam specimens of dimensions 200 x 200 x 650
mm are cast according to ASTM C1856 with a
notch-to-depth ratio of 0.2. They are - Control
beams (C) cast without fibers, UHPFRC (s2)
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with 2% (V) straight micro-fiber, and a hybrid
UHPFRC (Hs1S1) with 1% (V) straight micro-
fibers and 1% (V) straight macro-fibers.

Beams with predefined notches are selected
in this study so as to localize the damage at
the notch-plane. This prevents the inelastic
deformation of the remaining portion of the
beam, and ensures the major part of the energy
to be directly attributed to the fracture along
the notch-plane [16]. This controlled damage
process is not possible in unnotched specimen
where cracks may develop in different zones
across the specimen, thus making characteriza-
tion of the FPZ more challenging.

Table 2: Details of Steel Fibers

Diameter Length Tensile Strength

Straight fiber type (mm) (mm) (MPa)
Micro 0.2 13 2800
Macro 1 26 1200

2.2 Experimental set-up

The beams have been tested in a closed loop
servo-controlled universal testing machine of
300 kN capacity. A displacement rate of 0.2
mm/min has been used. AE monitoring has
been performed using a 16-bit AE data acqui-
sition system. Six piezoelectric sensors (MIS-
TRAS R6I) with built-in preamplifiers of 40 db
gain have been used to locate the AE sources.
The threshold is set at 40 dB to filter out back-
ground noise.

Figure 1: Experimental set-up

2.3 DETERMINATION OF ENTROPY

AE waves generated during the initiation and
propagation of cracks in a beam subjected to

flexural loading will have a unique disorder in
its waveform. This can be quantified to identify
the different damage stages. One way of achiev-
ing it is by obtaining the probability distribu-
tion of the waveform’s discrete voltage value,
termed as information entropy [[12]].

The information entropy or Shannon’s en-
tropy is given by:

H = —ch(aci) x log(p(x;)) (1)
i=1

Where, x1, 2,23, ...z, are a given random
sequence. p(x;) is its associated probability
mass. H is the non-negative Shannon’s entropy.
C is an arbitrary positive constant being equal
to 1/1og(2). The unit of its measurement is in

bits.

3 RESULTS AND DISCUSSIONS
3.1 Flexural behavior

The flexural performance of UHPC, UH-
PFRC, and hybrid UHPFRC are shown in
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Figure 2: Average Load-displacement curve for

control, s2, and Hs1S1 specimen.

As evident, the UHPC sample without fiber
behaved almost linearly up to the peak-load
where it underwent brittle failure with com-
plete separation of the sample in two halves.
Whereas, the UHPFRC samples, irrespective of
the type of fiber, experienced a tri-linear varia-
tion with the formation of multiple cracks dur-
ing the load bearing process of the beam [17].
In UHPFRC specimen, initially the load in-
creases linearly till the occurrence of the first
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crack. Post that stage it increases non-linearly
till it reaches the peak load, beyond which
the load decreases. Both the specimen group
s2, and Hs1S1 showed deflection-hardening
behavior. This happens in specimens where
frop<fumor due to the crack arresting capac-
ity of the fibers [4] (Table 3). Here, frop
represents the first and fy,or represents the
post-cracking flexural strengths, respectively.
Straight micro-fibers are efficient in restrict-
ing the formation of microcracks. Hence, the
specimen - s2 shows the highest peak load and
fumor. The hybrid fiber UHPFRC specimen,
even though having a lower peak load, sus-
tains the load for a larger displacement value
due to the presence of longer straight steel fiber
that prevents the propagation of macroscopic
cracks. These also makes its fracture energy al-
most similar to the micro-fiber UHPFRC speci-
men as shown in

Table 3: Flexural performance of UHPC and
UHPFRC specimens

Peak load Max displacement frop  fuor Fracture energy

Group "N (mm) (MPa) (MPa) (N/mm)
C 47.09 051 828 828 0.39
2 91.64 23.88 1539 16.11 2027

HsIST 7232 32.04 1240 1271 19.92

3.2 Damage stage identification using AE
parameters

[Figure 3| [Figure 4] and shows
the AE parameter - AE entropy, AE ampli-

tude, and AE absolute energy (called as en-
ergy in this study), corresponding to each event
recorded during the flexural tests on control,
UHPFRC, and hybrid UHPFRC sample, re-
spectively. Even though the results obtained
for control specimen with respect to the AE pa-
rameters is similar, owing to the damage being
mainly dominated by matrix failure, a notice-
able difference is observed in UHPFRC spec-
imens. There is a high rate of AE activity
recorded in the initial stage of loading till the
peak load due to the formation and initiation
of multiple microcracks in the concrete. At the
same instance, the micro-fibers are also restrict-
ing the crack initiations. As the load approaches

it peak value, the fiber pull-out resistance dom-
inates at the crack surface [|18]]. Post-peak load,
the microcracks coalesces into macrocracks and
the load starts decreasing.
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Figure 3: Correlation of load vs. time curve
with AE parameters for control specimen.
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Figure 4: Correlation of load vs. time curve
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The AE entropy depicts these stages effi-
ciently as evident in |Figure 4a} and [Figure 5al
Most of the AE entropy value remains above
6 bits depicting this stage to be dominated by
partial and complete debonding between fiber-
matrix interface, followed by initiation of pull-
out of fibers from the matrix as shown in the
authors’ previous work [14]. However, such
distinctions are not observed in other AE pa-
rameters for both types of UHPFRC specimens.
Thus, further studies on FPZ have been done
using AE entropy because of its effectiveness in
identifying the damage stages.

3.3 Identification of FPZ using AE entropy
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Figure 6: FPZ width from AE analysis for s2
specimen.
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Figure 7: FPZ width from AE analysis for
Hs1S1 specimen.

It has been reported in the past that the per-
centage of total energy of AE events that is
greater than 95% of the total energy of the en-
tire events belongs to the fracture process zone
. For our present study, we have found those
range of entropy values whose corresponding
total energy are more than 95% of the total AE
energy. This range is found to be between 6-9.5
bits. This also agrees with the result of the pre-
vious section where entropy higher than 6 bits
depicted the dominant damage stages. More-
over, cumulative AE events has also been used
in the past to quantify the FPZ width [8,9]. In
this method, cumulative AE events are recorded
at each location along the length of the beam.
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Those events which are higher than 20% of the
maximum cumulative event value is said to be
coming from the FPZ region. This region, with
large number of events, depicts the localization
of microcracks. Using both the above men-
tioned approach (refer [Figure 6| and [Figure 7)),
the FPZ width obtained for s2, and Hs1S1 spec-
imen are 175 mm, and 110 mm, respectively.
The UHPFRC sample having more percentage
of straight micro-fiber has a larger FPZ width
due to the generation of more AE activity com-
ing from the toughening mechanism inside the
FPZ as compared to the hybrid UHPFRC spec-
imen.

Further, from authors’ previous work [ 14], it
has been identified that the events with entropy
in the range of 7.5-9.5 bits originate around the
complete debonding of fiber-matrix interface.
Once debonded, the fibers are pulled out from
the matrix and formation of macrocracks be-
gins. This information can be used to identify
the fracture core zone (FCZ) where the devel-
opement of macocracks takes place [[10]. Thus,
entropy, unlike other localization methods, can
also be used to identify FCZ as well.

3.4 FPZ evolution

The formation and propagation of FPZ can
be studied using AE entropy, that belongs to
the 95% energy group, by noting their appear-
ance at various stages. [Figure 8| and [Figure 9]
shows the different flexural damage stages in
both the UHPFRC samples along with the dam-
age progression. Point A depicts the initiation
stage of microcrack. From point A to B, de-
picts the evolution phase of macrocrack, and
from B to point C represents the propagation
stage of the main macrocrack. As can be seen
in both [Figure 8b| and [Figure 9b| as the load
approaches point A, few AE entropy of lower
magnitude are generated due to the formation
of microcracks. Some of them have occurred
near the top load due to the pressing of the load-
ing roller against the top surface of the beam.
When the load approaches point B (i.e., peak
load), AE events with higher entropy values are

generated near the notch and

lure 9¢). This is the region of the beam which
is the most stressed and leads to the resisting
action of the fibers on the microcrack initiation.
Beyond point B till point C, microcracks coa-
lesces to form macrocracks, along with the oc-
curence of fiber-matrix interface debonding and
fiber pull-out processes. This generates a large
number of AE entropy in the fracture process
zone as shown in |Figure 8d|and |[Figure 9d|

4 Conclusion

In this study, AE entropy has been used to
identify the damage stages in UHPC and UH-
PFRC beams with single type of straight micro-
fibers and a hybrid combination of straight mi-
cro and macro-steel fibers subjected to flexural
loading. AE entropy proved to be more effi-
cient than other AE parameters - amplitude and
energy, in distinguishing the crack propagation
stages because of its ability to capture the dis-
order associated with each AE waveform. The
AE entropy value above 6 bits mostly origi-
nated from the fracture process zone as it con-
tributed to more than 95% of the total AE en-
ergy. This observation was used to determine
the FPZ width from the entropy localization
map. It was observed that the width of the FPZ
decreased when the micro-fibers were replaced
with macro-fibers. The macro-fibers in the hy-
brid UHPFRC mix arrested the propagation of
cracks and delayed the macrocrack formation
process. Further, the propagation of FPZ at
three different damage stages was also studied.
In the microcrack initiation stage, few micro-
cracks are formed. In the evolution of macroc-
rack stage the weak microcracks begin to merge
into macrocracks, and finally in the macrocrack
propagation phase the main macrocrack propa-
gates from bottom to the top of the specimen.
At present, the analysis has been carried out in
time domain solely. It will be an interesting as-
pect to carry out a frequency domain analysis to
correlate the different damage mechanisms with
the frequencies of the AE signals in future.
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Figure 8: Evolution of micro and macro cracks in UHPFRC beam (s2) specimen. (a) Load-
displacement curve, (b) AE entropy at point A, (c) AE entropy at point B, (d) AE entropy at point C.
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