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Abstract. This paper deals with the study of fiber-matrix bond properties in ultra-high performance
concrete (UHPC) by performing pullout tests on straight single steel fibers of varying aspect ratios,
embedded partially in the concrete matrix. The interface between the fiber and the matrix plays
a major role in enhancing the toughness of the material. It is the weakest link in the composite
from where damage initiates. Hence, it is crucial to study the interface bond properties, and the
most direct method to study them is the single fiber pullout test. The pullout load vs. fiber slip is
recorded to analyze the pullout behavior of the fiber. The failure mechanism of fiber embedded in
matrix takes place in different stages. To identify these stages, acoustic emission (AE) technique
is implemented. An AE parameter based on Shannon’s entropy is used. The AE entropy, being
independent of threshold, in addition to AE event amplitude and energy are recorded. The study
establishes a correlation between the AE signal parameters and different stages of damage in the fiber
pullout process. It is observed that the AE entropy parameter differentiated the damage stages in the
fiber pullout process more efficiently than the other AE parameters.

1 INTRODUCTION

Ultra High Performance concrete (UHPC) is
a special type of concrete with higher compres-
sive strength and better ductility compared to
conventional concrete. It was first developed by
Richard et. al [1] and was called Reactive Pow-
der concrete (RPC). It has a dense microstruc-
ture due to incorporation of ultrafine particles.
A high range water reducers are used to com-
pensate for its low water to binder ratio [2].
The incorporation of fibers enhances its tensile
strength, fracture toughness, energy absorption
and ductility. Utilization of supplementary ce-

mentitious materials like fly ash, silica fume,
ground granulated blast-furnace slag (GGBS),
etc., as partial replacement of ordinary portland
cement (OPC) leads to a reduction in the emis-
sion of greenhouse gases, thereby making it a
more eco-friendly alternative.

The usage of fiber reinforced composites
has increased in recent years due to their high
strength to weight ratio, more durability and
longer service life compared to traditional ma-
terials. Both the fiber and the matrix in fiber re-
inforced composites retain their original phys-
ical and chemical properties, yet they impart
mechanical properties to the composite which
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cannot be provided by the components acting
alone. The interface between the fiber and
the matrix plays a major role in enhancing the
strength, toughness and fracture resistance of
the composite. However, it also forms the
weakest link in the composite where crack ini-
tiation takes place. Thus, it is crucial to under-
stand the fiber-matrix interface behavior.

Fiber pullout test is a direct method to
study the fiber-matrix interface bond properties.
Tuyan et al. [3] studied the effect of embedment
length and aspect ratio on the single fiber pull-
out tests on the slurry infiltrated fiber concrete
(SIFCON) matrix. It was observed that the peak
pullout load and the toughness increased with
the increase in the embedment length. A linear
relationship existed between the toughness and
embedment length for straight fibers. With the
increase in aspect ratio, the peak pullout load
decreased for equal fiber lengths. Breitenbucher
et al. [4] studied the bond mechanism of steel
fibers in high and normal-strength concrete by
investigating their pullout behavior. There was
an appreciable drop in the pullout force after
complete debonding for straight steel fibers, be-
yond which only frictional forces acted between
the fiber-matrix interface. A larger pullout
force has been observed for fibers embedded
in high-strength concrete than normal-strength
concrete. Wu et al. [5] investigated the inter-
facial bond property for different types of steel
fibers in UHPC matrix having silica fume con-
tent of 15%, or 20% by mass of binder at differ-
ent curing ages. On conducting the fiber pullout
test, it was observed that for straight fibers, the
peak load was followed by complete debond-
ing and pulling out of the fiber from the matrix.
Yoo et al. [6] studied the effect of embedment
length of straight and half hooked steel fiber in a
UHPC matrix when subjected to a pullout load.
There was a linear increment in the pullout en-
ergy of the straight fiber with the increase in its
embedment length.
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Figure 2: AE parameters.

1.1 Fracture study using acoustic emission
technique

Acoustic emission (AE) is defined as a pro-
cess in which due to the deformation or crack-
ing in a solid, the stored strain energy is released
thereby generating elastic waves. In concrete
the major source of acoustic emissions are from
the cracking of matrix and the friction between
the separated surfaces. If fibers are present in
the concrete, its pullout or fracture leads to the
generation of AE waves. Figure 1 depicts the
AE detection principle. Mechanical waves gen-
erated from the acoustic emission sources are
captured by the sensors that are fixed on the
sample surface. These waves are amplified by a
preamplifier, which then transmits it to the AE
signal processor where it is processed to extract
relevant information [7]. The various param-
eters that comprises the AE signal are counts,
amplitude, rise time, duration, etc., as shown in
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Figure 2

1.1.1 AE entropy - An alternative to other
AE parameters

A reliable process to assess the various dam-
age stages during the pullout of fiber from
UHPC matrix is scarce. One of the ways to
measure the damage is to record the disorder
generated in this process. These disorder are
in the form of breaking of the bond between
the fiber and the matrix, and friction generated
due to sliding of fiber against the matrix fol-
lowed by damage of the matrix tunnel. Dif-
ferent AE parameters such as - AE signal am-
plitude, AE count, counts to peak, energy, rise
time, duration, etc., can be used to identify these
mechanisms. Santo et al. [8] studied the influ-
ence of threshold on AE count, rise time, dura-
tion, energy, amplitude, and entropy, by gener-
ating elastic waves in the metal plate by Pencil
Lead Break test. It was observed that except
for AE entropy and amplitude, all the other pa-
rameters decreased with the increase in thresh-
old value. The peak amplitude, though inde-
pendent of threshold, did not contain the in-
formation from the discrete voltage values of
the waveform. Thus, it could not predict the
nature of the waveform. However, this was
not the case with AE entropy, which was ob-
tained from the probability distribution of the
discrete voltage values of a waveform, includ-
ing those which were even below the thresh-
old level. Moreover, it was also observed that
AE entropy was independent of Hit Definition
Time (HDT) whereas other parameters such as
amplitude, count, duration, and energy were de-
pendent on the HDT settings. Burud et al. [9]
used wavelet entropy as a damage index to iden-
tify the multi-mechanistic fracture process in
plain concrete under flexural loading. A high
variance of the wavelet entropy distribution im-
plied the existence of the multi-mechanistic and
multi-source fracture process. The cumulative
AE entropy derived from AE counts was used
to identify the damage evolution in composite.
The cumulative entropy distinguished the three

stages of the damage evolution better than the
cumulative AE counts [10]. Amiri et al. [11]
utilized the Shannon entropy to determine the
initiation and growth of fatigue cracks in alu-
minum alloys and observed that both the evo-
lution of AE entropy and AE hit count corre-
lated well. Karimian et al. [12] utilized the in-
formation entropy of AE signals to detect initia-
tion of fatigue cracks in aluminum alloy. It was
observed that before the formation of macroc-
racks, the information entropy reaches its mini-
mum value and the cumulative information en-
tropy increases rapidly preceding macrocrack
propagation. It was also seen that the cumu-
lative entropy was not significantly affected by
the location of the measurement. Kahirdeh et
al. [13] used information entropy as an AE pa-
rameter to assess the degradation of titanium al-
loy when subjected to fatigue cracking testing.
He concluded that at the time of fatigue failure
the entropy reached its maximum value for both
the cases irrespective of the loading condition or
the path of the fatigue crack growth.

Studies on identifying the fiber pullout dam-
age stages in UHPC matrix using AE entropy is
sparse. Therefore, the objective of this investi-
gation is to study the efficiency of AE entropy
based on Shannon’s entropy to identify the dif-
ferent damage stages during a fiber pullout pro-
cess with varying embedment lengths and as-
pect ratios.

2 METHODOLOGY
Each AE waveform generated during the

fiber pullout process will have a unique disor-
derness. The measure of this disorderness could
be used to identify the various stages of fiber
pullout process. The discrete voltage value of
a waveform provides its probability distribution
[8], which can be quantified as information en-
tropy.

The information entropy was first introduced
by Shannon [14] in 1948. For a given ran-
dom sequence x1, x2, x3, ...xn, the Shannon’s
entropy is given by:

H = −c

n∑
i=1

p(xi) ∗ log(p(xi)) (1)
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Table 1: Mix Proportion

Unit Weight (kg/m3)

Cement Silica Fume GGBS Quartz Powder Sand Water Superplasticizer
716.8 102.4 204.8 77.0 925.0 201.4 20.0

Table 2: Detail of Steel Fiber dimension

Fiber Type Fiber Diameter (mm) Fiber Length (mm) Aspect Ratio
Straight Steel Fiber (S26) 1 26 26
Straight Steel Fiber (S74) 0.7 52 74

Where, H is the non-negative Shannon’s en-
tropy. For a given random sequence xi, p(xi)
is its associated probability mass. The entropy
is measured in bits if c, an arbitrary positive
constant, equals 1/log(2) making the logarithm
base as 2. Keeping the measurement unit in bits
enables the representation of average amount
of information or uncertainty in binary coding,
which is the most efficient way to represent in-
formation in a digital system.

3 EXPERIMENTAL PROGRAM
3.1 Materials and specimen preparation

A summary of the mix proportion for UHPC
matrix used in this study has been given in Ta-
ble 1. Ordinary Portland Cement of Grade 43
forms a major portion of the mixture. The water
to binder ratio is kept at 0.2. Silica fume or mi-
cro silica, and GGBS, are used as 10% and 20%
partial replacement of cement, respectively. To
decrease the porosity of the matrix, quartz pow-
der is used. Fine aggregates of size less than
4.75 mm and Polycarboxylate based superplas-
ticizer are also used in the mixture. To improve
the homogeneity of the mix, coarse aggregate
are not included in the mixture. The cube com-
pressive strength for UHPC matrix was equal to
100 MPa.

Straight steel fibers are used for the fiber
pullout test, details of which are given in Table
2. In order to study the pullout behavior and to
identify the different damage stages using AE
paramaters, straight steel fibers of embedment
lengths of 30%, 40%, and 50% of the total fiber

length and aspect ratio of 26 (S26) and 74 (S74)
are used.

3.2 Test Setup

Figure 3: Fiber pullout and AE monitoring test.

The fiber pullout tests is performed in a
benchtop universal testing machine of 25 kN ca-
pacity. The specimen is fixed at the base plate
using metallic bolts as shown in Figure 3. The
free end of the fiber is clamped tightly using
screws so as to avoid slippage of fiber during
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testing when it is being pulled out at a rate of
0.8 mm/min.

For AE monitoring, four piezoelectric sen-
sors (MISTRAS R6I) with integrated preampli-
fiers (40 dB gain) are used as shown in Figure 3.
To eliminate the background noise, the thresh-
old is set at 35 dB.

4 RESULTS AND DISCUSSIONS
The resistance to pullout forces on straight

fiber is provided by the chemical adhesion fol-
lowed by the frictional force between the fiber
and the matrix. The fiber pullout stages include
the debonding stage (o-a-b) (refer Figure 5) due
to cracking in the interfacial transtition zone
along the length of the fiber. A rapid increase in
the pullout load is observed in this region, fol-
lowed by a sharp decline at (b) where complete
debonding has taken place. It is followed by the
frictional pullout stage (b-c). Only kinetic fric-
tion exists between the fiber and the matrix after
complete debonding stage. With the increase in
fiber slip the pullout load decreases in this re-
gion (b-c).

P

P P

(i)

(ii)

Figure 4: Pullout behavior of straight steel fiber in
(i) Debonding Stage (o-a-b), (ii) Frictional Stage (a-
b).

The pullout mechanisms of a straight fiber
is depicted in Figure 4. The average pullout
load vs. slip curve depicting the different dam-
age stages for 50% fiber embedment length is
shown in Figure 5. Similar behavior is also ob-
served for other fiber embedment lengths which
is discussed in the following sections along with
the identification of the damage stages using
different AE parameters.

Figure 5: Pullout load-slip curve for straight fiber
with different damage stages.

4.1 Effect of embedment length

To study the effect of embedment length
on the pullout behavior of straight end steel
fiber, three different percentages of embedment
length, i.e., 30%, 40%, and 50%, are consid-
ered. The average load-slip behavior for the
three different embedment lengths is shown in
Figure 6. Table 3 summarises the peak load
and the maximum slip values. The average
maximum pullout load increases by 75% and
37% for both 50% and 40% fiber embedment
lengths, respectively, as compared to 30% em-
bedded length. Similarly, an increase in the av-
erage slip values for 50% and 40% fiber em-
bedment lengths are around 69% and 43%, re-
spectively, when compared with the 30% fiber
embedment length. With the increase in the
embedment lengths of the fiber, a larger por-
tion of fiber comes in contact with the concrete
matrix which increases the fiber-matrix bonding
area. The increased bond area enhances the load
transfer between the fiber and the surrounding
concrete matrix which results in a higher peak
load during the pullout test. Moreover, with
the increase in the embedment lengths of the
fiber the frictional resistance along the fiber ma-
trix interface also increases. A higher external
load is now needed to overcome the frictional
force in order to pull the fiber out of the matrix,
leading to an increase in the peak load and slip
value.
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Table 3: Straight fiber pullout test results

% Fiber Embedded Avg. Peak Load (N) Avg. Max Slip (mm)
50 181 13
40 141 11
30 103 7.7

Figure 6: Pullout load-slip curve for straight fiber
of 50%, 40%, and 30% embedment length.

4.2 AE Parameter observations
(a) Efficiency of AE Entropy against other

AE parameters: Figure 7(a) depicts the evo-
lution of AE entropy throughout the different
stages of the straight fiber pullout test for 50%
embedment length. Initially when the bond be-
tween the fiber and the concrete matrix com-
mences to break with an increase in the pull-
out load, large amount of elastic waves are gen-
erated. A large number of AE entropy, cor-
responding to these AE signals, clustered very
closely to each other are obtained. The magni-
tude of entropy depends on the disorderness as-
sociated with each waveform. In the debonding
process, AE waves with highly dispersed wave-
forms in terms of amplitude are released which
forms AE entropy of a higher magnitude till the
peak load. Once the peak load is reached, the
fiber then begins to slide relative to the con-
crete matrix. The frictional force which now
acts at the interface between the fiber and ma-
trix resists this relative motion, and results in
generation of elastic waves. It is observed that
the number of elastic waves, and in turn the AE
entropy, generated during the frictional stage is
relatively low compared to the debonding stage.
This can be attributed to a much more steady
pullout process of fiber in the frictional stage as

compared to the abrupt debonding process. Fur-
ther, it is also observed that the magnitude of
entropies generated during the frictional stage
of the fiber pullout process are comparatively
lower than the debonding stage. It occurred
due to a more uniform distribution of stress
and hence a fewer localized stress concentration
along the fiber-matrix interface during the fric-
tional stage as compared to the debonding stage.
The AE waves generated during this stage has a
lower degree of disorderness and a lower peak
amplitude as compared to the waves generated
in the debonding stage. All these factors led
to the generation of lower magnitude AE en-
tropy that are less concentrated in number as
compared to the entropy in the debonding stage.
Similar observations are also made for straight
steel fibers whose 40% and 30% of the total
length of the fiber is embedded inside the con-
crete matrix as shown in Figure 8(a) and 9(a),
respectively.

Compared to AE entropy, the number of
AE events amplitude recorded during the entire
fiber pullout process, as shown in Figures 7(b),
8 (b), and 9(b) for 50%, 40%, and 30% fiber
embedment lengths, respectively, are very less.
An event is detected when a minimum of three
hits are detected simultaneously for a 2D pla-
nar analysis. During the straight fiber pullout
process, few AE event amplitudes are recorded
in the debonding stage of the fiber pullout test.
In the frictional stage, the AE events ampli-
tude recorded are negligible due to a relatively
low release of energy during this process which
might have been filtered out due to the thresh-
old settings. Similarly, the absolute energy cor-
responding to the AE events have been shown
in Figures 7(c), 8 (c), and 9(c) for 50%, 40%,
and 30% fiber embedment lengths, respectively.
Besides being threshold dependent, the magni-
tude of absolute energy for all the three fiber
embedment lengths are not uniform in the dif-
ferent damage stages. In the debonding stage it-
self, significant differences can be seen between
the maximum values of the absolute energy for
different fiber embedment lengths that are not
observed in case of AE entropy. Hence, due to
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Figure 7: AE Parameters for 50% fiber embedded length.

Figure 8: AE Parameters for 40% fiber embedded length.
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Figure 9: AE Parameters for 30% fiber embedded length.

these observations, the AE event amplitude and
absolute energy parameter proved to be less ef-
fective compared to the AE entropy in identifi-
cation of the damage stages.

(b) Cumulative AE Parameter: Figure 10,
depicts the comparison between the evolution
of cumulative entropy, with different fiber em-
bedment lengths subjected to the pullout load.
During AE monitoring, both the cumulative
amplitude and cumulative energy have been
used for damage assessment in the past. It
gives an insight into the damage accumulation
and energy released within a material over time.
Hence, the cumulative entropy is used in this
study to investigate its usage in determining
the fiber pullout damage stages. The variation
in cumulative entropy is found to be similar
for the three fiber embedment lengths. At the
beginning of the pullout process, the cumula-
tive entropy rapidly increases signifying the ini-
tial debonding stage. With progression of the
debonding zone, the entropy further increases
with a slight decrease in the slope. Post peak
load, the slope of the cumulative entropy curve
decreases considerably, signifying a decrease
in the generation of AE entropy. This region
can be identified as the frictional stage, as the

AE signals generated are comparatively fewer
in numbers and magnitude. Thus, the cumula-
tive AE entropy could satisfactorily identify the
different damage stages during the straight fiber
pullout process.

Figure 10: Cumulative Entropy for straight fiber of
50%, 40%, and 30% embedment length.

Figures 11 and 12 depict the variation of
event cumulative amplitude and absolute en-
ergy, respectively, with time during the fiber
pullout test for all the three fiber embedment
lengths. Unlike cumulative entropy, these
curves do not show a similar trend. Even though
the debonding stage could be identified with
the rapid increase in the cumulative values, the
frictional stage was not depicted for the 30%
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fiber embedment length due to no events being
recorded in that stage. Similarly, due to lack
of detection of events in the frictional stage of
40%, and 50% embedded fibers, the cumula-
tive curve for the entire pullout duration was not
obtained. Moreover, the 30% fiber embedded
length showed the highest release of cumulative
absolute energy and cumulative amplitude fol-
lowed by 50% and then by 40% fiber embedded
length. Such discrepancies are not observed for
cumulative entropy.

Figure 11: Cumulative amplitude for straight fiber
of 50%, 40%, and 30% embedment length.

Figure 12: Cumulative energy for straight fiber of
50%, 40%, and 30% embedment length.

4.3 Effect of aspect ratio
Aspect Ratio of a fiber is defined by the

ratio of its length to its diameter. The aver-
age pullout load vs. slip behavior for straight
steel fiber with aspect ratios 26 (S26) and 74
(S74) is shown in Figure 13. While there is not
much difference in the peak load recorded, the
post peak behavior varied significantly. Fiber
with higher aspect ratio has more surface area

in contact with the concrete matrix which en-
ables them to absorb more amount of energy
to go through the stages of debonding and fric-
tion, between the fiber-matrix interface, during
its pullout process. This increases the toughness
as depicted by the amount of pullout energy
needed by the higher aspect ratio fiber (S74) to
be nearly 4 times than the lower one (S26). It is
also observed that the maximum slip for fiber -
S74 was double than that of the maximum slip
for fiber - S26 as shown in Table 4. Steel fiber
with higher aspect ratio has a longer length rel-
ative to its diameter. The longer fiber embed-
ded inside the matrix provides a greater bonding
length along the fiber-matrix interface. This al-
lows for more efficient transfer of load between
the fiber and the matrix. Moreover, the distri-
bution of tensile stress becomes more effective
and uniform with the increase in the embedded
length, thereby causing a more gradual pullout
process.

Figure 13: Pullout Behavior comparison between
straight fiber of aspect ratio 26 and 74.

Table 4: Effect of aspect ratio on the pullout behav-
ior of straight steel fiber

Fiber
Code

Aspect
Ratio

Avg. Peak
Load (N)

Avg. Max
Slip (mm)

Pullout
Energy (N.mm)

S26 26 181 13 563
S74 74 191 26 2130

Figure 14 depicts the variation of cumula-
tive AE entropy with respect to the aspect ra-
tio. Both the curves followed a similar trend.
A rapid increase in the cumulative entropy ini-
tially depicts the debonding stage which is fol-
lowed by a decrease in its rate, and the slope
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becoming almost parallel to the time axis in the
frictional stage. With the increase in the as-
pect ratio, the contact area between the fiber
and matrix increases leading to more area being
subjected to debonding and frictional resisting
forces. This leads to the release of more AE sig-
nals from which the AE entropies are derived.

Figure 14: Cumulative AE entropy comparison be-
tween straight fiber of aspect ratio 26 and 74.

5 CONCLUSION
Fiber-matrix bond properties in UHPC have

been studied by performing single fiber pullout
test on straight steel fiber. It is observed that the
increase in the embedment length and the as-
pect ratio of the fiber increases the peak pullout
load, maximum slip, and pullout energy. In or-
der to identify the different damage stages, AE
entropy based on Shannon’s entropy has been
used in this study. Since AE entropy is ob-
tained from the probability distribution of the
discrete voltage value of each waveform, it is
independent of threshold and other time depen-
dent parameters. As such it is more effective
than other traditional AE parameters in identi-
fying the damage stages during the pullout pro-
cess of straight steel fibers with different em-
bedment lengths and aspect ratios.
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