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Abstract. This study presents the transformation of acoustic emission (AE) waveforms from time
domain to frequency domain using fast fourier transform (FFT) to understand the mechanisms under-
lying the fracture of cementitious composites. The motivation of the study is to introduce a real-time
monitoring method based on frequency content of AE. The mode I fracture experiments are per-
formed on plain concrete (PC) and steel fiber reinforced concrete (SFRC) in the laboratory. The
fracture mechanisms of PC and SFRC are analyzed using the centroid of the frequency spectrum ob-
tained from spectral analysis. The results indicate that there is no change in the frequency centroid
spectrum (FCS) until the onset of microcracking in mode I crack deformation. After the microc-
racking begins, the slope of the FCS continuously decreases, indicating the rate of material damage
over time. An accelerated crack growth denoted by slope of mean FCS is 2.7 times higher for PC
when compared with SFRC. The slope of the mean FCS is nearly the same for both the initial and
final regions of fracture mechanisms in PC. In SFRC, this rate is 29.2% lower due to fiber bridging
mechanisms. A damage parameter, based on the FCS, is proposed to assess the damage and validated
with the existing damage parameters. These observations suggests that FCS of AE waveforms may
be used for real time damage monitoring of concrete structure.

1 INTRODUCTION
Cementitious composites, such as concrete,

are widely used in the construction industry due
to their cost-effectiveness, strength, and dura-
bility [1]. Recent advancements have focused
on improving the mechanical properties of these
composites. One notable innovation is the rein-
forcement of concrete with fibers, which signif-
icantly enhances the overall performance of the
concrete [2]. However, susceptibility to damage
caused by microcracking poses significant chal-
lenges to structural stability and long-term reli-
ability. Microcracks can gradually degrade the

structural quality and increase vulnerability to
deterioration [3]. Early detection and monitor-
ing of these microcracks are crucial for effective
maintenance, ensuring safety, and extending the
lifespan of cementitious composites.

The acoustic emission (AE) testing has
emerged as a powerful non-destructive testing
(NDT) tool for monitoring microcracking in ce-
mentitious composites [4]. AE provides real-
time insights into the fracture mechanisms of
the material by detecting stress waves gener-
ated during the formation and propagation of
cracks [5]. The frequency characteristics of AE
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signals, such as peak frequencies and spectral
distribution, provide essential data about the un-
derlying damage mechanisms and the severity
of microcracking. Recent advancements in sig-
nal processing and data interpretation have fur-
ther enhanced the potential of AE techniques
for precise damage assessment.

1.1 Literature Review
The analysis of AE signals involves studying

various waveforms parameters such as peak am-
plitude, duration, rise time, and frequency con-
tent. Among these, frequency characteristics
specifically the peak frequencies and spectral
distribution are particularly informative about
the underlying damage mechanisms [6]. These
characteristics are influenced by the inherent
properties of material, type of damage, and the
stage of crack propagation. High-frequency AE
signals are often associated with crack initiation
and propagation, while lower frequencies may
indicate other forms of damage [7]. The peak
frequency and spectral distribution of AE sig-
nals can be useful to differentiate between these
damage mechanisms [8]. Recent advancements
in signal processing techniques, such as empir-
ical mode decomposition (EMD) and instanta-
neous dominant frequency (IDF) methods, have
improved the analysis of AE signals [6]. EMD
allows for the decomposition of complex AE
signals into simpler intrinsic mode functions
(IMFs), which can then be analyzed to extract
meaningful frequency characteristics [8]. The
IDF method, in particular, has shown promise
in identifying critical damage by capturing the
dominant frequency characteristics of AE sig-
nals.

Enhanced data interpretation methods, in-
cluding machine learning algorithms and time-
frequency analysis tools, have further improved
the accuracy of AE based damage assessment
[9]. Techniques such as short-time fourier
transform (STFT) and wavelet transforms en-
able the detailed analysis of AE signals in both
time and frequency domains, facilitating the
identification of damage patterns and severity
[10]. Similar to these methods, fast fourier

transform (FFT) algorithm is also used in liter-
ature to perform spectral analysis of AE wave-
forms [11]. The FFT algorithm is introduced
in the literature, demonstrating that FFT is 100
times faster than the discrete fourier transform
(DFT) for 210 sample points [12]. Thus, FFT
significantly enhances processing speed when
handling large datasets, making it suitable for
analyzing waveforms in the frequency domain.
The results of FFT are utilized to perform fea-
ture analysis and recognition of fiber breakage
across different types of fibers [13]. The ex-
perimental findings indicate that low-frequency
AE signals are generated by tensile fractures,
whereas high-frequency signals are associated
with shear fractures [6].

Microcracking is one of the most challeng-
ing forms of damage to detect because it often
involves minute changes in the material struc-
ture that are not immediately visible [14]. AE
signals associated with microcracking are char-
acterized by higher-frequency emissions, which
are sensitive to the size and distribution of mi-
crocracks. The correlation between microc-
rack propagation and AE frequency patterns has
been studied extensively [15]. The frequency
characteristics of AE signals in the early stages
of microcrack formation are often associated
with the rupture of bonds at the microstructural
level, while later stages of damage correspond
to larger-scale crack propagation [16]. There-
fore, understanding the frequency spectrum of
AE signals can provide insights into the sever-
ity of the damage and the stage of crack growth
[16].

1.2 Aim of the study
Each AE waveform is generated by differ-

ent fracture mechanisms, resulting in distinct
characteristics. These characteristics provide
extensive information about the fracture behav-
ior. Thus, the present study focuses on analyz-
ing the frequency characteristics of AE wave-
forms to monitor damage due to microcracking.
The comparison of plain concrete (PC) and steel
fiber reinforced concrete (SFRC) is performed
by correlating AE waveforms with the evolution
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of microcracking.
This article is organized as follows: section 2

presents the methodology for AE data acquisi-
tion and frequency analysis. Section 3 describes
the experimental setup and materials used. Sec-
tion 4 discusses the results and their implica-
tions for damage monitoring. Finally, section 5
concludes the study.

2 METHODOLOGY
The frequency content of AE waveforms is

obtained by converting time domain signal to
frequency domain by FFT. The FFT is an op-
timized algorithm to compute the DFT effi-
ciently. Direct computation of the DFT needs
O(N2) operations for (N ) data points, but the
FFT reduces this to O(N log2N), significantly
speeding up the process for large datasets [12].
The FFT of time domain sample points, x(t) is
computed by:

S (fn) = ∆t
N−1∑
k=0

x (tk) e
−j2πfntk (1)

n = 0,±1,±2, . . . ± N

2

∆t = T
N
; tk = k∆t; ∆f = 1

T
; fn = n∆f

where, T is the total time a signal is ob-
served in the time domain, and N is the num-
ber of sample points in the time domain. x(t)
and S(f) represent the sample point of time and
frequency domain, respectively. The visual rep-
resentation of the algorithm is shown in Figure
1. Figure 1(a) depicts the time domain wave-
form obtained from AE testing, while Figure
1(b) illustrates the same signal after being con-
verted into the frequency domain using FFT. In
the analysis, only the first hit observed at any
channel for each event is considered. This ap-
proach is considered to ensure consistency and
avoid redundancy in the waveform data. The
first hit is often the most significant and least
affected by noise, usually showing the highest
values of AE parameters.
The results are connected with the centroid of
the frequency spectrum using the center of mass

formula to characterize the signal. The fre-
quency centroid spectrum (FCS) is calculated
as:

FCS =

∑
i

fiA(fi)∑
i

A(fi)
(2)

where, A(fi) is the amplitude and fi is the fre-
quency of the ith data point of waveform in fre-
quency domain. Equation 2 shows a represen-
tative quantity of all the frequencies present in
the frequency domain. The red dot in Figure
1(b) shows FCS computed for the waveform ob-
tained at time of experiment 115.3 s.
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Figure 1: (a) Variation of time domain wave-
form at time 115.3 s; (b) Variation of frequency
domain waveform at 115.3 s.

The damage is determined from the peak am-
plitude of AE waveforms [17]. The damage
represents the degree of deterioration a cemen-
titious material shows at that specific time. The
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damage obtained using peak amplitude is calcu-
lated as:

κ =
∑
i

103mi (3)

Equation 3 shows κ, the damage parameter
based on peak amplitude, where mi represents
the amplitude of hits in dB/20. The parameter
κ is normalized using its final value. Further,
a damage parameter (D) based on FCS is in-
troduced in Equation 4. The damage assessed
using FCS is compared with the damage deter-
mined from the peak amplitude of AE wave-
forms.

Figure 2: Geometric dimensions of notched
three point bend specimen.

3 EXPERIMENTAL PROGRAM
The experimental program is presented in

following sections:

3.1 Materials used and sample preparation
A set of five notched beams, each made of

plain concrete (PC) and steel fiber reinforced
concrete (SFRC), with dimensions shown in
Figure 2, are prepared for testing. The mix-
ture details of all the specimens are mentioned
in Table 1. Ordinary Portland cement is used
along with maximum coarse aggregate size of
10 mm and river sand as fine aggregate. Two-
end hooked steel fibers, with a diameter of 0.5
mm, a length of 30 mm, and a tensile strength
of 1269 MPa, are used.

3.2 Test setup
A CMOD-controlled three-point bending

fracture test are performed using quasistatic
monotonic loading. A 500 kN capacity servo-
controlled hydraulic frame is used for testing,

with a loading rate of 0.0008 mm/s until 0.01
mm CMOD, and then 0.003 mm/s until the end
of the test [as per EN: 14651:2005].

Table 1: Cementitious mixture details

Mix Proportion w/c Vf (%)
PC 1:1.75:2.91 0.47 0

SFRC 1:1.75:2.91 0.47 1.5
Vf(%) :Volume fraction of fiber by weight; w/c: water
to cement ratio by weight; Proportion: ratio of cement:

fine aggregate: coarse aggregate by weight

Figure 3: Experimental setup in Structures Lab-
oratory, Department of Civil Engineeering, In-
dian Institute of Science, Bangalore, India.

The generated AE waves are recorded using
six piezoelectric sensors (PZT) mounted on the
surface of the beam as shown in Figure 2 to
conduct three dimensional (3D) source localiza-
tion. The AE setup includes AE sensors, pre-
amplifiers and AE data acquisition system. The
R6α PZT sensors having 54 kHz resonance fre-
quency and manufactured by Physical Acoustic
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Corporation (PAC) are used. The gain of pre-
amplifiers and detection threshold is set to 40
dB. The experimental setup is shown in Figure
3.

4 RESULTS AND DISCUSSION
The mode I fracture experiments conducted

on PC and SFRC show significant differences
in the fracture behaviors. PC exhibits a quasi-
brittle fracture with low fracture energy. Cracks
in plain concrete propagate quickly, leading to
rapid failure as shown in Figure 4. However,
SFRC shows much higher fracture energy due
to the presence of steel fibers, which bridge the
cracks and enhance the toughness. The fibers
slow down crack propagation by distributing
stress components evenly, resulting in a gradual
failure.
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Figure 4: Variation of load with CMOD for PC
and SFRC with 1.5% volume fraction of fiber
under notched three point bend test.

The spectral analysis of all the AE wave-
forms recorded is computed using FFT algo-
rithm. The FFT of one of the waveforms ob-
served at 115.3 s is shown in Figure 1 to illus-
trate the frequencies present in the waveform.
The FCS of the spectrum is calculated using
Equation 2 and the variation is shown in Figure
5. To understand the change in FCS, the plot
is divided into three potential regions, namely
A, B, and C based on the damage levels [18].
In PC, region A corresponds to the time during

which the load remains above 0.8Pmax. Region
B represents the time during which the load
drops from 0.8Pmax to 0.5Pmax in the post-peak
region. Region C is the time following region B.
Similarly, for SFRC, region A starts at 0.8Pmax

in the pre-peak region and ends when the load
begins to show hardening behavior. Region B
ends when the load starts to soften after reach-
ing the ultimate peak load.

4.1 Frequency characteristics of AE wave-
forms

In each region, the rate of change of FCS
is observed by quantifying the slope (θ) of the
mean FCS. The slope is calculated by linear
regression and shown in Table 2. The exper-
iments are conducted on five beams each of
PC and SFRC under identical conditions. Due
to the inherent heterogeneity of concrete, vari-
ability is expected. However, the results con-
sistently exhibited the similar trend across all
beams. Therefore, the results presented are rep-
resentative of each cementitous composite com-
position.

Table 2: Rate of change of mean FCS in differ-
ent region of mechanical behavior

Type of Slope
Material θA θB θC

PC -0.0380 -0.1026 -0.0329
SFRC -0.0986 -0.0071 -0.0195

It is observed that at the start of region
A, where microcracks begin to form, the FCS
reaches its maximum value as shown in Figure
5. The mean value of FCS decreases in subse-
quent regions as various fracture mechanisms,
such as microcrack initiation, coalescence, and
macrocrack formation, occur. The slope of the
decrement in mean FCS can be directly corre-
lated with these mechanisms. In PC, the slopes
of region A and region C are almost the same,
suggesting slow crack propagation due to mi-
crocrack initiation in region A and macrocrack
formation in region C. In region B, the coales-
cence of microcracks and macrocracks occurs,
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accelerating the fracture process. This is indi-
cated by the slope in this region, which is 2.7
times higher compared to other two regions.
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Figure 5: Variation of load and FCS with time
for (a) PC, (b) SFRC with 1.5% volume fraction
of fibers.

In SFRC, region B is the strain hardening re-
gion where load transfer from the cementitious
matrix to steel fibers and reaches ultimate peak.
This mechanism is reflected in the slope, θB.
After an initial slope (θA), the slope (θB) re-
mains almost constant, indicating the strength-
ening of the composite due to the fibers. In
comparision with PC, in SFRC, the slope (θC)
is not same as slope (θA). The softening be-
havior of concrete begins when sliding of fiber
within the cement matrix occurs. The load grad-
ually starts to transfer back to the matrix. How-

ever, due to fiber bridging, this process is de-
layed and occurs gradually. The slope change
in FCS significantly correlates with the mecha-
nism, showing a recovery of only 63.58% and
a loss of 29.2% in the slope (θC) due to fiber
mechanisms in region C. Hence, frequency con-
tent of AE waveforms is able to differentiate the
regions and the mechanisms occurring in the ce-
mentitious composites.
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Figure 6: Variation of load and damage with
time for (a) PC, (b) SFRC with 1.5% volume
fraction of fibers.

4.2 Damage quantification based on fre-
quency content of AE waveforms

Based on the results observed in the previous
section, a damage parameter (D) based on FCS
is introduced as:

Di =
FCSmax − FCSi

FCSmax − FCSlast

(4)
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where, FCSmax is the maximum value of FCS,
FCSi is the FCS value at ith time, and FCSlast

is last value of FCS observed in the experiment.
To avoid fluctuations ‘D’cumulative maximum
value is considered. Along with this, the dam-
age (κ) presented in Equation 3 is plotted for
comparison in Figure 6.

It can be observed that damage starts at the
beginning of region A. However, the damage
parameter shows a slightly higher value than
‘κ’which is validated [19]. The inefficiency of
κ in capturing this damage may be due to the
formation of microcracks in the region, which
release AE waveforms with very low peak am-
plitudes. In PC, the trend of both damage pa-
rameters exhibits the same behavior, effectively
indicating the increase in damage due to crack
coalescence in region B. However, in SFRC,
the damage parameter shows that damage does
not progress until the strain hardening region is
completed. After this region, both damage pa-
rameters nearly coincide.

5 CONCLUSIONS
The study presents the analysis of the AE

waveforms generated during mode I fracture.
The frequency characteristics are studied using
FFT to understand the damage occurring in the
cementitious composites. The following major
conclusions are drawn:

1. The FCS reaches its maximum value at
the time when microcracking starts in the
cementitious composites.

2. The decay in value of FCS is observed as
the fracture progresses.

3. The slope change of mean FCS can be
correlated with the fracture mechanisms
occurring in the composites.

4. The slope of the mean FCS is nearly the
same for both the initial and final re-
gions of fracture mechanisms in PC. In
SFRC, the slope is 29.2% lower due to
fiber bridging mechanisms.

5. The damage based on FCS can be used to
predict failure. Hence, serves as an indi-
cator to estimate the remaining life of a
structure.
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