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Abstract

Crack imaging in highly heterogeneous materials, such as concrete, plays a great role in struc-

tural health monitoring and non-destructive evaluation and testing. Numerous works have

shown that Nonlinear Coda Wave Interferometry is a robust tool to assess the overall level

of nonlinearity caused by micro or macrocracks in heterogeneous media. This work presents

a novel qualitative method for Imaging using NCWI (INCWI) based on the combination of

Nonlinear Coda Wave Interferometry (NCWI) and a spatial averaging method. INCWI is used

herein to locate cracks generated in a concrete beam subject to three-point bending. Mea-

surements are performed after each loading level, in both pre-peak and post-peak phases, once

the beam has been unloaded. The imaging algorithm is described and applied to each stage

of beam damage. In the post-peak phase, crack size varies from 10 cm to 15 cm in length and

from 25 µm to 200 µm in width. Also, the INCWI results are compared with acoustic emission

measurements and microscopic observations.

Keywords: concrete, coda, nonlinear acoustics, crack breathing, ultrasound, acoustic

emission, NCWI

1. Introduction

Cracks can appear at the microscopic or macroscopic scales in various types of concrete,

ranging from ordinary Portland cement (OPC) concrete to Ultra-high performance Fiber Rein-
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1 INTRODUCTION

forced Concrete (UHPFRC). Several causes can be highlighted, including early-age or long-term

shrinkage [1–3], chemical degradations [4, 5] and the creep mechanism [6, 7]. Since cracks in

structures can be dangerous and considerably decrease their durability, developing techniques

for crack detection and localization in concrete proves to be very important.

Numerous non-destructive testing and evaluation (NDT&E) ultrasonic techniques have been

devised for crack detection and localization. For example, among the most widely applied linear

techniques, Acoustic Emission (AE) [8–12] is able to localize the Fracture Process Zone (FPZ)

and quantify the intensity of acoustic events related to crack friction or crack propagation

during the fracture process. Moreover, Ultrasonic Pulse Velocity (UPV) [13–16] helps assess

the quality of inspected beams by means of measuring of the travel time of ultrasonic body

waves. Other linear methods using surface waves can also characterize cracks in concrete [17–

19]. However, these techniques can encounter practical difficulties depending on the purpose of

inspection. For instance, AE must be performed when an external load is being applied, and

the arrival time in a UPV test can be both challenging to estimate and operator-dependent for

microcracks or partially closed cracks due to the lack of impedance contrast between the cracked

and uncracked areas. On the other hand, methods based on surface waves can sometimes

be limited by penetration depth as well as by partially closed cracks. Therefore, developing

sensitive yet easy-to-implement techniques capable of circumventing these drawbacks is of great

interest for long-term and large-scale monitoring campaigns.

Recent studies on wave/crack interactions have revealed that when the amplitude of acoustic

excitation over a closed crack is high enough, a hysteretic nonlinear interaction between acous-

tic waves and the crack can occur, whereby the crack tips alternate between open and closed

states. This phenomenon is known as crack breathing [20–23]. Both numerical [24–26] and

experimental [25, 27] studies have been carried out in order to demonstrate the relevant nonlin-

ear signatures, such as nonlinear harmonics and hysteresis. Crack breathing provides multiple

nonlinear parameters, which have been used as nonlinearity level indicators in numerous works

on crack imaging with nonlinear ultrasound. For example, in [28, 29], stretching parameters

and parameters related to the harmonic generation due to contact and frictional behavior at

the crack tip were used in combination with a time reversal mirror to locally probe and image

the nonlinearity of a cracked region. In [30], the group velocity variation caused by the interac-

tion between crack breathing and nonlinear Lamb waves was applied with an imperfect group
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1 INTRODUCTION

velocity matching of nonlinear S0 modes in order to detect and image microstructural changes.

Despite their accuracy of crack localization, these methods can be limited by depth, structural

type and frequency. The frequency limitation stems from the need for specific frequencies of

nonlinear S0 modes. As for structural and depth limitations, the time reversal method [28]

requires the defect to be surface-breaking or at least near the surface. To localize defects inside

a structure, an accurate numerical model is needed to numerically calculate the corresponding

re-broadcasted time reversal signal, which can be computationally cumbersome. The nonlinear

Lamb mode method [30], on the other hand, is limited by a homogeneous plate-like structure

as well as by the frequency of nonlinear S0 modes. Therefore, an imaging method with less of

the limitations mentioned above would be desirable.

Furthermore, crack detection and localization using acoustic waves can prove to be chal-

lenging in highly heterogeneous media due to strong scattering, which can render the ballistic

acoustic wave ineffective. Over the past two decades, coda waves, a type of multiple scattered

elastic waves, have shown various advantages in defect detection and localization in heteroge-

neous elastic media thanks to their high sensitivity to small changes. This type of wave has

been used in the Coda Wave Interferometry (CWI) technique as a basic principle of crack de-

tection / imaging techniques [31, 32], however, the need for a crack state variation is one of its

major limitations since such a situation cannot be encountered under various onsite scenarios.

Low-frequency pump wave excitation has thus been introduced to overcome this drawback in

the Nonlinear Coda Wave Interferometry (NCWI) technique, thus inducing a crack breath-

ing phenomenon. Recent works on NCWI have demonstrated its high sensitivity to material

property changes and micro or macrocrack detection in both homogeneous and heterogeneous

materials, ranging in scale from laboratory [33–38] to large in situ [39]. Despite the inherent

advantages of NCWI in crack detection, the use of NCWI to localize cracks still remains a

challenge since no imaging technique based on NCWI has yet to be published.

Given this motivation, a novel imaging method is being sought that can overcome the

need for applying an external load while ensuing a reasonable computational cost. A qual-

itative Imaging technique using Nonlinear Coda Wave Interferometry (INCWI) to localize a

three-point bending-generated crack is presented in this study. In order to localize the crack,

multiple Source-Receiver (SR) sensor couples have been used during NCWI to measure NCWI

parameters along various propagation trajectories. NCWI typical outputs, e.g., relative veloc-
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ity variation (θ) and decorrelation coefficient (Kd), have been calculated for all S-R couples. A

qualitative imaging can then be produced via a dedicated averaging method. To prove the ro-

bustness of this qualitative tomography technique, the NCWI process has been performed over

multiple three-point bending load levels, involving for example various crack lengths, including

both pre-peak and post-peak phases. Acoustic emissions and optical microscopy measurements

have also been conducted to compare the method’s crack localization capability.

2. Materials and Analysis method

2.1. CWI and NCWI

In CWI, multiple scattered waves, denoted coda waves, are introduced to detect temporal

changes in a medium, such as temperature fluctuation or fatigue cracking. The principle behind

CWI consists of comparing coda signals in different material states. A sweep sine signal, whose

wavelengths are comparable to the size of the heterogeneities, serves as a source of probe waves

to generate the coda signals thanks to multiple scattering in the beam. A reference coda ui(t)

is recorded at an initial state (i.e. the intact state), and a perturbed coda up(t) is recorded at

another state (i.e. the damaged state). The creation of microcracks leads to two major effects:

1) a local decrease in Young’s modulus around the cracks, hence a small decrease in wave

velocity; and 2) a modification in the scattering property of elastic waves. These two effects

can be quantified by two CWI observables, namely θ and Kd. θ can be calculated according to

the stretching method (Eq. 1):

CC(θn) =

∫ t2
t1

ui(t(1 + θn))up(t)dt√∫ t2
t1

u2
i (t(1 + θn))dt

∫ t2
t1

u2
p(t)dt

, (1)

where ui(t) and up(t) denote the reference and perturbed codas, respectively for travel times

between t1 and t2 [40]. The final value of θ is the one that maximizes CC(θn) and Kd is

calculated using the following equation:

Kd = 100(1 − CC(θ)). (2)

Based on CWI, the NCWI method has been developed by applying a nonlinear mix of low

frequency (LF) sweep pump waves at varying amplitudes Apump during the CWI process [37].

The inspected object is expected to be insonified evenly across space by the pump waves in
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order to eliminate the influence of spatial variation of pump wave amplitude. The nonlinear

pump waves enable the activation of crack breathing for closed (or partially closed) cracks

[41–43], which will further interact with the probe waves. This interaction will perturb the

high frequency (HF) probe signals which can be quantified by two parameters: relative velocity

change θ and waveform decorrelation coefficient Kd. θ can be calculated by means of the

stretching method [44] which evaluates the time dilation of the perturbed coda waves at the

point of reception compared to the reference coda waves (no pump wave). Kd can be calculated

according to θ which provides the waveform difference between reference and perturbed coda

waves. Both the θ, Kd pair and their variation rates versus pump wave amplitude αθ, αKd
make

it possible to characterize the global nonlinearity level of the inspected beam due to the crack.

θ and Kd are measured at different pump wave amplitudes and crack sizes, while αθ and αKd

are measured at different crack sizes.

2.2. Experimental design

2.2.1. Concrete beam preparation

A group of three 50 cm × 25 cm × 12 cm concrete beams was prepared using CEM I 52.5

N cement, 0/4 and 4/12 calcareous sand and aggregates, with a water-to-cement ratio of 0.55

(see Table.1). Three additional cylinders were also cast to measure the 28-day compressive

strength. After 24 h of curing under sealed conditions in a room at 20 ◦C and 85–95% relative

humidity, the specimens were demolded. The cylinders were cured in water until the age of 28

days. The beams were cured in water for 21 days and then subjected to air curing for another

two weeks. The maximum compressive strength of the cylinders was measured on a hydraulic

press according to NF EN 12390-3. According to the results, the average compressive strength

could be estimated at approx. 42 MPa.

Cement Sand Aggregate w/c
350 890 984 0.55

Table 1: Concrete composition (kg/m3.)

2.2.2. Three-point bending test protocol

The three-point bending test has been selected to generate a single crack in the concrete

beams. The bending load bench and inspected beam are presented in Fig.1(a). A hydraulic

press (maximum load: 500 kN, precision: 0.1 kN) was used to apply a load on the upper central
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2.2 Experimental design 2 MATERIALS AND ANALYSIS METHOD

part of the inspected beam and the bottom supports were placed 20 cm apart from the center

of the beam. A 5 mm × 10 mm notch was made on the lower central part of the inspected

beam (see Fig.1(b)) to create a stress concentration and localize the crack generation. Over a

10-day period, the inspected beam was cyclically loaded at increasing load levels. At the same

time, a reference beam (without the application of a static load) was mounted adjacent to the

inspected beam in order to record environmental perturbations.

Figure 1: Three-point bending set-up and protocol. (a), three-point bending load bench with the inspected
beam (front face). (b), zoom on the notch (5mm × 10mm) and the CMOD transducer at the lower center
part of the inspected beam. (c), overall three-point bending load protocol. (d), detailed loading protocols of
pre-peak phase (d1) and post-peak phase (d2).

The three-point bending load protocol is divided into three pre-peak cycles and four post-

peak cycles, with each phase containing multiple steps, as illustrated in in Fig.1(c). One loading

cycle contains the four following steps, detailed in Fig.1(d): 1) loading phase - the bending load

or the CMOD (Crack Mouth Opening Displacement), measured at mid-span using a clip gauge,

increases at a rate of 0.05 kN/s or 0.05 µm/s for the pre-peak or post-peak cycles respectively;

2) a relaxation phase: after reaching the expected amplitude of force or CMOD, the pilot force

is adjusted during this phase so as to maintain the CMOD at a constant value; 3) an unloading

phase: unloading at the speed of 0.05 kN/s and 4) an unloaded phase: free from all bending

load to proceed with the INCWI measurements. The creep duration was intentionally decreased
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with an increase in bending load level in order to lower the risk of failure or excessive damage

during this phase.

During the pre-peak phase, the test was load-controlled. The loading level was situated

below the maximum flexural load measured beforehand on a reference companion beam mea-

sured beforehand Fmax = 40.5 kN (20%Fmax, 50%Fmax and 80%Fmax levels). Before entering

the post-peak phase, the bending load level was increased from 80%Fmax to Fmax. During

the post peak phase, CMOD values were set based on the correspondence between load and

CMOD for the companion beam. Once the target value of CMOD corresponding to 80%Fmax,

60%Fmax, 40%Fmax or 20%Fmax (denoted 120%Fmax, 140%Fmax, 160%Fmax and 180%Fmax

resp.) was reached, CMOD had been maintained constant for a few minutes to allow for one

single NCWI measurement as explained section 2.3.2.

Recordings of the evolution in the actual CMOD at the notch vs. the loading force during

the pre-peak and post-peak phases are shown in Fig.2. Two remarks can be made based on

these results: the behavior of the beam is nearly perfectly linear during the pre-peak phase

with limited inelastic deformations; and the maximum bending load of the inspected beam, as

measured during the fourth loading cycle, equals 41.7 kN, which is close to the maximum load

measured on the companion beam.

Figure 2: Record of real CMOD at notch and loading force versus real CMOD during pre-peak phase.
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2.3. INCWI methodology

2.3.1. CWI and NCWI set-up

The experimental set-up for CWI and NCWI is illustrated in Fig.3: four piezoelectric trans-

ducers (shown in red) were mounted on both the left and right faces of the inspected beam to

generate LF pump waves (two transducers on each side). The pump wave transducers on the left

face were shifted compared to the right face in order to avoid interference. 10 source transducers

(S) in orange and 14 receiver transducers (R) in green were mounted on the rear and bottom

faces of the inspected beam; moreover, one source transducer and one receiver transducer were

mounted on the rear face of the reference beam, with their locations corresponding to those

of S3 and R10 on the inspected beam, in order to apply temperature-correction algorithms, as

explained in [45].

In order to obtain more information on the micro or macro crack generation during bending

load, more transducers are glued at the lower half zone of the inspected beam where crack

generations are likely to occur. It has been decided to adopt a similar distribution pattern as

the one used in another study related to imaging using CWI [46]. Interestingly, such a pattern

leads to many intersections between the S-to-R paths and the crack zone situated at the lower

center of the beam. Although the INCWI technique would be applicable, the results’ precision

would decrease with a lower number of sensors. Future research and advanced optimization

algorithms might help decrease the number of sensors for a given image quality. Two source-

receiver couples were glued to the bottom face so as to detect material property changes with

depth.
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Figure 3: (a) photograph of the reference beam and the inspected beam. (b) position of sources and receivers
on the reference beam. (c) position of transducers on the inspected beam.

A schematic diagram of the ultrasound acquisition system of CWI and NCWI is shown in

Fig.4. Synthetic chirp waves were generated in burst mode from PC controller for both pump

(10 kHz - 50 kHz) and probe (200 kHz - 800 kHz) waves, and amplified pump and probe waves

were desynchronized to guarantee a random temporal distribution of HF probe wave packets

over LF pump waves. The coda waves were filtered by a high-pass filter to eliminate the LF

noise from the pump waves before recording.
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Figure 4: Schematic diagram of the ultrasound acquisition system during the monitoring phase.

The synthetic chirp signals of the pump and probe are illustrated in Fig.5: one burst of the

pump wave signal lasts 11 ms with a frequency range extending from 10 kHz to 50 kHz. One

burst of the probe wave signal lasts 0.2 ms with a frequency range from 200 kHz to 800 kHz.

This pump wave frequency range was chosen in order to activate tens of fundamental modes of

the inspected beam, to ensure an spatial equipartition of pump wave energy. The coda wave

frequency band has been validated in previous publications [47]: it includes wavelengths of

the order of the aggregate size to generate scattering and is compatible with an investigation

distance of 24 cm to 35 cm.

Examples of the received pump and probe signals are presented in Fig.5(b). The acquisition

time of the pump wave is four times the burst duration for the purpose of demonstrating the

periodicity of the pump wave burst, moreover, the acquisition time of the probe wave is 1.6 ms,

i.e. long enough to include the entire wave envelope from initiation to disappearance. Ultrasonic

transducers were distributed over a 2D surface, while the pump wave amplitude is expected to

be homogeneous in space throughout the NCWI measurement to eliminate all error from the

spatial pump wave amplitude variation.

In order to verify the homogeneous spatial energy distribution of pump waves in the in-

spected beam, the spatial pump wave energy distribution was measured by recording the out-
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of-plane displacement velocity Vdisp at all receiver positions by means of a laser vibrometer.

Vdisp was measured after each bending load at 3 pump wave amplitudes 40 dB, 50 dB, and

60 dB. The values of Vdisp were chosen from the spectrum amplitude at the central frequency

of the input pump waves (30 kHz). The Vdisp results and standard deviation are presented in

Fig.6 and Fig.7. The standard deviation against all receiver positions remains stable under

10% apart from no bending load case (0%). The standard deviation increases with the pump

wave amplitude, likely due to the dependency of the scattering property on the pump wave

amplitude.

Figure 5: Examples of source and received pump and probe signals. (a) synthetic pump and probe source
signals. (b) received pump and probe signals at R7.
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Figure 6: Surface displacement velocity Vdisp due to different pump waves amplitudes (40 dB, 50 dB, and 60 dB)
at all receiver positions after static bending load applications at various levels.

Figure 7: Standard deviation of surface displacement velocity Vdisp due to different pump waves amplitudes
(40 dB, 50 dB, and 60 dB) at different static loading amplitudes.

2.3.2. CWI and NCWI protocol

CWI and NCWI are performed during each bending load cycle. An example of the timeline

of a single measurement cycle is illustrated in Fig.8, with each cycle lasting approximately

one day. During a given cycle, the measurement is divided into the bending test phase and

the monitoring phase, and during the monitoring phase, the concrete beam is free of any

bending load. Next, a series of measurements of the surface displacement velocity (Vdisp) due

to pump waves at all reception positions is conducted by means of a laser vibrometer. These

measurements are used to assess the spatial energy distribution of the pump wave. Since the
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ideal case, calls for the concrete beam to be insonified evenly in space by the pump waves, the

spatial energy distribution of pump waves is expected to be homogeneous at both all bending

load levels as well as all pump waves amplitudes. After the laser measurement, CWI and NCWI

are carried out consecutively, one followed by the other.

Figure 8: (a) schematic diagram of a single measurement cycle (bending test phase + monitoring phase). (b)
evolution of the pump wave amplitude of NCWI during the creeping static load (b1) and during the monitoring
phase (b2). (c) timeline of CWI and NCWI after laser measurement.

2.3.3. Qualitative imaging

In order to localize the crack thanks to the newly developed imaging technique, information

from all source-receiver couples needs to be taken into account, similar to methods employed

for the continuous damage detection in concrete during strong environmental variations [48,

49]. In NCWI, it has been observed that θ and Kd vary linearly, resp. quadratically, relative

to the pump amplitude, as expressed in Eq.3 and Eq.4 [33, 35, 50]. The linear coefficient, resp.

second order coefficient, is denoted αθ, resp. αKd
.

θ = αθApump, (3)

Kd = αKd
Apump

2, (4)
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For the case herein, a qualitative imaging method using the spatial average of NCWI ob-

servables (αθ and αKd
) is being proposed, as described by Eq.5: for a system containing Nsrc

source transducers and Nrecp receiver transducers, the 2D medium is discretized into a Nx by

Ny grid, with grid elements being labeled by i (longitudinal location) and j (vertical location).

Let’s consider the source-receiver couple (Sp, Rq) that forms a line whose width equals the value

of αθ or αKd
related to this (Sp, Rq) couple. If this (Sp, Rq) couple line passes through element

(i,j), the intersection length can be calculated and denoted dijpq. Each rectangular element (i,j)

may be crossed by multiple (Sp, Rq) couples, whereby the number of intersections is denoted

Nij. The nonlinearity level of each element (i,j) is then evaluated by the average of the product

of NCWI observables and dijpq over the number of intersection Nij.

{αθ, αKd
}(xi, yj) =


0 if Nij = 0

1
Nij

Nx∑
i=1

Ny∑
j=1

[
Nsrc∑
p=1

Nrecp∑
q=1

{αθpq, αKdpq}dijpq

]
if Nij ̸= 0

. (5)

The macrocrack location can be indicated by the spatial distribution of αθ and αKd
as

defined by Eq.5. To eliminate the error stemming from the initial state (0% bending load), all

αθ and αKd
values at 0% bending load are subtracted from the nonzero bending load results

and normalized by their maximum spatial value, as shown in Eq. 6. This operation, which

might be challenging to perform on real structures, is optional and mainly aims at improving

the interpretability of imaging results by enhancing the contrast.

{αθ, αKd
}load%0% =

∆{αθ, αKd
}

max(∆{αθ, αKd
})
, (6)

where ∆{αθ, αKd
} = {αθ, αKd

}load% − {αθ, αKd
}0%.

2.4. Comparison to other techniques

2.4.1. Optical microscopy

In order to obtain the crack width and an approximate crack length after each loading

cycle during the post-peak phase, an ×40 optical microscopy image of the crack was taken

on top of the notch after unloading. The crack length was then determined by measuring the

distance from the notch to the position where no apparent aperture of the crack was present

by moving the Hirox RH-2000 microscope along the crack. The crack length measurement by

optical microscopy allowed drawing a comparison with both NCWI and AE results.
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2.4.2. Acoustic Emission (AE) measurements

Piezoelectric transducers (R15 type) with a resonance frequency of 150 kHz were used to

monitor the concrete beam cracking during the loading phases. These tranducers were po-

sitioned around the expected location of crack propagation and glued using silicon grease to

improve coupling with the concrete surface. The two main beam faces were instrumented with

four transducers (Fig.9).

AE signals were amplified with a 40 dB gain amplifier. The signals were converted by a PCI-

card 8 and filtered with a low pass filter of 400 kHz and a high pass filter of 100 kHz. A sampling

frequency of 1 MHz was adopted to acquire 2048 samples per AE signal. The threshold for signal

detection lies at about 40 dB. The compression wave velocity was measured by evaluating time-

of-flight pulses between transducers placed on each side of the concrete beam. Acoustic events

were formed from a set of at least four signals.

Knowing the position of the transducers, the delay between signals, and the compression

wave velocity, the localization of events could be determined by solving an error minimization

problem between the recorded data and an estimated event with an assumed position [51].

(a)

(b)

Figure 9: AE transducers at front face (a) and rear face (b) face of inspected beam.
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3. Results and Discussion

3.1. Optical microscopy results

The optical microscopy of the crack is recorded after each bending load application during

the post-peak regime. The images are taken at different magnifications, and the crack size is

characterized by: CMOD at the notch, maximum crack width within the selected zone and

crack length. The values of these three parameters at each bending load level are listed in

Table.2. From 120% to 180% bending load, the crack length increases from 0 cm to 14.9 cm.

The 10-cm crack at 140% bending load is already close to half the beam’s height, and the final

crack length is greater than half the beam’s height. In contrast, the crack aperture before 180%

bending load is very small (<100 µm), yet jumps to 200 µm at 180%. These results can also be

directly observed in Fig.10.

Load 120% 140% 160% 180%
CMOD at notch (µm) 20.51 39.23 60.82 121.76

Maximum crack width within the selected zone (µm) 25 65 84 200
Crack length (cm) 10.0 12.7 14.9

Table 2: Values of the optical microscopy parameters at each bending load level.

(a) (b)

(c) (d)

Figure 10: Microscopic photography of the crack at four bending loads during the post-peak phase. (a)
120%Fmax, (b) 140%Fmax, (c) 160%Fmax, (d) 180%Fmax.
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3.2 AE results 3 RESULTS AND DISCUSSION

3.2. AE results

3.2.1. AE energy analysis

The relationship between load or AE energy (normalized to the maximum value) and time

for all load levels (50% to 180%) is displayed in Fig.11, which indicates that the cumulative

AE energy correlates well with loading level. The rate of AE energy is low at the beginning

and increases until the load reaches a fixed level. This behavior is linear for the initial levels

(50%, 80%, and 120%). In the pre-peak phase, no high energy release was observed due to

the elastic behavior of the material. However, for load levels above 120%, the behavior starts

with a flat pre-peak phase (very few detected hits), thus indicating a crack initiated before this

level. This situation can be seen in Fig.2, where the CMOD recorded at the notch did not

return to its initial value after unloading, and moreover the difference between initial and final

CMOD values increases with the bending load. The few detected hits at low energy are due to

friction during opening of the existing crack. After this pre-peak phase, AE energy increases

linearly due to crack propagation. In addition, a pre-peak phase duration increase related to

crack opening is observed with respect to the load level. This duration increase is explained by

the damage intensity, which increases with load level, thereby lengthening of the crack.

Figure 11: Temporal evolution of normalized load and AE energy for various load levels.

3.2.2. AE events analysis

The AE events density distribution provides an indication of the areas of acoustic activity

due to concrete cracking. The density of AE events is calculated as the number of localized

events on a 2 cm × 2 cm surface. A threshold based on the amplitude of hits has been used to
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glean information about the intensity of the detected AE events.

The density of AE events has been plotted against the 2D localization maps of AE sources

at load levels 120%, 140%, 160%, and 180%, respectively (Fig.12 a to d). No AE events have

been recorded at levels below the peak load. The analysis will thus focus on the four levels

after the maximum load (i.e. 120% to 180%).

Beyond the maximum load, at the 120% load level, Fig.12(a) shows very few detected AE

events due to the damage that had begun to develop during the post-peak phase. In this phase,

the events and energy density represent less than 3% of the total events and energy. In fact,

cracks began to coalesce in the mortar matrix, exhibiting different realistic features, such as

crack bridging in front of the notch due to stress concentration.

From the 140% load level in the post-peak region, the density of AE events considerably

increases, indicating the presence of a crack located in the center of the specimen around

(25 ± 2) cm. (see Fig.12b), which corresponds to a detection of propagated cracks. This

observation confirms the conclusion from the microscopic analysis presented in Section 3.1: a

crack cannot be observed beyond a 120% load level, while, after the 140% load level, a crack

approx. 10 cm high is observed at the beam center under the microscope, hence in agreement

with the AE events localization.

In the post-peak region (up to 140% load), the number of AE events continues to increase,

yet at a lower rate, thus indicating a stable crack propagation. It can also be observed that

the AE density is higher at the core of the crack outlining the crack path. In addition, the

AE events with greater amplitude (>70 dB) are more heavily concentrated in the crack path,

thus corroborating crack presence near the vertical axis at x = 25 cm. The localization of AE

events with the highest amplitude is in good agreement with the crack length measured under

the microscope. Indeed, the approximate crack length according to AE events localization can

be estimated at around 13 cm to 14 cm and 15 cm to 17 cm for the 160% and 180% load levels,

respectively, which closely matches the measured crack lengths using the microscope: 12.7 cm

and 14.9 cm.
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Figure 12: Density of AE events at four different bending load levels: (a) 120%Fmax, (b) 140%Fmax, (c)
160%Fmax, (d) 180%Fmax.

3.3. INCWI results

An example of the experimentally received coda signals recorded at various times during the

pump wave excitation is exhibited in Fig.13(a). Let’s note that in the received coda signals, the

difference between them is rather small during the early time (Fig.13(b1)), and grows at later

times (Fig.13(b2)). This outcome is due to the variation of the relative propagation velocity of

the concrete beam as well as to the cumulative effect of scattering property changes stemming

from microcracking or macrocracking.
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Figure 13: Example of received coda signals at reference state (in blue, no pump wave) and perturbed state (in
orange, non zero amplitude pump wave), extracted from the NCWI test after the static bending load at 160%
bending load. (a) Full reference and perturbed coda signals over an acquisition time of 1.6ms. (b1) Zoom at
early time between 0.12ms and 0.135ms. (b2) Zoom at late time between 0.3ms and 0.315ms.

In relying on the example of source-receiver couple S5-R6, the results of the corresponding

θ and Kd with respect to pump amplification at 7 different bending load levels are presented

in Fig.14. It has been observed that the absolute value of θ increases with bending load level,

moreover, the difference between the first two bending loads is very small and starts to increase

significantly thereafter, which indicates that the nonzero values of θ before 50% bending load

(weak though detectable by CWI) are very likely correlated with the nonlinearity of the concrete

itself. The microcracking process due to bending load is initiated as of the 50% load level. The

negative values of θ for all bending loads show that the microcrack or macrocrack generation

leads to a local decrease in Young’s modulus of the beam. For the Kd result, during the pre-peak

phase (from 0% to 80% bending loads), the value of Kd is rather small (below 1%) compared

to that of the post-peak phase (from 120 % to 180% bending loads) by an order of magnitude.

This finding reveals the much stronger impact of macrocrack generation on the wave scattering

property than that of microcracks, whose impedance contrast between cracked and sound zones

is significantly higher while the geometry change of the cracked zone is much more pronounced.
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Figure 14: θ and Kd with respect to pump wave amplification factor at 7 different bending load levels for
source-receiver couple S5-R6.

Deeper experimental data analysis has been performed by extracting the αKd
values for all

source-receiver couples at 7 different bending load levels. The results of αKd
with respect to

all sources and receivers are presented in Fig.15. Similar to the results in Fig.14, the values

of αKd
are also smaller by an order of magnitude during the pre-peak phase vs. the post-peak

phase. During the post-peak phase, several source-receiver couples have consistently greater

αKd
values than their neighbors, e.g. S1-R14, S3-R14, S5-R14, S7-R14, as a result of the direct

wave trajectories relative to these source-receiver couples intersecting with the crack located

above the notch. On the other hand, the αKd
values of some source-receiver couples become

greater as the bending load increases, e.g. S1-R11, S3-R10, and S5-R10. This result is due to the

macrocrack affecting those source-receiver couples closer to the force application point, where

it can propagate further. Therefore, the αKd
values are indeed consistent with experimental

observations.
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Figure 15: Result of αKd
with respect to source and receiver index at 8 different bending load levels.

The 2D tomographies of αθ and αKd
, as defined in Eq.6, are provided in Fig.16 and Fig.17

where max(∆αθ) ≈ 0.031 and max(∆αKd
) ≈ 0.094, over which a normalization step is per-

formed. During the post-peak phase, the notch at the bottom center can be observed by the

gradient of αKd
; also, the magnitudes of αθ and αKd

increase with the bending load. Apart

from the notch, the macrocrack at the lower center is also in agreement with the experimentally

observed macrocrack (dashed black line). During the pre-peak phase, the values of αθ and αKd

at the bottom center are somewhat difficult to distinguish due to weak changes in the concrete

beam.
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Figure 16: Spatial distribution of αθ
load%
0% at 7 different bending load levels (αθ

load%
0% ). The black dashed

line represents the experimentally measured macrocrack. Green elements represent the uncovered area (no
transducers).
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Figure 17: Spatial distribution of αKd

load%
0% at 7 different bending load levels (αKd

load%
0% ). The black dashed

line represents the experimentally measured macrocrack. Green elements represent the uncovered area (no
transducers).

More interestingly, it can be noticed that αKd
is more sensitive to the macrocrack generation

than αθ between the pre-peak and post-peak phases (i.e. between 80% and 120% bending loads)

as the nonlinear parameter increases by around 0.2 (from around 0.05 to 0.25) at some positions,

while it increases by around 0.1 for αθ. Fig.18 better illustrates the αθ and αKd
values with

respect to the bending load level at various locations. At all horizontal and vertical locations,

an abrupt variation is observed in αKd
while αθ increases smoothly. The rationale for this result

is that macrocrack generation pertains to a change in geometry; furthermore, αKd
is sensitive

to scattering property changes while αθ is more closely correlated with the effective Young’s

modulus variation. At a central location x = 25 cm, the amplitudes of αθ and αKd
decrease

when the vertical location y rises. This observation is in good agreement with the actual case,

whereby the nonlinearity level decreases as the recording point moves further from the notch.
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Figure 18: Evolution of αθ and αKd
with respect to bending at 3 horizontal (x) and 5 vertical (y) locations.

3.4. Comparative analysis of AE and INCWI results

In order to verify the robustness of the new INCWI method, a comparison between AE and

INCWI results has been carried out and will be discussed in this section. Each method has been

evaluated according to one or more chosen parameters. For AE, the chosen parameter was the

number of AE events capable of being retrieved from Fig.12; it reflects the overall damage level

caused by geometry changes due to crack generation. As for INCWI, the chosen parameters

needed to be equally representative as the number of AE events in terms of evaluating the level

of nonlinearity. Several INCWI parameters were investigated, the first ones being the averages

of αθ and αKd
over all elements of the mesh (αθ

allmsh and αKd

allmsh), the second ones being the

averages of αθ and αKd
over just those elements in each mesh column (αθ

column and αKd

column).

αθ
allmsh and αKd

allmsh provide a global view of this level, while αθ
column and αKd

column show

the horizontal location dependency of the nonlinearity level. Both types of parameters can

be compared with the number of AE events, while αθ
column and αKd

column need to be chosen

at a specific horizontal location x. The results of αθ,Kd

allmsh and αθ,Kd

column are illustrated

in Fig.19 and Fig.20. Fig.19 reveals that regardless of the average over all mesh elements,

αθ,Kd

allmsh retains similar signatures as in Fig.18, which means that the abrupt gradient change

of αKd
between pre-peak and post-peak phases (i.e. between 80% load and 120% load) does not

depend on observation location; rather, it is determined by its sensitivity to geometry change.

As for Fig.20, similarly to Fig.16 and 17, the most heavily damaged zone lies at the central

location x = 22.5 cm and x = 27.5 cm, the nonlinearity level decreases when moving away
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from the center. This observation agrees with the contents of Fig.12. The sections of Fig.20

at x = 22.5 cm and x = 27.5 cm are illustrated in Fig.19, they have the same signatures as in

Fig.18 and 19. Since it is preferable to choose only a single x axis position to compare with AE

results, the most heavily damaged location x = 22.5 cm is chosen for αθ,Kd

column, as denoted

αθ,Kd

column
center .

Figure 19: Evolution of INCWI parameters with respect to load level. (a) αθ
allmsh and αθ

column, (b) αKd

allmsh

and αKd

column at x = 22.5 cm and x = 27.5 cm.

Figure 20: (a) αθ
column and (b) αKd

column with respect to horizontal element location under different load
levels.

The evolution of the number of AE events and INCWI parameters with respect to the load

level during the post-peak phase is given in Fig.21. All INCWI parameters follow a rather

similar evolution signature as that of the number of AE events. In order to evaluate the level

of correlation between the number of AE events and INCWI parameters, one approach would

be to use the Pearson correlation coefficient r, which is above 0.97 for all INCWI parameters

(rαθ
allmsh , rαθ

columnrαθ
allmsh
center

and rαθ
column
center

). All INCWI parameters are highly correlated with the

number of AE events (values nearly greater than 0.5). In particular, the correlation between
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αKd

column
center and the number of AE events is slightly stronger than with αθ

column
center , which is most

likely because both αKd
and AE events require geometry changes while αθ is also sensitive to

non geometry changes, e.g. local Young’s modulus variation.

Figure 21: Number of AE events and INCWI parameters with respect to load level during post-peak phase.

4. Conclusion

This study has introduced an imaging algorithm, called INCWI for “Imaging using NCWI”

in order to localize cracks in concrete using NCWI outputs along with a spatial averaging

method. The spatial average takes into account all NCWI parameters αθ and αKd
of each

source-receiver couple and outputs the averaged parameters αθ and αKd
. In this aim, a crack

was generated in a concrete beam by means of three-point bending. The beam was then loaded

several times at 20%, 50% and 80% of the reference ultimate load in the pre-peak regime

and 120%, 140%, 160% and 180% in the post-peak regime using CMOD control. INCWI

tests were conducted to obtain several NCWI outputs for various source-receiver couples. A

comparison was drawn with the acoustic emission (AE) technique run during each loading phase

and with the microscopic imaging performed after unloading, which provided information on

crack geometry, e.g, width and height.

The main results of this study can be summarized as follows:

• INCWI allows for the localization of cracks, from very thin to relatively large and long

cracks. Thus, crack propagation monitoring in concrete can be achieved for closed and

partially open cracks without any external load.
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• A better sensitivity of αKd
to the crack formation was found thanks to the quadratic

relationship with crack width as well as its sensibility to scattering property changes,

which are strongly correlated with changes in geometry.

• NCWI results can capture weak changes during the pre-peak phase when damage stems

mainly from microcracks, which has hardly been observed in AE results.

• The evolution of αKd
contains a gradient change between the pre-peak phase and post-

peak phase, as compared to αθ, which originates from the sensitivity of αKd
to geometry

changes from macrocrack generation.

• INCWI agrees with AE and optical microscopy techniques during the post-peak phase

since the technique can grasp gradual propagation, i.e. height increase and enlargement,

of the cracks during the post-peak regime. Similarly to AE, which can locate a crack in a

volume during its creation without any prior knowledge of its location, INCWI is able to

locate an existing crack even with a limited width. Furthermore, when the crack opens

and extends in height due to loading, INCWI outputs agree with both AE and optical

microscopy observations.

In future works, several perspectives may be considered in an effort to improve our current

imaging method. For instance, a coupling of the INCWI method with the analytical solutions of

NCWI parameters with respect to bending load could be useful to demonstrate the robustness

of the INCWI method at both the theoretical and numerical levels. INCWI can also be extended

to the 3D imaging of cracks by taking advantage of imaging algorithms developed for linear coda

wave interferometry, with application to micro or macro crack detection on in-situ structures.
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