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Abstract: Neutral axis passing through the stiffness centroid of a structure is correlated with structural
health conditions. Traditional techniques rely on gauge arrays to observe strains at their installation
positions, and then locate a neutral axis through the intercept of the strain diagram. However,
these localization results will be severely deviated if any damages exist among gauges or inside
structures. In this paper, a novel technique is proposed to locate the neutral axis by measuring and
analyzing ultrasonic coda waves in a network of transducers. Because of multiple trajectories, coda
waves are sensitive to minor changes in a large volume of media that are not limited to direct paths
between sensors. This technique is not only capable of locating a neutral axis with great efficiency
and accuracy, but can also indicate global structural health and inner damages. The applicability of
the technique is demonstrated by monitoring a 30 m concrete T-beam subjected to four-point loading
tests. With an array of transducers placed at the surface, the neutral axes in the large region are
located. The localization results also show clear trends that the global neutral axis moves up as the
loads increase, which indicates the beam contains certain degrees of inner damage.

Keywords: ultrasonic coda wave; data acquisition; signal processing; sensor technology; neutral axis
locating; nondestructive testing; structural health monitoring

1. Introduction

The neutral axis refers to the curve that passes through the stiffness centroid of a structure and it
does not experience any deformation within the cross-section under loading [1]. Since this centroid is
only dependent on the material and geometrical properties, theoretically, the neutral axis location is
constant. However, concrete structures are continually subject to mechanical, chemical, and thermal
effects, which impose some types of damages on them. These damages, which result in material
loss and stiffness reduction, will relocate the neutral axis. The relocation will increase stresses in the
tension zone, and further worsen damages and shift neutral axis until a new balanced state is reached.
Any change in the locations indicates the stiffness variations, which implies the structure has suffered
from damages or deterioration. Hence, the neutral axis is a potentially powerful tool for structural
health evaluation and minute damage detection if its location can be determined properly [2].

Current techniques rely on structural analysis and strain gauge measurements to locate the neutral
axis. Concrete is a multi-composite material made of cements, sand grains, aggregate stones, steel bars,
and porosities. The property of each composite under variable environmental effects, together with
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geometrical properties, construction tolerances, and damages, contribute different uncertainties in the
localization [3,4]. Thus, structural analysis requires a large number of tests to estimate uncertainty
statistics in composite and construction as a priori knowledge. Additionally, the analysis results in
general only provide approximate ranges of average axis locations in healthy structures. On the other
hand, the general idea of gauge measurements is to install gauge arrays along the vertical direction of
structural cross-section to collect the strain profiles at positions where they are exactly placed. Then the
neutral axis is located at the height corresponding to the zero deformation through the intercept of
the strain diagram [5–7]. However, gauge measurements do not carry any information about the
areas among their installation positions. Consequently, this technique has limited detection range
closed to gauge arrays, and any nonlinear variations/damages appearing among gauges will cause the
inaccurate localization results even if plenty of gauges are placed closely. Furthermore, gauges may
suffer irreversible deformations and damages when cracking or significant changes take place nearby.
Another major limitation of both analysis and gauge techniques is their inapplicability to inner damage
detection. This issue is largely circumvented in non-destructive testing and evaluation (NDT&E) of
in-service structures since sensor embedment for them is generally unavailable. Due to the brittle
nature, structural failure is usually initiated by micro-cracking inside concrete at an early stage, but the
neutral axis located by gauges mounted on the surface cannot give any indicators of inner damages.
Over the past several decades, few techniques have been proposed to solve these problems.

Ultrasonic waves constitute one of the primary tools in concrete structural NDT&E applications [8,9].
Measuring velocity, amplitude, and nonlinearity of direct waves show promise for detecting thickness,
delamination, and damages [10]. However, the high heterogeneities contained in multi-composite
concrete cause strong multiple scattering behaviors during the propagation of ultrasonic waves. As a
result, the energy of direct waves is significantly attenuated and mostly transformed into long-lasting
waveforms arriving later in the record, which form the coda waves [11]. These features are well-known
to severely affect the performance of traditional direct wave-based techniques. Fortunately, previous
studies in the fields of optics, acoustic, and geophysics demonstrate that noise-like coda waves contain
detailed information about internal structures, and they are very sensitive to changes occurring in the
large volume of a medium [12–27]. This sensitivity is attributed to the fact that coda waves propagate
following complex trajectories not limited to the direct path between two sensors, and they may traverse
the regions of interest repeatedly. Thanks to these properties, coda waves have been successfully used
for several NDT&E applications, mostly on laboratory scales. Depending on practical applications,
these coda wave-based techniques can generally be separated into two categories: evaluation of global
structural health [16–20] and characterization of cracks [21–26]. The first category focuses on global
structure monitoring through the use of coda wave interferometry (CWI) [27] or diffusion equation [11]
to quantify coda signal changes. Then, with the help of a sensor network and further analysis, such as
Mahalanobis distance [18] and diffusivity [20], the location, type, and magnitude of changes can be
estimated up to a certain extent. The other category aims at identifying the locations, depths, and
numbers of cracks with a high degree of accuracy. Its general concept is to first calculate coda waveform
variations. An inversion procedure is then adopted to calculate the density of changes at each localized
position through inverse algorithms, such as maximum likelihood [23], sensitivity kernel [24–26], and
interpolation [21]. For additional details on the techniques, we refer the reader to the literature reviews
published in References [20,25].

This paper proposes a novel technique to locate the neutral axis in concrete using coda wave
measurements in a network of transducers. When applied to a 30-m T-beam subject to four-point
bending tests, the neutral axis in a large region are located within seconds using limited numbers of
fixed transducers placed at the surface. The localization results indicate global structural health and
locate multiple micro-cracks up to an applicable extent. Compared to current techniques, the main
advantages of this novel one includes: 1) coda wave reflects changes occurring in a large volume, and,
thus, their neutral axis locating results can indicate both surface and inner damages of concrete. 2) The
technique is straightforward and efficient so that the neutral axis in a large structure can be located
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within seconds by using limited numbers of fixed transducers. 3) Ultrasonic transducers will not be
damaged by significant changing states nearby, and they are reusable by simply gluing on surface
without drilling requirements.

In this paper, Section 2 describes the methodology and Section 3 introduces the materials and
equipment. The measurements and data processing are illustrated in Section 4. We present and discuss
the experimental and analysis results in Section 5. Then the paper is concluded in Section 6.

2. Methodology

2.1. Principle

Strain gauge benefits from its electrical resistance dependence on geometry of concrete to infer
stress changes. A changing stress state in concrete will slightly stretch or compress the internal
electrical conductor of gauges, and further increases or decreases the electrical resistance end-to-end.
Since concrete elasticity is relatively stable at low stress levels below serviceability, the stress changes
can be estimated from the electrical resistance measurements. However, the internal conductors may
encounter irreversible deformation beyond their elasticity limits if cracking or significant medium
changes appear nearby.

Neutral axis can be located with a minimum of two parallel gauges in a cross-section. Figure 1
illustrates two strain measurements with one at the top at and one at the bottom ab with distance h
between them. Assuming a linear strain distribution, the neutral axis height y is the intercept of the
strain diagram [6].

y =
abh

ab − at
+ b (1)

For three or more parallel gauge measurements, the location of the neutral axis can be determined
by simply averaging the positioning results from all available gauge pairs, or by finding the best fit
lines based on least-square and maximum-likelihood algorithms [28].

Since gauges can only measure the strain changes at positions where they are exactly placed.
Thus, their localization results of neutral axis will be inaccurate if any damages or non-linear variations
appear among the gauges. In addition, the results also cannot give any indication of inner damages.
On the contrary, coda waves propagate following complex multiple scattering trajectories that are not
limited to the direct path between two sensors, and they may traverse the regions of interest repeatedly
(see Figure 2). The unperturbed coda wave Eu(t, r) observed at a given position r is a sum of the partial
waves AX(r, t) from all the trajectories X in a medium.

Eu(t, r) =
∑

AX(t, r) (2)

When medium changes over time t, the dominant effect is a variation in the arrival time ∆tT
(or speed ∆vT) of each partial wave. The perturbed coda wave Ep(t, r) can be expressed by the
equation below.

Ep(t, r) =
∑

AX(t− tT, r) (3)

In a summary, coda wave has traveled a large volume for a long time so that small changes
anywhere in media result in a notable absolute time lag, which makes it ideal for NDT&E applications.
Figure 3 shows the great sensitivity of coda waves following a medium change as an example. The blue
curve represents the unperturbed wave, and the red curve represents the perturbed wave under a
small load. Coda waves at the late part of the signal (window 2) show obvious phase changes, whereas
the direct waveforms in the single scattering regime (window 1) are nearly invariable.
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Code wave interferometry (CWI), which is a technique initially developed from seismology [29], 
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Figure 3. Ultrasonic wave measurements for the same geometry and sample without loads (unperturbed
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2.2. Coda Wave Interferometry

Code wave interferometry (CWI), which is a technique initially developed from seismology [29],
was recently extended to compare ultrasonic waveforms in concrete. It is based on computing the
degree of similarity of the unperturbed and perturbed coda waves [27].
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CC =

∫ T+Tw

T−Tw
Ep[t(1 + ε)]Eu(t)dt′√∫ T+Tw

T−Tw

{
Ep[t(1 + ε)]

}2
dt
∫ T

0 [Eu(t)]
2dt′

(4)

where
ε =

t
t
= −

v
v

(5)

In this case, the cross-correlation CC is a function of the dilation rate ε. As shown in Figure 3,
the results of the velocity change ∆v/v in coda waves can be considered as dilation in time (i.e.,
time change ∆t/t). The ε value is determined by maximizing the CC, i.e., making the perturbed wave
in a chosen time window best resemble the associated unperturbed wave. T and Tw are the center time
and half width of the time window, respectively.

Interpreting the ε and CC results are able to distinguish different types of changes in concrete.
If stress changes exist by selecting appropriate ε values, the dilation effects between waveforms are
removed and CC values should be large. In this case, the compression or dilation of the perturbed
signal with negative or positive ε values indicates a decrease or increase of propagation velocity.
However, damages worked as extra scatters will cause waveform distortions. Consequently, CC should
be kept at low values no matter what ε value is selected.

Then to locate the neutral axis, lines connecting all available receiver pairs are used to determine
the coordinates corresponding to the stress invariant (i.e., ε = 0) through linear intercepts of ε diagrams.
This procedure looks similar to the strain intercepts illustrated by Equation (1). However, ε values
calculated from coda wave measurements carry information about changes and damages occurring in
a large volume of media. Thus, this method can locate the axis at positions without placing transducer
arrays, and the localization results are highly correlated with both surface and inner damages.

3. Materials and Equipment

3.1. Concrete T-Beam

The concrete T-beam weighing about 65 tons was removed from a bridge after being in service for
more than 15 years. It was made of typical materials of No. 40 concrete (40 MPa specified compressive
strength), reinforcements, and pre-stressed strands. The lifting was performed by two overhead cranes
on the truck, and then the T-beam was transported to a National Bridge Structure Safety Engineering
Lab, Beijing and installed on its supports.

The T-beam is 30 m in length and 1.6 m in height. Its widths at the top and bottom surfaces are 1.7
and 0.4 m, respectively. Figure 4 shows the detailed dimensions. During the service period, the T-beam
has experienced a large amount of mechanical loads, corrosions, and environmental effects, and it can
well represent plenty of in-service large concrete structures in the real world.
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3.2. Ultrasonic Transducers

The ultrasonic transducer RS-2A designed by Softland Times Scientific & Technology Co. Ltd.
has broadband working frequency of 60∼400 kHz. It is 15 mm in thickness and 18.8 mm in diameter.
As shown in Figure 5, a total of 14 RS-2A transducers were glued on the east web near the center
line using the coupling medium of high vacuum silicone grease. During the experiment, this region
was checked carefully and no cracks appeared, whereas the opposite west face contained several
pre-existing cracks. The sizes of these cracks were measured by optical observations with a microscope
and a simple rule, and their widths were on the order of a millimeter. Experimental results described in
Section 5 will show that these micro-cracks are detected and located even though no transducers were
placed at the west face. In this case, six transducers S1∼S6 working as sources were placed horizontally
at 90 cm height, and the distance between two adjacent sources is 60 cm. Eight transducers served as
receivers were positioned along two parallel lines: R1∼R4 and R5∼R8 were placed in grids at 60 cm and
113 cm heights, respectively. We note that there is no need for perfect regular spacing, and operators
can place receivers at their own convenience.
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In addition, 10 strain gauges G1∼G10 were installed along two vertical lines at the heights of 55,
75, 95, 115, and 130 cm. Additionally, the concrete elasticity modulus are estimated to be 32,500 MPa.

3.3. Excitation and Measurement Equipment

A high power ultrasonic system RITEC SNAP 5000 was connected to each source to successively
emit the identical excitation impulse. The response signals detected by each receiver were first amplified
by a Smart AE amplifier, and then collected with a customer-made NI PXI-1000 Data Analyzer that
can measure up to eight channels simultaneously. Each source-receiver pair has an independent time
trigger and counter to accurately record the excitation and observation time. Furthermore, strain gauge
observations were performed with a DH3821 multi-channel static strain test and analysis system.

4. Acoustical Measurements

4.1. Measurement Procedure

Figure 6 shows the four-point bending test conducted on the T-beam. Two hydraulic jacks were
placed symmetrically close to the mid-span, and the distance between them is 450 cm. The loads of
each jack were increased from 0 to 50 kN with a fixed step of 10 kN.
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and measurement equipment.

The excitation ultrasonic impulse was selected at 150 kHz with 300 Vpp excitation voltages.
Higher frequencies corresponding to shorter waves are more sensitive to weak changes in media but
will enhance wave energy attenuations due to scattering and dissipation effects [11]. The frequency
chosen at 150 kHz is a trade-off result between the detection capability and sensitivity based on
several trials, and this value is consistent with the typical frequencies used to generate coda waves
in concrete [11,15]. Furthermore, using single-frequency impulses, as opposed to transient bursts,
can simplify the data processing and increase the transmission range. The sampling frequency was set
at 2.5 MHz frequency that conforms to the Nyquist sampling theorem.

At each loading step, successive excitations-acquisitions of wave signals were made for all
available source-receiver pairs. Specifically, for each measurement, only one source was activated to
generate the impulse every 6 milliseconds, and all the receivers continuously measured the response
signals. In order to increase signal-to-noise ratios (SNR), the excitation was reproduced 50 times and
the measurements were recorded consecutively within 0.3 s. Then, this source was turned off and
the next source was switched on to emit the identical impulses 50 times, and the measurements were
repeated for all the receivers. Thus, each loading step includes 48 measurements corresponding to
6 × 8 source-receiver pairs and each measurement contained 50 full coda waveforms. Since the signals
are observed in an extremely short time, the environmental conditions can be treated as constants.
As a result, the waveforms within each cycle have an extremely high degree of similarity, and their
correlation values generally are greater than 0.998.

4.2. Data Processing

The data processing is straightforward without any requirement of frequency filtering and
time-window selection. For each source-receiver pair, 50 cycles of measurements within 0.3 s at each
loading step are averaged. Then, the average full waveform at 0 kN load is used as the reference
(i.e., unperturbed waveform) to quantify the waveform variations at another loading step (i.e., perturbed
waveform) through Equation (4). In this case, directly using the full waveforms instead of a specific
part not only simplifies the data processing but also proves the generality of the proposed technique.

Figure 7 shows the average waveforms corresponding to the S1-R1 and S1-R8 pair measurements
at 0 kN and 20 kN loads. Similar to Figure 3, a part of the waveforms is enlarged to denote the details of
their variations caused by the load. For the S1-R1 pair, the time compression is found in the waveform
at 20 kN relative to its reference waveform, which implies compression forces play a major role in this
region. In contrast, the clear time dilation is observed in the S1-R8 waveforms indicating tension effects.
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(b) the S1-R8 pair.

5. Results and Discussions

In Section 5.1, the stress changing status from structural analysis as well as strain gauge and
coda wave measurements are evaluated. In Section 5.2, the neutral axis locations determined by coda
wave observations are presented to evaluate the global structural health. The associated results from
structural analysis and gauge measurements are also presented for comparison. In Section 5.3, the coda
wave-based localization results are further analyzed to indicate the crack positions.

5.1. Evaluation of Stress Changes

Figure 8 shows the structural analysis values of the stress changes at the receivers R1∼R8 positions.
A finite element model was established to obtain the results where a linear elastic stress-strain
relationship was adopted for the analysis. The modeling results also agree well with the results
calculated with the classic stress-bending moment equation. For R1∼R4 placed in the upper portion of
the T-beam, their locations experience the changing compressive stresses that increase linearly with the
loads. On the other hand, the changing tensile stresses, appearing at the R5∼R8 positions of the lower
portion, also linearly increase as the loads increase.

The stress changing values measured with the G1∼G10 strain gauges are illustrated in Figure 9,
which are in basic agreement with the analysis results. For the G1, G2, G9, and G10 gauges placed in
the lower portion, their stress changes decrease almost linearly as the loads increase. At the same time,
the stress changes at the G4∼G7 positions increase. The stress changes at the G3 and G8 positions are
close to 0, which implies the neutral axis is located near them.

Figure 10 presents the ε calculation values corresponding to the source S1 excitation. They show
the same trend with the analysis results depicted in Figure 8, i.e., the ε values of R1∼R4 and R5∼R8
increase and decrease approximately linearly with the loads. These results prove that ε values (i.e., coda
waveforms) can well recognize compression and tension stress changes in concrete. The ε results from
the source S2∼S6 excitations are also in accord with this trend, and they are not shown in this case for
the sake of simplicity.
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5.2. Localization of the Neutral Axis

Based on the elastic beam theory, the neutral axis position corresponds to the reinforcements,
pre-stresses strands, and concrete composite. It could be located by transforming the steel area in
uncracked concrete into an equivalent concrete area [30]. Note that the concept of neutral axis in this
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paper refers to zero stress/strain change under applied load, which is not the absolute zero stress/strain
location. The structural analysis shows the neutral axis in intact cross-section is located at the height
of 100 cm from the bottom. When the cracks are fully developed in the tension zone and concrete
completely lose its ability to resist tension forces, the neutral axis will move up to the height of 152.3 cm.
As shown in Figure 11, the theory height of the neutral axis between the intact and fully cracked
conditions range from 100 to 152.2 cm.
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Then, for all available transducers at the upper (R1∼R4) and lower (R5∼R8) portions of the T-beam,
lines connecting them are utilized to locate the coordinates of the stress invariant (ε = 0) through the
linear intercepts of the ε diagrams. There are 4 × 4 receiver pairs for each of six source excitations,
which implies 96 coordinates of the neutral axis locations can be determined at each loading step.
Figures 12a and 13a illustrate their location distributions and the mean heights under different loads
where the localization results from gauge measurements and structural analysis are also denoted.Sensors 2020, 20, x FOR PEER REVIEW 11 of 14 
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Figure 12. All the neutral axis locations determined by ultrasonic transducers, gauge gauges, and
structural analysis. (a) The neutral axis locations at 20 kN; (b). The neutral axis locations at 30 kN;
(c) the neutral axis locations at 40 kN, and (d). The neutral axis locations at 50 kN.

As illustrated in Figure 12, 10 strain gauges only estimate the neutral axis heights at two cross
sections along the x-axis, whereas the localization results determined by 14 ultrasonic transducers
almost cover the entire cross section. In Figures 12a and 13a, there are two main differences among
analysis and measurement results: (1) at the starting state (Figure 12a), the mean heights determined by
gauge and wave measurements and are similar, but they are smaller than the analysis values. (2) The
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gauge-determined heights in Figures 12a and 13a are always below the analysis results, and their
mean heights slightly decrease as loads increase. However, the coda wave-determined heights vary
around the analysis results along the x-axis, and their mean values increase linearly with loads. These
phenomena are explained and discussed below.
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(b) the neutral axis heights corresponding to each source excitation.

In the region where the gauges are placed (i.e., the east face in Figure 5), there are no cracks
existing and appearing during the experiments. However, the opposite west web contains several
pre-existing micro-cracks, i.e., the whole structure is not completely healthy. According to linear
theory and structural analysis, the neutral axis location moves up if the T-beam loses any part of
its stiffness by cracking. The neutral axis locations determined by coda waves are obeying the
laws, whereas the localization results from gauge measurements show the “move down” behavior,
which is incorrect. This problematic phenomenon is also found in some other gauge observations
in literature [4,6]. In multi-composite concrete, the issues of load redistribution, nonlinear thermal
gradients, damages, corrosions, strain concentrations, and de-planation may contribute to non-uniform
stretching behaviors at certain places. Since gauges only have detection capabilities at positions where
they are exactly placed, their localization results only reflect the changes occurring in very limited
areas of the undamaged surface. On the contrary, coda waves have traveled large volumes for a long
transit time so that their neutral axis locations can indicate the global structural conditions not only
limited to their installation positions.

5.3. Localization of Micro-Cracks

The mean heights of neutral axis determined by all available transducers evaluate global structural
health. Further analysis with transducer networks, e.g., evaluate localization results from different
source-receiver pairs, can locate inner micro-cracks up to a certain extent. Figure 13b shows an example
of the mean heights under varied loads corresponding to each source excitation. The S1, S2, and S5
heights keep lower than the analysis value, whereas the S3 and S4 heights are always higher than the
analysis value. All of their heights are varied in a limited range of 1∼3 cm as loads increase. Thus,
the region between S3 and S4, either at the surface or inside concrete, contains damages. Additionally,
the damages are not significantly worsened during the loading procedure. Furthermore, the S6 heights
increase linearly as loads, and its height at 50 kN exceeded the associated S3∼S4 heights, which indicates
that the outer part of the S6 position experiences the cracking effect during the loading procedure.
These predictions are very consistent with our observations presented in Figure 5. In particular,
the ultrasonic transducers are placed at the T-beam’s east face without cracks, but, at the opposite west
web, one crack (crack 1) exists in the region between the S3∼S4 locations and two cracks (cracks 2 and
3 at the bottom) near S6 gradually get bigger under loading.

The localization results of neutral axis by a network of transducers indicate rough positions
of multiple micro-cracks. More transducers and closer placement as well as analysis of different
source-receiver pairs (i.e., sensor network) can lead to higher resolution. In a recent study, several
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other coda wave-based techniques such as maximum likelihood [23] and diffusion imaging [24–26]
are developed for precise localization of cracks. Integrating them with this proposed technique will
be an important task of our future work. Currently, an automatic detection system based on these
techniques is being developed to simultaneously real-time monitor structural health and pinpoints
crack positions.

6. Conclusions and Future Work

This paper describes an original technique to locate the neutral axis of large concrete structures
by using coda wave measurements in a network of transducers. The applicability of the technique is
demonstrated by monitoring a 30-m pre-stressed T-beam subjected to four-point bending tests causing
stress changes. The experimental results show that this technique can locate the neutral axis at certain
places without having to place transducer exactly there, and it is very efficient. Therefore, a neutral axis
in a large region can be located in seconds with limited numbers of fixed transducers. The localization
results indicate global structural health under varied loads as well as detect and locate multiple inner
micro-cracks up to an acceptable extent.

In the real world, concrete structures are continuously subject to mechanical, chemical, and
environmental effects that degrade their structural integrity. The neutral axis tied to material and
geometry is directly correlated with the centroid of stiffness of a structure. This novel technique has the
advantages of great efficiency, high sensitivity, easy operation, and low cost in neutral axis localizations.
Implementation of it on in-service structures might promote novel NDT&E technology development
for structural health monitoring and infrastructure asset management.

Author Contributions: Data curation, H.Z.; Funding acquisition, H.J.; Supervision, J.Z.; Validation, R.J.;
Writing—original draft, H.Z.; Writing—review & editing, H.J. All authors have read and agreed to the published
version of the manuscript.

Funding: This research is based upon work supported by WiSys Applied Research Funding programs AR-WiTAG
2018 T180044 and MOT. P. R. China under contract number 2013-318-223-040.

Acknowledgments: We thank Ping Fan at Ministry of Transport Research Institute of Highway for providing
experiment opportunity to make this work happen. We also thank our fellow graduate student Chenxu Zhuang
for assisting in testing, data analysis and signal processing.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Hibbeler, R. Mechanics of Materials, 10th ed.; Pretince Hall (Pearson): Upper Saddle River, NJ, USA, 2018.
2. Siguradardottir, D.; Glisic, B. The neutral axis location for structural health monitoring: An overview. J. Civ.

Struct. Health Monit. 2015, 5, 703–713. [CrossRef]
3. Cardini, A.; DeWolf, J. Long-term structural health monitoring of a multi-girder steel composite bridge using

strain data. Struct. Health Monit. 2009, 8, 47–58. [CrossRef]
4. Sigurdardottir, D.; Glisic, B. Neutral axis as damage sensitive feature. Smart Mater. Struct. 2013, 22, 075030.

[CrossRef]
5. Gangone, M.; Whelan, M.; Janoyan, K.; Minnetyan, L. Experimental characterization and diagnostics of the

early-age behavior of a semi-integral abutment FRP deck bridge. Sens. Rev. 2012, 32, 296–309. [CrossRef]
6. Sigurdardottir, D.; Glisic, B. Detecting minute damage in beam-like structures using the neutral axis location.

Smart Mater. Struct. 2014, 23, 125042. [CrossRef]
7. Tang, Y.; Ren, Z. Dynamic Method of Neutral Axis Position Determination and Damage Identification with

Distributed Long-Gauge FBG Sensors. Sensors 2017, 17, 411. [CrossRef]
8. McCann, D.; Forde, M. Review of NDT methods in the assessment of concrete and masonry structures.

NDT E Int. 2001, 34, 71–84. [CrossRef]
9. Rose, J. Ultrasonic Waves in Solid Media; Cambridge University Press: Cambridge, UK, 2014.
10. Garnier, V.; Piwakowski, B.; Abraham, O.; Villain, G.; Payan, C.; Chaix, J.F. Acoustic techniques for concrete

evaluation: Improvements, comparisons and consistency. Constr. Build Mater. 2013, 43, 598–613. [CrossRef]
11. Anugonda, P.; Wiehn, J.; Tuner, J. Diffusion of ultrasound in concrete. Ultrasonics 2001, 39, 429–435. [CrossRef]

http://dx.doi.org/10.1007/s13349-015-0136-5
http://dx.doi.org/10.1177/1475921708094789
http://dx.doi.org/10.1088/0964-1726/22/7/075030
http://dx.doi.org/10.1108/02602281211257533
http://dx.doi.org/10.1088/0964-1726/23/12/125042
http://dx.doi.org/10.3390/s17020411
http://dx.doi.org/10.1016/S0963-8695(00)00032-3
http://dx.doi.org/10.1016/j.conbuildmat.2013.01.035
http://dx.doi.org/10.1016/S0041-624X(01)00077-4


Sensors 2020, 20, 3895 13 of 13

12. Fink, M.; Cassereau, D.; Derode, A.; Prada, C.; Roux, P.; Tanter, M.; Thomas, J.; Wu, F. Time-reversed acoustics.
Rep. Prog. Phys. 2000, 63, 1933–1995. [CrossRef]

13. Miniaci, M.; Gliozzi, A.; Morvan, B.; Krushynska, A.; Bosia, F.; Scalerandi, M.; Pugno, N. Proof of Concept for
an Ultrasensitive Technique to Detect and Localize Sources of Elastic Nonlinearity Using Phononic Crystals.
Phys. Rev. Lett. 2017, 118, 214301. [CrossRef]

14. Brenguier, F.; Campillo, M.; Hadziioannou, C.; Shapiro, N.; Nadeau, R.; Larose, E. Postseismic relaxation
along the San Andreas fault at Parkfield from continuous seismological observations. Science 2008, 321,
1478–1481. [CrossRef] [PubMed]

15. Jiang, H.; Zhang, J.; Jiang, R. Stress Evaluation for Rocks and Structural Concrete Members through Ultrasonic
Wave Analysis: Review. J. Mater. Civ. Eng. 2017, 29, 04017172. [CrossRef]

16. Stähler, S.; Sens-Schönfelder, C.; Niederleithinger, E. Monitoring stress changes in a concrete bridge with
coda wave interferometry. J. Acoust. Soc. Am. 2011, 129, 1945–1952. [CrossRef]

17. Larose, E.; Hall, S. Monitoring stress related velocity variation in concrete with a 2 × 10−5 relative resolution
using diffuse ultrasound (L). J. Acoust. Soc. Am. 2009, 125, 1853–1856. [CrossRef]

18. Frojd, P.; Ulriksen, P. Detecting damage events in concrete using diffuse ultrasound structural health
monitoring during strong environment variations. Struct. Health Monit. 2017, 17, 410–419. [CrossRef]

19. Frojd, P.; Ulriksen, P. Continuous wave measurements in a network of transducers for structural health
monitoring of a large concrete floor slab. Struct. Health Monit. 2016, 15, 403–412. [CrossRef]

20. Jiang, H.; Zhan, H.; Zhang, J.; Jiang, R. Diffusion Coefficient Estimation and Its Application in Interior Change
Evaluation of Full-size Reinforced Concrete Structures. J. Mater. Civ. Eng. 2019, 31, 04018398. [CrossRef]

21. Niederleithinger, E.; Wang, X.; Herbrand, M.; Muller, M. Processing Ultrasonic Data by Coda Wave
Interferometry to Monitor Load Tests of Concrete Beams. Sensors 2018, 18, 1971. [CrossRef] [PubMed]

22. Ramamoorthy, S.; Kane, Y.; Turner, J. Ultrasound diffusion for crack depth determination in concrete. J. Acoust.
Soc. Am. 2004, 115, 523–529. [CrossRef]

23. Larose, E.; Planes, T.; Rossetto, V.; Margerin, L. Locating a small change in multiple scattering environment.
Appl. Phys. Lett. 2010, 96, 204101. [CrossRef]

24. Planes, T.; Larose, E.; Rossetto, V.; Margerin, L. Imaging multiple local changes in heterogeneous media with
diffuse waves. J. Acoust. Soc. Am. 2015, 137, 660–667. [CrossRef] [PubMed]

25. Zhan, H.; Jiang, H.; Jiang, R. Three-Dimensional Images Generated from Diffuse Ultrasound Wave: Detections
of Multiple Cracks in Concrete Structures. Struct. Health Monit. 2020, 19, 12–25. [CrossRef]

26. Zhang, Y.; Larose, E.; Moreau, L.; Ozouville, G. Three-dimensional in-situ imaging of cracks in concrete
using diffuse ultrasound. Struct. Health Monit. 2017, 17, 279–284. [CrossRef]

27. Planes, T.; Larose, E. A review of ultrasonic Coda Wave Interferometry in concrete. Cem. Concr. Res. 2013, 53,
248–255. [CrossRef]

28. York, D.; Evensen, N.; Martnez, M.; Delgado, J. Unified equations for the slope, intercept, and standard
errors of the best straight line. Am. J. Phys. 2004, 72, 367–375. [CrossRef]

29. Snieder, R.; Grêt, A.; Douma, H.; Scales, J. Coda wave interferometry for estimating nonlinear behavior in
seismic velocity. Science 2002, 295, 2253–2255. [CrossRef]

30. Nilson, A.H.; Darwin, D.; Dolan, C.W. Design of Concrete Structures, 14th ed.; McGraw-Hill Education:
New York, NY, USA, 2009.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1088/0034-4885/63/12/202
http://dx.doi.org/10.1103/PhysRevLett.118.214301
http://dx.doi.org/10.1126/science.1160943
http://www.ncbi.nlm.nih.gov/pubmed/18787165
http://dx.doi.org/10.1061/(ASCE)MT.1943-5533.0001935
http://dx.doi.org/10.1121/1.3553226
http://dx.doi.org/10.1121/1.3079771
http://dx.doi.org/10.1177/1475921717699878
http://dx.doi.org/10.1177/1475921716642139
http://dx.doi.org/10.1061/(ASCE)MT.1943-5533.0002609
http://dx.doi.org/10.3390/s18061971
http://www.ncbi.nlm.nih.gov/pubmed/29921820
http://dx.doi.org/10.1121/1.1642625
http://dx.doi.org/10.1063/1.3431269
http://dx.doi.org/10.1121/1.4906824
http://www.ncbi.nlm.nih.gov/pubmed/25698001
http://dx.doi.org/10.1177/1475921719834045
http://dx.doi.org/10.1177/1475921717690938
http://dx.doi.org/10.1016/j.cemconres.2013.07.009
http://dx.doi.org/10.1119/1.1632486
http://dx.doi.org/10.1126/science.1070015
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Methodology 
	Principle 
	Coda Wave Interferometry 

	Materials and Equipment 
	Concrete T-Beam 
	Ultrasonic Transducers 
	Excitation and Measurement Equipment 

	Acoustical Measurements 
	Measurement Procedure 
	Data Processing 

	Results and Discussions 
	Evaluation of Stress Changes 
	Localization of the Neutral Axis 
	Localization of Micro-Cracks 

	Conclusions and Future Work 
	References

