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Abstract
Condition or health monitoring of concrete structures has experienced increasing interest over the last decade. While conven-
tional sensors such as strain gauges are accurate and reliable, they only allow for surface observations. In contrast, ultrasonic
waves propagate through the thickness of a member and can thus detect internal changes. In this paper we present an ultrasonic
monitoring approach that uses a coda wave comparison (CWC) technique, which makes use of the highly sensitive diffuse
(or coda) portion of a recorded ultrasonic waveform. In this study, the changes in the applied stress were correlated to the
changes observed in the ultrasonic waveforms, which were estimated using magnitude-squared coherence (MSC). The CWC
technique was evaluated by investigating key influence parameters that affect the relationship between MSC and the applied
stress. First, two concrete cylinders were cast and tested to study the effect of maximum aggregate size. Second, two concrete
prisms were used to study the effect of the frequency of the transmitted pulse. Finally, we discuss a field test involving a
prestressed concrete bridge girder and a column. The results show thatMSC is capable of discriminatingminute stress changes
in a laboratory as well as a field setting.
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1 Introduction

Concrete is the most widely used building material in the
world [1].Monitoring the performance of concrete structures
has increased in the last two decades [2] due to aging and
deterioration and limited funds available formaintenance and
repair. Structural healthmonitoring provides a range of useful
information related to the short and long-term performance
of a structure such as changes in stress, ongoing cracking,
chloride levels, corrosion potential, etc. This information can
support maintenance and repair decisions and may also help
improving design and construction standards.

Overloading and fatigue are the most common causes of
cracking in concrete structures and may lead to deterioration
such as rebar corrosion. Therefore,monitoring the stress con-
ditions in concrete members provides important information
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regarding structural performance. A number of sensors have
been developed to monitor stress conditions, such as strain
gauges, accelerometers, or displacement sensors, etc. All of
these sensors are attached to the surface and, therefore, they
only represent a surface observation. Another limit of these
sensors is that they can measure stress only at the point of
their location. While distributed sensors exist, they are still
bound to the surface. Ultrasonic stress waves have also been
found to be sensitive to changes in stress and an advantage
over traditional sensors as they travel through the thickness
of a member. The challenge lies in the interpretation of the
signals, i.e. how changes in the recorded signals are related
to changes in stress.

Hughes and Kelly [3] established a relationship between
the p-wave velocity of ultrasonicwaves and the applied stress
inside a solidmaterial, after third-order elastic constantswere
introduced by Murnaghan [4]. In concrete, this theory is not
directly applicable since the variation in time of flight (TOF)
(or the propagation velocity) is extremely minute and, thus,
difficult to measure [4–6]. For example, our previous experi-
ment on a small concrete cylinder did not show any change in
p-wave velocity until the applied stress reached 60% of ulti-
mate stress [7]. This represents a significant level of stress
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and is well above a typical service-level or cracking stress.
Therefore, we have been further investigating the evaluation
of the diffuse portion of the ultrasonic signals.

Concrete is a heterogeneous material and is made up of
different sizes of materials, such as gravel, sand, and cement
paste. Due to this heterogeneity, the ultrasonic stress wave
experiences multiple scattering during propagation, making
the signal more complex [8]. Generally, an ultrasonic signal
can be divided into two portions: the coherent (early portion
containing p-wave arrival) and the diffuse (late portion or
codawave) portion.As discussed earlier, the coherent portion
is not sensitive to a change in the applied stress. On the other
hand, any small change in the material has an effect on the
coda wave, such as amplitude, energy, and the local phase
[9].

The term coda wave originates from the field of geo-
physics [10], and has been used in materials science for the
last decade. A common technique used in this field is called
coda wave interferometry (CWI). A number of applications
based on CWI for monitoring changes in concrete have been
reported [5]. In addition to using CWI for monitoring stress,
it has been used to monitor cracking [8, 10–12], tempera-
ture changes [13–15], and ASR [16]. Typically, the time lag
between coda wave signals is estimated by applying cross
correlation [5]:

CC(t, δt) � ∫t2t1 Y0[t]Yi [t + δt]dt√
∫t2t1 Y 2

0 dt ∫t2t1 Y 2
i dt

(1)

where Y0 and Yi is the waveform in the initial and final state,
respectively, and (t1, t2) is the timewindow in the coda wave.
CWI is much more sensitive than TOF to stress changes in
concrete [17]. In addition, the sensitivity of CWI velocities
relates to direction of the load respect to direction of wave
propagation where the parallel situation shows greater sen-
sitivity [18]. CWI has been successfully used for monitoring
stresses in a concrete beam tested under a four-point bend-
ing load [1]. In addition, CWI was used to determine the
non-linear constants for concrete by obtaining the relative
velocity change for a concrete cylinder [19]. Stähler et al. [6]
estimated the stress changes in an existing bridge by using
CWI. Zhang et al. [2] used the CWI to correlate the veloc-
ity change in coda wave with the applied tensile stress in
a concrete cylinder. Moreover, CWI and nonlinear acoustic
waves can provide potential field applicability for in situmea-
surements because of their sensitivity to the microstructural
changes in concrete [20]. Questions exist regarding sampling
frequency and the type of windowing technique to employ
when performing CWI. Since the relative change in velocity
is small, a high sampling frequency is required. Sometimes,
a sampling frequency of 10 MHz is still not enough to detect
a change in stress. The location, length, and number of time

windows vary from study to study and no recommendations
exist for using a specific time window. Liu et al. [21] applied
the Taylor series expansion method on coda waves of a con-
crete cylinder to avoid signal resampling and time consuming
calculations in the traditional CWI analysis.

Over the last decade, the interest in quantifying the similar-
ity between signals has increased. Larose et al. [22] proposed
a decorrelation coefficient (K) by using the correlation coef-
ficient as shown in Eq. (2). The decorrelation coefficient was
used to measure the change in the similarity of the coda wave
due to the evolution of cracks inside concrete. Based on the
decorrelation coefficient andCWI, the researchers developed
the LOCADIFF technique for crack imaging [23].

K � 1 − ∫t2t1 Y0[t]Yi [t]dt√
∫t2t1 Y 2

0 dt ∫t2t1 Y 2
i dt

(2)

Niederleithinger et al. [24] applied the squared correla-
tion coefficient (R2) on a time window in the coda wave and
related it with applied stress. The authors of this paper also
correlated the R2 with applied stress, but they used the entire
(or full) waveforms [7]. They also used magnitude-squared
coherence (MSC) to compute the similarity between full-
waveforms, where MSC was correlated with applied stress
in concrete cylinders [25]. Grosse [26] originally proposed
the use of MSC to compare acoustic emission (AE) signals.
Finally, Chen and Schumacher [27] appliedMSC on the coda
wave to correlate it with the length of a notch in a steel plate.

Environmental parameters such as temperature and
humidity have been found to have a significant effect on the
coda wave portion, and structures such as bridges are fully
exposed to environment [28]. Yuxiang Zhang et al. [29] pro-
posed a thermal bias control technique by using a second
(reference) specimen. They concluded that their technique
could reduce the bias from both stress effects and environ-
mental temperature fluctuations [29]. Fröjd andUlriksen [28]
used the Mahalanobis distance to distinguish between signal
changes stemming from damage and the environment.

2 Research Significance

This paper proposes a coda wave comparison (CWC) tech-
nique based on magnitude-squared coherence (MSC) of
ultrasonic signals formonitoring internal stresses in concrete.
In this technique, the entire recorded ultrasonic waveform is
used, not relying on an arbitrary window. Through a series of
laboratory experiments, the proposed technique was found
capable of discriminating minute changes in the internal
stress in concrete. Additionally, the methodology was eval-
uated during an in-service bridge load test where the MSC
value correlated directly with the internal forces of the tested
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members. In conclusion, ultrasonic monitoring in conjunc-
tion with CWC represents a promising technique to monitor
internal stresses. In this study, the environmental effects were
minimal and therefore not considered since the testing time
was only on the order of a few minutes.

3 Methodology

3.1 MonitoringMethodology

Our proposed monitoring methodology is based on ultra-
sonic stress wave measurements, which are taken at selected
intervals. Figure 1 illustrates the fundamental idea on a sim-
ple setup with one transmitting (T) and one receiving (R)
piezoelectric transducer. The option exists to employ a net-
workof sensors,whichwould allow for spatial discrimination
of changes. While the transmitted pulse is selected by the
operator and thus assumed to be constant, the received (or
recorded) waveforms will change if the material experiences
an internal change. This approach is different from the acous-
tic emission (AE) monitoring technique in that it is an active
process. AE monitoring is passive and records stress waves
released due to sudden processes such as cracking or friction.

Subsequently, a mathematical framework is presented for
our proposed monitoring approach and a waveform compar-
ison technique that allows monitoring for minute and slowly
varying changes in concrete.

Fig. 1 Illustration of proposed ultrasonic monitoring methodology.
Only one transmitting (T) and one receiving (R) transducer are shown
for simplicity

3.2 CodaWave Comparison

Our proposed coda wave comparison (CWC) technique
attempts to correlate observed changes in recorded ultrasonic
signals with internal structural changes that develop in con-
crete. This paper focuses on the changes that manifest due to
changes in the interior stresses. In this technique, the entire
waveform, including both the first arrival and the coda por-
tion of the wave, is used in order to avoid having to select an
arbitrary window. The measurements performed in this tech-

nique can be mathematically described using a signals and
system’s framework as ameasurement chain of the following
form [30]:

R(t) � S(t) ∗ T FG(t) ∗ T FT (t) ∗ T FDAQ(t) (3)

where R(t) is the recorded digitized signal, S(t) describes the
transmitted pulse (i.e. source), TFG(t) is the Green’s function
describing stress wave propagation effects in the medium,
and TFT (t) and TFDAQ(t) are the impulse responses of the
transducers and the data acquisition unit, respectively. The
four elements are linked in the time domain via convolution,
which is denoted as “*”. When high-fidelity components are
used that have a flat response over the range of frequencies
of interest, the respective element in the measurement chain
has a theoretical value of TFx(t)�1, which means it can be
neglected. Assuming that high-fidelity system components
are used, and the coupling of the transducers does not change
over time, Eq. (3) reduces to:

R(t) � S(t) ∗ T FG(t) (4)

In the case of our proposed ultrasonic monitoring approach,
S(t) does not change over time, andwe can therefore attribute
the observed differences betweenmeasurements, R(t), solely
with changes in the Green’s function, TFG(t), and hence with
changes occurring in thematerial. The changes in the interior
stresses cause minute relocations of the aggregates and even-
tually micro cracking, which affect the propagation of stress
waves through the concrete. This has a particular influence
on the coda portion due to the multiple scattering effect seen
in concrete, resulting in a change of amplitudes, time shifts,
and alteration of frequency content. Mathematically, these
changes may be presented as follows:

�T FG(t) ∝ �σ (5)

where ΔTFG(t) represents the changes inside the concrete
resulting from changes in the interior stress, Δσ . Although
micro cracks are randomly generated, we can assume they
follow a normal distribution in the propagation path of the
stress wave. Also, a change in the location of an aggregate is
assumed to linearly correlate with interior stress. Therefore,
we can assume the changes in concrete vary linearly with
stress. Using this assumption and substituting Eq. (5) into
Eq. (4) we get:

�R(t) ∝ �σ (6)

where ΔR(t) is the change in the recorded signal. In our
proposed CWC technique, magnitude-squared coherence
(MSC) is used, which estimates the strength of the relation-
ship between two random variables in the frequency domain.
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In our case, MSC is used to describe the similarity between
twowaveforms recorded at different levels of stress: Y0 is the
reference waveform recorded at the initial stress condition of
the material and Yi is a waveform recorded at a certain level
of interior stress, σ i. The cross-spectrum [RY0Yi (e jω)] of any
two signals is a complex function of ω, and the normalized
cross-power spectrum is known as the coherence function
[31]:

MSC �
∣∣∣CYoY i (e

jω)
∣∣∣
2 �

∣∣RY0Y i (e jω)
∣∣2

RY0(e jω)RYi (e jω)
(7)

By assuming ΔR(t) can be represented by MSC at the
pulse wavelength, λ, Eq. (7) can be reformulated as:

MSC(λ) ∝ M(λ, A)�σ (8)

where M is a constant that represents the slope of the linear
relationship between the MSC and �σ . This constant is also
function of thewavelength (λ) of the source and the aggregate
effect (A) for a specific specimen or member. Small wave-
lengths are more sensitive to micro cracks and relocation
of the aggregates and the maximum size of the aggregate
influences the interaction of the ultrasonic wave with the
aggregates, which is discussed in section “Laboratory Exper-
iments”. MSC takes values between one and zero. If Y0 is
equal to Yi, the MSC value is equal to one, which implies
there is no difference between the signals; otherwise, it is less
than one and greater than or equal to zero. In other words,
a value of one indicates a perfect match while decreasing
values correspond to decreasing similarity between signals.
Also, the M value has always a negative sign because the
MSC decreases from one at the initial conditionwith increas-
ing internal stress [25].

For comparison, the change in the recorded ultrasonic
signal, ΔR(t) can be estimated by using the coefficient of
determination, R2, which is also referred to as the squared
correlation coefficient, ρ2. The correlation coefficient is also
known as the Pearson correlation coefficient and represents
a measure of the strength of the relationship between two
random variables by using linear regression [32]. It can be
calculated by using:

ρY0,Yi � ρ � COV (Y0,Yi )

σY0σYi
� σY0,Yi

σY0σYi
(9)

R2 � ρ2 � M(λ, A)�σ (10)

Since the coefficient of determination estimates the differ-
ence between the signals in the time domain, estimating the
time lag between the signals is critical. For this purpose, cross
correlationwas applied on the full waveform signals by using
Eq. (1). The waveforms were adjusted by shifting each signal

by its time lag before calculating R2, resulting in what we
refer to as the adjusted coefficient of determination, R2’.

4 Laboratory Experiments

For all experiments, we utilized two Panametrics V103
normal-wave transducers, using one as a transmitter (T) and
the other one as a receiver (R), as illustrated in Fig. 1. The
transmitter was connected to a BK Precision 4053 arbi-
trary waveform generator, which produced a 100 or 50 kHz
Morlet-type pulse (see Fig. 6) at 20 Vpp. These frequen-
cies have been reported in the literature (see e.g., Fröjd and
Ulriksen [33]) and were found suitable for our experiments
as well. Both transducers were coupled to the concrete using
hot glue and connected to a high-speed data recorder (Elsys
TraNET FE) to record both the transmitted and recorded
waveforms. The recorder triggered on the transmitted sig-
nal in order to record 32,768 samples at a sampling rate of
10 MHz (with 500 kHz low-pass anti-aliasing filters), which
ensured that both the coherent as well as the coda portions
of the recorded waveforms were fully captured. The number
of pre-trigger samples equaled 10% of the total number of
samples. All laboratory specimens were loaded using a pro-
grammable 1112-kN-capacity (250-kip-capacity) hydraulic
concrete cylinder compression-testing machine (Forney LP)
with a loading rate of 0.156 kN/s (35 lb/s).

4.1 Test Specimens and Loading Protocols

4.1.1 Test 1: Monotonically-Loaded Cylinder

The goal of this test was to evaluate if the proposed CWC
technique is able to capture an applied compressive stress
and to investigate the aggregate effect on the results by
varying maximum aggregate size. For this purpose, two con-
crete cylinders (152×305 mm (6×12 in)) were cast and
tested, and found to exhibit a similar ultimate stress. How-
ever, each cylinder had a different maximum aggregate size.
These cylinders were named as Specimen C1 and C2. In this
test, the cylinders weremonotonically loaded in compression
up to failure. A pitch-catch setup (illustrated in Fig. 1) was
used during loading and is shown in Fig. 2. The transducers
were attached at mid-height of the cylinders. A pulse with
a 100 kHz central frequency was used with a pulse repeti-
tion frequency (PRF) of 31.74 Hz to ensure high-resolution
continuousmonitoring and compatibilitywith the data acqui-
sition unit on the compression machine.

4.1.2 Test 2: Stepwise-Loaded Prism

The goal of this test was to investigate the effect of pulse
frequency (or wavelength, λ) on the results of the CWC, as
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Fig. 2 Photo of experimental test setup for Test 1

Fig. 3 Illustration of experimental setup for Test 2 and the results of FE
simulation at an applied load, P �Pult (Color figure online)

well as to show the ability of the CWC technique to detect
changes in internal stresseswhen the transducers are attached
to an unstressed surface. In this test, two concrete prismswith
the same dimensions of 152×152×533 mm (6×6×21 in)
were used, coming from the same batch. They were partially
loaded about the centerline on a 152×152 mm (6×6 in)
loading area and the same pitch-catch and setup as used in
Test 1 was employed, as illustrated in Fig. 3. The result of a
finite element (FE) simulation for this specimen showed that
the stresses at the location of the transducers are near zero at
the ultimate load level, as shown in Fig. 3. The first prism (P1)
was loaded up to 40% of ultimate stress by four loading steps
where each load increment equaled 10% of ultimate stress.
During each loading step, the load was held and six pulses
were transmitted: three at 50 kHz and three at 100 kHz. The
second prism (P2) was loaded up to 80% of ultimate stress.
Like the first prism, the load was increased in steps and each
step equaled 10% of ultimate stress. Three pulses at 100 kHz
were transmitted during load holding.

4.2 Results

4.2.1 General Observations

Asexpected, the recordedwaveformswere found to be longer
and more complicated than the transmitted pulse due to the

heterogeneity of the concrete and specimen size. Figure 4a
shows threewaveforms recorded at different levels of applied
stress for Specimen C2.

It can be observed that not all portions of the wave are
affected the same way by an applied stress. The earlier
(coherent) portion of the waveform (Fig. 4b) is less affected
by changes in applied stress than the later (coda) portion
(Fig. 4c). The coherent portion does not show any notice-
able change due to the increase of the applied stress in low
stress cases (up to 40% of ultimate stress). A phase shift is
only apparent at the 80% of ultimate stress level. Figure 5
confirms that there is no change in the time of flight (TOF),
which considers only the coherent portion of the waveform,
until approximately 70% of ultimate stress (vertical dashed
line) is reached. This explains why traditional techniques,
for instance the pulse velocity test [34], are not capable of
capturing changes in applied stress under service-level con-
ditions.

On theother hand, the codawaveportion showshigh sensi-
tivity to changes in applied stress for any level (Fig. 4c)where
these changes appear as changes in amplitude, frequency, and
time shift. Figure 6, in addition to showing the transmitted
pulse in the time domain (Fig. 6a), also shows examples in the
frequency domain (Fig. 6b) of the three recorded signals pre-
sented in Fig. 4. Although the recorded waveforms contain
the same range of frequencies as the transmitted pulse, each
recorded wave showed an uneven attenuation in this range of
frequencies due to the nonlinearity of concrete response as
shown in Fig. 6b. In addition, this attenuation was influenced
by the load (stress) level, but the relationship between the load
level and amount of the attenuation could not be extracted
directly. Therefore, MSCwas used to determine and evaluate
the changes in the recorded wave (in the frequency domain)
due to the stress effects.

In order to evaluate the noise of the system on the MSC
calculations, 100 pulses were transmitted at the zero stress
level in all specimens and evaluated. The error in the MSC
value was found to be 0.0003; therefore, the system’s noise
can be neglected. This also proved that the decrease in the
MSC value is a result of the change of applied stress.

4.2.2 Test 1: Monotonically-loaded Cylinder

Results of Different Waveform Comparison Parameters
The ultimate stress of Specimen C1 was 24.1 MPa
(3500 psi), which is a typical concrete strength used in
reinforced concrete structures. For correlating the applied
stress and the changes in the recorded waveforms, Eqs. (8)
and (10) were applied and the results are presented in Fig. 7a.
The results show that both R2 and MSC(λ) are a function of
applied stress, and exhibit a linear relationship up to 30% of
ultimate stress. After this limit, the time shift between the
full waveforms has a large influence on the results of R2,
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Fig. 4 Three samples of
recorded waveforms from
Specimen C2 for different levels
of applied stress. a Entire
recorded waveforms. b Sample
window from the coherent
portion. c Sample window from
the coda portion (Color figure
online)

Fig. 5 �TOF versus normalized stress for specimen C2

since the R2 compares between signals in the time domain.
This time shift was calculated for full waveforms by using
Eq. (1), and the results are presented in Fig. 7b. To conclude,
the R2 is more sensitive at higher stress levels compared to
MSC(λ) due to its sensitivity to the observed time shift in the
recorded waveforms. In order to exclude the effect of time
shift, the signals were shifted in the time domain, to produce
the adjusted coefficient of determination (R2’). The results
of R2’ match the MSC(λ) curve almost perfectly, as can be
seen in Fig. 7a. In conclusion, the results of MSC(λ) and R2

are the same after excluding the time shift in the signals.
Some recorded signals showed a superposition between

the pulse response and spontaneous acoustic emissions due
to the imposed loading, which had an unwanted influence on
the results ofR2. In order to exclude the signals that contained
the acoustic emission (AE) hits, the energy filter presented in
[7] was applied to all recorded signals. On the other hand, AE
hits did not affect the MSC(λ)’s results. Therefore, only the
MSC(λ) results are presented and discussed subsequently.

Influence of Mechanical Properties The ultimate stress of
concrete cylinder Specimens C1 and C2 was 25.3 and
24.1MPa (3670 and 3500 psi), respectively. Figure 8a shows
the relationship between MSC(λ) and normalized applied
stress for these two concrete cylinders and one specimen
from tests described in [25]. These specimens were tested
using the same experimental setup, pulse frequency, and
reached approximately the same compressive strength, but
had different maximum aggregate sizes. The results show a
linear relationship between MSC(λ) and applied stress up
to approximately 55% of ultimate stress. In addition, each
specimen has a particular slope M, for the linear portion of
the MSC(λ)-applied stress relationship. In Fig. 8b it can be
observed that the MSC(λ) curves were similar in the linear
portion for specimens (up to 55% of ultimate) with the same
aggregate size and for varying compressive strengths rang-
ing from 22.6 to 29.1 MPa (3280 to 4220 psi). To conclude,
the slope of the linear portion is mainly influenced by the
maximum aggregate size and not by compressive strength.

Effect of Sampling Frequency A relatively high sampling
frequency is required when working with ultrasonic waves
in concrete since typical pulse frequencies are in the range
of 20–150 kHz. As discussed earlier, this pulse frequency
range is suitable for monitoring the changes of the diffuse
portion of signals from concrete [33]. Using a high sam-
pling frequency, however, increases the amount of data and
requires high-speed data acquisition systems, thus increasing
the overall computational cost,which can becomeprohibitive
in a field setting. Decreasing the sampling frequency from
10 MHz to 500 kHz using by numerical downsampling does
not influence the MSC(λ) results as shown in Fig. 9, which
is demonstrated by the perfect match between them. To con-
clude, CWC is able to capture changes with relatively low
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Fig. 6 a Transmitted pulse in the time domain. b Waveforms in frequency domain: transmitted pulse and three recorded waveforms at different
levels of applied stress. The recorded waveforms were normalized according to the maximum spectra amplitude of the reference signal (blue curve)
(Color figure online)

Fig. 7 Different waveform comparison parameters versus normalized applied stress for specimen C2. a MSC(λ), R2, and R2’ versus normalized
stress. b Time shift (doublet technique) and dv/v (stretching technique) versus normalized stress (Color figure online)

Fig. 8 MSC(λ) versus normalized applied stress. a Varying maximum aggregate size. b Varying compressive strength [25] (Color figure online)

sampling frequencies, without the need for post-acquisition
oversampling.

Linear Regression A linear regression curve-fit with 95%
confidence intervals was applied to the results of Specimens
C1 and C2 over the range of 0 to 55% of ultimate stress, as
shown in Fig. 10. It can be observed that all data points are in
range of the prediction intervals. The confidence intervals are
not shown because the large number of samples, which effec-
tively collapses them onto the fitted line. It can be observed

that a moderate linear relationship exists between MSC(λ)
and applied stress where the R2 for the linear fit for Speci-
mens C1 and C2 is equal to 0.987 and 0.993, respectively.
In addition, the root-mean-square error (RMSE) was negli-
gible for both specimens and the p value was zero for all
specimens, as shown in Table 1, which indicates the high
statistical relationship.

This demonstrates that Eq. (8) is applicable for relating the
changes in applied stress with changes in the coda wave for
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Fig. 9 Effect of decreasing the sampling frequency on the CWC results
for specimen C2

the stress range of approximately 0–55% of ultimate stress.
Beyond that value, the time shifts have an over-proportional
effect on the changes in the recorded waveform. Table 1
shows the results of using the CWC technique by applying
Eq. (8), and presents the computed test coefficient, M.

4.2.3 Test 2: Stepwise-Loaded Prism

For the concrete prisms, nine MSC(λ) values were obtained
at each load level, consisting of three pulses with the same
wavelength. The variance of these values was found very
small, as shown in Fig. 11. Also, there was no noise effect
from either inside or outside the system since the calculation
of MSC(λ) depends on the frequency of the recorded wave-
forms. This test demonstrates that changes in the interior
stress can be detected using our proposed CWC technique

when the changes are within the propagation path of the
wave. Changes in the interior stress do not have to extend to
the surface to which the transducers are attached (see Fig. 3),
which is an advantage compared to sensors that are attached
to the surface such as strain gauges. The results of the first
prism (P1) show that the sensitivity of theMSC(λ) valueswas
influenced by the wavelength, which is a function of pulse
frequency assuming a p-wave velocity of3600 m/s (141,000
in/s). The pulse with the smaller wavelength was more sensi-
tive to changes in interior stress than the larger wavelength,
as shown in Fig. 11a, b. When the applied load increased
from 10 to 40% of ultimate stress, the MSC(λ) decreased
from 0.88 to 0.6 for λ �36 mm (1.41 in), where decrease
for λ �66 mm (2.62 in) was from 0.88 to 0.85. Moreover,
the R2 of the linear fit for the results of the MSC(λ) for the
shorter wavelength was higher, as shown in Table 2.

For Specimen P2 (see Fig. 11c), the results show the high
sensitivity of the MSC(λ). Increasing the applied load from
10 to 80% from ultimate stress, the MSC(λ) decreased from
0.78 to 0.2. The sensitivity of this test is very close to the
sensitivity of Specimen P1 due to wavelength similarity in
both cases. The results also show that the relationship is linear
between the change in the MSC(λ) value and the change in
the applied stress, as shown in Fig. 11c.Although the linear fit
for the results shows one slight deviation at a load of 60% of
ultimate, R2 �0.988, as shown in Table 2. The relationships
are statistically highly significant with near-zero p-values.

4.2.4 Final Remarks Regarding Laboratory Tests

The MSC(λ) curves typically show a sharp drop at the
initial loading phase. This phenomenon appears only in a

Fig. 10 Results of the linear regression for MSC(λ) versus normalized applied stress. a Specimen C1. b Specimen C2 (Color figure online)

Table 1 Regression results for
specimens C1 and C2

Specimen Max. size of
aggregate (in)

M R2 p-value RMSE SE Numbers
of samples

C1 1/2 −0.3963 0.987 0 0.00683 0.00116 1692

C2 7/16 −0.2513 0.993 0 0.00283 0.00055 1500
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Fig. 11 MSC(λ) versus normalized applied stress for specimens P1 and P2. a Specimen P1, λ=66 mm (2.61 in). b Specimen P1, λ=36 mm (1.41
in). c Specimen P2, λ=36 mm (1.41 in) (Color figure online)

Table 2 Regression results for concrete prisms

Specimen Wavelength
(in)

M R2 p-value

P1 2.61 −0.06991 0.62 1.24e−08

P1 1.41 −0.9496 0.99 1.12e−35

P2 1.41 −0.7895 0.988 2.07e−68

laboratory setting when a hydraulic machine is used to apply
the load. It is likely associated with the initial contact of the
loading cap and settling and in some regard another testament
to the sensitivity of our proposed approach.

5 Field Test

5.1 Description of Load Test

The objective of the field test was to demonstrate our pro-
posed CWC technique’s sensitivity to capturing internal
changes in tensile and compression stresses in real structural

concrete members. A prestressed concrete bridge located on
the I-84 Highway near Echo, Oregon undergoing in-service
load testingwas selected for this purpose. The bridge consists
of three non-continuous spans with lengths of 12.2, 24.4, and
12.2 m (40, 80, and 40 ft.). The superstructure of the bridge
is made of prestressed concrete girders and a reinforced con-
crete deck slab as shown in Fig. 12a, b. This bridge is part of
the FHWALong-TermBridge Performance (LTBP) program
where 42 sensors were already mounted for monitoring the
long-term performance of the bridge. In July 2017, FHWA
calibrated themonitoring systemby performing an in-service
load test (see Fig. 12c) and invited us to participate.

Loaded water tank and dump trucks were used and weight
information are listed in Table 3. During the loading process,
a pitch-catch setup was used to capture changes in applied
stress in one interior girder (Fig. 12d) that was a part of the
external span. Additionally, the stress in one of the bent’s
columns was monitored (see Fig. 12a). Consistent with the
type of structural member, the tests are subsequently referred
to as girder test and column test. The same data acquisition
setup used for the laboratory tests was used. Power was pro-
vided by large uninterruptable power supply (UPS) device

Fig. 12 In-service load test on I-84 Bridge near Echo, Oregon. a Photo from road under the bridge showing bent and girders. b Elevation view with
test truck. c Photo of deck with approaching test truck. d Photo of girder with ultrasonic transducer
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Table 3 Weight information for
test trucks Truck Axle

Steer Tandem

Front axle Rear axle

Weight
(kN)
(lbs)

Distance
(m)
(in)

Weight
(kN)
(lbs)

Distance
(m)
(in)

Weight
(kN)
(lbs)

Distance
(m)
(in)

ODOT water truck 77.8
17,500

0
0

81.0
18,200

5.28
208

79.2
17,800

6.66
262

ODOT dump truck 71.8
16,150

0
0

75.2
16,900

4.47
176

72.7
16,350

5.79
228

Table 4 Truck stop locations for girder test (see Fig. 12b)

Stop case 1 2 3 4 5 6 7 8 9 10 11 12 13

Steer axle position,
x (m) (ft)

36.6
120

37.8
124

39.0
128

39.6
130

41.5
136

42.7
140

44.5
146

45.7
150

47.5
156

48.8
160

50.6
166

53.6
176

54.9
180

Table 5 Truck stop locations for column test (see Fig. 12b)

Stop case (interior span) 1 2 3 4 5 6 7 8 9

Steer axle position, x (m)
(ft)

12.2
40

15.2
50

18.3
60

20.1
66

23.2
76

25.0
82

28.7
94

32.3
106

36.0
118

Stop case (exterior span) 10 11 12 13 14 15 16 17

Steer axle position, x (m)
(ft)

39.0
128

39.6
130

41.5
136

44.5
146

45.7
150

48.8
160

50.6
166

53.6
176

battery connected to a fuel-powered generator. The UPS
device also ensured a clean power signal.

For the girder test, the transmitting and receiving transduc-
ers were attached to the mid-thickness of the bottom flange
at the centerline of the girder (see Fig. 12d). A water tank
truck crossed the bridge starting from the beginning of the
right exterior span with 13 stop points, as shown in Table 4.
Throughout the loading process, which consisted of mov-
ing and stopping of the truck, a 50 kHz Morlet-type pulse
was sent from the transmitter every 20 ms and recorded at
a sampling frequency of 10 MHz. This test was performed
twice.

For the column test, the transducers were located at the
mid-height of the column in the short direction, which was
0.91 m (36 in), as illustrated in Fig. 12a. A water tank truck
and dump truck side-by-side crossed the interior span (24.4m
(80 ft span)) nine times and the exterior span (12.2 m (40 ft))
eight times as shown in Table 5. Because of the difficulty of
making the trucks moving and stopping together, the dump
truck was moved first and stopped at a stopping point and
waiting for the water tank truck to catch up. In this test,
a 50 kHz Morlet-type pulse was used as well. The pulse
repetition frequency and sampling frequency was 3 Hz and
3.3 MHz, respectively.

5.2 Results and Discussion

The results of the MSC(λ) of these tests as a function of test
time are presented in Fig. 13. The thirteen and the seven-
teen stops of the trucks can be distinguished in this figure
for both girder and column tests, respectively. In addition,
several sharp drops in the MSC(λ) curve (highlighted with
red circles) can be observed that occur when the truck arrives
at a stop location. This phenomenon is likely related to the
transient vibrations induced by the truck when the driver hits
the brakes to stop. Using a pulse with 50 kHz central fre-
quency was found suitable to monitor the change in applied
stress due to the weight of the trucks, where the MSC(λ)
varied between 1.0 (unloaded) to 0.57 and 0.3 (maximum
load) for column and girder tests, respectively. The column
test and previous tests presented in this paper demonstrate the
capability of the proposedCWC technique tomonitorminute
changes in compression stresses. Additionally, the girder test
shows the same the capability to sense a change in tension
stresses. Unfortunately, no deformation measurements were
available for direct comparison. An estimate of themaximum
tensile strain in the girder during loading is 10 με. This was
confirmed as a reasonable value with the bridge owner and
based on readings available at other locations.
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Fig. 13 MSC(λ) versus test time. a Girder test. b Column test. Red circles indicate drops in the MSC(λ) curve when the test trucks arrived at a stop
location (Color figure online)

Fig. 14 Normalized MSC(λ) versus steering axle position. a Girder test. b Column test (Color figure online)

Fig. 15 Normalized MSC(λ) versus normalized �σ. a Girder test. b Column test (Color figure online)

Since the truck is a moving load, the influence line can
be used to correlate changes in the internal force and corre-
sponding stresses at that location of the bridgewith respect to
the truck position. Therefore, the influence line for the bend-
ing moment in the girder and the axle force in column for
each truck stop location were computed using a conventional
moving load analysis. From the influence line for the bending
moment, the influence line of the change in tensile force in
the bottom flange of the girder was obtained. The influence
line of the change in compression force in in the column was
determined from the influence line for the steer truck axle
load. Figure 14 shows the normalized change in stress (col-

umn and girder bottom flange) and the normalized change in
MSC(λ). The results show that the MSC(λ) values correlate
verywell with changes in the internal stresses, which demon-
strates the ability of the proposed CWC technique to capture
minute changes in internal stress. The MSC(λ) results for
the two girder tests were in excellent matching, as shown in
Fig. 14a, indicating robustness of the CWC’s results. More-
over, CWC can monitor the unloading cases, when the truck
passes the maximum stress location. Finally, for the girder
test, it can be observed that the MSC(λ) value returns to the
original value as shown in Figs. 13a and 14a, indicating that
no residual stress or damage has occurred due to the loading.
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For the column test, the residual stress could not be investi-
gated because the DAQ ran out its storage memory capacity
to complete the test.

Linear regression curve-fitswith 95%confidence intervals
were applied to the results to estimate the accuracy of the
CWC technique. Figure 15 shows that all MSC(λ) results for
the columnandgirder tests are located in the confidence inter-
val limits except for two points of the column test. However,
these two points are still located within the prediction inter-
vals. Additionally, a linear relationship between the MSC(λ)
results and applied stress can be assumed, since the coef-
ficients of determination R2, are equal to 0.996 and 0.999
for column and girder tests, respectively, and the root mean
square error RMSE, for the column and girder tests are equal
to 0.0249 and 0.0129, respectively. Finally, the p-values were
found to be near zero, indicating that statistically significant
relationship exists.

6 Conclusions

The results presented in this paper demonstrate the abil-
ity of our proposed CWC technique to relate changes in
an ultrasonic stress wave to changes that occur in concrete
due to internal stresses. In the proposed technique, a wave
similarity parameter based on magnitude-squared coherence
evaluated at a specific wavelength, MSC(λ) is used to mea-
sure the similarity between recorded ultrasonic waveforms
in their frequency domain. Similarly, the time-shift-adjusted
squared correlation coefficient, R2’ produces the same results
as MSC(λ). Both MSC(λ) and R2’ show a linear relationship
with the applied stress up to a specific limit which depends
on a number of variables but can be assumed to be at least
50%of ultimate stress. Linear regression produced a test con-
stant, M, which represents the slope of the MSC(λ) versus
applied stress relationship, and can thus be interpreted as a
measure of sensitivity. The results showed that M depends
on the maximum size of the aggregate more than the com-
pressive strength of concrete, in addition to the dependence
on the wavelength of the transmitted pulse. The sensitivity
of the MSC(λ) parameter increased with decreasing wave-
length. The proposed CWC technique was also validated in
a field setting where it was found to correlate extremely well
with the internal stresses at the sensor locations. The CWC
technique exhibits two advantages over the more established
coda wave interferometry (CWI) approach and traditional
deformation measurements such as strain gauges. First, no
arbitrary windows need to be selected for CWC since the
entire waveform is used. Second, using a sampling frequency
equal to five times the pulse frequency is good enough to pro-
duce accurate relations between MSC(λ) and applied stress.
Finally, compared to traditional deformation sensors, ultra-
sonic monitoring using the CWC technique can measure

changes in the internal stress that are not observable on the
surface of a member. Future work includes evaluating the
technique’s ability to measure residual stresses and other
changes such as deterioration mechanisms.
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