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Highlights

o The correlation between concrete stress and R-wave velocity was clarified.
o Concrete stress was evaluated using the measured R-wave velocity.
o The proposed method is non-contact and suitable for in-service structures.

ABSTRACT: Concrete stress is a critical indicator for evaluating the performance of concrete structures. To achieve
non-contact testing of concrete stress, this study analyzed the propagation of laser-generated Rayleigh waves (R-wave)
in concrete. A correlation model was established between the concrete stress and the R-wave velocity. To validate the
theoretical analysis, ultrasonic experiments were conducted. The experimental results demonstrated that the stress
history of concrete determines whether a stable linear relationship exists between the stress and the R-wave velocity.
Additionally, the acoustoelastic coefficient of concrete was found to vary with its age. Based on these findings, a concrete
stress evaluation method based on the R-wave velocity was proposed. When the stress was less than or greater than
16 MPa, the testing error was less than 8 or 2 MPa, respectively. Theoretical and experimental results demonstrated
the feasibility of the proposed method, providing a promising solution for the non-contact stress testing of in-service
concrete structures.
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1 Introduction
1.1 Motivation

Concrete, characterized by its low cost and ease of acquisition, is widely used in infrastructure, such
as bridges, dams, and buildings. Subject to loads and environmental factors, the performance of concrete
deteriorates, compromising structural strength and safety [1]. Besides, as structures age, they may not be
able to withstand increasing demands. As a result, there is an increasing need to reinforce or extend in-
service structures [2]. Such reinforcement and extension require an accurate assessment of the structural

performance [3]. Since concrete stress is a critical indicator for evaluating the performance of concrete
structures [4], researchers have proposed concrete stress testing methods based on different principles.

1.2 Literature Review

Existing concrete stress testing methods fall into two categories: destructive and non-destructive.
Destructive testing methods include the hole drilling method, the core drilling method [5], and the grooving
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method. These methods offer high accuracy. However, they inevitably damage the concrete, leading to stress
concentration and redistribution [6]. As a result, the application of destructive testing methods is limited.

Non-destructive testing methods for concrete stress are primarily based on the acoustic emission phe-
nomenon, the nonlinear ultrasonic wave theory [7], the ultrasonic coda wave theory, and the acoustoelastic
effect. The acoustic emission method is a passive testing method, particularly suited for monitoring stress
variations [8]. This method evaluates concrete stress by observing the elastic waves generated by stress release.
The correlation between stress and acoustic emission signals is influenced by material properties and loading
patterns. Thus, for the acoustic emission method, establishing an accurate correlation model is challenging.
Additionally, the acoustic emission method is highly sensitive. Stress, microcracks, and environmental
vibrations can trigger acoustic emissions. To enhance testing accuracy, machine learning algorithms can be
employed for signal processing and stress evaluation.

The nonlinear ultrasonic wave method uses the nonlinear effects that are generated during wave propa-
gation to identify microdamage and stress variations. Compared to traditional linear ultrasonic methods, the
nonlinear ultrasonic method is more sensitive to minor stress variations. Research on nonlinear ultrasonic
testing of concrete stress focuses on three aspects: nonlinear ultrasonic signal acquisition, signal processing
and feature extraction, and stress evaluation based on nonlinear characteristics [9]. These three issues have
been partially addressed. The nonlinear ultrasonic wave method has been applied to concrete stress testing.
However, due to its high sensitivity, the nonlinear ultrasonic method’s ability to resist interference needs
improvement [10].

The coda wave method identifies stress variations by analyzing changes in coda waves resulting from
multiple scattering. Like the nonlinear ultrasonic wave method, the coda wave method can identify minor
stress variations. The coda wave method has minimal testing environment requirements and good adaptabil-
ity. Therefore, it has been applied in practical engineering. However, coda waves are susceptible to concrete
heterogeneity. Factors such as aggregate distribution, voids, and cracks can influence the propagation of the
coda wave. With the expansion of microcracks, the testing accuracy of the coda wave method decreases
rapidly [11]. Consequently, the coda wave method is better suited for testing low-stress concrete.

The acoustoelastic effect demonstrates the correlation between the applied stress and the velocity of
elastic waves in solids [12]. Stress testing methods based on the acoustoelastic effect have been applied to
steel, concrete, and orthotropic materials. Traditionally, these methods rely on longitudinal waves and shear
waves [13]. These waves are typically generated and collected by piezoelectric transducers [14], which are
difficult to install on curved surfaces. Additionally, the performance of the coupling agents, used to transmit
waves from transducers to concrete, is influenced by environmental conditions [15]. In practice, selecting
suitable coupling agents is challenging.

To overcome the limitations of the stress testing methods based on the acoustoelastic effect, laser
ultrasonic technology [16] has been employed. Laser-generated Rayleigh waves (R-wave) are generated
by irradiating a non-piezoelectric body. The laser-ultrasonic technology enables non-contact excitation
and collection [17]. This approach eliminates the need for coupling agents, making it suitable for harsh
environments and complex structures. Unlike piezoelectric transducers, the shape and size of the laser can be
adjusted to ensure high spatial resolution and accuracy [18]. Although research on concrete stress testing via
R-waves has been conducted, most studies focus on piezoelectric transducers [19]. Systematic investigations
of concrete stress testing based on the laser-generated R-wave are lacking. Achieving non-contact testing of
concrete stress remains challenging. In view of this, this study investigates the non-contact testing of concrete
stress via the laser-generated R-wave.
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1.3 Contribution

In this paper, the propagation of R-waves in concrete and the acoustoelastic effect under uniaxial stress
were analyzed. Ultrasonic experiments were conducted. The influence of concrete properties, stress, stress
history, and concrete age on the R-wave was clarified. A concrete stress evaluation method was proposed and
verified. The main contributions of this paper to the published literature are summarized as follows:

(1)  Concrete stress testing based on the acoustoelastic effect employs piezoelectric transducers to generate
and collect ultrasonic waves. However, these transducers require high surface flatness of the test
object and offer limited spatial resolution due to their physical dimensions [20]. To overcome these
limitations, this study employed laser ultrasonic technology to generate and collect R-waves. A stress
testing method via the laser-generated R-wave was proposed, achieving non-contact testing of concrete
stress. The proposed method is suitable for curved surfaces and achieves a millimeter-scale spatial
resolution. As a result, the applicability and accuracy of the stress testing based on the acoustoelastic
effect are enhanced.

(2) Stress testing methods based on the acoustoelastic effect rely on longitudinal waves and shear
waves [21]. However, the application of bulk wave-based testing is not optimal for large-volume
concrete structures [22]. Given this, the propagation of R-waves in concrete and the acoustoelastic
effect under uniaxial stress were analyzed. A concrete stress evaluation method based on the measured
R-wave velocity was proposed. As a surface wave, the stress testing via the laser-generated R-wave
enables single-sided testing. Thus, the applicability of the stress testing based on the acoustoelastic
effect extends from small-volume to large-volume concrete structures.

1.4 Organization of the Paper

The rest of this paper is organized as follows: Section 2 analyzes the propagation of R-waves in concrete
and derives the correlation between the concrete stress and the R-wave velocity. Section 3 details the design
of ultrasonic experiments for concrete stress testing. Section 4 discusses the influence of concrete properties,
stress, stress history, and concrete age on the R-wave. A concrete stress evaluation method is proposed
and verified.

2 Theory Background

Concrete is generally subjected to uniaxial stress, under which the acoustoelastic effect of the plane
stress state can be expressed as Eq. (1) [23]. In Eq. (1), Vg is the R-wave velocity, Vgg is the R-wave velocity
when free from stress, Cy is the acoustoelastic coefficient, and ¢ is the uniaxial stress.

(VR = Vro) /Vro = Cro (1

The R-wave velocity is determined by the time of flight (TOF) and the propagation distance. For
determined testing points, the TOF is influenced by the propagation medium and the actual propagation
distance. Concrete is a heterogeneous material composed of gravel, sand, and cement. Considering sand and
cement as a whole (cement mortar), concrete is composed of gravel and cement mortar. The R-wave velocity
in gravel differs from that in cement mortar [24]. This discrepancy can be expressed as Eq. (2), where VRg is
the R-wave velocity in gravel, Vi, is the R-wave velocity in cement mortar, and « is a constant.

VRg = aVRem (2)

As shown in Fig. 1, the gravel is randomly distributed within the concrete. Along different paths, the
proportion of gravel varies, resulting in discrepancies between the calculated R-wave velocities and the actual
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R-wave velocities. As expressed in Eq. (3), this variation in the propagation medium can be converted into a
change in the propagation distance. In Eq. (3), s is the propagation distance, Aspy, is the distance increment
caused by the variation in the medium, and f is the proportion of gravel along the propagation path.

Bs , (1-P)s

a VRcm VRcm

Aspm =

VRcm—s:(1+é)ﬁs (3)

g S X
ical propagation
distance

Actual propagation

distance
Excitation point

Collection point

Cement mortar

Figure 1: Propagation of R-waves in concrete.

Defects that affect R-waves can be categorized into surface defects and near-surface defects. When
a load is applied, existing defects tend to develop. As illustrated in Fig. 1, the surface defects cause wave
scattering, thereby increasing the wave propagation distance. The influence of the near-surface defects on
the propagation distance is expressed in Eq. (4). In Eq. (4), As,sq is the distance increment caused by the
near-surface defects, 7 is the number of the near-surface defects, i is the index of the near-surface defect, spsq;
is the theoretical propagation distance of the i-th defect, y; is the ratio of the actual to theoretical propagation
distance of the i-th defect, f is the magnification factor function, and oy, is the stress history.

Aspsa = Z (Yz - 1) Snsdi f (O" Ghis) (4)

i=1

Similarly, the influence of surface defects on the propagation distance can be expressed as Eq. (5), where
Asqq is the distance increment caused by the surface defects, m is the number of the surface defects, j is the
index of the surface defect, s.4; is the theoretical propagation distance of the j-th defect, #; is the ratio of the
actual to theoretical propagation distance of the j-th defect, and g is the magnification factor function.

Asgq = Z(rlz _1) Ssdj g(O, Ohis) (5)
=1

According to the acoustoelastic theory, the wave velocity is influenced by the material stress. When
the propagation distance remains constant, variations in the wave velocity are reflected in the TOFE. In
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concrete, the actual propagation distance increases when the R-wave travels along the surface of the defects.
To integrate the effects of stress and defects, it is assumed that the intrinsic wave velocity and the propagation
distance remain constant. Thus, the change in the intrinsic wave velocity caused by stress can be equated to an
increase in the actual propagation distance. Under this assumption, the combined effects of stress and defects
influence the TOF of the R-wave, resulting in variations in the measured R-wave velocity. In the following
discussion, the term “R-wave velocity” refers to the measured R-wave velocity.

By combining Eqs. (1) and (3)-(5), the propagation of R-waves in concrete can be expressed as Eq. (6),
where Vgr is the measured R-wave velocity. For in-service structures showing the Kaiser effect [25], the
Asysd> Assg, f, and g are constants. For a determined propagation path, s, Asym, and Vrey are constants.
Subsequently, Eq. (6) can be further simplified, where Vgt is the Vry measured free from stress. Eq. (6)
indicates that once the acoustoelastic coefficient of the R-wave is determined, the concrete stress can be
evaluated based on the measured R-wave velocity.
s(Cr-0+1) Vrr — Vrro

VRT = VR - — = CRO' (6)
S+ ASpm + ASpsd f (0) ahis) + Asgq - g (0', Ghis) o VrTo

3 Experimental Method

Concrete is a heterogeneous material whose physical properties are variable. To validate the theoretical
analysis, ultrasonic experiments on concrete stress testing were conducted.

3.1 Material Properties

In this experiment, the concrete was composed of Portland cement, sand, gravel, water, and a water-
reducing agent. The Portland cement was grade PI 42.5. The content of active admixtures in the cement
was between 5% and 20%, while the content of inert admixtures was less than 5%. The sand had a fineness
modulus of 2.76 and particle sizes smaller than 4.75 mm. The gravel was a mixture of three types with a
ratio of 2:5:3. The particle sizes of these three types of gravel were 5-10 mm, 10-20 mm, and 20-31.5 mm,
respectively. The mass of the Polycarboxylic water reducer was 0.9% of the cement mass. As shown in Table 1,
this experiment employed a single concrete mix design with an anticipated concrete strength of 40 MPa. The
aim was to ensure similar physical properties among all specimens.

Table 1: Concrete mix design (kg/m®).

Cement Sand Gravel Water Water-Reducing Agent
370 756 1136 160 3.33

3.2 Specimens and Loading Procedures

Thirty-six cubic specimens, each measuring 150 mm x 150 mm x 150 mm, were prepared. After casting,
the specimens were cured in the laboratory for 36 h before being demolded. The R-wave velocity exhibits
lesser variation with concrete age when the concrete is older than 15 days [26]. To investigate the R-wave
propagation in concrete older than 28 days, the specimens were cured for 28, 56, and 84 days, respectively.
As shown in Table 2, the specimens were labeled according to their curing time and loading procedures.

To determine the compressive strength and Young’s modulus of the concrete, Group 1 was loaded to
failure at a rate of 0.5 MPa/s. Group 2 remained unstressed, and ultrasonic tests were conducted to evaluate
the influence of the propagation medium and initial defects on the R-wave velocity. The specimen surfaces
in contact with the side formwork were labeled as S1, S2, S3, and S4. Each surface had eight testing paths
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that were free of surface defects. As shown in Fig. 2, the testing paths radiated from the surface center at
45-degree intervals. The testing paths were labeled based on the clockwise angle from the reference path. The
reference path on surface S1 of specimen B28-1 was labeled as B28-1-S1-0. With the collection point fixed at
the surface center, the excitation point moved along the paths. The propagation distance increased from 15 to
35 mm with a step of 5 mm. At each step, the R-wave signal was collected 36 times. Based on the propagation
distance and the measured TOF, the R-wave velocity was calculated.

Table 2: Label of the specimens used in the experiment.

It i
Group Label Loading Procedure v ;f::t)mc Measured Characteristic
1 A28-1~A28-10 Loading to failure No Concrete Properties
2 B28-1/2 Free from stress Yes R-wave velocity
Cyclic load (Max
3 C28/56/84-12-1/2  stress = 12 MPa) & Loading to Yes R-wave velocity
failure
Cyclic load (Max
4 C28/56/84-18-1/2  stress = 18 MPa) & Loading to Yes R-wave velocity
failure
Cyclic load (Max
5 C28/56/84-28-1/2  stress = 28 MPa) & Loading to Yes R-wave velocity
failure
6 D28/56/84-1/2 Loading to failure Yes R-wave velocity

| @ Excitation point
| * Collection point | =

®

Figure 2: Testing paths on the surface of the specimens of Group 2.

Groups 3, 4, and 5 were subjected to cyclic loads with different maximum stresses. Preliminary studies
indicated that the physical properties of the concrete specimens stabilized after four load cycles. Therefore,
in this experiment, the cyclic load consisted of six load cycles. The application of the cyclic loads served
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two objectives. The first was to validate the correlation between the concrete stress and the R-wave velocity,
as expressed in Eq. (6). The second was to clarify the influence of the stress history on the R-wave velocity.
The cyclic loads were applied using a universal testing machine. As shown in Fig. 3, after six load cycles, the
specimen was compressed to failure. For ease of comparison, this final loading procedure was denoted as
Cycle 7. The loading step was 2 MPa, and the loading speed was 0.5 kN/s. At each stress level, the stress was
maintained for 165 s, during which the R-wave signal was collected 36 times.

Loading Compeess to failure ( Cycle7)
- - - Unloading
@ Data collection f

Stress

\ ! 4y Wy 4
Cycle 1i /Cycle 2, Cyele 3, /Cycle 4, Cycle 5):Cycle 6

Loading procedure
Figure 3: Loading procedure of Group 3, Group 4, and Group 5.

3.3 Experimental System Based on the Laser-Generated R-Wave

To conduct the ultrasonic tests, an experimental system based on the laser-generated R-wave was
established. As shown in Fig. 4, the experimental system consisted of a pulsed laser, a lens, a laser vibrometer,
an oscilloscope, a computer, and a universal testing machine. The Q-switched Nd: YAG pulsed laser generated
an R-wave at the excitation point. The pulsed laser had a wavelength of 1064 nm and a pulse width of 1.5 ns.
The excitation frequency was set at 1 Hz, and its peak current was 100 A. The R-wave was generated through
the ablation mechanism, which resulted in negligible micron-scale damage to the concrete. To enhance the
intensity of the incident laser beam, a plano-convex lens with a focal length of 125 mm was attached to the
pulsed laser.

The R-wave was collected by the modular vibrometer, which had a frequency bandwidth of up to
24 MHz and a vibration speed range of +25 m/s. The laser spot diameter was on the micrometer scale. The
oscilloscope, which had a bandwidth of 200 MHz and a maximum sampling rate of 2 GS/s, was used to
visualize the R-wave. The frequency of the signal acquisition was 1 Hz. After filtering out low-frequency noise,
the signal was transformed into a discrete signal comprising 2500 data points. Then, the R-wave data were
stored in the computer.

As shown in Fig. 4, to enhance the signal-to-noise ratio of the measured signal, the vibrometer was
positioned 30 mm from the specimen. The collection laser provided by the vibrometer was perpendicular
to the specimen surface and converged at the surface center. The pulsed laser was positioned 125 mm from
the specimen surface to match the focal length of the lens. To prevent interference between the vibrometer
and the pulsed laser, the excitation laser was set to an incident angle of 15 degrees. The distance between the
excitation point and the collection point was 10 mm, and the connection line was parallel to the compressive
stress. This configuration was implemented to ensure the optimal sensitivity of the R-wave velocity to
stress variations.
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Figure 4: Experimental system based on the laser-generated R-wave.

3.4 Signal Processing

To minimize random errors, the collected discrete signals were averaged. The signal collected before
the application of the load was designated as the reference signal, and the signals collected at different stress
levels served as the comparison signals. These discrete signals can be expressed as Eq. (7), where h (equal
to 2500) is the number of signal sampling points, S;ef. is the continuous reference signal, Siefq is the discrete
reference signal, Scomc is the continuous comparison signal, Scomd is the discrete comparison signal, T is the
time interval between two sample points, and § is the impulse function.

h
Srefd (k) = Z Srefe (t) -0 (t - kT)
k=1

h
Scomd (k) = Z Scomc (t) -6 (t - kT) (7)
k=1

The two discrete signals were denoised using the wavelet transform [27]. For the wavelet denoising,
the threshold selection rule employed a heuristic variant of Stein’s unbiased risk with soft thresholding.
The threshold was not rescaled. Additionally, the wavelet decomposition was performed at five levels using
the sym4 wavelet basis function. After denoising, the delay between the two signals was calculated using
the cross-correlation method [28], which can be expressed as Eq. (8). In Eq. (8), Ak is the artificially added
signal delay, which increases from —h + 1to h — 1. The delay between the two signals is determined when the
maximum value of R(AKk) is achieved. This delay can be expressed as Eq. (9), where Akgpay is the Ak when
R(Ak) reaches its maximum, and AT is the delay in the TOF between the comparison and reference signals.
In this study, the signal measurement duration of the oscilloscope was set to 25 ps. Thus, the resolution of
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the AT was 0.01 us, which was equal to the time interval between two sampling points. Once the TOF of the
R-wave was determined, the R-wave velocity could be calculated using the propagation distance.

h

R(AK) = % [Srera (K) - Seoma (K + AK)] )
k=1

AT = T - Akpmax 9)

4 Results and Discussion

4.1 Concrete Properties of the Specimens

After measuring the dimensions and density, Group 1 was tested according to ISO 1920-4:2020 to
determine the concrete’s compressive strength and Young’s modulus. The average physical properties of these
ten specimens were taken as the representative values. As shown in Table 3, the specimens’ length and width
exceeded the theoretical values due to the limited rigidity of the plastic formwork. The compressive strength
was higher than the theoretical value. Both the compressive strength and the Young’s modulus met the
requirements for the designed loading procedures.

Table 3: Dimensions and physical properties of the specimens.

Label Length  Width Height  Density Young’s Compressive
(mm) (mm) (mm) (kg/m*)  Modulus (GPa)  Strength (MPa)
Theoretical value 150.00 150.00 150.00 2425.33 32.50 40.00
Average value 150.46 150.33 152.05 2432.59 35.16 45.11
Standard deviation 0.32 0.24 0.62 31.75 1.44 1.62

4.2 Influence of Concrete Properties on the R-Wave Velocity

Specimens B28-1and B28-2, which were free from stress, were tested to obtain the R-wave velocity along
different paths. As shown in Fig. 5a, as the propagation distance increased, the R-wave’s TOF increased while
its amplitude decreased. To analyze the relationship between the TOF and the propagation distance, the TOF
increment was calculated.

As shown in Fig. 5b, the maximum standard deviation of the TOF increment was 0.024 ps, indicating
the stability of the R-wave signals. This also demonstrated that averaging the 36 collected R-wave signals
yielded an accurate R-wave signal. The R-wave velocity was determined by dividing the propagation distance
increment by the TOF increment. Along a specific propagation path, the R-wave velocities corresponding to
different excitation points exhibited minor variations. Similarly, on a specific surface, the R-wave velocities
corresponding to different propagation paths also showed variations. These variations were attributed to
the differences in the propagation medium and near-surface defects. As shown in Fig. 5b, a strong linear
relationship was observed between TOF and propagation distance. Linear fitting was performed to obtain
the slope of the TOF-propagation distance relationship, and this slope was considered the R-wave velocity.
As shown in Fig. 6, the R-wave velocities of specimens B28-1 and B28-2 ranged from 3370.2 to 3634.2 m/s.
This indicates that the concrete specimens with the same mix design have similar R-wave velocities.

On one surface, the R-wave velocities corresponding to different propagation paths varied. The range
of variation was minimal on surface B28-2-S2 (48.60 m/s) and maximal on surface B28-2-5S4 (78.70 m/s).
The standard deviation across all surfaces was 24.45 m/s, which corresponded to 0.67%-0.73% of the average
R-wave velocity. Since there were no surface defects on the propagation paths, these differences were
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attributed to the near-surface defects and the propagation medium. Since the paths on one surface had a

similar casting environment, the variation in R-wave velocities was minimal.
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Figure 5: R-waves and TOF increments corresponding to specimen B28-1: (a) R-waves measured at different propaga-
tion distances on path B28-1-51-0; (b) TOF increments corresponding to different paths on surface B28-1-S1.
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Figure 6: R-wave velocities measured along different propagation paths of specimens B28-1 and B28-2.

As expressed in Eq. (6), the evaluation of concrete stress requires determining the R-wave velocity in
the stress-free state. For in-service concrete structures, the principal compressive stress direction can be

easily determined. Therefore, the R-wave velocity measured near the testing point along a path perpendicular

to the principal compressive stress direction can be approximated as the velocity in the stress-free state.
This approximation is supported by two reasons. First, the surface concrete near the testing point has
similar physical properties and stress-free R-wave velocities. Second, the R-wave velocity is insensitive to the
compressive stress when the propagation path is perpendicular to the stress direction [29]. Consequently,
the approximate R-wave velocity in the stress-free state of in-service concrete structures can be determined.
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4.3 Influence of Stress and Stress History on the R-Wave Velocity
4.3.1 Influence of Stress on the R-Wave Velocity

After measuring the initial R-wave velocity in the stress-free state, cyclic loads were applied to Groups
3, 4, and 5. At each stress level, the R-wave velocity was measured. According to Eq. (6), the relative R-wave
velocity was calculated to represent the velocity change. As shown in Fig. 7, the specimens, which were of
the same age and had undergone similar loading procedures, exhibited different R-wave velocities at each
stress level. This variation was attributed to the heterogeneity of the concrete. Despite these differences, for
each specimen, the R-wave velocity varied cyclically with the cyclic load. When the load was applied, the
R-wave velocity changed abruptly. However, this abrupt change did not affect the relationship between the
wave velocity and the concrete stress.
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—e—C56-12-1- - C56-12-2, —e—C56-18-1- ‘o~ C56-18-2,
1051 |=2=c84-12-1- a- c3a-122 105H—c84-18.1- &~ C84-18-2
(=] (=1
E:a 100 Eﬁ
Sy Sy
95
9 0F 85 i 6E
[ 348 &~
-_Stress 432 Stress| E
12 P
Jl6 2 3 2
18 2 38 &
- 0 A - a
Loading procedure Loading procedure
(a) (b)
125 110
120k 28I = C28-282 —s—D28-1- =- D28-2]
OF|—e—C56-28-1- o- C56-28-2 —e—D56-1- - D56-2,
115H=2—C84-28-)- - c84-28-2 105|-/=2—D84-1- »- D§4-2
S =] L I.:_’_\: _::_“. el =
g EM 100 .§ S
& & et ——s -
a0 N l<l\_; e AN e N
(VAN e
95 _‘7 N, =N A AN e
. ~./
s6S 90 8 s
ﬁ§ g EEig
< 135S
2 416 2
2 18 £
- 7] - 0 3
Loading procedure Loading procedure
(© (d

Figure 7: R-wave velocity and compressive stress varied with the cyclic load: (a) Results obtained from Group 3; (b)
Results obtained from Group 4; (c) Results obtained from Group 5; (d) Results obtained from Group 6.

For Group 3, Cycles 1 and 2 induced the development of concrete defects and the changes in the
microstructure, which masked the influence of stress on the R-wave velocity. Consequently, the R-wave
velocity changed irregularly with the cyclic loading. Subject to the cyclic loading, the surface cracks and near-
surface capillary porosity gradually closed. Since the cyclic load did not exceed the fatigue strength of the
concrete, the development of defects and the changes in the microstructure ultimately reached a steady state.
Beginning in Cycle 3, the R-wave velocity was proportional to the stress. The relative variation in R-wave
velocity caused by stress was approximately 8%, while that caused by near-surface defects and the propagation
medium was between 0.67% to 0.73%. This indicated that the heterogeneity of concrete would lead to a stress
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testing error ranging from 8.3% to 9.1%. In Cycle 7, the specimens were crushed. When the stress exceeded
the historical stress, defects developed again. Although the R-wave velocity continued to increase with rising
stress, it no longer exhibited a proportional relationship. As the concrete approached failure, the defects
developed significantly. When defects were present along the propagation path, the increase in TOF due to
defect development outweighed the increase in R-wave velocity caused by stress. This led to a decrease in the
measured R-wave velocity.

Group 4 had similar results to Group 3. After Cycle 3, the proportional relationship between the R-wave
velocity and the stress became evident. For Group 5, the applied load exceeded the fatigue strength. Due to
the limited number of load cycles, no fatigue damage occurred. Consequently, the proportional relationship
was also observed. Group 6, without preloading, was directly compressed to failure. The influences of the
defect development and the increasing stress were coupled, resulting in irregular changes in the R-wave
velocity. These experimental results demonstrate that the proposed stress testing method is applicable to
in-service structures.

To further analyze the relationship between the R-wave velocity and the stress, the experimental results
of specimen C28-12-1 are detailed in Fig. 8. Compared to Group 2, the R-wave signals collected from
specimen C28-12-1 exhibited lower stability due to the universal testing machine. Unlike contact ultrasonic
transducers, the relative position between the vibrometer and the specimen was variable. The specimen
vibrated due to the vibration of the universal testing machine. As a result, the collection laser could not
be fixed precisely at the collection point. Thus, the R-wave signals were collected 36 times and averaged to
reduce errors. As shown in Fig. 8, a proportional relationship between the R-wave velocity and the stress
was observed since Cycle 5. The R-wave measured at 2 MPa exhibited a significant delay compared to that at
0 MPa. Furthermore, as the stress exceeded 2 MPa, the R-wave shifted leftward as the stress increased. The
TOF of the R-wave decreased, while the wave velocity increased. Because the measured R-waves were not
identical, the TOF of the R-waves should be calculated using the cross-correlation method.
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Figure 8: Experimental results of specimen C28-12-1: (a) R-wave velocity varied with stress; (b) R-waves measured in
the loading stage of Cycle 6.

4.3.2 Influence of Stress History on the R-Wave Velocity

To analyze the influence of stress history on the R-wave velocity, Iig. 8a was converted into Fig. 9a.
At the same stress level, the R-wave velocity varied with the number of load cycles, indicating that no
plastic deformation occurred during Cycles 1 and 2. At the end of Cycle 3, the R-wave velocity decreased,
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indicating that plastic deformation occurred during Cycle 3. In subsequent load cycles, the R-wave velocity
measured at the end of each cycle remained constant. As the cyclic loading progressed, the stress-velocity
curve corresponding to each load cycle shifted downward. Starting from Cycle 5, the concrete defects reached
a stable state. When the stress did not exceed the historical maximum stress, the defects did not develop
any further. Consequently, the stress-velocity curve no longer shifted downward, resulting in a stable stress-
velocity relationship. This phenomenon can also be observed in Fig. 9b. With increasing load cycles, the
development of defects caused changes in the R-wave velocity. In Cycle 1, the fluctuations in the R-wave
velocity indicated the presence of elastic defects in the specimen. Beginning in Cycle 2, the velocity measured
at each stress level decreased as the cyclic loading progressed. The rate of velocity decrease slowed and
stabilized since Cycle 5. This stabilization indicated that, since Cycle 5, the specimens exhibited the Kaiser
effect, which indicates that the acoustic properties of concrete remain stable when the applied stress is less
than the historical maximum stress. After stabilization, except for 0 MPa, the R-wave velocity increased with
increasing stress.
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Figure 9: Influence of historical stress on the R-wave velocity of specimen C28-12-1: (a) Variation of the R-wave velocity
with the stress; (b) Variation of the R-wave velocity with the cyclic load.

To evaluate the stress according to the measured R-wave velocity, linear fitting was performed on the
measured R-wave velocity and stress. The data of Cycle 7 were from 2 MPa to the maximum stress of the
cyclic load. The slope of the fitted line was the acoustoelastic coefficient of the specimens. The goodness of
fit (R?) was calculated to evaluate the linearity of the stress-velocity relationship. As shown in Fig. 10a, the
acoustoelastic coefficients varied significantly during the early load cycles. This was due to the concrete not
yet reaching a stable state. Consequently, the proportional relationship between the stress and the R-wave
velocity was poor, resulting in a low R%. As the number of load cycles increased, the acoustoelastic coefficient
stabilized, and the R? began to rise. For Cycles 5, 6, and 7, the acoustoelastic coefficients ranged from 0.16 to
0.26, while the R? ranged from 0.57 to 0.99. The average acoustoelastic coefficient for these three cycles was
0.19, and the average R* was 0.85. This indicates that the influence of the maximum historical stress on the
acoustoelastic coeflicient is negligible.

Based on the acoustoelastic coeflicient corresponding to the loading stage of Cycle 5 of specimen C28-12-
1, the stress of each specimen was calculated using the measured R-wave velocity. The maximum stress applied
to specimen C28-12-1 was 12 MPa, which was less than that applied to other specimens of the same group.
This lower stress may have resulted in differences in the development of initial defects. As shown in Fig. 10a,
the acoustoelastic coefficient used for the stress calculation was higher than that under other conditions.
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Consequently, the calculated stress was generally lower than the actual stress, as shown in Fig. 10b. When
the stress was less than 16 MPa, the stress testing error was less than 8 MPa. When the stress was greater than
16 MPa, the stress testing error was less than 2 MPa. This indicates that, after obtaining the acoustoelastic
coefficient, the concrete stress can be evaluated using the R-wave velocity. In addition, the acoustoelastic
coefficient can be determined by calibrating specimens with identical concrete mix designs. The aim is
to improve the stress testing accuracy by minimizing the influence of the variation in the acoustoelastic
coeflicient [30].

1.0 - — 28
"I'v = C28-12-1 26+
5*‘4 : C28-12-2 ol i
08k LR C28-18-1 | | »l Calculated stress=Actual stress %
: I v (C28-18-2 A (RS
] [ * (28281 =20 SN : 1
06 Data of Cycle 5 to C c]e"/fi * ' < C28-28-2 E 18 F 1 1
- F < ~ 16l 4
~ - Average of Cycle 5 to Cycle 7 % 16 ¢ 3 1
pY & 14F 4 *
S 12} 3 oy
4 3 L M
04 S0k s 3 ', 3 = 28121
3 gl b $ i v o (28-122
8 6 ‘ (] s 3 A (C28-18-1
0.2 i LN I v C28-182
4t RIS SRR B * 28281
2L & b B < (28-28-2
OO 1 1 0 L 3 ¥ ? Y 4 T 1 1 1 1 1 1 1
04 -02 00 02 04 06 08 10 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28
Acoustoelastic coefficient (MPa™!) Actual stress (MPa)
(a) (b)

Figure 10: Acoustoelastic coefficient obtained by linear fitting and concrete stress calculated based on the R-wave
velocity: (a) Acoustoelastic coefficients and R? (symbol size proportional to the number of load cycles); (b) Concrete
stress calculated based on the acoustoelastic coeflicient corresponding to the loading stage of Cycle 5 of specimen
C28-12-1.

4.4 Influence of Concrete Age on Acoustoelastic Coefficients

As concrete ages, its physical properties change due to the progression of the hydration reaction,
which in turn affects the acoustoelastic coefficient. To investigate the influence of concrete age on the
acoustoelastic coefficient, the acoustoelastic coeflicients corresponding to the specimens aged 56 and 84 days
were calculated using the same methodology as for those aged 28 days. These calculations were based on
data collected from Cycles 5 to 7 (except for 0 MPa). As shown in Fig. 11, the acoustoelastic coeflicients
corresponding to specimens of varying ages were different. Due to the heterogeneity of concrete, specimens
of the same age also exhibited different acoustoelastic coefficients. For the specimens aged 56 days, the
acoustoelastic coefficients ranged from 0.23 to 0.44 MPa™!. For Cycles 5, 6, and 7, the average acoustoelastic
coefficient was 0.36 MPa™!, and the average R* was 0.91. For the specimens aged 84 days, the acoustoelastic
coefficients ranged from 0.09 to 0.36 MPa™!. For Cycles 5, 6, and 7, the average acoustoelastic coefficient was
0.15 MPa™!, and the average R* was 0.91. The variation in the acoustoelastic coefficients among the specimens
aged 28, 56, and 84 days indicates a correlation between the acoustoelastic coeflicient and the concrete age.

The stress of the specimens aged 56 and 84 days was calculated based on the acoustoelastic coefficients
corresponding to the loading stage of Cycle 5 of specimen C56-12-1 and C84-12-1, respectively. Due to the
differences in the development of initial defects, the acoustoelastic coefficient used for the stress calculation
was larger than that under other conditions. As a result, the calculated stress was generally lower than the
actual stress. As shown in Fig. 12, for the specimens aged 56 days, the stress testing error was less than 8 MPa.
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For the specimens aged 84 days, the stress testing error was relatively high when the stress exceeded 12 MPa.
This high testing error was primarily attributed to the different stress histories of the specimens.
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Figure 11: Acoustoelastic coefficient and R2 corresponding to specimens with different ages.
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Figure 12: Concrete stress calculated based on the R-wave velocity: (a) Calculated stress of specimens aged 56 days;

(b) Calculated stress of specimens aged 84 days.

The experimental results demonstrate that the acoustoelastic coeflicient of the concrete varies with its
age. Concrete specimens of the same age have similar acoustoelastic coefficients. Therefore, the acoustoelastic
coefficient can be determined by calibrating reserved specimens or specimens extracted from in-service
structures. Besides, the rate of change in concrete physical properties diminishes and stabilizes after a
few years [31]. The acoustoelastic coeflicient will also reach a stable state. Thus, for structures that have
been in service for several years, the calibration of the acoustoelastic coefficient is required only once.
Once the acoustoelastic coeflicient is obtained, the concrete stress can be evaluated based on the measured

R-wave velocity.
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5 Conclusion and Future Work

In this paper, the laser ultrasonic technology was employed to test the concrete stress of in-service
structures. A correlation model between the concrete stress and the R-wave velocity was established. Based
on the theoretical analysis and the experimental results, a concrete stress evaluation method based on the
R-wave velocity was proposed. The main conclusions are as follows:

(1) The R-wave velocity was influenced by the propagation medium, surface defects, and near-surface
defects. On the same concrete surface, the R-wave velocity measured along a path perpendicular to the
principal compressive stress can be approximated as the stress-free wave velocity. To reduce the stress
testing error, the concrete surface along the testing path should be smooth and free of defects.

(2) Following a period of loading, the internal defects of the concrete reached a stable state, resulting in a
stable acoustoelastic effect. The acoustoelastic coefficient can be determined by calibrating specimens
with identical concrete mix designs. Once the acoustoelastic coefficient is obtained through linear
fitting, the concrete stress can be evaluated using the R-wave velocity. When the stress was less or
greater than 16 MPa, the testing error was less than 8 or 2 MPa, respectively.

(3) Theacoustoelastic coeflicient of concrete varied with age, but stabilized after a few years. For in-service
structures, the concrete is subjected to cyclic loading induced by variable loads and the environment.
The influence of stress history on the acoustoelastic coefficient has reached a stable state. In this
condition, the acoustoelastic coefficient can be obtained through the calibration of reserved specimens
or specimens extracted from in-service structures. Subsequently, the concrete stress can be calculated
based on the velocity of the laser-generated R-wave. This method offers a promising solution for
non-contact stress testing of in-service concrete structures.

The concrete age of the specimens used in this study was no more than 84 days, and their concrete mix
designs were identical. To enhance the applicability of the proposed method, future work will investigate the
long-term evolution of the acoustoelastic coefficient with concrete age. In addition, the influence of concrete
mix design and heterogeneity on the acoustoelastic coefficient should be clarified. Such investigations could
be conducted by combining experimental studies, numerical simulations, and machine learning algorithms.
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