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Abstract: Accurate measurement of the stress in steel structures is crucial for structural health
monitoring. To achieve this goal, a novel technique, the laser ultrasonic technique, was used in
absolute stress measurement in this study. The feasibility of this technique has been verified through
theoretical analysis and finite element (FE) analysis. A stress measurement experiment in steel
specimens was conducted and the relationship between ultrasonic relative wave velocity and stress
was explored. The results revealed that there is a similar linear correlation between the ultrasonic
relative wave velocity and absolute stress. The stress can be obtained based on ultrasonic relative
wave velocity. According to the stress measurement results, it was found that the absolute error
between the measured stress and theoretical stress was largest when the stress level was low, and that
the measured error of stress gradually decreased with increases in the applied stress. The relative error
between the measured stress and the theoretical stress was within 10% when the stress was higher
than 100 MPa. This further verifies the reliability of the laser ultrasonic technique under high-stress
conditions. Additionally, the impact of temperature and surface roughness on stress measurement
was analyzed. The stress error in stress measurement increased similarly linearly with the increase
in temperature and increased non-linearly with the increase in roughness. The corresponding
compensation methods were proposed to effectively improve the accuracy of measurement.

Keywords: absolute stress measurement; steel structure; laser ultrasonic; influence factors

1. Introduction

Steel structures are renowned for their robustness and superior seismic capabilities,
making them a popular choice in constructing large-span bridges; however, they are
vulnerable to significant damage from loads such as earthquakes, leading to potential
safety risks. To maintain their operational integrity and prevent accidents, it is crucial to
regularly assess the stress state of these bridges, as this directly reflects their structural
health [1-4]. Traditional stress measurement techniques fall into two categories: destructive
and non-destructive testing. Destructive testing, which can harm the integrity of the bridge,
is not ideal for regular checks [5,6]. Consequently, the non-destructive testing/dynamic
monitoring approaches of stress in steel structures, including ultrasonic and magnetic flux
leakage testing, along with the corresponding artificial intelligence algorithms, have become
the primary focus of research [7-10]. Ultrasonic testing, in particular, has widespread
application, but its effectiveness is hampered by the need for direct contact and couplants,
which can affect measurement sensitivity and accuracy [11,12]. In addition, the size of
the transducers further limits the precision and resolution of this method. An innovative
solution to these challenges is the laser ultrasonic technique. This technique employs lasers
to generate ultrasonic waves without physical contact, bypassing the limitations associated
with couplants and transducers. Suitable for use in high-temperature or corrosive settings,
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the laser ultrasonic technique offers enhanced precision and spatial resolution, positioning
it as a superior alternative in assessing the health of steel bridges.

White [13] et al. demonstrated the feasibility of exciting ultrasonic waves in solids
using pulsed lasers, by constructing a one-dimensional theoretical model of the response
of a material to laser excitation. Subsequent studies on laser ultrasonic technology used in
stress measurement have achieved a series of developments. Zhan et al. [14-16] determined
the acoustoelastic coefficients for TC4 titanium alloy and 7075 aluminum alloy specimens
using a prestress loading method, and calculated the transverse and longitudinal residual
stresses of the test pieces using the acoustoelastic equation, discussing the impact of welding
parameters on residual stresses. Xue et al. [17] conducted experiments on stress detection
in aluminum alloy under different tensile loads using laser ultrasonics. The experimental
results were similar to those obtained using the X-ray method, demonstrating the high
precision and accuracy of the laser ultrasonic detection method in measuring stress. Ye
et al. [18] proposed a method for measuring residual stress on the surface/subsurface of
welded components. Pan et al. [19] explored the significant quantitative relationship be-
tween laser ultrasonic velocity and residual stress in high-temperature alloys and verified
the method using X-ray detection results, realizing the quantitative detection of alloy stress.
Jietal. [20,21] found a positive correlation between the relative velocity of laser ultrasonic
guided waves and tension, and a negative correlation with group velocity, through exper-
iments. Qian et al. [22] conducted a detection on the variation of residual stress on the
shot-peened surface of the K417G turbine disk, using laser ultrasonic technology and X-ray
methods. The results showed that the changes detected by both methods were consistent,
verifying that laser ultrasonic technology can effectively identify the trend of residual stress
changes. The research of He et al. [23] indicated that ultrasonic surface waves propagating
in the direction of the principal stress are most reasonable for assessing the residual principal
stress in 45# steel, and that there is a significant negative correlation between the peak
amplitude of the ultrasonic wave and the stress. Santhakumar et al. [24] proposed a theo-
retical calculation model for the distribution of residual stress based on the laser ultrasonic
detection method, achieving accurate detection of the residual stress distribution in titanium
alloys. These studies have shown the great potential of laser ultrasonic detection technology
in stress measurement. In summary, laser ultrasonic detection technology is primarily used
to characterize residual stress in metals, but there are few studies on the detection of absolute
stress in steel structures. Therefore, in this work, a method for detecting absolute stress in
steel structures based on laser ultrasonics is proposed, drawing on the application of the
method in the detection of metal residual stress. The laser ultrasonic wave speed variation
characteristics of loading steel structures were explored based on theory, simulation, and
experiments. On this basis, the effective detection of absolute stress in steel structures based
on laser ultrasonics was achieved. The workflow is shown in Figure 1.

Figure 1. Schematic diagram of the workflow.
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2. Theoretical Background
2.1. The Excitation Mechanism of Laser Ultrasonics

When the surface of a solid material is irradiated by a pulsed laser, the absorbed laser
energy is converted into thermal energy. A portion of the energy is absorbed by the material
and propagates from the surface into the interior, converting into thermal energy. This
process rapidly increases the surface temperature of the material through heat conduction,
forming a transient, uneven temperature field. Thus, the area of the material exposed to
the laser radiation undergoes thermal expansion, which in turn generates thermal stress.
The thermal stress propagates to the surrounding medium in the form of a transient pulse
so that the ultrasonic waves are excited on the surface of the solid material. The principle
of the excitation with laser ultrasonics is shown in Figure 2.

Figure 2. The principle of the excitation with laser ultrasonics.

The theory of laser ultrasonics is based on the thermoelastic mechanism. If the incident
laser energy increases the temperature of the material without causing a phase change,
this results in thermal expansion and, consequently, the generation of thermoelastic stress.
This stress excites ultrasonic waves at the surface or within the material. The thermoelastic
stress and strain induced by temperature changes can be solved using the principles of
thermoelasticity. There are three fundamental equations in thermoelasticity, which are as
follows [25]:

Equation of motion:

ou?
vijj + fi = o5, @
Strain displacement equation:
1
gjj = E (Lli/]' + M]"l') (2)

Constitutive equation for isotropic materials:
oij = Aéijskk + 2}181‘]‘ — 0((3)\ + 2}{)(5{]'71 3)

where i,j = 1,2,3, u; represents the displacement component, ¢;; represents the component
of the strain tensor, 0;; represents the component of the stress tensor, p is the density of
materials, f; is the external force applied, T represents the increase in temperature, A and y
are the Lamé constants, b}j is the unit tensor, « is the coefficient of thermal expansion.

In an isotropic solid, by combining the motion equation shown in Equation (1), the
strain-displacement equation shown in Equation (2), and the constitutive equation shown
in Equation (3), the Navier—Stokes equation can be derived as follows:

Ul g + (A + ) Ug g — a(3A +2u) T; + f; = pU; 4)
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For isotropic materials, the thermoelastic coupling equations can be simplified when
the external forces and internal heat sources in the material are neglected:

VAU 4+ (A +p)VV - U — a(BA +2u)VT = pU (5)

where U represents the displacement vector and T denotes the increase in temperature.
Considering the scenario where a pulsed laser with a Gaussian distribution irradiates the
surface of an isotropic solid, the boundary conditions on the upper and lower surfaces of
the material are free in the normal direction, as shown in Equation (6):

n-lo—aBA+2u)T(r,z,t)I[] =0 (6)

where [ represents the identity tensor, o denotes the stress tensor, and 7 is the unit vector
perpendicular to the surface of the material. Additionally, the following initial conditions

should be satisfied:
ou(r,z,t)

u(r’Z’ t)|t:O = at 0
t=

=0 (7)
Finally, the ultrasonic wave displacement field at each point within the material can
be obtained by simultaneously solving Equation (5) through Equation (7).

2.2. The Principle of Measuring Stress Using Ultrasonic Surface Wave

Due to the nature of the ultrasonic surface waves propagating solely along the surface
of the material, their amplitude is minimally affected by the propagation distance, resulting
in a high signal-to-noise ratio. The ultrasonic surface waves are highly effective in mea-
suring absolute stress by using this characteristic. For isotropic solids, Hughes and Kelly
measured the third-order elastic constants of an object based on the nonlinear elasticity
theory proposed by Murnaghan [26], and the relationship between ultrasonic wave velocity
and stress in isotropic materials under stress was formulated.

For an isotropic solid under stress, the principal stress directions can be represented
using a coordinate system, as shown in Figure 3. The relationship between the velocity of
different modes of ultrasonic waves and stress is given by Equation (8) [27].

PoVE = A+2p+ 5T [A%(m F4A+100) + A +21}
A

00VE = 00V = -+ 5y [m+ 42 +4A + 4y

00V = 0oV = A+ 24 + 58 (21 — 2 (m+ A+ 2p1)| ®)

PoV3 = poV3y = 1+ 3y |m + 4 + A+ 2p

A
poVzs = poVip = p + it Mg — 5 24

Figure 3. The direction of principal stress.

In this equation, pg represents the initial density of the material in the stress-free state
and Vij denotes the velocity of the ultrasonic wave (where i,j = 1,2,3; the direction of wave
propagation is indicated by the first subscript i, and the polarization direction of the wave
is indicated by the second subscript j. When i = j, Vj; is the longitudinal wave velocity V.
When i # j, Vij is the shear wave velocity V). A and p are the Lamé constants. [, m, and n
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are the Murnaghan constants. ¢1; is the normal stress in direction 1. Similarly, ¢, and 33
are the stresses in directions 2 and 3, respectively.

When the material is in a plane stress state, it is assumed that 033 = 0, and o1 and o7
are not zero. This condition reflects a scenario where stress is applied in two dimensions
(directions 1 and 2), with no stress in the third dimension. For shear waves, the change in
wave velocity caused by stress is relatively small. Therefore, it can be assumed that [28]:

Vip & Vi3 & Vgg but Vi — Vi3 #0 )

where Vg is the initial wave velocity of transverse waves without initial stress. According
to Equation (9), Equation (8) can be simplified into two equations that are used to represent
the relationship between transverse and longitudinal waves and stress.

(V12 — V13) _ Tl+4}l

Vo 142 (022 — 011) = Ks(022 — 011) (10)
Vii—Vio  ul—A(m+A+2p)

= 0 +011) = Kp (o + 0 11

Vio pl(3)t+2y)(/\+2y)( 2 +o1) = Ki(o +on) (11)

where Kj is the acoustic elastic coefficient of the transverse wave, and K| is the acoustic
elastic coefficient of the longitudinal wave.

The propagation of ultrasonic surface waves can be considered a composite of lon-
gitudinal and transverse motions. The vibration displacement of the particle in these
waves aligns with the propagation characteristics of the transverse waves. Therefore,
the acoustoelastic coefficients of ultrasonic surface waves can be equated to those of the
transverse waves. Under uniaxial stress, the velocity of the surface waves parallel to the
stress direction is more sensitive to stress changes. The stress in the perpendicular direc-
tion can be considered negligible. The values of 0y, = 0 and 07 = 0 can be set, and the
relationship between the Rayleigh wave velocity and stress is then expressed as shown in
Equation (12) [29].

VR — VRO n—+ 4“11
VRO 8]12

where Vp( represents the velocity of the ultrasonic surface waves under the stress-free
state, V' is the velocity of ultrasonic surface waves when stress is present, and Kp is the
acoustoelastic coefficient for the ultrasonic surface waves. The absolute stress in the steel
structure under the current conditions can be determined using Equation (12) according to
the acoustoelastic coefficient and the velocities of the ultrasonic surface waves in both the
stress-free and stressed states, which are measured through experimentation.

= Kro = K50’=

o (12)

3. Finite Element Modeling

The FE analysis of laser ultrasonics is a complex problem involving thermo-mechanical
coupling. Based on the fundamental theory of laser ultrasonics, the laser energy absorbed by
the material creates a transient, non-uniform temperature field through thermal conduction
effects around the area of laser interaction. Local thermal expansion under the action of
a non-uniform temperature field will produce thermal stress which, in turn, excites the
ultrasonic waves. The heat conduction is treated as the essential mechanism for laser-
induced ultrasonic excitation in the FE model. Based on the principles of heat conduction
and thermoelastic coupling, the process of stress measurement through laser-induced
ultrasonic can be simulated using the software, COMSOL Multiphysics version 6.1.

3.1. Setting of Model Parameters

In the FE model, the material was modeled as isotropic Q235 steel, characterized
by dimensions of 30 mm in length and 10 mm in width. The thermal and mechanical
properties pertinent to this steel type are systematically outlined in Table 1. To streamline
the computational process, the process of laser excitation of ultrasound on the surface
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of a solid was equivalent to a two-dimensional plane strain model. This approximation
facilitated a more manageable analysis while capturing the essential aspects of the laser-
material interaction. In the model, the laser pulse was directed to impinge upon the central
area of the surface of the material. The configuration and details of this FE model are
depicted in Figure 4.

Table 1. Physical parameters of Q235.

Heat Capacity at

Elastic Thermal Expansion Thermal
. 3 : ’ : p
Density/(kg/m”) Modulus/Pa Poisson’s Ratio Coefficient/(1/K) Conductivity/(W/(m-K)) Constant
Pressure/(J/(kg-K))
7850 2.06 x 1011 0.25 0.000012 52.34 502

Figure 4. FE model.

The incident laser was executed as a boundary load in the FE model. This load adheres
to a Gaussian distribution, integral to the formulation of the laser ultrasonic thermo-
mechanical coupling model. The thermal source distribution function of the laser with
Gaussian distribution in time and space is as follows [30]:

Q(lo, 1,2, t) = I A(T) f(r)g(t) (13)

In the equation, [ represents the energy density of the incident pulsed laser, measured
in watts per square meter (W/ m?), and A(T) denotes the absorptivity of the surface of the
material to the laser. For simplification in calculations, it was assumed that the pulsed
laser energy was entirely absorbed by the material, hence A(T) = 1. f(x) is the Gaussian
function describing the spatial distribution of the laser, while g(t) is the Gaussian function
that characterizes the temporal distribution of the laser.

In the FE model depicted in Figure 5, the pulsed laser was effectively represented
by a Gaussian thermal source. The upper boundary of the model incorporated a heat
flux equation that corresponded to this defined thermal source. For the analysis of the
temperature field, the baseline temperature of the model was established at ambient
room temperature. The boundaries of the metal material that were not subjected to laser
irradiation, specifically the lower and lateral surfaces, were characterized as adiabatic,
preventing heat transfer through these surfaces.

Figure 5. The Gaussian heat source.



Buildings 2024, 14, 602

7 of 26

The initial displacement and initial stress of the model were both set to zero. The upper
surface of the model, directly exposed to the laser, was designated with a free boundary
condition. To mitigate the influence of the reflected waves, the model incorporated low-
reflection boundary conditions on the three surfaces not directly exposed to the laser
irradiation. External stress or pre-stress and strain were applied to the linear elastic material
within the model, serving as the external load of the model. Finally, the multi physics
coupling of solid heat transfer and solid mechanics was carried out to obtain the acoustic
parameters of the laser-induced ultrasound under different stresses.

Transient research was used in this study. For the solution of the transient models, their
accuracy was limited by the resolution of the grid in space for waves and the resolution
of the time step for temporal changes [31]. Depending on the actual needs of the model,
there were different standards for dividing the grid size. In this study, the grid size L was
controlled to be less than one-quarter of the ultrasonic wavelength A [32].

Based on the relationship between ultrasonic wave speed, wavelength, and frequency,
the wavelength can be determined through the ultrasonic speed and frequency. After
expressing the pulsed laser using a Gaussian function, the maximum frequency of the ul-
trasonic wave excited by the laser was represented by a specific formula: Equation (14) [33].
By substituting C = Af into Equation (14), the minimum wavelength of the surface acoustic
wave excited by the laser was obtained.

V2Cg

TTrQ

f max — (14)
TTtro

Amin = —=

min \/E

In the equation, r( represents the radius of the laser spot and C is the wave speed of

the surface acoustic wave, which can be calculated using the material parameters according
to Equation (16) [34]:

(15)

A
087+ 1.12v E

Cr 1+v 20(1+4v)

(16)

where IA:" represents the elastic modulus of the material, p is the density of the material, and
v is the Poisson’s ratio of the material. In the FE model, the radius of the laser spot, ry was
set to 0.5 mm. It was found that the minimum wavelength of the surface wave excited by
the laser on the material surface was approximately 1.11 mm, using the calculation. To
ensure the accuracy and reliability of the FE calculation, the grid width needed to be less
than 0.28 mm. The mesh types and quantities are shown in Table 2.

Table 2. The sizes and quantity of mesh.

Finite Element Type Quantity in Model Mesh Size(mm)
Quad4 18,750 0.25
Tri3 9979 0.25

In the FE analysis of the laser-generated ultrasound, the time resolution needed to be
sufficiently fine to ensure the reliability of the FE calculation results. Therefore, the time
step, At should be minimized [35].

1

At= ———
180 finax

(17)

Based on Equations (14), (16) and (17), the time step At can be calculated as approxi-
mately 2.67 ns. Considering the time resolution and the complexity of the computation,
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the time step At was set to 1 ns in the FE analysis and the total time duration was set to
10,000 ns.

3.2. Analysis of Finite Element Results

Upon the incidence of the pulsed laser on the material surface, a transient temperature
field was generated, subsequently exciting the production of the ultrasonic waves. First,
the temperature field of the model in a stress-free state was analyzed. The temperature
distribution across the entire field is shown in Figure 6, which represents the temperature
field when the temperature at the laser irradiation center reached its highest, at t = 70 ns.
In the figure, it can be observed that the pulse laser irradiation to the material surface
caused a temperature rise only in a very small area around the laser irradiation center;
the temperature of the rest of the material remained unchanged. In Figure 6, it is shown
that the transient temperature field produced after laser irradiation was limited in scope,
with instantaneous temperature rises occurring only within a very small area near the
irradiation center; this area was only in the micron (um) scale. Beyond this range, the
change in the material surface temperature was minimal or almost non-existent. It was
precisely the temperature difference between the transient temperature field and the steady
temperature field that caused thermal expansion on the material surface, thereby forming
the ultrasonic waves. In addition, it should be noted that the characteristics of materials
under high stress change as the stress level increases, which has a certain impact on the
generation of ultrasonic waves. Figure 7 shows the distribution of the full-field waveform
at a particular moment. From the figure, it is evident that the incidence of the pulsed
laser on the material surface excites longitudinal, transverse, and surface waves, each
propagating at their respective ultrasonic wave velocities. In this study, the surface waves
for stress detection were employed and the acoustic characteristics of the surface waves
were analyzed.

Figure 6. The temperature distribution of the whole field when t is 70 ns.

Figure 7. The waveform distribution of the entire field.
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In the FE model, the signal reception points were designated at locations 2 mm, 3 mm,
4 mm, and 5 mm to the right of the laser irradiation center on the upper surface. The
time-domain waveforms of the ultrasonic waves received at these points are shown in
Figure 8. As observed in Figure 8, the pulsed laser incident on the material surface generates
ultrasonic waves, which propagate outward in all directions at the time ¢t =0. There
were similar variation characteristics for waveforms of signals at the different reception
points. As the propagation distance of the ultrasonic waves increased, the amplitude of
the time-domain waveforms gradually attenuated, and the wave packet widened. There
were delays for the time-domain signals of the ultrasonic surface waves. Additionally,
it was indicated that the flight time of the ultrasonic waves also increased progressively,
consistent with the propagation characteristics of the surface waves. When the propagation
distances of the ultrasonic waves were 2 mm, 3 mm, 4 mm, and 5 mm, the corresponding
flight times of the ultrasonic waves were 0.7065 us, 1.0300 ps, 1.4295 ps, and 1.8295 us,
respectively. The velocity of the ultrasonic waves was determined by linearly fitting the
different propagation distances and corresponding flight times at the four signal reception
points. The calculated velocity of the ultrasonic waves was 2647.06 m/s, which is close to
the general propagation speed of ultrasonic waves in metals. Through the analysis of the
propagation characteristics and velocity of the ultrasonic waveforms, this study identified
the ultrasonic waves extracted from the upper surface of the model, at a distance to the
right of the laser irradiation center, as ultrasonic surface waves. These were used in the
subsequent analysis of the correlation between wave speed and stress.

Figure 8. Ultrasonic time-domain signal at different locations.

The model was subjected to stress levels ranging from 20 MPa to 200 MPa, and the
time-domain signals of the ultrasonic waves on the surface of the material under different
stress levels were measured. To enhance the time resolution, the interpolation method from
the multi-rate sampling technique was employed. Based on the distance between each
reception point and the laser excitation point, as well as the flight time of the ultrasonic
waves, the average ultrasonic wave velocity under various stress levels was determined
using the method of differences. The relative wave velocity was defined as (V — Vj)/ V),
which can be represented as AV /Vj. The relationship between the relative velocity of
ultrasonic waves and stress is shown in Figure 9. The observation of the variation trend
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of relative wave velocity with stress in Figure 9 revealed that the relative wave velocity
gradually decreased with the increase of stress. This trend was consistent with the theory
mentioned in the literature [36], which states that stress causes a reduction in wave velocity.
Furthermore, there exists an approximately linear relationship between relative wave
velocity and stress, aligning with the predictions of acoustoelastic theory. Therefore, the
ultrasonic surface waves generated by pulsed laser excitation can be effectively used to
measure the absolute stress on metal surfaces.

Figure 9. Relationship between the relative wave velocity of ultrasound and stress.

4. Experimental Details
4.1. Specimens Preparation

To align with the practical engineering scenarios, Q235 steel, which is a material
commonly used in engineering projects, was selected as the test material in this experiment.
The dimensions of the test specimens were 60 mm x 60 mm X 60 mm, and there were a
total of nine specimens, as shown in Figure 10. Since the experiment involved the uniaxial
compression of cubic Q235 steel specimens, and the laser excitation point and ultrasonic
signal reception point were located on the same side of the specimen, it was necessary
to ascertain whether the stress at the surface measurement points of the specimen was
equivalent to the axially applied stress. A three-dimensional cubic model, identical in
size to the test specimens, was established using the software. This model simulated the
uniaxial compression process based on the loading method of the pressure testing machine.
Constraints were added to the upper surface of the specimen. The stress variation on one
side of the specimen is depicted in Figure 11, when a stress of 100 MPa was applied to the
bottom surface. As observed in Figure 11, the stress increased near the constraints when
the top surface of the specimen was constrained and the bottom surface was subjected to
stress loading. However, the rest of the side surface of the specimen still experienced the
magnitude of the uniaxial stress. Therefore, this experiment ensured consistency between
the applied stress and the actual measured stress.

Figure 10. Q235 steel specimens.
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Figure 11. The distribution of stress on the side surface under uniaxial stress.

4.2. Experiment Device and Detection Scheme

To facilitate the laser ultrasonic detection of stress in steel structures, an experimental
laser ultrasonic system was established, as shown in Figure 12. The experimental system
comprised both laser excitation and reception devices, as well as a loading apparatus.
The system included a 3D scanning platform with a displacement accuracy of 1 mm, an
Nd:YAG pulsed laser with a wavelength of 1064 nm and a repetition rate of 10 Hz, a total
reflection mirror, a lens, an interferometric pickup (vibrometer) with a frequency bandwidth
of DC~24 MHz and a displacement resolution of 0.1 pm, an oscilloscope, a PC terminal
that was used to control the sampling frequency and sampling direction parameters, and a
300-ton fully automatic pressure testing machine. Since the stress on the side surfaces of
the specimen was the same, one side was chosen to perform the stress detection. Both the
laser excitation device and the ultrasonic wave receiver were located on the same side of
the specimen.

Figure 12. The laser ultrasonic testing system.

The nine Q235 steel specimens were divided into three groups for measurement, as
shown in Table 2. To enhance the signal-to-noise ratio of the received ultrasonic signals,
the surface of the material was polished, and aluminum foil with a thickness of about
1 mm was adhered at the signal reception points to amplify the signal strength. All tests
were conducted at room temperature, which is approximately 20 °C. Group 1 was used to
measure the velocity of the ultrasonic surface waves under stress-free conditions. The signal
collection points were located 10 mm from the left edge of the specimen; the upper and
lower edges were 30 mm each. The laser excitation points were located at different positions
to the right of the collection points, with a 5 mm interval between each point. Scanning
from left to right according to the path shown in Figure 13 allowed for the collection of
time-domain signals of the ultrasonic waves at different positions. Groups 2 and 3 were
used for the loading tests. Taking specimen A1 as an example, it was placed between the
upper and lower platens of the pressure testing machine. The collection point was fixed at
the center of the side surface of the specimen, and the laser excitation point was located
below the collection point. The distance between the laser excitation point and the signal
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collection point was distributed as shown in Table 3. The ultrasonic wave propagation
direction was aligned with the principal stress direction, as illustrated in Figure 14.

Figure 13. The scanning path of the specimen under stress-free conditions/mm.

Table 3. The situation for sample grouping.

Distance between Incentive

Group The Number of Specimens Point and Acquisition Point The Purpose
L/mm
1 SD-1 540 Analym.ng the variation of Raylelg}} wave
velocity under stress-free conditions

Al 15 Detecting the variation of wave velocity
A2 15 . .

2 with stress at the same/different
A3 10 ositions of the test block
A4 20 P
Bl 15
B2 15 .

3 B3 10 Repeating group for Group 2
B4 20

Figure 14. The scanning path of the specimen under stress conditions/mm.

After completing the ultrasonic wave measurements under stress-free conditions,
the test machine was controlled to apply the load to the specimens according to a pre-
set program, with a loading increment of 20 MPa, and continuing up to a maximum
of 200 MPa. At each stress level during loading, the testing machine was stabilized in
the load-holding state and the ultrasonic wave signals received by the oscilloscope were
saved. Due to the vibrations of the pressure testing machine, the specimens placed on it
would also vibrate. This caused random changes in the relative position between the laser
vibrometer and the specimen, and led to a deviation of the signal collection point from its
original position. Therefore, the signals at the measurement points were collected multiple
times and averaged to reduce the errors caused by the operational characteristics of the
testing machine.
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4.3. Analysis and Discussion

During the experimental process, although the oscilloscope sampling filtered out
some noise, further filtering of the specific frequency bands from the signal was still
required to ensure accurate analysis and processing of the ultrasonic wave signals. For the
ultrasonic signals, there is often more information for low-frequency components, whereas
high-frequency components are typically associated with noise. In this study, the Sym8
wavelet was used to decompose the experimentally obtained ultrasonic wave signals. The
decomposition was performed over five levels, and a soft thresholding function [37] was
chosen to achieve this purpose. A comparison of the ultrasonic surface wave signals before
and after wavelet denoising is illustrated in Figure 15.

Figure 15. Ultrasonic time-domain signal for Bl. (a) Ultrasonic time—domain signal before wavelet
denoising; (b) Ultrasonic time-domain signal after wavelet denoising.

Upon comparing the time-domain signals before and after denoising, it was observed
that the noise components within the signal were effectively removed, leading to an
enhanced signal-to-noise ratio and a smoother time-domain curve. Additionally, the
denoised ultrasonic signals were further processed using a cubic spline interpolation
method to improve the resolution of the time difference measurements. A comparison of the
ultrasonic surface wave signals before and after interpolation is depicted in Figure 16. While
the overall trend of the time-domain signal curve remained unchanged, the resolution was
enhanced and the precision in extracting time differences was improved post interpolation.
The waveforms of the ultrasonic signals received at various stress levels were similar, with
a consistent frequency and other characteristics, and differed only in the arrival time of the
ultrasonic waves. The velocity of the ultrasonic surface waves was determined by reading
the time delay in the ultrasonic wave time-domain waveforms and combining it with the
distance over which the ultrasonic wave was propagated.

Figure 16. Ultrasonic time-domain signal for B1. (a) Ultrasonic time-domain signal before interpola-
tion (b) Ultrasonic time-domain signal after interpolation.
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In the context of the Q235 steel structural specimens subjected to uniaxial loading, a
subtle expansion occurs on the side surfaces of the specimens due to compression. This
phenomenon leads to an extended propagation path for the surface waves, as depicted in
Figure 17. While the magnitude of the surface expansion during the elastic phase of the
specimen was relatively minor, the influence of the distance alterations on the variations in
wave velocity was notably significant. Consequently, it became imperative to account for
the effects of surface expansion of the specimen when conducting laser ultrasonic testing.
This consideration was crucial for ensuring the accuracy and reliability of the ultrasonic
measurements, particularly in stress analysis and material characterization applications.

Figure 17. The surface changes of the specimen during the loading process.

For specimens subjected to uniaxial compression, the acoustoelastic coefficient is a key
factor in calculating stress. The acoustoelastic coefficient can be expressed as follows:

UR — 0
Cr= —~—K0 (18)
OR0O
The calculated velocities of the ultrasonic surface waves under both stress-free and
stress-loaded conditions can be represented as follows:

L
VR0 = — , U = -2 (19)

to Tty

In the equation, L denotes the theoretical distance over which the ultrasonic wave
propagates. Lo denotes the actual distance over which the ultrasonic wave propagates.
The variables tj and t, represent the travel times of the ultrasonic wave for this theoretical
propagation distance under two different conditions: ¢j is the travel time when there is
no applied stress, and f; is the travel time when the specimen is subjected to a stress of
o. Taking into account the surface expansion of the specimen leads to an increase in the
propagation distance (L), as used in the computation of the Rayleigh wave velocity (V)
in Equation (19). Under identical stress and wave travel time conditions, this adjustment
resulted in a higher calculated wave velocity. Subsequently, as per the formulation in
Equation (18), there is a consequential increase in the acoustoelastic coefficient so that there
are some errors in the calculation of the stress.

To eliminate the impact of the lateral surface expansion of the specimen, the wave ve-
locity was calculated using the actual propagation distance L of the ultrasonic wave after
determining the time delay, as illustrated in Figure 18. During the uniaxial compression
process, the expansion curve of the specimen was approximately parabolic. A Cartesian
coordinate system was established with the midpoint of the parabola as the origin. The arc
length direction was set as the x-axis and the direction perpendicular to the arc length was
set as the y-axis. The origin of the coordinate system was spatially parallel to the signal
reception point and can be considered as the signal reception point itself.
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Figure 18. Changes of specimen during loading process.

The original side length of the specimen was Ly. When compressed and expanded, the
length of the side itself remained unchanged, and it can be assumed that the arc length of the
expanded parabola was L. At this time, the distance between the upper and lower platens
of the testing machine was L;. The stress applied to the specimen by the testing machine
was achieved by moving the lower platform upwards, so that L; is equal to Ly — Ax. Ax is
the displacement of platform of the testing machine. It can be obtained from the control
interface of the testing machine. As shown in Figure 18, the horizontal coordinates of the
two ends of the parabola were +L1/2. L is the theoretical propagation distance of the
ultrasonic wave, and L, is the actual propagation distance of the ultrasonic wave. It is
necessary to calculate the arc length of the parabola from the horizontal coordinate zero to
L. The solution expression is as follows:

L 1
Ly :/0 Lyt 20)

where p can be obtained through the parabolic equation. The calculation results for the ac-
tual propagation distance of the surface waves on the specimen are shown in Tables 4 and 5.
From these tables, it is evident that the farther the distance between the laser excitation
point and the signal reception point, the greater the change in the actual propagation
distance of the surface waves during compression expansion. For a theoretical propagation
distance of 20 mm, a stress of 200 MPa results in a change of approximately 0.1 to 0.2 mm in
the propagation distance, leading to a change of approximately 1% in the ultrasonic wave
velocity. Since the acoustoelastic effect is a weak effect, it is essential to consider the changes
in wave velocity caused by variations in the propagation distance. Subsequently, calcula-
tions of ultrasonic wave velocity were performed using the expanded propagation distance.
The relationship curves between the relative wave velocity and stress for specimens Al
and B1, from the stress-free state to bearing 200 MPa, are shown in Figure 19.

Figure 19. The relationship between the relative wave velocity and stress. (a) The relationship for Al
(b) The relationship for B1.
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Table 4. The actual propagation distance of the surface waves for Group 2.
Al A2 A3 A4

Actual Actual Actual Actual

o/MPa Propagation o/MPa Propagation o/MPa Propagation o/MPa Propagation

Distance/mm Distance/mm Distance/mm Distance/mm

0 15 0 15 0 10 0 20
20 15.0166 20 15.0096 20 10.0047 20 20.0136
40 15.0248 40 15.0182 40 10.007 40 20.0285
60 15.0322 60 15.0251 60 10.0089 60 20.0428
80 15.039 80 15.0317 80 10.0108 80 20.0566
100 15.0453 100 15.0378 100 10.0126 100 20.0691
120 15.0514 120 15.0437 120 10.0143 120 20.0809
140 15.0577 140 15.0496 140 10.016 140 20.0935
160 15.0642 160 15.0555 160 10.0177 160 20.1061
180 15.0706 180 15.0612 180 10.0194 180 20.1187
200 15.077 200 15.0669 200 10.021 200 20.1312
Table 5. The actual propagation distance of the surface waves for Group 3.
B1 B2 B3 B4

Actual Actual Actual Actual

o/MPa Propagation o/MPa Propagation o/MPa Propagation o/MPa Propagation

Distance/mm Distance/mm Distance/mm Distance/mm

0 15 0 15 0 10 0 20

20 15.0095 20 15.0156 20 10.0033 20 20.0469
40 15.0205 40 15.0331 40 10.0072 40 20.0857
60 15.028 60 15.0478 60 10.0098 60 20.1176
80 15.0342 80 15.0588 80 10.012 80 20.1445
100 15.0398 100 15.0676 100 10.0141 100 20.1655
120 15.045 120 15.0751 120 10.016 120 20.1835
140 15.0499 140 15.086 140 10.018 140 20.2004
160 15.0548 160 15.0886 160 10.0198 160 20.2165
180 15.0595 180 15.0952 180 10.0216 180 20.2319
200 15.0641 200 15.1015 200 10.0359 200 20.2475

Figure 19 presents the relationship between the relative wave speed and stress. From
Figure 19, it is indicated that there is an approximate linear relationship between relative
wave speed and stress, consistent with the simulation analysis. To clearly characterize the
linear relationship between the relative wave speed and stress, the curve has been linearly
fitted. The fitting goodness R?> was above 0.99, indicating a strong linear relationship
between the relative wave velocity and stress, which is in line with the requirements of the
acoustoelastic equation. In the process of stress solving, the acoustoelastic coefficient Cg
is a key parameter for the solution. Based on Equation (18), the acoustoelastic coefficient
can be obtained through the linear relationship between the ultrasonic relative wave speed
and stress. The slope of the fitted curve is the acoustoelastic coefficient. The obtained
acoustoelastic coefficients for the various specimens fluctuated between 2.51 x 107> and
3.21 x 1073, which was minimal variance among different specimens. Therefore, the
acoustoelastic coefficient of specimen A1,2.97 x 10~°, was chosen as the optimal coefficient
for calculating the absolute stress of the specimens.

Based on the acoustoelastic coefficient obtained, the absolute stress for specimens was
calculated. The results of the stress measurement and their theoretical values are shown in
Figures 20-22. Due to the surface roughness of the steel specimens used in the experiment
and the fact that the material uniformity cannot be guaranteed to be completely consistent,
the acoustoelastic coefficients of the different specimens are different. In addition, the
measurement results are also influenced not only by material characteristics but also by the
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stress level and the distance of ultrasonic wave propagation. Therefore, there will be errors
for the calculated absolute stress. Figures 20-22 show the results of stress detection at the
different ultrasonic propagation distances. From the figures, it can be observed that the
absolute error between the measured stress and the theoretical stress of the specimens was
the largest when the stress level was low. When the ultrasonic propagation distance was
15 mm, the maximum absolute errors between the measured stress and the theoretical stress
of specimens Al, Bl, A2, and B2 were 18.48 MPa, 16.07 MPa, 21.92 MPa, and 15.35 MPa,
respectively, with average errors of 5.18 MPa, 7.46 MPa, 11.45 MPa, and 7.89 MPa. When
the ultrasonic propagation distance was 10 mm, the maximum absolute errors between
the measured stress and the theoretical stress of specimens A3 and B3 were 21.92 MPa
and 33.52 MPa, respectively, with average errors of 11.45 MPa and 20.66 MPa. When
the ultrasonic propagation distance was 20 mm, the maximum absolute errors between
the measured stress and the theoretical stress of specimens A4 and B4 were 18.46 MPa
and 15.38 MPa, respectively, with average errors of 7.03 MPa and 8.12 MPa. Overall,
compared with the other specimens, the stress measurement error was the largest when the
ultrasonic propagation distance was 10 mm. The main reason is that the distance between
the laser excitation point, and the signal collection point was too close, causing the laser
spot energy to interfere with the beam of the laser vibrometer, leading to greater data
volatility. Therefore, it is necessary to ensure that the excitation point and the measurement
point are sufficiently far apart when measuring the stress.

Figure 20. Stress calculation results for theoretical propagation distance at 15 mm.

Figure 23 presents the relative errors in the experimental results at different stress
levels. As the stress level continued to increase, the relative error between the calculated
stress and the theoretical stress of the specimens gradually decreased. When the stress of
the steel component was 20 MPa, the relative error of the measurement results was the
largest, with a maximum relative error of 85.3%. When the stress of the steel component
was 200 Mpa, the relative error of the measurement results was the smallest, with a
minimum relative error of 0.4%. In addition, it was found that the relative errors were
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generally within 10% when the stress was 100 Mpa and above. Overall, the laser ultrasonic
method demonstrates good reliability and accuracy in measuring the absolute stress of
steel structures, especially at higher stress levels. This makes this method a viable option
for engineering measurements. In practical engineering applications, if there is a need
to measure the absolute stress of a steel structure, it is only necessary to calibrate the
test specimens of the steel structure to obtain the acoustoelastic coefficient. The absolute
stress of the steel components can be determined through the acoustoelastic formula, using
the laser ultrasonic method to detect the relative velocity of the ultrasonic surface waves.
This approach offers a practical and efficient solution for assessing the stress state in steel
structures, which is crucial for ensuring their structural integrity and performance.

Figure 21. Stress calculation results for theoretical propagation distance at 10 mm.

Figure 22. Stress calculation results for theoretical propagation distance at 20 mm.

Figure 23. Relative error of stress calculation results.
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5. Analysis of the Influencing Factors for Laser Ultrasonic Technology
5.1. Sensitivity of Stress Detection to Environmental Temperature

When using the laser ultrasonic method to detect the absolute stress in steel structures,
changes in environmental temperature will affect the propagation of the ultrasonic waves
in the following ways:

(1) Change in the propagation speed of the ultrasonic surface waves

According to the literature [34], it is known that the velocity of the surface waves in an
isotropic solid under no stress is primarily related to the elastic modulus of the material,
the density of the material, and Poisson’s ratio, and is directly proportional to the elastic
modulus. Changes in temperature generally cause changes in the elastic modulus and
Poisson’s ratio of steel structural materials.

According to the literature [38], the variation of the elastic modulus of several com-
monly used steels in engineering with temperature is usually described in detail, as shown
in Figure 24. Since the change in Poisson’s ratio within 100 °C is negligible, tempera-
ture mainly causes changes in the elastic modulus of the material. The increase in tem-
perature leads to a decrease in the elastic modulus of metal materials, as shown in the
Equation (21) [34].

Er = Eo(1 —nAT) (21)

where Et is the elastic modulus of the material when the temperature reaches, Ej is the
initial elastic modulus of the material, and # is the temperature variation coefficient of the
elastic modulus of the metal. This coefficient is difficult to determine, but it is related to the
metal material’s linear expansion coefficient «. According to the results calculated using
the experimental values in reference [39], y is approximately 25 times a. Therefore, the
surface wave velocity, which is directly proportional to the elastic modulus, also decreases
with the increase in temperature. The change in the velocity of ultrasonic surface waves
under the influence of temperature can be expressed using the following equation:

Vrr1 = Vro(1 — BAT) (22)

Figure 24. The elastic modulus at different temperatures.

In this equation, Vgt is the wave velocity of the ultrasonic surface wave corresponding
to the change in the elastic modulus when the temperature reaches T; V¢ is the wave
velocity of the ultrasonic surface wave at the initial temperature, with no stress in the steel
structure; 3 is the temperature coefficient of the change in the surface wave velocity with
temperature, and AT is the change in temperature.

(2) Change in the propagation distance of the ultrasonic surface waves
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Due to the thermal expansion and contraction of the materials with temperature
changes, the propagation distance of ultrasonic waves is also affected. As the temperature
rises, the propagation distance of the ultrasonic waves increases.

LT = Lo(l + IXAT) (23)

where L is the initial ultrasonic wave propagation distance, L is the propagation distance
of the ultrasonic waves at temperature T, « is the thermal expansion coefficient of the metal
materials, and AT is the temperature change amount. The velocity of the ultrasonic surface
wave after the temperature increase can be represented using the following equation:

Lo(1+ aAT)

T (24)

Vrr2 =

In this equation, Vrr7 is the wave velocity of the ultrasonic surface wave corresponding
to the change in the elastic modulus when the temperature reaches T; t7 is the ultrasonic
wave flight time when the temperature reaches T.

For metal materials, the increase in temperature leads to a decrease in the ultrasonic
wave velocity, which is caused by both a decrease in the elastic modulus and an increase in
the ultrasonic wave propagation distance. Therefore, the ultrasonic wave velocity when
the temperature increases to T is as follows:

Vrr = Vrr1 — (VrRo — VrT2) (25)

According to the literature [40], the change in the linear expansion coefficient « is
relatively small compared with the change in the temperature coefficient § and can be
ignored. Combining Equations (22) and (24), the change in the relative wave velocity with
temperature can be expressed as follows:

VREVR0 — —BAT + {2 — (26)
where f is the flight time of the ultrasonic surface wave measured at the initial temper-
ature. When the temperature increases, f; is less than t7. From Equation (26), it can be
established that the relative wave speed decreased approximately linearly with the increase
in temperature.

Based on the above analysis, the effect of temperature on ultrasonic wave propagation
characteristics is simulated by changing the elastic modulus. Taking 25 °C as the initial
temperature, the results obtained from the model are shown in Figures 25 and 26.

Figure 25. The variation in the relative wave velocity with temperature under different stress levels.
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Figure 26. The variation in the stress differential with temperature under different stress levels.

In Figure 25, the relative wave speed of the ultrasonic wave decreased approximately
linearly at the same stress level as the temperature increased. The change in stress affected
the change in relative wave speed but did not alter the trend of change with temperature.
Under the same temperature change, the higher the stress level, the lower the relative wave
speed of the ultrasound. To more clearly understand the impact of ambient temperature
on the stress calculation results, the deviation of calculated stress at different stress levels
with temperature change is shown in Figure 26. The results indicate that an increase in
temperature caused a significant error in the stress calculation. Under the same temperature
change, the stress error values at various stress levels were approximately consistent. The
stress deviation exceeded 270 MPa when the environmental temperature changed by 30 °C.
At this time, the error far exceeded the measured value, making the stress measurement
results no longer of reference value. To reduce the impact of temperature changes on stress
detection, it is necessary to conduct the detection in an environment where the temperature
is relatively stable.

When temperature changes are inevitable, it is necessary to propose compensation
methods for the temperature variations. According to Equation (26), the temperature
coefficient j is fitted based on the relationship between relative wave speed and the change
in temperature. Temperature errors are compensated based on the temperature coefficient.
The temperature compensation equation obtained using Figure 25 is as follows:

Vrr — Vo

= —1.0816 x 10" *AT + 8.4286 x 107> (27)
VRro

According to Equation (27), the stress calculation results after compensation are shown
in Figure 27. It can be seen from Figure 27 that the stress after temperature compensation is
close to those at the initial temperature, with a maximum error of 3.68 MPa. This indicates
the effectiveness of the temperature compensation equation.

5.2. Sensitivity of Stress Detection to Material Surface Roughness

The surfaces of metal materials, such as steel structures, are not absolutely smooth.
Scratches and other uneven undulations may exist on the surfaces of materials, which are
defined as the surface roughness of the material. The inevitable random roughness of the
material surface will undoubtedly affect the propagation of the surface waves when using
the laser ultrasonic method to detect the absolute stress in steel structures; therefore, the
measurement accuracy of stress will be affected.

To study the impact of the material surface roughness on the propagation characteris-
tics of ultrasonic waves, it is necessary to establish a relevant model for targeted analysis.
Typically, the creation of a random rough surface is performed using the Monte Carlo
method. A random rough surface is composed of a superposition of harmonics with differ-
ent frequencies. The height of each point on the rough surface represents the amplitude
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of these superimposed harmonics. After randomly generating a two-dimensional rough
surface using the Monte Carlo method, the rough surface curve was discretized into sample
point data. The contour arithmetic mean deviation, Ra, was used to determine the degree
of surface roughness and ten sets of rough surfaces with Ra values ranging from 0.3 um to
3 um were selected. The FE model is shown in Figure 28.

Figure 27. Measured results after temperature compensations.

Figure 28. The FE model with a rough surface.

The curve showing the change in relative wave speed of the ultrasonic surface waves
with different roughness at different stress levels is illustrated in Figure 29. From Figure 29,
it can be observed that the relative wave speed decreased nonlinearly, as the roughness
of the material surface increased at the same stress level. At different stress levels, the
non-linear relationship between relative wave speed and material surface roughness was
similar. At the same time, the deviation of calculated stress at different stress levels with
changes in material roughness is represented in Figure 30. From Figure 30, it can be seen
that the stress error showed a non-linear growth trend as the increase in surface roughness
for the steel specimen was at the same stress level. The variation trend of stress error with
changes in roughness remains essentially consistent at different stress levels. When the
roughness is approximately 3 um, the difference in stress exceeds 50 MPa. At this time, the
measurement results are no longer of reference value. In summary, it is necessary to polish
the surface of the test piece with fine sandpaper or a grinder before the detection, due to
the impact of material surface roughness on stress detection. This will ensure the accuracy
of the detection results.
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Figure 29. The variation in the relative wave velocity with Ra under different stress levels.

Figure 30. The variation in the stress differential with Ra under different stress levels.

6. Conclusions

In this work, laser ultrasonic technology was used for the measurement of absolute
stress in steel structures. The velocity variation of laser-induced ultrasonic waves caused
by stress variations in steel structures was analyzed based on the experiment and FE
simulation. The experimental and FE results are consistent and indicate that the relative
wave velocity of the ultrasonic wave is approximately linearly related to the applied stress,
and that the stress can be obtained based on the linear relationship. The results confirm the
feasibility of using laser ultrasonics to measure the absolute stress of steel structures.

The experimental results show that the absolute error between the measured stress
and the theoretical stress of the specimens is largest when the stress level is low, and that
the relative error of measured stress gradually decreased as the stress increased. When the
stress experienced by the specimen was above 100 MPa, the relative error was generally
within 10%. It has been proven that this technology for stress measurement has good
reliability and accuracy at a high stress level.

Considering the temperature and material surface roughness as the two main influ-
encing factors of stress detection, the sensitivity for stress detection to these factors was
analyzed based on theoretical analysis and FE. The analysis results indicate that the error
in stress measurement increased similarly linearly with the increase in temperature and
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increased non-linearly with the increase in roughness. Consequently, error compensation
methods tailored for different influencing factors were proposed, effectively enhancing the
accuracy of absolute stress detection methods for steel structures.

The research on laser ultrasonic stress measurement in this paper focuses on the surface
stress of specimens under uniaxial stress loading. However, steel structures in actual service
are subject to complex stresses; therefore, the study of laser ultrasonic detection methods in
actual steel structures is necessary. Additionally, the nonlinear geometrical effects along
the members will be experimentally considered in the future.
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Abbreviations

u the displacement component;

&j the component of the strain tensor;

14 the density of materials;

fi the external force applied;

T the increase in temperature;

A Lamé constant;

(51-]- the unit tensor;

« the coefficient of thermal expansion;

u the displacement vector;

I the identity tensor;

o the stress tensor;

n the unit vector perpendicular to the material’s surface;

%3 the longitudinal wave velocity;

Vs transverse wave velocity;

I[,m,n the Murnaghan constants;

Ksg the acoustic elastic coefficient of the transverse wave;

Ky acoustic elastic coefficient of the longitudinal wave;

Vso the initial wave velocity of transverse waves without initial stress;
Vro the velocity of ultrasonic surface waves under the stress-free state;
Kgr the acoustoelastic coefficient for ultrasonic surface waves;

A the ultrasonic wavelength;

Cr the wave speed of the surface acoustic wave;

E the material’s elastic modulus;

v the material’s Poisson’s ratio;

0 the radius of the laser spot;

Er the elastic modulus of the material when the temperature reaches T;

Ey the initial elastic modulus of the material;
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7 the temperature variation coefficient of the metal’s elastic modulus;

o the metal material’s linear expansion coefficient;

B the temperature coefficient of the change in surface wave velocity with temperature;

Vir the wave velocity of the ultrasonic surface wave corresponding to the change in elastic
modulus;

Lt the propagation distance of ultrasonic waves at temperature T,
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