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Abstract: The large-amplitude fluctuations of ultrasound in high-energy ultrasonic stress relieving
cause the crystal grains or lattices in the high residual stress zone to vibrate or creep alternately.
This triggers secondary effects such as ultrasonic softening and dislocation movement. The sound
field also produces periodic shock waves or intermittent shock waves, which form local pressure
gradients at the wave front. These pressure gradients cause local heating of the grain boundary,
accelerating material softening and promoting slip between grains, ultimately resulting in residual
stress elimination. This technique was applied to detect the welding residual stress of the upper chord
of the main truss of Sanguantang Bridge by using an ultrasonic stress meter. After the measurement,
it was found that the welding residual stress in some areas was too large, and the welding residual
stress needed to be eliminated. The welding seam was re-inspected after the residual stress relief
operation was completed. The test results showed a maximum reduction rate of 63.91% and an
average overall reduction rate ranging from 24.52% to 37.23%. The reduction effect is more significant
in areas with higher welding residual stress.

Keywords: steel truss bridge; welding residual stress; axial force testing; ultrasonic measurement;
high-strength bolts

1. Introduction

In the welding process of steel structures, a partial zone is subjected to a high tem-
perature, which causes uneven heating and cooling, resulting in welding deformation of
the components. High quantities of welding produce complex welding residual stress,
which mainly exists in the welding seam, and will reduce the proportional limit of the steel
before yielding. At the same time, the residual stress left by the structural components
during the manufacturing process will directly affect the structural rigidity, stable bearing
capacity, corrosion resistance, deformation resistance, and fatigue strength of the welded
components, which often leads to delayed cracking or cracks in the welded structural
components, affecting the strength of the structure, the safety, and reliability of steel struc-
tures [1-4]. Relevant scholars have conducted relevant research on their distribution and
measurement. C. Pandey et al. studied the effects of different welding directions on the
geometric shape of welds, established the limited element (Fe) model of the two-sided angle
welding of buried arc welding, and used the test results to verify the simulation results [5].
PK. Taraphdar et al. established different finite element models to study its ability to
predict the accuracy of the residual stress distribution of welded seam section, and verify
its analysis results [6]. Sun et al. measured the residual stress of the S690 high-strength
steel welding I-shaped cross-section short pillar through laser cutting and X-ray diffraction
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technology. The experimental and numerical simulation results show that the impact of
residual stress on the structure must be fully considered when designing it. In addition, the
effects of high-chromium stainless steel welding processes on the material response and
local stability of the I-shaped section were studied, and it was evaluated via experiments
and numerical simulation [7,8]. Trayana Tankova et al. researched the residual stress char-
acteristics of welding I-shaped section steel components. The effects of different welding
processes, plate thickness and geometric parameters on residual stress distribution were
analyzed through experiments and numerical simulation, and their impact on structural
performance and design [9]. Lukas Schaper et al. proposed a new residual stress model
for welding I-shaped sections. Based on the limited element analysis, the model considers
the effects of welding process, plate thickness and geometric parameters on residual stress,
and verified the accuracy and reliability of the model through experiments [10].

In order to mitigate the effects of welding-induced residual deformation and residual
stress on the performance of structures, various methods are commonly employed, includ-
ing natural aging, heat treatment, and shock vibration. These techniques aim to weaken or
eliminate residual stress. With the development of theoretical research and innovation in
production practice, new technology for residual stress elimination is emerging, such as
the use of spectral harmonics, pulsed magnetism, electric shock, and ultrasonic shock to
eliminate residual stress.

Regardless of the traditional natural aging method, thermal aging method, hammering
method, or ultrasonic impact, they all have limitations, and they cannot realize the in situ
local regulation and elimination of residual stresses of service components [11-17]. (1) The
natural aging method is time-consuming, has low efficiency and a large footprint, and is
difficult to control, with other shortcomings limiting its wide and effective application.
(2) The thermal aging method has a long cycle, high energy consumption, high economic
cost, easy oxidation of the workpiece, serious pollution, and it is difficult to handle large
components or heat vulnerable components. (3) The impact method is used to hit the
residual stress zone with a hand hammer and a wind hammer to reduce the stress. However,
the impact method may bring new defects to the weld and even cause cracking of the weld
feet. (4) The vibration method for residual stress relief involves placing the workpiece on an
elastic support and applying vibration, typically at the node. Despite its potential benefits,
this method faces many obstacles, such as narrow applicability, limited effectiveness,
complex operation, and serious noise pollution. (5) The ultrasonic impact method was
first proposed by the Paton Welding Institute of the former Soviet Union in 1972, and has
been highly valued by experts and scholars in the international welding field and IWE
(International Welding Engineers) from then on [18-20]. Najib Ahmad Muhammad et al.
researched the effects of Al/MG alloy alien materials ultrasonic auxiliary stirring welding
of ultrasonic waves on residual stress and micro-tissue. Experimental and numerical
simulation results show that ultrasonic waves can effectively reduce the residual stress
at the weld and have an impact on the micro-tissue of the welding area [21]. While the
ultrasonic impact is equalizing the residual stress of the in-service components, the surface
of the steel component is usually affected by the impact of the horn, which usually causes
impact damage or even cracks or micro-cracks. For steel components, these impact damages
are prohibited, and will greatly affect the safety and reliability of the bridge structure.
Therefore, ultrasonic shock generates new impact or crack damage while eliminating the
residual stress of components, which is the biggest problem.

The basic principle of high-energy ultrasound to eliminate residual stress is that the
large-amplitude fluctuation of high-energy ultrasound causes the grains or lattices in the
area where the residual stress exceeds the standard to produce alternating vibration or
creep, and induce a series of secondary effects such as ultrasonic softening and dislocation
motion; in addition, the high-energy sound field also produces periodic or intermittent
shock waves, which form a local pressure gradient at the wavefront, thereby causing local
heating of the grain boundary, and accelerating the softening of the material, promoting
the slip between the grains, and finally eliminating the residual stress. The new elimination
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technology has the advantages of having a good stress relief effect, low cost, low energy
consumption, high speed, being easy to use in the field of mechanical workpiece service,
and can realize in situ local focusing control, among others.

In this paper, on the basis of detecting residual stress with ultrasonic critical refraction
longitudinal wave, after finding out the position of welding residual stress on the upper
chord of the main truss of Sanguantang steel truss bridge, high-energy ultrasonic equipment
is used to eliminate the residual stress.

The results indicate that the high-energy ultrasonic method achieves an overall elimi-
nation rate of welding residual stress ranging from 24.52% to 37.23%, with more significant
reduction effects observed in areas with higher initial residual stress levels. These findings
demonstrate that the high-energy ultrasonic method is a reliable and effective approach
for residual stress elimination, supported by the scientific and efficient performance of the
high-energy ultrasonic residual stress elimination equipment.

2. Principle of Eliminating Residual Stress via High Energy Ultrasonic Method
2.1. Strain Energy Density

The energy density equation is [22-24]
A= A(F,FP,e,07, T, Ey) (1)
Decompose the free energy density Equation (1) into elastic and plastic parts [25,26]:
A= A(F,FP, e, 0", T,Ey) = W(FFP, T) + WP(eP, 07, T, Ey) 2)

where F is the deformation gradient, F” is the plastic part of the deformation gradient,
e is the effective partial plastic strain, 8" is the effective bulk plastic strain, the absolute
temperature T/°C, and the rate of ultrasonic energy per unit area, which is the ultrasonic
intensity / (W-m~2).

Where the superscript represent the elastic and plastic parts of the respective variable
functions, respectively.

The elastic strain energy density is defined as follows:

We (Ee’ T) — We,vol (0(3, T) + We,dev(ee’ T) (3)

£ T
We,vol(ge, T) = 7k[9€ — o (T — TO)]z +p0CoT(1 — log TO) 4)

WAV (ef, T) = G||dev(e°)

[ ©)

where, 8¢ = log J¢, G is the shear modulus/MP%4, a, is the coefficient of thermal expansion/ °C1,
Tp is the reference absolute temperature/°C, Cy is the constant volume specific heat per unit
mass/(J-kg~1-K~1). Similar to the elastic strain energy density, the plastic stored energy
is also assumed to be the sum of the volume and deviator. The deviatoric part is defined
as a regular power law, while the bulk part is the sum of the plastic energy stored in each
individual void using the following relation:

WP (eP,07, T, Ey) = WPL(OP, T, Ey) + WP (P, T, Ey) (6)
( ) P P 741
T,Ey)e € J
Wp,dev P T E — 170—0 s Lu)e0 1 7
(", T, Ey) TS ( +7€0p) @)
oo(T, Ex)eo? . 4mad
wheel(eP, 1, E,) = 1 0(,7{11) Ny =5—3(6% 1) ®
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where ]
1/f 2 x o8
g(0",n) = / 1+ 37 log = dx 9)
1 80 x—1+ W

where 7 is the hardening exponent, op(T) is the yield stress/MPa at temperature T, and e
is the reference partial plastic strain.

According to the basic assumptions for acoustic softening of different materials, the rela-
tionship between yield stress and thermal and acoustic softening effects is as follows [27,28]:

_ ¥
(T()(T) = 0’0(T0) (1 — Tm ) (1 —d- Eu)e (10)

where Ty is the reference temperature/°C, T, is the melting temperature/°C, and c is the
softening index. Ultrasonic intensity E (the rate of ultrasonic energy passing through a
unit area)/(W-m~2) is defined as follows:

o

Ey = W (11)

Here the acoustic stress, 0, = pVy - V, V is the velocity of a specific particle/(m-s~1),
and V is the velocity of the ultrasound in the medium/(m-s~!). The velocity at each point
of the material during each increment is used to calculate the acoustic stress and the rate of
ultrasonic energy per unit area.

2.2. Strain Energy Density
Summarize the incremental solution process used in constitutive equations, time discretized
as t, (past) and ¢, 1 (present). Assuming that the state of the material <FP el ol or or > is

known, the deformation gradient F,., temperature T, 1, and high-energy ultrasound

intensity are known to the constitutive model for the moment E,, ;1. This means that at

t,+1 time instant, with the direction of incremental plastic deformation M, N, the unknown
: : P =P P P aP : ;

state variables of the material have <Fn 1 Cur1 01,0501, 6, +1>' At this point, there

is [29]:

Wi (Fn-H' Tn+1/Eu,n+1) = » n'l}in fn (Fn+1/ Tn+1/Eu,n+1r§£+1/ 95+1,M/ N) (12)
Cn10n 1 MN

The minimum value of the above variational form returns the correction value when
the unknown state variables and plastic flow direction are returned. The above minimum
value at ¢,,;1 time instant is the effective incremental strain energy density, which can act as
the Piola-most Kirchhoff stress tensor of the first kind P, ;1. The tangential modulus DP,, ;1
is obtained from the linearization of the equation P = aa—‘;. The incremental variational
problem is solved according to the predicted correction method of the logarithmic elastic
strain, thereby reducing the finite deformation, and the correction is small strain and pure
dynamic [30].

Two methods of software simulation and experimental testing are used to verify
the correctness of the theory. The first group of experiments used Q235 ordinary carbon
structural steel tensile test, and the mechanical properties of the experimental materials are
shown in Table 1. The same parameters were used for the experiment and simulation, that
is, the shear rate was constant 5 mm/min with and without ultrasonic energy. The high-
energy ultrasonic power is 250 W, and the frequency is 20 KHz. The first set of experimental
results, shown in Figure 1, was performed using the uniaxial tensile experimental data of
Daud et al. The simulation results are in good agreement with the experimental results.
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Table 1. Q235 and Q345 mechanical properties [31].

Material Yield Strength/MPa Tensile/MPa Density/(kg-m—3) Elongation/MPa

Q235 >235 >370 7850 >21
Q345 >345 >490 7850 >22

1E+08

8E+07

— — experiment

O+ - . .
6E+07 — simulation

stress/Pa

4E+07

2E+07

0E+00 T T T T T T T T T T
0.00 0. 05 0.10 0.15 0. 20 0.25
strain

Figure 1. Comparison of constitutive model and experimental data without ultrasonic energy.

The second set of experiments used Q345 steel, and the mechanical properties of the
material are shown in Table 1. The same high-energy ultrasonic excitation was used as in
Experiment 1, except that the high-energy ultrasonic generator was turned on and then
turned off. The experimental results are shown in Figure 2, using the experimental data of
Siddiq et al. The experimental results show the following: when the ultrasonic generator is
turned on, the stress required to generate the same strain decreases immediately, which is
due to the ultrasonic softening effect; when the ultrasonic generator is turned off, the tensile
stress rebounds to a higher value than the average value. This phenomenon is akin to work
hardening and is independent of the frequency of the high-energy ultrasonic waves; rather,
it is correlated with the intensity of the waves.

600 - . . i ;
acoustic softening l acoustic hardening

—”——\
—— N
500 _ "
”

ultrasonic start

—_———

400 T
g T .
s Ultrasonic stop
2 300 4
[<5]
=
w

200 — No ultrasound

— = Ultrasonic effect
100
0 T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6

strain

Figure 2. Comparison of test data before and after the application of Q345 ultrasonic energy.

It can be observed that the softening effect occurs when a material undergoes elastic
or plastic deformation and is exposed to high-energy ultrasonic energy. This leads to a
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significant decrease in the yield strength and tensile strength of the material. After high-
energy ultrasonic removal, the tensile strength returned to its initial value and some work
hardening occurred. The effect of high-energy ultrasound on metals is somewhat similar to
that of heat treatment; however, the efficiency of high-energy ultrasound is extremely high.
For example, for aluminum alloy materials, it only takes one ten millionth of the energy
to produce the same softening effect as heat treatment. Not only that, other metals such
as iron, copper and other materials will soften under the radiation effect of high-energy
ultrasonic sound field.

3. High-Energy Ultrasonic Method to Eliminate Residual Stress System
3.1. Technical Indicators of High-Energy Ultrasonic Elimination System

Compared with the technical indicators of other residual stress relief methods at home
and abroad, such as heat treatment, ultrasonic shock, vibration aging, etc., the technical

indicators of the high-energy ultrasonic relief system are formulated according to the
characteristics of the project, as shown in Table 2.

Table 2. Main technical indicators of residual stress high-energy ultrasonic elimination equipment.

Function Index

Common materials such as carbon steel, low alloy steel,

Regulate Elimination .
aluminum, etc.

Regulated Elimination/KHz 15~21
Regulated Elimination/W Single high-energy ultrasonic transducer >100
Stress Relief Rate One-time regulation >30%
Single-point control elimination time <30 min

3.2. Composition of High-Energy Ultrasonic Elimination System

The residual stress relief system includes high-energy ultrasonic generator, high-
energy ultrasonic exciter, and peripheral equipment (including transducer vacuum/magnetic
clamping device, excitation voltage transmission cable, couplant, etc.). The system block
diagram is shown in Figure 3.

coupling
agent

Excitation
voltage

High-energy High-energy Residual Stress

ultrasonic [ > "2~ [ ultrasonic [ Elimination
transmission '
generator cable exciter Component

Transducer vacuum/
magnetic clamping
device

Figure 3. Diagram of the residual stress high-energy ultrasonic elimination system.

4. Application of High-Energy Ultrasonic Method to Eliminate Residual Stress
4.1. Engineering Introduction

The Sanguantang bridge (as shown in Figure 4) and its connection project are located
in the east of Ningbo City. It is the main crossing in Jiangtong, connecting the Academician
Road of the High-tech Zone and Zhenhaiming Avenue. It starts from the Jiang Road that
has been built in the high-tech zone in the south, and connects with the existing high-tech
zone in the south of Zhenhai. The Jiang Road in the north is connected to the west of the
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current state of Zhenhai in the north. The total length of the route is 3300 m, crossing the
Yongjiang River and four planned rivers. The bridge project mainly includes the main
bridge spanning the Yongjiang River, the connecting approach bridge on the south bank
of the Yongjiang River, the connecting approach bridge on the north bank and the ground
bridge. The total length of the main bridge is 2203 m.

Figure 4. Sanguantang bridge [32].

The welding seam of the upper chord of the main truss of the steel truss girder of the
Sanguantang bridge is dense, and the welding quality is directly related to the safety of
the bridge structure. In the process of welding residual stress detection, it is found that the
stress in the local area is too large, and it is necessary to carry out welding stress relief work.

4.2. Residual Stress Relief Point Layout Principle

The high-energy ultrasonic method selects the area of stress relief points based on
the results of ultrasonic stress testing. The selection principles for stress relief points are
as follows:

(1) The ultrasonic stress test results show that there is obvious stress concentration in a
certain area;

(2) When the tensile stress value is greater than or equal to half of the yield strength
of the material (for example, the yield strength of Q420gE is about 420 Mpa, when
the test result is greater than or equal to 210 Mpa, stress regulation and elimination
are required);

(3) When the tensile stress value is greater than or equal to the allowable stress value of
the tested material;

(4) When it is greater than the stress value agreed upon by the designer or the builder.

4.3. Layout of Residual Stress Relief Points

The residual stress detection sections of the upper chord butt weld of the main truss of
the steel truss girder bridge are 17#,18#,19#,20# sections on the north bank and 18#,19#,20#
sections on the south bank. After the stress detection of the butt welds of the above-
mentioned segment roofs, the stress-relief treatment was carried out by selecting the areas
with greater stress according to the stress detection results and using the high-energy
ultrasonic method. For the segment that needs stress relief, the stress relief point is at
the same position as the weld stress detection point. Taking 18# weld as an example, the
measuring point layout is shown in Figure 5.

The inspection shows that the butt welds of the upper chord on the left and right sides
of the 18# segment on the south bank of the steel truss girder bridge, the butt weld of the
upper chord on the left side of the 20# segment on the south bank, the butt weld of the
upper chord on the right side of the 18# segment on the north bank and the 19# on the north
bank. The residual stress value of the butt weld of the upper chord on the right side of the
segment is too large; therefore, the high-energy ultrasonic method is used to eliminate the
welding residual stress.
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Figure 5. Arrangement of stress measurement points for the butt welds of the top chord roof of the
main truss of the 18# segment of the South Bank. (The direction is based on north to south).
4.4. Field Operation of High-Energy Ultrasound to Eliminate Residual Stress

The transducers in the high-energy ultrasound equipment are shown in Figure 6. Figure 7
shows the field operation diagram of high-energy ultrasonic to eliminate residual stress.

Figure 7. Field operation diagram of high-energy ultrasonic to eliminate residual stress.

During the elimination process, the exciter wedge should be firmly and tightly attached
to the surface of the material, and the coupling contact force should remain stable during
the control process. The specific operation of the elimination process is as follows:

(1) The electrical connection of the working system is intact and meets the specifications
and requirements of the equipment;

(2) Place the exciter on the surface of the material according to the required control mode,
apply the coupler evenly on the end face of the exciter, and clamp the exciter on
the surface of the component stably by vacuum, magnetic attraction or mechanical
clamping to ensure that the end face of the exciter and the surface curvature of the
components are fitted and tightly coupled;
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(8) After checking that the connection of the working system is correct, turn on the
system equipment and start working, set the exciter to work at the natural frequency,
and adjust the optimum frequency and working time of the exciter according to the
pressing state of the tooling and the excitation effect, so that the exciter can work
properly and is maintained in the best working condition;

(4) After the residual stress elimination process is over, close the elimination equipment,
remove the clamping tool, and clean the surface of the component and the end face of
the sound beam exciter coupler;

(5) Record the process parameters.

In the process of residual stress elimination, if it is found that the residual stress
changes before and after elimination are small. In addition, it should be considered whether
the curvature of the excitation wedge and the surface of the component fit, whether the
coupling is good, whether the exciter works normally, and whether the power supply and
the output power of the exciter are sufficient. If it is caused by other factors, it can be
re-controlled after correction.

5. Analysis of the Results of High-Energy Ultrasound to Eliminate Residual Stress

After inspection, it was found that the butt welds of the upper chord on the left and
right sides of the 18# section in the south bank, the butt welds of the upper chord on the
right side of the 18# section in the north bank, the butt weld of the upper chord on the right
side of the 19# section in the north bank, and the left side of the 20# section in the south
bank. The welding residual stress value of the butt weld of the upper chord is too large, and
the above area needs to be eliminated using a high-energy ultrasonic method. According
to the comparison of the data before and after the welding residual stress is eliminated in
Tables 3-5, it can be seen that the high-energy ultrasonic method can effectively eliminate
the welding residual stress. The overall welding residual stress elimination rate this time is
24.52% to 37.23%; more obvious. See Tables 3-7 for the elimination effect, and Figures 8-12.

Table 3. Comparison before and after the welding residual stress of the upper chord on the left side
of the 18# segment of the south bank.

Measuring Before Stress After Stress Stress Relief
1-1 197.80 127.33 35.62%
1-2 137.24 92.03 32.94%
1-3 168.42 120.36 28.54%
1-4 126.13 66.43 47.33%
1-5 134.49 92.55 31.19%
2-1 170.33 114.88 32.55%
2-2 141.18 87.20 38.24%
2-3 124.70 85.33 31.57%
2-4 182.04 108.69 40.29%
2-5 142.98 102.21 28.51%

average 152.53 99.70 34.68%

Table 4. Comparison before and after the welding residual stress of the upper chord on the right side
of the 18# segment of the south bank.

Measuring Before Stress After Stress Stress Relief
1-1 140.47 68.42 51.29%
1-2 186.34 121.57 34.76%
1-3 187.29 109.41 41.58%
1-4 77.16 62.20 19.39%
1-5 158.39 103.34 34.75%

2-1 139.57 86.89 37.75%
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Table 4. Cont.

Measuring Before Stress After Stress Stress Relief
2-2 117.94 92.46 21.61%
2-3 85.59 77.67 9.25%
2-4 133.30 101.53 23.83%
2-5 144.20 103.36 28.32%
average 137.02 92.69 30.25%

Table 5. Comparison before and after the welding residual stress of the upper chord on the right side
of the 18# segment of the north bank.

Measuring Before Stress After Stress Stress Relief
1-1 137.36 92.11 32.94%
1-2 182.38 106.64 41.53%
1-3 77.16 78.22 —1.37%
1-4 124.70 76.33 38.79%
1-5 94.36 80.15 15.06%
2-1 173.79 108.47 37.59%
2-2 152.96 96.66 36.81%
2-3 84.57 77.38 8.50%
2-4 79.79 72.64 8.96%
2-5 82.42 60.68 26.37%

average 118.95 84.93 24.52%

Table 6. Comparison before and after the welding residual stress of the upper chord on the right side
of the 19# segment of the north bank.

Measuring Before Stress After Stress Stress Relief
1-1 47.66 17.20 63.91%
1-2 136.17 70.00 48.60%
1-3 178.35 136.78 23.31%
1-4 137.24 83.67 39.04%
1-5 203.53 82.18 59.62%
2-1 120.11 99.56 17.11%
2-2 107.86 106.07 1.66%
2-3 79.19 65.27 17.58%
2-4 99.47 78.36 21.22%
2-5 115.38 100.05 13.29%

average 122.50 83.91 30.53%

Table 7. Comparison before and after the welding residual stress of the upper chord on the left side
of the 20# segment of the south bank.

Measuring Before Stress After Stress Stress Relief
1-1 140.23 134.12 4.36%
1-2 182.39 97.83 46.37%
1-3 184.42 121.65 34.04%
1-4 187.77 105.11 44.02%
1-5 173.43 78.26 54.88%
2-1 196.37 123.84 36.93%
2-2 115.02 67.08 41.68%
2-3 131.87 48.26 63.41%
2-4 183.76 158.62 13.68%
2-5 21548 144.41 32.98%

average 171.07 107.92 37.23%
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Figure 8. Comparison before and after the welding residual stress of the upper chord on the left side
of the 18# segment of the south bank.
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Figure 9. Comparison before and after the welding residual stress of the upper chord on the right
side of the 18# segment of the south bank.
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Figure 10. Comparison before and after the welding residual stress of the upper chord on the right
side of the 18# segment of the north bank.
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side of the 19# segment of the north bank.
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Figure 12. Comparison before and after the welding residual stress of the upper chord on the left
side of the 20# segment of the south bank.

6. Conclusions and Recommendations

@

@

®)

4)

Field test results demonstrate that residual stress occurs in steel bridge members when
welded connections are used, and the stress values are significant, which should be a
cause for concern.

Based on the elimination results, the high-energy ultrasonic method is effective in
eliminating the welding residual stress of the upper chord of the main truss of the
steel truss girder bridge, indicating that this method can be used to eliminate the
welding residual stress.

The elimination results show that the overall elimination rate of the welding residual
stress is 24.52% to 37.23%, and the reduction effect is more obvious in the zone where
the welding residual stress is larger. The reduction in residual stress greatly ensures
the safe operation of components.

During the operation of bridge structures, cracking can easily occur under static and
dynamic loads. It is recommended to use a remote monitoring system to monitor the
welding fatigue of important components. The system uses temperature compensation
technology to correct measurement errors and sends measurement results to a remote
server. If the measured value exceeds the set range, the server sends an alarm message
to notify management personnel.
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