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The welding deformation and cracking of hydraulic support have always been an important issue that impacts product quality and
performance in the industry. In order to quantify the deformation of the welding seam of the reverse four-bar linkage hydraulic
support under loading conditions, a real-time weld monitoring system based on sensitive fiber Bragg grating sensors is designed.
The strength test and the cycle life test of the top coal caving reverse four-link support with four typical eccentric loads were
conducted, respectively. The strength test results prove that the fiber Bragg grating sensor is accurate enough to measure welding
deformation of hydraulic support; the measurement resolution reaches 0.1 um. The eccentric load experiment produces the
reverse four-bar torsion, especially when the top beam is at a low position; the maximum deformation of the weld is 100 gm. In the
cycle test, a phenomenon has been captured, i.e., the welds present a baseline shift along with the cyclic load and even jump. It
indicates that the hydraulic support changes from one stable state to another stable state. This work not only provides a feasible
solution for welding deformation monitoring but also provides a possibility for the whole life cycle monitoring of
hydraulic supports.

1. Introduction

According to the latest World Energy Data Statistics Report
for 2019 provided by the British company BP, the total
annual global power generation in 2019 was 27004.7 TWh.
Among the fossil energy used for power generation in the
world, coal supports 30% of the total global power gener-
ation, which is still an important part of the world’s energy.
At present, the underground coal mines are mainly mined in
the form of comprehensive mechanized coal mining, using
highly automated “three fully mechanized mining ma-
chines,” namely, shearer, scraper conveyors, and hydraulic
supports [1]. The hydraulic support plays a vital role in
supporting the roof of the coal mining face and protecting
the equipment and workers of the coal mining face [2].

The top coal transition support is one of the most im-
portant support equipment for comprehensive mechanized
top coal mining. Its performance and quality directly de-
termine the output and efficiency of the fully mechanized
caving face [3]. The mechanical characteristics of the reverse
four-bar linkage mechanism of the transition support are
better than those of the positive four-bar linkage transition
support, and it is more suitable for top coal mining. However,
most of the top coal mining is faced with unfavourable sit-
uations such as large thickness drop and complex geological
conditions, making it difficult for traditional simulation to
obtain force characteristics close to the actual application.
According to the actual application of the reverse four-bar
linkage structure of the top coal caving transition support
underground, the weld seam of the four-bar linkage structure
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often deforms or even cracks, which poses a serious threat to
underground safety production.

The requirements for hydraulic support consist of ra-
tional structure, sufficient support resistance force, stable
and shock resistance, the sustainability of highly efficient
coal discharge, and high coal recovery [4, 5]. Zhao et al.
analysed the structural characteristics of hydraulic supports
with box-type structures based on simulation, whose results
show structural stress concentration is the main factor
leading to the fatigue damage of hydraulic supports [6]. Liu
and Junqging Liu analyse structured statics and transient
dynamics of the hydraulic support strength test under base
torsion by ANSYS software [7]. Fu Fang et al. compared
using automatic TANDEM twin-wire welding and twin-wire
gas metal welding (GMAW) to weld Q690 steel, and pointed
that TANDEM twin-wire welding is very suitable in the
welding of Q690 used in the hydraulic support [8].

Welding deformation and cracking of hydraulic support
structural parts have always been an important issue that
impacts product quality and performance in the industry.
The shutdown of the working face caused by structural
cracking is an important reason for users’ dissatisfaction
with product performance [9]. The hydraulic support
structure belongs to a multichamber box girder structure
composed of plates and profiles. The number of welds is
densely arranged; the size of the welds is large; the structural
stress concentration is serious, and the residual stress dis-
tribution is complex, which lead to hydraulic support
working in an unstable state [9, 10], especially for the top
coal caving transition hydraulic support with reverse four-
link structure. In the actual work of the reverse four-link
structure, the welding seam stretching and even cracking
caused by the unbalanced top and floor pressure cannot be
calculated by simulation. Due to the complicated wiring,
traditional resistive strain sensors are not suitable for long-
term monitoring underground, especially in humid
environments.

With the development of sensing technology, re-
searchers begin to use modern sensing technology to
measure the pressure, stress distribution, posture, and de-
formation of hydraulic supports in actual work [11-13]. For
instance, the displacement sensor and pressure sensor are
equipped with modern hydraulic support to quantify the
working resistance [14]; a fiber Bragg grating (FBG) tilt
sensor based on double equal strength beams is designed and
used to monitor the posture of hydraulic supports [15]; Zhen
and Ma et al. reported optical FBG sensors for aircraft wing
shape measurement [16]. Optical fiber sensing technology is
a sensing technology that uses light propagation path as a
medium to sense external strain [17], magnetic field [18],
temperature [19], vibration [20], and other information.
Because of its passive, anti-interference, anticorrosion, and
small size, it has been widely used in important fields such as
petrochemical [21], aerospace [22], biomedicine [23], na-
tional defense and military [24], and environmental mon-
itoring [25].

To reveal the deformation of the welding seam of the
reverse four-bar linkage hydraulic support under loading
conditions, in this paper, we adopted an FBG sensor to
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measure the deformation of the weld of the reverse four-bar
linkage. Furthermore, we designed a real-time weld moni-
toring system, based on a fiber optic demodulator with
sensitive FBG sensors and a NI DAQ-6002 board, which is
used to sample the pressure of hydraulic support. They were
synchronized by the inner timer of the host computer.

To quantify the relationship between the welding de-
formation and the pressure of the load under different
working conditions, the strength test and the cycle life test of
the top coal caving reverse four-link support with four
typical eccentric load were conducted, respectively. The
results of strength test show that the eccentric load exper-
iment produces the reverse four-bar torsion; the maximum
deformation of the weld reaches 100 ym. In the cycle test, we
found that the welding deformation presents a baseline shift
along with the cyclic load, and even jumps.

2. Materials and Methods

2.1. Fiber Bragg Grating Sensor. In 1978, Canadian physicist
Ken Hill demonstrated the grating effect for the first time
[26]. The principle of fiber grating is shown in Figure 1. An
intense ultraviolet laser is used in “writing” systematic
variation of refractive index into the core of the special
optical fiber. The Bragg gratings can be realized using
microfabrication methods which can create refractive index
modulation along the beam propagation direction. Besides
the FBGs based on refractive index modulation, they can be
also realized using heterocore fiber structures, taper struc-
tures, cladding removal, microbending structure, and
macrobending structure [27]. Then, a broadband laser light
source is used to transmit a broadband spectrum along a
section of the fiber. A, is the constant nominal period of
refractive index modulation; after the light passes through
the FBG, a certain bandwidth A, corresponding to A, is
reflected. The rest of the light continues propagating for-
ward, the reflected light is separated from the incident light
by the optical coupler, and then the light sensor is used to
monitor the reflected light. When the FBG is squeezed or
stretched by stress or temperature, the frequency of the
reflected light will shift left to be A;, or shift right to be A..
Thus, FBG can be used as a sensor to sense temperature and
strain.

2.2. Deformation Sensor with FBG. In our measurement, a
sensitive sensor, Osc3110, made by Macron Optics company
is adopted. The Osc3110 Strain Gage is shown in Figure 2,
which is a spot-welded steel using a capacitive-discharge
spot welder. The length of the optical strain gate is 2.38 cm
and the spot weldable areas are arranged at both ends of the
gate. Osc3110 is connected with a fiber demodulator by the
optical fiber. Although o0sc3110 is a strain sensor, its
structure is suitable for measuring the deformation. Due to
the uniformly forced among the optical strain gate, it is
reasonable to quantify the deformation of the welds on the
hydraulic support.

Specifically, we utilize the parameters of the sensors to
explain how we quantify the welding deformation by
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Osc3110. According to the sensors’ datasheets, we obtain the
parameters of the five sensors shown in Table 1, where FG is
gate factor, A is the nominal wavelength, C; is gate constant
1, and C, is gate constant 2.

Equation (1) introduces the relationship between the
strain ¢ and wavelength shift AA; here erg indicates ther-
mally induced apparent strain. The FBGs, which are based
on the strain gages, respond to both strain and temperature.
Thus, 1o, shown in equation (2), is used to express how the
temperature affects the strain measurement, where AT is the
temperature change and CTEg is 13.3 ppm/°C.

6
gzw) (1)

Fg—erg

C

€10 = AT[—1 + CTEg - cz]. (2)
Fg

The temperature of the laboratory remains 12°C, leading

to AT as 10°C. Substituting the values of Table 1 into

equation (2), we get &ro as 62.17um. Although e

represents a large number, the temperature of the laboratory
can be viewed as constant; then e is subtracted as a zero
bias.

To measure the deformation of the weld, we need to
transform strain into deformation. Here, the length of the
optical strain gate L is 2.38 cm with a reasonable approxi-
mation that the optical strain gate is uniformly stressed; then
we can get the expression of deformation d as follows:

d=¢exL. (3)

So far, we have elaborated on the principle of measuring
weld seams with FBG sensors.

2.3. Setup. In our experiments, we use a reverse four-bar
transition support ZFG10000/23/38 for top coal caving as
the research object. We chose several welds that often
cracked when the reverse four-bar linkage is used in un-
derground applications. In order to clearly show the sensor
installation location, a 3D model of the support and the
layout of measuring points are shown in Figure 3. To study
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TaBLE 1: Parameters of Osc3110.

Sensors Fg Ao C, C,
FBG1 0.89 at 22°C 1550.83 nm at 22°C 6.156 ym/m at 22°C 0.7 ym/m
FBG2 0.89 at 22°C 1552.58 nm at 22°C 6.156 ym/m at 22°C 0.7 ym/m
FBG3 0.89 at 22°C 1549.75 nm at 22°C 6.156 ym/m at 22°C 0.7 ym/m
FBG4 0.89 at 22°C 1558.70 nm at 22°C 6.156 ym/m at 22°C 0.7 ym/m
FBG5 0.89 at 22°C 1556.80 nm at 25°C 6.156 ym/m at 22°C 0.7 ym/m
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F1cure 3: The layout of measuring points and 3D model of ZFG10000/23/38.

the deformation of the key welds of the reverse four-bar
linkage under eccentric load experimental conditions, 5 FBG
sensors are spot-welded cross the welds and their initial
wavelengths are shown in the upper left corner of Figure 3.

To reveal how the deformation of the weld on the four-
bar linkage changes with the loading pressure in the ec-
centric load experiment, a synchronized measurement
system for hydraulic pressure and welding seam (Figure 4)
was designed. The measurement system contains a hydraulic
pressure measurement unit and an optical fiber data ac-
quisition unit, and they are synchronized by the timestamp
of the host computer. In the hydraulic pressure measure-
ment unit, a pressure sensor with the precision of 0.5% F.S
and the range of 0-60 MPa is adopted; then NI DAQ-USB-
6002 is programmed to capture the hydraulic pressure data
with sample rate 1 kHz. In the optical fiber data acquisition
unit, we use optical strain gate Osc3120 series as our sensors
as well as an optical spectrum analyser, operated by the
MOI-ENLIGHT software on the host computer, to capture
optical fiber signal. The optical spectrum analyser is an
SM125-500 FBG static demodulator (produced by Micron

Optics, Inc., USA). Its main technical parameters are as
follows: the wavelength scanning ranges from 1510 nm to
1590 nm, scanning frequency is 2 Hz, the wavelength res-
olution is 1 pm, and the sample rate is 1 kHz.

In the series of loading tests on the main structural parts
of the hydraulic support, the high and low top beam ec-
centric loading test has the most severe test on the reverse
four-bar weld. Here, we conduct four sets of trials: (1) left
side eccentric loading of the top beam at the low position; (2)
right side eccentric loading of the top beam at the low
position; (3) left side eccentric loading of the top beam at the
high position; (4) right side eccentric loading of the top beam
at the high position. The loading diagram and block location
are shown in Figure 5.

3. Results

3.1. Hydraulic Pressure Measurement. The measurements in
our research are performed in the test bench of Safety Access
Analysis and Verification Laboratory for Mine Support
Equipment. The test bench applies pressure to the hydraulic
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FIGURE 4: The synchronized measurement system for hydraulic pressure and welding seam.
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F1GURE 5: Loading diagram and block position. (a) Top beam at the low position. (b) Top beam at the high position. (c) The block at the left

side of the top beam. (d) The block at the right side of the top beam.

support and the pressure sensor is connected to the hy-
draulic support through a three-way valve. Two top beam
eccentric loading experiments, i.e., top beam at the high
position and low position, are performed, respectively. And
the hydraulic pressure is recorded (shown in Figure 6) by the
synchronized measurement system which is introduced in
Figure 4. The hydraulic pressure waveform in Figure 6(a) is
used for the cycle life test of hydraulic support when its top
beam is at a high position. From Figure 6(a), we can tell that
the period of the waveform is 10s, and the hydraulic
pressure starts approximately at 31 MPa and then increases
to 43.7 MPa and keeps at 2 s, dropping to 31 Mpa eventually.
Besides, in Figure 6(b), the hydraulic pressure varies from

23 MPa to 34 MPa, which is used for the cycle life test of the
top beam at a low position.

3.2. Welding Deformation of Eccentric Loading with the Top
Beam at a High Position. We have already detailed the
measuring principle of weld deformation above. To study the
deformation of the five welds with pressure loading, we trace
the whole process of pressure loading; i.e., (1) hydraulic
pressure stays zero; (2) hydraulic pressure increases slowly to
31 MPa; (3) hydraulic pressure varies periodically between
31 MPa and 43.7 MPa as shown in Figure 6(a). From Fig-
ure 7, we can tell that the five deformations of weld start
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FIGURE 6: Hydraulic pressure waveform. (a) Top beam at the high position. (b) Top beam at the low position.
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FiGure 7: Welding deformation of eccentric loading of the top beam at a high position. (a) The block on the left side. (b) The block on the
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from different values, which is caused by the stress change
during the hydraulic support being transported to the test
bench; here, zero shift caused by temperature has been
erased. Figure 7(a) illustrates five weld deformations of
eccentric loading of the top beam at a high position when the
block sets on the left side; it can be seen that FBG 3 and 5
increase at the positive phase; on the contrary, FBG 1, 2, and
4 decrease at the negative phase, which means welds 3 and 5
are stretched and welds 1, 2, and 4 are squeezed when the test
bench provided hydraulic pressure. However, the condition
is different in Figure 7(b); even though the initial welding
deformation values of the five FBGs are the same as the ones
shown in Figure 7(a), when the block sets on the right side,
weld 1 is stretched, welds 1, 2, and 4 are all squeezed, and
weld 5 approximately remains stable.

According to these two sets of experimental data, the
force of the reverse four-bar linkage is even and symmetrical
when the top beam is at a high position, and the stretch and
squeeze amount of the weld is within 20 ym. Therefore, the
fiber grating sensor is effective for measuring the change of
the reverse four-bar weld; furthermore, it can be used to
evaluate the pros and cons of the reverse four-bar linkage
structure design.

3.3. Welding Deformation of Eccentric Loading with the Top
Beam at a Low Position. We repeat the same measurements
after the top beam was dropped to a low position. The
hydraulic pressure increases slowly to 23 MPa and then
varies periodically between 23 MPa and 34 MPa as shown in
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FiGgure 8: Welding deformation of eccentric loading of the top beam at a low position. (a) The block on the left side. (b) The block on the

right side.

Figure 6(b). In Figure 8, the initial values of the five welding
deformations are different from those in Figure 6, especially
for FBG 4 and 5, whose welding deformations are stretched
to 120 ym and 110 um, respectively. Compared with the weld
change caused by the loading experiment, the one caused by
the position of the top beam produces a greater weld
deformation.

Figure 8(a) shows five welding deformations of eccentric
loading of the top beam at a low position when the block sets
on the left side. FBG 3 and 5 increase at the positive phase; on
the contrary, FBG 1, 2, and 4 decrease at the negative phase,
obeying the same principle revealed in Figure 7(a). However,
in Figure 8(b), when the block sets on the right side, welds 1
and 4 are stretched and welds 2, 3, and 5 are all squeezed,
which is different from that in Figure 7(b).

From the results, we can tell that, in the high and low
loading test of the reverse four-bar linkage, the force law is not
the same, especially when the block sets on the right side. We
can also see some signs in the initial state of the low-position
loading test that the weld deformation of FBG 4 and 5 is much
larger than others, which means the hydraulic support is not
in a stable state and could not be found by workers as usual.
Thus, we can tell that FBG sensors can identify whether the
hydraulic support is stable or not.

3.4. Cycle Loading Test with the Top Beam at a Low Position.
To view the welding deformation under cycle loading test with
the top beam at a low position, we erased the initials of the five
welding deformations. As the hydraulic pressure is a wave-
form with a period of 10 s, the weld deformations present the
same characteristics, especially for FBG 1, 2, and 3 shown in
Figure 9. In Figure 9(a), when the bock sets on the left side, the
maximum deformation of welds 1, 2, and 3 can reach 0.35 ym,
while the deformations of welds 4 and 5 are only 0.1 ym. In
Figure 9(b), when the block sets at the right side, the max-
imum deformation of welds 1, 2, and 3 can reach 0.35 ym and
the deformation of weld 4 is 0.15 ym; however, weld 5 does

not show periodicity. From the results in Figure 9, we find that
the periodic loading pressure causes weak deformation of the
welds, especially for weld 5.

3.5.4000s Long Cycle Loading Test. Furthermore, to explore
the effect of long-term periodic loading on the weld, we
monitored the above four sets of experiments for up to
4000 s. The pressure waveforms applied by the test bench are
illustrated in Figure 6. Here, we also conduct four sets of
trials: (1) right side eccentric loading of the top beam on the
high position; (2) right side eccentric loading of the top beam
on the low position; (3) left side eccentric loading of the top
beam on the high position; (4) left side eccentric loading of
the top beam on the low position.

The comparison of (1) and (2) experimental results is
shown in Figure 10. We can tell that, in the high-position
experiment of the right eccentric load within 4000, there is
almost no cumulative deformation of the five welds over time.
At the same time, in the low-position experiment of the right
eccentric load, only the baseline of weld 2 has slowly shifted
over time, and the other welds have not changed significantly.

Meanwhile, the comparison of (3) and (4) experimental
results is shown in Figure 11. We can find that, in the high-
position experiment of the left eccentric load, within 4000 s,
welds 3 and 5 depict slight cumulative deformation over
time; especially the baseline of weld 5 varies from —0.1 ym to
+0.1 ym. On the other side, in the low-position experiment
of the left eccentric load, welds 1, 4, and 5 present significant
cumulative deformation; the biggest shift of the baseline
appears in weld 4, which varies from —0.1 ym to +0.3 ym.
Besides, in the dash line area, we find a jump appearing in
five welds almost simultaneously. Since the weld maintains
the original creep law after the jump, it is almost impossible
for this jump to be caused by weak cracks in the weld. Here,
we think that the reverse four-bar linkage structure has
changed to another balanced force state, a more stable state
under long-term load.
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FIGURE 10: 4000 s cycle loading test with the block on the right side. (a) On the top position. (b) On the low position.

4. Discussion

As early as 1900, Barczak pointed out that the design of
hydraulic supports should minimize stress concentration
[28]. Although electrical strain gauges have long been used
for monitoring structural changes, they sometimes lack the
durability and integrity necessary to provide accurate, ac-
tionable information over extended periods. FBG-based
optical fiber strain gauges offer a variety of advantages over
electrical strain gauges.

In the National Coal Mine Support Equipment Quality
Supervision and Inspection Center, the fiber grating sensing
technology is used to realize the online monitoring of welds
in the hydraulic support loading experiment. The results are
reliable, proving that it is accurate enough to measure
welding deformation by FBG sensors. Although the current
hydraulic support test standards do not propose require-
ments for real-time monitoring of welds, whether the cur-
rent Chinese test standard or the European test standard
regards manual inspection of the degree of weld cracking as
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an indispensable item. Our research provides a feasible
solution for real-time monitoring of hydraulic support
welds, whether in the testing phase or the practical phase.

Due to the complex structure of the hydraulic support
and the various types of welds, in the following research, the
development of weld measuring sensors suitable for various
planes and angles is an urgent problem to be solved.

In the cycle test, the welds present a baseline shift along
with the cyclic load. It indicates the hydraulic support
changes from one stable state to another stable state. This
experimental result shows that welding seam monitoring
can provide necessary feedback information for the coop-
erative support of hydraulic supports.

5. Conclusions

In this paper, a commercial FBG sensor is adopted to
measure the welding deformations of a reverse four-bar
hydraulic support. A synchronized measurement system is
designed, which contains a hydraulic pressure measurement
unit and an optical fiber data acquisition unit.

To reveal the welding deformation of the reverse four-
bar linkage in the eccentric loading experiment, the strength
test and the cycle life test of the top coal caving reverse four-
link support with four typical eccentric load were conducted,
respectively, in the National Coal Mine Support Equipment
Quality Supervision and Inspection Center.

According to the results, we can conclude the following:

(1) FBG sensor is accurate enough to measure welding
deformation; measurement resolution reaches
0.1 ym

(2) In the high and low loading test of the reverse four-
bar linkage, the force distribution is not the same; the
welding deformation caused by the change of the top
beam position is greater than the welding defor-
mation caused by the loading test

(4) Continuous long-term loading will cause the weld to
show baseline shift or even jump to another stable
state
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