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Abstract: Methane and coal dust explosions are among
the most common causes of disasters in hard coal mining.
Therefore, it is important for occupational safety in hard coal
mines operating under methane and coal dust explosion
hazards to identify possible ignition sources, whether due to
natural or technical factors. One technical source of ignition
can be mechanical sparks generated during operation of
mechanical equipment and high surface temperatures
of equipment components during operation. This paper
presents the methodology and results of thermal imaging
and strength testing of roadway support elements under
dynamic loading. The goal of the tests was to identify the
potential explosive atmosphere ignition sources during
the operation of the support under the conditions of rock
bursts. The scope of testing encompassed the temperature
measurements by means of thermal camera of friction
prop and yielding support frame sliding joint elements at
yield under dynamic impact loading (simulating a burst).
Significant joint element heating and mechanical sparking
was observed during the testing of arching yielding support
frame sliding joints and straight friction prop joints as a
result of friction at yield. Some of the aspects defined in
standard PN-EN 1SO80079-36:2016 include the maximum
temperature T max =150°C for a surface that can accumulate
a layer of coal dust. Tests of the friction joints have shown
that during impact loading, numerous mechanical sparks
are produced at the friction joints of sections of the steel
prop, with the surface temperature of the sections starting
from 169.6°C and reaching up to 234.1°C. During tests it was
also to determined emissivites of the tested sliding joints
constructed from V29-V32 secrions depending on corrosion
products which consist in range 0.842-0.873. Such a high
temperature can initiate an explosive mixture consisting of
methane, air and coal dust.
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1 Introduction

The constant increase in the extraction depth and
concentration of output in hard coal deposits is one of
the primary reasons for the rising absolute methane
emission rates and coal seam methane pressure in mining
plants (Cybulski et al., 2018). It has a direct influence on
the increase in methane explosion hazards present in
deep mines. Coal dust and methane explosions are some
of the most common causes of mining disasters in hard
coal mines all over the world, and research continues
to be conducted with the purpose of understanding the
mechanisms of explosion as well as improving explosion
prevention, monitoring and risk reduction (Shepherd et
al., 1981; Takla & Vavrusak, 1999; Cioca & Moraru, 2012;
Hudecek et al., 2012; Shao & Ma, 2012; Brune, 2013; Krause
& Smoliniski, 2013; Li et al., 2013; Hao et al., 2014; Krause
& Skiba, 2014; Yuan, 2016; Trenczek, 2015; Burtan et al.,
2017; Song et al., 2021). Broad-scale research has been
conducted in Poland and worldwide for many years to
reduce the risk of methane and coal dust explosion, with
the intent of drafting protection standards and developing
methods for explosion mechanism identification and
prevention and ignition source detection (Pytlik et al.,
2021). The introduction of electrical equipment into
mining plants in 1870 necessitated the commencement
of research on explosion hazards (Goérny, 2013). It should
be noted that the first studies on the parameters that
determine methane ignition were conducted in Germany
as early as 1884-1885, whereas the first fireproof shield
tests were carried out at the University of Sheffield.
This work resulted in regulations and standards being
issued in countries such as Germany and the UK. The
first standard organisation with an international reach
was the International Electrotechnical Commission
(IEC), established in 1906. In Poland, the first standard

@ Open Access. © 2023 Andrzej Pytlik, Witold Frac, published by Sciendo. This work is licensed under the Creative Commons

Attribution alone 4.0 License.



§ sciendo

concerning explosion-proof equipment was issued in
1929 by the Association of Polish Electrical Engineers
(Stowarzyszenie  Elektrykéw  Polskich  [SEP]), in
cooperation with the Czechoslovakian Electrotechnical
Association  (Elektrotechnicky Svaz Ceskoslovensky
[ESC]). The research institution named the Experimental
Mine ‘Barbara’, the Central Office of Mining Rescue and
the Magnetic Observatory in Mikoléw was established
nearly 100 years ago (in 1925), and some of its activities
included the testing of devices, equipment and materials
used in mines, as well as research on gas and coal dust
explosion phenomena. Currently, the Experimental
Mine ‘Barbara’ is a part of the Central Mining Institute
in Poland. The testing grounds of the Experimental Mine
‘Barbara’ constitute the only site in Europe that is capable
of accommodating full-scale gas and dust explosion tests.

In order to standardise the regulations concerning
basic requirements for equipment intended for use in
explosive atmospheres, the European Union member
states adopted the ATEX Directive 2014/34/EU (Eckhoff,
2006; Petitfrere & Proust, 2006; Jespen, 2016). Before a
device is permitted for use in the field, it is important to
carry out its conformity assessment process, part of which
involves tests for conformity with standards harmonised
with the ATEX directive. Should no harmonised standards
exist, the required tests and extent of testing are
determined by a body notified within the scope of the
directive, and some of the basic certification tests include
maximum temperature determination and potential
methane and coal dust ignition source identification
(Katuza, 2017; Jurca et al., 2020). The ATEX directive
encompasses requirements for both electrical and non-
electrical (Rogers, 2003; Gakhar et al., 2006; Thurnherr
et al., 2007; Ghicioi et al., 2010a and 2010b; Jurca et al.,
2020) devices. Unlike electrical device standardisation,
the standardisation of non-electrical devices is a relatively
recent endeavour, and its greatest development began
with the adoption of the ATEX directive in 1994 (Gorny,
2017).

One technical source of ignition of methane can
be mechanical sparks, resulting from friction of rocks
between each other as well as during operation of
mechanical equipment, and the high surface temperature
of equipment components during their operation in an
explosive atmosphere. (Cioca & Moraru, 2012; Trenczek,
2015; Prostanski, 2018; Pytlik et al., 2021; Song et al., 2021;
Zhang et al., 2021). The issue of where the mechanical
sparks are formed on the steel support and the formation
of high-temperature areas, which can pose a risk of
ignition of an explosive gas mixture, is poorly recognised,
as is also indicated by the small literature in this area.
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Initial tests of straight sliding joints constructed from
V29 sections under static and dynamic loading were
presented in a publication concerning loads exerted on the
support by a suspended monorail system (Pytlik, 2019a).
The mechanical sparking phenomenon observed during
the tests motivated the author to continue the research on
full-scale support frames (Pytlik, 2019b; Pytlik, 2020) to
better understand the surface temperature generated as a
result of arching sliding joint yield and to determine the
locations of sparking.

This paper presents the methodology and results
of thermal imaging and strength testing of straight and
arching roadway support sliding joints constructed from
V32 sections under dynamic loading. Tests of friction joints
were carried out in 2020 and are a continuation of the
tests that were the subject of Pytlik’s (2020) article, which
consists of the load capacity of steel arch support under
static loading and friction straight joints under dynamic
loading with a maximum impact energy of 28 k] (according
to PN-G-15533:1997) including thermal imaging tests. In
this article, the testing of friction joints has been extended,
compared to the requirements of the Polish standard
(PN-G-15533:1997), to include dynamic testing on curved
elements, and the maximum impact energy of the drop
mass during testing of friction prop has been increased to
approx. 50 k] at an impact velocity of approx. 2.8 m/s. The
research was carried out to identify areas of mechanical
spark formation (using a thermal imaging camera) and
to determine at what energy and impact velocity the
permissible temperature of 150°C of the section surface is
exceeded during sliding under conditions simulating rock
burst. The main objective of the study of friction joints
under dynamic (impact) loading simulating rock burst,
presented in this article, is to identify possible sources
of ignition of explosive atmospheres during impulsive
loading of a yielding steel arch support under rock burst
conditions. This research is new to the extensive studies of
friction joints presented by Brodny (2012a and 2012b) and
other researchers (Cialkowski, 1996; Pacze$niowski and
Pytlik, 2008; Horyl et al., 2014, 2017 and 2019), which were
mainly focused on determining the resistance of friction
joints under static and dynamic loading.

Comparedtothe previousdynamicslidingjoint testing,
the presented work was expanded with arching element
tests to better understand the phenomena that occur
during yielding. The primary purpose of the tests under
dynamic loading was to identify the potential explosive
atmosphere ignition sources during the impact loading of
theyielding steel arch support under the conditions of rock
bursts. The scope of testing encompassed temperature
measurements of support sliding joint elements at yield.
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1-sliding joint; 2 — thermal camera; 3 — shackle for coupling V sections; 4 — force sensor

Figure 1: Setup for testing straight and arching sliding joints (a) and picture of the test facility with an SV prop constructed from V32 sections (b).

Thermal imaging measurements were carried out by
means of a high-speed camera with a refresh rate of 128
Hz. The obtained information regarding the temperature
distribution in the joint at yield is necessary to identify
the locations that influence the increase in frictional
resistance or indicate the risk of support element
failure. Determining the maximum surface temperature
generated as a result of the sliding joint yield makes it
possible to inspect whether the maximum temperature
defined in standard PN-EN ISO 80079-36:2016 has not
been exceeded. The standard in question is harmonised
with the ATEX directive concerning group I non-electrical
equipment used in explosive atmospheres. Some of the
aspects defined in the standard include the maximum
temperature T __=150°C for a surface that can accumulate
a layer of coal dust.

2 Materials and Methods

Yielding support frames and friction props are assembled
using elements constructed from open V32 sections (or
other sections, e.g. with V, TH or U profiles) coupled via
overlaps by means of screw pin shackles. Yielding frames
and props are commonly utilised at great mining depths
under difficult geological and mining conditions resulting

from increased rock mass stress and dynamic phenomena

in the form of rock mass tremors and rock bursts. Straight

and arching sliding joints constructed from V32 sections

(PN-H-93441-3:2004) with increased mechanical properties

of steel (R, 3 550 MPa, R 3 730 MPa) were selected for the

tests. Fig. 1 presents a diagram and a picture of the GIG drop
hammer testing facility intended for the tests of various
types of mine support system elements, that is, roadway
support friction props, powered support hydraulic props,
ropes, rock bolts and chains, as well as geoengineering
elements, that is, micropiles, soil nails and rock anchors.
The methodology for testing EP frame and SV friction
prop sliding joints under dynamic impact loading was
developed based on the following assumptions:

— Thedynamic loading of the support frame and friction
prop joints is exerted by the impact of masses of rock,
resulting from a rock burst (Dubinski & Konopko,
2000).

— The collision of the ram against the crosshead with a
velocity v, is fully inelastic — after the collision, the ram
of a mass m, comes into contact with the crosshead of
a mass m, (exerting static loading on the joint), which
remains in permanent contact with the tested sliding
joint. Following the collision, the combined masses
move jointly with a velocity v adopted as the velocity
of the impact against the joint.
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The impact velocity v, of the ram against the
crosshead, which exerts static loading on the joint before
the impact, is calculated using the following equation:

vy = +/2gh, oy

where: g is the gravitational acceleration and h is the ram
height of fall in metres.

Following the collision, the combined masses move
jointly with a velocity v calculated using the following
equation:

mq

v, =V )

my+my’

The kinetic energy of the combined masses m, and m, is
Ep = % (m; + mz)vﬁ- 3

Applying Equations (1) and (2) to Equation (3) yields the
following equation:

_p_mi
Ex=h g, )
After the collision, the joint undergoes a yield of z, which
results in a change to the combined mass potential energy,
calculated from the following equation:

E, = (my + my)gz, 5)

where z is the joint yield length in metres.

The total mechanical energy E_of the combined masses
participating in the collision, corresponding to the joint
dynamic strength, is calculated using the following
equation:

E. = E +E,. 6)

The joint dynamic load capacity is calculated using the
following equations:

z

2
mi

mq+m,

The kinetic coefficient of friction m, at joint yield under
dynamic loading is calculated using the following
equation:

Ng

Ha =%~ 9)
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where F_is the total pressure force on the sections in the
joint, calculated as the sum of the tension F, of all the
screw pins in the joint, determined using the following
equation:
F. =3 Fy. (10)

For example: for three shackles in the joint, the number of
pins is six, whereas for four shackles, it is eight pins. The
screw pin tension force generated by a torque applied by
means of a GEDORE torque wrench is determined using the
calculation tables provided by the wrench manufacturer,
based on the DIN 13 standard, assuming a coefficient of
friction of 0.14 for a new screw thread with no lubrication.
The dynamic tests utilised a ram with a mass m, = 4070 kg
and a crosshead with a mass m, = 3300 kg, exerting static
loading on the joint before the impact. Given that the
maximum surface temperature of the elements must be
determined as per standard PN-EN ISO 80079-36:2016, the
sliding joint tests employed a thermal camera type PI 230
from OPTRIS with a detector resolution of 160 x 120 pixels,
which recorded the courses of the tests with a refresh
rate of 128 Hz, thermal sensitivity of 0.3 K and accuracy
of +2°C. The emissivity e of the steel used to construct
the V32 sections, exhibiting various states of corrosion
(Horst et al., 2018), was determined by comparing their
known temperature to the thermal camera readings. For
this purpose, short V32 section fragments were heated
in a dryer to a known temperature of 100°C, 150°C and
200°C, and afterwards, the emissivity e in the camera
was selected in such a way so as to match it with the
temperature readings in the dryer. An example picture of
V29 and V32 sections (in various states of corrosion) and
a thermal image during the inspection of a temperature of
150.2°C set in the dryer are presented in Fig. 2.

The determined emissivities were as follows:
¢ = 0.842 — for a slightly corroded V29 section,
¢ = 0.863 — for a slightly corroded V32 section,
¢ = 0.873 — for a strongly corroded V32 section (arching
element) with visible tarnish and flaking corrosion
products.

The axial force exerted on the joint during the free fall
of the ram was measured during the tests by means of a
C6A strain gauge force sensor (class 0.5) connected to a
measuring amplifier of the MGCplus type from Hottinger
Briiel & Kjeer The joint yield z was measured before and
after testing using a tape measure. The shackle screw nuts
were tightened using a GEDORE torque wrench with a
measurement accuracy of +3%.
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1 - slightly corroded V29 section; 2 - slightly corroded V32 section; 3 — strongly corroded V32 section: tarnish and flaking corrosion

products

Figure 2: Inspecting the emissivity e of the steel used to construct the V32 sections: (a) picture of the dryer with the sections; (b) thermalimage.

3 Results and Discussion

The dynamic sliding joint load capacity tests were
performed based on a methodology for dynamic sliding
joint strength testing (PN-G-15533:1997; Pacze$niowski &
Pytlik, 2008). The straight and arching sliding joints were
constructed from V32 sections with enhanced mechanical
properties. The test methodology was based on the free
fall of a drop mass (ram) m, = 4070 kg from a height h
onto a crosshead with a mass m, = 3300 kg, which exerted
static loading on the (straight or arching) joint mounted
in the test facility. The height h was gradually increased
over a range of h = 0.05-1.3 m, which corresponded to the
range of the impact velocity v, = 0.55-2.75 m/s against the
joint. Before testing, the SDO36W shackle screw nuts
were tightened with a torque M, = 450-500 N m, which
corresponded to the tension force of a single screw
pin, with a value of 102 kN (M, = 450 N m) and 114 kN
(M, = 500 N m), respectively. The SDO36W and SD36W
shackles utilised during the tests were produced in the
reinforced versions, and they were manufactured using
S480W steel. The M24 screws (regular 3-mm thread pitch)
for coupling the shackle clevises were of mechanical
property class 8.8, whereas the nuts were of class 8. The
screws were tightened with a GEDORE torque wrench with
a measuring range of up to 750 N m. Before the dynamic
testing was commenced, the joints were subjected to tests

under static loading to determine their static load capacity
F_following a yield z =100 mm. An example test course of
an SV32 friction prop (with two shackles, M, = 450 N m) is
presented in Fig. 3a, whereas a test of an SV32t prop (with
three shackles, M, = 500 N m) is demonstrated in Fig. 3b.

The load capacity of SV32 friction props (two
shackles in the joint), with clevises tightened with a
torque M, = 450 N m, reaches a value of about 300 kN
during the initial yield, and afterwards, it varies within a
range of about 200-250 kN. On the other hand, the load
capacity of SV32t friction props, with clevises tightened
with a torque M, = 500 N m, varies within a range of
250-300 kN during the entire yield and is characterised
by greater stability compared to the SV32 props. Since the
dry friction phenomenon that occurs during joint yield
depends on multiple factors, that is, the shackle screw
torque, the condition of the section surfaces and their
state of corrosion, the smoothness of the nut and screw
threads, certain variations in load capacity can often be
observed even in the context of the same joint. A test result
compilation for straight joints with three shackles (SV32t
prop) under dynamic loading is presented in Table 1.

The SV32t sliding joint test results indicate that the
increase in the ram impact velocity v, and energy against
the joint results in an increase in the surface temperature
to a range of 169.6°C-234.1°C and in a greater yield z,
whereas the dynamic load capacity N, of the joints (six
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Figure 3: Courses of sliding joint static load capacity F: (a) SV32 — two SDO32W shackles, M, = 450 N m; (b) SV32t - three SDO32W

shackles, M, =500 N m.

Table 1: Result compilation of SV32t straight sliding joint tests under
dynamic loading.

Test no. vy m/s z,m E,) N,kN T _,°C
1 2.05 140 25,556 183 169.6
2 110 23,387 213
3 95 33,256 235
4 2.45 155 33,256 215 175.5
5 160 33,617 210
6 150 45,293 219
7 2.79 230 45,293 197 234.1
8 205 43,485 212
9 205 43,485 212

Average 211

Standard 14
deviation

screws — each with a tension of 114 kN) remains on a
level of 211 + 14 kN at a kinetic coefficient of friction of
m, = 0.308. The stability of the load capacity at a relatively
constant and high level of the joint resisting force has a
significant contribution to the increased load capacity of
the support operating under the conditions of rock mass
tremors and rock bursts. The surfaces marked using the
dotted lines in Fig. 4b exhibit particular heating during
dynamic loading, which is confirmed by the thermal
images presented in Figs 5-7.

In the case of SV32t prop testing according to
standard PN-G-15533:1997 at a ram height of fall of 0.7 m
(vp = 2.05 m/s), the observed joint element temperatures
slightly exceed T _ = 150°C. On the other hand, when
testing the SV32t props at impact velocities greater
than what is defined for friction props in the standard
in question, the observed joint element temperatures
significantly exceed 200°C. Examples of such tests are
presented in Figs 5-7.

Thermal traces can be observed on the section
flanges in the thermal images, which are generated by
the movement of the shackles along the sections. The
maximum section surface temperature T = 234.1°C was
recorded at an impact velocity v, = 2.79 m/s. The moment
when the joint stops sliding is marked with a dotted line in
Figs 5-7. A significant decrease in the surface temperature
can be observed from this point.

Tests of strongly corroded arching sliding joints
obtained from EP10/V32/4/A frames were carried out as
well, and example test results are presented in Figs 8 and
9. The strongly corroded state of the section resulted in the
total yield of an arching joint with two shackles coupled
with screws with a torque of 450 N m at an impact velocity
v,=0.55 m/s, which led to a gradual increase in the surface
temperature to a maximum of 207.9°C. Strong mechanical
sparking can also be observed in the thermal image (Fig.
8d). The numerous corrosion products functioned as a
layer facilitating the sliding of the surfaces undergoing
friction, which resulted in a very low joint load capacity of
80 kN at the start of the yield that increased to about 100
kN at a later stage.
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Figure 4: Pictures of sliding joints in an SV32t prop (three shackles in the joint).
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Figure 5: Course of joint force and maximum temperature at an impact velocity v, = 2.05 m/s (a) and joint thermal image (b).

Very strong sparking accompanied by an increase in
temperature to over 200°C (Fig. 9c) was also observed in
the case of the same type of joint (Fig. 9) with an additional
third (middle) shackle (M, = 450 N m). The course of force
as a function of time (Fig. 9a) demonstrates that despite
the momentary increase in the joint resisting force to about
260 kN, there was a sudden drop in the load capacity to a
level of about 70 kN, followed by a slow increase to a value

of about 300 kN. This also transpired due to the influence
of the corrosion products, as they happen to severely limit
and hinder the correct positioning of the overlapping
arching sections during the assembly of the joint. What is
significant, a different character of the joint operation was
observed during both the arching joint tests compared to
the straight joints. The effects of this are visible in the two
thermal images presented in Figs 8d and 9c.
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Figure 6: Course of joint force and maximum temperature at an impact velocity v, =2.45 m/s (a) and joint thermal image (b).
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Figure 7: Course of joint force and maximum temperature at an impact velocity v, = 2.79 m/s (a) and joint thermal image (b).

The straight and arching joints exhibit different
characters of operation primarily because the tips of the
arching segments ‘tear’ through the sections in the joint
during the yield. Their key contact points are in the areas
of the upper and lower shackles. Intensified sparking
and increased surface temperatures are observed during
a dynamic yield (Pytlik, 2020), and these result not only

from the nature of the dry friction itself, but also from the
tearing of the surfaces.

One solution to the problem of the excessive joint
yield may be to add a fourth restraining shackle under
the joint. This shackle is installed directly under the joint
on a short piece of a V32 section with a length of about
150-200 mm (Fig. 10).
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All the shackles were tightened with a lowered torque
M, = 400 N m (compared to previous testing) in order to
prevent the total stiffening of the joint, which could result
in its buckling. This corresponded to a single screw tension
force of about 91 kN. The course of joint force and maximum
temperature at an impact velocity v, = 205 m/s and a
thermal image of the joint with the captured maximum
temperature T___=102°C are presented in Fig. 11.

X

It can be clearly observed that the temperature falls
significantly below the standard value of T ___=150°C. The
four-shackle joint (eight screws — each with a tension force
of 91 kN) stopped after 100 mm of yield at a dynamic load
capacity N, = 227 kN and a kinetic coefficient of friction
m, = 0.312.

The calculated values of the Kkinetic coefficient of
friction m, are similar to the value of the provisional
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thermal image (c).

coefficientof frictionm,_=0.2945formulated and calculated
by Ciatkowski (1996). The publication presenting model
support sliding joint tests (Horyl et al., 2019) provides a
value of 0.27 for the static coefficient of friction between
yielding sections. On the other hand, the model tests
presented by Brodny (2012a) adopted a value of 0.3 for the
kinetic coefficient of friction, whereas the tension forces

in the screws calculated therein are concurrent with the
screw tension forces demonstrated in this paper.

Another example of a design solution for a frictional
joint, compared to a joint with a braking shackle, which
significantly reduces the sliding value, is the use of a
shackle with a resistance wedge (Brodny, 2012b). Such
shackle causes a significant increase in the resistance force
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of the joint during the sliding of the sections in the friction
prop. However, in the available literature, no results of
surface temperature studies of the joint components have
been encountered.

As the issues concerning the places of mechanical
spark formation on yielding steel arch support and the
formation of high-temperature places that may pose a risk
of ignition of explosive gas mixtures are poorly recognised,
the authors of the article had difficulty in referring to
both Polish and foreign literature. The article fills a gap
concerning the sparking phenomena of steel arch yielding
support during dynamic loading.

4 Conclusions

Compared to the temperature T = 150°C defined in
standard PN-EN ISO 80079-36:2016, the straight arching
joint tests at an impact velocity v, = 2.05 m/s revealed a
slightly exceeded V32 section surface temperature, up to
a maximum temperature T = 169.6°C. The impact velocity
v, =205 m/s corresponds to the requirements of standard
= SRS = PN-G-15533:1997, which defines a requirement of 0.7 m for
1 - upper shackle; 2 — middle shackle; 3 — lower shackle; 4 — the ram falling height h during sliding joint tests.
restraining shackle Tests of straight sliding joints at impact velocities

greater than what is defined in standard PN-G-

Figure 10: SV32tw friction prop with four shackles: three shackles in

the joint and one restraining shackle under the joint‘ 15533:1997 demonstrated that the surface temperature
500
1 [e14]
— C
| |I A
400 } >
! [%)
1 o
1 [e]
1 a
300 =
£ £
5 (]
w -

200

100

s
3

—Vp=205ms —T

a

Figure 11: Course of joint force and maximum temperature at an impact velocity v,=2.05 m/s (a) and joint thermal image (b). 3 — lower shackle;
4 — restraining shackle.



§ sciendo

rises significantly above the permissible temperature
T . =150°C in the case of impact velocities greater than
2.45m/s. At an impact velocity v,=2.79 m/s, the maximum
surface temperature reached a value as high as 234.1°C.
Such a situation can pose a risk of methane and coal dust
ignition.

A similar situation occurred during the tests of
arching sliding joints obtained from £P10/V32/4/A support
frames. The maximum surface temperature during testing
also exceeded 200°C, and strong sparking in the areas of
the upper and lower shackles was observed at yield. This
was primarily due to the tearing of the surfaces by the tips
of the arching sections and the melting of the corrosion
products as a result of the temperature increase at the
contact points between the arching sections.

The temperature increase of sliding joints subjected
to dynamic impact loading can be limited by preventing
excessive joint yields. An additional fourth shackle
restraining the movement of the joint, installed directly
under the joint, is applied for this purpose in certain types
of friction props (e.g. SVtw). This solution is currently
not used in arching support frame joints, primarily due
to economic factors. The tests demonstrated that using
a fourth shackle in the joint prevents rapid joint element
temperature increases as a result of excessive yielding.
During the testing of straight joints with four shackles, at
a torque M, = 400 N m, dynamic load capacity N, = 227 kN
and impact velocity v, = 2.05 m/s, the calculated kinetic
coefficient of friction was m, = 0.312. A similar Kinetic
coefficient of friction m, value of 0.308 was obtained for
the tests of straight joints constructed from V32 sections
with three shackles, at M, = 500 N m, N, = 211 kN and
v, =2.05 m/s.

In the case of steel arch support systems, the arching
sections should be made with the same bend radius to
limit the tearing effect of the sections in the joint, which
is the primary cause of mechanical sparking. Determining
such mechanical parameters of the joints that would limit
yielding to a minimum and reduce sparking in the joint
requires the conduction of further testing — particularly
arching joint testing — involving various types of the V
section and the various states of its corrosion, as well
as different numbers of shackles in the joint and varied
shackle screw nut torques. The aim of further research
should also be to test different sliding joints: both existing
on the market and new ones, with a view to minimising
section slide in the joint, joint friction surface temperature
and sparking. The adapted methodology is applicable
to all friction straight and arch joints tested, existing
on the market, under static and dynamic loading under
laboratory conditions.
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