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Parametric Studies of Total Load-Bearing Capacity 6 Steel Arch Supports

Petr Horyl", Richard Siuparel, Pavel Marsalek Zdersk Poruba®and Krzysztof Pacamiowski®

The supports in roadways are dimensioned to theuainaf the load applied during the roadway’s liRoadways are exposed to the
effect of rock pressure associated with the roaddrasage and with subsequent operations that extraal, which significantly affect the
original stability of rock mass. This induced setany stress leads to the disturbance of sedimentaals, which are mostly of slight and
medium strength, and to the significant deformationroadways. The gate-roads are mainly suppontigd yielding steel arch support (TH
profiles). The load-bearing capacity of the steelhasupports is a key parameter in the design aflveays support. Determination of this
parameter can be done using large testing framesxjperimental laboratories. Another essentially agier way is to create a computer
model which exhibits a good correlation with redpeche existing data from equivalent laboratoonditions. In this paper, we present the
validated computer model of the steel arch suppgbrsugh which the influences of important factaxamely different materials, number of
the clamps in the yielding friction joints, andfdient values of tightening torque on the totalddeearing capacity, were determined. This
parametrical study was created based on the practiequirements from industry, and the obtainediltsswill be reflected in the design of
new types of steel arch supports.
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Introduction

The predominant amount of Europian coal deposifdoiéted underground are extracted by the longwall
method with controlled caving. Experience showsg thadways, which ensure all transport and veititain
coalfaces, restrict both output and safety as agllhe economy in coal production (Becker, 1984pnd¥ays
are exposed to the effect of rock pressure assaciatth the drivage of roadways and with subsequent
operations that extract coal, which significantf§eat the original stability of rock mass (Hood aBdown,
1999). This induced secondary stress leads toitterdance of sedimentary rocks, which are mostlglight
and medium strength, and to the significant defdiona in roadways. With the occurrence of very firotk
layers, the dynamic phenomena of rock pressure{pacsts are induced, which again primarily affezdways
(Brauner, 1981). Therefore, the research of thet eifisient methods for supporting and ensuring risedways
in coal mines presents a fundamental problem foringi as well as geomechanical engineersuf@rek and
Koneiny, 2010). From the geomechanical point of vieve sihape and size of the underground workings are
essential. The gateways are driven in the seamn afith some stripping in the floor or in the roafd their
full-size cross-section is 15-20°iim average, with the mean advance of machine-drogenings about 8 to 10
m per day. The gate-roads are mainly supported wiilding steel arch support (TH profiles). For gbe
roadways, it is necessary to design an optimal atifgystem respecting the loads to which the rogdwifi be
exposed during its life (Hoek and Brown, 2002).

The plan of monitoring in roadways and determimatiof stabilization measures are usually part of
monitoring procedures in order to avoid exceediritical values of loading. The supports in roadwaye
dimensioned to the amount of the load applied duttie roadway'’s life. In the first period of drivegf a mine
working, the minimum bearing capacity of the supponust correspond to the load of the loosened iodls
vicinity or, as the case may be, to a portion @ thad. Moreover, the supports must comply wita tteld
function with respect to a certain coherence oflttmsened rock (Brady and Brown, 2004). Accordioghe
arch theory, a natural arch is formed above thdwag, and along this natural arch, the rocks sépdiram the
rock mass. The rocks inside the arch are disturbed, therefore, these rocks have to be supporitdtie
supports in the roadway. The necessary spacingrabfea of the conventional support can be determined
on the basis of comparison of the calculated stahli@d with the load-bearing capacity of suppartidacobi,
1961).
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The total load-bearing capacifye of arch frames plays an important role in the giesdf steel arch
supports. Under the laboratory conditions, thisaci#ty Fe is defined as the scalar sum of the external force
actively produced by hydraulic cylinders No. 4-@drarrows in Figures 1 and 2). This value of cadpaci
of the steel arch supports is affected not onlythmir structure and material but also by the metbbtbad
application (Brodny, 2010). It is necessary to obtae values of the total load-bearing capacity different
constructions under the agreed scheme of loadin@gmonding to the real mining conditions. The Ittdad-
bearing capacity of arch frames in mining practgeurrently being approximately assessed. Thetesaues
can be verified in laboratories with large fram@sHurope, for instance, in DMT Essen or GIG Katmayi

Fig. 1. Testing scheme, front view

The experimental research for verification of th@mputer modelling method was realized
in the Laboratory of Mechanical Devices Testing G{&owice (Poland). The tests of the steel arclpstip
comply with the requests of the standard (Stand®¥dG-15000-05, 1992). The external loading is extit
by movable hydraulic force elemeris — F5, see Figure 1. Other hydraulic force elemdnts F; andF; — Fy
are immobile, and they serve as supports. The subfdaboratory testing is the SP16 steel arctpetts used
in Ostrava Karvina mines with basic dimensions,tivil= 5 920 mm and height = 4 240 mm. This support
frame consists of four segments (the TH29 profilenected by the clamps realized by the bolted ections.
The overlap length of segmentsds= 500 mm. All geometrical properties are shownTable 1. Testing
of the steel arch supports was performed in thefollowing modes: as the rigid (welded) suppornyielding
segments are fixed by welding of double segmeatsd-as the yielding support with standard clamfption
joints.

Table 1. Geometry of steel arch support

Parameter [mm] Parameter [mm]
S 5920 a 170
w 4240 b 1000
e 500 c 220
Ri=Rs 5950 d 3000
R.=Rs 2620

Material and Methods
The history of computer modelling of steel arch iminsupports, presented first in the crucial paper

by authors Horyl and iiparek (Horyl and Supéarek, 1992), began even before 1992. The calootaivere
performed using their own Finite element methodsbasoftware, and supports (segments) were modelled
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by a planar beam element. The joints between tgensets were simplified — they were modelled without
a yielding function. The results in that paper aadéd that steel arch supports combined with ragtstare most
resistant against the instantaneous dynamic loadihg computer models were further refined usimghell
finite element. The bolted connections with the-lpding effect were firstly included in this mods#l friction
joints (Horyl et al., 1997). It caused intense ntioa modelling of the support response on the rbaksts
(Horyl and Supéarek 2005). Later on, the bolting fixation impast that response was modelled (Horyl,
Siupéarek, 2007, 2009 and Horyl, Vicherek, 2007). Qyiobal scale, these calculations were unique. Gy,
computer models were consistently created by ddatite element — solid type (Horyl et al., 2012013, and
2014). The aim of the calculations was to determtroav much energy of external load causes plastic
deformation of the supports. Energy values, whiakeha damaging effect on the bolt body and causselo
stability of the whole support frame after thatigtion, were observed.

The methodology of Computer Modelling.On the basis of this long-term experience with etliny and
analysis of main parts of the support, a complpttial finite element (FE) model of SP16 steel asapport
was designed. The problem was solved as a statictstal analysis with neglecting of inertia effecAll parts

of this support (segments, clamps) were created amsgmbled according to drawings without any shape
simplification. The scheme of the FE model is dgaldn Figure 2.

A

Fig. 2. Boundary condition of the FE model, froigw

The boundary conditions correspond to those destrédbove in the standard (Standard PN-G-15000-05,
1992). Hydraulic cylinders were replaced by sprelgments with equivalent stiffness — kg = 9 kKN/mm
(without considering these flexible members, thieies of vertical deformationg will be significantly distorted
in comparison with the testing data). The suppgrtimechanism of the hydraulic cylinders pushing
on the segments was realised by the multi-pointsitamts (MPC) elements connecting one layer oidsol
elements with a joint mechanism (detail in Figuje Ehe bolted connections used for clamp preloadvege
modelled by a specific method. The bolt body repnéstwo beam elements which are attached usinlylB@
elements to the upper and lower yokes, see Figuréh® whole task of the total load-bearing capacity
of the steel arch support containing 1.1 mil degreefreedom (DOF) was solved using MSC MARC 2013
solver. The time for solving one task on the cormapustation with 16 central processing units (CPU)
correspondetb 15 hours. The summary of used finite elemenshdsvn in Table 2.
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Table 2. Finite elements used for welded / yigjdinpport model

Type of element MARC description Number of elements
Solid elements Hex8 (SOLID7), Penta6 (SOLID136 ,2eQ / 260,000
Spring elements - 9/9
Bolt bodyd, = 22.05 mm Line2, (Beam98) 12/18
Multi-point constraints RBE2 33/39

The FE models of both support types (welded anttliyig) were compared with the experimental results
from the tests (Horyl et al.,, 2016). The evaluatedults show considerable correlation with the texgs
experimental testing data from laboratory, see feig8, 4 (Horyl et al., 2017). This validated FE rabd
of the steel arch supports was used for the foliguparametric studies.
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Z Z
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=400+ w400
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300+ 300
200 200
—— FEM 31MndV —— FEM 7'=400 Nm
100 Test 31MndV 10 d ‘ Test 7 = 400 Nm
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deformation y, [mm] deformation y, [mm]
Fig. 3. Comparison of the welded support testind a Fig. 4. Comparison of the yielding support testamgl
FE simulation (Horyl et al., 2017) FE simulation, tightening torque T = 400 Nm

(Horyl et al., 2017)

Material Variations (welded support). The scheme of the welded support was used forsiigation

of the material variations, i.e. three common stgpks for segments (Table 3) — because in thigmseh
the friction between segments does not affect dted toad-bearing capacity in this test. The waymelding

of the unyielding joint E (see Figure 2) and diseaion of the FE model is described in Figure 5.
The supporting mechanism E represents the pregdates of hydraulic segment E, which carries a part
of external loading on the arch support.

Support E

; 2
Segment 2 Upper Yoke

Segment 3
- Weld

= Lower Yoke

Fig. 5. FE model of welded support — detail of jiiat E

The material properties of all FE model parts aséedl in Table 3. Young’s modulus of elasticy
yielding stress, ultimate stressy, and elongatior were determined from the manufacturer data st{€étel
Qualities, 2015). For describing the plasticityeeff, the bilinear material model with isotropicdening was
used.
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Table 3. Material properties of structure parts

Material properties
Structure part Young's Modulus Yielding Stress | Ultimate Stress Elongation
of Elasticity MPa o IMPa A%
E [MPa] ol ] u [ ] 0
Steel support 31Mn4U 350 520 18
Steel support 31Mn4V 520 650 19
Steel support H500M 480 650 18
Weld 31Mn4U 245 364 18
200 000
Weld 31Mn4V 364 455 19
Weld H500M 336 455 18
Upper / lower yoke (S295) 295 470 20
High strength screw M24 (class 8.8) 640 800 12
Stiffness of hydraulic cylinders ki —kog = 9 [KN/mm]

The total load-bearing capaciy is determined at the end of the simulation duexteessive displacement.
This excessive displacement is caused by a snta#tase in loading forces. The calculation did rotverge at
this time, producing extremely large deflection ithe form of the rigid body motion.
The relationships between the load-bearing capagityand vertical deformatioge for different steel types
(31Mn4U/V and H500M) used for the welded suppoet strown in Figure 6 and Table 4.

800
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Frinn = 654 kKN
600
F ooy = 617 kN
— 500
g F o = 481 kKN
&' 400
[
o
&
300
200
[ —— 3IMndU |
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11500M
1 i I
50 100 150 200

deformation y, [mm]

Fig. 6. Relationship between the total load-begmapacity k [kN] and vertical deflectiong{mm]
for different steel types used for welded support

Table 4. Total load-bearing capacitgf the welded supports

Steel type used for the welded support Maximal deflectionye [mm] Total load-bearing capaciBg [kN]
31Mn4U 73 481
H500M 76 617
31Mn4Vv 82 654

Variations of Friction (yielding support). The total load-bearing capacity of the frictiomjs (maximal value
of normal forces being capable of bearing the cotioe without a slip of the segments) plays an ingua role
in the static design of the steel arch supportseiHand Brown, 2002). Construction of the frictiain with
respect to the strength of its different parts #rtightening torque applied to the bolted conipectepresent
meaningful technical aspects regarding the functibthe yielding supports. The constructions of yieding
joints have to meet two requirements. The clampange has to be strong enough to provide a saf lwad-
bearing capacity of the steel arch support buttootstrong to eliminate the yielding effect (Brodr014).
While the current design of the friction joints usified, there is no general consensus regardiegvttiues
of the applied tightening torqu&€ on the bolted connections with two or three clarpes friction joint.
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The 31Mn4V standard steel type was chosen as thierped material. The support frame consists of fou
segments connected by friction joints. The Couldrighion was prescribed for the friction betweerntpan the
model. The coefficients of friction were taken fr@htoryl et al., 2014). The coefficients of frictiarsed for all
structure parts are presented in Table 5. The campoodelling was focused on the comparison of sttgp
with two or three clamps per joint and differentues of the tightening torque applied to the boltednection

T = 300-450 Nm used in practice (MarSalek and HoB016). However, especially the higher values
of the tightening torque cause the creation oftmdsnges in parts of the connection and the w&gments.

Tab. 5. Coefficient of friction and preloadingtbé bolted connection

Structure part Coefficiefnt of friction Tightening torque Axial force in the bolt body
[ T[Nm] Fo [kN]
Bolt thread 0.13 300 63.3
Under nut 0.17 350 73.9
Between segments/yokes 0.27 400 84.4
450 95.0

Three clamps per connection(yielding support). The yielding joint was realised by a uniform distition
of three clamps per connection, as is shown inreigu

Support E

Segment 2
Segment 3

IR

= T :
s Lower Yoke

Fig. 7. FE model of yielding support with threarops per connection — detail of friction joint E

The results of computer simulations show the lowkstal load-bearing capacitfFg = 408 kN
for the tightening torqu& = 300 Nm and highest total load-bearing capak€ity= 552 kN for the tightening
torque ofT = 450 Nm, see Figure 8 and Table 6. These valaeseca significant uncontrolled slip of the upper
friction joints E and the end of the calculation.

800
700
600 F
Fi, =552 kKN
oS00 F2, =501 kKN
o] s
& £ - = O Fi = 456kN
5 fo-m = ra
é 4
300
200 F 38 —r——— T=300Nm
3§ === T=350 Nm
38 T=400 Nm
100 - 3§ m— T=450 Nm
20 40 60 80 100

deformation y, [mm]

Fig. 8. Relationship between total load-bearingaeity F [kN] and vertical deformationg{mm] for different torque T at the yielding
support with three clamps per connection obtaingthie FE model
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Table 6. Total load-bearing capacity of the

iafgisupport with three clamps per connection obthing the FE model

Deflection Total load-bearing
Tightening torque at the first slip capacity
T =300 Nm 47 408
T=350 Nm 52 456
T =400 Nm 56 501
T =450 Nm 71 552

numbes, 213-222

The field of equivalent stress (von Misses hypad#)ds the most important part of the structureépicted
in Figure 9. It is the ultimate condition identdidor minimum tightening torqu& = 300 Nm. As is apparent
from Figure 9, in the location of the contact obtdifferent radii of the segments significant irase of plastic
hinges are formed.

650.00;

585.00*

52000 e
low plasticity *

390.00
325.00
260.00
195.00
130.00

65.00

0.00

Fig. 9. Field of equivalent stree§MPa] — von Mises — in the yielding support witltlAmps per connection,
tightening torque T = 300 Nm, state before thedrigody motion (load #= 408 kN)

Two clamps per connection (yielding support). This modification of the yielding joint is
by removing the middle clamp in each joint (Figfy.

perfoad

Support E

Segment 2
Segment 3

RARAA

B
X PCCTTL T

Fig. 10. FE model of the yielding support with tel@mps per connection - detail of friction joint E

~ Lower Yoke

The results of computer simulations show the lowetsi load-bearing capacife = 268 kN for tightening
torqueT = 300 Nm and the highest total load-bearing capdti = 399 kN for tightening torqu&é = 450 Nm,
see Figure 11 and Table 7.
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Fig. 11. Relationship between total load-beariagacity = [kN] and vertical deflectiong[mm] for different torque of bolts at the
yielding support with two clamps per connectioraated by the FE model
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Table 7. Load-bearing capacitf the yielding support with two clamps per conimecbbtained by the FE model

Deformation Total load-bearing
Tightening torque at the first slip capacity
yi [mm] Fe [kN]
T =300 Nm 30 268
T =350 Nm 40 329
T =400 Nm 47 362
T =450 Nm 49 399

Figure 12 presents the field of equivalent stresm (Misses hypothesis) for maximum tightening terqu
T = 450 Nm in the last state before the uncontrodligal It is apparent that each clamp transferggher load,
but the value of the load-bearing capacity is simib the yielding joint realized by tree clampghtened by
torqueT = 300 Nm.

(SB(].[I();: 3
535.(10"1
52000 B
low plasticity
455.00
390.00
325.00
260.00
195.00
130.00

65.00

0.00

R\

low plasticity )

Fig. 12. Field of equivalent stres§MPa] — von Mises — in yielding support with twlammps per connection,
tightening torque T = 450 Nm, state before thedrigody motion (load &= 399 kN)
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Results

Material variations were performed on the modettaf welded support. The total load-bearing capacity
of the supports is more or less directly proposdioto yielding stress values of used steel typguiE 6).
The comparison of the computer modelling resultsheftotal load-bearing capacity of the yieldingestarch
supports is described in Figure 13.

800
700 - 6 %
28 %
P
600 [ ] IO“%
0% g
— 500 | -
Z
= 10 %
o 10% =2
R 400 +
Y 23 % =
5
= 300t
200 -
=l E g
= Z | Z
= | = =3] = =
100 | S| e I g
= I | I
= | ka8 M = &
0 — . - — : q —
welded 3 clamps 2 clamps

Fig. 13. Comparison of the total load-bearing cejpgof the steel arch supports

The effects of the friction joints on the total dbbearing capacity of the yielding steel arch sufsppwere
investigated on different types of connections (tarothree clamps per friction joint) and differevdlues
of the tightening torque on the bolted connectiosing three clamps per connection brings approx%#0
increase in the value of the total load-bearingacdp of the support in comparison with two clampgrease
in the tightening torque applied on the bolted @mion in the range of 300-450 Nm brings 35-40 %ease
in the value of the total load-bearing capacityhaf yielding support (with steps approx. 10-12 %tjgghtening
torqueT = 50 Nm). The load-bearing capacity of the yietdsupport with two clamps tightened by maximum
torque T = 450 Nm is almost the same as the total loadibgarapacity of the support with three clamps
tightened by minimal torqu& = 300 Nm (Figure 8 and Figure 11). Increasingstasice against the slipping
effect in frictional connections due to a numbeclaimps and due to torque of bolts also causehitier total
load-bearing capacity of the whole steel arch.

Discussion

The total load-bearing capacity of steel arch suppresents an important parameter for supportgdesi
This value is affected not only by their constrantiand material but also by the scheme of loadiegjun.
In some cases (point loads, high lateral loadinggneyielding arch support behaves like rigid welded
construction. In our paper, we deal with the schefmimading with major vertical weight correspongliwith
loading in the experimental laboratory (Figure A)serious problem of computer modelling of yieldiagch
supports consists in the course of deformationiétding joints. The slips occur in jumps, and afeery slip,
the geometry of the whole arch is changed. Moredherjumps causing successive slips are caus#itelstow
velocity of the displacement of the hydraulic cgiéms and by the non-linear behaviour of the frizioforces
between the contact pairs. The coefficient of ifsictis dependent not only on the degree of corrobietween
the arches but also on their relative velocities. & detailed description of this behaviour, it Vebbe necessary
to consider the inertia of the system and to stilegtask as a dynamic with a nonlinear descriptifoime friction
effect.

However, by the study of data from laboratory tesftgielding arches, we found that the load-bearing
capacity at the first slip in yielding joint repesds with sufficient accuracy the total load-begroapacity
of steel arch support (Horyl et al.,, 2017) (Figut¢ To determine the total load-bearing capacity,
the presented static model described in this werguifficiently accurate and can be used to prddimtratory
tests.
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