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ABSTRACT

Purpose. The problem of simulating steel frame irreversible deformation and displacement remains unsolved. The
purpose of this research was to develop a new approach to simulation of frame yield support.

Methods. We used combination of different methods, namely FLAC3D model, benchmark tests and materialistic
frames profile in the form of primitive proxies in place of standard structural elements, for instance, beams, which
are actually mathematical lines that have abstract geometrical characteristics of the frame profile.

Findings. The research focused on the interaction of steel frame supports and the surrounding rocks during tail entry
maintenance behind the longwall face to provide direct flow of air, which reduces methane explosion hazard.

Originality. The proposed profile model can be helpful as a practical tool that can assist in frame support im-
provement during complex interaction of rock massif with frame support in difficult geological and geomechani-
cal conditions.

Practical implications. Owing to this approach, we were able to obtain practically all patterns of the actual frame
profile behavior: frame turn and displacement, plastic hinge in coffering, longitudinal twisting and splitting, lateral
bending, breakage and sliding in yield joints. Surprisingly, frame support behavior in computer model was ex-
traordinary realistic despite primitive approximation of the frame profile, which demonstrates originality of the

new approach.
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1. INTRODUCTION

The problem of keeping stability of underground
roadways in coal mines has remained urgent in spite of
continuous improvement support, methods and means of
maintaining roadways. This is particularly critical for the
entries that have to be maintained behind the longwall
faces to provide direct flow of air and methane that reduc-
es gas explosion hazard. Despite extraordinary efficiency
of the cable bolts, they failed to keep tail entry stability
behind the longwall especially when pilllarless technolo-
gy of mining is used. It is a commonly acknowledged
practice to avoid pillar technology at deep horizons
(800 m and more), because the pillars are exceptional
concentrators of ground pressure that is a source of inten-
sive deformations and dangerous dynamic effects.
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Combination of steel arch support and rock
bolts/cables is the most popular combined support so far
that may provide sufficient resistance to ground pressure
behind the longwall where undermined rock strata experi-
ence intensive subsidence. Such support has advantage
due to synergetic effect between steel frames and rock
bolts and is widely used in coal mines in Germany
(Stahlmann, Missal & Edel, 2014; Stenmans & Hellwig,
2013), Poland (Korzeniowski, Plechota & Stachowicz,
2000), Czech Republic (Shuparek & Koneény, 2010),
Ukraine (Baisarov, 2001), and China (Guo, Wang &
Zhang, 2015; Qingbinet et al., 2015; Kang, 2014).

Nonetheless, even such synergy sometimes cannot
provide sufficient stability of tail entries in soft rock be-
cause of the steel frames failure (Stenmans & Hellwig,



V. Nazymko, V. Griniov. (2016). Mining of Mineral Deposits, 10(1), 57-62

2013). Therefore, investigation of the steel frames behav-
ior behind a longwall remains an urgent problem.

The most frequently used methods to evaluate effi-
ciency of underground support are laboratory testing
(Hadjigeorgiou & Potvin, 2011; Tatone & Grasselli,
2015) and actual measurement of ground movement and
support deformation (Yu, Zhao, Kuang & Meng, 2015;
Zhang, Bai & Chen, 2015). Results of such tests and
measurements provide very important if limited data
because of cramped underground conditions, difficulty of
access into rock mass and safety concerns. Computer
simulation is the most comprehensive method that pro-
vides virtually unlimited amount of information concern-
ing rock mass and roadway support behavior.

2. SIMULATION METHODOLOGY

Mining support operates in close contact with the sur-
rounding rock mass. Therefore, simulation tool should be
able not only to imitate interaction of rock mass and
support but reflect their mechanical properties including
selection of relevant constitution models. To date,
FLAC3D and 3DEC are the most sophisticated tools for
simulation such complex geomechanic processes
(FLAC3D, 2008). Special structural elements have been
introduced to simulate rock/cable bolts, lining and steel
frames. These elements have all the necessary mechani-
cal properties and some major geometric features. For
example, the beam structural element has cross-sectional
area, both second moments and the polar moment of
inertia. However, the structural elements have no physi-
cal bodies and are limited by one or two dimensions. It is
important to know the actual shape of the frame profile
after its collapse because such additional information
promotes understanding of complex interaction between
the support and the surrounding rock mass. Therefore, it
is desirable to reduce structural elements to the frame
members that have actual profile shape and dimensions.

However, the least dimension of the structural ele-
ments is an order of magnitude less in comparison with
the roadway and surrounding rock mass sizes. Unfortu-
nately, not only FLAC3D but any numerical method
provides a stable mathematical solution while dimen-
sions of the zones or finite elements which decompose
adjacent continuums are comparable. To mitigate this
contradiction, special member elements have been intro-
duced into FLAC3D to simulate mechanical properties of
steel arches, rock bolts trusses and girds. However, these
members are mathematical entities and are represented
by lines. Therefore, an array of effects could not be simu-
lated. For instance, plastic hinge might be simulated at an
assigned point of a steel frame only.

In this research, we tested an approach when the real
shape of a steel frame support has been changed to a
rough, approximate shape that allowed to divide the
frame into zones of comparable sizes with the dimen-
sions that represent the surrounding rock mass. Figure 1,
A demonstrates arch member section of an actual steel
frame profile in the place where adjacent members over-
lap each other to form a yield effect due to reciprocal
sliding. Fragments B, C, D illustrate options of the primi-
tive overlap substitutes: options D and C provide vertical
plane contact with the adjacent members, whereas frag-
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ment D shows Z-shaped contact that consists of horizon-
tal and vertical components of the contact. Furthermore,
D option provides a more reliable joint of the frame
members because the joint is secured with both mechanic
properties and geometric features of the contact. Namely,
D option makes it impossible to disintegrate the joint in
horizontal direction if a frame member is rigid. Mechanic
adhesion of the members was simulated with the inter-
face, which has tension and shear limits.

Vertical contact

- -K /,

Z-shape contact

=

\ [/ " U-shape contact

=

Figure 1. Different shapes of a member section at the joint:
(A) real profiles of the steel frame that create;
U — shape contact; (B, C) tangible substitutes of the
real profile that create vertical contact; (D) substi-
tute that creates Z-shape contact which prevents
horizontal disintegration of the members

Mechanical properties of the surrounding rocks repre-
sent strata of a typical Ukrainian coal mine and are indi-
cated in Table 1, where bulk, shear module, cohesion,
angle of friction, tension limits and angle of dilation are
listed for the roof, immediate roof, coal seam, immediate
floor and the floor.

Table 1. Mechanical properties of the surrounding roadway

rocks
Type of Bulk  Shear Cohe- Ar'lgl.e OfTenswnA.n glfs of
module, module, . friction, . . dilation,
rock n, Pa limit, Pa
Pa Pa degree degree
Roof  4-10° 3-10° 1-10° 30 1-10° 35
Im‘f:fflate 310° 22:10° 0.510° 25  1'10° 35
Coal seam 1-10° 0.6:10° 0.5-10° 30 1'10° 15
Im’é‘gg;ate 1510° 1-10° 1-10° 25  1-10° 35
Floor  3:10° 2:10° 2-10° 35 2:10° 25

Mohr-Coulomb constitutive model was used to con-
trol the process of rock mass destruction.

Tension and shear limits of steel were 150 MPa and
100 MPa respectively. Properties of interface between
adjacent members of the frame were as follows: normal
stiffness, 1:10'° Pa; tangential stiffness, 1-10% Pa; angle
of friction, 20°% cohesion, 30000 Pa. Properties of the
interface between rock mass and steel frames were the
same excluding the cohesion assigned to zero.

The gob has been simulated explicitly. Thickness of a
coal seam was 1.8 m. Crib has been erected immediately
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after coal extraction. Properties of the crib material were
the same as the coal seam. Depth of mining was 800 m.

Simulation has been accomplished in four stages.
First, in situ, stress state at the depth of 800 m was simu-
lated assigning elastic model to the virgin rock mass.
After this, the model shifted to Mohr-Coulomb and tail
entry was driven in the stressed rock mass. At the next
stage, rock bolts, cables and two steel frames were in-
stalled. The distance between steel frames was 0.8 m.
Bolts and cables were placed between the frames. It is
noteworthy that steel frames were yieldable. Finally, a
longwall face created the gob at the right side of the entry
during the fourth stage. This entry was maintained with a
pumped crib that had the same mechanical properties as
the coal seam extracted.

3. RESULTS AND DISCUSSION

Figure 2 demonstrates FLAC3D model for the op-
tions B and D of the joints between steel frame members.
A model was used earlier for simulation of a combined
rigid frames and rock bolts behavior using standard
FLAC3D cable and beam structural elements. We will
use this standard model for comparing results of simula-
tion with those for the proxies B, C, D of steel frame
profile. The width of both models was 2 m. The structure
of these models and rock mass properties were practical-
ly identical. Horizontal displacements of the vertical
walls of the models were forbidden. Model bottoms were
immovable. Simulation has been performed in the large
mode of deformation.

FLACSD 5148

Figure 2. Options of arch frame members contact

Figure 3 depicts tension distribution in the rock bolts
(short) and cables (long) in fragment A. Delamination of
the roof layers caused the loss of contact between the
bolts and rock mass at their ends (indicated by cycles). The
cables broke this contact on the entry cavity side only.
Some cables and bolts became curved which may be ex-
plained by intensive disintegration of the immediate roof.
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Figure 3. Tension distribution in the rock bolts and cables

(A); twisting moments in the steel rigid frames (B);
and dynamics of the moment as time elapsed (C)

Fragment B demonstrates distribution of the twist
moment along the frame bodies. Axis of the twisting
moment coincides with the axis of a frame member. Sign
of the moment alters from the clockwise to left-handed
and vice versa in several intervals of the frame. Further-
more, the twisting moment varied over time. This is
depicted in the diagram fragment C in Figure 3.

The diagram has been plotted for the point indicated
with an arrow in fragment B. The horizontal axis is
scaled in months conventionally. At the beginning, twist-
ing of the frame member was positive, however the trend
shifted gradually to negative. In addition, the moment
had fluctuated severely during the active stage of the
frame deformation. This fluctuation subsided after stabi-
lization of the ground movement process. It should be
stressed that both frames were at the same positions rela-
tiveto the adjacent rock mass despite large deformation.

Figures 4 to 6 demonstrate peculiarities of the frames
behavior during simulation using the substituted frame
profiles. Position 1 in Figure 4 indicates peculiar behav-
ior of the frames that manifested in their displacement. In
reality, frames are fixed in a roadway with spacers or
girders, which have a tendency to collapse due to inten-
sive deformation.

Rupture of the spacers occurs frequently due to turn-
ing of the frames in the cramped and confined entry that
intensively reduces dimensions behind a longwall face.
Props of the frames punch and immerse to the heaving
floor that fixes them. Therefore, only the upper part of
the frame preserves degree of freedom and might turn
and displace in respect to the surrounding rocks. This
displacement is so large that adjacent frames might come
to contact as can be seen in Figure 4.

Another form of inelastic irreversible deformation is
twisting of the frame profile (position 2). The twisting is
an alternative way to match with the process of reduction
of entry dimensions behind the longwall. The same effect
occurs due to breakage of joints between frame members
and disintegration of the frames. All irreversible effects
indicated are the results of a fundamental and well
known law of mechanics.
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Figure 4. Illustration of twisting deformation (position 2) of
the steel frames, their disintegration (position 3)
and displacement (position 1); (G) demonstration of
profile divergence

Namely, any mechanical system accepts a position
and form at which its potential energy of deformation is
minimal. It should be emphasized that such irreversible
behavior of the frames occurred due to failure of yielding
process in the joints.

Next form of frame irreversible deformation is mani-
fested as plastic hinge, which occurs frequently at the
vault part of the arch (Fig. 5, position 5). Such failure
occurs in a short interval of the frame profile yet it re-
duces its bearing capacity dramatically. Often, seepage of
aggressive ground water from the roof accelerates and
boosts such negative effect due to undesirable synergy
between corrosion and plastic deformation of steel.

Split of the frame steel profile reduces the moment of
inertia and resistance of the frame to ground pressure.
The example of such splitting is indicated in position 6.
Process of splitting occurs due to excess specific bending
of a frame member when it obtains negative curvature
(further — reverse bending). Arch straightens in the case.

Such bending is illustrated by position 4 in Figure 6
(fragment C), and Figure 4. Props of the frames tend to
bend and split frequently when they indent down to floor.

Standard structural elements cannot discover negative
effects that have been registered with the tangible substi-
tute of the frame profile.
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Figure 5. Plastic hinge (5) and splitting of the frames (6)

As far as the above mentioned structural elements are
concerned, it is taken for granted that second moments
and moment of inertia of the frame profile (e.g. geomet-
rical moments) remain constant during any form of de-
formations including plastic.

However, simulation shows that the profile evolves in
such a way that its ends diverge as indicated with arrows
in fragment G in Figure 4. Divergence of the profile
flattens it. Process of profile flattening dramatically re-
duces its geometrical moments and therefore cuts bend-
ing resistance. Our simulation indicated that the most
intensive divergence of the profile ends accompanies
twisting and reverse bending of the frame profile. These
findings are confirmed by actual observations of profile
twisting (Fig. 4) and reverse bending (Fig. 5).

Jam or blockage of the sliding process is the main at-
tribute that causes plastic deformation, turn and collapse of
steel frames. Figure 6 demonstrates this effect. The front
frame in fragment A yielded to 40 centimeters and 25 cm
at both joints. This has had a positive impact on the frame
stability. On the contrary, joints of the rear frame blocked
that initiated damage of the joints (position 7).

Fragment B depicts a histogram that demonstrates
good agreement between testing the joint in a laboratory
and the results of computer simulation. The joint of
frame members demonstrates sharp resistance at the
beginning and stabilizes sliding force during slipping of
the members relatively to each other.
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Figure 6. Demonstration of the frame yield: (A, C) deformed
frames; (B) monitoring of resistance the joints to
mutual sliding of the frame members; (D) ground
movement around tail entry behind a longwall

Some irreversible deformations of the steel frames are
unavoidable in entry after passage of the longwall when
immediate roof and floor of extracted coal seam converge
(see fragments C and D in Figure 6). Plastic deformations
of the frames are larger at the crib side of the tail entry
which is intensively deformed due to closure the gob.

Surprisingly, primitive simple proxies that substituted
real shape of the steel frame profile made it possible to
reflect realistically the specific behavior of irreversible
deformation of a frame support in underground roadway
under unfavorable conditions. The proposed proxy mod-
els can be helpful for investigating a complex process of
rock mass and roadway support interaction in adverse
environment. Our findings provide additional infor-
mation for improvement of the combined support design
in weak surrounding rocks and intensive ground pressure.

4. CONCLUSION

Behavior of a steel yieldable frame support has been
investigated with FLAC3D models for the most severe
case when underground roadway is maintained behind
the longwall face to provide direct flow of air and me-
thane that reduces gas explosion hazard. To promote
understanding of complex interaction of the support and
surrounding rock mass, beam standard structural ele-
ments were substituted with primitive tangible proxies of
real steel profile and frame members have been jointed
through standard interfaces.
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This allowed to simulate frame yielding explicitly
and reproduce the peculiar effects of turning and dis-
placement of the frames which decreases their stability
and reduces bearing capacity. The same negative conse-
quence is caused by twisting, plastic bending and split-
ting of frame profile, blockage and failure of yielding
process in the sliding joints. All these effects were ex-
plicitly simulated using the proposed models.

Surprisingly, primitive simple proxies that substituted
real shape of the steel frame profile made it possible to
reflect realistically a specific behavior and irreversible
deformation of a frame support in underground roadway
under unfavorable conditions. Simulation shows that twist-
ing and reverse bending of the frame profile caused the
divergence of profile’s ends that flattened it. The process
of profile flattening dramatically reduces its geometrical
moments and therefore cuts bending resistance as well as
the bearing capacity of the frame support. The proposed
proxy models can be helpful for investigating the complex
process of rock mass and roadway support interaction in
unfavorable geologic and geomechanic environment.
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ABSTRACT (IN UKRAINIAN)

Mera. IIpoGiemMa KOMIT'IOTEPHOIO MOJICIIFOBAHHS HE3BOPOTHHX AedopMariiii i mepeMilieHb CTaJIbHOIO PaMHOTO
KpIIUICHHS] 3aJIMIIAETHCS HEBUPILICHOW. MeTow [bOro JOCHIKeHHS Oyna po3poOka HOBOrO MiAXOAy [0
KOMII'IOTEPHOT'0 MOZEMIOBaHHS MiIATIAMBOIO PAMHOTO KPIiIJICHHS.

MeTtoanka. Mu 3acTocyBaiy KOMOIHAIIIIO Pi3HUX METOIIB JociimkeHHs, a came: FLAC3D mMonenb, CTEHIOBI BU-
npoOyBaHHS a TAaKOX MaTepiabHUi Npodijab paM y BUINISAAI MPUMITHBHHX HOTO 3aMIHHHKIB 3aMiCTh CTaHAApPTHHX
CTPYKTYPHHUX €JIEMEHTIB, HAPUKIIa OaJIOK, AKi € (PaKTHYHO MaTeMaTHYHUMHU JIIHISIMH, 1110 MAlOTh a0CTPaKTHI reoMeT-
PHYHI XapaKTEPUCTUKU PAMHOTO MPOGiIIIo.

PesyabTaTi. [locinipkeHO B3a€EMO/III0 CTAIBHOTO PAaMHOTO KPITUIEHHS Ta OTOYYIOYMX HOTO IMOpij Mij 4ac MmiATPUMKH
BEHTWIALIITHOT BUPOOKH 1033y OYHMCHOTO BHOOIO JUIsl 3a0e3MeYeHHs IPSMOTOYHOTO MPOBITPIOBAHHS, 110 3HIDKYE He-
Oe3nexky BUOyXy METaHy.

HaykoBa HOBH3HA. 3alIpOTIOHOBaHA MOJENH MPOQLII0 MOXe OyTH KOPHCHUM IPAaKTHYHUM IHCTpYMEHTapieM, II0
JOTIOMOYKE BJOCKOHAJIUTH PaMHE KPIIUICHHS ITiJl Yac B3a€MOJIi MOPOIHOTO0 MacuBY 3 PaMHHUM KpIIUICHHSM B CKJIAQJHHX
TEOJIOTIYHHUX Ta TEOMEXaHIYHUX YMOBaX.

IMpakTHyHa 3HAYMMICTh. 3aB/SIKK TAKOMY MiJXOY, MU 3MOTJIM OTPUMATH MPAKTHYHO YCi 3pa3KH MOBEIIHKH paM-
HOTO pPeaNbHOro Npodito: Po3BOPOT paM y MPOCTOpi 1 X 3CyB, IUIACTUYHI MPOTHHU y CKJICTIOBIM YaCTHHI apoK, MMO3/10-
BXKHE CKPY4YyBaHHS Ta PO3YEIUICHHs MPoQisito, OOKOBHUI 3rMH, pO3PUB Ta MPOKOB3YBaHHS y 3aMKax HimparmiuBocTi. Ha
NOJIMB, MOBEAIHKA PAMHOIO KpIIUIEHHS Y KOMII IOTEpHiN Mozeni Oyjia HaA3BHYaiHO peajiCTUYHOIO, HE3BaXKAIOYH Ha
NPUMITUBHY allpOKCHMAIIil0 paMHOT0 NpodiiIto, 1110 AEMOHCTPYE OPUTIHAIBHICTH HOBOTO MiJXOY.

Knrouosi cnosa: eenmunayiiina supooxa, ipcbKutl muck, Kpinjients, oegpopmayii, Komn 1omepHe MOOeI08aHH s

ABSTRACT (IN RUSSIAN)

Heasn. [Tpobrema KOMIBIOTEPHOTO MOJCITUPOBAHUS HEOOPATHMBIX AehopMaIiii U MepEeMEIIECHIH CTATFHOTO PaM-
HOTO KpEIUIeHHUs ocTaeTcsi HepemeHHoH. Llenpro 3Toro nccienoBanms Obla pa3paboTka HOBOTO MOAXOMA K KOMITBIO-
TEPHOMY MOAEIHPOBAHUIO TIOJATINBOTO PAMHOTO KPETUICHHS.

Metoauka. Mpl NpUMEHWIN KOMOWHALIMIO pa3IMYHBIX METOAOB HccienoBaHus, a umeHHo: FLAC3D wmopens,
CTCH/IOBBIC MCIBITAHUS, & TAK)KE MaTePHAIbHBIN MPOQUIb paM B BHIC NMPHMHUTHUBHBEIX €r0 3aMEHUTENICH BMECTO CTaH-
JAPTHBIX CTPYKTYPHBIX 3JIEMEHTOB, HANpHMep OaliOK, KOTOpbIE SIBJISIOTCS (PAKTUUECKH MATEeMaTHYECKUMH JIMHUSMH,
UMEIOIIHE a0CTPAKTHBIC TEOMETPUUCCKUE XaPAKTEPUCTHKH PAMHOTO MPOQUIIS.

Pesyabratel. MccnenoBano B3auMOJEHCTBHE CTAJIbHOTO PAMHOTO KPEIUIEHHS U OKPYXKAIOIIMX €ro MOpOoJ MpH MOJ-
uepxcaﬂym BCHTHHHHHOHHOﬁ B])Ipa6OTKI/I mo3aav OYUCTHOI'O 336051 JUIA OGGCHe‘ieHI/IH HpHMOTO'-IHOFO HpOBeTpl/IBaHMH,
YTO CHUKAET OMACHOCTh B3pbIBa METaHA.

Hayunas HoBu3Ha. [IpennoxeHHas MOAeb MPOGWIS MOXKET OBITh IOJIC3HBIM MPAKTUICCKUM WHCTPYMEHTAPHEM,
KOTOPBII IOMOXKET YCOBEPIIEHCTBOBATh PAMHOE KPEIUJICHHE BO BpeMsl B3aUMOJIEHCTBUS IOPOITHOTO MacCHBa C paMHBIM
KpEIUICHHEM B CIIOKHBIX TEOJIOTUIECKUX W TEOMEXaHHYECKHUX YCIOBHUSIX.

IpakTHyeckasi 3HAYUMOCTB. birarogaps TakoMy MOAXOIY, MBI CMOTJIH TOJYYHTh MPAKTHYECKH BCE 0Opas3Ilbl MO-
BEJICHHUS PEATBHOTO PAMHOTO MPOQWIL: Pa3BOPOT paM B MPOCTPAHCTBE W MX CMEMICHHE, IUIACTUYECKHE MPOTHOBI B
CBOJIOBOM 4acTH apoK, MPOIOJIbHOE CKPYUHMBAHUE U paciieruieHne npoduiis, 00KOBOH n3rud, pa3pbiB U NPOCKAIb3bIBa-
HUS B 3aMKax NMojaTMBocTu. Ha yinBieHne, moBeieHue paMHOTO KPEIUICHUS! B KOMITBIOTEPHOI MOAETH OBLIO YPE3BHI-
YallHO peaMCTHYHBIM, HECMOTPS HA MIPUMHUTUBHYIO alIPOKCUMAIMIO PAMHOTO NPOQUIIs, YTO JEMOHCTPUPYET OPHTH-
HAJIBHOCTh HOBOTO ITOJX0/4.

Kniouesble cnosa: 6enmuisiyuoHHAs1 6blpabomKa, 20pHoe OasiieHue, Kpenv, 0eqhopmayuis, KOMIbIOMEPHOE MOOETUPOBAHUE
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