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Abstract. The purpose of the study was to find out the nature of the deformation for the frame support as part of
the combined security system. In addition, our task was to study the destruction of the rock mass around the gateroad.
The work was commissioned out by order of the PJSC "CG "Pokrovske™.

Previous researches showed that options of mathematical simulation for the combined support system are limited. It
is related to by bulky performance of the model as well as nonlinear deformation of separated elements. For this particu-
lar study data set on the structure of rock mass around the gateroad has been collected. A rock mass is presented by
the seams of coal, siltstone and sandstone. The combined support system comprises a yielding steel arches, an anchor
and a filling body. The frame models with different shapes and sections were used. A physical model corresponded to
reuse stage of a gob-side entry retaining. The equivalent materials method is used. The simulation scale was 1:50. A
wooden shell is designed to contain transverse deformations. The model was loaded on a rigid testing machine in the
constant deformation mode. The deformation speed was about 0.05 mm/s. 19 variations of the model were tested with
different combinations of support parameters. For every model the ultimate compressive load value was determined.
Dependences for gateroad of cross-section area change are obtained on the loading attached. Three particular areas of
load-deformation support curve is recorded. These areas are as follows: increasing resistance area, falling resistance
area and residual constant resistance area. It has been established that the form of the support is improved with an in-
crease of the links number.

The results of the study have showed an increase for the resistance of the support while sprayed concrete is ap-
plied to the frame. The study also confirmed the efficiency of the reinforced filling body. For the most severe conditions,
the use of a circular frame support is recommended. The results of the study could be applied for the design of direct-
flow ventilation systems for the longwall panels of coal mines.

Keywords: coal mine, rock mass, frame support, combined support system, physical modeling.

Introduction. Direct-flow ventilation of longwall panels for coal mines provides the
reuse of gateroads. The efficiency of frame support using after passing the first
longwall is significantly reduced [1 - 4]. The pressure on the support is increased sig-
nificantly, thus, it becomes asymmetric. The rock heaving also leads to a pressure de-
crease within the working section. For these difficult mining and geological condi-
tions, it is necessary to search for new technical solutions. Their primary exploration
Is carried out by benchmark testing of the support [5, 6]. However, the enumeration
of the options for the support and the conditions of its loading is time-consuming and
expensive process. A faster and cheaper preliminary assessment of the support per-
formance could be performed by means of simulation.

The most convenient one is numerical simulation [7-12]. However, the mathemat-
ical model roughly describes the dynamics of the support-massif system with the loss
of the bearing capacity of the support. More opportunities are provided by means of
physical modeling, specifically the equivalent materials method [13]. Physical model-
ing results are more illustrative ones. They allow studying the dynamics of the de-
formation process for large inelastic rock deformations. The use of modern technical
means for the study of the process makes it possible to achieve comprehensive infor-
mation of the process. For complicated geotechnical systems, the combined use of
mathematical and physical modeling proves its efficiency [14, 15].
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The results of physical modeling of frame-anchor systems as well as separate el-
ements of the support in conditions of symmetric loading are well-known ones [16].
The study devoted to the modeling of asymmetrically loaded geotechnical system is
well-known as well [17]. However, the studies mentioned do not take into account
the whole complex of distinctions for the operation mode of the support after crossing
the longwall. The research is devoted to modeling the operation of a combined sup-
port system. It is designed to support the gateroads when they are reused. In addition
to frame support and anchors, the system contains a filling body. The main attention
has been paid to the study of deformations of system elements at the stage of reduc-
ing load capacity.

The purpose of the study is to determine the parameters of the support system that
operates in conditions of high asymmetric rock pressure.

Methods. To model the rock massif, its structure was adopted similar to the coal
seam d4 of PJSC "CG "Pokrovske™". The direct roof and floor of a working are repre-
sented by siltstone. The main roof consists of sandstone. The seams sequence and
properties are the same for all the models. The rock layers dimensions and gateroads
were selected according to the geometric similarity. The simulation scale was 1:50.
Loads similarity is ensured by approximately equal ratio of strength parameters for
rocks and related equivalent materials. Comparative parameters of rocks as well as
equivalent materials are represented in Table 1.

Table 1 — Strength parameters of rocks and layers of the model

Rock (material) Compressive strength 6., MPa Strength ratio
rock (material) equivalent material

Sandstone 75 32 2.34
Siltstone 45 20 2.22
Coal 15 7 2.14
Filling body 35 15 2.33
Shotcrete 40 17 2.35
Broken rock 15 7 2.14

The combined support system is modeled by two frame supports, a set of anchors
and a filling body. A few variations of every element of the system were made. The
composition of the system is shown in Figure 1.

Element 1 models a sandstone layer. Plates 2 are equivalent to the layers of silt-
stone. The coal layer is modeled by the element number 3. Gateroad 4 is at the center
of the model. It is fastened with a pair of frame fasteners 5. There is an anchor 6 lo-
cated in between the frames. There are a few ways to strengthen the upper frame.
Two double anchors 7 are used for fixing top of the frame.

For some variations of the model anchor 8 was used to fix the bases of racks on
the floor of the seam. Shotcrete was used for further strengthening the support sys-
tem. Reducing the pressure on the frame after the passage of longwall is provided by
the construction of filling body 9. The filling body is placed in a wooden formwork
10. Between frame and filling body filler 11 is placed. Filler 12 models broken rock.
The model is placed in a wooden frame 13 in order to block the transverse defor-
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Figure 1 — The composition of the combined support system
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Frame models differ by the number of elements, shape and cross-section area. The
frame support elements are made of steel strip 14 x 60 mm in length and width re-
spectively. The performance of a single option for the frame support is shown in Fig-
ure 2.

Figure 2 — Sets of models for three-element frame support
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For some variations of the frames, additional elements are provided to strengthen
the upper support. These elements are shown in Figure 3.

Figure 3 — The options for strengthening the upper component

A few variations of the filling body were applied to the models. These variations
are shown in Figure 4.

Figure 4 — The variations of the filling body

In option a) filling body prevails. However, in case of rapid movement of the
working face, there is no time for filling body to gain the required strength. Its prema-
ture destruction leads to a rapid decrease of the cross-section for the roadway. Fur-
ther, problems with a weak floor of a working have emerged. In this case, the use of a
strengthened strip is recommended. Several options for its implementation are pro-
posed. To unload the filling body, they are removed to the depth of the excavated
space. The width of the gap between the rows of posts is 0.3 - 0.5 times the width of
the filling body. In option b) the reinforcement is provided by additional rows of
wooden props. This option requires a removable formwork. Option c¢) provides an in-
crease of width for the filling body. At the same time, there are no vertical wooden
props. This option requires a removable formwork while making up a filling body.
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For option d) the wide filling body is additionally reinforced by means of reinforcing
profile.

Combinations of several options for frame support during the change of other el-
ements of the support system are implemented as 19 different physical models. The
rock structure is the same for all the models. The distinguished features of the models
are shown in Table. 2.

Table 2 — Basic parameters of physical models.

Model | Number of Cross- Number of Variation Features
No. frame ele- section, anchors* of the filling
ments m? body
1 3 15.5 9+4x2 a) -
2 3 15.5 9+4x2 a) without backfilling
3 3 155 9+4x2 a) sprayed plaster base
4 3 18.0 9+4x2 a) -
5 3 18.0 9+4x2 b) sprayed plaster base
6 3 155 9+4x2 a) sprayed plaster base
7 3 15.5 9+4x2+4 b) -
8 3 18.0 9+4x2+4 a) -
9 3 155 9+4x2+4 a) without backfilling
10 3 18.0 9+4x2 b) without backfilling
11 3 155 94 dx?2 b) strengthening of the up-

per component — a)
strengthening of the up-

12 3 18.0 9+4x2 b) per component — a)
13 4 155 9+4x2+4 b) circular support

14 4 18.0 9+4x2+4 a) circular support

15 3 15.5 9+4x2 b) -

16 3 18.0 9+4x2+4 o) Strsgrgg;?gg;% g;ttiebl)lp-
17 5 17.1 9+4x2+4 C) -

18 5 17.1 9+4x2+4 d) -

19 3 18.0 9+4x2+4 d) -

* anchors between frames + dual anchors + fixing of the arch’s lower element

Original appearance of a single model is presented in Figure 5.

Experimental study process has been conducted on the test machine P500. The
plates were in the shape of a square. Side length of a square equals 0.6 m. Maximum
compressive load value equals SMN. The fixed compressive load on the models did
not exceed 0.2 MN. Such a correlation of sizes allowed to provide testing process in
the constant deformation mode. Constant deformation velocity was nearly 0.05 mm/s.

Continuous video recording of the experimental study has been carried out. A
scale measure unit was attached to the frame in order to control the change of the lin-
ear dimensions of the model.
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Figure 5 — Model #8 set up prior to experimental study

A remote precision pressure gauge was also placed in the frame in order to record
the load simultaneously with parameters mentioned. This pressure gauge has meas-
ured the oil pressure within the press hydraulic system. In this case, the correction for
the force of friction of the press piston in the cylinder was taken into account.

Results and discussion. Based on the results of computer processing for video
records, diagrams of deformation for the gateroad contour were obtained. An exam-
ple of the diagram is shown in Figure 6.

(—I):< il S 11

Y

3
o

Prmax

—_ =
[= N ]

[um—
N

—
[\

—
o

Compressive force P, kN

[

4

I
I
|
i

/ e e — e Y 3+

/
/

1.00 0.95 0.90 0.85 0.80 0.75 0.70
Relative cross-sectional area S/So

c(\)hc\oo

Figure 6 — Diagram of deformation for the gateroad contour of model #11
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Three stages of deformation for the gateroad contour are clearly distinguished in
the diagram. At stage |, the standard operation mode of the combined support system
Is implemented. Once the load is increased, the reduction in the area of workings is
insignificant. It is mainly due to sealing the gaps between the frame and the contour
of gateroad. Additional deformation occurs due to the movement of the upper part
within the locks. Frame elements are barely deformed.

The load value of the support structure reaches out its maximum at the load value
Pmax- FOr an ideal support system, further deformation of the contour would occur at a
constant value of the load reached out. However, at stage I, as a result of the large
cracks formation within the rock around the gateroad, it significantly loses its bearing
capacity. Destruction of the models also use several variations of the filling body that
leads to an increase of the asymmetry for the support loads (Figure 7).

Figure 7 — Asymmetric deformation of the frame under loading for model #11

Analysis of the research results has shown an improvement of the support perfor-
mance with an increased number of elements. Multi-element support is more suitable
to for the frames subjected to the asymmetric pressure. In this case, the reduction of
the frame cross section occurs mainly due to the slippage of the elements in the lower
locks. Figure 8 shows the ultimate shape of the frame for the model #18 after experi-
mental study being conducted.

At stage Ill, the support system turns into constant resistance mode. In this case,
the large-block structure of the rock is fragmented into smaller parts. It is possible to
smoothly indent the racks onto the floor of a working. This process is depicted in
Figure 9.

Evaluation of the frame support efficiency along with additional elements of
the support system is assessed by the values of several parameters. The main parame-
ter is the maximum compressive load Pna, KN. The quality of the support is im-
proved with an increase of the parameter’s value.
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Figure 8 — The shape of the five-element frame after the test completion

Figure 9 — Racks pressed into the floor of a working for model #19
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An important parameter is also the residual compressive load P, KN. Its high
value contributes to an increase of the operating time of the colliery.
The results of processing for the gateroad deformation diagrams are given in Ta-

ble 3.
Table 3 — Deformation-strength parameters of the models.

Model Pmaxs Prest., Ratio Section Ratio
number |  kN. kN Prest. / Prmax | T /1
1 122 79 0.65 0.12 0.09 0.75
2 104 38 0.37 0.06 0.11 1.83
3 182 73 0.40 0.03 0.17 5.67
4 140 62 0.44 0.02 0.21 10.50
5 163 98 0.60 0.07 0.31 4.43
6 196 53 0.27 0.04 0.19 4.75
7 140 62 0.44 0.02 0.14 7.00
8 98 46 0.47 0.03 0.11 3.67
9 105 38 0.36 0.05 0.09 1.80
10 140 78 0.56 0.04 0.16 4.00
11 187 43 0.23 0.04 0.10 2.50
12 112 83 0.74 0.04 0.14 3.50
13 120 38 0.32 0.02 0.18 9.00
14 106 40 0.38 0.02 0.15 7.50
15 110 68 0.62 0.03 0.12 4.00
16 156 45 0.29 0.04 0.14 3.50
17 128 57 0.45 0.03 0.22 7.33
18 102 58 0.57 0.03 0.29 9.67
19 80 38 0.48 0.02 0.24 12.00

Yet another indirect parameter of the support efficiency is the ratio Prest./Pmax.. The
maximum value of this ratio equals 1. Lower values of the parameter contribute to the
rapid loss of the gateroad cross-section.

The relative deformation of the cross-section of the gateroad is determined by the
size of sections I - I1l. Section | corresponds to the regime of increasing support re-
sistance. If support provides an effective performance, the deformation of the work-
Ing in this section reaches out its minimum value.

Section Il is a common one for the support performance after longwall passage.
The optimal selection of the parameters for the support system leads to the slow de-
crease of the load capacity. An indirect parameter that describes the efficiency of the
support for this mode of operation is the ratio of sections Il and I. This ratio should be
considered together with the value of the residual resistance of the security system
Prest. (Section 11). Simultaneous increase of the ratios 11 / 1 and Pyest/Pmax. Proves the
effective support performance.

A significant improvement of the support performance is obtained with the simul-
taneous application of the frame and a reinforced filling body. The models also use
several variations of the filling body. Let’s consider the model #5. The positive ef-
fect of shotcrete for increasing the maximum bearing capacity of the support is con-
firmed by the example of the model #3.
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Effective performance of the support within the area of the bearing capacity loss
Is also achieved by strengthening the upper frame and simultaneous using a rein-
forced filling body. Model #12 has a low maximum value of the load capacity. How-
ever, along with model #5 it has a high residual resistance value.

Closed support is implemented for models #13 and #14. It is described by rela-
tively low maximum values of the load capacity. Its advantage is a very smooth de-
crease of this indicator as extreme deformation is increased.

The best shape retention with a significant reduction of cross-section was ob-
tained for five-element frames. They are implemented for models #17 and #18.

Conclusions. By means of physical modeling, the performance of several varia-
tions of combined support systems that use frame support has been investigated. The
conditions for maintaining of reuse gateroad were modeled. The novelty of the exper-
imental study consists of the simultaneous use of several support structures along
with a variation of their parameters. Increasing of the parameters for the security sys-
tem was established when sprayed concrete to the frames had been applied along with
a reinforced filling body. The results obtained could be applied to the development of
support as well as reinforcement of a coal mines gateroads with a direct-flow ventila-
tion system.
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MOLENOBAHHA POBOTW KOMBIHOBAHOI CUCTEMM KPINNEHHA B CKNAQHWX FPHUYO-
FEONIOINYHUX YMOBAX
CepeieHko B., AmerniH B., Tpunonbckud B.

AHorTauif. MeToto gocnigkeHb 6yno BCTaHOBNEHHS XapakTepy Aedopmallii paMHOro KpinneHHs B cknagi KoMBiHo-
BaHOi OXOPOHHOI cucTemun. OKpiM TOro, HaWKM 3aBAaHHAM Oyno BMBYEHHSI PYHYBAHHS MOPOAHOMO MacuBy HABKOMO
ripHn4oi Bupobkun. PoboTa BukoHyBanack Ha 3amoBneHHst [MAT «LLaxToynpasniHHs «[TOKpOBCHKE».

MMonepeaHi JOCNiMKEHHS NOKA3anM, WO MOXIMBOCTI MaTeMaTUYHOrO MOZENOBAHHS KOMBIHOBAHOI OXOPOHHOI CUC-
Temn obmexeHi. Lle nos's3aHo 3 06'eMHUM XapaKTepoM MOAENi Ta HEMiHIMHUM AedopMyBaHHAM OKPEMX €NTEMEHTIB.
[ns uboro gocnimkeHHs 6ynu 3ibpaHi aaxi npo 6yaoBY NOPOAHOTO MacKBy HABKOMO ripHUYOT BUpOOKu. MopoaHuit macus
npeacTaBeHo Wapamy BYTiNMS, anesponity Ta nickoBuky. KombiHoBaHa OXOpPOHHa cMCTeMa MICTMNa pamy, aHKepU Ta
nuTy cmyry. BukopuctaHo mogeni pam pisHoi qopmu Ta nepepidy. PisnyHa mMogens Bignosigana AinsHui nigrotoyol
BUPOOKM MOBTOPHOTO BUKOPUCTAHHS. BukoprcTaHo MeTog eKkBiBaneHTHUX MaTepianis. Macwrab MogentoBaHHst ckiagas
1 :50. [ins cTpumyBaHHs nonepeyHnx aedpopmaliin npusHaveHa gepes’sHa obonoHka. Mogenb HaBaHTaxyBanach Ha
XOPCTKii BUNpOOYBanbHiii MalHi B pexuMi nocTiiHoi aedopmaii. LLBnakicTe aecopmyBaHHs Cknagana npubnmuaHo
0,05 mm 3a cekyHay. Jocnimkyeanock 19 BapiaHTiB MOAENen 3 pisHUMM KOMBIHaLIIMW NapaMeTpiB KpinneHHs. Ans kox-
HOT MOZESi BU3HAYEHO rpaHnYHe CTUCKatoue HaBaHTaxeHHs. OTpUMaHO 3aneXHOCTI 3MiHW NIOLLi NONEePEYHOro nepepisy
BUPOOKM Bif NPUKNAOEHOr0 HaBaHTaXEHHS. BuaineHo Tpu XxapakTepHi QingHku poboTy KpinneHHs: 3poCTatodoro onopy,
CMafaloyoro onopy Ta 3aruLIKOBOrO NOCTIMHOTO onopy. BusHayeHo yMOBM BLABMIOBAHHSA CTOSKIB B MiOLIBY BUPOOKM.
BcTaHoBneHo, Lo 36epexeHHst (hopMu KPINIEHHS NOKPALLYETLCA 3i 3pOCTaHHAM KiNbKOCTI TaHOK.

PesynbTat gocnimkeHb nokasanu MigBMLLEHHS ONOPY KPINNEHHs MPW HaHECEHHI HAabpu3KOeTOHy Ha pamy. Jocni-
[PKEHHs! NIATBEPANUIIO TaKOX e(hEKTUBHICT 3aCTOCYBaHHA NigcuneHoi IuToi ecmyru. [ns Hanbinbl BaXkux yMOB peKo-
MEHAO0BAHO BUKOPUCTAHHS 3aMKHYTOTO KpinneHHs. Peaynbtat pobotn MOXyTb GYTW BMKOPUCTaHi NPy NpOEKTyBaHHi
NPAMOTOYHUX CXEM MPOBITPIOBAHHS BUIMKOBMX AiNbHUL BYTIMBHUX LaXT.

KntouoBi cnoBa: ByrinbHa WwaxTa, NOPOaHUIA MacuB, paMHe KpIinneHHs, KOMBGIHOBaHa CUCTEMA KPinNneHHs!, disnyHe
MOZJENOBaHHS.
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