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BENCH TESTING OF A STEEL YIELDING FRAME SUPPORT

The problem of stability maintenance for underground workings becomes more urgent as the depth of mining
increases. Currently, combination of rock bolts or cables and steel frames has become popular among practitioners.
Manufacturer use such support for providing entry stabilities in complex geologic environments. However, the num-
ber of publication concerning testing of steel frame yielding support is limited, especially benchmark testing when
parameters of the frame are controlled in laboratory and may be monitored comprehensively.

Purpose. To establish variation regularities of resistance and steel yielding arches during its benchmark testing.

Methodology. Methods are based on thermodynamics of irreversible processes and consideration of interactions
of the adjacent frames and their elements when under the ground pressure. We employed the probability theory and
mathematical statistics to investigate these regularities.

Findings. It was found that fluctuations of the frames resistance and their yielding provide a lot of important infor-
mation concerning non-linear behavior of metal support systems. We have done spectral and correlation analysis to
investigate parameters of the fluctuations and proved that the yielding occurs in an anti-phase mode.

Originality. It was the first time when spectral characteristics of the frame resistance and yielding fluctuation have
been determined as well as the fact that resistance of adjacent frames and their structural elements is realized in an
anti-phase mode.

Practical value. Necessity to improve frame support systems by decreasing the fluctuation period of resistance to
ground pressure and yielding was substantiated. Possible range of fluctuation of yielding and resistance were justified.
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Introduction. Extractive industries provide stable en-
ergetic and material resource independence for our
country. There are steady tendencies for increasing seg-
ment of underground extraction because of exhausting
of reserves at the shallow depths, which is typical trend
in the world [1].

Such conditions rise the urgency of providing stabil-
ity maintenance of underground roadways, because in-
crease in the mining depth is not in pace with the prog-
ress in technologies that enhance stability of the road-
ways. The most popular technology that expanded in
the extracting industries of the USA, Australia and the
SAR is the rock bolting, which has been used to support
the roof of the roadways since the 60s. However, using
rock bolts only cannot provide stability of the roadways,
when the depth of mining growths essentially and dis-
placements of the surrounding rocks increased from
several millimeters up to one meter and even more. That
is why specialists of the countries having well-developed
extractive industries continue research works and try to
improve designs of the yield frame support.

Prusek et al. presented expanded synopsis of the state
of the frame support designs that are used for the mainte-
nance of the underground entries in the coal extraction
industry in Poland and the Czech Republic [2]. They
proved the necessity for improvement of a support that is a
combination of rock bolts and yielding frames. The same
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problem is urgent in China coal industry [3]. For example
Zhibiao et al., admit that there is not effective relevant sup-
port that would provide stability of the roadways in com-
plex geologic environment and great depth of mining [4].

German specialists concluded that it is impossible to
maintain underground roadways at the depth of 900 m
without combination of the frame support and the rock
bolts or cables [5].

Despite the fact that the rock bolting technology is
popular in Great Britain, their specialists consider im-
provement of frame supports as a necessary element for
development of future extracting industries [6].

American operators consider need for standing sup-
port implementation, especially in the longwall face be-
cause the rock bolts cannot maintain entry stability be-
hind the longwall independently [7].

The scientists investigate efficiency of the frame sup-
port both in an underground environment and with
computer simulation. They use testing of the frames in
special laboratory installations episodically, because
sizes of the frames reach up to 5 m and the testing equip-
ment is expensive and bulky.

There are few publications [8] that report limited in-
formation concerning testing of the frames at laboratory
installations. As usual, specialists reduce the testing data
down to dependence of the frame resistance on its yield.
However, the frames demonstrate essentially nonlinear
behavior, when several resistance may correspond to
one yield value. This peculiarity did not find a relevant
response in the technical literature.
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Nevertheless, this nonlinear behavior is the main
feature, which facilitates adaptation of the frame sup-
port to the ground pressure intensive manifestation. Let
us stress that testing of the frames on laboratory equip-
ment provides much more advantage including accura-
cy, and wide array of the experimental data.

Therefore, the aim of this paper was to investigate
these peculiarities with the bench tests on special labo-
ratory equipment.

Substantiation of the methodology of laboratory test-
ing. There are several schematics of testing frame sup-
port on the laboratory equipment. The simplest mode of
testing is to investigate a clutch on two straight overlap-
ping pieces of profile. Actually, it is a yielding prop,
which is installed under loading hydraulic machine. Hy-
draulic mechanism loads the prop and the clutch yield
allowing sliding each piece relatively other.

However, contact of the pieces in arch frame support
is not linear. That is why majority of procedures test one
frame, which lay on the horizontal floor [8]. Experi-
menters install a special testing frame around frame
support being tested. They place rams between the test-
ing frame and tested frame support (Fig. 1, ¢). The rams
provide loading of the frame.

All degrees of freedom should be restricted except
those translations in the horizontal plane and rotations
around normal to this plane. The frame produces max-
imal resistance in such boundary conditions. However,
the actual situation that occurs in the underground en-
vironment differs essentially from such ideal boundary
conditions.

That is why we have employed a method when two
adjacent frame supports are tested. This technique was
developed in Donetsk State Scientific and Research
Coal Institute (“DonUGI”) [9] and allows simulating
behavior of the yielding frame support that is the closest
to reality in underground mines. Adjacent frames have
much more degree of freedoms and may deviate from
theoretical path of resistance to ground pressure.

Figs. 1 and 2 show dependence of the first and sec-
ond frame resistance on the corresponding yield of these
frames. In addition, Fig. 2 depicts the loading scheme of
the adjacent tested frames. These results were extracted
from the protocol [9].

Advantage of the testing methodology includes simul-
taneous testing of both the first and the second adjacent
frames that were connected with struts as in a real under-
ground roadway. According to [9], rams / and 3 loaded
frame No. 1 whereas rams 2 and 4 applied load to frame
No. 2. Hydraulic rams were installed symmetrically relative
to vertical axis of the frames at the distance of 1/3 of the
frame width. The experimenters used special profile SVP27
during assembling of the frames. The area of vertical sec-
tion of the frames was 13.8 m?. The distance between adja-
cent frames was 0.8 m, which is typical for deep coalmines
that extract coal at the depth of 700—800 m and deeper.

During testing, resistance of the frame was monitored
with special registers and yielding of the frames periodi-
cally was measured with leveling of the arch member apex.

Despite continuous monitoring, the experimenters
used few data from the array. Only six points were se-
lected from the general statistical sampling (Figs. 1, a, b).
All data were averaged and smoothed. Only limited con-
clusion was drawn from these data. For example, frame
resistance was proportional to yield, and maximum of
the resistance was 350 kN for the yield of 100 mm
(Fig. 1, a). Further attempt to increase the load caused
plastic deformation of the tested frame.

According to our opinion, potential information of the
testing was underused essentially. We considered the set of
the frame and rams as a thermodynamic system that goes
through irreversible processes of plastic deformation of
the frame metal and reciprocal sliding of the frame mem-
bers, which dissipate energy of ground pressure.

According to [10], dissipative structures should occur in
this system and the structures may variate in time and space.
We digitized the monitored data and constructed diagrams
that reflect variation of the frame resistance in time (Fig. 2).
One unit of time corresponds to ten seconds. Overall dura-
tion of the testing was approximately half an hour.

Maximum resistance of the clutches were 200 kN
when yield of the frames reached 110 mm. The resis-
tance of the frames grew steadily while yield accumu-
lated approximately to 80—100 mm. The experimenters
declared maximum bearing capacity of the frames at the
level of 350 kN (Fig. 1, b). However, this result has been
calculated as the sum of resistance of a rams’ pair. Such
bearing capacity may be realized if the clutches would
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Fig. 1. Dependence of resistance on the yield for frame (a) and (b):
¢ — schematic of the testing, 1— 4 — number of the rams
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Fig. 2. Dynamics of ram resistance

yield synchronously. However, it was not the case.

Results of the investigation. The resistance of the
frames varied in the time essentially, periodically raising
and falling due to yielding of the clutches. Diagrams of
the resistance are not linear. As the resistance variation
has explicit stochastic character, we made spectral anal-
ysis of the resistance fluctuation. We selected linear in-
terval of the frames behavior within 180 time units while
the frames saved stability.

Diagram of spectral density in Fig. 3 shows that the
most popular period between subsequent yields variates
in the range from 10 to 30 units that corresponds to
10 mm of the frame subsidence or 2—5 mm reciprocal
sliding of the frame members in the clutches.

According to distribution in Fig. 4, the main fraction
of ground pressure energy (or ram pressure) dissipates
by small elementary yields. It means essential differen-
tials of the frame resistance both as magnitude of resis-
tance and as yield amplitude are not suitable, because
they do not dissipate the energy of ground pressure. In
addition, they increase probability of jamming of the
clutches and loss of bearing capacity of the frames.

We constructed diagram of averaged statistical sam-
pling (Fig. 5) where nonlinearity is manifested much
better. Nonlinearity begins from 80 units of time and
further. This moment is marked with an arrow. Trend of
the nonlinear behavior has been described by polyno-
mial function of the forth order with confidence of 0.95.
To offload residual error, we calculated resistance vari-
ance from current averaged value using this polynomial
function. The variation of the resistance has been calcu-
lated at every time point along the statistical polynomial
curve as difference between averaged value and mea-
sured.

Fig. 6 demonstrates diagram of the variation for all the
rams during the experiment. As may be seen, magnitude
of the variation does not depend on the current value of
the resistance. In addition, maximal deviation of the re-
sistance from average trend occurred at the moment of 80
time units, and the deviation happened to the both sides.

Such an effect may cause jamming of the clutches.
Symptomatically, there was a warning jamming at the
moment of 70 time units. Linear dependence between
resistance and yield was broken after 80 time units or
50—70 mm yield of the clutches.
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Fig. 5. Overall sampling data

Fig. 7 demonstrates histogram of the stochastic re-
sistance variation, which corresponds to normal distri-
bution with standard of 11.9 kN or 6.7 % from normal
resistance of a clutch. Absolute magnitude of the frame
resistance variation varied from 30 kN up to 56.5 kN or
five times more than standard variation and is 1/3 of
maximum resistance that was 178 kN. Such magnitude
is dangerous and can cause jamming of the clutches and
loss of the frame stability.

Digitizing of the experimental data has been accom-
plished in the same moments of times for all the clutch-
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Fig. 6. Distribution of spectral density

es (rams) that allowed calculating the correlation (Ta-
ble). There may be six permutations between pairs
among four rams. Correlation analysis attests that four
permutations from the six demonstrate essential rela-
tionship (correlation factors highlighted by italic), and
signs of the factors are negative.

It means that when a ram increases its load (in the
other words, a clutch increases its resistance) adjacent
rams (clutches) reduce their opposing force and vice
versa.

Therefore, the frames and even the clutches yield in
turn, one after another in order to minimize their work
spending for the dissipation of the ground pressure.
Such behavior reduces efficiency of the frame support.
This conclusion is in a good agreement with the deduc-
tions concerning interaction of the rock mass clusters
[11]. Failure zone around an underground roadway ex-
panded asymmetrically, by discrete portions in time and
space. That complements the picture of dissipative
structures that occur in the “underground roadway —
support — surrounding rock mass” system. In fact, sur-
rounding rock mass and yielding frame support interact
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Fig. 7. Histogram of resistance variation
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in such a way, that to minimize their resistance using
sequential yielding of the frame clutches.

Such behavior reduces bearing capacity of the
frames, what diminishes their efficiency.

Discussion. The mechanism of stability deterioration
is complex and was explained by [12]. The “under-
ground roadway — yielding support — surrounding rock
mass” combination is a thermodynamic system that
transits to irreversible state under action of ground pres-
sure. This transition causes spontaneous generation of
the so-called dissipative structures that disseminate
ground pressure energy transforming it into irreversible
ground movement, heat and surface energy of the frac-
tured rock mass.

The dissipative structures are relatively stable short-
living formations that self-organize themselves in time
and in space as specific patterns [13]. The most persis-
tent patterns of the ground are rotors and structural tor-
rents, whereas yielding frame support generates auto-
fluctuation and antiphase yield of clutches. In addition,
the frames spatial structures such as longitudinal plastic
rotation of their profile, turning out their props, and col-
lective inclination.

Such a specific behavior of the frame support provokes
asymmetric development of damaged rock mass around
the underground roadway. Boundaries of the damaged
zone expand asymmetrically in space and sequentially or
by turn in time. Such irreversible ground behavior creates
ground dissipative structures that are in concordance with
the dissipative structures of yielding support.

Table
Correlation factors between pairs
Ram number
Average | Standard 1 3 2 4
1] -3.09 4.54 1.00 0.11 | -0.48 | —0.27
3 2.72 4.42 0.11 1.00 | —-0.58 | -0.11
2 1.21 7.41 -0.48 | -0.58 | 1.00 | -0.49
4| -0.84 5.35 -0.27 | -0.11 | —0.49 | 1.00
89
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To be more specific, a feedback occurs between the
support dissipative structures and the ground dissipative
structures. Such concordance deviates both frame sup-
ports and surrounding rock mass from active resistance
to ground pressure, shifting the mode to passive ineffi-
cient opposition.

Therefore, practitioners should employ special tech-
nologies for suppression of such dissipative structures
and control ground pressure by efficient methods.

According to [12], the most efficient technologies
that suppress the dissipative structures in the surround-
ing underground roadway rock mass are: combination of
yield frame support and rock bolts or cables, combina-
tion of rock cables and yielding props, injection of resin
in fractured rock mass, installation of pretensioned rock
bolts and cables, distressing of surrounding rock, using
struts between adjacent rock bolts.

These devises and technologies prevent close inter-
action of rock fragments and clutches of the yielding
frame support as well as distant cooperation of dissipa-
tive structures.

Therefore, our investigation allows delineating next
prospective ways of frame support improvement.

1. We should provide such regime of clutch yielding,
when variation of the resistance does not exceed 6.7 %
from average level of this resistance.

2. Elementary yield of a clutch should not exceed
5—7 mm.

3. We need to provide even, steady and synchronic
yield among adjacent clutches. In other words, all adja-
cent clutches should yield on the same sliding distance
and at the same time at least in the limits of a frame.

Conclusion. Bench testing of two adjacent frame yield
supports demonstrated that the frame resistance variated
essentially. The frames reduced their dimension in time
by portions or by elementary yields. Typically, a clutch
periodically yielded to 2—5 mm that reduced vertical di-
mension of a frame by 7—10 mm. Spectral density analy-
sis demonstrated that such elementary yields dissipate
the main fraction of energy spent by testing equipment.

Clutches yield by turn, one after another, raising re-
sistance due to jamming and loosing opposing force af-
ter yielding periodically. Consequent work of the clutch-
es has been found using statistical analysis. Correlation
factors of resistance correlation among adjacent clusters
was negative with significant confidence, what corrobo-
rates that adjacent clutches coordinate their activity trig-
gering by turn. Such behavior reduces efficiency of the
frame functioning and decreases their bearing capacity.

Large variations of the frame resistance and their yield
are not useful because they do not dissipate ground pres-
sure energy and provoke jamming of the clutches, what
may diminish bearing capacity of the frame support.

Nonlinear behavior of the frame starts from the first
jamming of the clutches that produces increase in resis-
tance deviation relative to standard fluctuation by factor
five. Such jamming generates plastic deformation of the
clutches, and frame resistance falls behind the yielding rate.

New approach to improvement of yielding frame
support employs restriction of frame resistance varia-
tion, its elementary periodic yield, and elimination of
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asynchronous yielding of adjacent clutches both within
a frame and between adjacent frames.
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IIpoGaema miaTpUMaHHS CTIHKOCTI MiI3eMHUX BU-
pOOOK CcTa€ Bce OiIbII aKTyaJIbHOIO B Mipy MOTIMOIEH-
Ha waxt. Ha moTouHuit MOMEHT, HalOiIbII MOMYJIsIp-
HUM cepell IPaKTUKiB cTajJo KOMOiHOBaHe paMHO-aH-
KepHe KpirtuteHHsI. BUpOOHUYHUKY 3aCTOCOBYIOTH TaKe
KpPIMJIeHHST 111 3a0e3MeYyeHHs CTiHKOCTI BUIMKOBUX
IITPEKiB y CKJIAAHUX TipHUYO-TE€OJOTIYHUX YMOBax
PO3pOOKU POIOBUIIL KOPUCHUX KOMTaJIUH. [1poTe yucio
nyoiKaliil CTOCOBHO BUITPOOYBaHHS paMHOTO TTiaT-
JIMBOTO CTaJIEBOTO KPIiIJIEHHSI OOMeXeHe, 0COOJUBO B
JTabOpaTOPHUX YMOBAX, KOJIM € MOXJIUBICTb 3apPEECTPY-
BaTH Pe3yJIbTaTH TECTYBaHHS IETAIbHO i1 pETEIBHO.

Meta. BcraHoBUTH 3aKOHOMIpHOCTI Bapiallii ormo-
py ¥ MiAAaTAIMBOCTI paMHOTO KPIiTuIeHHS TTiJ yac Moro
CTEHIOBOTO BUITPOOYBaHHSI.

Mertomuka. basyeTrbcsa Ha TepMoauHaMilli Heo0o-
POTHUX TIPOLIECiB i BpaXyBaHHI B3a€EMOJil CYMiXXHUX
paMm Ta ix eJIeMeHTiB Iif Yac Aii TipChbKOro TUCKY. Y po-
00Ti 3aCTOCOBYBaJIUCS TEOpisl MMOBIpHOCTI I MeTooU
MaTeMaTUIHOI CTATUCTUKU TSI BUSIBJICHHSI BKa3aHUX
3aKOHOMIipHOCTEIA.

Pe3syabratu. BeTaHoBieHo, 110 uykTyallii onopy
paM Ta iX MiAJaTIMBOCTI MICTITh 00’€MHY i BaXKJIIMBY
iH(opMallilo 11010 HEMiHIHHOT TOBEIIHKKM CUCTEM Me-
TaJIeBOToO KpiruieHHs1. BUKOHaHO crieKTpajdbHU i KO-
peNsUiitHuIT aHami3u TTapamMeTpiB (IIyKTyallili i qoBe-
JIEHO, 110 MiAJaTINBICTh CYMiXKHUX paM peasli3yeThCsl y
npoTUdha3HOMY PEXKUMI.

HaykoBa HOBM3HA. Yreplle BCTaHOBJEHI CITeK-
TpaJibHi XapaKTepUCTUKU Bapialliii oropy i miagaTiu-
BOCTi paMHOTO KPIiIlJIEHHS, a8 TAKOX TOBEJEHO, 1110 OMip
TIOPSIT CTOSTYMX paM Ta iX KOHCTPYKTUBHUX €JIEMCHTIB
peali3yeTbesl y NpoTU(azHOMY PEXUMI.

IIpakTiyna 3nauumicTs. [losisirae B oOIpyHTYBaHHI
HEOOXiTHOCTI BAOCKOHAJIEHHSI CUCTEM PaMHOTO Kpi-
TUIEHHSI B HampsIMi 3MeHIIeHHsI mnepiony (ayKTyauiit
BEJIMYMHU OIOPY TipChbKOMY TUCKY W MigmaTIMBOCTI.
OOrpyHTOBaHi TOMYCTUMI Aiana30HU (DIyKTYyalLlii ITi-
JIaTJIUBOCTI Ta OTOPY.

KmouoBi cioBa: pamne niodamauee kpinaenHs, Heo-
oopomui degpopmauii, eapiauii onopy, cneKmpanvHi xa-
DPaKmepucmuKku, uaxma
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ITpoGaema noanepkaHust yCTOMYMBOCTU TTOA3EMHBIX
BBIPAOOTOK CTAHOBUTCSI BCe OOJIee aKTyaTbHOM 110 Mepe
ynryosienus maxt. Ha Tekyimii MoMeHT, Haubosiee mo-
ITyJISIPHOI Cpeau TPaKTUKOB CTajla KOMOMHMPOBAaHHAST
paMHO-aHKepHasT Kpelb. [1pon3BOACTBEHHUKY TIPUME-
HSIIOT TaKOe KpeIvIeHue IS 00eCIeueHUs YCTOMIMBO-
CTU BBIEMOYHBIX IIITPEKOB B CIIOXKHBIX TOPHO-TEOJIOTH-
YEeCKUX YCJIOBUSIX pa3padOTKU MECTOPOXKICHMI T0je3-
HBIX MCcKOTaeMbIx. OIHAKO YMCI0 MyOIuKaluii OTHOCH -
TEJbHO MCIBITAHUS PAMHOIO TOJATIMBOTO CTaJIbHOTO
KpeIUIeHWs] OrpaHU4YeHO, OCOOEHHO B J1abOpaTOPHBIX
YCJIOBUSX, KOTIa €CTh BO3MOXKHOCTh 3apeTMCTPUPOBATh
PE3yJIBTaThl TECTUPOBAHMS TTOIPOOHO U TIIATETBHO.

Ienb. YCTaHOBUTH 3aKOHOMEPHOCTU BapualllK CO-
MIPOTUBIICHUS U TIONATIMBOCTH PAMHOTO KPEIIJICHMS
BO BpPeMsI €TO CTEHIIOBOTO MCTIBITAHNUS.

Metoauka. bazupyercs Ha TepMOJAMHAMUKE HEO0-
PaTUMBIX TIPOLIECCOB U yUETe B3aMMOICUCTBUS CMEX-
HBIX paM U UX 3JIEMEHTOB BO BpeMsI ICHCTBUSI TOPHOTO
naBiieHus. B paboTe MpuMeHSJIMCh TEOPUST BEPOSITHO-
CTU U METOJbl MaTeMaTUYECKON CTaTUCTUKU MJIsI BbI-
SIBJIEHUST YKa3aHHbIX 3aKOHOMEPHOCTE1A.

Pe3ynbraTel. YcTraHoBiA€HO, UTO (IyKTyallMd CO-
TIPOTUBJIEHUS PaM U MX ITOJATIMBOCTH COMepKaT 00b-
€MHYIO ¥ BaXKHY10 MH(OPMAIIMIO O HEJIMHEIHOM TIOBe-
JIEHUU CUCTEM MeETaJJTMYeCKoil Kpemnu. BrimoaHeH
CIIEKTPAJIBHBIN 1 KOPPESIITMOHHBIN aHAIU3bI TTapaMe-
TpOB IYKTyalllii W OOKa3aHO, YTO TIOHATIMBOCTH
CMEXXHBIX paM peaim3yeTcs B IPOTUBO(MA3HOM PEXKIME.

Hayuynas nHoBu3Ha. BriepBble yCTaHOBJIEHBI CII€K-
TpaJbHBIC XapaKTEPUCTUKU BapUaIINii COTTPOTUBIICHMS
Y TIOAATJIMBOCTU PaMHOIO KPETUIeHUsI, a TaKXKe J0Ka-
3aHO, YTO COMPOTUBJICHUE PSIIOM CTOSIIUX PaM U UX
KOHCTPYKTHMBHBIX 2JIEMEHTOB peanu3yeTcsl B MPOTUBO-
¢a3zHOM pexume.

IIpakTHyeckas 3HAYMMOCTb. 3aKJIO4yaeTcs B 000-
CHOBaHUW HEOOXOIWMOCTH COBEPIIEHCTBOBAHUS CHU-
CTEM paMHOTO KpEeTUIEHUSI B HAIlpaBJICHUU yMEHbIIIe-
HUS Ieprona QIyKTyaii BeIMIMHBI COTTPOTUBIICHMST
TOPHOMY MaBJICHUIO U TomaTimBocT. OOOCHOBAHBI
IOITyCTUMBIE AUAITa30HbI (OIYKTYAIIUN TTONATINBOCTH
U COTIPOTUBIICHUS.

KioueBble ciioBa: pamuas nodamaugas Kpenv, Heob-
pamumbsle Oegopmayuu, 8apuayul ConpomueeHus,
CNeKmpanbHvle XapaKkmepucmuku, waxma

Pexomendoseano 0o nybaixauyii dokm. mexH. HAyK
0. C. Kyuunum. Jlama Haoxooxcerus pyxonucy 25.06.17.

91




