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Abstract. In special geological zones formed by coal seam spontaneous combustion, burnt rock exhibits a loose structure, well-
developed joints and fissures, and significantly reduced strength, resulting in considerable challenges for roadway stability control.
This paper investigates the deformation and failure characteristics and stability control mechanisms of roadway surrounding rock
affected by thermal alteration, using the 3202 return airway of Dawan Coal Mine as a case study. Based on the Hoek-Brown strength
criterion and elastic-plastic mechanics theory, a stability analysis model for burnt rock roadway surrounding rock was established.
The extent of the loosening zone was verified through UDEC numerical simulation and borehole observations, revealing a loosening
zone depth ranging from approximately 3.1 m to 4.2 m. To address these challenges, this paper proposes a comprehensive control
technology based on multi-stage coordinated support, termed the Reinforcement-Anchorage-Constraint (RAC) system. This system
integrates grouting reinforcement (Reinforcement), bolt and cable support (Anchorage), and metal shed support (Constraint) to ensure
roadway stability. Field monitoring results demonstrate that the roof-to-floor convergence is 71 mm and the ribs convergence is 27 mm,
indicating overall roadway stability. The research findings provide both theoretical foundation and practical engineering guidance for
stability control of roadways in burnt rock zones.
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MexaHu3m pa3pylieHns U KOHTPOsNb YCTOHYMBOCTH aBTOMOOGUNbHbBIX
AOPOT B CNIOXHBIX Fe0NornyecKux ycnoBusx
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Pe3ztome. B 0coOBIX Te0JOrHUECKUX 30HAX, 0OpAa30BAaHHBIX CAMOBO3TOPAHHEM YTOJNBHBIX IUIACTOB, TOpEiasi MOPoOaa UMEeT
PBIXITYIO CTPYKTYPY, XOPOLIO Pa3BUTHIEC COCINHEHHS M TPEIIMHBL, a TAK)KE 3HAUUTEIbHO CHHKECHHYIO TPOYHOCTD, YTO MPUBOJIUT K
3HAYMTEIBHBIM ITPOOIeMaM KOHTPOJIS YCTOHYMBOCTH BBIPAOOTKHU. B aHHOM CTaThe HCCASAYIOTCS XapaKTePUCTUKH JeOpMaLuu
U paspylIeHUs, a TAKXKE MEXaHU3Mbl KOHTPOJS yCTOHUUMBOCTU NMOPOABI BOKPYI BbIPAOOTKH, NOCTpaJaBLIed OT TEPMUUYECKHX
U3MEHEHUH, Ha MpUMepe BBITSKHOIO Bo3ayXxoBoja 3202 yroubpHo# maxtel JlaBanb. Ha ocHOBe kpuTepus MpOYHOCTH XyKa-
Bpayna u Teopun ynpyromiacTHUECKOH MeXaHUKH ObLIa CO3llaHa MOJENb aHalN3a YCTOHYMBOCTH OKPY’KAaIOIIeld BBHIPAOOTKH
U3 ropesnoi mopojsl. [IpOTSIKEHHOCTh 30HBI Pa3pbIXJICHMS ObLIAa MPOBEPEHA C MOMOIIBI0 YUCICHHOTO MojaenupoBanus UDEC
U HaOJIOCHUH 32 CKBAXUHAMH, BBISBUBIIMX TNTyOMHY 30HBI Pa3pbIXJICHUs NpUOIU3UTEabHO OT 3,1 M 10 4,2 M. J{ns pemeHus
OTUX l'lpOGJ'ICM B ﬂaHHOﬁ CTaThC IMpeaIaracrcsa KOMIUICKCHAsA TEXHOJIOIWsA KOHTPOJIsA, OCHOBAaHHas Ha MHOFOCTyHCH‘IaTOﬁ
CKOOPAMHUPOBAHHOU IMOAJEP)KKE, Ha3blBaeMasi CUCTEMOM apMHpoBaHUsA-aHKepoBaHus-orpanuueHus (RAC). Dta cucrema
o0benuHsAeT B ceOe apMupoBaHUEe OETOHHOH CMEChIO (apMUPOBAHUE), AHKEPHOE KpeIlleHUe 0oiTaMu M TpocaMu (aHKEepHOe
KpeIUieHHe) W METaJUIMYecKyl0 OIopy HaBeca (OrpaHUYeHHe) Ui OOeCHedeHUs YCTOWYMBOCTH JIOPOKHOTO IOJIOTHA.
Pe3ynbpTaThl HaTYpHBIX HAOJIOJEHUH MOKA3BIBAIOT, YTO CXOXKACHHWE KPOBIH M TMOJIa cOCTaBiseT 71 MM, a CXOXAeHHE pedep —
27 MM, 4TO CBUACTENLCTBYET 00 0O0IIeil yCTOHYNBOCTH JOPOKHOTO MOJOTHA. Pe3ynbTaThl UCCIIEI0BAHUS MPEAOCTABISIOT KaK
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TEOPETUYCCKYIO OCHOBY, TaK 1 MPAKTHUYCCKNEC NHXCHCPHBIC pPEKOMCHAAIUHU 1O KOHTPOJIO yCTOfI'-IPIBOCTPI JAOPOKHOIO ITOJIOTHA B

30HaX ropeibIX MOPoOI.

Kntoueswvte cnosa: ropenas mopoja, yCTOHUHBOCT IOPOKHOTO MOJIOTHA, KpuTepuil Xyka-bpayHa, KOMOMHHpOBaHHAs CUCTEMa

MOAACPIKKH, ITOJICBBIC UCIIBITAHUS

Mna yumuposanusn: Jly JI. MexaHusm paspylIeHHS M KOHTPOJIb YCTOWYHMBOCTH aBTOMOOWJIBHBIX JOPOT B CIIOXKHBIX
TeO0JIOTHYECKUX ycinoBusx. Mine Surveying and Subsurface Use. 2025;25(6):32-39. (In Russ.). https://doi.org/10.56195/20793332-
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Introduction

hallow coal seams are highly susceptible to spontaneous
S combustion due to surface weathering and oxidation

conditions. Under high temperature heating and thermal
effects, the surrounding rock structure and composition in coal
seam spontaneous combustion zones undergo alterations and
transform into burnt rock [1-3]. As a special rock type, burnt
rock commonly exhibits characteristics such as loose structure,
well-developed joints and fissures, and high porosity. Its overall
mechanical properties are significantly deteriorated, leading to
reduced bearing capacity of the surrounding rock and thereby
posing severe challenges to the stability control of underground
roadways.

Fig. 1. Characteristics of burnt rock [1]

Currently, China’s coal resource mining intensity continues to
increase, with massive underground roadway engineering scale,
and the length of newly excavated roadways exceeds 12,000
km annually [4-7]. Conventional support designs frequently
fail in burnt rock areas, easily triggering safety hazards such as
surrounding rock instability, collapse, and excessive deformation,
causing serious safety risks and economic losses.

Existing research has achieved significant progress in disaster
prevention and safe mining in burnt coal seam areas, primarily
focusing on hydraulic connectivity, structural characteristics, and
boundary identification of burnt zones [8—11]. However, research
on the stability mechanisms of surrounding rock during roadway
excavation in burnt rock and corresponding control technologies
remains relatively limited.

This study takes the 3202 return airway of Dawan Coal Mine
as a case study to analyze the factors influencing roadway stability
in burnt rock zones and the failure mechanisms of surrounding
rock, determine the extent of the loosening zone, and propose
a comprehensive control technology termed the Reinforcement-
Anchorage-Constraint (RAC) system The effectiveness of this
approach has been validated through field application.

Engineering background and failure observations

This study focuses on the 3202 working face roadway of
Dawan Coal Mine in the Shenfu mining area, Yulin City, Shaanxi
Province. The mine currently extracts the 3-1 coal seam at a depth
of approximately 150 m, with an average thickness of 3.1 m and
a simple seam structure. The strata attitude trends high in the
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northeast and low in the southwest, with an average dip angle
of 0.5°.

The coal seam overlying the 3202 return airway has been
completely oxidized and eroded. The eastern and northern
portions of the 3-1 coal seam are located within the burnt zone,
causing localized areas of the 3202 working face to be affected by
thermal effects from the burnt region, as shown in Fig. 2(a). The
lithology of the working face roof and floor is presented in Fig.
2(b). Due to the influence of the burnt zone, substantial smoke
emissions and surface cracks are observed at the mine surface, as
shown in Fig. 2(c).

The 3202 return airway has a rectangular cross-section with
dimensions of 5500 mm (width) x 3000 mm (height). The initial
support scheme employed bolt-mesh-cable support. The roadway
roof and non-mining rib utilize 20 mm x 2000 mm left-handed
thread steel bolts, while the mining rib employs ®18 mm x 1800
mm fully-threaded resin bolts, both with a spacing of 1000 mm
x 1000 mm. The bolts are end-anchored using CK2360 resin
cartridges. One ®15.24 mm x 6300 mm steel strand cable is
installed at the roof center with a row spacing of 3000 mm, as
illustrated in Fig. 2(d).

Transport roadway

3202 working face

Return airway

Fig. 2. Comprehensive geological column and working face layout

During roadway excavation, the surrounding rock experiences
degradation of its structure and mechanical properties due to
prolonged exposure to high temperatures from the adjacent burnt
rock, resulting in significantly reduced overall integrity and
stability.

At the excavation face, it can be observed that the roof
is affected by the burnt zone, with color changes appearing
yellow and brown, and a large number of cracks and separations
appearing. Field investigations (Fig. 3) reveal the following
main problems: (1) The roof structure is loose with poor
integrity; (2) The surrounding rock strength is reduced with
insufficient bearing capacity; (3) The existing support system is
difficult to adapt to the deformation characteristics of burnt rock
surrounding rock.
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Fig. 3. Deformation and failure of roadway surrounding rock

Roadway Stability Analysis in Burnt Rock Zones

To deeply analyze the stability of roadway surrounding rock
in burnt rock zones, this paper adopts the Hoek-Brown strength
criterion to theoretically calculate the range of the plastic zone
of surrounding rock. By introducing the Hoek-Brown constant
m,, disturbance factor o, rock mass fragmentation degree index s,
and geological strength index GSI into the Hoek-Brown criterion,
an accurate evaluation of roadway stability in areas affected by
burning alteration is conducted.

The mechanical model of roadway surrounding rock zoning
in burnt rock areas is shown in Fig. 4. The roadway surrounding
rock is divided into three zones: the elastic zone, plastic softening
zone, and fractured zone.

iasic zonc SR 2

Fig. 4. Roadway mechanical model

Based on the above assumptions, the problem can be simplified
to an axisymmetric plane strain problem. The equilibrium
differential equation in polar coordinates can be expressed as:

r

ar r

When plastic yielding and fracturing occur in the roadway
surrounding rock, the stress conditions satisfy the modified Hoek-
Brown failure criterion, which can be expressed as:
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where: g, is the tangential stress at any point; o is the radial stress
at any point; ¢_ is the uniaxial compressive strength of rock; m,
and o are dimensionless empirical parameters for different rock
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masses; s is the rock mass fragmentation degree index, with a
value range of 0.0~1.0; GSI is the geological strength index of
rock mass.

According to elastoplastic mechanics, the stress distribution
in the elastic zone is:
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By simultaneously solving the equilibrium equation and
the modified H-B failure criterion subject to the stress and
displacement boundary conditions of the plastic softening zone,
the stress distribution is expressed as:

o - |1—a
(o} r rlr=R O
ol ==<|m!(1-a)n| — |+ mp = op — e P
P r r r P r
m R, o, m!

@
l-a |1 o
p r » Sk
+o,.| m! (l—a)ln +| m! +s!
R o,
P c

where m?, 57, o are the Hoek-Brown parameters for the strain-
softening rock mass; o, = R is radial stress at the boundary of the
plastic softening zone.

According to the stress boundary conditions of the roadway
fractured zone and the H-B yield criterion, the stress distribution
can be obtained as:
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where P, is the support load.
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where P is the in-situ stress.

Based on stress continuity at the elastic-plastic interface, the
analytical solution for the radius of the roadway loosening zone
is derived as:

After the rock mass is burnt, the rock mass exhibits reduced
GSI and uniaxial compressive strength, while the effects of the
Hoek-Brown parameter m, and rock mass integrity on stability
become more pronounced. When exposed to groundwater, struc-
tural stability deteriorates significantly, with coal degrading to
a mud-like state and GSI values predicted below 50[12]. Using
parameters m, = 8, GSI = 45, ¢ = 20 MPa, and P, = 3 MPa, the
calculated extent of the loosening zone surrounding the 3202 re-
turn airway reaches approximately 3.8 m.

Validation of the Equivalent Radius Method

To validate the theoretical analysis presented above, UDEC
numerical simulations were conducted to examine the extent of
the plastic zone in the surrounding rock for both the equivalent
circular and rectangular roadways. The plastic deformation
characteristics are illustrated in Fig. 5.

The simulation results demonstrate that the plastic zone
depth of the equivalent circular model closely matches that of
the rectangular roadway. For the equivalent circular roadway,
the plastic failure depth in the roof reaches approximately 3.5 m,
with a maximum depth of 2.9 m in the ribs. For the rectangular
roadway, the roof plastic failure depth is approximately 3.7 m,
with a maximum rib depth of about 3.0 m.

Comparison between the calculated and simulated results
indicates that the theoretical model based on the equivalent
radius method accurately captures the plastic zone distribution
characteristics of roadway surrounding rock in burnt rock zones,
thereby demonstrating the applicability of this method and
validating the theoretical analysis.

To further validate the theoretical calculations and numerical

@)

Block State
Nona
shear-n shear-p
shear-n shear-p tension-p
shear-p "
shear-p tension-p
tension-p

4

T s et

GEOMECHANICS, ROCK DESTRUCTION

2])0”1/ l-a 7|
20.|s,0 +— 1-a

ﬁ 1Ja - (Sf)
R, =a-exp mo, (a-l)m,o +(1-a) (mf) ot -« _(1_0‘)"”./

o Q)
, 2R, 1

L eset (mo.00+s,0) "

Rp_Rf'eXp m,o. (a—l)mpa[+(l—a) (mp)lia (O-‘)l_a+ l-a B (l_a)o-cmp ’

simulation results, in-situ observations of the loosening zone
extent in the 3202 return airway surrounding rock were conducted
using a YTJ20 borehole observations system (Fig. 6). Boreholes
were drilled at the left rib (1#), right rib (2#), and roof (3#), each
with a depth of 8.0 m and diameter of 28 mm. The rib boreholes
were oriented at 25° to the normal of the rib surface.

The observations reveal that the loosening zone in the road-
way surrounding rock within the burnt rock area exhibits pro-
nounced asymmetric distribution. The loosening zones in the left
and right ribs extend approximately 3.1 m from the rib surface,
while the roof loosening zone extends to 4.2 m. The extent of the
loosening zone is in good agreement with both the theoretical cal-
culations and UDEC numerical simulation results, confirming the
reliability and applicability of the established theoretical model.

Fig. 6. Borehole observation layout and monitoring results
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Fig. 5. Plastic failure zones in roadways: (a) Equivalent circular roadway; (b) Rectangular roadway
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Fig. 7. Combined support of roadway: (a) Support section (b

Design of the RAC System

Based on the stability analysis of the roadway surrounding
rock and the extent of the loosening zone in the burnt rock area,
the RAC system was designed for the 3202 return airway at
Dawan Coal Mine. The system integrates the three components
of grouting reinforcement, bolt and cable support and metal shed
support, as illustrated in Fig. 7.

(1) Grouting reinforcement

The burnt rock area adopts Marissan-type polymer material
for grouting reinforcement, with a grouting final pressure of 1-2
MPa and an effective diffusion radius of 1.5-2.0 m. Two types of
grouting boreholes, designated as L and LX, are installed in the
coal pillar rib and mining rib of the 3202 return airway. Type L
boreholes are positioned 1.0 m below the roof with an upward
inclination of 15° and a depth of 5.0 m, while type LX boreholes
are located 2.5 m below the roof with a horizontal orientation and
a depth of 5.0 m. Both borehole types are arranged in a single row
with 5.0 m spacing.

(2) Rock bolt and cable support

The roof and solid coal rib are supported using ®20 mm x
2400 mm fully threaded steel bolts, while the mining rib employs
®22 mm x 2500 mm threaded steel resin bolts. All bolts are
installed at a spacing of 1000 mm x 1000 mm and anchored with
CK2360 resin cartridges. Additionally, two ®17.8 mm x 8500
mm steel strand cables are installed symmetrically on either side
of the roof centerline at a spacing of 2500 mm x 2000 mm.

(3) Metal shed support

Metal sheds are made of 11# mining I-beam steel, with an
erection spacing of 800 mm. Adjacent metal sheds are connected
by 7 round steel connecting rods, and the roof and both ribs are
filled with semi-circular wooden backing plates.
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) Roof support (c) Rib support (d) Grouting borehole layout

Interaction Characteristics between Support and
Surrounding Rock

To investigate the mechanical response of roadway sur-
rounding rock in burnt rock zones under different support
systems, UDEC simulations were conducted for three support
conditions: (1) unsupport, (2) bolt-cable support, and (3) RAC
system. The analysis focused on stress distribution, deformation
characteristics, and fracture development in the surrounding
rock. The parameters used in the simulation were determined
according to the engineering analogy method, and combined
with mine grouting practice and related research [13—15]coal
mine roadways under complex conditions were divided into five
types, for each type the deformation and damage characteristics
of rocks surrounding roadways were analyzed. The recent de-
velopments of roadway support technologies were introduced
abroad, based on the experiences of supports for deep and
complex roadways from Germany, the United States and Aus-
tralia. The history and achievements of roadway support tech-
nologies in China were detailed, including rock bolting, steel
supports, grouting reinforcement and combined supports. Four
typical support and reinforcement case studies were analyzed,
including a high stressed roadway 1,000 m below the surface,
a roadway surrounded by severely weak and broken rocks, a
chamber surrounded by weak and broken rocks, and a roadway
with very soft and swelling rocks. Based on studies and prac-
tices in many years, rock bolting has become the mainstream
roadway support form in China coal mines, and steel supports,
grouting reinforcement and combined supports have also been
applied at proper occasions, which have provided reliable tech-
nical measures for the safe and high effective construction and
mining of underground coal mines.”,”container-title”:”Interna-
tional Journal of Coal Science & Technology”,”DOI”:’10.1007/
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The final selection was that after grouting, the rock mass cohe-
sion increased by 20%, tensile strength increased by 5 kPa, and
friction angle increased by 5°.

As shown in Fig. 8, under unsupport conditions, the maxi-
mum principal stress zones in the roadway ribs and roof-to-floor
extend deeply into the surrounding rock, forming pronounced
stress concentrations. After applying rock bolt-cable support,
the range of these concentrations decreases moderately, al-
though local tensile stress zones persist. Combined support, in-
tegrating bolts, cables, metal sheds, and grouting, fills fractures
and pores, enhances the integrity of the surrounding rock, and
markedly reduces both the magnitude and extent of the principal
stress concentrations.

The extent of tensile stress zones varies significantly under
different support schemes, following the sequence: unsupport >
bolt-cable support > RAC system. The corresponding peak ten-
sile stresses are 1.14 MPa, 0.85 MPa, and 0.81 MPa, respectively.
Compared with the unsupport and bolt-cable schemes, the RAC
system reduces the maximum tensile stress by 29% and 5%,
demonstrating a notable improvement in roadway stability.

Deviatoric stress is a critical factor governing plastic failure
in the rock mass (Fig. 9). Under unsupport and bolt-cable support
conditions, the deviatoric stress value in the shallow surface
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zone is relatively low (< 1.2 MPa), with high stress concentrated
within the rib interior. In the unsupport case, peak deviatoric
stress occurs at a distance of 2.59 m from the rib surface,
whereas bolt-cable support causes this peak to migrate inward
to 1.44 m from the rib. Under the RAC system, the deviatoric
stress distribution shows an asymmetric form, with the maximum
value concentrated at 0.83 m from the roadway floor corner,
and the stress peak value is about 3.7 MPa. The failure range of
shallow rock mass is significantly reduced, and roadway stability
is obviously improved.

As shown in Fig. 10 under unsupport conditions, the roof
suffers from severe separation and inverted V-shaped failure due
to tensile stress. Bolt-cable support restricts fracture propagation
and interlayer sliding to a certain extent, but potential shear
fractures still exist. The RAC system scheme significantly inhibits
fracture development in the roof and ribs, roof displacement is
obviously reduced, and the separation phenomenon is basically
eliminated.

The axial force distribution in support components under dif-
ferent support schemes is illustrated in Fig. 11. Under bolt-cable
support, the mean axial force in bolts is 33.5 kN, approximately
28% of the breaking load, while the mean axial force in cables is
49 kN, approximately 18% of the breaking load, indicating low
utilization. Under RAC system, the mean bolt axial force increas-
es to 58 kN, approximately 48% of the yield load, and the mean
cable axial force increases to 84 kN, approximately 32% of the

Fig. 9. Deviatoric stress distribution under different support conditions: (a) unsupport; (b) bolt-cable support; (¢) RAC system

b)

fissure

¢

Fig. 10. Roof fracture development under different support conditions: (a) unsupport; (b) bolt-cable support; (c) RAC system
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Fig. 12. Roadway convergence monitoring results: (a) central burnt rock zone; (b) burnt rock zone boundary

Fig. 13. Surrounding rock control performance: (a) overall cross-sectional condition; (b) condition in advance zone

yield load. These results demonstrate that under weak and frac-
tured surrounding rock conditions, the support components are in
a good stress state and effectively play the role of anchoring and
controlling the surrounding rock.

Field Testing and Performance Evaluation

To verify the field applicability of the RAC system,
convergence monitoring stations were installed following

excavation of the 3202 return airway. Each station comprises
four measuring points located at the midpoints of the roof,
floor, and both ribs to monitor roof-to-floor and rib-to-rib
convergence.

Following two months of continuous monitoring (Fig. 12),
the results indicate that the area affected by burnt rock, cumulative
roof-to-floor convergence reaches approximately 71 mm, while
rib-to-rib convergence is approximately 27 mm. At 40 days post-
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excavation, both roof-to-floor and rib-to-rib deformations to be
stable, with minimal convergence increment.

Field observations presented in Fig. 13 show that the cross-
section shape of the 3202 return airway under RAC system
remains intact, with surrounding rock deformation controlled
within acceptable engineering limits. Even in the advance zone
ahead of the working face, no significant deformation is observed,
and roof and rib deterioration is substantially mitigated.

Comprehensive analysis demonstrates that the RAC system
proves highly effective in burnt rock affected zones. This
technology enhances rock mass integrity through grouting
consolidation, while blots, cables and metal shed support
collectively establish a support system providing surface

GEOMECHANICS, ROCK DESTRUCTION

compressive strength and geological strength index. Both
theoretical calculations and numerical simulations indicate
that the loosening zone around roadways in burnt rock areas
extends to 3.1~4.2 m, with rock mass stability substantially
compromised.

2. The theoretical calculation results are consistent with
UDEC numerical simulation and borehole observations measured
data, verifying the applicability and reliability of the equivalent
radius method under burnt rock conditions, which can provide
theoretical reference for roadway surrounding rock stability
evaluation.27 mm.

3. The proposed RAC system effectively controls the burnt
rock roadway. The grouting improves rock mass integrity, while

confinement and deep reinforcement.

surrounding rock exhibits loose structure with extensive
fracture development, resulting in significantly reduced uniaxial

the bolts, cables and metal sheds components form a multi-
level coordinated structure. Field monitoring shows that the
convergence of roof-to-floor and ribs are 71 mm and respectively,
the surrounding rock deformation is effectively controlled, and
the long-term safe and stable support of roadway in burnt rock
area is achieved.

Conclusion

1. Due to high temperature thermal alteration, the
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