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Abstract

To address the challenging stope roof support problem associated with the the Upward
Two-Step Staggered-Drift Cut-and-Fill Mining Method (UTSCF method) under fractured
surrounding rock conditions, this study establishes an elasto-plastic zoning model for drift
roof surrounding rock to calculate the thicknesses of the loose zone and plastic hardening
zone, proposes a combined support scheme comprising split-set (SS) bolts, metal mesh
and cross-timber (CT) caulking for the working condition where backfill on both side walls
fails to achieve full roof contact, and analyzes the support performance of this method via
FLAC3D numerical simulation. The results indicate that the total thickness of the loose
zone (LZ) and plastic zone (PZ) in the roofs of 6 m and 8 m drifts reaches 2.02 m and
2.15 m, respectively; after support application, the maximum principal stress (MPS) of the
roof decreases by 49%, the plastic zone volume is reduced by 35.5–47.2%, and the average
roof displacement drops by approximately 29%. Field industrial tests have preliminarily
verified the engineering adaptability and stability control performance of the proposed
support method. The mechanical mechanism of secondary roof contact by wedged cross
timbers, as well as the quantitative relationship between theoretical zoning and support
adequacy, still requires further verification.

Keywords: fractured surrounding rock; drift cut-and-fill mining method; roof support;
elasto-plastic analysis; split-set bolts; secondary roof contact

1. Introduction
The upward horizontal slicing drift cut-and-fill mining method (hereinafter referred to

as the horizontal slicing method) has been increasingly applied under complex geological
conditions such as fractured ore bodies, deep high in situ stress, and well-developed
joint systems; however, fractured rock masses exhibit poor self-stability upon exposure
in goafs, with prominent risks of roof separation and collapse during the unsupported
roof interval [1], which severely threatens stope operational safety and constitutes a critical
bottleneck restricting the broader adoption of this method.

Roof support technologies for the upward horizontal slicing cut-and-fill mining
method have evolved into a mature system centered on combined bolt–anchor cable
support. For large-span roofs in Class IV fractured rock masses, Long et al. [2] proposed
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a combined support scheme comprising bolt-mesh-shotcrete, prestressed bolts, and pre-
stressed anchor cables, which yielded marked improvements in plastic height and stress
state compared with the original design. Pre-control roof technology using long anchor
cables can effectively suppress caving in jointed roofs, and fully grouted anchor cables are
capable of forming a self-balancing system within the roof [3]; Qin et al. [4] further verified
via numerical simulation that this combined support scheme can effectively alleviate tensile
stress concentration in stope roofs. The combined load-bearing action of backfill and bolts
generates a compression zone inside the backfill, providing a mechanical basis for support
design [5]. Both numerical simulation and rock mass quality classification approaches have
confirmed that combined support can markedly reduce roof tensile stress and constrain
plastic zone propagation [6,7]. Stope support in the upward horizontal slicing backfill
mining method belongs to small-span stope support, and the stope span is generally con-
trolled within 4–8 m. Existing numerical simulation studies indicate that roof stability
decreases significantly when the span exceeds 8 m [8]; the stope span for upward horizontal
slicing backfill mining can be extended to less than 12 m [9]. The dip length of the stope is
generally no more than 50 m, and the strike length ranges from 10 m to 100 m. In some
other domestic metal mines adopting upward drift backfill mining, the stope strike length
is arranged to exceed 100 m [10].

In terms of anchoring mechanisms and support parameter optimization, scholars
worldwide have carried out extensive studies on the mechanical behavior of the bolt–
surrounding rock interface: the bond-slip constitutive model for the bolt–grout interface
was established through pull-out tests [11–13], the interaction mechanism between bolts and
surrounding rock and the economically reasonable threshold of bolt length were revealed
based on the shear-lag model [14,15], and the load transfer mechanism was clarified from
the perspectives of bolt geometric parameters and joint aperture [16,17]. For support
parameter optimization, the mechanical mechanism whereby high pre-tightening force
suppresses separation and slip by improving the shear strength of structural planes has
been revealed [18–21], elasto-plastic analysis models for prestressed bolt support have been
established [22,23], the optimal diameter difference between bolts and boreholes [24,25] and
an equivalent material analysis method for bolt-reinforced surrounding rock [26,27] have
been put forward, and an analytical model for combined prestressed bolt–anchor cable
support has been developed [28]. Liu et al. [29] systematically reviewed the application
conditions and accuracy constraints of the strength criterion method and mathematical
model method in calculating LZ thickness; Li et al. [30] proposed a calculation method
for the width and theoretical depth of zonal disintegration zones from the perspective of
stress wave propagation. Theoretical calculation of the loose zone and zonal disintegration
analysis provide theoretical explanations for predicting the failure range of surrounding
rock [31,32].

In terms of novel support technologies, research achievements including the yielding
support system [33], the butterfly-shaped bearing structure formed by ultra-high pre-
stressed bolts [34], the yielding support mechanism of expansion pillars [35], prestressed
expandable pillars [36–39], and graded reinforced combined support technology [40–42]
have further expanded the technical approaches for support design under fractured sur-
rounding rock conditions. The zonal support scheme proposed for mining roadways in
extremely close coal seams [43] and the mechanized filling collaborative technology for
inclined thin ore bodies [44] provide references for roof control in mines under similar
conditions. Field measurement results using ground-penetrating radar have verified the
theoretical prediction of the development law of the loose zone [45].

Nevertheless, three notable gaps persist in the existing literature. First, systematic
research on roof support for the drift-based slicing cut-and-fill mining method remains lim-
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ited. Most available studies focus on roadway or tunnel engineering, whereas drift stopes
differ substantially from roadways in terms of excavation section geometry, mining-filling
sequence, and surrounding rock disturbance characteristics, making existing findings
difficult to extrapolate directly. Second, the handful of studies addressing drift stopes
predominantly concentrate on optimizing individual support parameters or analyzing the
applicability of specific support patterns, with a lack of systematic investigation into the
instability mechanism of drift roof surrounding rock and support design methodologies.
In particular, there is an absence of targeted theoretical guidance for roof support design in
drift stopes under Class IV fractured rock mass conditions. Third, most studies operate
under the assumption of complete backfill roof contact, overlooking the practical field
condition of inadequate roof contact rates. The resulting unsupported roof gap can signifi-
cantly impair the supporting capacity of backfill and alter the stress boundary conditions
of the roof.

In view of the above, this paper takes a “three-under” copper mine (under buildings,
traffic routes, and water bodies) with gently inclined medium-thick to thick ore bodies
adopting the UTSCF method as the engineering background. Aiming at the difficult roof-
support problem of grade-IV fractured rock mass, theoretical analysis is comprehensively
used to investigate the elastoplastic characteristics of surrounding rock after roadway
excavation and reveal the roof instability mechanism. A roof support design scheme and a
secondary contact scheme for the condition where sidewall backfill cannot fully contact
the roof are further proposed, and their rationality is verified by numerical simulation. A
technical route of “theoretical analysis—support design—numerical verification” is formed.
The specific contributions of this study are as follows. First, a three-zone elastoplastic
model of “loosened zone—plastic hardening zone—elastic zone” is established. Different
from the classical circular opening model, this model quantitatively relates the thickness of
each zone to bolt anchorage length, providing quantitative criteria rather than empirical
selection for support design. Second, a secondary contact mechanism is proposed for the
condition that sidewall backfill fails to contact the roof. Specifically, timber cribs act as
rigid load-transfer cushions to restore the continuous load transfer path between backfill
and roof. The subsequently poured cemented backfill slurry infiltrates the fractures of the
non-contacted roof and re-establishes lateral constraints after solidification, which explains
why roof stability can still be improved under incomplete contact conditions. Third, a
design principle for bolt length selection in staggered-drift stopes is established: the bolt
length should cover the sum of the loosened zone and plastic hardening zone plus an
anchorage segment embedded into the elastic zone. Verified by numerical simulation and
field application, this principle can be extended to similar fractured-rock drifts and stopes
under the UTSCF method.

2. Engineering Background
In a copper mine under “three-under” mining conditions (mining under buildings,

railways and water bodies), villages, a concentrator and a tailings pond lie above the
mining area. The No. 1 orebody in the main mining zone, located directly beneath a
decommissioned tailings pond, occurs in layered and quasi-layered forms, dipping to
the southwest at 10–30◦ (average 20◦), with a burial depth of 58–626 m. The rock mass
mechanical parameters are derived from ore-rock quality evaluation results in the existing
rock mechanics report of the mining area. Sampling was carried out within the geological
horizon hosting the orebody, covering the orebody as well as the hanging-wall and footwall
surrounding rocks. The adopted parameters are listed below. The hanging-wall and
footwall surrounding rocks have identical lithology: density ρ = 2.77 g/cm3, tensile strength
σt = 0.80 MPa, elastic modulus E = 9.09 GPa, cohesion c = 0.95 MPa, internal friction angle
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φ = 38.15◦, Poisson’s ratio µ = 0.22; Orebody: density ρ = 2.85 g/cm3, tensile strength
σt = 0.65 MPa, elastic modulus E = 5.09 GPa, cohesion c = 0.86 MPa, internal friction angle
φ = 42.56◦, Poisson’s ratio µ = 0.26; Cemented backfill: density ρ = 1.95 g/cm3, tensile
strength σt = 0.25 MPa, elastic modulus E = 0.51 GPa, cohesion c = 0.37 MPa, internal friction
angle φ = 35.00◦, Poisson’s ratio µ = 0.28; Uncemented backfill: density ρ = 1.90 g/cm3,
tensile strength σt = 0.01 MPa, elastic modulus E = 0.16 GPa, cohesion c = 0.1 MPa, internal
friction angle φ = 34.00◦, Poisson’s ratio µ = 0.19.

According to rock mass quality evaluation results, the orebody and its hanging wall
and footwall surrounding rock are classified as Class III–IV rock masses, with moderate
integrity (poor in local sections), medium strength but well-developed joint fissures, and
moderately inferior integrity and stability, as shown in Figure 1. In situ backfill generally
suffers from incomplete roof contact due to shrinkage and settlement, which further de-
teriorates roof stability. To tackle this problem, the mine adopts the UTSCF method (see
Figures 1–3) with a staggered drift layout: within the same slice, the roof of the second-step
drift is staggered by 1.5–2.5 m relative to that of the first-step drift, so as to optimize the
roof stress state and constrain plastic zone propagation. Compared with the conventional
scheme featuring a stagger of one full slice height, this layout retains the stress regula-
tion advantages of the staggered structure while reducing redundant investment in mine
development engineering.

 

Figure 1. Fractured hanging wall rock mass with well-developed joint fissures.

Figure 2. Cross section of the upward two-step staggered-drift cut-and-fill mining method.
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Figure 3. Longitudinal section of the upward two-step staggered-drift cut-and-fill mining method.

Ore blocks are arranged along the strike, with a panel length of 100 m, a width equal
to the horizontal thickness of the orebody, and a slicing height of 5.5 m. A two-step strip
mining scheme is adopted, with a span of 6 m for first-step strips and 8 m for second-step
strips. Both the first and second steps are excavated sequentially in two sections following
a “one-in-three” mining sequence; that is, the first section is excavated and backfilled before
the second section is extracted. In the first slice, first-step strips are extracted first; after
cemented backfilling to form artificial pillars, second-step strips in the same slice are mined.
The roof of the second-step drift is advanced by 1.5–2.5 m relative to that of the first-step
drift, forming a staggered roof structure. During the extraction of both steps, the previously
excavated sections are filled with low-cement backfill, while the remaining sections are filled
with uncemented tailings backfill. As an artificial pillar, the 28-day uniaxial compressive
strength of cemented backfill is tested in accordance with the Technical Standard for Backfill
Engineering in Metal and Nonmetal Mines. The strength indices are determined based on
mine design documents: The 28-day compressive strength of primary bottom backfill shall
not be less than 1.0–1.5 MPa; the 28-day compressive strength of secondary bottom backfill
shall not be less than 0.5–1.0 MPa; and the 28-day compressive strength of surface backfill
shall not be less than 2.0 MPa. The cement dosage of cemented backfill accounts for 3–25%
of the dry mass of backfill materials. The cement-sand ratio is 1:6–8 for primary backfill,
1:12–15 for secondary backfill, and 1:4–5 for surface backfill.

3. Elasto-Plastic Theoretical Analysis of Drift Roof
3.1. Theoretical Model for Thickness Calculation of Elasto-Plastic Zoning in Surrounding Rock
3.1.1. Basic Assumptions and Calculation Model

To quantify the zonal failure characteristics of roof surrounding rock and the extent
of the LZ after stope drift excavation, this paper introduces a surrounding rock zoning
model for theoretical analysis. Built upon the classical elasto-plastic analysis framework for
surrounding rock of circular chambers [46] and drawing on the surrounding rock zoning
method proposed by Yuan et al. [47], this model divides the rock mass surrounding the
chamber into three successive zones from the free face to the deep rock mass: the loose zone
(LZ, fractured zone), plastic hardening zone (PH zone, yield zone), and elastic zone, as
illustrated in Figure 4. To facilitate mathematical treatment, the following basic assumptions
are made:

• The surrounding rock is regarded as a continuous, isotropic, and homogeneous elasto-
plastic medium;

• The stope section is simplified as a circular chamber by the equivalent area method,
with an equivalent radius a =

√
BH/π, where B denotes the drift span and H denotes

the slicing height;
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• The Mohr–Coulomb (MC) yield criterion is adopted as the plastic failure criterion;
• A non-associated flow rule is employed to characterize the volume dilation of the

plastic zone.

Figure 4. Schematic diagram of excavation damage zoning in surrounding rock.

In this paper, the rectangular drift cross-section is simplified into a circular opening
by the equivalent area method for theoretical analysis. The equivalent area method has
been adopted for plastic zone analysis of non-circular cross-sections in tunnel engineering.
Numerical results show that the evolution trend of plastic zone morphology for non-circular
sections is consistent with that of equivalent circular sections [48]. Further numerical
simulation on rectangular roadways and their equivalent circumscribed circular openings
demonstrates that the evolution laws of plastic zone morphology are identical, with three
patterns: circular, elliptical, and butterfly-shaped. Within the commonly encountered
engineering range of aspect ratio (less than 2), the difference between the maximum plastic
zone radius of a rectangular roadway and that of the corresponding circumscribed circle
does not exceed 15%. The difference decreases as the aspect ratio approaches unity [49].
The aspect ratios of the 6 m and 8 m drifts in this study are 1.09 and 1.45, respectively, both
falling within the above applicable range. Accordingly, the thicknesses of the loosened
zone and plastic zone obtained by the equivalent area method can serve as the data basis
for calculating the required anchorage range of bolts.

In the above zoning model, the rock mass within the LZ (a ≤ r ≤ Rc) has undergone
structural fracturing and sustains itself solely by residual strength, which defines the scope
requiring bolt anchorage; the rock mass in the plastic hardening zone (Rc ≤ r ≤ Rp) has
entered a yielded state without complete fracturing and still retains appreciable load-
bearing capacity; the rock mass in the elastic zone (Rp ≤ r < ∞) remains in an elastic
deformation state. This zoning approach reasonably captures the progressive characteristic
of fractured rock masses, which transitions sequentially from failure to yielding and then to
intact condition from shallow to deep after excavation, providing a theoretical foundation
for the subsequent quantitative determination of bolt length.
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3.1.2. Equilibrium Equations and Yield Equations

As derived by Zhang et al. [50] in their axisymmetric elasto-plastic analysis based
on the MC criterion, with body forces neglected, the radial stress σr and tangential stress
σθ satisfy:

dσr

dr
+

σr − σθ

r
= 0 (1)

After the surrounding rock enters the plastic state, its stress state is governed by the
MC yield criterion, which can be expressed in the principal stress space as:

σθ =
1 + sin φ

1 − sin φ
· σr +

2c cos φ

1 − sin φ
(2)

where φ denotes the internal friction angle of the surrounding rock and c denotes the
cohesion. By substituting the yield criterion into the equilibrium equations, the stress
distribution within the plastic zone can be derived.

3.1.3. Non-Associated Flow Rule

Assume the plastic potential function is Q = σθ − ησr, where:

η =
1 + sin ψ

1 − sin ψ
(3)

ψ is the dilation angle, which reflects the degree of volume expansion of the rock mass
after yielding. Based on the rock mass rating (RMR) and in situ development characteristics
of joint fissures, the dilation angle is taken as 10◦ on the conservative side. The dilation
angles of the LZ and plastic hardening zone are denoted as ψc and ψp respectively, with the
corresponding parameters denoted as ηc and ηp.

3.1.4. Stress Expressions for Each Zone

In determining the stress distribution of each zone, stress expressions are derived
separately for the LZ, plastic hardening zone, and elastic zone.

The stress distribution in the LZ (a ≤ r ≤ Rc) is given by:

σc
r = (p0 + c cot φ)

(︂ r
a

)︂ 2 sin φ
1−sin φ − c cot φ (4)

σc
θ =

1 + sin φ

1 − sin φ
(p0 + c cot φ)

(︂ r
a

)︂ 2 sin φ
1−sin φ − c cot φ (5)

where p0 denotes the support pressure, which is set to 0 under unsupported conditions.
By enforcing the continuity of radial stress at the interface between the LZ and the

plastic zone, the stress distribution in the plastic hardening zone (Rc ≤ r ≤ Rp) is derived as:

σ
p
r = (p0 + c cot φ)

(︃
Rc

a

)︃ 2 sin φ
1−sin φ

(︃
r

Rc

)︃ 2 sin φ
1−sin φ

− c cot φ (6)

σ
p
θ =

1 + sin φ

1 − sin φ
(p0 + c cot φ)

(︃
Rc

a

)︃ 2 sin φ
1−sin φ

(︃
r

Rc

)︃ 2 sin φ
1−sin φ

− c cot φ (7)

Based on the classical solution to the thick-walled cylinder problem in elasticity theory,
the stresses in the elastic zone (Rp ≤ r < ∞) are expressed as:

σe
r = p −

(︃
p − σ

p
r

⃓⃓⃓
r = Rp

)︃R2
p

r2 (8)
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σe
θ = p +

(︃
p − σ

p
r

⃓⃓⃓
r = Rp

)︃R2
p

r2 (9)

where p represents the in situ virgin rock stress.

3.1.5. Governing Equations for Zonal Radii

The radii of the LZ Rc and the plastic hardening zone Rp are determined by solving
the following two governing equations simultaneously.

1. Stress continuity must be satisfied at the elastic-plastic interface (r = Rp); that is, the
stress state of the elastic zone exactly satisfies the MC yield criterion at the interface.

This condition can be written as:

σe
θ |r = Rp

=
1 + sin φ

1 − sin φ
· σe

r |r = Rp
+

2c cos φ

1 − sin φ
(10)

Rp =

⎡⎢⎢⎣ (p + c cot φ)(1 − sin φ)

(p0 + c cot φ)
(︂

Rc
a

)︂ 2 sin φ
1−sin φ

+ c cot φ

⎤⎥⎥⎦
1−sin φ
2 sin φ

· a (11)

2. Radial strain continuity is satisfied at the interface between the LZ and the plastic
zone (r = Rc).

The tangential strain in the LZ is given by:

εc
θ =

1 + µ

Eζc

⎡⎣(p0 + c cot φ)

(︃
Rc

a

)︃ 2 sin φ
1−sin φ

− (1 − 2µ)(p0 + c cot φ)

⎤⎦+ U
(︃

Rc

Rc

)︃−(ηc+1)
(12)

The tangential strain in the plastic hardening zone is given by:

ε
p
θ =

1 + µ

Eζp

⎡⎣(p0 + c cot φ)

(︃
Rc

a

)︃ 2 sin φ
1−sin φ

(︃
r

Rc

)︃ 2 sin φ
1−sin φ

− (1 − 2µ)(p0 + c cot φ)

⎤⎦+ V
(︃

r
Rp

)︃−(ηp+1)
(13)

The interface continuity condition is expressed as:

εc
θ |r = Rc

= ε
p
θ

⃓⃓⃓
r = Rc

(14)

where ζc and ζp are material constants associated with Poisson’s ratio, internal friction

angle, and dilation angle, calculated as ζ =
(︂

1+µ
1+µ

)︂
·
(︂

η−1
η+µ

)︂
; U and V are integration

constants determined from the displacement continuity conditions at zonal interfaces,
which are eliminated via numerical iteration in the final solution for Rc and Rp. The radii
Rc and Rp are obtained by simultaneously solving Equations (1) and (2).

3.2. Calculation Results for Zonal Thicknesses of Surrounding Rock

Once the radii of the LZ Rc and the plastic hardening zone Rp are determined by
solving the governing equations for zonal radii, the thickness of each zone is calculated
as follows:

Lc = Rc − a (15)

Lp = Rp − Rc (16)

where Lc denotes the thickness of the LZ and Lp that of the plastic zone. In accordance
with the Technical Code for Engineering of Rock Bolting and Shotcrete Support (GB50086-
2015) [51], the rock mass mechanical parameters from the mine rock mechanics research
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report are reduced. Cohesion characterizes the cementation and interlocking effect between
rock mass particles and is sensitive to joints, fissures, joint fillings, and weathering. It is
reduced according to rock mass integrity, from 0.95 MPa to 0.72 MPa (reduction factor of
0.76). The internal friction angle is mainly controlled by discontinuity roughness, interlock-
ing degree, and normal stress level. Its degradation cannot be characterized by a single
reduction coefficient. Therefore, a value of 32.7◦ is adopted by combining the RMR classifi-
cation results of grade-IV fractured rock mass in the mining area and engineering analogy.
It should be noted that the rock mass mechanical parameters for theoretical calculation
listed in Tables 1 and 2 are equivalent parameters reduced from the values in the above
report. These conservative values are only used to determine the ranges of loosened zone
and plastic zone requiring bolt anchorage. The zonal rock mass mechanical parameters
used in the calculation are listed in Table 1, and the calculated zonal thicknesses of drift
roofs with spans of 6 m and 8 m are presented in Table 2. In Table 1, c denotes the cohesion
of the surrounding rock, and σp denotes the tensile strength of the surrounding rock.

Table 1. Structural dimensions of the chamber and mechanical parameters of the rock mass.

B/m a/m P/MPa c/MPa σp/MPa φ/(◦) E/GPa µ

6 3.24 7.06 0.72 0.8 32.7 9.09 0.22
8 3.74 7.06 0.72 0.8 32.7 9.09 0.22

Note: B—drift span (m); a—radius of equivalent circular opening (m); P—in situ stress (MPa); c—
cohesion (MPa); φ—internal friction angle (◦); σ—tensile strength (MPa); E—elastic modulus (GPa);
µ—Poisson’s ratio.

Table 2. Calculation results for zonal thicknesses.

B/m Rc/m Rp/m Lc/m Lp/m

6 3.87 4.78 0.84 1.18
8 4.36 5.38 0.82 1.33

Note: Rc—radius of loosened zone (m); Rp—radius of plastic strengthening zone (m); Lc—thickness
of loosened zone (m); Lp—thickness of plastic strengthening zone (m).

4. Design of Secondary Roof-Contact Backfilling for Non-Contacted
Backfill Layers

During staggered drift excavation (as illustrated in Figure 5), both the first and second
mining steps are divided into two sections for sequential stoping: mining and backfill-
ing of the first section are completed prior to stoping of the second section, following a
skip-mining sequence of “one stope mined and three adjacent stopes retained” within
each group. The roof stability of second-step stopes is significantly governed by the roof
contact quality of the backfills on both sides; well-contacted first-step backfills provide
effective roof support, whereas roof contact deficiencies are prevalent in first-step backfills
in field practice, leaving the roof of excavated second-step drifts exposed with inadequate
lateral confinement. Timber chock roof contacting is a widely adopted temporary support
technique in mine roof management [52]; targeting the gaps formed by insufficient roof
contact of the two side backfills, this study employs square CTs for gap filling as temporary
reinforcement, which operates on the same principle as timber chock support: timber mem-
bers fill the void between the roof and the supporting medium to establish a continuous
load transfer path.
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Figure 5. Stoping sequence diagram of the stope (I and II denote the first and second major mining
steps, respectively; numerals 1 and 2 represent the excavation sub-steps within each major step).

4.1. Parametric Study on Cross-Timber Gap-Filling Roof Contacting

As illustrated in Figure 6, following excavation of the first section of the second-
step stope (II-1), voids emerge between the backfills on both side walls and the roof
surrounding rock. CTs are deployed to support the non-roof-contacted layers of the first-
step backfills on both sides. As verified by field operating conditions, the CTs lack effective
rock support at both ends and therefore cannot be analyzed using the simply supported
beam bending model.

 
Figure 6. Schematic diagram of the first section of second-step excavation.

The CT serves only as a rigid load-transfer cushion between the backfill and the roof,
and its mechanical behavior is characterized by axial compression along the grain direction;
accordingly, the calculation model is revised from a flexural member to a compression
member. Subject to axial compression along the grain, the bearing capacity of the CT is
verified with reference to the calculation method specified in the Standard for Design of
Timber Structures (GB50005-2017) [53].

1. The bearing capacity of a single CT is calculated based on the design value of com-
pressive strength parallel to grain, and the bearing capacity of the axially compressed
member shall satisfy:

N ≤ fc · A (17)

Bearing capacity of a single CT:

Fsingle = fc · A (18)

where N is the design value of axial compressive force, in N or kN; Fsingle is the axial
compressive bearing capacity of a single CT, in N or kN; fc is the design value of compressive
strength parallel to grain for timber, in MPa (N/mm2); A is the cross-sectional area of the
CT, in mm2 or m2. The CT is configured as a rectangular bar with a square cross-section,
whose side length is taken as 0.2 m, consistent with the thickness of the non-roof-contacted
backfill layer.

2. The total required number of CTs is determined by dividing the total roof pressure by
the bearing capacity of a single timber:
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n * Fsingle = Ptotal × Sstope (19)

where Sstope is the total area of the stope, in m2; Ptotal is the total roof pressure, in t or kN;
and n is the total number of required CTs.

3. The layout spacing is determined according to the stope dimensions.

Equivalent bearing width of a single CT (i.e., layout spacing):

d =
Lstope

ndesign
(20)

where d: layout spacing of CTs, unit: m. As CTs serve as temporary supports, long-term
creep may induce strength degradation of timber. Therefore, the safety factor is controlled
at 3.5, and the value can be set as follows in practical application:

ndesign = n × 3.5 (21)

The design strength of timber is taken as 40 MPa in accordance with Clause 4.3.1 of
GB50005-2017. The calculated layout spacing of CTs is 1.37 m.

4.2. Secondary Roof Contact of Backfill Slurry

As shown in Figure 7, cemented backfill is adopted for the advance excavation space
of the first part of the second step (II-1). Driven by the height difference, backfill slurry
flows into the unfilled roof fissures of the first-step backfill masses on both sides to realize
secondary roof contact, which greatly improves the roof stability of adjacent stopes. As
illustrated in Figure 8, when excavating the second part (II-2), the backfill masses on both
ribs have achieved complete roof contact, yielding a relatively safe excavation condition for
the stope.

 

Figure 7. Secondary roof contact of backfill slurry at the stope roof.

 

Figure 8. Schematic diagram for excavation of the second part in the second step.
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5. Support Design of Drift Stopes Under Staggered Excavation
5.1. Selection of Support Scheme

In view of the engineering conditions of stope drifts with a span of 6–8 m, Grade
IV fractured roof rock mass and poor self-stability, a combined support scheme of SS
bolts and metal mesh is adopted in this study. This support scheme is selected based on
the following considerations: layered drift mining is characterized by large preparatory
excavation volume and frequent stope replacement, leading to relatively low mining
efficiency. Therefore, the support method must adapt to the rapid mining advance rhythm
to avoid excessive occupation of stoping time by support construction. SS bolts possess
the advantages of fast installation and low cost, which is highly compatible with the
operational principle of “rapid excavation and timely support” for layered drift mining.
Its support mechanism is as follows (as shown in Figure 9): after the bolt is forcibly
driven into the borehole, the elastic restoring force generated by the radial compression
of the steel pipe applies a radial pressure P1 to the borehole wall. The interfacial friction
restricts the sliding and dislocation of bedding planes and fractures and cooperates with the
surface constraint of the end pallet to jointly control the discontinuous deformation of the
roof. When significant displacement occurs in the surrounding rock, the surrounding rock
extrusion pressure P increases correspondingly, which further enhances the friction force.
This realizes a favorable support performance of immediate load bearing after installation
and progressive strengthening with rock deformation. Metal mesh is laid between adjacent
bolts to prevent rock blocks from falling. Combined with SS bolts, it forms a composite
support system featuring shallow rapid constraint and surface protection, which well meets
the requirements of stope turnover efficiency for the layered drift filling mining method.

Figure 9. Schematic diagram of roof support scheme for drifts in fractured rock mass.

5.2. Investigation of Support Parameters
5.2.1. Row Spacing of Rock Bolts

The spacing and row spacing of rock bolts are determined based on the composite
arch theory. Under the support of bolt groups, the compressive stress zones induced by
individual bolts overlap to form a continuous compression arch. The spacing and row
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spacing can be calculated according to the designed anchorage force of bolts and the load
conditions of fractured rock mass:

a = b =

√︄
N

K · γ · h
(22)

where a and b are the bolt spacing and row spacing, respectively; N is the designed an-
chorage force of the bolt, which denotes the bearing capacity of the friction anchorage
system between the bolt and the borehole wall. It depends on the friction coefficient,
radial pressure, and contact area between the steel tube and borehole wall. According to
MT/T285-2025 Slotted Tube Bolt [54], for slotted tube bolts with outer diameter ≥ 35 mm,
the ultimate tensile capacity of the bolt shank ≥ 110 kN, pull-out resistance of the retaining
ring weld ≥ 80 kN, and bearing capacity of face plate ≥ 80 kN. These three indices corre-
spond to three failure modes: shank tensile rupture, retaining ring weld detachment, and
face plate crushing. Considering the above three bearing capacities and incorporating an
engineering safety margin, the designed anchorage force is taken as 150 kN. K is the safety
factor (taken as 1.8); γ is the bulk density of rock mass; h represents the height of the caving
arch, which is calculated by Protodyakonov’s theory:

h =
a
f

(23)

The span of stope drifts ranges from 6 to 8 m, corresponding to a half-span a of 3–4 m.
The surrounding roof rock is classified as Grade IV fractured rock mass. The Protodyakonov
coefficient f is set to 1.0, and the calculated height of the caving arch is 3–4 m (on the premise
of ensuring smooth excavation, the roof support of secondary drifts with a large caving
arch height is mainly considered; therefore, the value of 4 m is adopted). Substituting into
the spacing and row spacing formula yields a = b = 0.88 m. For safety considerations, the
actual bolt spacing and row spacing are selected as 0.8 m × 0.8 m. Prefabricated steel mesh
is installed between adjacent bolts. The steel bars have a diameter of 8 mm with a mesh
size of 100 mm × 100 mm. The overlapping length between mesh sheets shall not be less
than 100 mm, and the mesh is compacted and fixed by bolt pallets.

5.2.2. Diameter of Rock Bolt

The anchorage force of SS bolts originates from the elastic restoring force induced
by radial compression of the steel tube. Based on elastic mechanics and the frictional
anchoring mechanism, Zheng Yutian et al. [55] established a theoretical formula describing
the relationship between the anchorage force of SS bolts and geometric parameters of the
bolt body, material properties, as well as mechanical parameters of surrounding rock:

N =
π f0σst2

6Rα
× eαl − e−αl

eαl + e−αl (24)

where the comprehensive deformation parameter α is calculated by the following formula:

α =

√︃
K
Et

(25)

where: f 0—friction coefficient at the bolt-borehole interface (0.30–0.45), adopted as 0.35;
σs—yield strength of steel. The bolt shank is made of Q235 carbon structural steel. Although
MT/T285-2025 Slotted Tube Bolt specifies the use of Q345 or higher-grade high-strength
low-alloy steel, Q235 steel has been maturely applied in similar engineering projects within
this mining area. According to GB/T 700-2006 [56], the tensile strength of Q235 steel ranges
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from 370 to 500 MPa. Calculations verify that the ultimate tensile capacity of the bolt
shank meets the requirement (≥110 kN) for slotted tube bolts with outer diameter greater
than 35 mm specified in MT/T285-2025 Slotted Tube Bolt. Therefore, Q235 steel (yield
strength of 235 MPa) is adopted; t—wall thickness of SS bolt, 2.0–3.0 mm; R—average radius
of bolt, mm; l—effective length of bolt, m; K—shear stiffness coefficient of surrounding
rock, MPa/m2; E—elastic modulus of steel, taken as 2.0 × 105 MPa;

Based on rock mechanics test results and RMR rock mass classification outcomes,
combined with engineering analogy of shear stiffness coefficient for surrounding rock in
the mining area, the iterative trial-and-error method is adopted to obtain the theoretical bolt
radius under given wall thickness for different rock mass classes. The calculation results
are presented in Table 3.

Table 3. Calculation results of SS bolt diameter.

Working Condition Wall Thickness
t (mm)

Comprehensive
Deformation Parameter

α (m−1)

Calculated
Diameter
D (mm)

Recommended
Diameter

(mm)

Grade III–IV
rock mass 2.5 10.0 34.4 36~38

fractured zones of
Grade IV–V 3.0 6.45 37.0 40~42

5.2.3. Anchorage Length

According to the fundamental principle of suspension theory, after bolt installation,
the suspension load borne by a single rock bolt equals the total weight of unstable rock
strata within its control range. The calculation formula is expressed as:

Nactual = γ · a · b · h (26)

where Nactual—Suspension load borne by a single rock bolt, kN; h—Thickness of unstable
rock strata (effective length), m.

The design basis for anchorage length is that the bond force between the anchoring
agent and the borehole wall shall be sufficient to bear the actual suspension load transferred
by a single rock bolt. In accordance with Technical Code for Rock Bolt and Shotcrete
Support Engineering (GB50086-2015), the anchorage length shall be calculated by the
following formula:

La ≥
K0 · Nactual
π · D · fmg

(27)

where La—anchorage length, m; K0—safety factor, taken as 1.8 considering the fractured
characteristic of Grade IV surrounding rock in the roof; D—borehole diameter, m; f mg—
design bond strength between anchoring agent and rock mass of borehole wall, MPa.

According to SS Rock Bolts (MT/T285-2025), the initial anchoring force of SS bolts
shall not be less than 30 kN/m. Calculated based on the effective bolt length h, the total
initial anchoring force of a single bolt along its full length is expressed as:

Ni = 30 × h (28)

According to the above calculation results, the thickness of the loosened zone for the
8 m span drift is 0.82 m, the thickness of the plastic zone is 1.33 m, and the effective bolt
length is 2.15 m. The initial anchoring force of a single bolt is 64.5 kN, which is larger
than the actual suspension load (37.15 kN calculated from Equation (26)), satisfying the
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suspension requirement. The initial anchoring force refers to the force required to pull the
bolt shank out of the borehole after bolt installation and before significant surrounding
rock deformation occurs. It represents the initial anchorage capacity of the anchoring
system and is different from the designed anchorage force. As specified in MT/T285-2025,
the initial anchoring force is defined as anchorage capacity per unit length. It is adopted
to verify whether a single bolt can suspend the weight of unstable rock strata within its
control range. In contrast, the designed anchorage force is the overall bearing capacity
of a single bolt determined by comprehensively considering the ultimate tensile capacity
of the bolt shank, pull-out resistance of the retaining ring weld, and bearing capacity of
the face plate. It incorporates an engineering safety margin and is used for determining
bolt spacing and row spacing. They differ in units, mechanical meanings, and application
purposes and cannot be directly compared. As surrounding rock deformation increases,
the compressive stress exerted on the bolt rises, and the frictional resistance increases
accordingly. The anchorage force gradually rises from the initial anchoring force and
approaches the designed anchorage force. Therefore, it is reasonable that the designed
anchorage force is greater than the initial anchoring force.

When D is 40 mm (corresponding to the recommended bolt diameter Φ36–42 mm),
the bond strength fmg is taken as 1.0 MPa (conservative value for Grade IV surrounding
rock, referring to GB50086-2015). Considering rock mass heterogeneity, construction errors,
long-term creep, and other factors, the recommended embedment length of the bolt into
the stable rock mass is 0.25 m. The calculated bolt length is:

L = l1 + h + l2 (29)

where: l1—embedment length of bolt in stable rock mass; h—effective length; l2—exposed
length of bolt, adopted as 0.1–0.15 m. According to the calculation, the 2.5 m-long SS bolt
satisfies the length requirement.

The MQT series pneumatic leg-type bolter (Jining Dongya Industrial and Mining
Materials Co., Ltd., Jining, China) is adopted for bolt construction, and the borehole
diameter is 2–3 mm larger than the bolt diameter. The drilling and installation time for a
single bolt is approximately 2–4 min. Bolt installation is closely linked to the drift excavation
cycle. Two rows of bolts are installed after each excavation advance of 1.5–2.0 m, which
brings no extra occupation of mining cycle time.

6. Numerical Simulation Analysis of Roof Support Effect
The theoretical analysis, support design, and numerical simulation in this paper form

a technical route of “theoretical analysis—support design—numerical verification”. The
elastoplastic zoning model is adopted in the theoretical analysis to calculate the thicknesses
of the loosened zone and plastic strengthening zone of the roof surrounding rock after
excavation, providing a basis for the anchorage range required by bolts. Numerical sim-
ulation is used to further evaluate the variations in roof displacement, plastic zone, and
stress after support installation and verify the effectiveness of design parameters. It should
be noted that the zoning thickness calculated by the theoretical model corresponds to the
unsupported condition after excavation, which represents the lower limit of the required
bolt anchorage range. The numerical simulation reflects the plastic zone distribution during
actual mining, considering slice mining and bearing capacity of backfill. Although they are
defined in different dimensions, both provide support for the support design.

6.1. Software and Computational Model

According to the stope structural dimensions, Rhino 8 combined with Griddle 2.0 was
adopted to establish the geometric stope model for the UTSCF method, with hexahedral

https://doi.org/10.3390/app162010011

https://doi.org/10.3390/app162010011


Appl. Sci. 2026, 16, 10011 16 of 30

meshes as basic elements. The spans of first-step and second-step stopes are 6 m and
8 m, respectively. Adjacent stopes are arranged in a staggered manner. The overall model
dimension is 630 m × 462 m × 230 m, and a 0.2 m unfilled gap layer is set at the top to
simulate the non-contact filling condition. The model consists of surrounding rock, first-
step and second-step stope strips of four levels, unfilled gap zones, and other components,
covering a total of 96 stopes. Mesh refinement is implemented around the stopes, with a
gradual transition in regions far away from the stopes; the size gradient ratio of adjacent
elements is controlled within 2. The total number of zones is approximately 7.53 million.
The drift slicing backfill mining method induces relatively small disturbance to surrounding
rock. An element size of 0.2 m around the stope is sufficient to capture the roof failure
characteristics, fully reflect the roof failure patterns and plastic zone distribution, and
meet the accuracy requirements for stability analysis of stope surrounding rock. After
modeling, the model is imported into FLAC3D for numerical calculation to analyze the
stress distribution and deformation characteristics of the stope roof under supported and
unsupported conditions. The detailed layout is shown in Figures 10 and 11.

Figure 10. Numerical model of panel stope support engineering.

 

Figure 11. Schematic diagram of in-drift support engineering.

In the numerical simulation, the slotted tube bolts are simulated by cable structural
elements, and the frictional contact model is adopted to describe the interaction between
bolts and surrounding rock. The elastic modulus of the bolt is set to 200 GPa. The tensile
strength of the bolt shank is 370 MPa according to Q235 steel specified in GB/T700-2006,
and the ultimate tensile capacity of the shank is 114.7 kN. The frictional contact parameters
between the bolt and surrounding rock are determined following the recommended grout-
ing parameters for cable elements in the FLAC3D manual [57]. The friction angle is set to
25◦, and the bond stiffness is 500 MN/m (to govern frictional sliding behaviour). Cross
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timbers are simulated by beam structural elements. Their mechanical behaviour is axial
compression parallel to the grain, with a loading mode of compression at both ends and
force transfer along the member. Therefore, the beam elements are arranged vertically with
each segment length of 0.2 m and placed in rows along the strike direction (the spacing
between timber segments within one row is 0). Each row is equivalent to one cross timber.
The beam element serves as a pressure transfer medium, contacting the surrounding rock
at the top and the backfill at the bottom. The elastic modulus of cross timber is 12 GPa,
density is 600 kg/m3, and Poisson’s ratio is 0.3, adopted from the mechanical parameters
of common timber in GB/T50005-2017. The metal mesh is laid between bolts. It functions
to prevent the fall of surface loose rocks and local rock blocks, which is a superficial passive
protection measure. Since it does not participate in the mechanical transfer of stress and
deformation of surrounding rock, it is not modelled separately in the numerical simulation.

Normal displacement constraints are applied to the lateral boundaries and the bottom
surface of the model, and a stress boundary is imposed on the top surface. The calcula-
tion proceeds following the sequence of “excavation—support—backfilling—next cycle”.
Within one slice, the primary large step is mined first, followed by the secondary large step.
Each large step is excavated sequentially in two small sub-steps; After excavation of the
first sub-step, cross timber gap filling and slotted tube bolt support are implemented imme-
diately, followed by backfilling. Uncemented backfill is placed below the elevation of the
staggered roof on both sides, while cemented backfill is used above this elevation. During
backfilling, slurry simultaneously infiltrates the non-contact roof zones on both sides to
realize secondary roof contact. When excavating the second sub-step, the backfill on both
sides has already contacted the roof, and only roof support and backfilling are required.
The default unbalanced force ratio of FLAC3D is adopted as the convergence criterion, set
to 1 × 10−5. In the numerical simulation, stope excavation together with the installation of
bolts and cross timbers is completed within a single calculation stage. That is, support is
activated immediately after excavation with no time interval; The field construction adopts
the organization principle of “short advance and timely roof support”. Bolts and metal
mesh are installed after each excavation advance of 1.5–2.0 m. The simulation does not
reproduce every excavation cycle step by step. Instead, excavation and support of each
sub-step are combined into one stage to equivalently reproduce the construction effect of
“immediate support after excavation”.

The Mohr–Coulomb constitutive model is adopted in the numerical simulation to
describe the mechanical behaviour of ore and rock. The in situ stress field is dominated by
gravitational stress. The vertical stress is calculated according to the orebody roof burial
depth of 260 m and the average unit weight of overlying strata, and the horizontal stress is
determined by the lateral pressure coefficient. The calculation formula for lateral pressure
coefficient K0 is as follows [58]:

K0 = 1 − sinφ (30)

The densities of surrounding rock and orebody are measured from field samples. The
orebody contains metal sulfides, so its density is slightly higher than that of the surrounding
rock. The density of cemented backfill is 1.95 g/cm3, and that of uncemented backfill is
1.90 g/cm3, both obtained from mix proportion design and field sampling tests. Cemented
backfill has a higher cement content and thus a slightly larger density than uncemented
backfill. The mechanical parameters for various rock masses are listed in Table 4.
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Table 4. Mechanical parameters of ore-rock mass and backfill.

Lithology
Density
ρ (g/cm3)

Tensile Strength
σ/MPa

Elastic Modulus
E/GPa

Cohesion
C/MPa

Internal Friction Angle
φ/(◦)

Poisson’s Ratio
µ

Surrounding rock 2.77 0.80 9.09 0.95 38.15 0.22

Orebody 2.85 0.65 5.09 0.86 42.56 0.26

Cemented backfill 1.95 0.25 0.51 0.37 35.00 0.28

Uncemented
backfill 1.90 0.01 0.16 0.1 34.00 0.19

The roof support construction of the drift consists of drift excavation, cross-timber
support for the unfilled gap layer of side-wall backfill, and SS bolt support for the roof. Two
schemes, i.e., excavation without support and SS bolt support, are designed for comparison.
The mechanical parameters of SS bolts and cross-timbers are listed in Tables 5 and 6.

Table 5. Mechanical parameters of SS bolt.

Elastic Modulus
/GPa

Tensile
Strength/MPa

Cross-Sectional
Area of Bar

Ultimate Tensile Strength of
Bolt Shank/KN

Borehole
Diameter/mm

200 370 3.10 × 10−4 114.7 47

Table 6. Mechanical parameters of cross-timber.

Elastic Modulus
/GPa

Poisson’s
Ratio Density/kg·m−3

Cross-
Sectional
Area/m2

Moment of
Inertia About

Y-Axis/m4

Moment of
Inertia About

Z-Axis/m4

Polar
Moment of
Inertia/m4

12 0.3 600 0.04 1.33 × 10−4 1.33 × 10−4 2.67 × 10−4

6.2. Analysis of Support Performance

To verify the rationality of the above-mentioned theoretical support analysis results,
normal ore-body mining under unsupported conditions is taken as the comparison bench-
mark. Drifts at different spatial positions are selected for comparative analysis from three
aspects: displacement, plastic zone, and stress distribution, so as to systematically evaluate
the regulation effect of the support scheme on roof surrounding rock stability. To separately
evaluate the effects of bolt support and cross-timber gap filling, the excavated drift and the
non-roof-contacted drifts on both sides are intercepted for comparison: the displacement
variation of the excavated drift before and after support is compared to reflect the effect of
bolt support; the displacement variation of the non-roof-contacted drift before and after
cross-timber gap filling is compared to reflect the effect of secondary roof contact achieved
by cross timbers.

6.2.1. Displacement Field and Deformation Characteristics

As shown in Figure 12 (positive values in the legend represent upward displacement,
while negative values denote downward displacement), under unsupported conditions,
the sidewall backfill fails to achieve effective roof contact. After simultaneous excavation
of four drifts in the first group of second-step stopes, the roof undergoes symmetric
overall subsidence due to stress redistribution. The vertical roof displacement of drifts at
the panel edge ranges from 0.91 cm to 4.04 cm, and that of adjacent drifts with unfilled
gaps is 1.22–2.68 cm. For drifts in the central panel area, the vertical roof displacement
is 1.09–5.52 cm, and the adjacent drifts with unfilled gaps show roof displacement of
2.10–5.54 cm.
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Figure 12. Displacement contour map of stope excavation under unsupported conditions. (A−A)
Longitudinal section of the panel; (I−I) cross-section of a drive at the panel edge; (II−II) cross-section
of a drive in the panel center; (III−III) cross-section of a drive at the panel edge not connected to the
top layer; (IV−IV) cross-section of a drive in the panel center not connected to the top layer. Note:
The numerical values are presented in the original FLAC3D output format, in which “E” denotes “×
10n” (e.g., 8E3 = 8 × 103).

According to the displacement distribution results of supported stopes after excavation
(Figure 13), after the installation of SS bolt support, the vertical roof displacement of drifts
at the panel edge is reduced to 0.5–3.49 cm; the roof displacement of adjacent drifts with
unfilled gaps decreases to 0.59–2.48 cm; the vertical roof displacement of drifts in the central
panel area is limited to 0.51–5.01 cm; and the roof displacement of adjacent drifts with
unfilled gaps is reduced to 1.14–5.16 cm.
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Figure 13. Displacement contour map of supported stope after excavation. (A−A) Longitudinal
section of the panel; (I−I) cross-section of a drive at the panel edge; (II−II) cross-section of a drive
in the panel center; (III−III) cross-section of a drive at the panel edge not connected to the top
layer; (IV−IV) cross-section of a drive in the panel center not connected to the top layer. Note: The
numerical values are presented in the original FLAC3D output format, in which “E” denotes “× 10n”
(e.g., 8E3 = 8 × 103).

As indicated by the displacement comparison (Figure 14), support implemented after
drift excavation effectively mitigates roof displacement. The roof displacement of edge
drifts decreases by 29.4%, and that of central drifts is reduced by 31.2%. After cross-timber
support is adopted for unfilled gap layers, the roof displacement of edge drifts with unfilled
gaps drops by 29.6%, while that of central drifts with unfilled gaps decreases by 26.3%.
According to the vertical-section displacement contours, the area of large roof displacement
zones after support is reduced by approximately 69% compared with the unsupported
case. The surrounding rock deformation is effectively controlled, and roof stability is
remarkably improved.
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(a) (b) 

(c) (d) 

Figure 14. Comparison chart of displacement data for drifts before and after support. (a) Cross-
section of a drive at the panel edge; (b) cross-section of a drive in the panel center; (c) cross-section of
a drive at the panel edge not connected to the top layer; (d) cross-section of a drive in the panel center
not connected to the top layer.

6.2.2. Analysis of Plastic-Zone Results

After slicing-drift mining, the plastic failure zone of the roof presents an arch-shaped
distribution. The roof of the exposed void is dominated by tensile failure and coupled
tensile-shear failure. As shown in Figure 15, after the first-stage excavation of second-step
stopes under unsupported conditions, the side-wall backfill fails to contact the roof. The
plastic failure zones of the exposed drift roof and side-wall roofs are connected to varying
degrees, which leads to a large development height and extensive scope of the overall
plastic zone. Affected by strong end restraint and stress concentration at drift ends, the
surrounding rock in these regions fails under multi-axial stress, and the plastic-zone height
is evidently larger than that at the drift middle section. The maximum height of the plastic
failure zone is 1.41 m at the middle and 3.09 m at the end of drifts on the panel edge. For
drifts in the panel center, the maximum plastic-zone height reaches 4.20 m in the middle
and 5.62 m at the end. For unfilled-gap drifts at the panel end, the maximum plastic failure
height of the roof is 4.07 m, while that for unfilled-gap drifts in the panel center is 4.59 m.

After the roof of the excavated void stope is supported by SS bolts and the unfilled
gap layers are filled and supported with cross-timbers, the plastic-zone distribution is
presented in Figure 16. After support installation, the plastic zones of side-wall drift
roofs are decoupled from those of mining drifts, and the plastic-zone height decreases
significantly. The maximum height of the plastic failure zone is 0.93 m in the middle and
1.98 m at the end of drifts on the panel edge. For drifts in the panel center, the maximum
plastic-zone height is 2.65 m in the middle and 4.01 m at the end. For unfilled-gap drifts on
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the panel edge, the maximum roof plastic failure height is 3.50 m, and that for unfilled-gap
drifts in the panel center is 3.48 m.

Figure 15. Plastic-zone contour map of stope excavation under unsupported conditions. (A−A)
Longitudinal section of the panel; (I−I) cross-section of a drive at the panel edge; (II−II) cross-section
of a drive in the panel center; (III−III) cross-section of a drive at the panel edge not connected to the
top layer; (IV−IV) cross-section of a drive in the panel center not connected to the top layer. Note:
The white area represents the mined-out space after stope excavation.

Figure 16. Plastic-zone contour map of supported stope after excavation. (A−A) Longitudinal
section of the panel; (I−I) cross-section of a drive at the panel edge; (II−II) cross-section of a drive in
the panel center; (III−III) cross-section of a drive at the panel edge not connected to the top layer;
(IV−IV) cross-section of a drive in the panel center not connected to the top layer. Note: The white
area represents the mined-out space after stope excavation.

As shown in Figure 17, after the installation of SS bolts, the maximum plastic-zone
height of the roof for excavated drifts at the panel edge is reduced by 35.9%, and the plastic-
zone volume of the roof decreases by 35.5%. For excavated drifts in the panel center, the
maximum roof plastic-zone height drops by 28.6%, and the plastic-zone volume is reduced
by 36.7%. For unfilled-gap drifts at the panel edge, the maximum roof plastic-zone height
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decreases by 14%, and the plastic-zone volume is reduced by 46.5%. For unfilled-gap drifts
in the panel center, the maximum roof plastic-zone height is lowered by 24.2%, and the
plastic-zone volume drops by 47.2%. This indicates that the combined support scheme of SS
bolts, bolt mesh, and cross-timber gap-filling can effectively restrain the deep propagation
of plastic zones and guarantee the overall roof stability of grade-IV fractured rock mass.

  

Figure 17. Summary of plastic zone data. (A) Excavated edge drive; (B) excavated central drive;
(C) edge drive not connected to the top; (D) central drive not connected to the top.

6.2.3. Stress Distribution

Slicing-drift mining induces fundamental adjustment of the stress field in stope sur-
rounding rock. The mined-out void acts as a dual zone for both stress release and stress
concentration. The bearing capacity of backfill is much lower than that of the intact rock
mass, so it cannot effectively support the overlying strata. Consequently, overburden
loads transfer to the surrounding rock around the stope, and distinct high-pressure stress-
concentration zones are formed at both sides and ends of the stope.

As shown in Figure 18, the MPS of the drift roof in the panel is tensile stress under
unsupported conditions, with a peak value of 9.7 MPa. After adopting SS bolt support
and cross-timber gap-filling, the MPS is remarkably reduced to approximately 5.0 MPa, a
decrease of 49%. This demonstrates that the support system effectively mitigates tensile
stress concentration in the roof. In terms of the minimum principal-stress distribution, the
roof of unsupported drifts is also subjected to tensile stress ranging from 0 to 1.68 MPa,
which places the roof in an unfavorable tensile state. After support installation, local
compressive-stress zones (−1–1.53 MPa) appear on the roof of drifts at the panel edge,
showing a coexistence of tensile and compressive stress. The area of tensile regions in the
roof decreases substantially, and the stress state becomes more reasonable. Overall, the
combined support scheme consisting of cross-timber gap-filling for roof contact and SS
bolts for roof reinforcement greatly improves the stress environment of the roof. It not only
reduces stress peak values, but also effectively shrinks the extent of high-stress zones, so
that the overall safety conditions of the stope are obviously enhanced. Under unsupported
conditions, the maximum principal stress in most areas of the goaf roof is close to 0 MPa,
reaching the tensile failure threshold. The tensile stress exceeds the tensile strength of the
rock mass and stress redistribution occurs; tensile stress concentration only appears in a
few local positions of the roof, with a peak maximum principal stress of approximately
9.7 MPa. This peak mainly occurs near the junctions between the roof and sidewalls and
end sections: after the tensile stress in the central roof exceeds the tensile strength, tensile
failure takes place and stress transfers to the surrounding intact elements; In contrast, the
roof at sidewalls and ends is constrained by backfill and unmined ore, which restricts
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deformation and prevents free release of tensile stress. Combined with stress concentration
induced by abrupt geometric changes, the tensile stress of local elements rises to 9.7 MPa.
This peak value reflects local element stress concentration rather than the overall tensile
stress level of the roof. After adopting split-set bolt support and cross-timber gap filling, the
roof stress state is significantly improved. The peak maximum principal stress decreases to
approximately 5.0 MPa, representing a reduction of 49%.

Figure 18. Stress contour map. Note: The white area represents the mined-out space after stope
excavation.

7. Industrial Experiment
At present, the UTSCF method has been applied for ore extraction in stope K-1 of

the 1520 m middle level in the eastern part of the first mining area of this mine. The roof
support design of the stope is determined according to the aforementioned parameters,
and the detailed layout is shown in the corresponding Figure 19. Bonded bolts are not
adopted in the field mainly for the following considerations. Split-set bolts feature fast
installation and low cost, which well match the operation rhythm of “rapid excavation and
timely support” in drift mining; Bonded bolts require grouting and curing time, which
will occupy the mining cycle and are not suitable for the short advance and timely support
workflow of this mine. Considering the poor stability of the ore-rock mass, the mining
principle of “short-advance excavation and timely roof support” is adopted during drift
mining. Bolt-and-metal-mesh support is implemented immediately after each excavation
cycle of 1.5–2.0 m. The SS bolts have a diameter of 42 mm, wall thickness of 2.5 mm, and
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length of 2.5 m (Figure 20). Metal meshes are fixed simultaneously during bolt installation.
The mesh parameters are 100 mm × 100 mm aperture and 8 mm wire diameter. Boreholes
are drilled by an MQT series pneumatic leg-mounted bolter (Jining Dongya Industrial and
Mining Materials Co., Ltd., Jining, China). The borehole diameter is 2–3 mm larger than the
bolt diameter. After drilling, rock cuttings and accumulated water inside holes are cleared
by high-pressure air. Subsequently, bolts are driven into boreholes by the impact force of
the drilling machine. Anchorage capacity is provided by radial friction along the full length
between bolt shank and borehole wall. The support installation is finished when the face
plate closely fits the rock surface.

 

Figure 19. Support construction drawing.

Since the completion of mining in three slices of Stope k-1 at the 1520 level in the
eastern part of the first mining area in May 2026, the roof has remained intact during drift
excavation and goaf exposure without caving or bed separation. Split-set bolts feature
convenient construction and immediate load-bearing upon installation, which match the
high-intensity turnover rhythm of slice drift mining and bring no extra occupation of
mining cycle time. For the non-contact roof gaps formed by local backfill shrinkage, cross-
timber packing is adopted. After treatment, the backfill on both sides is in tight contact
with the roof, and the lateral support condition of the stope is effectively maintained.
Roof stress of the stope cannot be measured directly on site. Displacement monitoring
requires long-term deployment of professional measuring equipment. The site adopts
the workflow of “short advance with timely support and backfilling immediately after
mining”. The exposure time of the goaf is short, and the site environment is not suitable
for installing and maintaining monitoring equipment. Therefore, field verification is
mainly based on qualitative observation, and real-time measurement techniques suitable
for such operating conditions are currently being explored. Engineering practice shows
that the adopted combined support scheme has favourable construction adaptability and
preliminary stability control performance.
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Figure 20. Split-set bolt.

8. Conclusions
1. Based on the elastoplastic analysis framework for surrounding rock of circular open-

ings, a three-zone model consisting of “LZ-PH zone-elastic zone” for drift roof sur-
rounding rock is established. The thicknesses of the loosened zone are determined
to be 0.84 m and 0.82 m for drifts with spans of 6 m and 8 m, respectively, and the
thicknesses of the plastic strengthening zone are 1.18 m and 1.33 m correspondingly.
On this basis, a secondary roof-contacting scheme with cross-timber gap-filling is
proposed. According to the axial compression model along the grain direction, the
layout spacing of cross-timbers is determined as 1.37 m.

2. The combined support scheme of SS bolts and metal meshes is highly compatible with
the “rapid excavation and immediate support” operation rhythm of drift mining. Ac-
cording to the composite arch theory, the bolt spacing and row spacing are determined
as 0.8 m × 0.8 m. Based on the friction anchorage mechanism, the calculated bolt
diameter ranges from 36 mm to 42 mm with an effective length of 2.15 m. Therefore,
SS bolts of 2.5 m length can satisfy the support requirements.

3. FLAC3D numerical simulation results show that after SS bolt support and cross-timber
gap-filling, the MPS of the roof decreases from 9.7 MPa to 5.0 MPa, with a reduction
of 49%. The maximum plastic-zone height of each drift roof is reduced by 14.0–35.9%,
and the plastic-zone volume decreases by 35.5–47.2%. The average reduction of roof
vertical displacement is approximately 29%, and the area of large-displacement zones
is reduced by about 69% compared with the unsupported condition. Accordingly, the
safety state of the roof is effectively improved.

4. Field industrial tests show that the combined support scheme adopting Φ42 mm ×
2.5 m SS bolts combined with metal meshes and cross-timber gap-filling features
convenient construction and immediate load-bearing capacity, which is compatible
with the high-frequency cyclic mining rhythm of sliced drift mining. Since the com-
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pletion of mining of three slices in the K-1 stope of the 1520 m middle level in the
eastern first mining area, the stope roof has remained intact, which preliminarily veri-
fies the engineering adaptability and stability control performance of the proposed
support scheme.

This study has the following limitations. First, the numerical simulation fails to sepa-
rate the individual contribution of supporting components such as SS bolts and CTs. The
combined mechanism of SS bolt support and secondary roof contact by CTs requires further
investigation. Second, the theoretical zoning model calculates the zone thickness under
unsupported conditions after excavation, which differs in definition and dimension from
the PZ distribution at the actual mining stage in numerical simulation. The quantitative
relationship between the theoretical zone thickness and support adequacy has not been in-
dependently verified. Third, restricted by the field operation condition of “excavate shortly,
support promptly, fill immediately after mining”, roof stress and displacement cannot be
directly measured on site. Field verification mainly relies on qualitative observation, and
real-time measurement techniques suitable for such operating conditions are currently
being explored.
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The following abbreviations are used in this manuscript:

UTSCF method Upward Two-Step Staggered-Drift Cut-and-Fill Mining Method
SS bolt Split-set bolt
CT Cross-timber
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LZ Loose zone
PZ Plastic zone
PH zone Plastic hardening zone
MPS Maximum principal stress
MC Mohr–Coulomb
FLAC3D Fast Lagrangian Analysis of Continua in 3 Dimensions
RMR Rock Mass Rating
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