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Abstract

The development of large cross-section tunnels is an inevitable trend driven by the intensification of coal mining activities and
advancements in mining equipment technology. However, the disturbance stress exerted by adjacent caverns has a more pronounced
impact on weakly cemented rock strata in the vicinity of neighboring tunnels. To mitigate deformation in weakly cemented tunnels,
grouting and the installation of long anchor cables were employed to reinforce the self-supporting capacity of the surrounding rock,
thereby establishing an active support layer. Additionally, U-shaped steel frames combined with the subsequent application of flexible
filling materials were utilized to aid the surrounding rock in mobilizing its self-supporting capacity, which resulted in the formation of a
passive support layer. A layered collaborative control methodology integrating both active and passive support mechanisms was devel-
oped and implemented in engineering practice. The findings demonstrate that the vertical stress was alleviated after cavern excavation
and was predominantly transferred toward the adjacent tunnel, with the influence zone extending approximately 7 to 12 times the tunnel
height. Conversely, the horizontal stress is primarily dispersed laterally, affecting a region approximately 3 to 6 times the tunnel width.
Following the infilling of pebbles between the U-shaped steel frame and the adjacent rock mass, the maximum compressive stress expe-
rienced by the U-shaped steel frame decreased by 50%. Additionally, the spatial extent of the maximum axial force was reduced by 65%,
whereas the stresses within the rock bolts and cable bolts increased by 30% and 40%, respectively. Grouting reinforcement contributed to
bonding and compaction effects on the delamination and fracturing of the roof strata, with the grout predominantly distributed within a
range of 1.5 to 5 m from the central region of the roof. The research outcomes presented in this paper can provide valuable reference for a
large-section weakly cemented tunnel.
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1 Introduction

At present, the coal resources in eastern China are grad-
ually depleting, and the development scale in central China
is approaching its limit (Feng et al., 2022; Ma et al., 2023;
Meng et al., 2023). The western region has abundant coal

resources, accounting for approximately 66% of China’s
total, and as of 2021, the remaining proven technical recov-
erable reserves of coal in this region were 162.288 Gt (Chen
et al., 2022; Hu et al., 2023; Ru et al., 2023; Wang et al.,
2019). Therefore, achieving efficient development of coal
resources in the western region has become an important
means of supporting China’s energy industry and achieving
the ‘‘dual carbon” goals as scheduled, and is of great signif-
icance for promoting high-quality economic development
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in China and globally (Li et al., 2020; Ma et al., 2019, 2020;
J. Zhao et al., 2022).
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The coal-bearing strata in the western mining areas of
China are primarily composed of the Cretaceous and
Jurassic strata (Zhang et al., 2023; Zhao et al., 2019). These
strata have a unique diagenetic age, environment, and sed-
imentary process, and the coal seam is primarily composed
of weakly cemented rocks (Zhao et al., 2017). Unlike the
Carboniferous and Permian rock formations commonly
found in eastern China, the soft rocks in this region exhibit
unique physical and mechanical properties. The rocks are
relatively intact and possess a certain level of inherent
strength under natural conditions. However, they are
highly susceptible to disturbance, weathering, and disinte-
gration upon exposure to water, often softening into
mud. Most of the rocks are poorly lithified and primarily
bonded by argillaceous cement (Chen et al., 2019; Le &
Airey, 2023; Yang et al., 2019; Zhang & Gao, 2020) with
rock quality index (RQD) of 14%–26%, uniaxial compres-
sive strength of 5–15 MPa, and softening coefficient of
0.15–0.29 (Watanabe & Tanaka, 2023; Wu et al., 2023).
The abovementioned parameters are significantly lower
than those of typical soft rocks in other regions, resulting
in poor self-stabilization capacity of the weakly cemented
surrounding rock and a high susceptibility to large defor-
mation. This disparity renders the theoretical knowledge
and engineering experience accumulated during tunnel con-
struction in eastern mining areas insufficient to fully
address the demands of western projects, thereby posing
new challenges for tunnel stability control in western
regions (Tan et al., 2022; Zhang et al., 2022). In fact,
weakly cemented rock is often encountered in tunnel engi-
neering (Zhao et al., 2021). The findings of this study may
also provide valuable insights into the stability control of
tunnels constructed in weakly cemented rock strata.

With the continuous increase in mining intensity and
mechanization of coal resources in the western region,
the application of high mining height fully mechanized
mining technology has become widespread (Yang et al.,
2018; Miao et al., 2023). The tendency toward large-span
and high sidewall caverns has resulted in a significant
increase in the number of large cross-section caverns with
an area of 20–25 m2, with distance between adjacent cav-
erns mostly within the range of 20–30 m, which can easily
induce stress concentration (Ma et al. 2023; Zhang et al.,
2024a, 2024b). The surrounding rock of weakly cemented
tunnels exhibits complex characteristics such as continu-
ous, large deformations, resulting in severe damage (J.
Zhao et al., 2022; Zhao et al., 2024). The degree, scope,
and frequency of catastrophic accidents such as support
failure, roof collapse, and floor heave that occur in weakly
cemented tunnels are greater than those in general soft rock
tunnels. Repaired soft rock tunnels after excavation
account for 65% of the total, increasing the support cost
per unit of coal mining by more than 100% (Dai et al.,
2025; Zhang et al., 2023). Regarding the failure mechanism
of weakly cemented rock, Mineo and Pappalardo (2019)

proposed that such rock enters the plastic state rapidly
and over a wide range, with the plastic zone tending to
extend beyond the support range, thereby hindering the full
anchoring effect of rock bolts. Liu et al. (2019) found that
the shear dilation effect has a relatively low impact on the
range and stress response of the plastic zone in weakly
cemented surrounding rock, but a greater impact on its
damage rate and displacement. Swan and Li (2023) studied
the characteristics of creep rate and failure modes of
weakly cemented soft rocks and accordingly proposed a
creep model to reflect the properties. Mezza et al. (2022)
conducted a progressive failure study on weakly cemented
rocks and found that the volume expansion deformation
process of rocks is relatively long, exhibiting local stage
plastic flow characteristics and delay effects during failure.
Mineo et al. (2021) established mechanical models for dif-
ferent tunnel layouts in weakly cemented strata and
obtained the evolution characteristics of tunnel failure
under different rock stiffness conditions. Cao et al. (2021)
and Bai et al. (2021) respectively proposed the theory of
high prestressed support and differential support methods,
with both theories using the combined support technology
of high prestressed anchor rods and anchor cables to con-
trol the deformation of the surrounding rock. Cai et al.
(2020), Han et al. (2022), and Vazaios et al. (2019) devel-
oped high prestressed anchor rods with increased resistance
to large deformation, long and short anchor cable hierar-
chical control technology, and full-length prestressed sup-
port systems based on the matching characteristics
between anchor components. Sivakumar et al. (2021) pro-
posed the rigid flexible layer truss coupling support tech-
nology for jointed soft rock under high stress and strong
expansion conditions. Xie et al. (2022) proposed a multi-
level coupled support system with high-strength anchor
cables and compressible annular supports as the core for
stress expansion type geological soft rock. C. Zhang et al.
(2020) proposed a coupled support technology with con-
stant resistance and large deformation anchor rods. X.
Zhang et al. (2020) and Agheshlui et al. (2019) analyzed
the mechanism by which grouting enhances the self-
supporting capacity of soft rock and proposed a collabora-
tive support method combining anchoring and grouting.
After encountering water in the strata, Afrasiabian et al.
(2022) studied the deformation law and proposed dynamic
control technology for water swelling type soft rock.

The above research results have important guiding sig-
nificance for engineering applications and provide a basis
for further research into the stability control of weakly
cemented rocks (Tao et al., 2023; Wei et al., 2023). As a
complex geological object, weakly cemented rocks are
easily affected by external environments, leading to diverse
failure mechanisms. The corresponding control methods
cannot rely solely on a single support technology but need
to integrate multiple support methods for effective rein-
forcement (Hoang et al., 2020; X. Zhang et al., 2020). Con-
sidering the research on large deformation of surrounding
rock caused by support structure failure of weakly



cemented tunnels in the mining area of Inner Mongolia,
this paper analyzes the expansion law of the plastic zone
of weakly cemented surrounding rock and mechanism of
tunnel instability. Based on the support method combining
anchor rod, anchor cable, anchor net, and surface spray
grouting, a layered active–passive combined control
method is proposed, incorporating U25 steel frame, flexible
material filling behind the frame, and grouting. During the
one-year monitoring process, the above methods effectively
controlled the deformation of the surrounding rock, pro-
viding a reference for the deformation control of weakly
cemented tunnels in western mining areas.
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2 Project profile

2.1 Geological conditions

The weakly cemented tunnel under investigation is situ-
ated in the northern region of the Ordos Plateau, China,
specifically along the northern boundary of the Dongsheng
Coalfield. The geological formation exhibits a monoclinic
structure inclined toward the southwest, characterized by
a dip angle of less than 5°. The area is characterized by
locally developed broad and subtle undulations, with an
absence of large-scale folding or faulting structures and
no evidence of magmatic activity. As illustrated in Fig. 1,
the topography of the study area exhibits a gradient
descending from north to south, with elevations ranging
between 1380 and 1480 m. The region is predominantly
characterized by the presence of valleys and low to medium
elevation mountainous landforms, which have undergone
significant erosional processes.

The coal strata associated with the weakly cemented
tunnel correspond to the Upper Triassic Yan’an Forma-
tion (T3y), which serves as the sedimentary basement for
the Jurassic coal accumulation basin and its coal deposits.
The coal seam exhibits a complex structural configuration
characterized by well-developed joint systems. Although
the spatial position of the coal seam remains relatively con-
sistent, its thickness varies considerably, making it an
unstable coal seam. Consequently, the seam is only locally
amenable to mining operations. Figure 2 illustrates that the

predominant lithologies in the tunnel roof and floor are
fine sandstone, mudstone, and sandstone. The regional
stratigraphic framework encompasses the Jurassic, Creta-
ceous, Neogene, Quaternary Pleistocene, and Holocene
periods. The northern margin of the Dongsheng Coalfield
has been significantly affected by Cenozoic tectonic activi-
ties, resulting in the erosion and incision of the upper strata
by tributary systems. The stratigraphic sequence exhibits a
chronological progression from older to younger forma-
tions, including the Upper Triassic Yanchang Formation
(T3y), Middle Jurassic Yan’an Formation (J1-2y), Middle
Jurassic Zhiluo Formation (J2z), Middle Jurassic Anding
Formation (J2a), Lower Cretaceous Zhidan Formation
(K1zh), and Quaternary deposits (Q).

Fig. 1. Schematic of geological conditions in the mining area.

2.2 Distribution characteristics of weakly cemented tunnels

The 2-1 weakly cemented tunnel is situated within the
No. 2 coal seam, which has a burial depth ranging from
400 to 420 m. The thickness of the No. 2 coal seam varies
between 0.9 and 4.4 m, with an average thickness of
approximately 2 m. The seam exhibits a dip angle between
1° and 3°, averaging around 1.5°. As illustrated in Fig. 3,
the tunnels designated as 3-1, 3-2, 3-3, and 3-4, situated
beneath the 2-1 tunnel, are located within the #3 coal seam.
The thickness of the #3 coal seam varies between 2.9 and
6.9 m, with a mean thickness of 5.3 m. The seam exhibits
a dip angle ranging from 2° to 4°, averaging 2.7°. Both
the #2 and #3 coal seams employ strike longwall retreat
mining with comprehensive mechanization for their work-
ing faces and utilize natural roof collapse to manage the
overlying strata within the goaf.

2.3 Physical and mechanical properties of rocks

As illustrated in Fig. 4, samples were collected at the
excavation face located 60 m from the entrance of the 2-1
tunnel. After sampling, the coal and rocks were processed
separately into a 100 mm × U50 mm cylindrical specimen
and 25 mm × U50 mm disk specimen, respectively. Cylin-
drical samples were subjected to uniaxial and triaxial com-
pression testing, whereas circular samples were evaluated



using Brazilian disc splitting tests. The results obtained
from these experiments are compiled in Table 1.
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Fig. 2. Schematic of geological conditions for tunnel engineering. (a) Geological conditions along the tunnel axis, and (b) rock drilling sampling bar chart.

Fig. 3. Schematic of weakly cemented tunnel layout.

As illustrated in Fig. 5, microscopic and scanning elec-
tron microscopy analyses were performed on coal, silt-
stone, sandstone, and mudstone samples. The physical
composition results for mudstone, siltstone, and sandstone

are presented in Fig. 6. The mineralogical composition of
siltstone consists of quartz (30%–45%), biotite (10%–
25%), plagioclase (0–15%), chlorite (5%–15%), and intersti-
tial materials (25%–40%). Mudstone is primarily composed
of quartz (15%–25%), albite (20%–30%), illite (30%–55%),
and chlorite (0–15%). Sandstone comprises quartz



interlayers. Based on these characteristics, siltstone
is categorized as a weakly expansive soft rock, whereas
mudstone and sandstone are classified as expansive soft
rocks.
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Fig. 4. Testing of mechanical properties of weakly cemented rocks.

Table 1
Physico-mechanical properties of weakly cemented rock.

Rock type Density
(g cm−3)

Compressive strength (MPa) Tensile strength
(MPa)

Cohesion
(MPa)

Elastic modulus
(GPa)

Coal 2.33 14.77 4.02 3.21 2.25
Mudstone 2.19 10.23 3.58 2.54 1.89
Siltstone 2.41 15.45 4.28 3.52 2.44
Sandstone 2.08 12.23 3.22 2.59 2.01

Fig. 5. Microscopic analysis of sampled rocks.

(20%–25%), albite (15%–30%), illite (20%–35%), and chlo-
rite (15%–25%). Notably, the clay minerals present within
the rock fragments and interstitial materials predominantly
include montmorillonite, illite, and montmorillonite-illite
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Fig. 6. Analysis results of physical properties and components of sampled rocks. (a) Mudstone, (b) siltstone, and (c) sandstone.

Table 2
Results of ground stress test.

Borehole rv (MPa) rH (MPa) rh (MPa) Direction of geostress

#1 10.24 15.21 4.58 N58.4°E
#2 10.19 14.99 5.13 N47.3°E

Note: rv is the vertical stress, rH is the maximum horizontal principal
stress, and rh is the minimum horizontal principal stress.

The ground stress was evaluated using the stress relief
method through core drilling, with the results presented
in Table 2. Specifically, borehole #1 is situated on the left
side of the 2-1 tunnel at a distance of 170 m from the tunnel
entrance, and has an approximate depth of 13.4 m. Bore-
hole #2 is positioned on the right side of the 2-1 tunnel,
190 m from the entrance, with an approximate depth of
15.8 m.

The lateral pressure coefficient for the 2-1 tunnel was
quantified as 1.5. The predominant orientation of the max-
imum horizontal principal stress is toward the northeast,
forming an angle of 53° relative to the longitudinal axis
of the 2-1 tunnel.

3 Deformation characteristics of weakly cemented tunnel

The excavation of the 2-1 tunnel employed a support
system comprising a combination of anchor rods and
cables. As illustrated in Fig. 7, the roof support system
comprised anchor rods, cables, steel mesh, steel ladders,
and shotcrete, while the sides were supported by anchor
rods, steel mesh, steel ladder, and shotcrete. The size of

the anchor cable is U21.6 mm × 7300 mm, with a spacing
of 1200 mm × 1200 mm. The size of the anchor cable sup-
port plate is 300 mm × 300 mm × 12 mm. Anchor rod selec-
tion U (diameter) = 20 mm, and L (length) = 2200 mm for
the left-handed high-strength threaded steel anchor rod
without longitudinal reinforcement, with a spacing of
800 mm × 800 mm. The size of the anchor rod support
plate is 150 mm × 150 mm × 10 mm. Each anchor rod is
equipped with an MSK2360 anchoring agent. The size of
the steel ladder is U = 12 mm, b (grid width) = 100 mm,
and L = 4100 mm. The shotcrete possesses a compressive
strength classification of C25 and is applied at a thickness
of 150 mm.

Figure 8 illustrates the arrangement of the tunnel defor-
mation monitoring section (A, B, C, D) in the 2-1 tunnel.
During the excavation process, the 2-1 tunnel underwent
significant roof subsidence, floor heaving, and deformation
of the tunnel walls. To understand the deformation behav-
ior of the 2-1 tunnel, four sections were selected for analy-
sis: section A, which exhibited slight deformation, and
sections B, C, and D, which experienced severe damage.
Monitoring points were established at intervals of 75 m.
Data collection commenced when excavation reached sec-
tion A, with measurements recorded every two days over
a period of 49 days. This data acquisition protocol was
similarly applied to the other monitoring points. Surface
deformation was assessed using the cross-point method,
while the forces exerted on anchor rods and cables were
measured using force gauges. The monitoring scope
encompassed roof subsidence, floor heave, lateral



movements of the tunnel walls, and the stress states of the
anchor rods and cables.
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Fig. 7. Support scheme of weakly cemented tunnel.

Fig. 8. Schematic of weakly cemented tunnel failure.

The cumulative deformation of the tunnel roof at mea-
surement sections B, C, and D reached 616, 588, and
674 mm, respectively, over a monitoring period of 49 days,
as illustrated in Fig. 9. Within the initial 28 days of moni-
toring, these points exhibited cumulative deformations of
474, 517, and 489 mm, respectively. During this interval,
the tunnel roof experienced a notably rapid deformation,
with a maximum settlement rate of approximately
44.9 mm per day. Specifically, between the 14th and 28th
days, the cumulative deformation at points B, C, and D

was 242, 224, and 273 mm, respectively. Subsequently,
from the 35th to the 49th day, the deformation rate of

the tunnel surface decelerated, with approximately
15.1 mm per day as the highest observed rate. In summary,
the deformation profile of tunnel 2-1 can be ranked accord-
ing to location as follows: roof (642 mm) > floor
(457 mm) > right side (255 mm) > left side (158 mm).

An examination of the load-time curve for the support
structure depicted in Fig. 10 reveals that the load borne
by the anchor rods and cables diminishes with extended
support duration. This reduction is more pronounced dur-
ing the initial phase and becomes progressively less signifi-
cant over time. Furthermore, analysis of the load-time
curves for sections B, C, and D indicates a gradual increase
in load from day 1 to day 21, with the rate of increase
decelerating over this period. The load on anchor rods



Once the deformation surpassed the capacity of the sup-
port system, the effectiveness of the anchor rods and cables
in providing structural support diminished. Furthermore,
owing to the asymmetric deformation of the tunnel, the
reduction in load experienced by the anchor rods on the
right side is greater than that observed on the left side.

8 Q. Ma et al. /Underground Space 27 (2026) 1–23

Fig. 9. Deformation characteristics of the surrounding rock in weakly cemented tunnels. (a) Deformation of measurement A, (b) deformation of
measurement B, (c) deformation of measurement C, and (d) deformation of measurement D.

Fig. 10. Load characteristics of surrounding rock in weakly cemented tunnels. (a) Support loads in measurement A, (b) support loads in measurement B,
(c) support loads in measurement C, and (d) support loads in measurement D.

and cables progressively diminishes over the period from
28 to 49 days, with the rate of reduction remaining rela-
tively consistent throughout. Specifically, the anchor load
decreases from 140 kN to 62 kN; the roof anchor rod load
declines from 60 kN to 20 kN; and the side anchor rod load
reduces from 40 kN to 15 kN. Initial analysis indicates that
rock deformation accelerated significantly following the
excavation of the rear tunnel, accompanied by a progres-
sive increase in the load borne by anchor rods and cables.

Figure 11 illustrates the fracture characteristics of the
roof. The failure of the roof can be categorized into four
distinct regions: cracks, ruptures, relatively intact regions,



and deep-crack regions. The crack region is located
within the coal seam above the roof and exhibits a thick-
ness of less than 2 m. The fractured zone is situated
within the mudstone layer, exhibiting a thickness varying
between 2 and 7 m. Above this, the relatively unaltered
zone is found in the upper mudstone stratum, with an
approximate thickness of 2 m. The region characterized
by deep fissures is positioned at the interface between
the mudstone and sandstone layers. Notably, the lower
boundary of the fractured zone lies 1–1.5 m above the
roof, a location susceptible to breaching through all
mudstone strata and the coal seam, thereby potentially
triggering roof collapse.
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Fig. 11. Schematic of roof fracture characteristics.

4 Combined layered control method of active and passive
support

4.1 Stress distribution causing deformation of surrounding

rock

To facilitate the calculation of stress distribution in Eq.
(1) (Feng et al., 2022) during excavation, the polar coordi-
nates for elastic mechanics are transformed into Cartesian
coordinates, as expressed in Eq. (2) (Feng et al., 2022). In
Eqs. (1) and (2), rx and ry represent horizontal stress and
vertical stress, respectively. rr and rh represent tangential
stress and radial stress, respectively. r and h represent
radial coordinates and polar angles, respectively. srh repre-
sents shear stress. a and q represent the tunnel radius and
ground stress, respectively.

rx
rr rh

2
rr rh

2
cos2h srhsin2h

ry
rr rh

2
rr rh

2
cos2h srhsin2h

1

rx q 3qa2

2r2 cos2h qcos4h a2

r2
3a4

2r4

ry
1
2

qa2

r2 cos2h
1
2
qcos4h 2a2

r2
3a4

r4

2

As illustrated in Fig. 12, the impact of the excavation
and support of the 2-1 tunnel within the #3 coal seam on
the vertical stress distribution in the surrounding rock
was examined. The incremental stress in the surrounding
rock of the 2-1 tunnel was determined by calculating the
difference between the superimposed and initial stresses
through Eqs. (1)–(3). According to Fig. 12, the initial ver-
tical ground stress measured 11.4 MPa when the roadways
within the #2 and #3 coal seams were unexcavated. Upon
excavation of the tunnel in the #3 coal seam without any
support, the surrounding rock stress in the vicinity of tun-
nel 2-1 was 13.9 MPa, representing an increase of 21.9%.
Following both excavation and subsequent support instal-
lation of the tunnel in the #3 coal seam, the surrounding
rock stress near the 2-1 tunnel further increased by
0.9 MPa, reaching a total of 14.8 MPa.

Influenced by the stress disturbance caused by the previ-
ously excavated tunnel within the #3 coal seam, the vertical
stress increment in the surrounding rock of the 2-1
tunnel—situated at a vertical distance of 27 to 45 m
above—ranged from 2.1 to 4.0 MPa. This represents an
increase of 20% to 45% relative to the initial geostress.
Notably, when the 2-1 tunnel is positioned directly above
the tunnel in the #3 coal seam, the vertical stress in the sur-
rounding rock attains its maximum value. In summary, fol-
lowing the excavation of the tunnel in the #3 coal seam, the
adjusted stress in the surrounding rock can be transmitted
over a distance equivalent to 6 to 12 times the height of the
roadway (Fig. 13).
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Fig. 12. Stress distribution model of the surrounding rock in adjacent caverns.

Fig. 13. Stress distribution of weakly cemented tunnels in adjacent caverns. (a) Characteristics of stress increment distribution, (b) vertical stress
distribution, and (c) stress increment gradient distribution.

During the excavation of the 2-1 tunnel, the redistribu-
tion of stress induced the development of plastic zones
within the surrounding rock mass. Letting the vertical
stress at the location of the 2-1 tunnel be denoted as P0,
the surrounding rock is characterized by a cohesion c of
3.41 MPa and an internal friction angle u of 30°. The tun-
nel excavation can be approximated by an equivalent
radius r of 2 m. Under these conditions, the theoretical
stress at the boundary of the tunnel cross-section is repre-
sented by P.

The equilibrium differential equation, excluding the
effects of physical strength, is given by:

drr

dr
rr rh

r
0 3

The yield condition in the plastic zone of the 2-1 tunnel
is determined by the Mohr–Coulomb (M–C) criterion:

s c rn tanu 4

where s is the shear stress, and rn is the normal force.
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Expressing Eq. (4) in terms of principal stress
(r1 ≥ r2 ≥ r3):

1 sinu r1 1 sinu r3 2c cosu 5

where r1 is the first principal stress, r2 is the second princi-
pal stress, and r3 is the third principal stress.

Then substituting r1 = rr and r3 = rh into Eq. (5)
yields

1 sinu rr 1 sinu rh 2c cosu 6

Substituting Eq. (6) into Eq. (4)

drr

dr
2rrsinu

r 1 sinu
2ccosu

r 1 sinu
7

and solving Eq. (7) for rr

rr c cotu cr
2 sinu
1 sinu 8

Substituting (rr)r=r1 = −p (surrounding rock stress) into
Eq. (8) yields

rr c cotu P c cotu R
r

2 sinu
1 sinu

rh c cotu 1 sinu
1 sinu P c cotu R

r

2 sinu
1 sinu

9

Simplifying Eq. (9),

P P 0 1 sinu c tanu 10

In Eq. (10), P0 represents the vertical stress at the tunnel
location, whereas P denotes the stress at the boundary of
the tunnel cross-section. The parameter u corresponds to
the internal friction angle of the surrounding rock, and c

signifies the cohesion of the surrounding rock.
When a fracture zone occurs in the surrounding rock of

the 2-1 tunnel, the critical value P0 of the corresponding
surrounding rock stress satisfies Eq. (11).

C0 P 0
rc

K1

kK2p

k2p 1

2kp 2 rc rc

k2p 1

rc

K1

0

11

where rc represents the uniaxial compressive strength and
represents the post peak strength of rock.
In Eq. (11), kp is the triaxial stress coefficient; kp =

(1 + sinu) / (1–sinu); K1 = kp – 1, K2 = kp + 1.

C0

2

K2

kp
kp rc rc

K1 2

12

By substituting the relevant parameters into Eq. (12),
the critical value of P0 was determined to be 14.2 MPa.
In the presence of a fractured zone within the surrounding
rock of the 2-1 tunnel, the corresponding vertical stress was
14.2 MPa. Following excavation and the support opera-
tions in the #3 coal seam, the vertical stress in the sur-
rounding rock of the 2-1 tunnel increased to 14.8 MPa,
exceeding the critical vertical stress associated with the
fractured zone, thereby inducing failure in the surrounding
rock.

4.2 Determination of key support areas

As illustrated in Fig. 14, the active and passive layered
support techniques for weakly cemented tunnels are cate-
gorized into two primary components: the external support
system, which comprises high-prestressed anchor cables
combined with grouting to seal the deep surrounding rock,
and the internal support system, consisting of a U-shaped
steel frame supplemented by flexible material filling and
subsequent grouting to seal the shallow surrounding rock.
The external bearing structure, established through the
integration of high-prestressed anchor cables and grouting,
fills the pores and fractures within the surrounding rock.
This process results in the formation of a shell-like struc-
ture within the fractured soft rock. In conjunction with
the tensioning effect imparted by high-prestressed anchor
cables, the multi-layered shells are interconnected in series
to form an integrated system that collaboratively bears
loads and extends the support coverage. The internal bear-
ing structure, composed of a U-shaped steel frame, is com-
bined with grouting to seal the shallow surrounding rock,
functioning as a rigid framework. Introducing flexible
materials between the U-shaped steel frame and the rock
enables the structure to withstand impact loads, thereby
facilitating coupled coordination between the stress and
deformation responses of the internal bearing system.
The flexible material filling layer contributes a degree of
uniform compressive stress across the entire tunnel cross-
section, which mitigates localized stress concentrations
and promotes a more evenly distributed load-bearing
capacity throughout the section. Through the abovemen-
tioned active and passive layered support mechanisms,
effective radial confinement is provided for weakly cemen-
ted rock masses, allowing the outer and inner support
structures to work synergistically to accommodate some
rock deformation by restricting it to within manageable
limits.

Assuming that the internal load-bearing structure is sub-
jected to a uniformly distributed circumferential pressure q,
with radius r and thickness h, this study focuses on a
weakly cemented tunnel section. Let M and N denote the
bending moment and circumferential pressure at points A
and B, respectively, while w0 represents the radial displace-
ment at these points. Considering that the segment ABD is
in equilibrium under the critical load condition, the govern-
ing differential equation for bending is given by

d2w

dh2
w

Mr2

EI
13

Because the torque at C is

M M0 qAO AF
q
2
AC

2
14

where M0 is the initial value of M.
According to the graphic relationship of ACO,

OC
2

AO AF
2

AC
2

AF
2

15

rc

N q AO,
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r

Fig. 14. Schematic of layered support for weakly cemented tunnel. (a) Structure model of layered support, and (b) theory model of layered support.

Substituting Eq. (15) into Eq. (14), based on = r−w0

and = r–w,

M M0 qr w0 w 16

Further substituting Eq. (16) into Eq. (14) and changing
the flexural stiffness EI to G,

d2w

dh2
1

qr3

G
w

M0r2 qr3w0

G
17

According to

n2 1
qr3

G
18

w A sin nh B cos nh
M0r2 qr3w0

G qr3
19

The boundary conditions at points A and D are:

dw
dh

w
h 0

0 20

dw
dh

w
h p

2

0 21

Minimum critical failure load at n = 2, and

qmax

G
r3

n2 1
Eh3 n2 1

12r3 1 l2
22

qmax

Eh3

4r3 1 l2
23

where n is the calculation constant, and l is Poisson’s ratio.
When the weakly cemented tunnel deforms, the U-

shaped steel provides support force P0 to the rock due to
the contact between the inner bearing structure and the sur-
rounding rock. When the failure stress Pk of the rock is
lower than the minimum bearing capacity qmax of the inner
bearing structure and the support reaction force P0 of the
U-shaped steel, the weakly bonded roadway is in a stable
state.

During deformation of a weakly cemented tunnel, the
U-shaped steel exerts a support force P0 on the surround-
ing rock through contact between the inner bearing

structure and the rock mass. Stability of the weakly bonded
roadway is maintained when the failure stress Pk of the
rock is less than the lesser of the maximum bearing capac-
ity qmax of the inner bearing structure and support reaction
force P0 provided by the U-shaped steel.

P k qmax P 0 24

4.3 Quantitative determination of support parameters

To investigate the compressive behavior of the buffer
layer, a numerical simulation was performed focusing on
the deformation of weakly cemented tunnels. A finite dif-
ference numerical model was developed, as illustrated in
Fig. 15. Given that the primary role of the buffer layer is
to mitigate stress concentration within the U-shaped steel
frame, the buffer layer thicknesses were specified as 0.1
and 0.3 m.

The numerical model size is 50 m (height) × 50 m
(width) × 30 m (thickness). The surrounding rock grid
within the blue solid line range in Fig. 15 is dense, and suit-
able grids are selected for the rock masses. The constitutive
behavior of the numerical model is represented by the M–C
model, whereas the joint constitutive behavior is character-
ized using the Coulomb slip model implemented as a sur-
face contact. Utilizing the derived rock physical and
mechanical parameters alongside the geostress test data,
the boundary conditions are defined as follows: the top
boundary is subjected to a uniformly distributed stress of
10 MPa; both lateral boundaries are assigned a uniformly
distributed stress of 5 MPa; a uniformly distributed stress
of 15 MPa is imposed on the front and rear boundaries;
and the bottom boundary is constrained as a fixed bound-
ary. The calculation results are shown in Figs. 16 and 17.

The findings indicate that the buffer layer undergoes
substantial compressive deformation. Specifically, the max-
imum compressive strain observed in the right shoulder
and side wall approaches 90%, whereas the left side wall
of the buffer layer experiences a compressive strain of up
to 70%. The maximum convergence of the U-shaped steel
frames remains below 0.05 mm, suggesting that the buffer

AO
OC
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Fig. 15. Numerical model of secondary support. (a) U-shaped steel frame + flexible material filling, (b) anchor rod + anchor cable, and (c) grouting
reinforcement.

(a) (b) (c) (d)

Fig. 16. Filling thickness between the U-shaped steel frame and surrounding rock of 0.1 m. (a) Plastic zone, (b) horizontal stress, (c) vertical stress, and (d)
axial force.

(a) (b) (c) (d)

Fig. 17. Filling thickness between the U-shaped steel frame and surrounding rock of 0.3 m. (a) Plastic zone, (b) horizontal stress, (c) vertical stress, and (d)
axial force.



layer predominantly accommodates the time-dependent
deformation of the surrounding rock. Furthermore, the
incorporation of buffer layers results in a reduction of the
peak stress directly exerted on the U-shaped steel frames
from 3.45 MPa to 1.75 MPa. Additionally, the axial force
distribution length exceeding 200 kN decreases from
5.35 m to 3.15 m.
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Fig. 18. Different spacings between U-shaped steel frames. (a) Vertical stress, (b) horizontal stress, and (c) plastic zone.

As illustrated in Fig. 18, the vertical stress, horizontal
stress, and plastic zone distribution patterns of U-shaped
steel frames with spacings of 1.0, 1.5, and 2.0 m exhibit sim-
ilar characteristics, all demonstrating extensive concentra-
tion. Compared with frame spacings of 1.5 and 2.0 m,
reducing the spacing to 1.0 m results in a decrease in the
vertical stress distribution range by 15% and 60%, respec-
tively, and a reduction in the horizontal stress distribution
range by 20% and 90%, respectively. These findings suggest
that decreasing the spacing between U-shaped steel frames

enhances their load-bearing efficiency. The differences in
stress for range reduction and plastic zone control for spac-
ings of 1.5 and 2.0 m are less pronounced, ranging from
20% to 45%. To ensure tunnel safety while minimizing con-
struction costs, a support scheme employing a U-shaped
steel frame spacing of 1.5 m was selected.

Figure 19 illustrates the plastic zone of the surrounding
rock under varying grouting range conditions. With the
expansion of the grouting range, the height of the plastic
zone within the roof rock is markedly reduced, whereas
the failure depth on both sides maintains a consistent width
of 2 m. When the grouting range of the roof rock is 3 m, the
difference in distribution height of the plastic zone between
the rock layers within the grouting range and nearby area
is significant, reaching more than 100%. When the grouting
within the roof rock layer extends to 4 m, a marked reduc-
tion in the plastic zone above the roof is observed. Increasing



the grouting range to 6 m results in the plastic zone being
segmented into two discontinuous regions. In this scenario,
the height of the plastic zone beyond the grouted area
exceeds 1.6 m, whereas its horizontal distribution width
remains limited to 0.6 m. At an 8-m grouting range, the
grouted area exceeds the width of the plastic zone in the sur-
rounding rock, leaving only a minor plastic zone within the
roof rock layer adjacent to the tunnel shoulder.
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Fig. 19. Plastic zones with different grouting ranges for the roof. (a) Grouting range of 2 m, (b) grouting range of 4 m, (c) grouting range of 6 m, and (d)
grouting range of 8 m.

Fig. 20. Schematic of weakly cemented tunnel support. (a) Primary support, and (b) secondary support.

4.4 Design of rigid flexible coupling support scheme

This study proposes a support strategy comprising an
initial immediate support phase followed by a secondary
controlled support phase, to address the features of sub-
stantial deformation and critical timeliness, as illustrated
in Fig. 20. Upon excavation of the 2-1 tunnel, prompt
implementation of support measures was required, with



the primary support system consisting of anchor rods,
anchor cables, anchor mesh, and shotcrete. When the tun-
nel deformation exceeded the control capacity of the pri-
mary support system, a secondary support, comprising
U-shaped steel arches and a buffer layer, was implemented.
The U-shaped steel arch utilizes retractable connection
joints to enhance its deformation coordination capabilities,
thereby ensuring a stable load-bearing capacity of the sur-
rounding rock structure during joint deformation. The
minimum design thickness of the buffer layer was greater
than 0.5 m, primarily employing bagged pebbles to accom-
modate the time-dependent deformation of the sur.
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The diameters of the pebbles utilized in the on-site buffer
layer ranged from 0.09 to 0.12 m with densities between
2.45 and 3.15 g/cm3. Each bag of pebbles weighed approx-
imately 100 kg. The overall compression process can be
categorized into distinct phases, namely yielding, elasticity,
and compaction (Fig. 21). I represents the void compaction
stage, II represents the crack compaction stage, and III rep-
resents the overall compaction stage. ec and ep represent the
void compaction strain limit and crack compaction strain
limit, respectively.

During the initial phase, the deformation of bagged peb-
bles primarily results from the compression of the voids
between the pebbles. Consequently, the increase in stress
throughout this stage is relatively modest, and the rate of
stress escalation is lower compared to that observed in
the elastic and densification phases. The stress experienced
by bagged pebbles during the elastic phase exhibits a linear
increase in response to compressive strain. Additionally,
most of the volume reduction in bagged pebbles occurs pre-
dominantly within this elastic stage. When the compression
of the interstitial spaces between the pebbles during the
compaction phase is finalized, the strain observed in the
bagged pebbles primarily results from the compression of
the pebble matrix itself. Consequently, the stress exhibits
a rapid increase corresponding to the strain rate. Notably,

the bagged pebbles remain structurally intact after travers-
ing the compaction zone, showing no evidence of fragmen-
tation or damage.

Fig. 21. Stress–strain curve of bagged pebbles.

The U-shaped steel arch employs a retractable connec-
tion technique. This method generates an initial normal
force via bolt pre-tensioning, while the friction at the joint
contributes to the support capacity of the arch (Fig. 22).
Upon applying a compressive load to the U-shaped steel
arch, the axial force progressively intensifies. Once the joint
attains its maximum frictional resistance, shrinkage defor-
mation is initiated. As a result of the contraction occurring
between the U-shaped steel arches, the axial force experi-
enced by the joint bolts progressively increases. Conse-
quently, the contraction of the U-shaped steel arches
does not result in a reduction of their load-bearing capac-
ity. During the installation process, the U-shaped steel arch
was fitted with two adjustable joints, each allowing a max-
imum contraction of 0.25 m. The initial pre-tightening tor-
que applied to the bolts of the reducible joints was
established as 100 N m. The horizontal spacing between
the U-shaped steel arches was maintained at 1 m. Follow-
ing the implementation of primary support in the 2-1 tun-
nel, the construction of the U-shaped steel arch and buffer
layer was initiated once the deformation exceeded the
allowable deformation threshold of the U-shaped steel
arch, as illustrated in Fig. 17.

The grouting support strategy employs an integrated
approach combining both shallow and deep grouting tech-
niques. The grouting mixture consisted of cement com-
bined with water glass. The cement utilized in this study
was of the P.C 32.5 grade. A water-to-cement ratio of
0.5∶1 was employed, with the addition of 6% admixture
by weight. The water glass used had a modulus (M) rang-
ing from 2.8 to 3.1, and its concentration varied between 38
and 400 Bé. The volumetric ratio of cement to water glass
solution was maintained at 1∶1. The dispersion extent of the
slurry in both shallow and deep regions measured 3 m. The
objective of shallow grouting is to effectively seal delamina-
tion and fractures occurring within the superficial strata.
The primary purpose of deep grouting is to enhance the
stability of the surrounding rock mass. For shallow grout-
ing, boreholes were configured in a ‘‘5-4-5” arrangement,
with a spacing of 1.25 m × 1.25 m and a penetration depth
of 3 m. In contrast, deep grouting boreholes follow a
‘‘3-2-3” pattern, with a spacing of 2.6 m × 2.6 m and a
depth extending to 5.5 m.

Table 3 presents the parameters for the secondary sup-
port of the 2-1 tunnel. To improve the stability of the U-
shaped steel arches along the tunnel axis, adjacent arches
were interconnected using channel steel tie rods and rein-
forced with welded mesh composed of round steel bars
measuring U6.5 mm × 100 mm × 100 mm. The base of
the U-shaped steel arch was embedded within a 0.3-m-
thick concrete slab. The reinforcement framework of the
concrete floor consisted of a welded steel wire mesh com-
posed of U6.5 mm steel bars and #12 I-beams. Following
the installation of the buffer layer and the U-shaped steel



arch, a 1-m thick layer of concrete was sprayed onto the
structure.
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Fig. 22. Schematic of secondary support for weakly cemented tunnel. (a) Schematic of tunnel support cross-section, and (b) side view of tunnel support.

Table 3
Support mode of swelling soft rock.

Support position Support form Effect analysis

Roadway section U-shaped steel shed Load evenly and ensure the shape of the roadway section
Between the surrounding rock and

U-shaped steel shed
Filling behind the U-shaped
steel shed

Releasing pressure

Legs of U-shaped steel shed Shed anchor Restrain the deformation of U-shaped steel shed
Floor Laying steel mesh + concrete floor Restrain the deformation of U-shaped steel shed
Roadway surface Shotcrete Protect supporting structure
Surrounding rock Sweep roof and floor + repair the

anchor rod
Clean up broken rock and restrain the deformation
of U-shaped steel shed

4.5 Analysis of application effectiveness

To investigate the influence of support, four monitoring
zones were established within the 2-1 tunnel, designated as
zones #1, #2, #3, and #4. Each adjacent monitoring zone
was spaced 50 m apart. Within each zone, monitoring
points were installed to measure surface displacement as
well as anchor rod forces. Anchor rods located at or near
the midpoint between the two sides of the tunnel should
be selected as monitoring points within the designated
monitoring section. The monitoring points on both sides
of the tunnel were installed in rows corresponding to the
anchor rods. The anchor rod located at the central or adja-
cent position of the tunnel roof was selected as the

designated roof monitoring point, and the floor monitoring
point was positioned directly beneath this roof monitoring
location. The anchor rod force gauge was positioned at the
center of the alley for measurement purposes, with the
anchor rod force gauge utilized as the monitoring device.
Furthermore, a borehole inspection imaging device was
employed in proximity to the anchor rod location at the
right shoulder corner of monitoring section #2 within the
tunnel, achieving a borehole observation depth of 5 m. Fig-
ure 23 shows the displacement monitoring curves of the
roof and floor, as well as the surrounding rocks on both
sides. The displacement exhibits a gradual increase as the
monitoring duration is extended. After more than 50 days
of observation, the displacement appears to approach a
stabilization phase. The cumulative deformation recorded
for the two groups ranges from 29 to 37 mm, whereas
the overall cumulative deformation spans from 34 to



39 mm. The displacement is significantly diminished in
comparison to the period prior to the implementation of
anchoring control support, and the deformation of the tun-
nel rock mass remains relatively minimal. This suggests
that the secondary support system exerted an effective con-
trol influence.
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Fig. 23. Surface displacement monitoring curve of weakly cemented tunnel. (a) #1, (b) #2, (c) #3, and (d) #4.

Figure 24 illustrates the force monitoring curve of the
anchor bolts located on the side of the 2-1 tunnel. The data
indicate an initial rapid increase in force, followed by a sta-
bilization phase as the monitoring duration progresses. The
maximum tensile force observed in the anchor rods on the
left side is 131.7 kN, whereas that on the right side reaches
146.5 kN. All monitored anchor rods attained or exceeded
the designed anchoring capacity of 100 kN, demonstrating
that the anchor rods are functioning within their intended
support parameter range. Moreover, these results suggest
that the implementation of the control support method in
weakly cemented tunnels effectively enables the anchor
rods to provide adequate support, thereby ensuring satis-
factory support and control performance.

Figure 25 presents a comparative visual analysis of the
surrounding rock adjacent to the anchor rod located at

the right shoulder corner of the 2-1 tunnel, captured at
the identical position prior to and following a 60-day
observation period. The original rock fissures within the
0–6 m range were filled with grouting slurry, resulting in
the surrounding rock being largely intact. An analysis of
the displacement in the 2-1 tunnel, force variations in the
two lateral anchor rods, and crack characteristics observed
through drilling indicate that a U-shaped steel arch com-
bined with a buffer layer for secondary support substan-
tially reduces the deformation of the surrounding rock in
the weakly cemented tunnel. Furthermore, this approach
effectively controls deformation along the tunnel sides.
The support performance of the tunnel is illustrated in
Fig. 26.

5 Discussion

The effectiveness of the grout is a critical factor that
influences the overall grouting outcome. The chosen slurry
material was P.F 32.5 cement, prepared with water-to-
cement ratios of 0.50, 0.75, 1.00, 1.25, and 1.50. Within
the water-to-cement ratio range of 0.50 to 1.00, the viscos-
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Fig. 24. Force monitoring of the bolt in the middle of the two sides of the newly excavated tunnel. (a) #1, (b) #2, (c) #3, and (d) #4.

Fig. 25. Peek-ahead comparison map of internal drilling in weakly cemented surrounding rock.



ity of the slurry exhibited a rapid decline as water content
increased. For ratios of 1.00 to 1.50, the reduction in slurry
viscosity occurred at a diminished rate. Conversely, at
ratios below 0.50, the slurry demonstrated higher viscosity,
which impedes its diffusion. Additionally, the rate of water
separation from the slurry was approximately linearly cor-
related with the water-to-cement ratio. For water-to-
cement ratios below 0.50, the slurry exhibited poor fluidity.
For ratios exceeding 1.25, the slurry’s water separation rate
exceeded 30%. Therefore, it is recommended that the
water-to-cement ratio during grouting be maintained
within the range of 0.50 to 1.25.
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Fig. 26. Effect drawing of surrounding rock support of weakly cemented tunnel. (a) Overall support effect of the tunnel, and (b) effect of alley support.

Fig. 27. Failure test of grouting reinforcement rock.

The uniaxial compressive strength of rock reinforced
through grouting exhibits a decline as water-to-cement
ratio increases. This reduction is primarily attributed to
the elevated water content in the grout mixture, which
leads to a decrease in the overall density of the rock. The
yield point on the stress–strain curve for rocks with a high
water-cement ratio is not particularly pronounced, and the
reduction in stress following the peak is comparatively
minimal. This observation suggests that the homogeneity
of rocks reinforced through grouting is greater than that
of natural, unreinforced rocks. The predominant modes
of failure in grouted reinforced rocks are tensile or unidi-
rectional inclined shear failure (Fig. 27).

At a ratio of 0.75 and a water glass to cement volume
ratio of 0.2∶1, the bonding rate was observed to be the
slowest (Fig. 28). In contrast, the gelation rate reached its

maximum when the volume ratio was 0.1∶1. When the vol-
ume ratio exceeded 0.2∶1, the gelation time of the slurry
diminished with increasing volume ratio, with a progres-
sively declining rate of deceleration. At low concentrations
of water glass, the mixture tended to exhibit poor homo-
geneity, with elevated levels of water glass resulting in a
pronounced dilution effect on the cement slurry. The rein-
forcement effect of grouting on rocks demonstrated a pro-
gressive pattern, initially intensifying and subsequently
diminishing as the volume ratio of water glass cement
increased. A low concentration of water glass corresponds
to a reduced extent of the hydration reaction with cement,
which leads to a decrease in the compressive strength of the
rock. Conversely, as the water glass content increases, the
degree of the hydration reaction is enhanced, resulting in
a corresponding improvement in the rock’s compressive
strength. When the volume ratio of water glass to cement
exceeds 0.2∶1, the dilution effect on the composite slurry
progressively intensifies as the water glass content
increases, resulting in a reduction in the strength of the
rock.

6 Conclusions

The bagged pebbles employed in the buffer layer sup-
port exhibited excellent compressive properties,
enabling them to effectively accommodate the time-
dependent deformation of the surrounding rock mass

(1)
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and consequently mitigate the deformation stress
exerted on the U-shaped steel arch. When employing
a buffer layer, the U-shaped steel arch experienced
circumferential compression, characterized by an
average compressive stress below 1.75 MPa. The
highest compressive stress was observed at the
right-side wall and shoulder region of the U-shaped
steel arch.

Fig. 28. Testing for grouting reinforcement of rocks with different ratios of water, cement, and volume. (a) Viscosity and water separation rate, (b)
gelation time and compressive strength, (c) different water cement ratios, and (d) different volume ratios.

(2) When pebbles were employed as backfill material, the
axial force within the U-shaped steel arch exhibited a
decreasing trend both upward and downward from
the arch shoulder. The maximum axial force was
observed at the arch shoulder, whereas the minimum
occurred at the arch crown. Additionally, the axial
force measured at the base corresponded to 64% of
the axial force at the arch shoulder. The maximum
bending moment in the U-shaped steel arch occurred
at three-quarters of the height of the side wall.

(3) The mechanical strength of grouted rock progres-
sively improved as the duration of the grouting pro-
cess was extended. At a volume ratio of 0.2∶1, the
water glass cement slurry demonstrated the slowest
rate of bonding; however, it achieved the greatest
enhancement in rock reinforcement strength. In
regions susceptible to slurry leakage, selecting a
higher slurry volume ratio is advisable to expedite
the sealing process and enhance the reinforcement
strength of the rock.
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