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Study on failure behaviors and
control technology of
surrounding rock in a weakly
cemented soft rock roadway: A
case study
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Tongbin Zhao'?

!College of Energy and Mining Engineering, Shandong University of Science and Technology, Qingdao,
China, State Key Laboratory of Mining Disaster Prevention and Control Co-founded by Shandong
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Qingdao, China

During coal mining, the deformation and failure of a weakly cemented soft rock
roadway roof could cause difficulties for roadway support. In this paper, a
combination of on-site measurement and theoretical analysis is used to solve
this issue. Firstly this paper investigates the in situ deformation and failure
behaviors of a soft rock roadway in a mine in Western China. Then, the failure
mechanism and corresponding support principles are discussed and given. Third,
various support schemes (bolt and cable reinforcement optimization, grouting,
and single prop + top beam combined reinforcement) are proposed and tested.
Results show the support capacity can meet the requirements after optimizing the
bolt and cable reinforcement support. Due to the development of roof cracks and
low grouting pressure, the grouting slurry did not completely fill the roof cracks,
resulting in a poor roof control effect. The passive support of a “single prop + top
beam” can effectively control the roof subsidence and achieve good application
results.

KEYWORDS

weakly cemented soft rock, surrounding rock failure, support optimization, field test,
instability mechanism

1 Introduction

Weakly cemented soft rock has poor support capability, low strength, and disintegrates
when it encounters water (Zhao et al., 2014). The failure mechanism of weakly cemented soft
rock is very different than other types of roadways (Song et al., 2020; Bi et al., 2022; Bi et al.,
2023). Traditional support methods cannot effectively maintain the long-term stability of
these roadways (Song et al., 2021a; Li et al., 2022), so experts and scholars have studied the
failure characteristics and control technology of weakly cemented soft rock.

Field investigation is an effective method of analyzing and summarizing the deformation
and failure of weakly cemented soft rock. Egger P and other scholars (Egger, 2000) used field
measurement to find that weakly cemented soft rock roadway showed support failure and
shrinkage in its cross section. Li et al. (2014) established relevant models that showed the roof
subsidence of a weakly cemented soft rock roadway is large, the floor heave is serious, the
roadway deformation happens rapidly, and the scope is large. Based on a field investigation,
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FIGURE 1

Engineering condition of the 11301 service entry.

Lietal. (2020) (Wang et al., 2021) summarized the deformation and
failure modes of a deep soft rock roadway. By exploring the
deformation and failure characteristics of the roadway under the
original support mode, Liu et al. (2020) (Song et al., 2021b) obtained
the large deformation mechanism of soft rock under specific
working conditions. Wang et al. (2020) analyzed the deformation
characteristics and mechanism of surrounding rock using field
monitoring and borehole imaging.

In the aspect of support, Lin (2011) used steel mesh and an
anchor design support system to control the deformation of
surrounding rock. Zhang and Zhang (2015) adopted an anchor
net spray and steel bracket combined support technology to
effectively maintain the stability of the roadway. Bolt mesh
spring growing composite support technology, growing shell, and
other technologies (Du et al, 2019) have also achieved good
engineering applications.

This paper uses field investigation into the characteristics of
surrounding rock failure of the roadway under these conditions and
suggests a roadway support control technology method to effectively
improve the deformation and failure of the roadway, providing a
reference for similar projects.

2 Engineering and geological
conditions

This paper takes the 11,301 service entry of a mining area in
western China as the research object. The engineering condition of
the 11,301 service entry is shown in Figure 1, with a total length of
about 3200 m. The roadway has a depth of 450-460 m and is 5.2 m
high and 3.6 m wide.

This paper mainly investigates the first 1000 m of the
11,301 service entry, and the roof rock distribution is shown
in Figure 2. The average coal thickness is 4.3 m, and the roof
lithology is mainly sandy mudstone and upper conglomerate.
The occurrence of roof strata is complex, and the thickness
changes greatly. The thickness range of sandy mudstone is
1.9-19.8 m; the occurrence of roof conglomerate is relatively
stable, the thickness is relatively large, and the thickness range is
15.1-22.0 m.

The roof sandy mudstone is analyzed by X-ray diffraction, and
the specific test result is shown in Figure 3. The results of the sandy
mudstone roof samples taken at the site show that the roof mudstone
is mainly composed of Si/O/Al elements, and the mineral
composition is mainly composed of these elements, such as
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FIGURE 2
Geological condition of the 11301 service entry.

quartz, montmorillonite, and illite. The quartz content in
sandstone is relatively high, and the percentage of albite is less.
The conglomerate layer is relatively thick, and the strength cannot
be determined due to the difficulty in sampling. However,
characteristics such as the difficulty in drilling and the lack of
internal stratification during the drilling process indicate that the
conglomerate strength is relatively high.

This kind of rock disintegrates easily and weathers when
exposed to water, and its cohesive property is relatively weak
after exposure to water. The uniaxial compressive strengths of
coal and sandy mudstone are 21.63MPa and 17.45MPa,
respectively, as determined by basic mechanical testing. The
difference between coal and rock strength is not obvious, and
they both break into blocks under uniaxial compression. Sandy
mudstone has low strength and poor bearing capacity and belongs to
the category of weakly cemented soft rock.

3 Failure behaviors and corresponding
failure mechanism

Under the stress of driving through the 11,301 service entry,
some sections of the first 1000 m of the roadway were severely
damaged. The deformation and failure can be divided into two types
of failure behaviors: Mroof caving; @roof cracks and fractures.
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Composition spectrum of sandy mudstone.
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After Support in Caving Area

Roof housing of roadway, (A) roof housing, (B) After support in housing area.

3.1 Mode I: Roof caving

3.1.1 Failure behaviors

After some amount of traffic, the roof rock strata at 716-731 m
of the 11,301 service entry caved, which was one time serving, as
shown in Figure 4. The length of the caving area was 17 m, the full
width of the roadway was caved (the width of the roadway is about
6 m), and the caving height was about 3.7 m. The caving position is
consistent with the interface between the conglomerate layer and the
sandy mudstone layer, and the caving volume is about 399.6 m’. The
fallen gangue was broken, and a small part was powdery; there was
no water pouring from the roof. The top coal is about 0.9 m thick at
the roof of the roadway in this area. Where the roadway roof is sandy
mudstone, the thickness is about 4.8 m; the upper part of the sandy
mudstone is conglomerate with argillaceous cementation.

According to the analysis of the field caving condition and the
failure mode of the bolt and steel mesh, the rock strata first fell from
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the right side of the heading direction; that is, the roof of the pillar
side first fell and then extended to the whole roof. At the same time,
there were no broken bolts and cables on the surface of the gangue
and caving roof, which indicated that most of the bolts and cables
moved together with the roof, and some suspension cables showed
that the integral support function of the cable was not good.

The poor condition of the surrounding rock of the roadway roof
in this area is objective. Although the thickness of mudstone
revealed by drilling on the roof of this area reaches 4.8 m, all
sections of the roof may not be equally thick. At the same time,
there is the phenomenon of the anchor cable being severed. The
shortest anchor cable is only 3.6 m, indicating that the mudstone
layer is relatively thin.

The initial supporting capacity of the roadway was analyzed: the
roof was supported by anchor mesh cable, the diameter of the
anchor cable was 17.8 mm, and the row and line space was 1.5 m x
3.0 m. The mining side used FRP anchor + plastic mesh, while the
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pillar side used screw steel anchor + metal mesh, as shown in
Figure 5.

3.1.2 Roof caving model

The roadway was left with a coal roof during driving, and the
roof caving instability model was established, as shown in Figure 6.
The cementation property of the roadway surrounding the rock is
poor. Under the stress of traffic, cracks and separation are first
generated at the junction of roof coal and mudstone and then extend
upward and downward (Wang et al., 2020). After the roof mudstone
fracture developed to a certain extent, it ran in the horizontal
direction. The insufficient roadway support capacity resulted in
the overall caving of the lower rock stratum due to its own weight.

3.1.3 Failure mechanism
3.1.3.1 Coal rock properties

The horizontal bedding in the middle of the coal seam showed
vertical fractures, which is a typical double fracture structure. It was
found on site that the strength of the mudstone layer was relatively
low and fractured easily into large blocks. At the same time, the
dislocation and stratification of mudstone were obvious, as shown in
Figure 7.

3.1.3.2 Poor anchorage effect

The cementation of the roof conglomerate layer was poor, and
the anchoring effect was poor when the anchor cable anchorage
section was located in this area. The conglomerate layer was
composed of gravel and sandy argillaceous cementation, in which
the gravel was mainly quartzite and granite, with a particle size of
0.05-0.5 cm, locally reaching 0.8 cm, as shown in Figure 8. Drilling
in the conglomerate layer revealed that the pore diameter varied
substantially, and the sandy argillaceous cement turned to clay in the
presence of water, which directly affected the adhesion of the
anchorage agent and anchorage length, and then affected the
anchorage and support quality of the anchor cable, resulting in
roof caving.

3.1.3.3 Insufficient support strength

The theoretical calculation method was used to calculate the
thickness of the whole rock layer in the anchorage area (7.0 m)
without considering the bolt support. Then, the range of the roof
rock layer that can be controlled by the anchor cable can be obtained
according to the following formula:

D=vs= R (1)
Lm))m

In the formula, D is the width of the control area of the anchor
cable, S is the cable control area, R¢ is the design anchoring force of
the cable, L,, is the thickness of the rock layer controlled by the
anchor cable, and y,, is the unit weight of rock stratum.

Therefore, a cable must be able to control a thickness of 7.0 m
with an average unit weight of 20 KN/m®. When the designed
anchoring force of the cable is 150 kN (using a 17.8-mm-
diameter cable), the control area of the cable is 1.0x1.0 m. As
originally installed, the bolt and cable support were not bear the
weight of the roadway, which led to serious roof subsidence and
even roof caving.
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FIGURE 6
Schematic diagram of roof fractures area in the 11301 service
entry.

3.2 Mode II: Roof cracks and fractures

3.2.1 Failure behaviors

In addition to roof caving, there were many roof cracks and roof
fractures in different areas of the 11,301 service entry, as shown in
Table 1.
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Characteristics of road mudstone, (A) roof mudstone, (B) floor mudstone.
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3.2.2 Roof fracture evolution

In order to explore the cause of roof fracture, borehole TV
detection was carried out for the roof in this area, and the detection
results are shown in Figure 9.

By analyzing the borehole TV results, the following conclusions
are obtained.

@ The roof failure area can be divided into a relatively complete

area, a fractured area, a complete area, and a deep fractured area. The
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relatively complete area was mainly the thickness of top coal, about
1.0 m. The range of the fracture zone was about 1.0-2.5 m thick
within mudstone, which belongs to the lower part of the mudstone
layer. The complete area was located in the middle and upper part of
the mudstone layer, with a thickness of about 0.5-2.5 m. The deep
fracture zone was mainly located at the interface of the upper
mudstone (with large thickness) and conglomerate.

@® The roof failure area was mainly distributed in the rock stratum
within the range of 1.0-3.5 m above the roof, especially when the
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TABLE 1 Roof failure behaviors in different areas.

Area Failure behavior

65m-85m | The bolt trays are sunken, and the reinforcement mesh protrudes;
persistent cracks appear in the roof within 80-89 m.

190 m-200 m = The roof fracture zone extends forward from 190 m to the middle
of the roof. The fracture zone extends to the coal pillar wall at
199 m and extends forward along the roadway shoulder.

345 m-375m = The L-shaped distribution of roof cracks and a fracture zone with a
span of about 6 m formed in the middle of the section

10.3389/feart.2023.1153753
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290 m-313 m | The V-shaped fracture section is in the middle of the roof; the roof
cracks are densely distributed at 295-298 m

390 m-436 m = The Z-shaped distribution of roof cracks, which passed through
the roof to form a fractured area
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According to the in-site observation of the roadway deformation

and the borehole TV detection, the evolution of the roadway roof

cracks was divided into the following four processes, as shown in
Figure 10.

The reasons for cracks in some roof areas of the 11,301 service
entry, especially at the two shoulders of the roadway, were as follows:

@ Coal-mudstone interface bed separation. After excavation

along the entry, the roof rock strata ruptured inside the roof

coal and the lower area of the mudstone, and the roof coal
fractures were mainly concentrated near the coal-rock interface.
The length of the bolt was 2.4 m, and the thickness of the top coal
was about 0.9-1.9 m. After the bolt was supported, the expansion
of the rupture was limited by squeezing and strengthening.
During this process, the pretension of the bolt and the actual
anchoring force are very important.

®@ The shallow mudstone was fractured and developed upward.
After the bed separation appeared, the shallow mudstone was
broken first. As a result of the bolt support, with time, the new
fracture and the expansion of the original fracture in the
anchorage zone of the bolt are restrained to some extent. At
this time, new fractures, bed separations, and vertical fractures
began to appear in the deep part of the mudstone and continued
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FIGURE 10
Schematic diagram of crack evolution in roof rock.

to develop. At this stage, the main role of cables is to inhibit the
generation and expansion of fractures, bed separations, and
vertical fractures outside the anchor area.

® Roof movement and subsidence. With the expansion of the
roof coal and mudstone internal separation fracture, the serious
external separation fracture at the anchoring end of the bolts
made the bolts unable to inhibit the fracture, and the roof coal
separation fracture continued to expand, causing the roof coal to
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move and sink. The moving subsidence could be divided into two
cases: the lower part of the anchorage area moved and sank, and
the whole anchorage area sank. In such a case, the reinforcement
of the cable is important, especially for the latter condition.

@ Internal fracture and shear caving of coal and mudstone.
With the continuous staggered subsidence of roof strata and
the fracture penetration in the mudstone, the coal and
mudstone above the roadway are under the control of the
anchor cable, making it difficult for the anchor cable to
support effectively, resulting in the cable breaking and
subsequent roof instability. Finally, obvious cracks appeared
in the roof and side of the roadway, and the original support
effect was insufficient.

3.2.3 Failure mechanism

Because the mechanical properties of top coal and roof
mudstone are similar, the top coal and mudstone are simplified
as composite beam structures. Under its weight, the maximum stress
in the composite beam formed by top coal and mudstone is:

s = @
W,
In the formula, 0., is the maximum stress, M is the maximum
bending moment, and Wc is the flexural section coefficient.
After the superposition of horizontal stress and vertical stress,
the maximum stress in the composite beam becomes (Gu et al.,
2012):

Olmax = Q'hl +£,
W
®3)
Oamax =4~ Iy + W
Among them, 07, is the maximum stress of top coal, 0y .y is
the maximum principal stress of mudstone, ¢ is the uniform load, h;
is the thickness of top coal, and h;, is the thickness of mudstone.
Because of the integrity of the composite beam, the curvature
radius of the top coal and mudstone is the same, so the bending
moment of roof strata can be obtained:

10.3389/feart.2023.1153753

a2 MED)
EIII +E212
M (E,I
, = M (4)
E\I, + E,I,
bk’
1=
12

In this equation, M, is the bending moment of top coal, M, is the
bending moment of mudstone, E; is the elastic moduli of top coal, E, is
the elastic moduli of mudstone, I, is the moment of inertia of top coal, I,
is the moment of inertia of mudstone, and b is the section width.

Therefore, the maximum stress in the range of top coal and
mudstone can be obtained:

El qlzhi
o =q-h+— —a21—
pmax =4 T o0 Bl + Byl
E2 q12h3
1% =qg-hh+— ——2
2o =4 T o1 E B+ Byl

It can be seen from Formula 5 that the stress state of the roof is
related to the strength parameters, such as the elastic modulus of the
rock layer. Therefore, increasing the roof strength should be
considered as a means of improving the robustness of the roadway.

4 Support optimization and application
effect

4.1 General support principle

As mentioned previously, due to its weak cementation, the
roadway roof first separates at the junction of coal and
mudstone, then extends up and down. Targeted reinforcement
measures should be taken according to the failure mechanism
and stress state of the roof, as shown in Figure 11. The support
range and capacity of the bolt and cable could not meet the
requirements, leading to the roof caving. Optimizing the
parameters of the bolt and cable can increase the thickness of the
roof composite beam and improve the bearing capacity of the roof.

Bolt and Cable
Optimization

Roof Caving

Failure Behaviors of
Surrounding Rock

Three Diameters Matching

Grouting Reinforcement

L { Roof Cracks and Fractures

FIGURE 11
General support principle
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The roof crack and failure situation, which used grouting
reinforcement, requires that passive support schemes such as
“single prop + top beam” be added.

4.2 Roof caving: Optimization of bolt and
cable support parameters

As a widely used support method, bolt and cable support play an
obvious role in many geological conditions (Gabriel and Thsan, 2016;
Lietal, 2019; Zhao et al., 2021). Therefore, to prevent roof collapse,
this paper optimizes the parameters of the bolt and cable. The
bearing capacity and anchoring capacity of a 17.8-mm cable cannot
meet the roof support requirements, so a 21.6-mm prestressed cable
is used instead. The row and line spaces between cables were also
changed from 1.5m x 3.0 m to 1.5 m x 2.0 m. The condition of the
anchor cable support and roof control before and after the support
change is shown in Figure 12.

In addition to the row spacing between cables and other
parameters, matching the diameters of the rod, drilling, and
anchorage agent is also closely related to the system’s support
capacity, as shown in Figure 13.

The quantitative relationship between rod diameter, borehole
diameter, anchorage agent diameter, anchorage agent length, and
anchorage length is shown in Formula 6.

a3 .
L B Ls (6)

In the formula, L is the anchorage length in m, Lg is the
anchorage agent length in m, ds is the anchorage agent diameter
in mm, dg is the borehole diameter in mm, and d¢ is the rod
diameter in mm.

A
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FIGURE 12

10.3389/feart.2023.1153753

After adjusting the support scheme, the diameter of the anchor
cable is ¢ 21.6 mm. When different lengths of anchoring agents are
adopted, the change of anchoring length is as follows.

@ One strip of k2335# anchoring agent + two strips of k2360#
anchoring agent. The cumulative length of the anchoring agent is
1.3 m, the diameter of the anchoring agent is 23 mm, and the
diameter of the drilling hole is 32 mm. The calculated anchoring
length is about 1.23 m.

@ Two strips of k2380# anchoring agent. The cumulative length
of the anchoring agent is 1.6 m, the diameter of the anchoring
agent is 23 mm, and the diameter of the drilling hole is 32 mm.
The calculated anchoring length is about 1.51 m.

Therefore, when the anchorage section of the anchor cable is
located in the conglomerate layer, due to the influence of gravel, it
is not only difficult to drill, but also the drilling diameter
increases significantly, which reduces the anchorage length of
the anchor cable and affects the anchorage effect. In the
subsequent support scheme,
anchoring agent should be increased to achieve a better

support effect.

the length or quantity of

After optimization of the roadway support scheme, the field test
shows that the roof subsidence is improved, as shown in Figure 14.

4.3 Roof cracks and fractures: Grouting +
single prop + top beam

Grouting reinforcement can improve the bearing capacity of the
rock layer itself, enhance the stability of the surrounding rock of the
roadway (Xu and Hu, 2013; Aziz et al,, 2017), effectively solve the
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Schematic diagram of roof control before and after cable support change, (A) before change, (B) after change.
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more serious problem of roof fracture, and reduce the cracks and
separation of the roof rock layer.

A deep and shallow grouting scheme was adopted, and grouting
was applied every 3 m. The deep and shallow grouting holes were
arranged at intervals. Five grouting holes were drilled in each deep
row, with a spacing of 1.3 m. Three grouting holes were drilled in
each shallow row, with a spacing of 2.5 m. The specific grouting
scheme is shown in Figure 15.

After the grouting was completed, the roof was drilled for
borehole imaging, and it was found that the filling effect at the
1.5-3 m depth of the roof was better in that the cracks were filled, but
the shallow part of the roadway roof was not filled or not filled
completely. The slurry filling is shown in Figure 16.

The before- and after-grouting roof borehole observation results
indicated that the filling rate of roadway roof cracks was only 55.6%,
and the overall effect of grouting reinforcement was not sufficient.
Therefore, a single column + top beam should be adopted for
reinforcement and support of the collapsed roof area. A row of
single props was set every 1 m, with three single props in each row,
and a top beam was added above the props. The specific layout and
the site conditions after support are shown in Figure 17.

Before the single prop + top beam support was adopted, the
maximum displacement of the roadway roof and floor was
682 mm. After the single prop + top beam support was

Support Effect After Optimization

FIGURE 14

Roof support effect after support change, (A) support effect after optimization, (B) change of placement.
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adopted, the maximum displacement was reduced to 108 mm,
and the displacement of the roof and floor was reduced by 84.1%.
The roadway stability was effectively improved through active
grouting support and passive single prop + top beam support.
After the combined reinforcement support, the roof subsidence
was visibly restrained, which is a good engineering application
effect.

A
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FIGURE 17
Single prop + top beam support, (A) Specific layout, (B) Field application.
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5 Discussion

The deformation and failure of the surrounding rock of the
weakly cemented soft rock roadway were obvious, and the
determination and implementation of a support scheme
became a key issue. Three kinds of support optimization
schemes were formulated in this paper, according to various
failure forms of a weakly cemented soft rock roadway, and field
tests were carried out:

Through the optimization of anchor cable parameters and the
field test of the single prop + top beam combined support, it was
found that the two support methods are effective, which can
significantly reduce the deformation of the roadway and inhibit
roof subsidence and other mining phenomena. Testing the grouting
reinforcement in the broken area revealed that the grouting effect
was not good, mainly because the roadway roof slurry did not
completely fill the cracks. Roof drilling detection shows that the
shallow roof slurry was less distributed, perhaps because the
grouting pressure of the roof was insufficient, resulting in the
slurry being unable to distribute into the cracks.

The deformation and failure characteristics of the roadway
roof were analyzed, and the occurrence of the roadway fracture
zone was closely related to the change of roof crack direction. The
location of the fracture area often occurs at the position where the
fracture direction changes. It can be inferred that after the
fracture direction changed, the rock fracture was more likely
to occur at the intersection of the initial crack and the subsequent
crack, which formed a fracture zone.

At present, experts and scholars have suggested several
support schemes for weakly cemented soft rock roadway roof
support, such as combined support control technology, double-
layer long bolt mesh shotcrete and concrete-filled steel tubes,
bolt-beam-net support, and U-shaped steel supports (Li et al.,
2012; Meng et al., 2016; Wang et al., 2018; Li et al., 2020;

Field Application
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Yu et al., 2020). Most of these deformation control methods are
passive strong support Guo et al. (2015). Xiao et al. (2022)
proposed the soft rock active support technology based on
constant resistance using large deformation bolts and
achieved good results. Based on the failure analysis, active or
passive support methods are proposed in the aforementioned
studies, but the support schemes are not sufficient. This paper
suggests several support optimization measures designed for
the characteristics of different failure areas of a weakly
soft

(optimization of bolt

cemented rock roadway, including active support

and cable parameters, grouting
reinforcement) and passive support (single prop + top beam
support). The experimental research into these measures has
shown good field results.

In addition, the effect of the grouting reinforcement method
proposed in this paper is not readily visible, so it is necessary to
continue to optimize grouting parameters, such as grouting depth
and grout strength, through numerical simulation and theoretical
research, and then conduct a field test to select the best grouting
scheme to achieve the expected purpose. At the same time, on the
premise of poor active support effect, roadway deformation can be
effectively improved through passive supports such as single prop +
top beam. Therefore, a combination of reinforcement measures
should be considered in the design or reinforcement of support
schemes. When the effect of some measures is poor, other support

schemes can play a better role.

6 Conclusion

(1) According to the scanning electron microscope results, roof rock
with poor cementation easily disintegrates into mud when it meets
water. The lithology of the roof is mainly weakly cemented soft
rock. The main roof failure forms of the 11,301 service entry were
roof cracks, concurrent roof fractures and cracks, and large-scale
roof caving. Roof cracks and fracture areas appeared
simultaneously, and there was roof subsidence in the roadway.

(2) The corresponding failure mechanisms of different roadway

deformations and failure characteristics are analyzed. Different

support optimization schemes, such as bolt and cable parameter
optimization, grouting, and single prop + top beam, are
proposed for the characteristics of the roof caving and

fractured area.
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