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Abstract: Currently, in some domestic and foreign mines, the backfill drilling pipeline experiences a
rupture phenomenon even when the wear degree is low. This results in a delay in production due
to the filling becoming ‘sick’. This paper presents, for the first time, the damage mechanism from
a mechanical perspective and re-derives the anti-extrusion strength model of the backfill drilling
pipeline. We investigate the influence of the law on the anti-extrusion strength of pipelines from
the perspective of strata and cement rings. We then verify the theoretical and simulation results
through engineering examples. The results demonstrate that the Mises stress criterion is a suitable
modification principle for the anti-extrusion strength model of the backfill drilling pipeline. The
anti-extrusion strength of the pipeline is related to the elastic modulus and Poisson’s ratio of the
stratum, and the thickness of the cement ring. It is negatively affected by the depth of the stratum.
For hard strata, a cement ring with a smaller elastic modulus is suitable, while for soft stratum, a
cement ring with a larger elastic modulus is recommended. When the missing angle of the cement
ring is less than 60◦, the stress concentration factor increases up to 2.2. The stress unloading capacity
of the cement ring ranges from 32.7% to 37.8%, and optimal performance of the cement ring is
achieved when it has high strength and low rigidity. The backfill filling pipeline of a copper mine
abroad was destroyed due to external extrusion force exceeding its anti-extrusion strength value.
The modified pipeline anti-extrusion strength model is 18.2% higher than the pipeline API strength
value. This finding can inform the design of the backfill filling pipeline for China’s kilometer-deep
wells in the future.

Keywords: backfill filling; pipeline rupture; anti-extrusion strength; finite element analysis

1. Introduction

Due to the gradual depletion of shallow mineral resources, deep mining has become
an inevitable trend in the development of mineral resources in China [1,2]. Deep mining
faces a unique mining environment characterized by high stress, high well temperature,
and high well depth. The backfill mining method can effectively maintain the surrounding
rock, reduce rock movement, and better control regional ground pressure. Therefore, it is
an effective method for safely and efficiently mining deep mineral deposits [3–5]; the usual
backfilling modes include dry backfill, cemented backfill, paste backfill, hydraulic backfill,
and tailings backfill [6]. The backfill drilling pipeline is a critical component of the entire
backfill system (as shown in Figure 1), acting as the ‘throat’ of the operation. Its safety is
paramount as it directly impacts the smoothness of the filling process [7,8].

Current research on the damage caused by backfill drilling pipelines primarily focuses
on pipeline wear [9–12]. Levy [13] conducted experimental research demonstrating that the
shape and size of filler slurry particles have a significant impact on pipeline wear. Sharp
and irregular particles cause four times more wear on pipelines than spherical particles.
Creber et al. [14] found that the erosion rate increases with particle size. Qiao et al. [15]
used Fluent software (version 2.1) to investigate the effect of roughness on pipeline erosion
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rate under mortar action. They found that pipeline structures had the highest erosion rate
at a roughness of 0.3% under the same sand content and water flow conditions. Wang
et al. [16] used a discrete phase model to simulate the flow of slurry in variable diameter
bends. They found that the inlet and outlet pipe diameter ratio had the most severe impact
on pipeline erosion. The wear condition of the variable diameter pipe fluctuated greatly
with changes in pipeline factors when its length was below 80 mm.
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They found that the stress intensity factor at the crack tip increases with internal pressure, 
leading to crack propagation when it reaches a critical value. This confirms the effective-
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The research presented above suggests that there is limited information available on 
the damage caused by mining filling pipelines, and wear does indeed pose a threat to the 
safety of backfill drilling pipelines. Notably, fractures have been observed in the backfill 
drilling bimetallic composite pipes of a foreign copper mine within less than a year of 
production, as shown in Figure 2. It is worth noting that the drilling depth of the mine did 
not exceed 1000 m, and the degree of pipeline wear was very low. Although wear can 
reduce the wall thickness of a pipeline and accelerate the process of pipeline rupture, it is 
not the main factor that induces pipeline rupture. The stress state of the pipeline should 
also be considered, as even a pipeline with low wear can still rupture under a large load. 

Figure 1. Schematic diagram of backfill system.

Research on pipeline damage mostly exists in oil pipelines. According to Rodriguez
et al. [17], the inner wall of the pipeline bears the greatest pressure, and its stress value is
highly correlated with the Poisson’s ratio of the formation. The stress value of the pipeline
increased by 66% when the Poisson’s ratio changed from 0.1 to 0.5. Medjo et al. [18]
conducted experiments that demonstrate how cracks are caused by environmental factors.
They found that the stress intensity factor at the crack tip increases with internal pressure,
leading to crack propagation when it reaches a critical value. This confirms the effectiveness
of fracture mechanics theory in predicting pipeline failure resistance. Liu [19] analyzed the
damage to oil pipelines caused by formation creep pressure.

The research presented above suggests that there is limited information available on
the damage caused by mining filling pipelines, and wear does indeed pose a threat to the
safety of backfill drilling pipelines. Notably, fractures have been observed in the backfill
drilling bimetallic composite pipes of a foreign copper mine within less than a year of
production, as shown in Figure 2. It is worth noting that the drilling depth of the mine
did not exceed 1000 m, and the degree of pipeline wear was very low. Although wear can
reduce the wall thickness of a pipeline and accelerate the process of pipeline rupture, it is
not the main factor that induces pipeline rupture. The stress state of the pipeline should
also be considered, as even a pipeline with low wear can still rupture under a large load.
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This article draws on research results from petroleum pipelines [20], tunnels, and
other engineering projects [21–24]. It combines the basic principles of elastic mechanics and
material mechanics to reveal their failure mechanisms from a mechanical perspective. This
article derives the anti-extrusion strength model of the backfill drilling pipeline. This article
also explores the influence of stratum and cement ring parameters on the anti-extrusion
strength of backfill drilling pipelines through finite element analysis. The rationality of
the theoretical model and finite element analysis is verified through engineering cases of
backfill drilling pipeline damage in foreign mines. This finding can inform the design of
the backfill filling pipeline for China’s kilometer-deep wells in the future.

2. Modification of the Mechanical Model for the Anti-Extrusion Strength of Backfill
Drilling Pipelines

Steel pipes can fail in two ways: elastic instability failure and plastic yield failure.
Elastic instability failure is more likely to occur when the diameter-to-thickness ratio is
greater than 32, which is not typically the case for mine backfill drilling pipelines. This
article focuses on correcting the anti-extrusion strength of backfill filling pipeline with
regards to plastic yield failure.

2.1. API Yield Strength Model

The backfill drilling system is geometrically similar to engineering projects such as
tunnel excavation and vertical shaft development [25]. However, tunnel excavation is
mostly in the horizontal direction, and the size of the tunnel and vertical shaft is much
larger than that of the backfill drilling. Generally speaking, the smaller the size, the more
obvious the stress concentration at the excavation site. Therefore, there is a significant
difference in the stress state between the backfill drilling system and the tunnel and vertical
shaft.

Assuming that the pipeline conforms to the basic assumptions of elasticity, namely
an ideal pipeline with uniform wall thickness, infinite length, and small deformation [26].
When the external extrusion force causes the stress generated on the pipeline to reach or
exceed the yield strength limit of the pipeline, it is considered that the pipeline has begun
to undergo plastic deformation, and the safety factor is relatively low. When the pipeline
undergoes plastic deformation, the stress can be solved according to the Lame formula
under uniform external load [27], that is:

σr =
Pr2

2
r2

2 − r2
1

[
1 −

(
r1

r

)2
]

(1)

σθ =
Pr2

2
r2

2 − r2
1

[
1 +

(
r1

r

)2
]

(2)

When the circumferential stress on the inner wall of the pipeline is equal to or exceeds
the minimum yield strength of the pipeline itself, it indicates that the pipeline has begun to
yield and collapse. Using σ to denote the minimum yield strength value of the pipeline,
(i.e., σ instead of σθ), the pipe yield strength model (i.e., the API model) can be expressed
as follows when the pipe undergoes yield crushing:

P = 2σ

 D
t − 1(

D
t

)2

 (3)

In Equations (1) to (3) above, σr is the radial stress, σθ is the circumferential stress, P is
the anti-extrusion strength of the pipeline, r2 is the outer radius of the pipeline, r1 is the
inner radius of the pipeline, r is the distance from any point on the pipeline wall to the
pipeline axis, σ is yield strength of the pipeline, D is the outer diameter of the pipeline, and
t is the wall thickness of the pipeline.
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2.2. Modification of the Anti-Extrusion Strength of Backfill Drilling Pipelines

The backfill drilling system consists of the stratum, pipeline, and cementing ring
between the stratum and pipeline, as shown in Figure 3.
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In actual working conditions, the system is subjected to significant formation pressure
σ, as shown in Figure 3. The shape of the tube in space also belongs to axisymmetric
problems, so stress can be solved according to Formulas (1) and (2). Formula (3) repre-
sents the yield strength model of pipelines under ideal conditions. This model has been
widely used for designing pipelines in various fields. However, only the circumferential
stress of the pipeline σθ , is utilized in this formula. The strength theory includes the first
strength theory (maximum tensile stress criterion), the second strength theory (maximum
elongation line strain criterion), the third strength theory (Tressa strength criterion), and the
fourth strength theory (Mises’s strength criterion). To make a more reasonable judgment,
the most commonly used failure criterion for metallic materials is the application of the
fourth strength theory of material mechanics [28] (Mises’s stress criterion), as shown in
Formula (4). If the equivalent Mises stress inside the pipeline exceeds the pipeline’s yield
strength after being subjected to stratum pressure, it is considered a failure. The pipeline
can ensure safety when σs ≤ σt.

σs =

√
(σr − σθ)

2 + (σr − σz)
2 + (σz − σθ)

2

2
(4)

In the Formula (4), σs is the equivalent Mises stress value, MPa; σr is the radial
stress value, MPa; σθ is the radial stress value, MPa; σz is the axial stress value, where
σz = µ(σr + σθ), MPa; µ Poisson’s ratio for pipelines; and σt is the yield strength value of
the pipeline, MPa.

Formula (2) shows that the maximum value of σθ is on the inner wall of the pipeline,
while the maximum value of σθ is on the outer wall of the pipeline and is numerically
significant. σθ is greater than σr. Thus, the maximum effective stress occurs on the inner
wall of the pipeline, causing it to reach the yield condition first with σr = 0. To obtain the
revised yield extrusion strength model for the pipeline, substitute σθ and σz into Formula (4)
and organize accordingly:

Pt = σt

(
1 − r2

1
r2

2

)
2
√

1 − µ+ µ2
(5)

In the Formula (5), Pt is the anti-extrusion strength of the pipeline, MPa; r1 is the inner
radius of the pipeline, mm; r2 is the outer radius of the pipeline, mm, µ Poisson’s ratio for
pipelines; and σt is the yield strength value of the pipeline, MPa.

After production and processing, the backfill drilling pipeline is not an ideal round
pipe. Factors such as pipeline non-roundness, uneven pipeline wall thickness, and residual
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stress must be considered in calculations to ensure pipeline safety. Scholars [29] have
conducted extensive research on non-circularity, unevenness in wall thickness, and residual
stress. The pipeline’s anti-extrusion strength test obtained a calculation model for the
influence of out-of-roundness defects, uneven wall thickness defects, and residual stress on
the pipeline’s anti-extrusion strength.

Pe = Pt(1 − e) (6)

Pε = Pt

(
1 − ε

2

)
(7)

Pσu = Pt

(
1 − σu

σt

)
(8)

In the Formulas (6)–(8), Pe is the anti-extrusion strength value considering the non-
circularity of the pipeline, MPa; Pε is the anti-extrusion strength value considering the
non-uniformity of pipeline wall thickness, MPa; Pσu is the anti-extrusion strength value
considering residual stress in the pipeline, MPa; e is the out of roundness of the pipeline,
%; ε is the unevenness of pipeline wall thickness, %; and σu is the residual stress of the
pipeline, MPa.

Taking into account the Mises stress intensity criterion and the out of roundness e and
wall thickness unevenness of the pipeline ε, and the residual stress σu, the final revised
anti-extrusion strength model of the backfill drilling pipeline is:

P = σt

(
1 − σu

σt

)(
1 − ε

2
)
(1 − e)

(
1 − r2

1
r2

2

)
2
√

1 − µ+ µ2
(9)

3. Finite Element Analysis of Backfill Drilling Pipelines

To investigate the influence of the actual environment on the strength of the mine
backfill drilling pipelines, finite element analysis was carried out for the parameters of
the stratum and the cement ring, and the damage state of the pipe can be judged by
comparing the value of the Mises stress of the pipe and the yield strength, or by comparing
the value of the external extrusion force of the pipe and the value of the pipe’s resistance to
anti-extrusion strength.

3.1. Modeling Process

This study analyzes the idea through the establishment of a finite element model, the
establishment of the contact surface between the pipe and the cement ring; through the
extraction of the contact stress as the actual external extrusion force suffered by the pipeline;
and through the comparison of the external extrusion force with the anti-extrusion strength
of the pipeline and the pipeline’s mises stress value with the pipeline’s yield strength value,
as a way to analyze the effect of the parameters of the cement ring and the stratum on the
value of the pipeline’s resistance to anti-extrusion strength of the regularity.

The finite element analysis software adopted is ABAQUS (version 6.14-4). According
to the Saint-Venant principle, the formation model size was selected to be about 10 times
the diameter of the backfill drilling. Since it is a two-dimensional plane, this modeling adds
uniform stress σ in both horizontal and vertical directions. The interaction properties of
cement ring with the pipeline and stratum are established by “surface-surface contact” in
the software. By using the neutral axis algorithm and according to the principle that the
grid density increases gradually from outside to inside, the model is divided into grids.
The pipeline is a bimetal composite pipe with Q235 on the outer layer and high chromium
wear-resistant alloy steel on the inner layer. The material properties of the model are shown
in Table 1.
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Table 1. Material parameters of strata, cement rings, and pipelines.

Medium Size/mm Density/
g/cm−3

Elastic
Modulus/GPa Poisson’s Ratio Yield

Strength/MPa
Friction
Angle/◦

Strata 2000 × 2000 2.7 30 0.25 - 40
Cement rings φ310 × t46 1.7 15 0.2 - 25

External pipeline φ219 × t12 7.85 206 0.30 235 -
Internal pipeline φ195 × t10 7.85 210 0.27 205 -

Based on the analysis above, the force problem of the backfill system can be simplified
as a plane strain problem. A contact surface is established between the pipeline, cement
ring, and stratum. The external extrusion force of the pipeline is P1, and the external
extrusion force of the cement ring is P2. Analysis of Mises stress (σs) inside the pipelines
was performed by changing formation and cement ring parameters. This study investigated
the variation of the external squeezing force.

3.2. The Influence of Stratum Parameters on the Anti-Extrusion Strength of Pipelines

The selection of Stratum parameters includes the elastic modulus (Ed),
Poisson’s ratio (µd), and ground stress (σd) as variables. Due to the large number of
factor level designs, it is not possible to comprehensively display stress nephograms at
each level. However, upon comparison, it was found that the nephogram patterns at each
level are similar. Therefore, only one stress nephogram is displayed for each factor as
a reference. Among them, the stress distribution map obtained using the finite element
analysis software ABAQUS becomes the stress nephogram. Polar coordinates are used to
compare the stress distribution of each factor at each level.

3.2.1. Finite Element Analysis of Elastic Modulus of Strata

The Ed is set at a level of 10 GPa to 70 GPa. Figures 4 and 5 display the results of the
finite element analysis. As shown in the figure, the σs, P1, P2 of the pipeline are equal in the
circumferential direction, and σs decreases from the inside out and reaches its maximum
value at the inner wall of the pipeline. This result is consistent with the analytical solution
of the Lame formula, which predicts that the pipeline will first experience yield failure in
the inner layer. The σs, P1, P2 of pipeline gradually decrease as the strata’s Ed increases,
with a maximum reduction amplitude of about 45.3% (without a cement ring) and 69.7%
(with a cement ring). However, the reduction amplitude gradually slows down. This
indicates that the Ed elastic modulus and stiffness are directly proportional to its ability to
resist distant ground stresses and provide an ‘iron tube’ protective effect. The protective
effect on the pipeline is stronger when the strata have a larger elastic modulus.

Minerals 2024, 14, x FOR PEER REVIEW 7 of 16 
 

 

This indicates that the Ed elastic modulus and stiffness are directly proportional to its abil-
ity to resist distant ground stresses and provide an ‘iron tube’ protective effect. The pro-
tective effect on the pipeline is stronger when the strata have a larger elastic modulus. 

 
Figure 4. Numerical simulation results under different elastic moduli of strata (without cement 
ring): (A,B) 𝜎௦ and P1 nephogram (Ed = 10 GPa), (C) 𝜎௦ comparison analysis results, (D) P1 compar-
ison analysis results, and (E) Ed and 𝜎௦, P1 relationship diagram. 

 
Figure 5. Numerical simulation results under different elastic moduli of strata (with cement ring): 
(A,B) 𝜎௦ and P1 nephogram (Ed = 10 GPa), (C) 𝜎௦ comparison analysis results, (D) P1 comparison 
analysis results, and (E) Ed and 𝜎௦, P1, P2 relationship diagram. 

Upon comparison of the data, it was discovered that while the presence or absence 
of a cement ring cannot entirely eliminate stress on the pipeline, the presence of a cement 
ring results in an average decrease of 32.7% in 𝜎௦, P1, P2. This can be attributed to the fact 
that, in general, the elastic modulus and stiffness of the cement ring are smaller than that 
of the strata, but its deformation ability is stronger. When distant stress is transmitted to 
the cement ring through the formation, the cement ring absorbs a portion of the force 
through deformation, resulting in a decrease in the force transmitted to the pipeline. This 
suggests that the cement ring has a stress-relieving effect and provides some protection to 
the pipeline. 

  

Figure 4. Numerical simulation results under different elastic moduli of strata (without cement ring):
(A,B) σs and P1 nephogram (Ed = 10 GPa), (C) σs comparison analysis results, (D) P1 comparison
analysis results, and (E) Ed and σs, P1 relationship diagram.



Minerals 2024, 14, 365 7 of 15

Minerals 2024, 14, x FOR PEER REVIEW 7 of 16 
 

 

This indicates that the Ed elastic modulus and stiffness are directly proportional to its abil-
ity to resist distant ground stresses and provide an ‘iron tube’ protective effect. The pro-
tective effect on the pipeline is stronger when the strata have a larger elastic modulus. 

 
Figure 4. Numerical simulation results under different elastic moduli of strata (without cement 
ring): (A,B) 𝜎௦ and P1 nephogram (Ed = 10 GPa), (C) 𝜎௦ comparison analysis results, (D) P1 compar-
ison analysis results, and (E) Ed and 𝜎௦, P1 relationship diagram. 

 
Figure 5. Numerical simulation results under different elastic moduli of strata (with cement ring): 
(A,B) 𝜎௦ and P1 nephogram (Ed = 10 GPa), (C) 𝜎௦ comparison analysis results, (D) P1 comparison 
analysis results, and (E) Ed and 𝜎௦, P1, P2 relationship diagram. 

Upon comparison of the data, it was discovered that while the presence or absence 
of a cement ring cannot entirely eliminate stress on the pipeline, the presence of a cement 
ring results in an average decrease of 32.7% in 𝜎௦, P1, P2. This can be attributed to the fact 
that, in general, the elastic modulus and stiffness of the cement ring are smaller than that 
of the strata, but its deformation ability is stronger. When distant stress is transmitted to 
the cement ring through the formation, the cement ring absorbs a portion of the force 
through deformation, resulting in a decrease in the force transmitted to the pipeline. This 
suggests that the cement ring has a stress-relieving effect and provides some protection to 
the pipeline. 

  

Figure 5. Numerical simulation results under different elastic moduli of strata (with cement ring):
(A,B) σs and P1 nephogram (Ed = 10 GPa), (C) σs comparison analysis results, (D) P1 comparison
analysis results, and (E) Ed and σs, P1, P2 relationship diagram.

Upon comparison of the data, it was discovered that while the presence or absence
of a cement ring cannot entirely eliminate stress on the pipeline, the presence of a cement
ring results in an average decrease of 32.7% in σs, P1, P2. This can be attributed to the fact
that, in general, the elastic modulus and stiffness of the cement ring are smaller than that
of the strata, but its deformation ability is stronger. When distant stress is transmitted
to the cement ring through the formation, the cement ring absorbs a portion of the force
through deformation, resulting in a decrease in the force transmitted to the pipeline. This
suggests that the cement ring has a stress-relieving effect and provides some protection to
the pipeline.

3.2.2. Finite Element Analysis of Poisson’s Ratio of Strata

The µd is set at a level of 0.1–0.45, and the results of the finite element model are shown
in Figures 6 and 7.
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As shown in the figure, the σs, P1, P2 of the pipeline are equal in the circumferential
direction, and σs gradually decreases radially from the inside out and reaches its maximum
value at the inner wall of the pipeline, which is consistent with the elastic modulus law
of the strata. The σs, P1, P2 of the pipeline all decrease gradually with the increase of
µd, and the maximum decrease is about 16.7% (without cemented ring) and 8.9% (with
cemented ring), which are small decreases. This indicates that the larger µd is, the stronger
the protection of the pipeline, but from the polar plot, it can be found that the difference
in the value of annular stress at each level is small, indicating that this protection is not
significant. Both σs and P1 of the pipeline are reduced by 37.8% on average when there is a
cement ring present. This indicates that the cement ring has a stress unloading effect and
provides some protection to the pipeline.

3.2.3. Finite Element Analysis of Geological Stress of Strata

The σd is set at a level of 18 MPa–61 MPa, and the finite element modeling results are
shown in Figures 8 and 9.
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From the figure, it can be seen that the σs,P1, P2 of the pipeline are equal in the
circumferential direction, and σs gradually decreases radially from the inside out and
reaches its maximum value at the inner wall of the pipeline, which is consistent with
the elastic modulus law of the strata. The σs,P1, P2 of the pipeline all increase with the
increase of σd, and the maximum increase is about 239.8% (without cemented ring) and
238.8% (with cemented ring). This result is also consistent with the general rule that the
value of strata stress is proportional to the depth of the strata, i.e., the deeper the depth
of the strata, the greater the ground stress. However, it should be noted that the pipeline
stress value increases exponentially according to the strata depth, even though the stress
value decreases by 37.3% in the case of cemented ring, the final pipeline stress value still
increases exponentially. This indicates that when mining deep wells, it is important to focus
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on the value of ground stress due to the depth of the strata to determine the mechanical
parameters of the pipeline in order to ensure the safety of the pipeline.

3.3. The Influence of Cement Ring Parameters on the Anti-Extrusion Strength of Pipelines

The selection of cement ring parameters includes the elastic modulus (Ec), Poisson’s
ratio (µc), cement ring thickness (d), and cement ring missing (α) angle as variables. Be-
cause of the large number of factor level designs, it is not possible to comprehensively
display stress nephogram at each level. However, upon comparison, it was found that
the nephogram patterns at each level are similar. Therefore, only one stress nephogram is
displayed for each factor as a reference. Polar coordinates are used to compare the stress
distribution of each factor at each level.

3.3.1. Finite Element Analysis of Elastic Modulus of Cement Ring

The Ec is set at a level of 5 MPa–60 MPa, and the finite element modeling results are
shown in Figure 10.
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and (E) Ec and σs, P1, P2 relationship diagram.

From the figure, it can be seen that the σs, P1, P2 of the pipeline are equal in the
circumferential direction, and σs gradually decreases radially from the inside out and
reaches its maximum value at the inner wall of the pipeline, which is consistent with
the previous law. In this study, the stratum Ed is set to 30 GPa, and it is obvious from
Figure 9B–D that when Ec < Ed, the σs, P1, P2 of the pipeline all increase with the increase of
Ec, and when Ec > Ed, the pipeline’s σs, P1, P2 all gradually decrease with the increase of Ec.

It is commonly believed that a lager Ec provides a stronger protective effect on the
pipeline. However, our findings differ from this view. From an energy perspective, when
Ec < Ed, the stress in the distance generates energy by transmitting force and doing work
on the cement ring. However, the cement ring’s smaller elastic modulus allows it to absorb
some energy through its own deformation, while the remaining energy is transmitted to
the pipeline. This results in a reduction of both the energy transmitted to the pipeline and
the force exerted on it. Conversely, when Ec > Ed, the cement ring cannot absorb as much
energy transmitted from the formation due to its larger Ec. As a result, the energy received
by the pipeline increases. Based on the analysis above, it can be concluded that to enhance
the anti-extrusion strength of the pipeline, the elastic modulus of the cement ring should be
appropriately reduced when the local layer is relatively hard (Ec < Ed) and increased when
the local layer is relatively soft (Ec > Ed). In general, materials with high strength can better
withstand damage, while those with low stiffness can more easily deform. Therefore, if
the cement ring possesses both high strength and low stiffness, it can significantly enhance
the pipeline’s resistance to extrusion. However, such materials are uncommon and require
further research and development.
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3.3.2. Finite Element Analysis of Poisson’s Ratios of Cement Ring

The µc is set at a level of 0.1–0.4, and the results of the finite element model are shown
in Figure 11. From the figure, it can be seen that the σs, P1, P2 of the pipeline are equal in
the circumferential direction, and σs gradually decreases radially from the inside out and
reaches its maximum value at the inner wall of the pipeline, which is consistent with the
previous law. It can be found through the polar plot that the difference between σs and P1
of the pipeline at each level is small. Combined with the line graphs, it can be seen that
the σs, P1, P2 of the pipeline all increase slightly with the increase of µc, with a maximum
increase of 5.9%. This indicates that the change of µc has a small degree of influence on the
stress of the pipeline, and its protective effect on the pipeline is basically negligible.
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3.3.3. Finite Element Analysis of Thicknesses of Cement Ring

The cement ring and the lining ring in the tunnel have a similar shape and both serve
as fixed support. But the lining ring in the tunnel needs to be constructed immediately after
excavation to support the surrounding rock pressure. The cement sheath used to backfill drilling
only starts grouting after the pipeline is inserted, with a focus on stabilizing the pipeline.

The d is set at a level of 10–70 mm, and the finite element model results are shown
in Figure 12. As shown in the figure, it can be seen that the σs, P1, P2 of the pipeline are
equal in the circumferential direction, and σs gradually decreases radially from the inside
out and reaches its maximum value at the inner wall of the pipeline, which is consistent
with the previous law. The σs, P1, P2 of the pipeline all decrease with increasing d, with a
maximum decrease of 30.9%. This can be explained as follows: the increase in cement ring
d causes the deformation degree of the cement ring in the thickness direction to increase
after receiving the force transmitted by the strata, that is, the “consumption and absorption”
force increases, and the force transmitted to the pipeline decreases. This indicates that
increasing the thickness of the cement ring has a certain protective effect on the pipeline.
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3.3.4. Finite Element Analysis of Missing Angle of Cement Ring

In cementing, it is usually difficult to quantify the quality of cementing. This study
characterizes the quality of cementing by setting the angle of missing cement rings. The α is
set at a level of 15◦–180◦, and the finite element model results are shown in Figure 13. From
the nephogram, it can be seen that the σs, P1, P2 of the pipeline vary in the circumferential
direction, with the maximum stress occurring at the center of the missing angle of the
cement ring, and σs gradually decreases radially from the inside out and reaches its maxi-
mum value at the inner wall of the pipeline. According to the polar coordinate diagram,
the stress value gradually increases in the 0◦–90◦ and 180◦–270◦ directions of the pipeline,
but reaches its maximum at 90◦. Due to its symmetrical structure, the other half exhibits
the same pattern. When the cement ring is missing, it can lead to stress concentration at the
missing location. Comparing the σs values at 270◦ and 90◦, it can be seen that σs increases
from 118 MPa to a value of 257 MPa, and the stress concentration factor is 2.2, which is
enough to show that there is a significant effect on the stress of the pipe when the cement
ring is missing.
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Figure 13. Numerical simulation results under different angles of missing of cement rings:
(A,B) σs and P1 nephogram (α = 15◦), (C) σs comparison analysis results, (D) P1 comparison analysis
results, and (E) α and σs, P1, P2 relationship diagram.

The line graph shows that when 15◦ < α < 60◦, the σs, P1, P2 of the pipeline all
increase with α, with a maximum increase of 64.9%. When 60◦ < α < 180◦, the σs, P1, P2
of the pipeline all decrease with increasing α, with a maximum decrease of 74.1%. This is
different from our usual understanding, which usually assumes that the larger α is, the
larger the stress value is. This can be explained by the fact that when the missing angle is
small, the stress inside the pipe increases sharply, and as the angle increases, this stress
concentration will reach its maximum value and not increase after that. This suggests that
when cementing, there is a need to strictly ensure that the cement ring is defective, with
the most unfavorable case being that smaller defects (less than 60◦) are not allowed in the
cement ring.

3.4. The Sensitivity Analysis

To ensure pipeline safety, when σs, P1, P2 increase, the pipeline anti-extrusion Strength
should increase; otherwise, when σs, P1, P2 decrease, the pipeline anti-extrusion Strength
can be appropriately reduced. According to the above analysis, it can be seen that the
influence of each factor on pipeline σs, P1, P2 increases and decreases. In order to judge
the sensitivity of each factor to pipeline anti-extrusion Strength, the maximum increase or
decrease in pipeline anti-extrusion Strength is used to determine the level range designed
for each factor in this study. The factors that increase and decrease the pipeline anti-
extrusion strength are plotted separately, as shown in Figure 14.
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According to Figure 14A, the increase of α (60◦–180◦), Ed, d, µd, Ec (Ec < Ed) can
improve the pipeline anti-extrusion strength, and the sensitivity of these five factors to
pipeline anti-extrusion strength is ranked as α (60◦–180◦) > Ed > d > µd > Ec (Ec < Ed).
Because α is a cement ring defect, it should be avoided in engineering. Ed and µd are
inherent properties of the formation and cannot be changed. Therefore, the crush strength
of the pipeline can be improved by increasing d and Ec (Ec < Ed).

According to Figure 14B, it can be seen that the increase of σ, Ec (Ec > Ed), α and µd
will reduce the pipeline anti-extrusion strength, and the sensitivity of these four factors to
the pipeline anti-extrusion strength is ordered as σ > Ec (Ec > Ed) > α > µd. σ is affected by
the depth of the formation, and the pipeline should be selected according to the geological
conditions of the specific mine. Generally, Ed > Ec, when Ec > Ed, it should be noted that
increasing Ec will reduce the pipeline anti-extrusion strength. Therefore, in the pipeline
design, the main ground stress factors are especially needed, which have a significant
impact on the pipeline anti-extrusion strength.

4. Engineering Case Verification

Taking a foreign copper mine as an engineering case, bimetallic composite pipes were
used for backfill drilling pipelines. The damage location of the borehole in the mine is
680 m, and the uniform stress value at this location is calculated to be 41 MPa, indicating
damage to the inner layer of the pipeline. Based on this, numerical simulation analysis was
conducted, and the results are shown in Figure 15. The parameters of the model are shown
in Table 1.
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Figure 15. Numerical simulation results of a copper mine pipeline abroad: (A) σs nephogram and
(B) P1 nephogram.

According to Figure 15, it can be seen that the results of this nephogram have a similar
pattern with the previous numerical simulation results, i.e., σs, P1, P2 are equal in the
annulus upward, and the value of σs in the radial direction becomes smaller from the inside
outward, and there is a maximum value at the inner wall. In Figure 15A, the value of σs at
the inner wall of the pipe is 227.53 MPa, which has exceeded the yield strength value of the
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inner layer of the pipe of 205 MPa, while the maximum value of σs at the outer layer of the
pipe is 211.27 MPa, which has not exceeded the yield strength value of the outer layer of
the pipe of 235 MPa, and therefore the pipe has already been damaged by yielding at the
inner wall.

According to Figure 15B, it can be seen that the external squeezing force P1 of the pipe
is 47.46 MPa, and according to the literature, σu

σt
is generally between 0.15–0.2, and 0.2 is

taken in this case, and the out-of-roundness e of the pipe is taken as 0.5%, the unevenness
of the wall thickness ε is taken as 10%, and the Poisson’s ratio of the inner pipeline is taken
as 0.27, which is substituting into the API strength (2) and the modified anti-extrusion
strength model (9), respectively. These are obtained and compared with the numerical
simulation results. The results are shown in the following table.

According to Table 2, it can be seen that the value of API strength of the pipeline is
18.2% higher than the value of modified anti-extrusion strength, which indicates that the
API value is too large, and when the strength of the pipeline is designed, the pipeline will
be ruptured as the design value is too low. According to the numerical simulation results,
the actual external extrusion force of the pipeline in this mine is 27.9% higher than the
API strength value and 51.1% higher than the modified anti-extrusion strength, which
indicates that the pipeline sizing parameters in this mine cannot be applied to the geostress
environment in which it is located. The modified anti-extrusion strength model in this
study can provide theoretical guidance for the design of pipeline parameters.

Table 2. Comparison results of pipeline anti-extrusion strength.

Typology API Strength Modified Anti-Extrusion
Strength

External Squeezing
Force P1

Strength
value/MPa 37.1 31.4 47.5

5. Discussion

This study focuses on the use and rupture of backfill drilling bimetallic composite
pipes in foreign mines. By deriving mechanical formulas, the mechanical failure mech-
anism of pipes is preliminarily explored and analyzed. Due to the limited mechanical
analysis of deep well filling pipelines both domestically and internationally, there are
certain limitations in the analysis, as follows:

(1) The formula derivation in this article is under ideal conditions, where the pressure
at which the pipeline is located is uniform, while in reality, the pressure in most strata is
non-uniform, resulting in certain errors in the calculation results.

(2) Theoretical analysis lacks support from indoor experiments. The pipeline should
be subjected to triaxial compression tests indoors to simulate the actual compression
environment of the pipeline in the formation and verify the rationality of the theoretical
analysis.

(3) In actual production, the quality of pipelines may be poor due to construction,
technical issues, etc. Therefore, the anti-extrusion performance of pipelines should be
verified through triaxial compression tests before leaving the factory to ensure their safety.

Despite the limitations mentioned above, the mechanical analysis and exploration
conducted in this study based on engineering cases have preliminarily and for the first
time revealed the mechanical extrusion mechanism of deep backfill drilling pipelines under
non-wear damage. The model of this study provides a theoretical basis for future non-
uniform-stress-condition pipeline strength modeling and design, as well as mechanical
loading conditions for indoor experiments. This is beneficial for the design of filling
boreholes or other fluidized mining borehole pipelines to provide safety assurance.

6. Conclusions

Based on the knowledge of elastic mechanics and material mechanics, combined
with numerical simulation, theoretical analysis, and engineering examples, the mechanical
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damage of mine backfill drilling pipeline was analyzed, and the conclusions obtained are
as follows.

(1) Based on the API yield strength model, the pipe anti-extrusion strength model was
modified by considering the pipe’s out-of-roundness defects, defects in the evenness of
wall thickness, and residual stress factors, and combining these with the fourth strength
criterion.

(2) Through the finite element analysis results, an increase in the stratum elastic
modulus and Poisson’s ratio of the pipeline has a protective effect, and the role of the
stratum elastic modulus is much larger than the stratum Poisson’s ratio. In the deeper
stratum depth, the existence of larger ground stress makes the pipeline stress value increase
exponentially, which has unfavorable effects on the pipeline.

(3) Cement rings have a certain stress unloading effect; the average stress unloading
degree is 32.7%–37.8%. Increasing the thickness of the cement ring will have a protective
effect on both pipes, and the Poisson’s ratio of the cement ring has a basically negligible
protective effect on the pipes. In hard strata, reducing the elastic modulus of cement
rings appropriately, and in soft strata, increasing the elastic modulus of cement rings
appropriately, both have protective effect on the pipeline. The selection of high-strength
and low-stiffness cement ring materials can improve the crush strength of the pipe. When
the missing angle of a cement ring is <60◦, the stress concentration factor is as high as 2.2,
and the stress concentration effect is reduced when it exceeds 60◦.

(4) Through the API strength model, modified anti-extrusion strength model and finite
element analysis results, the API crush strength value of the pipeline is 18.2% higher than
the modified anti-extrusion strength value, and at the same time, it is verified that the inner
layer of the pipeline rupture in a foreign mine filling borehole is due to its own low design
of the anti-extrusion strength value. The modified anti-extrusion strength model in this
study can provide guidance for pipeline parameter design, and also provide a theoretical
basis for future research on Inclined or curved pipelines.
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