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ABSTRACT: Understanding the bolt responses for the efficacy of bolt performance during coal rib support applications plays a key
role in controlling the stability of underground coal mine openings. Conducting pull-out tests is imperative to gain a better
understanding of these responses. Field conditions such as block volume and degree of cleating may significantly impact bolt
performance. These field conditions can be efficiently implemented in numerical modeling approaches, and selecting a proper
structural element type for these numerical studies is crucial. This study developed a pull-out test model and compared the
performance of structural elements as support members in the coal rib model using 3DEC, a three-dimensional distinct element-based
numerical modeling code. This study covered commonly utilized cable, pile, and hybrid structural elements in rib models with
explicitly introduced face cleats. The bolt response of numerical models was calibrated with the field data showing the load-
displacement response of a pull-out test. Comparing the rib models with these structural elements showed that hybrid structural
elements demonstrated better agreement with the field observation as they can simulate the reaction to shearing along the

discontinuities by inducing bending stresses. The impact of support density on rib stability is also presented in this study.

1. INTRODUCTION

The fact that injuries and fatalities linked to rib failure
persist in underground coal mines, despite measures taken
to ensure rib stability emphasizes the urgent need to
develop and validate support systems that can effectively
reduce coal rib failures. Currently, there is no standard
practice for coal rib supports that can effectively address
the diverse range of conditions encountered in coal mines
across the United States (Guner et al., 2023). That leaves
mine operators with no option but to rely on trial-and-
error or industrial legacy practices. The severity of rib
instabilities as a ground control hazard in underground
coal mines is highlighted by the average annual fatality
rate caused by coal rib failures, which remained at 1.6
between 2009 and 2022, as reported by MSHA (2022).
Although coal rib failures pose a significant risk to the
safety of the miners, there is limited information on these
events and how rib support can mitigate them. Therefore,
conducting studies to analyze the current rib support
strategies and reduce injuries and fatalities resulting from
rib failures in the coal mining industry is essential.

Numerical modeling approaches are widely used tools to
understand the rib failure mechanisms and enhance the
current body of knowledge to mitigate these rib-related
risks. Through validated models, it brings the advantage
of conducting parametric studies, including various coal
types, overburden depth, mining height, and support

systems. Numerical analyses, including pull-out test
modeling and the effect of different support types on coal
rib stability, can also enhance the design of coal rib
supports.

Most of the authors' understanding of the rock-bolt
interactions was supported by the load-displacement
curves developed from pull-out testing simulations during
numerical model efforts (Chen et al., 2018; Chen and L,
2022; Saadat and Taheri, 2020). Bolt anchorage capacity
and shear stiffness are the two main parameters that
directly control the response of these support elements in
coal ribs (Bastami et al., 2017). To better understand the
coal rib-rock bolt interaction effect, a series of in-situ coal
rib pull-out tests can be performed by recording the load
and deformation. These field tests exhibit the load transfer
mechanism between the bolt and the surrounding rock
strata (Cox and Fuller, 1977; Schmuck, 1979; Jin-feng
and Peng-hao, 2019). These tests are also significant for
determining the bolt failure mechanisms, which can be
seen as a combination of pull-out and shear stresses
resulting in some of the jointed rock mass conditions
during field applications (Li et al., 2016). In other words,
understanding the rock bolt failure process in a jointed
rock mass or cleated coal seam is essential because of the
critical effects of the shear stresses (Chen and Li, 2015).

Commercially available numerical codes include various
structural elements to simulate support systems.
Currently, the most common structural element types
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used in 3DEC to simulate the rib or roof bolts are the pile,
cable, and hybrid structural elements (ltasca, 2022).
Researchers widely use these structural elements: for
instance, Mohamed et al. (2020) used the cable structural
element, Chen and Li (2022), Rashed et al. (2019), and
Tulu et al. (2012) assigned the pile elements for
simulating the rock support response and Skarveles
(2021) defined hybrid structural elements to simulate the
rib bolts in their studies. The selection of structural
element type depends mainly on application purpose and
environmental conditions. This study compares the coal
rib support models having cable, pile, and hybrid
structural elements. The structural elements' parameters
were obtained from the pull-out test simulation of the
face-cleated coal rib models using the 3DEC.

2. STRUCTURAL ELEMENTS

Multiple structural elements in 3DEC numerical code can
be used to simulate support systems. The application of
structural elements may vary depending on the geological
conditions and application requirements. Liner elements
could be employed to simulate the bearing plates or other
aerial support elements such as shotcrete, whereas the
cable, pile, and hybrid structural elements can simulate
rock and rib bolts.

2.1. Cable Structural Elements

Cable structural elements are suitable if bending forces
are negligible since they offer shearing resistance due to
the grout characteristics along their length. A
reinforcement system's bonding agent (grout), which may
fail in shear over a reinforcement section, can be modeled
(such as cable bolts). Each cable element is characterized
by geometric, material, and grout property assignments.
A cable element has a straight length between two nodal
locations with uniform cross-sectional and material
properties. The cable element behaves as an elastic,
perfectly plastic material that can yield in tension and
compression but cannot resist a bending moment by the
numeric code's default characteristics. Cable elements are
good choices when simulating structural support systems
with significant tensile capacity and axially oriented
frictional contact with the rock or soil mass (Itasca, 2022).

2.2. Pile Structural Elements

Pile structural element is defined by geometric, material,
and coupling-spring parameters. A straight segment with
uniform, bi-symmetrical cross-sectional properties
between two nodal points is considered a pile element. A
curvilinear pile structure element can simulate a curved
support element. Pile elements are appropriate for
simulating structural-support parts like foundation piles,
where frictional contact with the rock or soil mass occurs
in both normal and shear directions (ltasca, 2022).

2.3. Hybrid Elements

Hybrid structural elements demonstrate similar responses
with cable elements but include a dowel element (see Fig
1) to prevent the cable from shearing perpendicular
where it passes a joint or interface. The shearing of
standard cable elements perpendicular to the cable part is
not resistive. However, it is known that bolts crossing
joints will offer some resistance to shearing on the joints
when cables are used to represent bolts. In such cases,
cable structural elements may be inefficient in simulating
the rib bolt behavior, and hybrid structural elements may
contribute to obtaining more accurate results. Skarveles
(2021) used hybrid structural elements in 3DEC to
evaluate the interaction between jointed rock and rock
bolts and concluded that in cases where excessive
shearing takes place due to fault movement, the hybrid
element is the most promising alternative among all
structural elements.

Dowel refers to various sophisticated mechanical actions,
including the bending of steel bolts and the crushing of
grout and the host rock. A shear spring that resists slipping
on the fault where the bolt crosses simulate the dowel
effect. In order to simulate the reinforcement effect, the
dowel element needs additional parameters, such as active
dowel length, dowel stiffness, yield force, and failure
strain limit. These parameters were obtained using a
calibration tool developed by Itasca (Itasca, 2022).

3DEC 8.00

Fig.1. A hybrid structural element with a dowel element
crossing a discontinuity at an angle (ltasca, 2022)

3. NUMERICAL MODELING AND THE
CALIBRATION OF THE DATA

This study developed a pull-out test model and compared
the performance of structural elements as a support
member in the coal rib model using 3DEC, a three-
dimensional distinct element-based numerical modeling
code. Initially, the pull-out test model was calibrated
using the dataset from Mohamed et al. (2020)'s study. The
model with face cleats for a 1.2 m long mechanical bolt
applied to the coal block is shown in Fig. 2. In this study,
the coal-mass constitutive model, developed by
Mohamed et al. (2018) to represents the loading and
deformation process of the coal ribs accurately, was
assigned to the model. This constitutive model was
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developed by using coal samples' laboratory testing
results and coal pillars' in-situ testing outcomes to obtain
the equations related to the coal mass scales.

3DEC 7.00

©2022 Itasca Consulting Group, Inc.
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Fig. 2. The 3DEC coal model with face cleats for the application
of mechanical bolt

According to the in-situ pull-out test results, the
mechanical bolts showed a tri-linear load-displacement
response. The mechanical bolt parameters used in the
numerical models are listed in Table 1.

Table 1. Mechanical bolt parameters used in the models
(Mohamed et al., 2020)

Parameter Value

Bolt length (m) 1.2
Anchor length (m) 0.076
Free length (m) 1.124
Bolt diameter (mm) 16

Hole diameter (mm) 35

Steel Young's Modulus (GPa) 200
Yield load (kN) 102
Grout cohesion (KN/m) 823

Cable, pile, and hybrid structural elements were utilized
in 3DEC to compare the efficacy of the structural
elements for the different coal rib models. The cable
structural element characteristics listed in Table 1., are
consistent with the mechanical bolt parameters. Required
moment of inertia values for pile elements was calculated
as 3.11x10° m* considering the cross-sectional area
characteristics of the support system. The dowel section
needs additional parameters for hybrid structural
elements, which are indicated in Table 2. These
parameters were obtained using a calibration tool
developed by Itasca.

The pull-out test of the mechanical bolts consists of the
pre-tension and further loading process. Firstly, the bolts
were pre-tensioned up to a point. 70% of the intercept of
the second segment of the tri-linear load-displacement
model was suggested to estimate the pre-tension load
(Mohamed et al., 2020). Therefore, the mechanical bolts
are initially subjected to a 24.5 kN axial force to simulate
the pre-tension stage.

Table 2. The mechanical properties of dowel element used in
the models

Parameter Value
Dowel active length (m) 0.1
Dowel stiffness (MN/m) 10
Dowel yield force (kN) 11.2
Dowel failure strain limit 0.41

Three springs can be linked in series to simulate the
interaction between coal and mechanical bolts. The first
spring reflects the bar's stiffness. The second spring
represents the interaction between the cone and shell
leaves, and the third is the interaction between the shell
leaves and coal. For ease of use, it was expected that the
bearing plate would come into contact with coal without
separation throughout the test and that there would be
very little coal yielding at the bearing plate-coal contact
zone. Therefore, it is possible to disregard the impact of
the coal/bearing plate interaction.

The following steps were followed to obtain the anchor
capacity and shear stiffness and calibrate the numerical
model results with the experimental dataset, similar to the
study conducted by Mohamed et al. (2020). Equations 1 -
5 were used to calculate these parameters. During the first
section of the tri-linear load-displacement model (Fig. 3.),
the coal at the anchoring point should remain undamaged,
and the shell's leaves are entirely in contact with the coal.
Except for the beginning of the second segment, the first
section is insignificant to the mechanical bolt's anchoring
mechanism. The bolt elongation and cone displacement
are included in calculating the bolt head displacement in
the first section. Therefore, the stiffness of the bar (Ky),
see EQ.(1), and the stiffness of the cone/leaves contact
(Ks) govern the slope of the first segment (Ky) together as
in Eq.(2):

_ EpXA4p

K,
b b

(1)
where Ey is Young's modulus of the steel, Ay is the cross-
sectional area of the bolt, and Ly, is the length of the bolt.

)

The coal at the anchoring point progressively yields in the
second part of the tri-linear load-displacement model.
Accordingly, the stiffness of the bolt (Ky), the cone/leaves
contact (Ks), and the yielded coal (K¢) control the slope of
the second segment (Kss) as in Eq. (3):
Kp X Kg X K,
ss = Kpx Ko + Kg X Kp+ Kg X K, C)

_ Kp XK

K. =
fs 7 Ky + K

The bolt reaches the anchorage capacity in the third part
of the load-displacement plot, and the anchor starts to slip
from the rib. It should be noted that coal strength and the
bolt's geometry are the two main parameters to govern the
anchorage capacity, and the anchorage capacity is
independent of the magnitude of the installation torque.
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The shear stiffness of the anchor differs in the first and
second portions during the experiments. For the first
portion, anchor stiffness was calculated (see Eq. (4)) with
the stiffness of the cone/leaves contact (Ks) and anchored
length (Lancn) by substituting Eq. (2).

Kfs X Kp 1
Kp— Kfs

(4)

For the second portion, anchor stiffness was calculated
(see Eq. (5)) with the stiffness of yielded coal (K¢) and
anchor length (Lanch) by substituting Eqg. (3).

Kp X Ks X Kgg 1
KX Kp — Kss X(Ks+ Kp)

Anchor stif fnessss =

Lanch

Anchor stif fnessss =

Lanch

By calculating the bolt parameters and properties in Eq.
(4) and (5), the stiffness of the first and second portions
was found as 171.3 and 30.1 MN/m?, respectively. These
calibrated values were used to design the structural
elements applied to the coal rib model.

Fig. 3 represents the result of the in-situ pull-out test for
the mechanical bolt and the load-displacement response
obtained from the 3DEC numerical code. According to
Fig. 3, the responses obtained by the 3DEC models match
well with the in-situ pull-out test result.

T0

Vo A W aN
|74

——Experimental Data
——3DEC Modelling Response

0 5 10 15 20 25 30
Bolt Head Displacement (mm)

Fig.3. Load-displacement responses from the pull-out tests
(Mohamed et al., 2020) and 3DEC numerical code.

Structural support elements were implemented using the
coal rib models. A coal rib with a height of 3.3 m was
simulated during the modeling process. The banded-
bright coal with a laboratory uniaxial compressive
strength value of 19.7 MPa, Young's modulus of 2.55
GPa, and Poisson's Ratio of 0.25 was assigned to the coal
mass constitutive model. Further information about this
constitutive model can be found in Mohamed et al.
(2018). The roof and the floor strata were modeled using
the elastic material model. Young's modulus and
Poisson's ratio of the roof strata are taken as 8.3 GPa and
0.25, whereas 15.6 GPa and 0.25 for floor strata. The coal
mass scale value of 20 was assigned according to the
study of Rashed et al. (2019). They conducted the
calibration process by iterating the coal-mass scale to
satisfy visual observations and instrumentation results
considering their field experiments. They obtained the

best match when the coal mass scale was 20. The same
coal type with the pull-out test models was selected to be
consistent with the results. Face cleats were also
introduced to the coal unit. The bottom of the model was
fixed in the Z direction, while the sides were fixed in the
X direction. The in-situ vertical stress was obtained by
multiplying the coal density and the overburden depth.
The roadway is assumed to be parallel to the maximum
horizontal stress in the model, and the face cleats are also
assigned in the same orientation, considering the most
unfavorable case. The in-situ horizontal stresses in coal
were calculated by the approaches presented by Liu et al.
(2016). The following equations were used to calculate
the maximum and minimum horizontal stresses on the
coal seam:

Oue = 1.174 + 0.024 X Z, (6)
Ohe = 0.018 X Z, — 1.475 )

The in-situ horizontal stresses in the roof and floor rock
units were calculated by the following equations
(Esterhuizen, 2017, unpublished):

oy = 0313 + 0.027 X Z, + 0.00278 X E, (8)
opr = 0.65 X oy, 9

Before excavating the roadway, the model was initially
solved to achieve equilibrium under defined in-situ stress
conditions. The reaction forces around the opening are
stored, and the excavation boundaries are subjected to that
force. The applied reaction force was nonlinearly reduced
to simulate the more realistic ground reaction behavior
along the opening. The rib bolts were activated when the
rib face softened by 65%. Then, the model was solved to
the final equilibrium following the installation of the rib
bolts.

The one-bolted and two-bolted supported cases were first
compared to a base-unsupported coal rib model that was
constructed. The strength reduction factor (SRF) value is
kept constant at 1 for these comparisons. Table 3 provides
a list of the mechanical characteristics of coal mass.

Table 3. The mechanical properties of coal mass used in the coal
rib model

Parameter Value
Young's Modulus (GPa) 2.55
Poisson's Ratio 0.25
Laboratory UCS (MPa) 19.7
Coal-mass scale 20
Cleat spacing (cm) 25
Cleat Normal Stiffness, Kn (GPa/m) 100
Cleat Shear Stiffness Ks (GPa/m) 40
Cleat Peak Friction Angle 12
Cleat Res. Friction Angle 9
Cleat Peak Cohesion (MPa) 0.17
Cleat Resd. Cohesion (MPa) 0.06
Cleat Peak Tens Strength (MPa) 0.04
Cleat Resd. Tens Strength (MPa) 0.01
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The model is built with a 3.3 m mining height and an
overburden depth of 245 m. 1 cm displacement along a
depth of 25 cm within the rib was used as the critical limit,
which is considered as deformation-based criteria
developed based on extensive field observations and
numerical model outputs for the rib stability evaluation
(Guner et al.,, 2022). The following numerical code
outputs show the computation of the base models and
observation of the effect of the application of support
systems. The x-displacement plots for the unsupported
scenario with an SRF value of 1 are presented in Fig. 4.

B8C_D=245m_H=33m_01

Fig.4. x-displacement contours obtained from the unsupported
coal rib model (SRF=1)

The hybrid structural elements were first applied to the
coal rib models to compare the results of unsupported and
supported coal rib models. Fig. 5 indicates the x-
displacement plots of the coal ribs supported with two
identical hybrid structural elements.

B8C_D=245m_MH=33m_01

Fig.5. x-displacement contours obtained from the supported
coal rib model with hybrid structural elements (SRF=1)

The displacement contours show a dramatic drop in
comparison with the x-displacement findings of hybrid
structural elements and unsupported models. While a 0.8
cm maximum displacement was observed in the rib's
center in this case, the hybrid structural elements changed
the rib's condition from unstable to stable.

Secondly, the cable elements were applied to the rib
models. Fig. 6 indicates the x-displacement plots for the
case and the rib deformation restriction impact of cable
structural elements. The maximum rib deformations were
observed to be slightly deeper into the rib because of the
absence of the dowel segment in the cable structural
element.

3DE(‘ 7-00 B8C_D=245m_H=33m_01

ng Group, Inc.

g 4.0000E-03
2.0000E-03

Fig.6. x-displacement contours obtained from the supported
coal rib model with cable structural elements (SRF=1)

The pile structural elements were simulated considering
the same mining case. The x-displacement plots on the
coal rib with pile structural elements are shown in Fig. 7.

B8C_D=245m_H=33m_01_Pie

Fig.7. x-displacement contours obtained from the supported
coal rib model with pile structural elements (SRF=1)

By taking into account the responses of x-displacement
plots along the rib, the pile elements exhibited the same
behavior as the cable elements.

The displacement profiles from the center point for each
scenario were drawn to represent better the work done by
each structural element (see Fig. 8). The performance of
each structural element was analyzed by comparing the
displacement profiles at the mid-height of the rib. The red
point represents the critical limit for the rib stability
evaluation on the plot. The curves below this point
indicate the stable condition, whereas any curve above
that point displays the unstable region.

Fig. 8 shows that the responses of the cable and pile
structural elements were identical for the analyzed case as
well as the x-displacement plot comparison. Additionally,
the resistance of the bolt to axial forces locally can
provide some resistance to the displacement caused by
shear stresses along vertical discontinuities (Bouzeran et
al., 2017), and it requires further investigation in future
studies. It is noteworthy to mention that there is a
possibility to observe different behaviors depending on
the mining scenarios and the application type of the
structural element. The work done by the hybrid structural
elements is greater than the other structural elements due
to the existence of the dowel segments.
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Fig.8. Displacement profiles for the unsupported and supported
models with cable, pile, and hybrid elements

For the same mining scenario, the impact of support
density was studied to better understand the effect of
primary rib support density on rib stability as well. The
hybrid structural element type was selected for the
simulation of the bolts by considering the previous
analysis of the structural element type. In this section, the
SRF value was changed to 1.5 since most coal mines opt
for rib support for RibFOS values less than 1.5
(Mohamed, 2021). The unsupported coal rib model's x-
displacement values are shown in Fig. 9.

BBC_D=245m_MH=33m_V012_25_5

X-Disp (m)
. 1.0000E-02
-03

“ -~
LX

Fig.9. x-displacement contours obtained from the unsupported
coal rib model (SRF=1.5)

Displacement contours in Fig. 9 show that more than 1 cm
displacement on the rib can extend up to 1 m within the
rib. The unsupported condition is therefore classified as
unstable. Using the calibrated values acquired from the
pull-out test models, a single hybrid structural element is
installed as a primary support member at the mid-height
of the rib. Fig. 10 illustrates the rib deformation response
with a single bolt.

Installing a single bolt at the rib was observed to have a
minimal impact on the coal rib stability. Considering the
rib displacement plots, the decrease in critical rib
deformation depth change, shown in red color in Fig. 9
and 10, is around 10 cm. Two bolted rib scenarios were
also analyzed with a 1.1 m bolt spacing. The x
displacement plots for this case is shown in Fig. 11.

B8C_D=245m_MH=33m_01

1 4.0000E-03
2.0000E-03

Fig.10. x-displacement contours obtained from the supported
coal rib model with one bolt at the center of the rib (SRF=1.5)
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Fig.11. x-displacement contours obtained from the supported
coal rib model with two bolts (SRF=1.5)

The coal rib supported by two identical bolts exhibits
significantly restricted deformations. Compared to the
outcomes of the unsupported and one-bolted cases, the
depth of the rib deformation substantially decreased.
Nevertheless, a 50 cm depth within the rib still indicates
an unstable case at an SRF of 1.5. Displacement profiles
were plotted at the rib's mid-height to understand the bolt
application's impact better. The displacement at that
profile line is shown in Fig. 12.

3.00E-02 s
1 1 belt
2.50E-02 i
= = 2 boltz
g 2 .
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0O00EHND) —
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Fig.12. Displacement profile for the base models with
unsupported, one-bolted, and two-bolted cases

4. CONCLUSIONS

The main focus of this study was to investigate rib-related
failures by evaluating the effectiveness of various
structural elements in enhancing rib stability through
numerical simulation. The responses of the employed
structural elements were calibrated using values obtained
from field pull-out tests. The study utilized three types of
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structural elements, namely cable elements, pile elements,
and hybrid elements. The responses of these structural
elements were examined under identical conditions.
Based on the results obtained from the numerical
techniques, the study yielded the following outcomes:

The type of structural element will significantly
impact the overall stability of the rib, depending on
its geological conditions.

Due to the application design and formulation of
the pile and cable elements, they resulted in
comparable responses when they were applied to
the rib.

Using hybrid structural elements to model the
support system demonstrated a better rib bolt
response for the jointed rock mass conditions.

The work done by the hybrid structural elements is
greater than the other structural elements due to the
existence of the dowel segments. Therefore, it can
be suggested that hybrid structural elements are
preferable alternatives to bolts in jointed rock
masses or cleated coal seams since they offer
shearing resistance in jointed rock conditions.
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