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Abstract: Rock bursts are a natural phenomenon that are caused by high stresses and faults within
the deep geological profile. The framework within deep mining excavations, comprising various
rock and face supports such as cable bolts, is required to withstand rock bursts. These mechanisms
are subject to static and dynamic loading conditions which possess unique challenges. This study
focused on the shearing impact of static loads on cable bolts, a key structural support mechanism
designed to absorb energy and investigate the impacts of bolt diameter and strength. A double shear
test was modelled using the Finite Element Analysis (FEA) software ABAQUS/Explicit. A double
shear test was modelled using Finite Element Modelling (FEM) by creating individual parts, assign-
ing material and contact properties and applying a load directly on the central block. Because
ABAQUS/Explicit was used, a primarily dynamic analysis tool, quasi-static loading, was applied to
negate the natural time scale. A total of six bolt diameters and six bolt strengths were tested. A
positive correlation was exhibited between the bolt diameter, yield strength and the maximum force
and displacement.

Keywords: cable bolt; static loading; double shear test; rock burst; finite element analysis;
finite element modelling; ABAQUS

1. Introduction

The application of cable bolts was first introduced in the 1960s as part of a temporary
support system [1]. Due to the large demands of societal growth, the need for deep mining
excavation has exceeded the technological and testing capabilities to facilitate a safe min-
ing procedure. Civil tunnelling methods have ultimately been incorporated into deep
mining excavations; thus, cable bolts are considered as a critical permanent support ele-
ment [2]. Cable bolts are an effective method to provide reinforcement for the rock mass
combined with a face support such as shotcrete and steel meshing [3,4]. A cable bolt is a
flexible steel tendon made up of twisted steel wires that are inserted within a duct and
anchored by a plate to the rock surface [5]. They are often used in conjunction with a pre-
stressing and grouting system to provide additional tensile forces and have been used as
the primary reinforcement method for deep mining excavation. Whilst there are many
factors that contribute to the overall strength of the combined support system, the cable
bolt is notably of greater influence when considering the reinforcement of the rock capac-
ity [6]. Tahmasebinia et al. (2018) [5] stated that whilst cable bolts are an effective method
for reinforcement, there is much that is unknown about the nature of cable bolts subject
to dynamic loading. This is due to the inaccessibility and restrictions of deep mining in
situ testing and drop testing methods failing to capture in situ conditions. Bolts under
static loading are well understood; however, in deep mining excavations, the presence of
rock bursts induces sudden dynamic loading conditions and presents an additional po-
tential failure mechanism. Therefore, it is important to understand cable bolt behaviour
under dynamic loading conditions. This study conducted a parametric test examining the
shear force, displacement and energy absorption capacity of a cable bolt subjected to
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loading through a double shear test using Finite Element Analysis (FEA) and the Finite
Element Modelling (FEM) software ABAQUS/Explicit. As a relatively unexplored field of
study, the insights obtained from this study will significantly improve industrial under-
standing of cable bolt behaviour under static loading. The goal of the study was to test
and draw valuable conclusions about the influence of various parameters when subject to
a static and dynamic load. The development of the model is detailed with explanations
for each design criterion that was required in developing this model. Considerations of
various design parameters are discussed, followed by a summary of the results of the
testing according to each parameter. A discussion is provided to examine the fundamental
implications of the results and its consistency with current literature. This compares ex-
perimental data against existing literature and experimental results. Finally, a discussion
of the limitations of the testing is undertaken and final conclusions and recommendations
for further investigation are presented.

2. Literature Review

A rock burst is defined by Kabwe and Wang (2015) [7] as a mining-induced seismic
event that causes destruction to excavations. It occurs due to dynamic rock failure, where
the rapid release of stored strain energy with the rock results in displacement and violent
ejection of rock mass [8]. Due to the complexity and unpredictability of rock bursts, it is
considered as one of the most hazardous geological disasters, being responsible for exca-
vation and equipment damage, injury and fatalities [8].

The urgency to further understand and mitigate rock and coal bursts is reflective of
the current international research effort, which includes countries such as Australia,
China, South Africa and Canada, devoting resources to advance rock burst management
and prevention [9]. Despite the number of resources invested in researching rock bursts
over multiple decades, the mechanics of rock burst failure are not well understood, and
therefore are difficult to control [10]. Therefore, as a safeguard to all workers, equipment
and excavation operations, an effective rock support system is necessary and is currently
deemed the most effective mitigation strategy.

Rock burst management currently involves utilising capable ground support sys-
tems, which incorporate both surface support systems and reinforcement support sys-
tems. A surface support system, including steel mesh, rope lacings, shotcrete, etc., pro-
vides reaction forces to the face of the excavation [11], while reinforcement support sys-
tems, including rock bolts, cable bolts and anchors, are elements that are bored into exca-
vation faces to enhance the overall strength of the rock mass [12]. However, current design
procedures do not place enough focus on the connections between surface support and
reinforcement systems, resulting in the failure of the support system before both the sur-
face and reinforcement elements reach their full capacity [13].

From South African gold mine investigations, it was observed that approximately
70% of rock ejections due to rock bursts occurred due to failure of connecting elements,
where the majority of reinforcement bolts were still intact [14]. Currently, a main objective
of the international research effort is to analyse and design existing ground support sys-
tems as an integrated system rather than individual elements, such that support systems
used in burst-prone excavations can reach their maximum potential capacity. This aligns
with Cai and Champaigne (2009)’s [15] rock burst design principles, which place a heavy
emphasis on addressing the weakest link of a support system and utilising an integrated
system.

This literature review thoroughly investigates the existing state of rock burst man-
agement such that contributions, evidence and gaps in the existing literature can be iden-
tified to provide a relevant understanding of current rock burst management. This in-
cludes a further analysis of rock bursts to understand what must be considered when de-
signing a support system, the existing reinforcement and surface elements currently used
in the industry, the current testing methods and facilities used to test support systems
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elements and the validity of numerical analysis as a means of testing ground support sys-
tems.

2.1. Rock Bursts

The first rock burst was recorded in South Africa at the Witwatersrand Gold Mines
in the early 1900s, where sudden failure of rock masses occurred. Since this incident, there
has been a clear link between mining activities, particularly at greater depths, and rock
burst incidents, where it has been established that rock bursts are highly associated with
hard rocks and geological faults [16].

Initially, W. D. Ortlepp and Stacey (1994) [17] proposed a classification of differing
rock burst types, categorising them into five main types, which were strain bursting, buck-
ling, face crushing (now known as fault slips), shear ruptures and fault slips. However,
these rock burst types have more recently been refined into three distinct categories by
Kaiser and Cai (2012) [9], which are strain bursts, where high stress concentrations at the
edge of excavations exceed rock strength; pillar bursts, where support pillars fail violently
due to large volume of rock failure; and fault slip bursts, where failure occurs due to slip-
page between existing faults and newly generated shear ruptures within the rock mass.

To manage and create ground support systems capable of mitigating rock burst dam-
age, it is necessary to understand the damage mechanisms of rock bursts. Rock burst dam-
age mechanisms and their causes have been classified into three types by Kaiser et al.
(1996): rock bulking, where rock mass with high stress but low stored stress energy frac-
tures; rock ejection, where rock with excess stored energy ruptures or remote seismic
events transfer dynamic stress creating a strain burst; and seismically induced rock fall,
where rock strength is inadequate to resist forces that are accelerated due to seismic waves
[9].

Therefore, to design a support system that adequately negates the damage mecha-
nisms of rock bursts, Kaiser et al. (1996) devised three necessary support functions that
must operate concurrently: reinforce the rock mass to strengthen it, such that it can sup-
port itself and control bulking [18]; retain broken rock mass to prevent unravelling and
further failure by using surface supports; and holding rock, reinforcement and surface
elements securely to allow for the dissipation of dynamic energy [16]. These three support
functions have been further built upon, and Cai and Champaigne (2009) [15] advise that
an effective rock support system must also account for dynamic energy absorption capac-
ity, large displacement capacity and large load carrying capacity simultaneously, and thus
created seven rock burst design principles. As burst-prone excavations cannot always be
avoided, especially as mining depth increases, the next best thing is utilising effective and
capable ground support systems.

2.2. Ground Support System Elements

Existing ground support systems in prone-burst areas are composed of a reinforce-
ment system that utilises yielding energy-absorbent tendons and flexible surface support
elements such as shotcrete, straps, lacing, mesh and screens [19]. These elements that have
been incorporated into current designs have improved over time through experimental
testing, numerical analysis and field experience.

2.2.1. Reinforcement Support Elements

Since the development of rock reinforcement systems, yielding bolts were only
widely accepted from the early 2000s. This was due to misbelief of the effectiveness of
reinforcement bolts that were designed to purposely yield [16]. Despite W. Ortlepp (1992)
[20] conducting a field test in 1969 that clearly demonstrated the effectiveness of yielding
reinforcement, it was not until multiple mines that were prone to rock bursting displayed
the success of yielding reinforcement, such as the Big Bell Mine in Australia [21] and
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Brunswick Mine in Canada [22], did yielding bolts become widely used in burst-prone
excavations.

Conventional rock bolts have been categorised into three major categories, which are
mechanical bolts, fully grouted rebar bolts and frictional bolts [23]. These types of conven-
tional bolts are utilised to deal with rock instability in areas with relatively low in situ
stress. However, in burst-prone mines, energy-absorbing rock bolts (also known as yield-
ing bolts) are more suitable due to their shear resistance under dynamic loading condi-
tions that rock burst creates.

When there are more attune to burst-prone environments, energy-absorbing rock
bolts are better suited due to their large deformation capacity [24].

The Cone Bolt was the first energy-absorbing rock bolt designed, which consisted of
a smooth bar with a flattened conical shape on the far end of the bolt [25]. The original
cone bolt was designed to be grouted using cement, but the cone bolt was later adapted
to function with resin by adding a threaded section and mixing blade [26]. The bolt was
designed such that when displacement occurs, the conical end ploughs through the resin
or grout to conduct work and absorb energy released from the rock. After Lindfors (2000)
carried out dynamic testing on modified cone bolts, it was recorded that the bolts were
only effective when ploughing occurred. Further dynamic analysis by Cai, Champaigne
and Kaiser (2010) [3] showed an average dynamic yield loading between 50 and 216 kN
when a kinetic energy of 33 k] was inputted, presenting a large spread of values due to
different failure mechanisms, including ploughing, steel stretching or a combination of
the two.

Currently, common dynamic rock bolts used in the Australian mining industry in-
clude the Yield Lok Bolt and the J-Tech All Thread Bar, which are produced by Jennmar
Australia. The Yield Lok Bolt typically consists of a smooth steel bar with a portion of
threaded bar (for resin mixing) with an upset, a type of anchor that is coated in an engi-
neered polymer. Like the cone bolt, the Yield Lok bolt absorbs energy via bolt shank slip-
page through ploughing in grout/resin. The J-Tech bolt consists of a bolt that has a small
pitch thread along the entirety of its length with exceptional static and dynamic capacity.

In addition to rock bolts, cable bolts research and usage in burst-prone grounds are
increasing. Cable bolts perform like rock bolts, but cable bolts consist of flexible tendons
with higher tensile strength to further strengthen rock mass [27]. Plain strand cables had
poor load transfers properties when first introduced in ground support systems, which is
reflective of their initial use as a secondary reinforcing member. However, after modifica-
tions such as indentation, double strands, birdcage strands, bulbed strands, fiberglass ca-
ble bolts and nut-caged cable bolts, the load transferring and energy absorption capacity
has improved [2]. Currently, SUMO (9 wire strand) and Secta (7 wire strand) dynamic
cable bolts with bulbed strands are popular in the Australian Mining industry.

2.2.2. Surface Supports

Surface supports act as external support to excavations that are installed on the sur-
face of excavations to hold and retain failing rock mass. In burst-prone environments, due
to the dynamic loading of rock bursts, the interaction between surface elements and rein-
forcement elements is critical to ensure that no weak links are created [28]. Surface support
elements can consist of fibre-reinforced shotcrete, mesh, straps and nuts/plates that con-
nect reinforcing bolts to the surface support elements.

Fibre-reinforced shotcrete provides early support to prevent the early deterioration
of the rock surface, but it begins to crack under minimal deformation. Thus, shotcrete in
burst-prone grounds is not cost-efficient, as the surface will need to be retained by mesh
[29].

Many burst-prone mines in Canada favour the use of mesh and mesh straps due to
the ability of mesh to undergo high deformity and not fail. A common weakness of mesh,
where mesh overlaps, is solved by using straps, preventing mesh from failing as a retain-
ing element without the failure of individual mesh wires [9]. The type of mesh used in
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burst-prone excavations has advanced over time, where steel wire weld mesh was the
industry standard; however, after further investigation by Roberts, Talu and Wang (2018)
[30], it was experimentally and numerically proven that woven weld mesh and chain link
mesh with closed wire loops have greater deforming and loading capacity under static
and dynamic loading.

2.3. Testing of Ground Support Systems

Methodologies of studying and testing ground support systems for burst-prone ex-
cavation can be summarised into five categories: analytical, experimental, empirical, data-
based and numerical testing [8]. Data-based testing methods are accurate only if a large
sample size is available; however, due to differing in situ rock stresses and conditions in
differing excavations and the complexity of rock bursts, such data are not available [31].
Empirical methods are confined to the specific site they are conducted, limiting their abil-
ity to generalise and standardise results [32]. Each method of testing has its limitations
due to the complexity of rock bursts, and thus only experimental and numerical testing
are explored in further detail here, including blast testing, drop tests, double shear tests
and applications of numerical modelling with these testing methods.

2.3.1. Blast Testing

Blasting is a form of experimental in situ testing that investigates rock mass discon-
tinuity, stress conditions on rock burst damage and the influence of in situ dynamic loads
on a ground support system by simulating a rock burst [33]. A blast test involves drilling
blast holes parallel to an excavation face, that are separately charged and detonated se-
quentially such that dynamic loading can be applied. Mapping of the test site with a 3D
photography system both before and after blasting is carried out to identify areas of rock
bulking and ejection, and additionally measure deformations of both surface and rein-
forcement support elements [34]. However, due to movement of mapped control points
after blasting occurs, errors in measurements of angles and displacements on digital im-
ages are likely to occur.

This test is extremely limited due to being a destructive form of testing that requires
vacant excavation walls that will become redundant, with suitable access. For a test that
is situational based on site conditions and thus is not easily generalised, the test is ex-
tremely costly. Other limitations that can impact the accuracy of results include loss of
access due to excessive damage and blasting misfires resulting in abandoning blast holes.
Despite its limitations, in comparison with all other experimental testing, blast testing is
the only test that can accurately imitate the in situ stresses and environment of rock in
excavations.

2.3.2. Drop Test

The drop test is another dynamic experimental test method, which simulates dy-
namic loading patterns by dropping a known mass (with controlled drop speed and
height) onto the support elements under testing [13] In general, drop tests are relatively
simple to perform, provide the opportunity to obtain repeatable results and are suitable
for quality control and comparative testing. However, impact and direct loading do not
represent the true nature of rock burst loading. The lateral continuity of reinforcement
support cannot be appropriately represented and in situ stresses that occur in burst-prone
grounds cannot be accounted for accurately [11]. Globally, many different drop test facil-
ities exist which all employ varying dynamic loading mechanisms.

The SRK Drop Weight Test Facility was developed to determine surface support dy-
namic loading capacities in South African mines, with the capability of inputting 70 k] of
energy [35]. The advantages of this facility include its relatively inexpensive set-up cost
and its ability to undergo consistent and repeatable tests due to its configuration.
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However, after further analysis, it was concluded that transmission losses of up to 50%
input energy occurred [36]. The facility is no longer in operation.

The CANMET Drop Test Facility was developed in Canada, which functions by
dropping a hammer, that can have a weight of up to three tonnes, from a height of two
metres onto the test element, directly applying a dynamic load [36]. The testing rig can
dynamically input up to 60 kJ of energy, and thus is used by suppliers to test existing and
experiment new products dynamically.

The WASM Dynamic Testing Facility was developed in Western Australia and in-
volves dropping integrated rock mass and supporting elements on buffers to generate
momentum energy transfer; [37] verified that it can be utilised to determine the energy
absorption capacity of support elements. The WASM Testing rig is well instrumented as
it is equipped with load cells, motion sensors and high-speed digital video cameras uti-
lised for post processing. Due to its ability to test reinforcement and support systems uni-
fied, the WASM Testing facility is very active and used in the more recent publications
[35].

2.3.3. Double Shear Test

Another form of experimental testing is single or double shear test, which is used to
replicate rock bolt shear strength in jointed rock masses. Although single shear tests are
cheaper due to less operation and set-up costs, double shear tests are more reliable as they
avoid utilising asymmetric loading [38]. Double shear tests can be arranged in varying
ways; however, a typical set-up involves three concrete blocks reinforced with full
grouted rock bolts that can be positioned in varying angles [38].

The concrete blocks represent rock planes found in excavations, where the boundary
blocks are fixed and a static load is applied to the middle block, applying a shear load to
reinforcement bolts. Double shear tests can also conduct dynamic testing, where an im-
pact load is applied to the centre block, such that the momentum of the applied load trans-
fers the energy through the concrete block to the bolt under investigation. Like the drop
test, the double shear test offers the opportunity to obtain repeatable results, and thus
excels for quality control and comparative testing. Although it cannot accurately represent
in situ conditions like blast testing, it can account for rock fault lines and thus is widely
accepted as a rock and cable bolt shear test.

2.3.4. Numerical Analysis

Numerical analysis has been utilised in studying and developing rock burst support
systems since the 1970s. In 1972, the first finite different method model was developed to
simulate the elastic pulse propagation problem in the Split Hopkinson pressure bar tech-
nique [39]. In the same year, Blake (1972) [40] utilised finite element analysis to study and
model pillar bursts, allowing him to predict probable rock burst locations. In 1979, the
first boundary element method was carried out to propose the complete plane strain con-
cept and used to study pillar bursts [41]. Since the introduction of multiple different nu-
merical methods, numerical approaches have been classified into three approaches,
namely continuum, discontinuum and the hybrid approach [42]. Due to the complexity
regarding rock burst phenomena, Wang et al. (2021) [8] stressed the importance of select-
ing the correct numerical analysis methodology to achieve accurate results, where the spe-
cific engineering problem should define the numerical method selected. Thus, Wang et al.
(2021) [8] summarised the strengths and weaknesses of each numerical methodology,
which has been adapted below in Table 1.
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Table 1. Advantages and disadvantages of numerical methods in modelling rock burst mecha-

nism.

Numerical Method Advantages

Disadvantages

Continuum Method Capability of 3D modelling

(BEM)

Allow the rapid assessment of stress concentra-
tion, deformation and designs

Normally elastic analysis only
Calculation time increases exponentially with
number of elements

Capability of 3D modelling

Easily handle material heterogeneity and geo-

Continuum Method metric nonlinearity

(FEM, FDM) Simulate complex behaviour of rock/rock masses
with various constitutive models

Allows dynamic loading

Input limitations, e.g., some critical input pa-
rameters are difficult to determine

Interfaces can model simple structures, but are
not suitable for highly jointed block media
Rich experience in using numerical analysis is
essential

Calculation time increases exponentially with
number of elements

Capability of 3D modelling

Easy to model jointed rock systems
Able to model complex behaviour of rock/rock

Limited data on joint properties are available
and the calibration of parameters might be
needed

Discontinuum . . L . . . . . .
masses with various constitutive models Rich experience in using numerical analysis is
Method (DEM) . .
Allows the large deformation and detachment of essential
blocks 2D modelling is usually used due to the great
Allows dynamic loading calculation cost of 3D models
Few data are available for contact properties
Able to model the extension of existing fractures and fracture mechanics properties
Hybrid Method and creation of new fractures in intact rocks The calibration of parameters is needed
(FEM/DEM) 3D modelling is possible Extremely long run times will require the use

Allows dynamic loading

of parallel processing for large models
2D modelling is usually used

Since the introduction of these analysis types, numerical analysis has become ex-
tremely popular due to its advantages of being cost-efficient and flexible, as it does not
require specific testing facilities to carry out. Furthermore, as it is not a destructive form
of testing, unlike blast, drop and the double shear tests, it is a safe methodology that can
be easily repeated. However, numerical analysis results are only valid if verified using
analytical and experimental data. Furthermore, similar to laboratory tests, numerical anal-
ysis is forced to make assumptions to produce accurate results, and thus it struggles to
account for the in situ stresses of rock and the exact loading pattern of rock burst loading

8].

3. Materials and Methods

The method encompasses the entire design and calibration process of generating the
FEA double shear test model. Prior to any testing, the calibration of the model was re-
quired. This is considered the most crucial aspect of numerical modelling. The develop-
ment of the model includes creating of the geometric parts, inputting material properties,
applying boundary conditions and interactions, assembling the model and meshing the

parts.
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3.1. ACARP and Jennmar

To gain an understanding of the intricacies around cable bolts and their properties,
the Australian Coal Industry Research Program (ACARP) and Jennmar papers were con-
sulted. This provided a comparative model for which the model could be calibrated
against for static loading, as ACARP had completed a similar study. The dynamic model
was calibrated against Tahmasebinia et al. (2018) [5], which a built upon Mirzaghorbanali
et al. (2017)’s [2] work. Practical testing of bolts was obtained by extracting data from
Jennmar, a steel bolt manufacturing company.

Jennmar Civil is a cable bolt manufacturing company that widely produces cable
bolts designed for deep mining excavation. The bolts they manufacture have been an in-
dustry standard and are therefore referenced within the investigation. By modelling the
cable bolts for the double shear test based on these bolts, the following tests yielded relia-
ble results that are consistent with industry practice and manufacturing capabilities. The
mechanical and geometrical properties were obtained from Jennmar. The bolts that have
been considered by Jennmar are summarised below, in Table 2.

Table 2. Jennmar bolt properties.

. . Typical Ulti-

Jennmar Bolt Type Bolt Diameter (mm) gt);z;cl;lh\{(llfll\lci mate Tensile

Strength (kN)
17.8 Yield Lok Bolt 18 147 196
J-Tech® 20mm Bolt 20 170 200
Yield Lok® Bolt 23mm 23 245 328
J-Tech® 25mm 24 245 294
63T Sumo Cable Bolt 28 560 630
70T 12 Wire Sumo Cable Bolt 31 640 705

Similarly to ACARP’s 2021 study, a 28 Indented (ID) SUMO cable bolt was used to
calibrate the static model. Jennmar has developed various types of bolt configurations
such as the Yield Lok Bolt, J-Tech bolt and the Sumo Cable Bolt, which have unique func-
tions and purposes. The configuration of the bolt serves a unique purpose, with each pos-
sessing notable distinguishing factors. The Yield Lok Bolt contains a lock nut at the end
which acts as a locking plate with the bolt and the rock face. This was designed for high
seismic conditions due to its polymer ploughing design. The J-Tech Bolt is a more generic
bolt model that is suitable with either resin capsule or grout. The threads can be made
finer to achieve higher tension for a given torque. The Sumo bolt contains a bulb-like
structure which is bird-caged throughout the entire bolt. This increases flexibility in han-
dling, making it more advantageous around confined areas and contains smooth wires
for optimum performance in shear.

The specific configuration and layout of the bolt contribute to each respective bolts’
shear capacity and its overall behaviour under the double shear test. Within the scope of
this investigation, the configuration is not a parameter that will be tested, and therefore,
all bolts will be reduced to a single metal rod. This will also assist in the modelling proce-
dure and will be further elaborated on in the following section.

3.2. Model Geometry

To create the model, each individual geometric component was constructed. The
double shear test comprises 2 key components, the box and the bolt. Mirzaghobanali et al.
(2017) modelled a double shear test which consisted of 300 mm cubic end blocks with a
central block of 450 mm (L) X 300 mm (W) X 300 mm (H) and a 1050 mm cable bolt with
no gap between the blocks. Tahmasebinia, Zhang, Canbulat, Vardar and Saydam (2018)
[5] followed a similar construction for the double shear test, but incorporated dynamic
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loading to further build upon the model. Both studies were developed from a relatively
similar model and hence, the following model was similarly constructed.

As the various types of bolts that were to be modelled are complex in geometry and
possess a unique layout, the bolts were simplified to be a single cylindrical smooth bolt.
Although this does not accurately reflect the actual design of the bolt type, this was a
reasonable simplification to avoid excessive modelling complexities. Each bolt was of 1600
mm length with a diameter of 18, 20, 23, 25, 28 or 31 mm. Figure 1 illustrates the 28 mm
bolt.

Figure 1. The 28 mm bolt.

Mirzaghobanali et al. (2017) [2] differentiated between the geometry of the end and
middle blocks; the blocks here are considered as having the same geometry. The blocks
are representative of the individual rock layers within the geological rock profile and re-
main fixed at the ends, allowing only the middle block to move in the vertical, y, plane.
The blocks were 500 mm (L) x 500 mm (W) x 500 mm (H). A hole with a diameter equal to
the bolt under investigation was extruded through the centre of the cube in the ZY plane.
Figure 2 illustrates the concrete box with a 28 mm extruded hole.

Figure 2. A 500 mm x 500 mm x 500 mm concrete box.

To aid ABAQUS in developing an efficient mesh, localised subdivisions were intro-
duced by creating partitions around areas of concern. Focal areas where partitions were
created included contact points, and areas where loading would be applied. ABAQUS
develops a mesh by seeding the part, followed by auto-meshing. This develops a generic
meshing model which cannot specifically refine meshing around boundary locations. This
is further discussed in mesh generation.

3.3. Material Properties

Material properties were defined for the steel bolt and concrete. The parametric study
included the analysis of varying steel yield and ultimate strength. Therefore, as part of the
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calibration, the primary material properties that were included in the ACARP C27040 pa-
per are referenced. The ID SUMO Cable Bolt material properties are summarised below
in Table 3.

Table 3. ID SUMO bolt material properties.

Strand Diameter (mm)

Typical Strand Yield Typical Breaking Load Elongation at Strand
Strength (kN) (kN) Failure

ID Sumo

28 560 630 5-7%

ABQAUS requires yield strength, f,, and ultimate strength, f., as a pressure load. To
convert force loads to a pressure, the yield strength was divided by the undeformed cross-
sectional area.

The steel bolt has been defined to fracture; hence, elastic, plastic and shear damage
material properties were defined. Furthermore, the steel density, Young’s modulus and
Poisson’s ratio were also defined. The basic steel properties have been obtained through
the OneSteel 7th edition steel catalogue [43]. Please see Table 4.

Table 4. Steel bolt material properties.

Elastic Shear Damage
Densit i
ensity Elastic Poisson’s  Fracture Shear Stress ]
(kg/m?®)  Modulus . . . Strain Rate
Ratio Strain Ratio
(MPa)
Value 7800 200,000 0.3 0.13 0.7 0.0001

To replicate actual stress—strain plastic deformation, the Giuffre-Menegotto—Pinto
model with isotropic strain hardening was utilised to describe the transition from the elas-
tic slope to the plastic deformation region. Zafar and Andrawes (2012) [44] adopted this
equation to model steel behaviour of various steels.

0" =be" +—=- (1)

The steel elastic and plastic behaviour was calculated in accordance with the
AS4100:2020 Steel Structures codes. To accurately reflect the actual behaviour of steel un-
dergoing plastic deformation, the true stress and strain must be utilised. The engineering
stress—strain relationship fails to factor in the constantly changing cross-sectional area of
the material and hence is simply applied to the initial cross-sectional area prior to any
deformation. The following equations were utilised to account for the reducing cross-sec-
tional area, thus giving the true stress and true strain equations [45,46].

or = og(1+ &) ()
er =1In(1 + &)

where the subscript E represents engineering stress/strain and the subscript T represents
true stress/strain. As part of achieving calibration, this was necessary to ensure the accu-
racy of testing as it was compared with the experimental results obtained from ACARP
Project C27040. A comparison of the engineering and true stress—strain curve for the cali-
brated model can be seen below in Figure 3.
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Comparison of True and Engineering Stress-Strain Relationship
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Figure 3. Engineering vs. true stress—strain curve.

To induce a fracture, ABAQUS requires shear damage properties for damage for duc-
tile metals to be defined and hence, a fracture energy is required. Fracture energy is de-
fined as the required energy per unit area to change a fracture surface from an initial un-
loaded state to complete separation [47]. This is calculated as the work carried out to
achieve fracture and effectively calculate the area underneath the respective stress—strain
curve [48]. A Python code was written to determine the specific fracture energy for all
steel grades (see Appendix A). The fracture energy for the calibrated model was calculated
as 336,302 N/mm. The fracture energy will vary according to the steel grade.

Concrete was selected as a substitute material for the rock layers as they possess rel-
atively similar material properties. The various blocks are representative of layers of rocks
which the cable bolt penetrates. Within the actual geological profile, the nature of the rock,
faults and strength of the rock will affect the behaviour of the cable bolt subject to shear;
this model provides a simplification of this and therefore, the same concrete properties
have been applied across all three blocks. The following concrete properties have been
calculated in accordance with AS3600:2018 [49]. Please see Table 5.

Table 5. Concrete material properties.

Elastic
Elastic Modulus (MPa) Poisson’s Ratio
Value 2400 33,346 0.2

Density (kg/m?)

The concrete damage plasticity (CPD) is defined in ABAQUS to model concrete and
other quasi-brittle material inelastic behaviour. It assumes that there are two primary fail-
ure mechanisms, tensile cracking and compressive crushing. As the load is applied from
the load cell and is transferred to the bolt, the concrete is expected to absorb energy and
hence experience a compressive and tensile force. Sumer and Aktas (2015) [50] defined
the uniaxial tensile and compressive stress—strain relationships which were used to deter-
mine the concrete damage properties. This was consistent with Xiao, Chen, Zhou, Leng
and Xia (2017)’s [51] understanding of CPD and therefore was utilised in this model.
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3.4. Mesh Generation

Detailed meshing is crucial in developing an accurate model that will produce accu-
rate results. Effectively, by reducing the size of the mesh, ABAQUS can process the be-
haviour of individual elements more precisely as interpolation is utilised across a lesser
distance to calculate stresses and deformations, thus eliminating imprecise estimations.
However, by increasing the fineness of the mesh, more elements are created, and thus the
computational time is inevitably increased as the FEA needs to run more equations. There-
fore, is it important to differentiate between parts of the model which require a fine mesh
and parts that require a coarse mesh.

The inbuilt ABAQUS auto-meshing function generates a mesh based on the seeding
size that is specified. This creates a mesh size of specified seed size that does not consider
the irregularity of the mesh. Therefore, partitions were manually added around areas of
greater concern such as contact points, areas of significant deformation and high stress
concentrations to create an ideal mesh. Figure 4 displays the difference in mesh regularity
between the auto-meshing function with and without any partitions.

Figure 4. Without partitions (left); with partitions (right).

As the mid-section of the bolt is the primary region of concern as it deflects, the mesh
around this area was made twice as fine as the first and last third of the bolt. Furthermore,
this was extended to the 50 mm gap between the concrete blocks. The mesh can be seen
in Figure 5 below.

Vs

Figure 5. Overall mesh of the bolt (left); cross-section of the bolt (right).

When modelling steel and concrete members with ABAQUS, one of the main issues
is addressing convergence due to the extensive number of contacts. This is particularly
prevalent in the double shear test model at the contacts between the cable bolt and the
concrete boxes. Therefore, the 8-node linear brick element, C3D8R, with reduced integra-
tion and built-in hourglass control will be used. The linear brick element contains a single
integration point at the centre of the brick with 8 nodes forming the 1 x 1 x 1 cube. The
reduced integration model is ideal when subject to plastic behaviour [52]. However, in
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conjunction with this, it is necessary to apply hourglass control because of the reduced
stiffness of the reduced integration model. This will aid the meshing process and the over-
all run time of the model. Figure 6 shows the schematic diagram of the C3D8R model
whilst highlighting the effects of hourglass control.

() (b)
Figure 6. C3D8R linear brick element (a) and effects of hourglass control (b).

Mesh size was determined by comparing the trends of numerical and experimental
data. The coarsest mesh that would minimise computational time and produce accurate
results was selected. Seeding sizes of 10%, 15%, 20% and 25% of the bolt’s diameter were
selected as the fine mesh portion, whilst the outer boundary was assigned double this
value for static testing. For dynamic testing, an optimal mesh was selected by considering
seeding sizes of the dynamic load. The results of various seeding were compared against
the experimental results and can be seen in Figure 7.

Static Model Mesh Calibration

¢ Experimental

10% Fine Mesh

15% Fine Mesh
cesvenaes 20% Fine Mesh
----- 25% Fine Mesh

20 40 60 80 100

Displacement (mm)

Figure 7. Static force vs. displacement graph of various fine meshes.
The computational times for various seeding sizes were recorded in Table 6 below.

Table 6. Computational times.

Fine Mesh Seed Size (%) Computational Time (s)
10 1746
15 1025
20 618
25 431

Final mesh sizes were chosen based on the effects of a finer mesh and computational
times. Excess deflections were observed when meshes of 5% and 10% were applied to the
sphere. Despite reduced computational times, the coarse mesh presented too many inac-
curacies. A 2% mesh size was selected due to the excessive computational time of 1% with
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little difference in deflection. A summary of seed sizing of the calibrated model is given
below in Table 7.

Table 7. Summary of seed sizes.

Part Coarse Mesh Seed Size (mm) Fine Mesh Seed Size (mm)
Bolt 11.2 5.6
Box 30 5.6

3.5. Interactions and Rigid Bodies

Interactions were created between the contact points between the bolt and the box.
One of the primary advantages of using ABAQUS is its ability to define contact interaction
properties. Three general surface-to-surface interactions were created between the steel
bolt and the concrete boxes. There are 3 defining characteristics that were utilised to de-
termine which surface would be the master and slave.

1.  The larger surface should be the master;
2. If approximately the same size, the stiffer body should be the master;
3. If similar size and stiffness, the surface with the coarser mesh should be the master.

In this instance, the concrete was determined to be the master as the surface is larger
than the bolt and will have a coarser mesh overall since the deflection of the load cell is
measured. A penalty contact method was applied with mechanical, tangential and normal
properties defined (see Table 8). These values are applied to account for slip conditions
and are necessary to reflect the natural pulling that will occur due to the cable bolt under-
going a shear force.

Table 8. Interaction properties.

Master Slave Constraint Sliding Formulation
Concrete Steel Penalty Contact Finite Sliding
Tangential Behaviour Normal Behaviour
Friction Coefficient Pressure Overclose
0.5 Hard Contact

Rigid bodies have been applied to sections of the model. To apply the rigid body, a
set of reference elements, in this case body elements, was captured by a single reference
point. By defining elements of the model as a rigid body, the shape does not deform, and
therefore is not impacted when the load is applied. Rigid bodies have been placed at the
base of the end blocks and at the top block. Figure 8 below shows the rigid body elements
of the static and dynamic model.
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Figure 8. Rigid bodies of the static test.

3.6. Boundary Conditions and Loads

The double shear test involves fixing the end blocks and applying a vertical load to
the middle block. Therefore, when simulating the double shear test in ABAQUS, it is nec-
essary to apply boundary conditions to reflect this. The concrete end blocks were fixed in
all directions and fixed in all rotational axes, whilst the middle block was fixed in all di-
rections except the vertical plane and fixed in all rotational planes. The boundary condi-
tions were applied on reference nodes that contained the whole surface face set as defined
when applying rigid bodies. All boundary conditions were placed as an initial condition
(see Figure 9).

L.

Figure 9. Base (top) and fixed end (bottom) boundary conditions.

To prevent the bolt from slipping, it was fixed at the ends in all displacement and
rotational planes. A loading rate was defined for the middle block. The loading rate was
applied to the central reference node of the load cell and assumed to be 100 mm/s. This
was applied at Step 1 of the test as it was not an initial condition. For calibration purposes,
this was set to 200 m/s, as defined by Tahmasebinia et al. (2018) [5].

3.7. Assembly

The model was assembled such that the bolt fit perfectly within the box with a 50 mm
gap between each box. The purpose of this was to simulate a test whereby the frictional
forces of the boxes would not impact the shear analysis. Each block was 50 mm apart from
the next block. As the model was assembled as such, no frictional forces will contribute to
the measured shearing force of the bolt which would be measured by the load cell.

3.8. Step

A single step was generated for the analysis. To obtain accurate deflection infor-
mation, it is important to allow the test to run for an acceptable time step. Initially, a single
second time step was set up. This showed a deflection pattern that continually was rising,
suggesting that a longer time step was to be utilised. This was changed to 1.5 s. The force
vs. deflection graph agreed with the calibrated test study. It was also necessary to define
the number of outputs that ABAQUS would return to provide effective data that did not
span across a significant time step.

The analysis procedure of the static test was dynamic explicit. However, to conduct
a valid test for this model, mass scaling was applied, so a quasi-static test was observed.
Because the simulation includes rate-independent material behaviour, the natural time
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scale can be ignored. By artificially applying mass-scaling to the entire model, the mass is
increased, thus omitting any consideration of the natural time scale and achieving a quasi-
static analysis. Table 9 below tabulates the quasi-static mass scaling criteria. The maxi-
mum displacement can only be considered at the ultimate load resisted by the load cell as
displacement reflects the load cell displacement.

Table 9. Quasi-static mass scaling settings.

Region

Type Frequency/Interval Factor Target Time Increment

Whole Model

Target Time Inc. Beginning of Step None 1x10°

3.9. Calibration of the Model

Prior to performing any analysis, the model first required calibration. This is to show
that the results that were obtained from the model are consistent with proven experi-
mental studies and various academic literature. The static model was calibrated against
the results obtained from the ACARP C27040 paper using the double shear test on a 63 T
Indented Sumo bolt with 0 tonne pretension and angled perpendicular to the shearing
plane. Whilst the dynamic model was not calibrated against an experimental result, it was
compared against Tahmasebinia et al. (2018) [5] dynamic model, which measured impact
loading against deflection.

The development of the model required the simplification of geometrical and mate-
rial properties such as defining the cable bolt as a smooth single rod. Furthermore, as the
experimental testing includes manufacturing defects within the steel that is measured,
this contributes to the inaccuracies of simplifying the model. Whilst there are numerous
factors that contribute to the simplified inaccuracies of the model, the output is deemed
to be valid, and the model will be calibrated if the results display a similar pattern deflec-
tion force pattern, and the maximum results for displacement and force are within 25% of
the calibrated data.

The Drucker-Prager model was initially investigated as a parameter to increase the
overall accuracy of the model; however, it was omitted from testing as it significantly in-
creased the computational time without significant variation in the results.

The calibration of the model involved an iterative process which required constant
revision of the model by varying different parameters. The iteration process required care-
ful consideration of how variables were applied. For example, a first pass iteration of the
model did not consider applying boundary loads to the ends of the bolt, fixing them to be
restricted in all translations and rotations. This resulted in slipping of the bolt and observ-
ing large deflections. The meshing process was considered to determine the appropriate
balance between a fine and coarse mesh when examining the impact on the validation of
the model.

The static calibration model was obtained from the analysis with results graphed
against the experimental data. A visual assessment was conducted to compare the force
vs. displacement pattern of the graph to ensure consistency, whereas a quantitative anal-
ysis was conducted to confirm that calibration was achieved. A comparison between the
maximum displacement at ultimate force and maximum force of the model and experi-
mental data was completed.

Displacementstatic,Calibrated _ 73.5

- = = 0.79 = 79% calibration
DlSplacementStatic,Experimental 92.82

Forcegtatic,calibrated 647 . .
arictatorate = — =0.81 = 81% calibration
Forcestatic,Experimental 795

The calibrated force vs. displacement graph was plotted against the ACARP C27040
experimental data. As seen below in Figure 10, the calibrated model follows a similar cur-
vature to the experimental data, particularly up to the ultimate load. A key difference,
however, is the post-failure behaviour. The FEA data obtained show a gradual failure.
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This is inconsistent with existing steel behaviours which show that steel exhibits a much
more brittle failure, shown in the experimental data. The corresponding displacement for
the maximum force occurs at different stages. The FEA model was calibrated and vali-
dated to 80% and is deemed acceptable.

Initial Shear Failure

Combination of
Bending and Shear
Failure

800

Force (kN)
=y
g 3
8 8
\
\
\
S
N
)
\.
\
\
' |
=

— Calibrated Model
300 e ¢« mme— ACARP Experimental

0 20 40 60 80 100 120
Displacement (mm)

Figure 10. Static calibration model deflection behaviour.

The different modes of failure have also been successfully replicated by the FEA
model. Initially, a shear failure occurs where the force suddenly experiences a dip, fol-
lowed by a gradual increase in applied force to induce bending. Finally, fracture is shown
at the sudden drop where both shear and bending have both completely failed.

3.10. Testing

Once the model was calibrated, testing was conducted to obtain results for the para-
metric study. Testing involved examining the impacts of variables against deflection. The
test involved examining 6 cable bolt diameters and 6 steel strengths, totalling 36 test var-
iations. The parameters have been summarised below in Table 10.

Table 10. Testing parameters.

Bolt Diameter (mm) Steel Yield/Ultimate fy/fu (MPA)
18 550/650
20 565/685
23 633/844
25 847/934
28 922/1031
31 1382/1553

The results from the testing are presented in the next section, followed by a discus-
sion of the validity and trends of the data. Finally, conclusions from the test are obtained
and recommendations are provided for further study.

4. Results
4.1. Bolt Diameter

The results from the static double shear test when measuring the effect of varying the
diameter of the bolt are summarised in the graph below. A comparison of the effects of
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increasing the diameter was modelled for the varying yield strengths of the bolt to ensure
consistency within the bolt deflection pattern. Figure 11 compares the force vs. deflection
when yield strength is 550 MPa and 922 MPa.

Comparison of Varying Diameters
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. ~~ — |8 mm

. \ —— 20 mm

300 - L e~
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\
\
]
]

23 mm

For

- - cessennes 25 mm
- e LTI e 28 mm
200 =

31 mm

100

0 20 40 60 80 100 120

Displacement (mm)

Comparison of Varying Diameters

— — =31 mm

0 20 40 60 80 100 120
Displacement (mm)

Figure 11. Comparison of fy = 550 MPa (top) and fy = 922 MPa (bottom).

The varying bolt diameters show a consistent trend across all yield strengths,
whereby by increasing the bolt diameter, the bolt can absorb a larger energy capacity be-
fore failure. All bolts experience the same deflection pattern. However, the larger the bolt,
the greater capacity it can withstand before failure.

4.2. Yield and Ultimate Strength

A comparison of the effect of yield and ultimate stress was conducted. The below
Figure 12 shows a comparison of the force displacement graph of an 18 mm diameter bolt
and a 23 mm diameter bolt.



Appl. Sci. 2023, 13,1326

19 of 27

17mm Bolt Yield Strength Comparison

400
350

300

fy=550 MPa

)

fy=565 MPa
. LR fy=633 MPa

Forece (kN

o F T R EPOOON fy=847 MPa
150 o NSy --—-—-- fy=922 MPa
fy=1382 MPa

0 20 40 60 80 100 120
Displacement (mm)

23mm Bolt Yield Strength Comparison
800

700
600

500

fy=550 MPa
fy=565 MPa
fy=633 MPa

v+ fy=847 MPa
----- =022 MPa

400

Force (kN)

300
fy=1382 MPa
200

100

0 20 40 60 80 100 120
Displacement (mm)

Figure 12. Comparison of 18 mm bolt (top) 23 mm bolt (bottom).

5. Discussion

The static model investigated the effects of varying the bolt diameter and bolt
strengths. The results show a net positive correlation between bolt energy capacity ab-
sorbed. The deflection patterns when varying the bolt diameters and yield strengths agree
with the results obtained by Tahmasebinia et al. (2021) [13] and Mirzaghorbanali et al.
(2017) [2]. Due to the use of quasi-static testing and the application of mass scaling
throughout the entire model, this renders the entire model time independent. Therefore,
only time-independent analyses can be accurately extracted from the test. Energy absorp-
tion cannot be obtained from the analysis. An initial shear failure can be seen in the initial
phase of the test, where a sudden spike in force is followed by a sudden reduction. Here,
the cable bolt experiences a shear failure. The bolt continues to resist deformation due to
the combined shear and bending actions resisting the load. This pattern can be seen when
both varying the bolt diameter and the yield strength. This behaviour is most pronounced
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when the yield strength is 1382 MPa. There are three primary stages of bolt stresses: initial
shear failure, combination of shear and bending failure and complete failure (see Figure
13).

Shear Force vs Displacement of Static Loading

400
(c)

350
300
(b)

250

200

Foree (kKN)

= —

w 15} )

S 5} =)
=)

<}

=}

20 40 60 80 100 120
Displacement (mm)

(b) Plastic Yielding

(c) Ultimate Failure

Figure 13. Three stages of bolt failure under static loading conditions.

It was expected that the peak force and displacement would be observed when the
yield strength and bolt diameter were at a maximum. Interestingly, when yield strength
was increased from 633 Mpa to 847 Mpa, little to no change was seen. This was likely due
to an input error, and thus is considered an outlier. The displacement of the bolt at failure
increases, but the overall max. energy capacity does not make a significant increase de-
spite increasing the yield strength by 34%. Whilst the data obtained from the FEA illus-
trate a gradual failure of the cable bolt, this is due to inaccuracies with modelling. There-
fore, the bolt will be considered completely failed once the bolt reaches a peak force. A
summary of the maximum shear load corresponding to its respective shear strengths is
tabulated below in Table 11. Similarly, Table 12 compares the maximum displacement at
failure for the respective bolt diameters and yield strengths.
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Table 11. Maximum static shear load of bolts.

Maximum Shear Load (kN)
Bolt Diameter (mm) fy=500 Mpa  fy=565 Mpa fy=633 Mpa fy=847 Mpa fy=922 Mpa fy=1382 Mpa
18 129.0 136.4 189.0 185.0 211.3 339.3
20 186.4 197.5 269.4 270.5 302.0 492.5
23 254.8 272.3 369.2 364.5 409.8 705.7
25 305.1 325.8 443.1 441.3 497.8 848.0
28 394.8 423.0 582.6 575.4 647.0 1084.5
31 498.1 535.5 721.3 716.6 818.4 1301.5

Table 12. Maximum static displacement of bolts.

Maximum Displacement at Failure (mm)

Bolt Diameter (mm)

fy=500 Mpa fy=565 Mpa fy=633 Mpa fy=847 Mpa fy=922 Mpa fy=1382 Mpa

18
20
23
25
28
31

36.2 36.9 45.1 41.6 43.0 49.5
43.6 44.3 51.0 45.1 45.8 60.7
45.8 46.5 57.0 51.0 52.5 81.0
51.0 53.3 63.8 55.5 60.0 91.5
57.8 61.5 76.5 68.2 72.0 109.5
65.2 70.5 87.0 76.5 85.5 120.5

There is a positive correlation between the yield strength and bolt diameter and the
maximum force and displacement. This result is expected, as by increasing the yield
strength, the bolt increases the amount of force required to induce plastic deformation.
Similarly, this principle also applies to deformation. It is expected that as the bolt diameter
increases, the second of moment of area also increases. Furthermore, as deflection is in-
versely proportional to the second moment of area, the greater the diameter, the lesser the
deflection. As area and steel strength are directly proportional to the shear capacity, by
increasing the overall area and shear strength, the overall shear capacity increases. The
results obtained from the analysis agree with current literature, whereby increasing the
bolt size and yield strength results in a greater shear capacity at a larger displacement.
The results obtained from the static test align with the current literature and experimental
data modelling the double shear test [2,5].

6. Limitations of the Study

The model simulated the effects of a rock burst impacting a cable bolt. Whilst it
yielded valid results, the model and testing methods could be improved. The primary
limitation of the study is the simplification of the model itself. The configuration and em-
bedment of the cable bolt are critical parts of the cable bolt design. As seen in Figure 2,
there are various geometrical arrangements for the bolt. The purpose of this is to provide
various gripping strengths and additional tensile capacities. By reducing the bolts to a
simple cylindrical cable bolt and manually applying slip conditions, this does not provide
an accurate depiction of the effect of the cable bolt design. To improve the model, careful
construction of the cable bolt design should be conducted. Interwoven mesh bolts contain
the intentional design to increase tensile and shearing capacities by increasing the number
of contact surfaces. The purpose of the bulbed cable bolt is to allow energy to be suddenly
dissipated if stresses reach a capacity. This effectively increases the overall energy dissi-
pation of the bolt, which cannot be replicated using this simplification. Ultimately, these
design factors are significant factors that contribute to the bolt capacity that are omitted
from testing.

The calibration of the model was not ideal as it was not precisely calibrated against
an identical test. The model it was calibrated against included the contact properties be-
tween the concrete blocks. This condition was omitted and instead included a 50 mm gap
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to effectively reduce the number of contact points. Without proper definition of contact
properties over a large contact surface area, the model is likely to experience convergence
issues, resulting in a greater computational time and potentially invalid results. Aziz et al.
(2021) [53] partially attributes the dissipation of shear forces to overcome frictional forces.
By using the Mohr—Coulomb and Fourier series relationship, he estimated that approxi-
mately 30% of the shear force was redirected to overcome the frictional forces of the con-
tact surfaces.

Cable bolts need to be correctly anchored into the rock mass to allow for the induced
axial tension load from rock deformation to bind the rock mass together [54]. This is
achieved by three techniques, namely grouting using resin or cement, friction and a me-
chanical device. They all share the same purpose of increasing the contact surface area
between the cable bolt and the rock surface to ultimately provide a binding action between
the two materials. The anchoring process is unique to the bolt and manufacturer. This
model does not account for any grouting, as it was assumed that this connection would
be fully frictional. By assuming the bolt to be perfectly cylindrical and the box to have a
perfectly rounded hole, the bolt will be in full contact with the box. This is unrealistic as
it bypasses the need for the grout. To improve the testing conditions, simulating the grout-
ing conditions and its interaction between the bolt and box would be necessary.

Ideally, a more refined mesh would yield more accurate results as the FEA gives a
truer representation of the behaviour of each part. This can be seen when examining the
cross-sectional area of the bolt and box. As the concrete box was meshed using a coarse
and fine mesh, the localised region around the bolt at the box formed a rectangular mesh.
A finer mesh could have been utilised around this region to enhance the accuracy of the
overall analysis. Additionally, mesh grading could have been applied to allow for a
smooth transition from regions of finer meshing to regions of course meshing.

A finer concrete mesh resulted in a smoother curve with fewer oscillations. Addition-
ally, the inertial spike is also minimised when the mesh is refined. By introducing a finer
mesh, the computational time significantly increases. Figure 14 below compares the mesh
size of the original mesh against the finer concrete mesh. This posed a significant limita-
tion, as a balanced mesh which was compatible with computational power and yielded
reasonable results required balancing. As part of a preliminary investigation, meshing
was set at 2 mm. This resulted in a computational time that exceeded half an hour and
was therefore both ineffective and impractical. A test was conducted to examine the effects
of refining the mesh. This resulted in a computational time that was 12 times more than
the original mesh sizing. Whilst the results obtained from the fine mesh are more accurate,
it would not be feasible to run over 600 tests at this capacity.

Figure 14. Comparison of a fine concrete mesh (left) and coarse concrete mesh (right).

Calibration for the model was against the experimental data from the ACARP 2021
study. Calibration for valid data was limited to this paper. By increasing the number of
comparative studies used for calibration, a more accurate calibrated model could be
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achieved. A variety of results will provide a greater verification of the data and hence the
results obtained will be more consistent with all data.

7. Recommendations

As stated in the discussion, many limitations arise from issues with complex model-
ling in the FE study. These can be rectified in future modelling attempts. The following
recommendations for improving the modelling are briefly outlined below:

e Incorporate specific bolt patterns and configurations when modelling the bolt, as the
design itself is a crucial aspect of understanding how various bolts are suited for dif-
ferent conditions.

e  Explore various surface contact conditions such as frictional slip coefficients and the
physical structure between the embedded bolt and block to simulate in situ rock im-
perfections. Include grouting as a bolt to grout to rock surface binding medium.

e  Utilise regression analysis to develop a comprehensive understanding of the rela-
tionship between bolt diameter, yield strength, loading velocity and mass of load.

Whilst these recommendations pertain to improving the model to return results of a
greater accuracy, the following recommendations focus on the overall improvement of
mining and geotechnical engineering literature to ensure safety in design in future en-
deavours:

e  Utilise greater cross-calibration between physical testing methods such as drop test-
ing and FEA tools. Utilise various FEA packages to conduct specialised testing meth-
ods to also ensure consistency and validity of results.

e Conductreliable experimental testing to validate FEA modelling. Develop repeatable
and reliable experimental testing methods at scales.

e  Develop modelling techniques that can holistically incorporate the entire support
network and be able to apply testing techniques at large scales.

8. Conclusions

The generation of an acceptable static model of the double shear test to simulate the
effects of rock bursts using the FEM software ABAQUS has been successfully modelled.
In line with the aims and methods outlined in the study, the model was developed and
calibrated against existing experimental data. Results from the model agreed with existing
literature and hence, a successful model was created.

The FEA investigated the influence of the following parameters, bolt diameter, steel
yield and ultimate strength against the measured force and displacement. Through this,
the energy absorption was calculated to understand bolt capacity. The comparison of bolt
behaviour subject to static loading conditions showed an overall positive correlation be-
tween geometrical and mechanical properties of the bolt as well as external loading con-
ditions to the bolt energy absorption capacity.

The measured mechanical responses of the bolt subject to various loading conditions
bridge the knowledge gap of cable bolt behaviour in precarious mining conditions. Whilst
the study provides valuable data results, improving upon the limitations of the study by
introducing more complex modelling techniques and addressing key assumptions may
allow the characterisation of cable bolt behaviour subject to dynamic loading to a higher
degree of accuracy.
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Appendix A

Python code to obtain fracture energy:

from google.colab import drive
drive.mount(‘/content/gdrive’)

import numpy as np

import pandas as pd

import matplotlib.pyplot as plt
import csv

dataset_path = “gdrive/My Drive/Colab Notebooks/thesis/stressstrain.csv”
import csv

with open(dataset_path, newline=") as csvfile:
data = list(csv.reader(csvfile, delimiter="\n"))

new_array =[]

for thing in data:

for string in thing:

string = string.split(“,”)

for element in string:
element.strip(“,”)

string][:] = [x for x in string if x]
new_array.append(string)

new_array = [x for x in new_array if x|
newer_array =[]

for line in new_array:

if len(line) == 144:

line = [val for val in line for _ in (0, 1)]
newer_array.append(line)

else:

try:

line = [float(x) for x in line]
newer_array.append(line)

except ValueError:

continue

coords_with_names = newer_array

list_t_names = np.array(coords_with_names).T.tolist()
coords = newer_array [1:]

list_t = np.array(coords).T.tolist()

from scipy import integrate

table =[]
i=0
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while True:
if i > 286:
break

table_row =[]
table_sums =[]

x = list_t[i]

y = list_t[i+1]

y_int = integrate.cumtrapz(y, x, initial = 0)
y_int_sum =np.trapz(y, x)

name = list_t_namesi]
table_row.append(name [0])
for integral in y_int:

table_row.append(integral)

table.append(table_row)
table_sums.append(y_int_sum)

plt.plot(x, y_int, ‘r’, label="test 1")

plt.legend(loc="best’)

plt.show

i+=2

np_table = np.array(table).T.tolist()

file = open(‘gdrive/My Drive/Colab Notebooks/thesis/fractureresults.csv’, ‘w”)

writer = csv.writer(file)

for row in np_table:
writer.writerow(row)

file.close()
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