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Resin anchored rock bolts are widely used in the construction and mining industries to support and reinforce
underground roadways and openings. However, increasing the depth of underground openings, particularly in
coal mines, has presented a challenge for ground control designers due to the rise in geothermal heat and coal
seam combustion. This study aims to comprehensively investigate the mechanical properties, microstructure,
thermal and curing characteristics of the anchoring resins using Thermogravimetric Analysis, Dynamic Me-
chanical Analysis, and Differential Scanning Calorimetry tests. Pullout tests were conducted on resin encapsu-
lated rock bolts to quantify their bonding performance at elevated temperatures ranging from 20 °C to 250 °C.
The results showed that the mechanical properties of the resins are closely related to the type of curing agent,
filler type and size, and curing time. The compressive strength and elastic modulus of the anchoring materials
ranged from 51 to 103 MPa. DSC testing indicated that 65-83% of curing can be achieved in 30 min. At ambient
conditions, good agreement was found between the compressive and shear properties of the anchoring resins and
their corresponding bond resistance force. A heating and pull-out setup was fabricated to analyze the effects of
temperature on the bonding performance of rock bolts chemically anchored in underground spaces. The results
revealed a reduction in bonding capacity of the bolts by 6.6%-31.3% when the temperature of the environment
reached 75 °C and 150 °C, respectively. The anchored bolts maintained up to 62.6% of their bonding resistance
when the temperature increased to 250 °C. Temperature profiles measured by the thermocouples along the
encapsulation length showed that the heat transition is independent of the resin type and more dependent on the
rock bolt specification.

function of the bonding agent is to transfer the anchoring load from the
bolt to the surrounding rock mass and vice versa. There are two basic

1. Introduction

Anchoring systems are commonly used for reinforcing and support-
ing ground and underground structures'. These systems can be classified
into three main categories: stranded steel tendons (cable bolts),
deformed or threaded steel bars (rock bolts), and glass fiber reinforced
polymer bars (GFRP). Rock bolting can be anchored either mechanically
using an expansion wedge or shell or chemically using bonding agents.
Chemically anchored rock bolts are typically inserted into a pre-drilled
hole in the host media and filled with a structural bonding agent. The

types of bonding materials: chemical and non-chemical. Cement-based
materials, often called grout, are an example of non-chemical bonding
agents and are not covered in this study. Unsaturated polyester resin
(UPR), vinyl ester resin (VER), and epoxy resin are the most commonly
used chemical bonding materials’. UPR-based bonding products are
widely used in mine support and building strengthening projects due to
their shorter cure time, good bonding strength, and low cost’. The
thixotropic and viscosity nature of polyester-based resins enhances their
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workability for various applications, although this group offers lower
bonding capacity compared to vinyl ester and epoxy resins. The degra-
dation process of UPR and VER under different conditions, such as
exposure to chemicals, microwave radiation, and high temperature, has
been studied, and it has been established that immersion in aggressive
solvents and exposure to higher temperatures (e.g., 1000 °C) degrade
and carbonize the matrix, while UV radiation causes additional
cross-linking in the resins®. For anchor bonding applications, anchor
resins can be distinguished by vial (two-component cartridge) and in-
jection systems. The two-component cartridges typically consist of a
tube of polyester film filled with polyester resins and a curing agent
(catalyst), which is usually a peroxide like methyl ethyl ketone peroxide
or benzoyl peroxide. A film barrier of polyester is used to prevent
migration between the resin and the hardener. Inorganic fillers such as
calcium carbonate (CaCOgs) and silica are usually added to the resin
components to enhance the mechanical properties and minimize ex-
penses. Several studies have been conducted to investigate the effect of
filler content and particle sizes on the mechanical properties of polyester
resins, and it has been reported that mechanical and bonding properties
of resins can be enhanced by incorporating an optimum content of
filler”®.

The behavior of resin-encapsulated anchors can be viewed from two
perspectives: short-term properties, including gelling time, setting time
(early curing time), and early bonding strength; and long-term proper-
ties, including bearing capacity against static and dynamic loads, and
resistance to harsh and corrosive environments, temperature, and fire.
The chemical formulation of resins is a critical characteristic, along with
other parameters such as host rock mass condition, level of in-situ stress,
and mechanical and geometric specifications of the anchoring element,
which influence the performance of rock bolting systems. Curing of
thermosetting resins is an exothermic and time-dependent chemical
reaction that occurs once the components (resin and curing agent) are
mixed. Gelation is an important factor achieved when the chemical re-
action proceeds sufficiently such that the mixture achieves a flexible but
non-flowing three-dimensional high molecular structure. The gel time,
early and fully curing time, and viscosity of the product influence the
suitability of chemically anchored rock bolts for particular
applications’.

There is a broad range of literature on the experimental and nu-
merical investigation of the effects of different factors, such as me-
chanical properties of anchoring materials, confining stress, anchoring
materials mixing and installation procedure, and rock bolt geometrical
and mechanical properties, on the bond behavior of fully encapsulated
rock bolts in ambient conditions'® '®, Huang et al.'® concluded that
Basalt FRP bars anchored with resin with a higher elastic modulus have
higher shear stiffness compared to the bars anchored with a lower elastic
modulus. Pull-out tests conducted by Dudek and Kadela®® on chemically
bonded steel bars showed that the bearing capacity of the bars bonded
by epoxy adhesive is slightly higher than those bonded using polyester
resins. The results of various studies also show that mechanical char-
acteristics of grout play a vital role in determining the bearing capacity
of rock bolts and cable bolts'**! %3,

Previous research studies have shown that the mechanical properties
and load-bearing capacity of anchoring resins depend on temperature.
Wang et al.>* examined the effects of high temperature and low hu-
midity on the mechanical properties of grouting materials in
high-geothermal tunnels. They found that these factors have an adverse
effect on cementitious grout. Jahani et al.?” experimentally studied the
influence of temperature on the mechanical properties of a structural
adhesive and found that the mechanical properties decrease when the
curing and post-curing temperature exceeds the glass transition tem-
perature (Ty) of the adhesive. T is defined as the temperature range at
which the state of a thermosetting resin changes from a glassy state to a
rubbery state’®. Previous research has shown that commonly used
structural agents have Tg in the range of 40-70 °C, and their mechanical
properties substantially change when the working temperature
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approaches the corresponding Tg*”%%. It has been shown that for tem-
peratures below 60 °C, the properties of chemical bonding agents are
slightly affected. However, for temperatures above 60 °C, there is a
significant reduction in bonding properties. Reis*’ measured the elastic
modulus, flexural strength, and compressive strength of polymer mor-
tars under different temperatures and concluded that the flexural and
compressive strength decrease at elevated temperatures.

To characterize the bonding behavior of an encapsulated bolt in
thermal environments, two sets of data are essential: the temperature
distribution along the encapsulation length and the relationship be-
tween induced bond stress and temperature. The temperature profile
along the bonded length is a time-dependent factor, but the testing
configuration and method also affect the temperature distribution pro-
file. There is limited literature regarding the investigation of the effects
of elevated temperature on the bonding properties of chemically bonded
anchors in concrete structures, particularly in underground applica-
tions. The experimental procedures and standards developed for inves-
tigating the performance of reinforcing materials in concrete structures
under elevated temperature may not be suitable for underground ap-
plications because the conditions vary significantly. Temperature rises
in underground spaces, such as tunnels and mines, can be due to fire,
combustion, machine working, and geothermal heat. In concrete struc-
tures, the temperature elevation in the bond is closely dependent on the
geometry of the concrete structure®’. In underground structures, only
the free end of the reinforcing element and the external fixtures are
exposed to the ambient heat, regardless of the geometry of the opening
(except in the presence of geothermal heat, which is transmitted from all
directions). In determining the resistance to heat of rebars in concrete
structures, the main thermal flux is usually subjected to the lateral sides
of the concrete specimens®*. The European Organization for Technical
Assessment (EOTA) outlines that “The main thermal flux shall be ori-
ented towards the lateral side of the concrete cylinder. The non-bonded
part of the rebar shall not be directly exposed to the heat source".
Al-Mansouri et al.>? and Lakhani and Hofmann>* observed a large dif-
ference in the temperature variation along the encapsulation depth for
the specimens where the bolt itself was exposed to heat compared to the
specimens where the bolt was insulated.

The literature reports that the mechanical and thermal characteris-
tics of UP, VE, and epoxy, with various formulations of matrix, filler, and
other additives, have been well-studied under different environmental
and testing conditions®>**, However, the literature lacks comprehen-
sive studies that evaluate the axial performance of resin-embedded rock
bolts at higher temperatures, which could simulate the underground
conditions where the bolts are installed. This paper presents a qualita-
tive and quantitative discussion of the mechanical and thermal charac-
teristics and behavior of commonly used anchoring UP resins.
Additionally, the bearing performance of encapsulated rock bolts was
investigated under elevated temperatures in simulated underground
heating conditions. Furthermore, the interrelationship between the
bearing capacity of rock bolts under ambient and elevated temperature
conditions and the thermo-mechanical characteristics of the anchoring
materials was examined, and the relevant failure patterns were
analyzed. As previously stated, the conventional testing procedure
developed for evaluating the effects of high temperatures on the per-
formance of anchoring materials in concrete structures is not suitable for
underground structures. To address this incompatibility, a new testing
set-up was designed to mimic the conditions of these environments. The
outcomes of this study may aid in developing standard testing methods
for reinforcing materials used in underground applications. Moreover,
the results of this study may inform the design and construction of more
efficient and reliable rock support systems, leading to safer and more
efficient underground excavations. Importantly, extending the depth of
underground openings, particularly coal mines, increases the
geothermal heat and combustion of coal seams, posing a challenge for
ground control designers. Therefore, understanding the performance of
anchoring materials at higher temperatures is crucial.
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2. Experimental procedure
2.1. Materials

The study employed four types of two-component polyester resins
(denoted as resins A, B, C and D), specifically synthesized for rock
bolting, as the bonding agent. The polyester resin component of these
resins contained styrene monomer and was filled with CaCO3 inert
fillers of various particle sizes, ranging from 0.5 pm to 1300 pm. Two
types of curing agents, a water-based and an oil-based catalyst, were
utilized in the research. Both catalysts contained the same limestone
filler but differed in the amount of benzoyl peroxide initiator. The spe-
cific mixing ratios of the resins and the catalysts are presented in
Table 1. The resins were catalyzed using 20% w/w and 8% w/w of
water-based and oil-based catalysts, respectively, as shown in the table.
The components of the bonding resins used in this study are illustrated in
Fig. 1.

2.2. Experimental program

The testing program was divided into three stages. In the first stage,
the mechanical properties of the bonding agents, including their
compressive, tensile, and shear characteristics, were determined. The
compression test was conducted on specimens cured for 1 h, 1 day, 3
days, and 30 days to investigate the effect of curing time, while tensile
and shear tests were only performed on specimens cured for 30 days. In
the second stage, microstructural analysis of the failure surfaces ob-
tained from the mechanical experiments was carried out, along with
thermal analysis, including thermogravimetric analysis (TGA), differ-
ential scanning calorimetry (DSC), and dynamic mechanical analysis
(DMA). This investigation was conducted to study the decomposition,
storage modulus, curing rate, and T, which are important factors to
consider when assessing the effect of temperature on the behavior of
materials. The TGA and DMA tests were performed on specimens cured
for 30 days, while the DSC test was carried out on uncured specimens
and specimens cured for 0.5 h, 1 h, 24 h, 7 days, and 30 days. The DSC
analysis was undertaken at different curing times to accurately quantify
the curing percentage of the resins after mixing with the catalysts. The
third stage of this experimental study investigated the bonding behavior
and anchoring capacity of rock bolts under both room and elevated
temperatures. As this study targeted the underground application of
reinforcing materials, testing setups used in the literature were not
considered suitable. Therefore, a unique heating and testing setup was
developed to simulate the desired elevated temperature conditions. Pull-
out tests were then conducted on the bonded rock bolts at room con-
ditions and elevated temperatures of 75 °C, 150 °C, and 250 °C.

2.3. Mechanical tests

All the specimens for the mechanical, thermal, and pull-out analyses
were prepared by mixing the main components of the resins using a

Table 1
Resin components used in the study.
Items Type A Type B Type C Type D
Matrix resin Polyester Polyester Polyester Polyester
Resin Resin Resin Resin
Filler CaCO3 CaCO3 CaCO3 CaCO3
Filler particle size 10-425 0.5-425 10-1300 10-1300
(pm)
Bulk density of 1817 1746 1790 1795
resin mastic (kg/
m3)
Curing agent Water- Oil-based Water- Oil-based
based based
Mixing mass ratio 4:1 11.5:1 4:1 11.5:1

(resin: catalyst)
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Resins

<4— Curing agents

Fig. 1. Bonding resins components used in this study.

laboratory mixer. The mixing process was carried out in a room with a
temperature-controlled system set at 20 °C, and the mixing time and
speed were set to 30 s and 500 rpm, respectively. Inmediately after the
mixing process was completed, the uncured resins were poured into the
designated molds. The specimens were then demolded after 30 min and
stored in a temperature-controlled environment at 20 °C to complete the
curing process. The specimens were tested at the scheduled curing time
frames. Table 2 summarizes the details of the mechanical tests per-
formed on the specimens. The tests were executed following the ASTM
standards listed in Table 2. To verify the accuracy and consistency of the
results, the tests were repeated for each type of resin at the desired
curing period (refer to Table 2). Conventional resistive strain gauges
were used to instrument the specimens in compressive and tensile tests
to measure the respective lateral and axial strains, and consequently
calculate the compressive and tensile elastic modulus and Poisson’s
ratio. The tensile and V-notched shear (Iosipescu) tests were conducted
using a 100 kN hydraulic servo-controlled MTS machine. A Wyoming
shear testing fixture was used for the V-notched shear specimens.
However, the compressive tests were performed using a 1000 kN hy-
draulic servo-controlled UTM machine due to the need for higher load
before yielding. Fig. 2 illustrates the mechanical testing of the
specimens.

2.4. Microstructural and thermal analysis

The morphology of the specimens was observed using a Jeol
Benchtop (JCM-6000) Scanning Electron Microscope (SEM). Non-
isothermal analyses were also performed to determine the curing per-
centages, using a TA Instrument Discovery DSC-25. The uncured and
cured samples (taken at 0.5 h, 1 h, 1 day, 7 days, and 30 days) were
heated from 0 °C to 150 °C with a constant heating rate of 5 °C/min. For
the DSC experiments, ~12 + 0.1 mg of the sample was loaded into
hermetically sealed aluminum pans using a manual crimper. Thermog-
ravimetric analysis was carried out using a TA Instruments Discovery
SDT 650. The temperature was raised from room temperature to 600 °C
at a rate of 5 °C/min. Dynamic Mechanical Analysis (DMA) was con-
ducted in accordance with ASTM D7028 standard, using a TA Instru-
ment Hybrid Rheometer (Discovery HR-2). Rectangular specimens, with
dimensions of 60 mm (L) x 12 mm (W) x 4 mm (T), were clamped in a
dual cantilever fixture. Before beginning the test, the specimens were
conditioned at 0 °C for 15 min, and then heated with a 5 °C/min rate
until 120 °C under an oscillation mode at a frequency of 1 Hz. Fig. 3
illustrates the equipment and specimens used for the thermal analysis.

2.5. Pull-out tests under elevated temperatures

For the pull-out experiments, steel rock bolts with a nominal diam-
eter of 22 mm (rib-to-rib), fully bonded in steel pipes with an outer
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Table 2
Mechanical tests parameters.
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Test Curing age Standard Dimensions L x W x T (mm) Geometry Ng* N Loading rate
Compressive 1h, 1day, 3days, 30days ASTM:C579 50 x 50 x 50 Cubic 3 48 1.5 kN/s
Tensile 30days ASTM:D638 120 x 10 x 10" Dog bone 5 20 1 mm/min
Shear 30days ASTM:D5379 76 x 20 x 10° V-notched 5 20 1 mm/min

@ Width at the middle of the specimens.

b The widths of the specimen at the notch is 11 mm.
¢ Ng: number of the tests at each testing group.

d Nr: total number of the tests.

Fig. 2. Mechanical testing, (a) compressive (b) tensile and (c) V-notched (Iosipescu).

(a)

Fig. 3. Thermal analysis instruments, (a) Discovery HR-2, (b) DSC-25 and (c)
DSC specimens in designated tray.

diameter of 43 mm, thickness of 5 mm, and length of 150 mm, were
used. The rock bolts had a yield strength of 650 MPa, a tensile strength of
890 MPa, and an elastic modulus of 220 GPa. The pipes were rifled
internally to mimic field conditions and ensure debonding occurred
either in the bonding materials or at the bolt-resin interface. Freshly
mixed resins were poured into the pipes, and the rock bolts were cen-
trally installed using designated and fabricated centralizing tools. The
specimens were stored at room temperature. The first set of experiments
was conducted at room temperature, while the second group of tests was
performed at elevated temperatures. To simulate rock bolt performance
in underground applications, specialized heating and testing equipment
was designed and fabricated. This consisted of an insulated heating
chamber with a temperature range of 50 °C-400 °C. Thermocouples
measured the system temperature and provided feedback to the control
system. Once the chamber was installed under the middle crosshead of
the 1000 kN UTM, the specimen was placed under the chamber by

passing the bolt through the designated 40 mm hole in the center of the
heating chamber. The free end of the rock bolts was clamped by the
conical jaws located on the upper crosshead of the 1000 kN UTM. The
middle crosshead was then adjusted so that the upper side of the steel
pipe sat underneath the chamber. Three k-type thermocouples (named
T1, T2, and T3) were positioned along and on the bolt at 30 mm, 80 mm,
and 130 mm from the loading end. One thermocouple (T0) was attached
to the bolt, 15 mm outside the encapsulation surface. The chamber was
heated from room temperature to the set temperature at a rate of 10 °C/
min. The specimen was kept at the set temperature for 30 min, and then
the pull-out load was applied at a rate of 1 mm/min until debonding
occurred. Table 3 and Fig. 4 illustrate the pull-out test experimental
array and the pull-out experimental setup, respectively.

3. Results and discussion
3.1. Mechanical properties

In this section, the results obtained from the mechanical testing will
be presented and discussed.

Table 3
Pull-out test experimentation.

Bonding Encapsulation Testing Number Exposure time
type length (mm) temperature of tests to the desired
Q) temp (min)
Type A 150 24%, 75, 150, 4 30
250
Type B 150 22" 1 n/a
Type C 150 227 1 n/a
Type D 150 20, 75, 150, 4 30
250

% Room temperature.
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Bolt clamping

Heating chamber
clamping

Heating chamber

Encapsulation tube

Thermocouples’ wires installed
along the bond length

Fig. 4. Pull-out testing set-up.

3.1.1. Compressive properties

Table 4 presents a summary of the compressive test results after 30
days. Resins A and C showed the lowest compressive strength and elastic
modulus. This is believed to be due to the challenge of effectively mixing
water-based additives, which can create voids and defects in the cured
specimens. The failure surface images of the specimens (Fig. 5) indicate
that resins A and C have more porosity compared to resins B and D. Since
the mechanical behavior of solids is often governed by flaws, it is
reasonable to conclude that under compression, localized tensile stress is
initiated at the defects, leading to crack propagation and eventual ma-
terial failure. Microstructural effects, such as voids and second-phase
particles (such as fillers and fibers), are the primary reasons for crack
initiation and development in polymeric materials under compressive
load™.

Resin D exhibited an 86% higher compressive strength than resin C,
despite using the same matrix resin and filler type and size, suggesting
that the improvement is linked to the type of catalyst. Table 1 and
Table 4 suggest that filler particle size also affects the mechanical
properties of chemical bonding materials. Resin C demonstrated slightly
higher compressive strength than resin A (~5.3%) despite using the
same type and ratio of curing agent. The same trend was observed in
resins B and D, where resin D exhibited higher compressive and elastic
modulus than resin B (~9.9%), possibly due to a wider CaCOs particle
size distribution in resin C. Bagherzadeh et al.7 noted that combining
fillers with different particle sizes can enhance the compressive strength
of anchoring bonds. When there is a sufficient amount of resin present,
the voids are typically filled completely, resulting in maximum stress.
Generally, finer particle sizes lead to higher strength properties of
composite materials in particular tensile and flexural strengths®’. The
compressive tests conducted in the current study indicate that samples
with a wider particle size distribution resulted in slightly stronger resin
compared to those with a narrow particle size. This could be due to

Table 4
Summary of the 30-day compressive tests.
Resin type Resin A Resin B Resin C Resin D
Ultimate Strength (MPa) 51.78 + 93.78 + 54.55 + 103.05 +
0.51 0.97 1.65 1.51
Young’s Modulus (GPa) 471 + 7.45 + 478 £0.1  8.03 +0.07
0.09 0.06
Poisson ratio 0.22 + 0.28 + 0.23 + 0.36 + 0.04
0.01 0.02 0.01
Strain at ultimate 1.112 1.274 1.491 1.561

strength (1072)
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several factors, such as (1) a wider particle size distribution allows for
more efficient packing of filler particles in the resin matrix, leading to a
denser material with fewer voids and gaps, (2) the use of larger particles
may result in a greater degree of interlocking between the particles in
contact, and (3) a wider range of particle sizes may result in a more
uniform distribution of filler particles within the resin matrix. Yeon
et al.”® reported an slight increase in the compressive strength of UPR
polymer concrete with increase in the size of spherical filler particles.
The compressive strength and elastic modulus of resin A were found to
be the lowest among the tested resins, measuring 52 MPa and 4.71 GPa,
respectively. On the other hand, resin D exhibited the highest
compressive strength and stiffness. Its ultimate compressive strength
and elastic modulus were measured to be 103 MPa and 8 GPa, respec-
tively. This resin contained a wider range of filler particles and an
oil-based curing agent, which resulted in higher strength and stiffness
compared to the other resins. Fig. 6 depicts the compressive stress-strain
curves of the specimens tested at room temperature. The compressive
behavior of the specimens, as shown in Fig. 6, resembles the deformation
process of quasi-brittle materials, which involves an elastic phase, strain
hardening, peak stress, strain softening, and a sharp decline in stress*°.
All specimens exhibit linear stress-strain behavior in the elastic zone
until approximately 85% of peak stress. At the end of this stage, peak
stress is achieved, which is associated with specimen failure followed by
a sudden decline in stress. At this stage, the absorbed energy is released
suddenly in the form of crack propagation. This behavior is comparable
to the post-peak behavior of brittle materials due to the sudden reduc-
tion in stress*”**®. The maximum compressive stress was obtained at true
strains of 1.1%, 1.2%, 1.49%, and 1.56% for resins A, B, C, and D,
respectively. The Poisson ratio of the resins was also determined using
the strain values obtained from strain gauges. It can be observed from
Table 4 that the Poisson ratio ranges from 0.22 to 0.36.

Fig. 7 depicts the compressive stress-deformation curves for curing
times of 1 h, 1 day, 3 days, and 30 days. It is evident that the compressive
behavior of the tested anchoring resins is influenced by their curing
time. Chen et al.*’ have identified five distinct stages of typical
compressive stress-strain behavior for polymers: linear elastic stage,
nonlinear elastic stage, yield-like (peak) stage, strain softening stage,
and perfectly plastic behavior stage. Resins A and C cured for 1 h
exhibited all five stages, while resins C and D cured for 1 h displayed
only the first two stages followed by a strain hardening stage, with
significant deformation occurring with slight increases in stress. As
shown in Fig. 7, resins B and D exhibited ductile behavior for specimens
tested at 1 h, whereas resin A displayed quasi-ductile behavior and resin
C behaved like a typical polymer (elastic-yield (peak)-softening-plastic
behavior). The stress of resins B and D slightly decreased after reaching
2.6% strain, while the limit was 1.7% for resins A and C tested at 1 h
(Fig. 7). No distinct ductile-brittle transition point was observed in the
post-peak region for specimens tested at 1 h.

A comparison of the stress-deformation curves presented in Fig. 7
indicates that the degree of ductility is a function of time and the catalyst
type used. It can be concluded that the compressive stress-strain rela-
tionship of resins changes from ductile behavior at the early stages of
curing (e.g., resin B and D at 1 h) to a quasi-brittle behavior when it
hardens (e.g., resins A, B, C, and D at 30 days). Furthermore, it is clear
that the resins with oil-based catalyst components (i.e., resins B and D)
exhibit more ductility compared to the ones with water-based catalysts
(i.e., resins A and C). This indicates that the curing process is faster in
resins A and C in which the water-based catalyst was used. The curing
degree of the specimens over time is described in detail later in Section
3.2. Resin B tested at 1 day and D tested at 1 day and 3 days still illustrate
strain hardening behavior after the yielding point. Elastic-yield like
(peak)-strain softening behavior presented in resins A and C at 1 day, 3
days, and 30 days, resin B at 3 and 30 days, and resin D at 30 days, is
similar to the stress-strain behavior of polymer concrete with a high
proportion of fly ash®. The basic response of the four specimens at the
late stages of curing as shown in Fig. 7 is nearly identical. However, a
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Fig. 5. Failure surface of the specimens from mechanical tests.
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Fig. 6. Stress-strain behavior of different resin specimens tested at 30 days.

comparison of the stress-strain curves reveals that the descending rate of
stress at the post-yield strain softening stage is greater at higher curing
stages.

The results of the compressive tests conducted on different types of
resins over time are summarized in Table 5 and Fig. 8. It is observed that
the ultimate compressive strength and elastic modulus of the resins in-
crease with curing time. For example, the compressive strength of resin
A improved by 20%, 33%, and 57% after 1 day, 3 days, and 30 days of
curing, respectively, compared to the 1-h specimen. Resin B exhibited an
improvement of 43%, 56%, and 96%, while resin C and D showed an
improvement of 35%, 53%, and 89%, and 40%, 66%, and 119%,
respectively. This development in compressive strength is attributed to
the curing of the resins, and the results indicate that the water-based
catalyst promoted a faster hardening process at the very early stage of
curing compared to the oil-based catalysts. In cases where strain hard-
ening is not observed, the yield strength and peak strength become
equivalent.

Fig. 9 depicts the macroscopic failure patterns of the specimens
subjected to compression over different curing periods. In most cases, a
cone-shaped rupture is clearly visible, but in a few cases (e.g., 1-h C, 1-
Day B, and 1-Day D), debris covers the failure mode. The wedge in the
compressive specimens forms an angle of approximately 45° with the
vertical side of the specimen. In all specimens, failure began with a
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Table 5
Compressive results over curing periods.

Resin Type Parameters 1 Hour 1 Day 3 Days 30 Days

Resin A Peak Strength (MPa) 329 39.6 43.9 51.7
Yield Strength (MPa) 28.9 39.6 43.9 51.7
Young’s Modulus (GPa) 3.06 2.84 3.99 4.71
Strain at yield (10~2) 1.02 1.52 1.33 1.12
Strain at peak (10’2) 1.67 1.52 1.33 1.12

Resin B Peak Strength (MPa) 47.6 68.1 74.6 93.7
Yield Strength (MPa) 38.5 60.3 74.6 93.7
Young’s Modulus (GPa) 3.68 5.39 6.01 7.45
Strain at yield 107% 1.28 1.22 1.61 1.5
Strain at peak (10~2) 2.53 1.99 1.61 1.5

Resin C Peak Strength (MPa) 28.8 39.1 44.3 54.6
Yield Strength (MPa) 28.8 39.1 44.3 54.6
Young’s Modulus (GPa) 1.83 2.15 3.73 4.78
Strain at yield (1072 1.63 1.67 1.33 1.18
Strain at peak (10’2) 1.63 1.67 1.33 1.18

Resin D Peak Strength (MPa) 47.3 66.3 78.6 103.9
Yield Strength (MPa) 36.6 58.1 78.6 103.9
Young’s Modulus (GPa) 4.09 5.50 6.52 8.03
Strain at yield 107% 1.06 1.18 1.68 1.48
Strain at peak (10~2) 2.44 2.24 1.68 1.48

bulging deformation in the middle of the specimens, followed by the
final cone-shaped failure. However, the degree of initial bulging varied
based on the resin type and curing age. For example, among the speci-
mens tested after 1 h, the resin D specimen exhibited the greatest degree
of bulging, while the lowest degree was observed in resin A. The
deformation measured in the middle of the specimens using mounted
strain gauges indicated that the lateral deformation in specimen D
before failure was greater than that of specimen C, which may result in a
higher Poisson ratio for resin D tested at 1 h, as well as a higher degree of
bulging compared to the other resins. Furthermore, the lateral strain
values recorded during uniaxial loading exhibited a gradual reduction in
the degree of bulging with increasing curing duration. After 1 day, the
bulging was significantly reduced for resins A and C compared to resin B,
and particularly for resin D. These failure patterns can be related to the
post-yield stress-strain relationship presented in Fig. 7. Since the bulging
deformation is greater in resins B and D than in resins A and C, it is
assumed that post-yield hardening leads to greater bulging deformation.
It should be emphasized that in all specimens, the bulging shape
deformation was formed before the peak stress, after which cone-shaped
failure occurred suddenly. Under compressive loading, the cross-
sectional area of the specimen close to the loading platens tends to in-
crease; however, frictional forces between the top and bottom surfaces
of the specimens and the platens hinder the outward deformation, while
the specimens at the middle expand outwardly when unconstrained.
This deformation scheme leads to an initial bulging profile with the
internal regions remaining unreformed, followed by a cone-shaped
failure (Fig. 10).
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3.1.2. Tensile properties

The results of the tensile tests are presented in Fig. 11. All types of
resin exhibited a brittle behavior with nearly the same response. The
stress-strain curves indicate that for resins A and C, stress increases
linearly until reaching the ultimate tensile stress, whereas for resins B
and D, the stress initially increases linearly and then is followed by a
slight non-linear deformation. Table 6 summarizes the values of peak
stress, corresponding strain, and elastic modulus. The results indicate
that resin B exhibited the highest strength of 10.81 MPa, while resin D
exhibited the highest elastic modulus (E = 20.76 GPa) in the tensile
tests. The lowest values of tensile strength and modulus were recorded
for resin C, which measured 7.29 MPa and 6.79 GPa, respectively.
Comparing the results of the compressive tests (refer to Section 3.1.1)
and the tensile tests shows that the strongest resin in compression does
not necessarily offer the highest tensile strength. Similar to the
compressive behavior, the tensile behavior of the resins is related to the
particle size of the filler and the curing catalyst. The oil-based catalyst
showed higher strength in tension due to the lower volume of imper-
fections, such as voids. In compression, particles ranging from micro to
millimeter improved the strength; however, fine particles showed better
tensile results. Similar effects of particle size on the tensile properties of
thermosetting resins have been previously reported, where finer
spherical filler particles of CaCO3 presented higher strength due to a
more efficient stress transfer mechanism. Mourad et al.>® showed that a
smaller particle size of filler contributes to the tensile strength, while the
tensile modulus reduces. Interestingly, the compression and tensile
moduli are nearly identical. Nonetheless, the tensile and elastic moduli
of the specimens were of a similar magnitude to the compressive elastic
modulus, meaning that resin D exhibited the highest elastic modulus
valued at 20.76 GPa, and resin A had the lowest at 6.79 GPa.

3.1.3. Shear properties

The in-plane shear characteristics of the resin specimens were
determined using a V-notched (losipesue) beam test. The testing prin-
ciple can be idealized as a four-point flexural test with a rectangular
specimen double-notched in the middle, as shown in Fig. 12a. Coun-
teracting loads in the x and y directions (Fig. 12b) induce a bending
moment, creating a high shear region in the middle of the specimen
(Fig. 12¢). The designed notches on the specimen affect the induced
shear strain along the loading direction, generating uniform shear stress
compared to conditions without the notches, which can lead to incline
shear failure of the specimens (Fig. 12d)°'. The shear stress can be
determined by dividing the applied force by the cross-sectional area
between the notches. The typical stress and corresponding crosshead
displacement under shear loading are shown in Fig. 13. From the curves,
it can be seen that the shear stiffness of the resins is almost equivalent in
the initial stage, with resin B exhibiting the highest stiffness. Table 7
shows that, like the other mechanical tests, the inclusion of the oil-based
catalyst provided better results in the shear testing. Among all resins,
resin D recorded the highest shear strength, standing at 17.73 MPa,

Young's Modulus (GPa)

(=T SR T S T - -1
L L L

3 Days

FResin A EHResinB [®NResinC MWResinD

Fig. 8. Compressive strength and modulus of the resins over time.



H. Nourizadeh et al.

International Journal of Rock Mechanics and Mining Sciences 170 (2023) 105506

Resin A

Resin B

Tested at 1-Hour

Tested at 1-Day

Tested at 30-Day

Resin C Resin D

Fig. 9. Failure patterns of the resins under compression over curing periods.
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Fig. 10. Schematic of deformation and failure pattern under compression; adopted from Fiedler et al.**

followed by resin B with a shear strength of 14.92 MPa. The shear
strength of resins A and C were 9.15 MPa and 10.22 MPa, respectively.
The compressive and shear strengths of resin D were 9.8% and 18.8%
higher than that of resin B, respectively, while the tensile strength of
resin D was 11.6% lower than that of resin B. This indicates that shear
strength is also influenced by the filler particle size, and resins with
coarser fillers exhibit higher shear strength.

3.2. Microstructure and thermal properties

The morphology and viscoelastic properties of resins A, B, C, and D
were systematically investigated. Morphological analysis is critical as it
provides a wide range of useful information during research and
development and particularly during failure analysis. Many analytical
techniques are available to study material morphology, including

microscopy, X-ray diffraction, thermal analysis, dynamic light scat-
tering, porosimetry, and interferometry®. During morphological anal-
ysis, the size and shape of elements, voids, cracks, and the composition
of morphological features are typically considered. The surface SEM
images ( x 24 mag) are shown in Fig. 14. The SEM micrographs reveal
the appearance of surface voids with diameters ranging up to 551 pm.
Furthermore, the SEM images illustrate that resins A and C were more
porous than resins B and D. Additionally, resin D exhibited a more
consistent surface with less void density than resin B. Specifically, the
maximum void diameter for B was 310 pm, while the maximum void
diameter for D was 215 pm.

The study also included an analysis of the thermo-mechanical
properties of the different chemical configurations, with all samples
mixed and cured under the same conditions. Additionally, DSC experi-
ments were conducted to examine the specimens cured at 30 min, 60
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Fig. 11. Typical stress-strain behavior of the resins in tension.
Table 6
Summary of the tensile properties.

Parameters Resin A Resin B Resin C Resin D
Peak tensile stress (MPa) 8.35 10.81 7.29 9.55
Tensile modulus (GPa) 6.79 18.31 8.24 20.76
Strain at peak stress (%) 0.125 0.0618 0.0881 0.0466

min, 1 day, 7 days, and 30 days to determine the curing degrees. The
typical results obtained from the DSC experiment for resin D are shown
in Fig. 15. The figure indicates that the uncured resin D shows an
exothermic peak after synthesis, while a quasi-linear response was
observed after one day of synthesis. The reaction enthalpy can be
calculated by integrating the area under the peak and the baseline®. The
curing percentage of the resins can be quantified using the heat
flow-temperature curves obtained from DSC experiments and Eq. (1).

[AHuncured - Achred]
AH cured

% Cure = x 100% (€8}

Where, AHyncureq is enthalpy under uncured resins and AHgyreq is
enthalpy under cured reins.

Table 7 presents the curing percentages of the resins at different time
frames. The results show that after 30 min of synthesis, the maximum
curing percentage was achieved for resin C at 91%, while resin B

(c)
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exhibited the slowest early curing process at 54%. Furthermore, resins A
and D cured 83% and 70% after 30 min of synthesis, respectively.
Therefore, a comparison of the results shows that the curing degree of
resins C and A in the early stage of synthesis was much higher than that
of resins B and D. The high curing rates may lead to the generation of a
significant volume of air bubbles being trapped in the specimen. After
one day, all the samples were cured by over 80%, which can be
considered as the critical time to ensure that the anchoring resin is
sufficiently hardened. After 30 days, the resins reached their maximum
curing degrees, which were 92%, 97%, 98%, and 99% for resin A, B, C,

Resin A reesseee ResinB —-: ResinC = - —=ResinD

e~
o N BB O ®

' L y ' )y
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Fig. 13. Stress-displacement results of V-notched shear tests.

Table 7
Curing percentage of different resins over time.
Resins Cured percentage’, %
30 Min. 1 Hour 1 Day 7 Day 30 Day
A 83 86 88 89 92
B 54 67 83 86 96
C 91 95 96 98 98
D 70 83 86 93 98
t Standard deviation < +1.5%

Fig. 12. (a) Schematic double notched specimen, (b) idealized bending moment diagram, (c) induced shear force and (d) typical failure after completion of the test;

adopted from Merzkirch49.
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Fig. 15. DSC curing curves for resin D.

and D, respectively. There was no significant difference in the curing
degrees of resins after 7 days, providing a solid platform for comparing
the thermo-mechanical properties of the specimens.

Fig. 16 depicts the results obtained from the TGA experiments, and
the respective decomposition temperatures are tabulated in Table 8. The
experiments were carried out until 600 °C, and three main stages were
identified. In stage (I), a significant mass loss was not observed at
temperatures below 315 °C. In stage (II) (315 °C-420 °C), a rapid mass
loss occurred due to the decomposition of the carbonate phase, which
releases carbon dioxide®. The decomposition temperatures of all resins
were found to be similar at approximately 340 + 7 °C. Hence, it can be
inferred that the resins will not decompose unless exposed to high
temperatures (>340 °C). In stage (III) (above 420 °C), all specimens
showed a mass drop of about 30%, resulting in the evaporation of resin,
as observed from the residue. Numerous studies have been conducted on

10

thermal gravimetric analysis (TGA) of unsaturated polyester resins all of
which have yielded similar results where the rapid mass loss has been
reported in range of 300-400 °C>%4%4%,55:56,

The storage modulus (E') obtained experimentally for resins A, B, C
and D against temperature is shown in Fig. 17. According to the DMA
tests summarized in Table 9, resin D exhibited the highest storage
modulus of 7.64 £+ 0.04 GPa, which is twice that of resin C at room
temperature. Additionally, the storage moduli of resins A and B were
4.90 + 0.01 and 6.22 + 0.00 GPa, respectively at room temperature.
From the storage modulus-temperature curves in Fig. 17, it is clear that
the storage modulus of all the specimens decreases continuously with
increasing temperature. The derivative of the storage modulus (E') with
respect to temperature (T) provides valuable data. (‘%) = 0 represents
the corresponding temperature at which the specimens lose their me-
chanical properties rapidly. Table 9 shows that the critical temperature
for resins A, B, C and D is in the range of 55-63 °C. At 80 °C, all the
specimens lost over 70% of their storage modulus at room temperature.
According to Fig. 17, the maximum storage modulus at 80 °C was
observed in resin D. Comparison shows that resin D properties are more
consistent than those of resins A, B and C, since it recorded a higher
storage modulus from 0 °C to 120 °C.

3.3. Temperature related pull-out behaviors

The investigation of the bond capacity of chemically encapsulated
rebars under elevated temperature using pull-out tests can generally be
divided into two methods: (a) heating the specimen until a desired
temperature is reached, and then increasing the load until the specimen
debonds, and (b) subjecting the specimen to a specific load while
continuously heating it until failure occurs. For this study, the first
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Fig. 16. TGA characterization curves of thermal decomposition for resins A, B, C and D.

Table 8
Thermal decomposition temperatures of all resins.

Resin type Decomposition temperature (°C)
A 347.25L10.38
B 336.81+1247
C 344.89+0978
D 331.44-%615
12
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Fig. 17. DMA curves for the resins.
Table 9

Summary of the DMA test results.

Resin Storage modulus at 23 °C (GPa) dE
Temperature (°C) at (.- ) =0
dr
A 4.90+0-0154 56.45+0-19
B 6.2240-00 63.84%00!
c 3.64002 55.24+0:3
D 7.64+004 58.56%0-87

technique was used. Fig. 18 displays the dimensions of the resin
anchored-bolt specimens prepared for the pull-out tests, along with the
positions of the thermocouples installed on the anchored bolts. Table 10
presents the temperature readings along the encapsulation length
recorded during the heating and pull-out process. Temperature variation
along the encapsulation depth for the specimen anchored using resin A is
also illustrated in Fig. 19. A significant difference is observed between
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the temperatures recorded in the heating chamber and those measured
along the encapsulation length. This temperature variation is a function
of two parameters: the first is the encapsulation depth, and the second is
the chamber’s temperature. The recorded temperature decreases with
increasing encapsulation length. Furthermore, at higher temperatures of
the heating chamber, the temperature variation between the chamber
and the thermocouples along the encapsulation length increases. For
instance, the temperature variation between the chamber and T3 is
41.4 °C when the heater is set to 75 °C, while the variation increases to
170.3 °C when the chamber’s temperature is increased to 250 °C. The
difference between the room temperatures shown in Table 10 is related
to temperature changes during a day. Fig. 20 shows the bond resistance
force versus displacement obtained from the pull-out tests. As shown,
the bond strength of the encapsulated bolts decreases slightly when the
temperature increases from room temperature to 75 °C; however, at
higher temperatures (150 °C and 250 °C), the reduction is significant.
For the bolt encapsulated by resin A, the peak bond strength decreases
from 99.3 kN tested at room temperature (24 °C) to 92.8 kN for the
specimen tested at 75 °C, representing a reduction of 6.5%. Increasing
the temperature to 150 °C and 250 °C resulted in a reduction of 21.1%
and 37.4% in the peak bond strength, respectively.

The pull-out tests of the specimens encapsulated using resin D at
elevated temperatures showed similar behavior, but with a slightly
higher rate of reduction compared to resin A. When the testing chamber
temperature was increased to 75 °C, the peak bond strength reduced by
7.6% from 139.2 kN to 128.5 kN. A reduction of 31.3% and 42.5% was
observed in the peak bond resistance strength when the chamber tem-
perature was increased to 150 °C and 250 °C, respectively. The slightly
higher rate of reduction in the bond strength of encapsulated specimens
of resin D compared to that of resin A is supported by the results of DMA
tests. The DMA result represented in Fig. 17 shows that the storage
modulus of the resin D specimen is the highest at all temperatures.
However, the rate of reduction in the storage modulus (which is the
slope of the curve) is higher for resin D compared to resin A. From the
DMA curves, it is evident that the storage modulus decreases from 9.9
GPa to 2.6 GPa as the temperature increases from 0 °C to 70 °C, resulting
in a 7.3 GPa reduction with a 70 °C increase in temperature. On the
other hand, the storage modulus of resin A reduces by 3.5 GPa in the
same temperature range. Furthermore, the DMA plots indicate that the
storage modulus of resins becomes relatively close (0.5-1 GPa) as the
testing temperature approaches 100 °C. This investigation suggests that
at higher temperatures, the filler type and their particle size do not
significantly influence the mechanical properties of the anchoring resins
compared to their influence at lower temperatures. At higher
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Pull-out specimen with thermocouples.

Fig. 21 displays the ultimate bond capacity of specimens encapsu-
lated with resins A, B, C, and D. At room temperature, the highest
bonding capacity of 139.2 kN was observed for the bolt embedded using

Anchoring Recorded temperature by ~ Chamber Temperature resin D. Resin B also exhibited a high level of bonding strength of 124.3

type Thermocouples (*C) Room  75°C 150°C  250°C kN. For specimens prepared with resins A and C, debonding occurred

Resin A T 242+ 544 1021 164.7 once the pull-out load exceeded 99.3 kN and 106.4 kN, respectively. The

T 0.6 39.1 69.6 110.2 results of mechanical tests correlate well with the pull-out test results,

Ty 356 617 91.1 indicating a good correlation between compressive and shear strength

) Ts 33.6 562 79.7 and bonding properties. However, a weak correlation was found be-

Resin B il 325;8 + NA - NA N/A tween the tensile characteristics of the resins and bonding. Kilic et al.'?

Tz ’ suggested that bond strength logarithmically increases with an increase

Resin C T 224+ N/A  N/A N/A in the compressive strength of grouts. In another study, Teymen and

Ty 0.4 th(;14 concluded that grout mechanical characteristics affect shear and

. Ts axial stress distributions along the embedment length. The bond
Resin D To 204+ 498 983 176.4 L.

T, 0.9 339  50.2 122.3 strength of fully encapsulated rock bolts primarily depends on the shear

T, 32 47.4 102.4 characteristics of the bonding agent, including cohesion and internal

Ts 302 427 89.6 friction angle, according to the failure modes of bolting systems. Fig. 22

temperatures, the matrix of the bonding materials rapidly loses its me-
chanical properties. The DMA tests conducted in the range of 55-63 °C
for the resins used in this study determined the critical temperature.

illustrates the potential dependency of bond capacity and the mechan-
ical properties of anchoring resins, which agrees with previous experi-
mental and analytical research conducted to investigate rock bolting
systems’ failure modes. Shear-off/parallel shear failure is generally
identified as the major mode of failure occurring at the bolt-grout
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Fig. 19. Temperature variation along the encapsulation length for resin A.
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Fig. 20. Pull-out behavior of bolts encapsulated using resins A (left) and D (right) at elevated temperatures.
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Fig. 21. Peak load measured for pull-out loads for bolts encapsulated resins A, B, C and D in different temperature conditions.

interface, given sufficient confinement pressure and surrounding media
strength®”>°%. Fig. 23 shows that the main failure mode of bolts was bond
failure (slippage of bolts) occurring at the bolt-resin interface. However,
a small degree of cone-shape failure was also observed. No radial cracks,
signs of splitting failure, or bolt rupture were observed during testing
programs.

The shrinkage and expansion properties of bonding agents can affect
the interfacial bond strength of anchors. Benmokrane®® demonstrated
that the introduction of an expansion agent decreases the compressive
strength of the grout but improves the shear bond resistance. It was
noted that when cast in the compression test mold, the bonding agent is
free to expand in one direction, while grout injection in the borehole
provides higher normal stress resulting in higher bond strength. Further
investigations revealed that although the compressive and shear
strengths of resin C are 47% and 42% less than those of resin D,
respectively (resins C and D comprise the same fillers type and size, and
only the catalysts are different), the bonding strength of resin C is 23%
less than that of resin D. Similarly, with the same filler content in resins
A and B, the compressive and shear strengths of resin A are 44% and

38% less than those of resin B, respectively; however, the bonding
strength of resin A is only 20% less than that of resin B. To the best of the
authors’ knowledge, this can be attributed to the observed expansion
properties in resins A and C. Additionally, Fig. 24 clearly shows that
resins A and C expanded during the curing of the molded compressive
specimens, imposing higher normal forces on the bolt surface during
pull-out testing, while resins B and D remained in the mold’s shape.

3.4. Limitation of the study

This study provides a detailed experimental explanation of the pull-
out performance of encapsulated rock bolts using unsaturated polyester
resins under elevated temperature. However, some limitations need to
be noted and studied further. The analysis of the results revealed that the
temperature profile along the encapsulation length is non-uniform, and
therefore, the bearing capacity should be distributed according to the
temperature distribution. Moreover, the thermosetting characteristics of
the anchoring resins cause the bonding deterioration process due to
heating to be path-dependent, which needs to be taken into account.
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Fig. 22. Relationship between mechanical properties anchoring resins and the pull-out capacity of the encapsulated bolt.
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Fig. 24. Rising of the resins A and C before setting of the structure.

Further investigation is recommended to develop models and methods
to address these limitations and improve the understanding of the per-
formance of encapsulated rock bolts under elevated temperature con-
ditions. In order to evaluate the long-term durability and reliability of
the anchoring resins in actual working conditions, it is recommended to
conduct further mechanical and pull-out tests specifically with higher
encapsulation lengths installed in rock or concrete under elevated
temperature and different heat exposure time. This will help gather data
that can be used to improve the design and engineering of these
materials.

4. Conclusions

Four two-component polyester-based anchoring resins were tested to
characterize their mechanical, thermal, and bonding properties under
various testing conditions. Two types of curing agents, including water-
based and oil-based catalysts, were selected to mix with the resin
matrices. The viscoelastic properties of the synthesized materials, as
well as the compression, tensile, and shear properties, were compre-
hensively investigated. During the proof of concept, deformed rock bolts
were encapsulated using the resins inside rifled steel pipes to determine
the pull-out behavior of the bolting systems at room and elevated
temperatures.

The TGA analysis revealed that the synthesized specimens decom-
posed at approximately 340 °C. DSC results showed that the curing
degree of the specimens prepared by the water-based catalysts was
slightly higher than that of oil-based specimens. Resins A and C reached
80% curing percentage in only 0.5 h, while resins B and D achieved this
curing percentage in 1 h. According to the DMA results, the specimens’
mechanical properties rapidly drop beyond 55-63 °C. Scanning electron
microscopy micrographs illustrated that water-based catalyst used
resins (A and C) are more porous compared to resins B and D. Thus,
water-based agent was found to be the main reason causing the defects.

The compressive strength and elastic modulus of resins A, B, C, and D
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were found to be within the range of 51-103 MPa and 4.71-8.03 GPa,
respectively. Extensive voids were found in the specimens prepared
using the water-based catalysts (A and C) compared to oil-based catalyst
included resins (B and D), representing lower strength and modulus. The
hybridization of filler particle size from micro to millimeter can lead to
higher compressive strength and modulus.

The tested resins were able to achieve almost 50% of their ultimate
compressive strength (tested at 30 days) after only 1 h. The main failure
mode observed in the specimens under compression was cone-shaped
rupture. While the bulging profile was observed in the compressive
tests, the degree of bulging was found to be a function of the catalyst
type and curing time. The tensile peak strength and modulus ranged
from 7.29 to 10.81 MPa and 6.79-18.31 GPa, respectively. Unlike
compressive properties, smaller filler particle size improved the tensile
strength. However, the relationship between the tensile modulus and
filler particle size was found to be similar to the compressive modulus.
The shear strength of the resins ranged from 9.15 to 17.73 MPa. At
ambient conditions, the bond strength of the anchored bolts ranged from
99.3 to 139.2 kN, and a good agreement was found between the
compressive and shear properties of the anchoring resins and their
corresponding bond resistance force.

To simulate a pull-out test at elevated temperature, a unique
experimental set-up was developed. The results showed that a reduction
of 6.6%-31.3% in the bond capacity of the bolts was measured when the
chamber temperature reached 75 °C and 150 °C, respectively. Interest-
ingly, the bolts encapsulated in resins A and D were able to acquire
62.6% and 57.5% bond strength at 250 °C compared to the initial
strength.

Overall, the study provides a comprehensive and novel experimental
framework to understand the behavior of chemically anchored rock
bolts in the tunneling and underground mining industries. The effect of
external fixtures of rock bolting systems, such as surface plates and nuts,
on the temperature profile along the encapsulation length may also be of
interest to other researchers, but was not considered in this study.
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Therefore, it is recommended to undertake further studies on the per-
formance of chemically anchored rock bolts after elevated temperature
exposure over a significant time period.
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