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Featured Application: This research highlights the implementation of a novel sensing approach
allowing for geomechanics insights in rock bolt performance and behaviour; recent advance-
ments in the technique are also presented.

Abstract: An often-utilized solution in terms of providing support to underground excavation, the
fully grouted rebar rock bolt system presents optimization potential due to existing technological
limitations in capturing and understanding its composite system response. In order to address these
limitations, the development and application of Distributed Optic Fiber Sensing (DOS) allows for
continuous strain monitoring (at a spatial resolution of 0.65 mm utilizing the technique defined
herein) across a full spectrum of loading. A robust laboratory investigation was conducted featuring
24 rock bolt specimens. This examined the effects of two selected independent variables: rib spacing
(from 13 mm to 68 mm) and grout annulus (from 7.7 mm to 22.8 mm). This body of research provides
valuable insight into the performance of grouted rebar rock bolts and the effects of the selected pa-
rameters (rib spacing and size of the grout annulus), while also highlighting an advanced monitoring
technique. Results indicated that rib spacing was a negative predictor of bond performance. No
definite conclusions were drawn in terms of the effect of the size of grout annulus; however, findings
provide limited support for an optimal sizing in relation to rib height. The results were also compared
to analytic and numerical models. These insights can aid in calibrating and validating numerical
models, and improve monitoring and rock bolt design within the overall goal of improving and
optimizing ground support design arrangements.

Keywords: fiber optic technology; fully grouted rock bolts; load transfer mechanics; rebar profile; rib
spacing; grout annulus; stress distribution; critical embedment length

1. Introduction

Conditions in modern tunnelling are demanding, as work is often being completed
in unfavourable or unpredictable ground conditions along with stringent displacement
tolerances and/or settlement requirements. This has driven a need for optimization of the
support element and of the overall tunnel support regime. One such support element that is
used extensively in underground works [1,2] and has the potential for further optimization
is the fully grouted rebar rock bolt. Understanding of the composite system has been
hampered by technological limitations. The use of conventional strain gauge monitoring
not only limits spatial resolution of the collected data but also discourages the use of
full-scale specimens during testing [3–9]. Short specimens are often utilized, as it allows
researchers to assume the transfer stress to be uniform over the length [10,11]. There is
ample evidence to suggest that there is a shift in transfer stress behaviour with short- to
full-length specimens [9], and this can be seen in Figure 1. In order to address this limitation,
a solution was further developed by Vlachopoulos (and associated industrial partners)
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through an innovative methodology of strain sensing [12]. This methodology uses Rayleigh
Optical Frequency Domain Reflectometry (ROFDR), which provides an unprecedented
spatial resolution of 0.65 mm for ground support elements without the conformance issue
when using strain gauges. This research looks to create a better understanding of the
individual and combined effects of ground support, with a focus on rock bolting. This has
been achieved using the Distributed Optical Fiber Sensing (DOS) technique and ensuing
methodology that has been employed in multiple investigations across a spectrum of
scales. The testing has included in situ and laboratory investigations, while also being
complemented with numerical modelling (as highlighted in Figure 1).

This methodology has allowed for various detailed investigations into the parameters
which effect rock bolt behaviour. Findings pertaining to the effects of grouting material,
embedment length and confining material have previously been conducted [9]. Rib spacing
and grout annulus (the thickness of grout between the bar and the confining medium) were
selected for investigation, as they have both been seen to influence performance through
their effects on mechanical interlock. Both have the potential for additional insight to be
gleaned from the use of fiber optic sensor monitoring. Limitations seen in the current
body of literature are the lack of full-scale embedment length testing and limited spatial
resolution of collected strain data [3–7,11,13,14]. This is significant as full-scale testing with
a 1:1 geometric scale allows for the most reliable research and the closest approximation to
field conditions [15]. To address the gap, a robust parametric analysis featuring 24 full-scale
specimens was conducted. This was paired with additional investigations, numerical
models were constructed and existing analytical models were compared to collected strain
data [11,16].
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2. Materials and Methods
2.1. Monitoring Development and Implementation

The utilization of a combination of global and component monitoring has been well
explored in other published work from our research group [9,19–21] and will only be
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briefly summarized herein, with additional details on changes given. Displacements
and applied load are captured through a combination of Linear Variable Differential
Transformers (LVDTs) and the Material Testing System’s (MTS) actuator and load cell.
Component monitoring was accomplished through the use of fiber optic sensors. Fiber
optic sensors offer numerous benefits over the traditional strain gauges used in other
research [22–25]. The studies that utilize traditional strain gauges experience limitations
because each individual sensor requires two wires to pass the current through [26]. This
limits the number of sensors which can be used without presenting conformance issues
due to the inference of all the wiring required. Fiber optics present a solution to this as
they offer a spatial resolution of 0.65 mm and only require one fiber for the monitoring
of the entire specimen. These sensors are made by our research group in the laboratory
and installed within grooves biaxially to capture the axial response of the members. This
technique leverages Rayleigh Optical Frequency Domain Reflectometry (ROFDR), in which
cross-correlation from elastic scattering produced by a tunable light can produce strain
results [27,28] utilizing a Luna ODiSI-B analyzer. This methodology is able to produce
a 0.65 mm spatial resolution of the purely axial response of the component for which it
is affixed. This research effort is novel due to a few changes being made to optimize the
implementation of the fiber optic sensors. The fiber was installed along the longitudinal
rib instead of the transverse ribs to prevent conformance issues as the transverse rib is key
to the mechanical interlock. The fiber was also debonded along the unsupported length
(the length between the loading and the embedment length) and slightly into the specimen
(2.5 cm) to prevent premature failure of the sensor during yielding and conical grout failure.
This was accomplished by covering the grooves with a thin layer of tape and epoxy such
that the fiber could move freely. Due to this debonding, results are not present for the first
7.5 cm, to account for both the debonding in the conical grout failure potential region, and
activation length of the fiber. This was confirmed as 50 mm from the conducted tensile
testing and was found to be similar with other conducted research [29]. This tensile test
was conducted utilizing a rebar specimen from the laboratory investigation, with 6 strain
gauges paired and one length of DOS. The specimen was brought to yield and the results
between the instruments were compared. This can be seen in Figure 2.
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Figure 2. Results from the tensile test for strain activation length of the fiber with comparison to
strain gauges.
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Fiber was also installed on the outside of the pipe to capture the dilation behaviour
of the confining medium. This was done in a similar biaxial manner but aligned perpen-
dicularly to the longitudinal ribs of the rebar. This orientation was selected because the
longitudinal rib region should have the lowest dilation as this rib does not generate out-
ward force through mechanical interlock. The full suite of instrumentation used to monitor
specimen behaviour can be seen in Figure 3. A summary of the selected instrumentations
and their accuracy can be found in Table 1.
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2.2. Laboratory Testing Methodology

For the two selected variables, a parameter analysis was conducted. Rib spacings were
selected according to what was achievable by mechanically altering (removing ribs from) a
standard Grade 60 #6 (19.05 mm nominal diameter) bar [34]. The selection of such spacing



Appl. Sci. 2024, 14, 2136 5 of 28

was seen in other research and fabrication was accomplished in a similar manner [7]. To
confine the specimens, steel pipes were used. This is often done to replicate rock due to its
practicality [7,13,35]. Grout annulus was selected by viewing the commercially available
size of pipes while aiming to maintain a radial stiffness of around 1600 MPa/mm, which
is equivalent to limestone or granite [35,36]. These selected independent variables can be
seen visually in Figure 4, along with the chosen labelling convention. This formed a 4 × 5
parametric analysis, where an additional 4 control or repeated specimens were used. The
full laboratory testing program can be seen in Table 2. All specimens were grouted using
a 40% w/c cement grout. This value was selected as it is commonly featured in research
and is within the standard range used by industry [5,35,37–41]. The embedment length of
750 mm (anchorage length) was selected as previous research [36] had indicated that this
would be sufficient to achieve rebar necking as the primary failure mechanism. This was
done so that active embedment length at full loading could be observed.
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During the first round of testing significant air voids were observed. To address this,
various grouting methods were tested with clear PVC pipes to identify the formation of any
voids. With the insights gleaned during this protocol, a methodology was implemented
from the remainder of the test specimen and no large voids were observed. These specimens
were created by pumping grout through a commercially available grout pump (Kenrich’s
Gp-1). Specimens were pumped through the bottom from a hose barb and then externally
vibrated. To confirm that air was not entrapped due to pumping, the density from the
non-pumped cylinders were compared to the bulk density of the grout collected from
the specimens after testing. This density comparison can be seen in Table 3. A detailed
investigation of material properties was conducted through a literature review and also
from a series of laboratory testing. The summary of material properties can be seen in
Table 4.
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Table 2. Full laboratory parametric analysis of rib spacing and grout annulus.

Specimen Grout Annulus Rib Spacing

A-1

7.7 mm

14
A-2 27
A-3 41
A-4 54
A-5 68
A-6 Sanded smooth
A-7 Manufactured smooth

B-1-i

9.9 mm

14
B-1-ii 14
B-2 27
B-3 41
B-4 54
B-5 68
B-6 Sanded smooth

C-1

14mm

14
C-2 27
C-3 41
C-4 54
C-5 68

D-1

22.8mm

14
D-2 27
D-3 41
D-4 54
D-5 68

Table 3. Grouting methodology density comparison.

Methodology Percent Change in Density Compared
to a Cylinder

O’Connor’s methodology [16] −5.1%
O’Connor’s methodology [16], with an additional

manual backflow valve −8.5%

Grouting from the top and utilizing a shake table −0.1%
Utilizing a new grout pump and external vibration 1 −0.08

1 Results are an average for 2 specimens selected randomly from rounds 2 and 3.

Table 4. Summary of material properties.

Material Property Value Source

Confining pipe for grout annuli B, C
and D (ASTM A106 Grade B [42])

Yield strength 240 MPa Literature [42]
Tensile strength 415 MPa Literature [42]

Young’s modulus 190–210 GPa Literature [43]

Confining pipe for grout annuli A
(ASTM A795 [44])

Tensile strength 241–2450 MPa Literature [45]
Yield strength 140–2400 MPa Literature [45]

Young’s modulus 183–213 GPa Literature [45]

Rebar, #6 Grade 60

Young’s modulus 200 GPa (198.67GPa) Literature (Collected from tensile testing)

Yield strength 480 MPa [420 MPa] Testing (from main laboratory investigation)
[Literature] [34]

Tensile strength 684 MPa [620 MPa] Testing (from main laboratory investigation)
[Literature] [34]

Smooth bolt, 12L14 steel
Young’s modulus 200 GPa Literature [46]
Tensile strength 540 MPa Literature [46]
Yield strength 415 MPa Literature [46]

Cement grout round 1

Young’s modulus 12.5 GPa Testing (1 sample unloaded and reloaded 3 times) 2

Compression strength 39.8 MPa Testing (3 samples) 1

Poisson’s ratio 0.24 Testing (1 sample unloaded and reloaded 3 times) 2

Tensile strength 1.64 MPa Testing (1 sample) 3

Density 1.91 g/mL Measured (from 5 samples)
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Table 4. Cont.

Material Property Value Source

Cement grout round 2

Young’s modulus 12.4 GPa Testing (1 sample unload and reload 3 times) 2

Compression strength 39.5 MPa Testing (3 samples) 1

Poisson’s ratio 0.28 Testing (1 sample unload and reload 3 times) 2

Tensile strength 3.12 MPa Testing (3 samples) 3

Density 1.89 g/mL Measured

Cement grout round 3

Young’s modulus 13.4 GPa Testing (1 sample unloaded and reloaded 3 times) 2

Compression strength 36.5 MPa Testing (2 samples) 1

Poisson’s ratio 0.29 Testing (1 sample unloaded and reloaded 3 times) 2

Tensile strength 3.28 MPa Testing (3 samples)3

Density 1.91 g/mL Measured

1 Conducted with guidance from ASTM-C39 [47], 2 from ASTM-C39 [47],3 and from ASTM-C496 [48].

The testing procedure for all the specimens was conducted in the same manner. This
setup was very similar to other research conducted from our research group and aimed
to simulate the anchorage length of the rock bolt in a similar manner to the methodology
employed for in situ testing (ASTM D4435) [9,49]. The specimens were set into the bearing
rig, which can be seen in Figure 3. Then, the instruments were placed and it was verified that
they were functioning. Load was applied via a Material Testing System (MTS) hydraulic
grip using displacement control set to 1 mm/min. Testing was conducted until material
failure was evident or a significant slip had occurred (<10 cm). Testing commenced with
a verbal countdown and simultaneous start of the loading and all the data acquisition
units (DAQs).

2.3. Modelling Development and Employment Methodology
2.3.1. Analytical Modelling

The methodology of strain capture created by this research group allows for unparal-
leled comparison to existing analytical models. One of the older but widely used models
was presented by Li and Stillborg [16,23,37]. The simplified version, which can be seen in
Equation (1), was compared. A modern method which aimed to present an easily applicable
formula will also be compared. This model was presented by Ma [11] and can be seen in
Equation (3). Inherently, neither model captures alternative rib spacing; however, Ma’s
model does include the effects of grout annulus. These presented models will be compared
to all collected strain data at 10, 50 and 100 kN to understand their performance across a
wide range of loading.

ε(x) = εoe−αX (1)

where α is a dimensionless parameter related to the deformation properties of the grout
and the rock, Equation (2):

α2 =
2GrGg

Eb

[
Grln

(
dg
db

)
+ Ggln

(
do
dg

)] (2)

Eb is the modulus of elasticity of the bolt, taken as the theoretical value of 200 GPa;
Gr is the shear modulus of the confining medium, Gr = 77.5 GPa, from theoretical

values of Young’s modulus (200 GPa) and Poisson’s ratio (0.29);
Gg is the shear modulus of the grout, calculated for E and v, which were obtained

from cement testing (GPa);
X is the distance divided by the bolt radius (m/m);
εo is the theoretical strain at the loading point (mm/mm);
dg is the diameter of the borehole, taken as the inner diameter of the pipe (m);
db is the diameter of the bolt (m);
do is the diameter of the circle of influence of the rock bolt in the rock, such that outside

of this diameter the influence of the bolt disappears (a representative value of ten times the
dg was used, as per [16] (m))
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ε(x) =
a
b

1

1 + e−
x−x0

b

(3)

where,

b =
Eπd2

b
4Ko

(4)

a =
Pmax

Ko
(5)

x0 = L + b ln(
a
b

Eπd2
b

4P
− 1) (6)

a and b coefficients determined from testing (mm);
E is the modulus of elasticity of the bolt, taken as 200 GPa;
PMax is the maximum applied load (kN), or if unavailable the expected max;
P is the loading force (kN);
L is the total length of the grouted bolt (mm);
db is the diameter of the bolt (mm);
x is the distance along the bolt (mm);
Ko is the secant stiffness taken at 100 kN with displacement from DOS (kN/mm).

2.3.2. Numerical Modelling

To support this research investigation, a 3D finite element analysis (FEA) of a rock bolt
was conducted. The aim of the model was to create a better representation of observed
laboratory behaviour. Our research group previously utilized a 2D model in RS2 [50],
but we struggled to capture the response of full-length members [18]. Although the short
embedment model (100 mm) performed well, when the length increased to 500 mm, the
model did not accurately match the collected results. This is because there is a shift between
linear and exponential decay, as seen in the laboratory results [9], which was not captured
by the model. For the RS2 model, the joint’s strength and stiffness are explicitly defined;
therefore, to improve the model a frictional contact model was utilized, which defines the
interaction of the two bodies by interpreting the interaction of the two surfaces where they
can slide and separate. This preliminary investigation to utilizing this joint definition was
conducted on ANSYS. For these purposes, a 3D linear elastic solution was developed and
compared to laboratory collected results. The methodology, results and recommendations
are provided. Although not within the scope of this investigation, when an understanding
of the behaviour is established, laboratory-collected parameters can be integrated into
excavation modelling software, which ultimately leads to better representation [51].

This modelling was split into three stages. Models of 100 mm, 250 mm, 500 mm
and 750 mm (featuring two different rib spacings) were analyzed. Each stage features
the creation of a small, ribbed section to establish and verify meshing, loading, boundary
conditions and contact analysis. All stages of the model featured three materials: the
bolt, the grout and the confining pipe. The selected material properties can be seen in
Table 5. Load was applied to the bolt and load was transferred through material contact,
as shown in Figure 3. The bearing rig utilized in the laboratory testing was represented
by a boundary condition. Due to the elastic loading, no failure of the material should
occur and no cracking can occur as this model utilizes a constitutive relationship that
is linear elastic. Due to this, it was expected that the movement of the rebar will be
associated with dilation of the grout and pipe, where high stress will be seen at the grout–
rebar interface. Models were created over various lengths to compare their behaviour
against previous models and existing laboratory results [18], and to results collected during
this investigation. The coefficient of friction between the rebar and the grout was set at
0.57 [52] and the contact between the pipe and the grout was modelled as a bonded contact
as typically minimal movement occurs at this interface both in the laboratory and in the
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field [13,18]. The models were generated in SolidWorks [53] using geometric simplifications,
which were investigated. Solid modelling was conducted to capture the gradient stress
response through the thickness of the materials. Taking advantage of the symmetry, a half
model was built along the longitudinal axis. The materials were meshed with higher-order
tetrahedral and brick elements (Solid186, Solid 187, load applied using Surf 154 and contact
surfaces were Targe170 and Conta174). Mesh sizing was selected by convergence studies
and optimized by splitting materials into sections in which meshing size matched the
complexity. Contact was conducted using an unsymmetrical interface and an augmented
LaGrange method, with a stiffness factor of 3 for the frictional (grout–rebar contact) and 10
for bonded (and 15 for later models). The models were run as static non-linear analyses.
Load steps were utilized both to collect results at specific loads and to aid in convergence.
However, pre-tensioning was not required to aid in convergence due to the model constraints
and construction method. Weak springs were turned off and large deflections were left on.
An iterative solver was used.

Table 5. Selected material properties for numerical modelling.

Part Material Material Model
Modulus of

Elasticity,
E, (GPa)

Poisson’s
Ratio, v

Yield
Stress (MPa)

Tensile
Strength (MPa)

Compressive
Strength (MPa)

Rebar Rebar Linear
isotropic elastic 200 0.3 420 620 N/A

Confining pipe Structural steel Linear
isotropic elastic 200 0.3 250/240 460/415 250/240

Grout Grout—40% w:c Linear
isotropic elastic 8.19/7.62 0.14/0.18 NA 1.8/2.88 40/39.5

2.4. Data Analysis Methodology

In order to capture the effects of rib spacing and grout annulus, data from the com-
ponent monitoring provided by the DOS, global data, and post-testing observations were
combined. This methodology has been utilized previously [54] by this group. Additional
investigation will be described. The embedment length selected for testing was based
on previously conducted research [18]. However, with modification to the monitoring
technique strain response in the embedment length at loading, post yield was captured.
This meant some of the specimens became fully active prior to ultimate loading; so to
quantitively capture bond performance, the load required to fully mobilize the embedment
length (LRFM) was collected. This process can be seen visually in Figure 5. Additionally, to
provide further insights on the effects of the parameters on the bond performance, shear
displacement curves were also calculated [10,23,55–57]. This process is depicted visually in
Figure 6. These formulas are essentially describing the derivative and integrals for a given
distance (x) and an applied load (F). These shear displacement plots were generated by
calculating the axial displacement for each position X and plotting it against the average
shear stress over a 2.5 cm length (to help with noise). This was done at 10 kN intervals for
loading in the elastic range.

To explore the effects of the three independent variables (rib spacing, grout annulus
and compression strength of grout) multiple linear regression was conducted. This analysis
does not attempt to provide generalizations, but to present the significance and relationship
of the independent variables to the selected dependent variables. The dependent variables
selected were LFRM and initial tangent stiffness. The first step of this analysis evaluated
general linearity and unusual cases using a series of scatter plots. During this stage, grout
annulus showed very little relation to the dependent variables and was not significant
(p = 0.53 and p = 0.17); therefore, it was removed from the analysis. This analysis was
conducted using JASP software (0.14.1) [58] with guidance in reporting and analysis from
Buchanan [59]. It should be noted that the presented results have the following limitations:
a lack of variability in grout strength, few repeated specimens and a small sample size.
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3. Results and Discussion
3.1. Findings Related to the Performance of DOS for Rock Bolt Monitoring

Part of the research effort was to further explore the capabilities and limitations of the
use of the DOS as a tool for both in situ and laboratory investigations. As explored above,
through tensile testing, the performance of the fiber for the application of capturing a full
spectrum of loading was investigated, and results of the activation length was incorporated
into the monitoring plan. This monitoring plan had a success rate of 75% for specimens
under excess plastic loading (>160 kN) approaching ultimate state, and 43% survived shank
failure. This allowed for observation of strain attenuations and insights into the active
embedment length beyond bolt yielding. During this initial tensile testing, repeatability and
performance at low level strains were also investigated to provide confidence in reported
active embedment length observations. Even at loads below 1 kN (loads of 0.25 kN, 0.5 kN
and 0.75 kN) with expected strain well below the accuracy of the sensor (expected strain is
4.6 µεwith the machine listed accuracy being +/− 25 µε), the location of the start or end of
the sensor was still clear. The largest positional difference between the actual location in
which the sensor is no longer bonded and where it was perceived in the data was 13 mm.
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Repeatability was also inspected by looking at multiple scans (20 to 30 scans at 4 random
times) under no load for two randomly selected 5 cm lengths. Range, average and standard
deviation were inspected. The largest shift in average was 8.4 µε and 0.4 µε for each
segment. The largest range from the mean observed was 24.8 µε and the largest standard
deviation was 12.6 µε. These results provided further confidence in the ability to detect
and discern between low and zero loads.

The use of fiber optics as a quality control instrument in a monitoring plan has been
highlighted by research conducted in this group [18]. The need for verification of ground
support performance is required due to grouting issues such as gloving [60]. This is often
addressed through proof loading, in which the use of DOS can enhance insights provided
to operators [55]. Due to an issue with the grout pump used for the first round of specimen
creation, the opportunity to highlight this enhanced insight was provided. In Specimen
B-1-I there was a large air void roughly 20 cm in size located 40 cm into the embedment
length. Because of this void, the same condition was retested with Specimen B-1-ii. When
viewing the two displacement load profiles, it is not evident that one failure is due to grout
shearing because of the reduced grout. However, when viewing the strain results from the
DOS, the presence of the voids is apparent. This can be seen in Figure 7. Due to the void’s
location, it generally did not appear to have significant effects on the strain attenuation.
This is likely because there was still some grout present, which was able to transfer load
until its capacity was reached and the void become apparent. This exemplifies some of the
additional insight gleaned from this cost-effective monitoring solution.
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3.2. Effect of Ribs

Often, rock bolts utilize rebar, as the presence of their deformation improves perfor-
mances via mechanical interlock [61–64]. To further explore this effect, 5 specimens were
prepared and tested. Differences in strength and secant stiffness between the manufactured
smooth bar were observed. Improved strength was seen with the presence of roughness
and ribs, in line with other research. It was also noted that the rib specimens had lower
secant stiffness. Although residual strength per unit length of the sanded smooth bars in
the two annuli of B and A were not very large, there was a 72 kN difference in peak strength
for grout annulus A observed. It should, however, be noted that these bars were smoothed
by hand and could feature a slight difference in roughness, and that there existed a void in
the grout for specimen B-6.

With the application of DOS, the effects of the presence of roughness and ribs can be
explored further. Benefits in bond performance were clearly seen when comparing strain
attenuation profiles. However, interestingly, this was not the case for loads below 30 kN.
This can be seen in Figure 8. Dilation effects were also observed where, at a higher load
ribbed bars generated more dilation (at a load of 10 kN, the smooth bar generated more
dilation than the rough bar). This high dilation is in line with the expected behaviour
of the load transfer achieved through mechanical interlock. Viewing pre- and post-peak
results of specimens B-1-I and B-6 again highlights the presence of dilation. Where the
pipe is generally being compressed by forces transferred from the bar, however, dilation
generates tension which then reduces the overall compression seen in the fiber positioned
longitudinally on the outside of the pipe. In line with the expectation that mechanical
interlock is responsible for a significant portion of strength, an evident change in response
in the pipe pre- and post-peak for the ribbed bar when compared to the hand smoothed
bar was observed. This can be seen in Figure 9.
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Figure 8. Strain profile of A-1 (ribbed bar), vs. A-6 (sanded smooth) and A-7 (manufactured smooth
bar) at various loads; red arrows show theorical strain at zero.

This investigation also allows an understanding of the limitation of the selected process
for creating the rib spacings. The manufactured smooth bar had much lower strength when
compared to rebar which was sanded smooth (145 kN vs. 12 kN). This is most likely
due to either a change in friction between the two specimens or uneven sanding, leading
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to mechanical interlock. Due to this, it should be noted that specimens created through
traditional manufacturing would likely have reduced bond performance when compared
to the presented results, with the amount varying depending on end tolerances and coating.
This is similar to the effect of rust seen on the strength capability of bolts [63]. However,
once cracking in the grout occurs, this effect would be minimal for mechanical interlock of
ribbed bars.
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3.3. Effects of Rib Spacing

During testing, three failure modes were observed. Specimens failed in the rebar
shank, failed at the grout–rebar interface (pullout) and failed due to the pipe crushing (a
result of pipe properties and grouting methodology). The majority of specimens reached
rebar shank failure, as was the intention of the study. Specimen B-1-I and D-1 failed by
pullout. However, for specimen B-1-I the large grout void was likely a factor in this. The
failure of D-1 was also not indicative of the effects of the independent variables, as it
experienced failure at the highest load of all specimens in grout annulus D (22.8 mm). This
is likely due to a reduction in the area of the bolt during the rib removal process. As more
ribs were removed, the reference of the original cross-section became further away and thus
visually harder to match. The amount of diameter reduction to achieve the lowest value of
the maximum applied load is approximately 2%; given the methodology employed, this is
a reasonable explanation.

Another global parameter which is often investigated, as it is important to design and
use, is the stiffness. In agreement with other conducted research on smaller embedment
lengths, rib spacing was found to be a negative predictor of initial stiffness [7]. Across
all four selected grout annuli, it was seen that with increased rib spacing a decrease in
stiffness was generally observed. An example from grout annulus A (7.7 mm) can be seen
in Figure 10. This effect was strongest in annulus B (9.9 mm). However, in the largest
annuli, C and D (14 mm and 22.8 mm), this was less pronounced, except in specimen C-1
which was very stiff when compared to the others. This figure also highlights the general
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behaviours of the specimens, with most experiencing elastic loading, a brief plastic phase,
strain hardening, then rupture. The testing and loading for specimens A1–A5 were ended
prematurely due to the confining pipe yielding at the grout injection hole. Specimen A6
begin sliding prior to the yielding of the pipe. Specimens that began to slide generally
exhibited a sinusoidal strain-softening phase which eventually reached a residual state. An
example of a specimen reaching this residual state can be seen in Figure 9. It is believed that
this sinusoidal pattern is a function of the deformation-based control of the MTS. Specimen
A7 went from elastic loading to grout failure and then sliding.
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Multilinear regression was conducted to afford additional insights into the qualitative
observation. No outliers were found, but a slight degree of non-linearity was observed. All
assumptions of independence of observation, homoscedasticity, normality and additivity
were found to be met, except homoscedasticity. To address this, a robust regression
was run (bootstrapping, 5000 bootstraps and 95% confidence, JASP defaults) [65]. The
multiple regression model, Equation (7), statistically significantly predicts initial tangent
stiffness F (2,17) = 33.002 p < 0.001, adj. R2 = 0.77. Coefficients can be found in Table 6.
This again showed that rib spacing negatively predicts initial tangent stiffness. Both the
average unconfined compress strength (UCS) of the grout and rib spacing were statistically
significant. Secant stiffness at peak loading did not have a clear trend in relation to rib
spacing, but appeared to be related to the maximum applied load. However, this is likely a
product of the rib removal process and the effects of reduced area.

Y(Predicted initial tangent sti f f ness (kN/mm))
= −456.66 − 0.73(rib spacing (mm)) + 14.12(UCS(MPa))

(7)

Similar to the exploration of the effects of ribs, the strain attenuation patterns can be
compared across the various grout annuli. Across all grout annuli, a reduction in bond
performance was seen with increased rib spacing. This was observed by the strain being
less effectively attenuated, and the attenuation rate appearing more linear, suggesting
weaker bond performance. With increased rib spacing there also appeared to be more
variance along the strain profile, which is logical as with increased rib spacing the locations
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of mechanical interlock are further apart. An example of this can be found in Figure 11,
which highlights results from annuli size A and B from loading at 90 kN. For the given
annuli, it can be seen that the specimens with smaller rib spacing generally attenuated
strain better. This is also true in annulus B, in which a large dichotomy exists between
the altered and the unaltered bars. There are some exceptions to the general trend, where
typically certain rib spacing may perform better than others in specific load ranges. For
example, the 41 mm rib spacing in grout annulus A (7.7 mm) which attenuated stress the
best for loads under 40 kN.

Table 6. Coefficients for predicting stiffness and robust analysis results.

Model Unstandardized Coefficients Standard Error Standardized Coefficients t p

H1 (Intercept) −465.31 101.668 −4.58 <0.001
Average compression

strength of grout (MPa) 14.31 2.49 0.71 5.75 <0.001

Rib spacing (mm) −0.74 0.29 −0.31 −2.51 0.023

Bootstrapped Model Unstandardized Coefficients Standard Error Standardized Coefficients
95% bca * CI

Lower Upper

H1 (Intercept) −456.66 14.77 114.50 −705.9 −271.9
Average UCS of

grout (MPa) 14.12 −0.40 3.03 9.28 20.54

Rib spacing (mm) −0.73 −0.00 0.30 −1.42 −0.24

Note: bootstrapping based on 5000 replicates; coefficient estimates are based on the median of the bootstrap
distribution. * Bias corrected accelerated.
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Figure 11. Rib spacing comparison across grout annulus A (top) and B (bottom) at 90kN; red dots
show theorical strain at zero.

Utilizing LFRM, multiple linear regression confirmed this reduction in bond perfor-
mance where rib spacing was seen as a negative predictor and the average grout strength
was a positive predictor; see Equation (8). This relationship was seen as statistically signifi-
cant where LRFM F (2,17) = 26.37, p < 0.001, adj. R2 = 0.73). The regression coefficients and
standard errors can be found in Table 7. All required assumptions were found to be met;
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however, there was a degree of non-linearity. This non-linearity is logical as, if we examine
either limit of rib spacing, it approaches a smooth bar. Therefore, caution should be used if
the range of inputs are outside of the dataset used to form this model.

Y(Predicted LRFM (kN)) = −31.56 − 1.28(rib spacing (mm)) + 4.24(UCS(MPa)) (8)

Table 7. Coefficients for predicting LRFM.

Model Unstandardized Coefficients Standard Error Standardized Coefficients t p

H1 (Intercept) −31.56 85.55 −0.37 0.780
Average compression

strength of grout (MPa) 4.24 2.10 0.27 2.02 0.059

Rib spacing (mm) −1.28 0.24 −0.72 −5.36 <0.001

These strain data can also be explored through shear displacement profiles. When
exploring these profiles, although the general patterns were similar, there seemed to be
effects of increased rib spacing. Specifically with increased rib spacing, higher values of
maximum shear stress developed, shear stress developed slower (higher levels of axial
displacement required) and great variance was observed. An example of this can be seen
below in Figure 12. This shows the response of specimens D-1, D-3 and D-5, and was
selected as it most clearly shows these observed patterns. This observation is in line with
first principles and others’ findings, such that the delay in the development of shear stress is
consistent with trends in initial stiffness and with a decreased number of ribs, the stress per
rib would have to be higher while also driving the variance. The strain on the pipe was also
explored under the assumption that with increased rib spacing greater levels of dilation
would occur; however, no conclusive findings could be drawn from the collected results.
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This overall negative bond performance was not in line with tests conducted on shorter
embedment lengths [7,63,64,66]. However, differences in confining medium properties and
grout material may offer alternative explanations for these differences in findings. In one
study which featured comparable confinement stiffness [7] they did find an increase in
strength with increased rib spacing but it was not significant. This suggests a possible third
variable to this relationship, which would require additional investigation.

3.4. Effects of Grout Annulus

The laboratory results were also cross analyzed to explore the effects of grout annulus.
In a similar manner, global and component behaviour was examined. When comparing
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the strength and failure modes of the specimens, which can be seen below in Table 8, it
was observed that specimen D-1 failed in grout as opposed to shank. Visual inspection
of the failure in the grout seemed to visually correspond to a reduction of confinement
of the specimen, with cracking patterns resembling dilation slips failure; this can be seen
in Figure 13. Figure 13 also highlights the observation of other cracking observed in
specimens. Specimen B-1-i and C-1 both had large voids and thus should have resulted
in lower strength because of the reduction of bond length, and specimen B-1-ii failed in
shank at similar loads. This suggests that a reduction in bond strength can be associated
with very large grout annuli. In line with the literature [67,68], it was expected that with
increased grout annulus there would be a decrease in stiffness. However, no clear trends
were observed across the data. Regression analysis could not be conducted as there were
insufficient trends. When examining rib spacing 1, the axial deformation of the bar at
100 kN, B and C grout annuli (sizes) were stiffest.

Table 8. Summary of collected data the unaltered bar in various grout annuli.

Specimen Failure Mechanism Max load (kN) Deformation at
100 kN (mm)

Load to Which the Full Length
Mobilized (LFRM) (kN)
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Although there were no clear trends when examining the effect of grout annulus on
bond performance across the data and multiple linear regression of LRFM could not be
conducted, there was some support for a trend with the unaltered commercially available
bars. When analyzing the strain profiles, it appeared that the unaltered rebar in B and
C grout annulus performed better than the smaller and larger annuli. These can be seen
visually in Figure 11, comparing annulus A to B. For smaller loads, grout annulus A and
D were more similar (this departure could potentially be caused by effects related to pipe
deformation of the small pipe). Interestingly, beyond yield, it generally appeared that
grout annulus C attenuated strain better than annulus B; this appeared to be caused by
less rebar–grout debonding. However, when examining the strain at the free end, and the
LRFM specimens in the grout, annulus B had better performance. However, the effects
of the grout void could have impacted these results. When examining the shear profiles,
A and D seemed to activate later and have lower values of shear stress even at higher
displacement. Specimen B-1-I had the highest shear stress. This can be seen in Figure 14.
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In summary, there was some support for the theory that the bond performance of
an unaltered rebar could be increased with increased grout annuli within a set range.
Performance effects of increased stiffness, higher LRFM and better strain attenuation
were observed with the unaltered bar. This range of grout annulus sized at 8.4× and
11.9× average rib height agrees with the finding of numerical modelling by Yokota, which
suggested 9 times to 12 times rib height [69] and other research which suggested the
benefits of increased grout annuli [5,9,70]. It should be noted that these trends were not
seen globally across all the tested rib spacings. However, other selected research has shown
that modifying the rebar–grout interface by wrapping the rebar with an additional rod
does have an optimal hole diameter, suggesting that such a trend could exist for other
alternative geometries [70].

3.5. Model Results, Comparison and Discussion
3.5.1. Analytical Model Analysis

To compare the results of the physical testing program to analytical models, compari-
son plots at 10, 50 and 100 kN were prepared for all 24 specimens. An example of this can
be seen below, in Figure 15. Both selected models were generally exponential, matching
what was largely seen across the data. It was seen that Ma’s model [11] tended to provide
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a better fit to the data but was underpredicted in the attenuation rate resulting in higher
strain compared to laboratory data at the same length along the specimens. Opposite to
this was Li’s [16] model, which was over-predictive in the attenuation rate of the strain.
When examining the model’s fits to laboratory data across changes of the independent
variables, Ma’s model appeared to have improved fit with increased rib spacing.
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3.5.2. Numerical Modelling Results and Analysis

The overall response of the numerical model was consistent with the expected and
observed behaviour of laboratory specimens. Specifically, it was observed that as the rebar
is pulled axially, the bar elongates and slightly contracts. This displacement reduces as
the distance from the loading position increased. This is because the ribs transfer the
load to the grout and causes a slight dilation. This behaviour was congruent with their
material properties and their interaction mechanics. It was also noted that the shorter
models deformed more than the longer embedment length ones did. This was also seen in
the laboratory specimens [9]. It was found that the RS2 models created by our group for
the longer length specimen such as 500 mm and longer were found to be over-predictive
and did not match the general trends observed in physical testing. Despite a shift in
strain attenuation pattern between the short and longer lengths not being observed in
the RS2 model, it was successfully seen in the ANASYS contact model. During the first
stage of the model, results were very close to physical testing. For the 100 mm and
the 500 mm, the model performed very well, with the largest difference being ~15%
(taken visually as original data were not available). However, generally the results were
much closer. Although the 250 mm did display the correct pattern, it was over-predictive
on the attenuation rate showing much greater strain departure when compared to the
other models. This iteration of the model for the 750 mm standard rebar and altered bar
(Stage 2.1 and Stage 3.1) did not perform as well as the smaller models (Stage 1 series
models) and there was a greater difference between model and laboratory strain results.
However, the global strain attenuation pattern matched much better when compared with
the collected laboratory results, which can be seen below in Figure 16. The results are most
similar to the specimen 750CP and can produce very close results for 10 kN and to some
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extent 50 kN when the front is manually debonded. The possibilities of the differences
could exist within the limitation of the model but also analysis of the strain data, there could
be debonding of the section in this specimen as there is the appearance of a near-zero slope
front section, which if present would lead to higher strain values along the embedment
length. These initial findings suggest that a ANASYS provides a closer representation than
the model using RS2. Additionally, further parametric analysis, calibration, and proper
grout representation could be conducted to further improve the model ability to match the
laboratory data.
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It was seen that the model responded similarly to the physical results when rib spacing
was increased. Increased rib spacing resulted in greater variance along the profile and a
decrease in strain attenuation. The comparison between both 750 mm models (Models 2.1,
3.1) at 10 and 50 kN can be seen in Figure 17. The model also showed a greater level of
dilation, which was in agreement with the literature but was not observed in this laboratory
investigation. In summary, it appears that this methodology shows promise to not only
capture the general response of the system but also capture the effects of parametric changes
without fitting.

3.5.3. Discussion of Numerical Model Design

Confirmation of sufficient meshing sizes was not possible with standard convergence
studies due to the appearance of hot spots likely caused by contact singularity. Even with
geometric refinement and the inclusion of 0.25 mm fillets, meshing studies did not converge.
However, when looking at the overall stress distribution and strain response in the centre of



Appl. Sci. 2024, 14, 2136 22 of 28

the specimen, confidence in both the meshing and geometrical simplification was achieved.
The comparison of stress between the two models can be seen in Figure 18. Furthermore,
as the main objective was the strain response, this was also compared between the two
models; the largest difference between them was found to be 3%. To confirm this sufficient
meshing with the larger models, an additional second verification was conducted. The
250 mm and 750 mm of the alternated bars were both investigated. For the 250 mm between
the coarse and finer (117 k to 147 k nodes), there was a 0.16% difference in deflection, with
the 750 mm having a similar level of consistency.
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Another important factor for investigation is the contact normal stiffness factor. Gen-
erally, with increased normal stiffness the penetration will decrease, while contact pressure,
stress and iterations to solve will increase. Values were selected by conducting convergence
studies, with the first-stage models being 10 for the pipe grout contact and 3 for the grout
rebar contact; however, this was increased to 15 for the pipe grout contact. Convergence
models were generally in line with the stated expected response. However, in the first-
stage model, maximum stress in other bodies (not the ones found at the contact interface)
decreased with increased rebar–grout contact pressure, and the pipe grout seemed to peak
at a normal stiffness factor of 10. These selected values are in line with expected contact
behaviour where the pipe-grout is bonded and the grout rebar is frictional.

To ensure boundary and load conditions were properly represented, investigation
into their response and effects on results was explored. The application of load was very
closely represented to the laboratory condition, in the laboratory loading was achieved
with a hydraulic grip ~20 cm from the front of the pipe and in the numerical model this
was represented as the load was applied across the entire surface area of the front of
the rebar in the numerical model. To keep the model efficient, the bearing plate used to
hold the specimen in place was represented by a boundary condition that was applied
across the top face of the pipe to constrain the X (plane of loading). The Y component was
constrained by the plane of symmetry of the model. In the laboratory, specimens were
restrained in the Z and Y by the friction between the pipe and the bearing plate. This
could be represented as an additional friction contact surface. To simplify this, a plane of
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symmetry was created on the pipe and the Z was constrained on the edge which would
interface with the pipe. The boundary conditions created slightly less confinement on the
top of the pipe than the actual specimen, but was selected this way with consideration
that the frictional force would be proportional to the applied load and with expected grout
conical failure, very little force would be transferred in this region. When analyzing the
load response of 20 kN of loading, the X boundary condition reaction forces were directly
equal to the applied load. Reactionary forces in the other planes at the X and Z boundary
condition were either small (~4% and ~2%) or zero. These results were in line with the
expected response of the system. To understand the effects of making the model freer than
the physical testing, another model was run but with the entire face of the pipe constrained
in all directions. When comparing the models, a reduction of maximum stress of 3%
and a reduction of the maximum total displacement of 8% was observed. Despite this
large change in displacement, there was little effect on the strain profile in terms of shape
and magnitude.
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In the stage 1 models, the longitudinal ribs were left unaltered but in the subsequent
stages the longitudinal rib was grooved to better match the laboratory specimen. These
grooves were made slightly deeper than the actual specimen’s so that they were flush with
the rest of the geometry to avoid thin geometries. To understand the effect of the inclusion
or omission of the rib, model 2.1 was run both with and without the grooves. A large
difference (~9%) around the front was noted but this difference converged further along
with the rebar. This comparison confirmed the decision to include the grooves as it does
affect the strain profile.

Materials were generally taken from either experimental collected values or literature
values for the given materials. The only material modification was a reduction in grout
stiffness. A ratio from the curve fitting efforts was utilized [18,71]. To understand the
impact of this factor a model was run with both unmodified and adjusted values. In line
with expected behaviour, strain attenuated quicker. This led to the model being even more
over predictive when compared to the laboratory result. This directly leads to the largest
limitation and source of error for this iteration of the model. The grout was modelled
as linear elastic; however, it is clear from the laboratory results that cracking occurs and
these should be included in subsequent models. This would result in greater displacement,
with a plastic softening effect with increased loading. Future efforts could also include
full plasticity representation, sensitivity analysis for friction values taken from literature as
well as other material properties to understand their effects on results and the use of an
axisymmetric model could be explored.

4. Conclusions

A robust laboratory investigation was conducted in order to better understand the
effects of ribs, rib spacing and grout annulus on rebar rock bolt performance, as well
as complementary modelling development and analysis. This was achieved through
the development and employment of an advanced strain-sensing methodology using
fiber optics.

This research investigated the effect of rib spacing on the activation length, stress
attenuation pattern and general behaviour of fully grouted rock bolts for ground support
purposes. From the strain data that were produced and collected by the DOS and other
supporting instrumentation, it was seen that rib spacing and ribs had a large effect on the
general behaviour of the grouted rock bolt systems. Selected investigations concerning
themselves with rib spacing presented in literature have shown that with increased rib
spacing, better bond strength can be achieved. However, it should be noted that this
research was only done on small embedment lengths and generally in very stiff confining
mediums. Findings from this current research program highlight that such trends may not
extend to less stiff rock or longer embedment lengths. In agreement with the literature, it
was determined that stiffness decreased with increased rib spacing. Strain profiles generally
showed the following with increase rib spacing: strain was attenuated less effectively,
suggesting a reduction of bond performance, with increased rib spacing strain attenuation
appeared more linearly suggesting weaker mechanical interlock and, more variance along
the strain profile as was observed. These considerations should be explored further prior to
in situ implementation by industry. Design engineers should carefully study the predicted
loading applied to their support systems that consider grouted rock bolts. They should also
pre-determine the amount of displacement that is expected to occur based on the ground
conditions in order to make appropriate design decisions. This will allow for informed
decisions on the specifications associated with the bolts chosen for a particular project. The
implementation of the DOS technique highlighted within this research can also provide
geo-professionals with insight into the performance and behaviour of the support elements
in situ in a true observation approach.

Despite the wide range of annuli tested, no continuous trends were seen across rib
spacings. Although limited, selected support was seen that may support the hypothesis
that a grout annulus of 9 to 12 times rib height is optimal. The large negative effects found
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in some of the cited literature were not observed in the testing that was presented herein.
Other researchers speculated that these effects were caused by installation methods and
not material behaviour. The findings of this research support this theory.

This research looked to generate nominally identical (to the laboratory experiments)
numerical models that are capable of representing the behaviour of full-length specimens,
and compare the model results against experimental results. It was found that modelling
using a contact analysis provided a better representation of observed laboratory behaviour
of longer embedment length specimens and was able to reproduce a similar effect with
increased rib spacings. Specifically, the numerical model was able to capture exponential
strain decay, as is seen in experimental results. This is significant as this was not captured
in the previous models which used model interactions as joints.

This investigation provided further proof of concept of using such methodology for
quality control purposes. This novel methodology was also leveraged to provide greater
insights into factors which define the performance and behaviour of fully grouted rebar
rock bolts.

In this research, we continue to investigate and refine the monitoring of ground
support and ground support parameters, with the goal of supporting long-term monitoring,
numerical representation, and optimization. Noted key observations should not only be
considered in future research, but by practitioners; as this novel approach provides greater
insights into the geo-mechanical behaviours of fully grouted rebar rock bolts.
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