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CHAPTER 1 
INTRODUCTION 

1.1 Background and rationale 

There are many types of support in rock mass. One of the support systems is 
rock bolt support. It has been used in civil and mining projects that involve surface 
and underground excavations in rock masses, such as tunnels, rock slopes, and 
foundations. They are widely used to improve stability and maintain the load-bearing 
capacity of rock near the excavation boundaries. There are many potential factors 
affecting the durability and the performance of rock bolts, including rock mass 
characteristics (strength and creep behavior of rock), bolt parameters (bolt type, tensile 
strength, elongation, corrosion, bolt length, and diameter), grout material (grout types, 
mixture, and water-to-cement ratio), and anchorage system (embedment length, hole 
diameter to bolt diameter ratio, number of bolts, bolt spacing and orientation of rock 
bolt (Frenelus et al., 2022). In dam construction, the water which water weight is 
modified according to the temperature and hydropower lead to action force subjected 
to the internal and external hydrostatic load. The pressure will start coming influence 
when the dam surface has occurred the initial crack. The compression load and shear 
stress act with zero stress and maximum stress on the toe of dam, respectively. The 
changing of water level in the headwater leads to stress conversion and occurring 
failure (tip crack and uplift failure) where occur area of the dam, foundation, and 
plane’s contact with the foundation (Federal Energy Regulatory Commission, 2002). 
Likewise, wind velocity affects the wind turbine. The aerodynamic load executes on 
the structure to the tower bottom with increased stress as the wind rate increases 
(Wang et al., 2013). Many researchers have carried out laboratory tests, field tests, 
analytical methods, and numerical analysis for a better understanding of rock bolt 
performance (Ghazvinian and Rashidi, 2010; Li et al., 2016; Chen, 2014; Hyett et al., 
1992; Chen and Li, 2015; Yang, 2022; Zhang et al., 2020; Høien et al., 2021; Li et al., 
2017). Even though several factors have been tested, the performance of cement 
plugs in rocks as affected by the pull-out rate and curing time has been rare and used 
to prevent hazardous conditions such as the collapse of buildings, tower overturning, 
or high structures related to tension foundations. 
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1.2 Research objectives 

The objectives of this study are to assess the effect of pull-out rate of shearing 
resistance of cement plug in rocks. The pullout test is performed on Phra Wihan 
sandstone specimens. Different loading rates are used to pull-out the steel bar from 
a test hole. A mathematical relation between the maximum pull-out strength and 
displacement will be formulated to predict the shear performance of cement plug in 
rocks as function of curing time and loading rate. The findings will improve 
understanding of the shearing resistance of cement plug in rocks under different pull-
out rates and curing time for rock support. 

1.3 Research methodology 

The research methodology shown in Figure 1.1 comprises 6 steps; including 
literature review, samples collection and preparation, Laboratory test, result analysis 
and comparison, discussions and conclusions, and thesis writing. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 1.1 Research Methodology 

Literature Review 
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Discussion and Conclusion 

Thesis Writing 
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1.3.1 Literature review 

Literature review is carried out to study researches about the standard 
testing procedure of pull-out test, pull-out test on grouted rock bolts in laboratory, 
the influencing parameters on shear resistant of grouted rock bolt and the relevant 
theory of pull-out test. The sources of information are from text books, journals, 
technical reports and conference papers. A summary of the literature review is given 
in the thesis. 

1.3.2 Sample collection and preparation 

The rock specimen use here is prepared from Phra Wihan sandstone to 
has nominal dimensions of 110×110×200 mm3 in the laboratory at the Suranaree 
University of Technology, Nakhon Ratchasima province. A 25 mm diameter of 
predrilling hole along the centerline of rock specimens will be prepared for installing 
a 12 mm diameter rebar bolt. The uniaxial compressive strength of the grouted 
material is determined by testing cylinder specimens that diameter and length were 
54×108 mm in size (L/D = 2.0) for each curing time period of 3, 7, 14, 21, and 28 days. 
Grouting material is cement grout. The cement grout is prepared from the commercial 
grade Portland cement (Type 1) mixed with water-cement and sand-cement ratio of 
0.45:1 and 1:1. The rebar bolt and grouting material are installing in the grouting hole 
with an embedment length of 100 mm then left to cure for 7, 14, 21, and 28 days by 
submerging in water before testing.  

1.3.3 Laboratory test 

The rock bolt pullout test apparatus is used to equip with the rebar bolt 
and apply the different four pullout rates from 0.0001, 0.001, 0.01 to 0.1 mm/s in 
accordance with the ASTM standard D4435-13 and suggestion method from ISRM 
suggested methods for rock bolt testing. The slowest speed gives appropriate time for 
testing. All testing is made under a dry condition. The rock bolt pullout test apparatus 
comprises a central hole jack, hand pump with load gauge, directional control valve, 
flexible pipes and truss high tensile test rod with coupling. In general, the pullout force 
is indicated on load gauge; however, a load cell can be used for the measuring of pull-
out load. An arrangement is provided for fixing the dial gauge for estimating 
displacement against the load. The axial displacement and pull-out load will be 
recorded during testing until failure occur. 
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1.3.4 Analysis and comparisons 

The mathematical relation between the maximum pull-out levels and 
pullout rates under function of curing times is formulated to predict the shear 
performance of fully grouted rock bolt. The research findings is published in 
conference paper or journal. 

1.3.5 Discussion and conclusion 

The reliability and suitability of discussion will be identified and used to 
performance evaluation. The thesis includes research activities, methods, and results. 
The research or findings is published in the conference proceedings or journals. 

1.3.6 Thesis writing 

All research activities, methods, and results are documented and 
complied in the thesis. This research is an application to design pull-out of cement 
plug which bearing capacity strength parameter of pull-out test. 

1.4 Scope and limitations 

The scope and limitations of the research include as follows. 

1) The nominal dimensions of tested specimens are 110×110×200 mm3.  
2) The pullout test procedure follows the ASTM D4435-13e1 standard practice 

and suggestion method from ISRM.  
3) The cement grout is prepared from the commercial grade Portland cement 

(Type 1) mixed with water-cement and sand-cement ratio of 0.45:1 and 1:1.  
4) The sample is tested performed in 5 and 4 periods of uniaxial compression 

and pull-out test.  
5) The uniaxial compression is tested under constant rate (1 MPa/s) by 

following ASTM 7012-14.  
6) The pulling rates applied from ISRM suggested method for rock bolt testing 

are varied from 0.0001, 0.001, 0.01and 0.1 mm/s.  
7) All testing is made under dry condition. 
8) The research findings are published in conference paper or journal. 

1.5 Thesis contents 

Chapter I describes the background and rationale, the objectives, the 
methodology and scope and limitations of the research. Chapter II summarizes results 
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of the literature review. Chapter III describes the sample preparation. Chapter IV and 
V describes the laboratory testing and derivation of empirical equations. Chapter VI 
discusses and concludes the research results and provides recommendations for 
future research studies. 

 
 

 

 

 



 

CHAPTER 2 
LITERATURE REVIEW 

2.1 Introduction 

This chapter compiles the results of a literature review carried out to 
understand and develop the failure mechanism and failure mode of grouted bolts, the 
effect of reinforcing on pull-out tests, and factors affecting the performance of rock 
bolts following the standard for pull-out tests.  

2.2 Failure mechanism of grouted bolt 

 The excavated tunnel shows some effects on the stability of the surrounding 
area. Loading those transfers from the reinforcement system and mechanical action 
which can be explained for the understanding of support system behavior. According 
to the classification of Stille et al. (1989), the main concept comes from elastic-plastic 
grouted bolts. Basic mechanisms can be categorized into three elements namely: 1) 
Rock movement and load transfer from an unstable zone rock to the reinforcing 
element. Load transfer occur in weak rock to the bolt, 2) Load transfer from unstable 
region to a stable region. In this case is not equipped bolt head to transfer load from 
weak rock into direct grouting material, and 3) Transfer of the reinforcing element load 
to the stable rock mass. This is the normal pulling by wearing nut and end plate for 
increasing performance of bolt in elastic phase and considering to grouting material. In 
the fully grouted bolt, load transfer gives a major shear surface from rock to bolt and 
bolt to rock via grouting material. Shear resistance is the actual bonding between the 
roughness of the hole and the profile of the bolt surface. 

 Feng et al. (2017) investigate the distribution of load on steel tubes with passed 
differential segments of the same total length (30 cm). The segments (5, 7, 9, 10, and 
15 cm) are processed and attached by cement grout (w/c = 0.25), there is a 
compressive strength of 30 MPa within one day and 70 MPa within 28 days. The result 
shows load transfer from the bolt-clamp end to the tube-clamp end, which evidence 
is shown trace on material grout with the three conditions (decoupling stage, plastic 
stage, and elastic stage). The failure is separated into 3 types; bolt fracture always 
occurs when the last segment has a long length (15 cm) due to its ability to resist axial 
load from the tube-clamp. The bolt has become a first weight barrier that has position 
failure starting at 10 cm of total length segment by the combination of short segments 
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(5 + 5 cm, S1-2), whereas the last segment has not enough length (< 15 cm), and the 
decoupling failure occurs at the tube end. The received peak load and displacement 
in this failure will be a lower value than the bolt failure, but it has 3-4 oscillations of 
load before the load drops at the zero point. For clamp detachment is found this case 
where each segment has length equally. By spreading the load through the bolt rod 
to part of the weak section, the spiral of the bolt clam is damaged by print scratch 
and a certain lower load than both bolt failure and decoupling failure.   

2.3 Failure modes of two phase material system 

By pull-out testing two phases are defined, which comprise a rebar and 
concrete column (note: there is no grout material) for this study. The bonding forces 
of rebar distribute through the center core to the rebar surface and pass surrounding 
media or concrete with radial force. Lutz (1970) divides the component of bonding 
force that is passed onto rebar into three parts; 1) Chemical adhesion, which is the 
main bond strength in two types of material attraction between intermolecular on the 
surface of rebar and grouted cement. However, it has little effect. 2) Friction will occur 
after slip, during which the forming of cement and rebar is very close. 3) Mechanic 
interaction, that rib, thread, or interlocking on the rebar surface helps to brace grouting 
material or considering the roughness of the rebar. The rebar can slip in two ways; 1) 
Characteristic wedging action that means the concrete is split together by ribs of rebar 
following slipping of rebar. 2) Lodge (compacted powder) of concrete where it is stuck 
in the rib spacing by crushing the rib. In addition, even when slip and separation occur, 
additional external cracks on the surface concrete led to internal cracks that become 
transverse cracks, and concrete crack rendering has a chance to split. Thus, large axial 
displacements cannot occur without transverse and longitudinal cracking in the 
surrounding concrete. Lutz (1970) also outlines the breaking of a concrete beam into 
small columns as primary cracking, which is the major failure mode, and transverse 
cracks with dense minor radial cracks from bond slips. 

 The initial objective of the bolt reinforcement is to reduce displacement of the 
existing fractures by applying confining stress to the fracture surfaces. In some cases, 
rock bolts can reduce some residual phases within the moving strata. Rock bolts 
installed across the bedded, jointed, or fractured strata are capable of resisting axial 
and shear deformation (Figure 2.1). The fully grouted bolt function can be classified 
into three parts: tensile load which affects the axial resistance; shear load, which occurs 
on the shear plane across the bolt; and the combination of both loads. So, failure 
occurs following the above description of bolt function, which means the failure occurs 
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for tensile load: Steel failure of the fastener, concrete cone failure, and Pull-out failure 
of the fastener, and for shear loads: steel failure and concrete crushing with an 
unbending bolt and the last one is failure of both loads. 

 

Figure 2.1 Rock bolt installed in rock joint (Minova, 2006). 

2.4 Effect of reinforcing on pull-out test 

 In the study of Thenevin et al. (2017), pull-out test of three rock bolts, including 
HA25, FRP and SSB rock bolts, are studied. All rock bolts are grouted in sandstone 
specimens with cementation and resin. The outer surface is installed by a biaxial cell 
for controlling condition tests under constant radial stiffness (CRS) and constant radial 
pressure (CRP), but in this study, CRP values of confining have low differential pressure 
on the curve, therefore CRS grains receive more attention. Load-displacement of HA25, 
FRP rock bolt occurs in four stages. At the initial stage, interface adhesion, mechanical 
interlock, and friction encourage the bolt-grout bond. The curve indicates a quasi-
linearity. At the secondary stage, the interface develops joints and subsequent curve 
drops. The load increases until it reaches its maximum value at the third stage. At the 
fourth stage, residual load on the curve is slowly failing down of HA25 better than FRP 
because of a higher indentation angle, which causes load- displacement to remain in 
the residual phase. In the meantime, SSB rock bolts show two peaks response, with 
the failure in the initial phase being on the bolt-grout interface. Suddenly load drops 
and a secondary peak is shown by gripping itself against with a smooth surface. For 
SSB, the residual phase has steady values until the end. Embedment length and 
confining pressure have been influenced by axial load and displacement when length 
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and confining pressure have been increased. These include increasing maximum load 
and bond strength with a smoother curve of FRP than HA25. The maximum load 
capacity on pull-outs increases with different anchor lengths (Benmokrane et al., 1995) 
On the other hand, residual load and axial stiffness (load range 40 to 80 kN) are 
characterized by being non-curved. 

 Laldji and Young (1988) investigate ground anchorages with different 
embedment lengths for development. The seven-wire stand is produced in three 
forms, each of which has the influence in pulling by Stocker and Sozen (1969). The 
results indicate the increase of the embedment while the tensile force increased, but 
the displacement of the tensile force level offs have been steady at 0.3 mm slip. The 
bond stress of a normal strand decreases with increasing embedment. Indented strand 
has the highest bond stress, more than normal, and dyform strand between free force 
and 15 N/mm2 lateral compression. Although dyform strand has the lowest values but 
it has the most incremental bond stress for low confining. The tensile force/slip 
compact (Dyform) strand and normal strand have similar curves in the peak phase and 
residual phase. For an indented strand to be different in part, residual load increases 
equal to or greater than peak force. The values of bond stress averaged over all the 
levels of lateral compression from 0 N/mm3 to 15 N/mm3 are in the following 
proportions: 1 (normal): 0.9 (Dyform): 1.20.1 (indented). The influence of stress can 
change bolt performance (MacSporran, 1994). 

 In the study of Qasem et al. (2020), two types of reinforcing are explored for 
determining efficient capacity by pull-out test. Carbon fiber resin-forced polymer 
(CFRP) and steel rebar have been comprised in concrete blocks that can be studied 
for the behavior of ultra-high-performance-concrete by Yoo and Banthia (2015). The 
diameters of CFRP and steel rebar are 12 and 16 mm, respectively, for diameter 
increasing examination. The results show that the bond stress of CFRP is lower than 
that of steel rebar in the same diameter, with 34.7% and 48.5% on 12 mm and 16 mm 
diameters, respectively. The personality curve of CFRP and steel rebar is similar in both 
diameters, but at 12 mm in diameter of CFRP loads have rapid drops until zero in 
residual stress, rendering end-slip low displacement. Expansion of CFRP diameter 
which increases bond stress from 1.98 to 2.97 MPa or 44% increasing while steel rebar 
has been valued from 2.8 MPa to 4.7 MPa, led to an increase of 67% in maximum 
bond shear stress. With respect to general characteristics, the characteristic of CFRP is 
no indentation for mechanical support, bearing of stress focuses on friction resistance, 
unlike steel rebar, where interlocking increases performance of strength and residual 
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stress, but there are several mechanical parameters and physical advantages for fiber-
rebar (Prokeš et al., 2020; Alaoud et al., 2021; Mousavi and Shafei, 2019). 

2.5 Factor effect on performance of rock bolt 

 Empirical classification systems are based on average values from many field 
tests and conditions. Kim et al. (2019) explore fully grouted-bolt pattens in excavation 
for tunnel-support. Testing is used in situ to gather rock-mass rating (RMR) systems, 
rock-quality index (Q) systems, and rock-mass index (RMi) for differential environmental 
processes. There are several factors that influence the selection of length and diameter 
bolts, such as tunnel span, rock-mass quality, ground-quality, tunnel size, and block 
size. 

2.5.1 Composition 

The compounding of support systems (shotcrete, steel reinforcement, 
etc.) in grouted rock bolts leads to stiffnesses that combine in the elastic field. The 
total stiffness can be a sum of each single stiffness, as shown in the equation below:
 ktotal =   i ki                         (2.1) 

where Ktotal = total stiffness of the composite system, and Ki = individual support or 
reinforcement stiffness. Installation of support at different times affects individual 
distances from the excavation face, as shown in Figure 2.2. Finally, the combination of 
every support that varied many processes set up gives the maximum load to close up 
on the final setting time. The purpose of composite support is to support stability, 
save cost and adapt the system to environmental conditions. 
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Figure 2.2 Composite support reaction lines (a) Case 1: different support elements 
installed at the same time after tunnel excavation (b) Case 2: different 
support elements installed at different times after tunnel excavation (Kim 
et al., 2019) 

2.5.2 Curing time 

Fully grouted bolts are based on load transfer type: continuously and 
mechanically coupled (CMC). There are two groups, although with respect to this 
experimental study regards on rock bolts are widely consumed in tunneling work and 
cable bolts are always used in mining operations. Moderate and weather rock are 
used for 18 pull-out tests for two rock classes under three curing times (12, 24, and 
36 hours). The load capacity of both the moderate and weather rocks has increased. 
In moderate rock, the curing time does not show a significant curve even though the 
capacity load of each period is greater than that of another type of rock mass, which 
also affects the gradient in load-displacement curves in weather rock. The inflection 
points of weather rock have displacement close together with values of 57, 103, and 
137 kN for 12, 24, and 36 hours of curing, as shown in Figure 2.3. 
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Figure 2.3 The effect of the grout’s setting time on pull-out strength of rock bolt in 

(a) moderate rock and (b) weathered rock (Kim et al, 2019). 
 

Elkhadiri et al. (2009) inspect porosity in the two types of Spanish cement (CEM 
I 42.5R and CEM II/A-V 42.5) that were cured at a temperature of 4 to 85˚C for 2, 7, 15, 
and 28 days. Both types of cement have the highest compressive strength at a 
temperature of 85˚ C with 2 days cured time and decrease with a long-cured time (28 
days) because overheating accelerated the reaction to fast ending. Although in the first 
7 days, the cements of both types have the highest compressive strength at 40˚ C, 
there was a slight decrease after 7 days and remained stable until 28 days, while the 
temperature of 4˚ C and 22˚ C have values increased from 2 to 28 days. The percent 
of porosity in a few cured times decreases when temperature increases, while a longer 
cured time reduces similarly porosity except at 85˚C. At 40˚C give the percent less 
than other temperatures in minimum and maximum cured time. The X-ray diffraction 
(XRD) shows the compounding product of hydration (anhydrous phase, hydrate phase, 
and calcite) below a temperature of 85˚C. All products are set molecules and 
evacuated water/air pores via capillary water described as three main types of water 
content by Rübner et al. (2010). 

2.5.3 Stress field condition 

Disturbing stress in depth is an influential factor to exhibit in the role. 
The Q-system always used in the rock-bolt design. Decreasing confining stress, which 
is upright along the axial bolt, leads to unstable splitting of the grout and radial 
fracturing better than in high stress. However, stress in the environment is not 
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hydrostatic. The minor and major principal stress values have individual crack 
propagation around the bore hole during the pull-out test, as shown in Figure 2.4. 
The evolution of the radial fracture streak is broken by parallel major confining 
pressure in the case of non-hydrostatic pressure.  

 

Figure 2.4 Effect of confining pressure on borehole surrounding rock mass during pull -
out test: (a) low confining stress ( 2 =  3), (b) high confining stress  ( 2 
=  3), and (c) confining stress (  2 ≠  3) (Kim et al, 2019). 

 2.5.4 Rock properties 

The strength of rock mass is one of rock-mass conditions for more or 
less setup support. Load transfer is a factor passing the rock-mas quality by 
anchorage performance as inflated steel-tube rock bolts are continuously frictionally 
coupled (CFC) systems, expansion shell bolts are discretely mechanically or 
frictionally coupled (DMFC) category, and in this part use CMC systems. Rock mass 
ratting (RMR) is guideline for rock-mass quality; moderate rock; soft rock; and weather 
rock. The relationship of pull-out strength and the pull-out displacement in 
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moderate rock are 159.3 kN and 6.29 mm that remain in the range of 14 empirical 
approach. Soft and weather are 148.8 kN for 8.42 mm and 127.6 kN for 8.545 mm 
that is low strength than the empirical approach. One thing that is cogitated with 
compactness in the rock, therefor density is recommended within a parameter in the 
empirical equation. 

 Zhai et al. (2016) study varying conditions and variant diameters of the test 
sample (weak and strong test samples) grouted with two bolt types (MW9 nutcage 
and Superstrand plain cable bolt). The result shows that the MW9 cable bolt has a 
higher peak load in the smallest and biggest diameters of the sample (150 and 500 
mm) than the Superstrand cable bolt, although the strong test sample has a peak 
load of about 50 kN higher than the weak test sample. The peak loads in both types 
of bolts are invariable since they were tested with diameters of 200 and 300 mm in 
Superstrand and MW9 cable bolts. 

Che et al. (2020) establish a bonded-particle contact model (BPM) for pull-
out tests by DEM investigation. Simulation of DEM is performed for the multi -layer 
under compaction method (MUCM) and macroscopic mechanical parameters from 
several experiments. The sample widths ranged from 40 mm to 400 mm, and the 
sample heights ranged from 120 mm to 400 mm. The results  show the influence of 
sample width on mechanical properties is substantially greater than that of sample 
height. Bond breakage occurs for various sample widths, in cases of small sample 
widths, there is a fracture of grout near the load end, followed by rock near the top 
of the sample. In large sample width cases, failure occurs along the bolt -grout near 
the grout-rock interface. The force chain indicates the concentration of two 
compression forces in the form of an inverted cone at the top with a large width, 
which means concentrating tension at the bottom. Bond breakage and chain force 
for various sample heights are important under the same pull-out displacement. 

 2.5.5 Drill hole characteristics 

Normally, a suitable hole is always a cylinder shape to carry out along 
the bolt length. Ghazvinian and Rashidi (2010) explore the effect of hole diameter 
on rock bolt diameter. The different bolt diameters (25, 28, and 32 mm) provide 
different hole diameters (32, 40, 50, 63, and 90 mm). The results indicate that the 
level of maximum load is between 32 mm and 48 mm diameter holes in a 25 mm 
diameter rock bolt. In 28 mm and 32 mm diameter rock bolts, there is a range 
between 47 mm and 55 mm and 54 mm and 62 mm diameter holes, if the diameter 
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holes have more than this range, the maximum load will decrease by about 5% to 
10%, so the hole diameter should be 1.7 to 1.9 times the rock bolt diameter. The 
optimal range shows two linear equations, as shown in Figure 2.5. Failure of increasing 
hole diameter occurs on the bolt surface and cement grout, while less hole diameter 
occurs on the rock surface and cement grout surrounding the hole. Because of the 
area between the hole and grouting, there is more contact to attach the surface.  

 

Figure 2.5 The optimal range between hole diameter and rock bolt diameter 
(Ghazvinian and Rashidi, 2010). 

 2.5.6 Size effect 

Bazant and Sener (1988) investigated the size effect on the pull-out test 
by using cube specimens with cube sides d = 38.1, 76.2, and 152.4 mm that were 
cast with deformed reinforcing bars. The steel bars are 2.9, 6.4 and 12.7 mm in 
diameter. The ratio of the mixer is water:cement:sand:gravel = 0.6:1:2:2. The squares 
are embedded by bolts length of 12.7, 25.4 and 50.8 mm and are then filled with 
epoxy. The results indicate two modes of failure; 1) The most splitting failures 
occurred in the medium and large specimens. The fractures are brittle and have an 
observation line crack. Spitting failure is much more progressive than shear failure of 
the fresh fracture mechanical type. 2) The shearing failures occurred in a small 
specimen. The fracturing has been characterized by plastic or less brittle lugs that 
shear or crush in front of the lug, which causes friction along the internal surface of 
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the cylinder. Pull-out maximum load from small specimen is more than medium and 
large specimen about 10 times and 3 times.  

2.5.7 Bolt properties 

Komurlu and Demir (2019) perform numerical modeling and laboratory 
testing to study the length effect on load bearing capacities of the split set type 
friction rock bolts. The results show that the load bearing capacity per one meter 
length is to be found decreasing with an increase in the length of the bolt sh ank 
from 1 m to 2.5 m on the three rock types (Chalcopyritic Ore, Limestone, and Dacite). 
In the experimental study, the load bearing capacity of bolts with a length of 2.5 m 
was greater than bolts with a length of 1 m. For numerical study, varied lengths from 
1 m to 5 m have been found to decrease strength load per meter and increase 
strength load from higher lengths more than lower lengths, like in the experimental 
study at this 2.5 m rock bolt length. For equations from modeling that will be 
evaluated or useable in the same experimental test, whatever the load bearing 
capacity is not directly proportional to the length increasing.  

2.5.8 Grout properties 

Many researchers report that the mechanical properties of grouting 
materials have an influence on the capacity of rock bolts. The bolt bearing capacity 
increases with the increase in bolt length. Kilic et al. (2002) conduct pull-out tests 
on grouted rock bolts embedded into basalt blocks with cement mortar to evaluate 
the effect of grout properties on the bond strength of the bolt-grout interface of a 
treaded bar. The rock bolts with different diameters (10, 12, 14, 16, and 18 mm) and 
lengths (15.0, 25.7, 27.0, 30.0 and 32.0 cm) are bonded into the drilling hole (10 mm 
larger than the bolt diameter) in the basalt 16 blocks (E = 27.0 GPa and  c = 133 
MPa). In order to obtain different grout types and different mechanical properties, 
grouting materials (10% sand, 5% fly ash, 10% fly ash and white cement within 21 
days of curing time), curing time (1, 3, 5, 7, 14 and 21 days with w/c = 0.4), and wa ter 
to cement ratio (w/c = 0.34, 0.36, 0.38, and 0.40 within 21 days of curing time) are 
changed. The results indicate that the capacity of rock bolts depends on the 
mechanical properties of grouting materials. The bolt bearing capacity increases with 
the increase in bolt length and diameter by a constant thickness but it has a 
maximum load of the bolt shank limit is obviously decreased by the bolt bond 
strength. The mechanical properties of grouting materials can increase the bolt 
bearing capacity; the optimum water to cement ratio is 0.34-0.4. The increasing of 
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the bolt bearing capacity logarithmically is considered in the relationship between 
grout shear strength and bolt bond strength. Increased curing time increases the 
bond strength of the bolt rapidly in 1 to 7 days (19 kg/cm2 to 77 kg/cm2) and slowly 
from 7 to 35 days (77 kg/cm2 to 86 kg/cm2). Bond failure in the pull-out test is shear 
failure between the bolt and cement grout that characterized the shear spring from 
the evaluation of the ratio between bolt bond strength and grout shear strength. The 
ratio of both parameters is equal to or greater than 1, which means the bolt can bear 
capacity through grouting material, which causes failure on the grout-rock surface, while 
this result shows a value less than 1 that causes failure on the bolt-grout surface. 
 Portland cement grouted is a simple material between bolts and the interface 
of rock, thus, they investigate the ratio of water and cement (CEM II/B-P 32.5 R) 
mixture (w/c). The ratio of w/c is 0.34, 0.36, 0.38 and 0.40. The curing time of grout 
in basalt rock is 35 days. In general, bolt bond strength (  b) correlates with the 
maximum pull-out load of the bolt (Pb) followed by Littlejohn and Bruce (1975): 

 b= Pb / dblb                (2.2) 
where db,is bolt diameter; lb, is bolt length; dblb is bond area. From testing, pull-
out test of grout in high w/c ratio has been pull-out load of bolt higher than low w/c 
ratio, and then increasing the mechanical properties of material, as shown in Table 
2.1. It observes that increasing shear strength and uniaxial compressive strength of 
grouting material increased bond strength of bolt, due to volume of water decreasing, 
as shown in Figure 2.6. Because of water is an admixture of cement that evaporation 
of excess water and construct porosity in the rock. The failure internal rock performs 
at rock bolt and grout material, greatly failure mode is shear at the bolt-grout 
interface (Hoek and Wood., 1988). Nevertheless, grout with water to cement has 
optimum dosages, that is explained and determined by using Marsh cone test (Yahia, 
2011; Jayasree and Gettu, 2008; Roussel and Le Roy, 2005)  

Table 2.1 The influence of the water to cement ratio on the bolt bond strength (Kilic et 
al, 2002). 

W/C UCSg (MPa)  g (MPa) Ab (cm2) Pb (kN)  b (MPa) 

0.34 42.0 11.9 102 80.9 7.93 

0.36 38.9 11.3 102 79.0 7.75 

0.38 33.3 10.7 102 77.4 7.59 

0.40 32.0 10.3 102 75.3 7.38 
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Figure 2.6 The relationship between grout of shear strength, uniaxial compressive 
strength, and bond strength (Kilic et al., 2002). 

Normally, the mixer ratio of grout material is one effect that affecting to the 
force transmission. The load receiving and transferring of the molecule will good be 
distributed when the sample is close to homogeneous which depends on the type 
of material and optimal mixer ratio. Ji et al. (2011) find an effect of sand size and 
packing degree on flexural strength and compressive strength by using reactive 
powder concrete (RPC). The base materials are Grade 52.5 Portland cement, silica 
fume, and ultra-fine fly ash, which mix to produce different sand grades under the 
same weight ratio. The result shows that sample No. R2 has the highest strength of 
195.0 MPa and flexural strength of 43.6 MPa when mixed with three sizes of diameter 
sand. The maximum grain size is 0.63 mm while sampling No. R4 has the largest grain 
size of every sample with a compressive strength of 163.9 MPa, but the amount of 
grain size is too many.  

Zhang et al. (2020) research behavior and failure mechanisms by direct shear 
tests. In part of the grout mixture, the specimens comprise well-matched upper and 
lower sections that are made from cement (32.5R Portland) that has a cement -water 
ratio of 1:0.4 and differential cement-sand ratios (1:0, 1:1, 1:2). The result of shear 
stress of cubic specimens (100×100×100 mm3) under normal stresses of 0.25 MPa, 1 
MPa, and 6 MPa shows a trend of shear stress and shear displacement curve to 
brittleness that compares to grout specimens without sand content.  The shear stress 
and displacement increase with increasing cement-sand ratio and normal stress. The 
shear stresses of normal stress lower than 2 MPa have been values of cement -sand 
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ratio 1:2 more than cement-sand ratio 1:1 The displacement of cement sand-cement 
1:2 more than cement-sand 1:1 until at normal stress 6 MPa, the ratio become 
alternately and the displacement of both ratios have the peaks less than lower 
normal stresses. The reduction of shear stiffness in sand content is smaller than the 
rapid reduction of specimens without sand. 

Kang et al. (2013) study the densification of interfacial transition zone (ITZ) by 
using the pull-out test. The specimen comprises three types of fiber reinforcements in 
the mortar that have a diameter of about 0.3-0.4 mm. (Smooth fiber, Hooked fiber, 
and Twisted fiber). Materials for mortars are varied three grades of sand size and the 
ratio of sand to cement (s/c). The diameters of sand types SS40, SS60 and SS80 are 
0.42, 0.22 and less than 0.2 mm in order. For compressive strength, there has been an 
increase in the value from 80 MPa to 90-102 MPa with decreasing of grain size while 
s/c = 1.5 for finer grain size has more influence and is more sensitive than s/c = 1.0 
due to the larger surface area of fine sand and the higher concentration of Calcium 
Silica Hydration reaction in more than coarse sand. For single fiber pull-out shows 
maximum pullout stress of T-fiber in high s/c ratio and finer grain is more than S-fiber, 
which has frictional bond strength, but the pullout resistance is unclear in the 
characteristic of H-fiber because the pull-out load at high s/c ratio has not increased. 
Although two types of T and H fiber are the main mechanical interactions, T-fiber 
occurs along with embedment length, while H-fiber is the hooked end, which is 
building energy at the two plastic hinges. The image of backscattered electron (BSE) 
indicates grain size interface increase. Indentation for investigation is divided into 6 
points (total = 60 micro-meter). At the first point (10 micro-meter) or nearest fiber 
reinforcing point, indentation hardness and modulus from calculated by loading period 
that focuses on the slop of unloading with constant maximum indentation load 
increase with finer grain sand by property of sand that is higher than the product of 
paste hydration or calcium silica hydrate, and then increase at the next point to be 
continuous. Displacement of period loading in high s/c ratio and finer grain size is 
always less than in low s/c ratio and coarse sand size. 

2.5.9 Loading rate 

Long et al. (2020) investigate the bond strength of steel reinforcement 
under different loading rates. Using various embedment lengths in testing (60 mm, 180 
mm, 300 mm, and 420 mm), load rates start at a loading rate of 0.1 mm/s, 1.0 mm/s, 
10 mm/s, and 100 mm/s by denoted LS, S, MS, and FS respectively. The level of load 
capacity involves absorption energy (Hao et al., 2020). Attention is drawn to the 
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embedment length of 60 mm. The samples LS-12-5 increase peak load values and 
steeply fail to reduce the residual force of the load-slip curve, which is the same result 
as Eligehausen et al. (1982). MS-12-5 has a peak value greater than LS-12-5 by the 
value of maximum bond stress 18.8 MPa, increasing to 22. 6 MPa, or around 20%. 
Increasing the loading rate from 10 mm/s to 100 mm/s. Maximum bond stress 
decreases 20.8 MPa by 8% but is still more than loading 0.1 mm/s by 11% affecting 
residual bond stress. For embedment lengths of 180, 300, and 420 mm, maximum 
load increases as expected, but residual loads load more than peak force and 60 mm 
embedment length. As expected, an increasing load and rapidly distributed internal 
radial crack cannot fully propagate stress while shear strength increasing, peak shear 
strength occurs at higher shear displacement (Moosavi and Bawden, 2003). The 
normalize of maximum and residual bond stress is calculated by 22.46√f'c and 0.91 

√f'c by Eligehausen et al., in which f'c is the cylinder compressive strength. The sample 
LS-12-5 has a value of maximum and residual bond stress higher than normalized of 
maximum and residual stress bond around 46% and 71%. From all above, the strain 
rate distributed at the load end of reinforcement increasing is 2.9 x 10-2 s-1 by 17%. 
Along embedment will spread bond stress by dynamic loading (Takeda, 1984). Locality 
failure of all specimen occur when load is not reached yield strength of bolt (2,650 
micro-strain), investigation of all embedment slip shows failure when ratio of strain at 
load end to yield strain of the reinforcement less than 1 in the namely of numerical 
of legend. So, embedment length more than 5 times and less than 15 times of 
diameter bolt is enough for bearing capacity in a bolt although failure remains fail at 
elastic phase.  
 Boshoff et al. (2009) explore the mechanical behavior of the single fiber pull-
out under different loading rates. In the part of grout, there is a water/binder ratio of 
0.4 and an aggregate/binder ratio of 0.5, with a curing time of 14 days. The results 
indicate that the effect of the pulling rate is 0.01, 0.1, 1, 10, and 100 mm/s. The first 
peak interfacial shear stress increases when loading rate increases, followed by an 
increase in the magnitude of frictional shear traction of about 91% similar to Maalej et 
al. (2005) and Boshoff and Van Zijl (2007). Characteristics of each loading rate carried 
out by pull-out load and displacement curve that show chemical bonds calculated 
from load drop after maximum load. At the highest rate, the damage to the fibre-
matrix has 80% of fibre rupture that opposition with Yang and Li (2006) report that the 
cause may be from embedment less than half and same the report of Douglas and 
Billington (2005) which decreasing in tensile strain capacity with an increase of strain 
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rate. In the same way, single fiber can resist pulling that steady interfacial bond since 
strain rate 0.1 mm/s with completed pull-out failure and there is percent fiber rupture 
to low as strain rate 0.01 mm/s, while failure of faster rates (1 to 100 mm/s) form 
around single fiber from parameter investigated by increasing of slip-hardening/softening 
coefficient and SEM photo which appear edges of end fibers are cut. 
 Nieuwoudt and Boshoff (2017) determine the mechanical pull-out behavior of 
hooked-end and straight fibers. Embedment length and diameter of fiber are 15 mm 
and 0.9 mm, and the pull-out rate is varied from 2.5 × 10-4 mm/s to 2.5 mm/s, 
respectively. The results indicate load-slip curves of straight fibers have an immediate 
drop after the peak load is reached, friction is the main restraint between fiber 
roughness and the internal surrounding surface of the specimen, which is different 
from hooked-end fibers in that there is no abrupt decrease in load, which is similar to 
what was found by Cunha et al. (2010), while load drop after the peak is caused by 
the structure of hook-end fibers, which causes a foldable joint to stretch until 4.5 mm 
before going into the residual phase. Summary of ultimate force and slip at ultimate 
force, straight fibers have values of P = 0.957 > 0.05 and P = 0.753 > 0.05, while hooked-
end fibers have values of P = 0.0198 < 0.05, which indicates the behavior of hooked-
end not straightening completely. However, there was a significant effect on pulling 
rate with P = 0.425 > 0.05, as shown by joo Kim (2009). 
 Zhao et al. (2015) study and simulate pull-out test with 200 mm anchor 
embedment length by particle flow code software (PFC2D). The specimen size is 300 
× 300 mm2. The differential loading rates from 0.5 mm/s to 1000 mm/s are used in 
this test. The result shows load – displacement cure divided in three groups with soft 
scop (loading rate < 10 mm/s), moderate scop (10 mm/s < loading rate < 100 mm/s) 
and strong scop (loading rate > 100 mm/s) that give the load with less than 60 kN, 60 
– 90 kN, and more than 100 – 300 kN as the displacement implicated to rapid drop 
shear stress after failure. In part of axial force interesting to the distribution force to 
along a bolt. Especially, the high rates provide the higher axial force where the load is 
close to the load end more than the lower rates but after middle section of the bolt 
cannot bear the load as the lower rates until the end of the bolt from matrix particle 
with radius 1.3 – 1.7 mm which concentration is developed stress in upper and middle 
bolt section. 

2.6 Energy absorption 

For finding energy in a fully grouted rock bolt that comes from bearing capacity 
in the bolt. The area under the load-displacement curve is the total energy measured 
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from the load end. So, the capacity and length of a bolt are the main factors in keeping 
energy in the individual test. Hao et al. (2020) study increasing loading capacity by 
adding equipment for reinforcement. The diameter and number of steel balls are 
varied in this testing with constant support of about 290 - 300 mm. The result of 
amount of steel balls shows that with a 4 mm diameter constant that increasing from 
4 to 9 makes constant working resistance increase from 60 to 120 kN in batch 1, while 
constant working resistance in batch 1 is increased from 87 to 136 kN by the number 
of steel balls, which is 9 pieces with an increasing diameter between 3.5 and 4.5 mm. 
After load-displacement curves are shown, the areas are also identically indicated too. 
Energy-absorbing capacity in batch 1 increased from 58.87 to 110.37 kJ/m while in 
batch 2, it increased from 66.68 to 123.28 kJ/m. Although the stiffness of 8 pieces and 
the largest diameter (3 mm) of steel balls start steady at the highest values of 3.56 
and 4.00 kN/mm. Immortal stiffness is observed with the slope of the supporting load 
and roof to floor convergence that prevent major rock failure, as shown in Figure 2.7. 
In part, this loading rate of with 0.1-20 kN/min relates to the velocities of the 
experimentation by Ansell (2006) that the initial load is 400 and 450 MPa. This reason 
that dynamic loads are supported more than static loads with loads of 440 MPa in this 
absorption energy of rock bolts.    

 

Figure 2.7 Bearing capacity in the ground reaction curve (Hao et al, 2020). 

Dai et al. (2018) design the new energy absorber for supporting the dynamic 
load in the roadway that shows in terms of energy daily and displacement about 2 
mounts with micro-seismicity in Figure 2.8. The absorbers are varied in angles, 
thicknesses, and diameters. The result indicated an important role of thickness in that 
the angle of 30 degrees gives the maximum load, and the constant load has been 
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more than 45 degrees in each diameter (26 and 28 mm). The thickness of less than 4 
mm has low peak values, although the diameter of the absorber is the largest (28 mm). 
So appropriate diameter and thickness are 26 mm and 4 mm with 30 angle degrees, 
which is the full performance of the axial component's absorbed total energy (13.06 - 
14.61 kJ) in this testing by without peak load or showing in the plateau load at the 
initial displacement until the test end. The stoke efficiency (SE) of the absorber is in 
the part of quality steel material that leads to 88.67% by adding 2 mm thickness. In 
part of economics, total cost is from retrofit (QR) plus addition cost (QA) which costs 
about 20-50 yuan and does not exceed 57 yuan for a new single-absorbing bolt. This 
can be examined following Tahmasebinia et al. (2018), Wu et al. (2018) and Li (2011) 
with numerical simulation for estimation of shear load and shear displacement, 
including equation analysis components by six parameters in the FLAC3D software, 
and complying with any bolt type for burst prevention and reducing cost in the 
process. 

 

Figure 2.8 Deformation curve of moving and energy daily absorption in the roadway 
by measuring micro seismic wave (Dai et al, 2018). 

 Li (2010) compares capability anchor bolt types with resin and cement for static 
and dynamic pull-out tests. Types of anchors divide into two forms, paddle-anchored 
and wiggle-anchored, in which both bolts remain D-bolts with 20 - 22 and 17.5 -20 mm 
diameters, respectively. After test static load, the result of different diameters of both 
bolts increases load with the larger diameter, though ultimate strain is the same, while 
part of material grout shows pull-out load coated with shrink pipe, which has no or 
little effect due to the higher maximum strain (20%), while cement has little value less 
than resin but replacement with more than displacement in the same diameter by 
maximum strains of 18% and 20% in resin and cement grout (42 and 48 mm), and all 
of paddle-anchored fail with necking stretch about 10 mm as Figure 2.9. In part of 
dynamic load, mass load is dropped to add weight (total weight = 893 kg) and 
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calculated in terms of energy by the average cumulative energy of approximately 38 
kJ in bolt length of 0.795 m, or 47 kJ/m, and there is maximum strain of about 15 - 
20% correspond to static loading. 

 
Figure 2.9 Sample of Paddle – anchor during testing until after testing (Li, 2010). 

 

 



 

CHAPTER 3 
SAMPLE PREPARATION 

3.1 Introduction 

 This chapter describes the basic material used in the testing. Materials used in 
this experiment are natural sand, Portland cement, sandstone samples and rock bolt. 

3.2 Natural sand 

 The natural clean sand used in the content of cement grout is a basic material. 
The chemical properties of sand have the molecule bond of silica dioxide stronger 
than the product of hydration reaction, therefor sand can help increases strength with 
optimum ratio. Normally, sand size will give differential compressive strength. In this 
study, tester used sand sizes less than 0.85 mm but more than 0.425 mm by using 
sieves number 20 and 40 as shown in Figure 3.1. Quantity of sand that appropriately 
adjusted with experimental testing. The ratio of sand to cement is 1:1 by weight. 

 

 

Figure 3.1 Sieve size number 20 and 40 sorted natural sand. 
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3.3 Portland cement 

 Portland cement type 1 is used and it is guaranteed by ASTM C150 standard 
practice that this type is always used in common building foundations, beams, and 
work for bearing capacity. The cement bag containing 50 kg, is from the Siam City 
Cement Public Company Limited, Thailand. The cement bag prevents cement from 
humidity in cool-dry areas (Figure 3.2). The properties of Portland cement conform to 
SCCC, which is autoclave expansion of 0.006%, initial setting time of 118 minutes, and 
final setting time of 215 minutes. The air content in mortar is 10%. The compressive 
strength for 7 and 28 days is 37 and 45 MPa, respectively. Regularly, cement will mix 
with sand, gravel, or rock according to usability and the objective user. 

In this preparation, the cement grout is mixed with the cement, sand, and 
freshwater by the mechanical mixing (Figure 3.3). The ratio of water to cement and 
cement to sand is 0.45:1, and 1:1. The mixing procedure starts from:  

- The first step is to mix water into the bowl and gradually fill it with cement 
by stirring the paddle at low speed (140 ± 5 r/min) for 30 seconds.  

- Next is add sand slowly over a 30-s period and then change speed to 
medium speed (285 ± 10 r/min), and mix for 180 seconds.  

- During mixing, always scrape any mortar that has been collected on the 
side into the batch.  

- Mixing until complete the time with a total time about of 5 minutes.  

The complete mixture is poured into the polyvinyl chloride tube (PVC). The 
PVC molds are cut with a length of 108 mm and a diameter of 54 mm. The PVC mold 
which is polished with sandpaper until smooth is attached by resin on the acrylic plate 
(Figure 3.4). The cement grout in a PVC tube is cured in the water at room temperature 
for curing times of 3, 7, 14, 21, and 28 days. The cement specimens are cut out of PVC 
tubes with a L/D as 2.0 for the uniaxial compression test. In another part, the cement 
is grouted into the hole of the sandstone specimen and cured in water for a period 
time of 7, 14, 21, and 28 days for pull-out tests. Table 3.1 summarizes the basic 
parameters of cement grout specimens (specimen number, length, diameter, weight, 
ratio of length/diameter, and density). 
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Figure 3.2 Portland Cement Type 1 is used in this study. 

 

Figure 3.3 Mixer, Kitchenaid Professional 600 6QT 575 watts stand mixer, with maximum 
capacity of 5,000 cc and 6 speed control. 

 

 

Figure 3.4 Casing grout specimen in PVC tube for compression test. 
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Table 3.1 List of specimen number, length, diameter, weight, ratio of length/diameter 
and density. 

Sample 
No. 

Rock 
Type 

D     
(mm) 

L 
(mm) 

W 
(g) 

L/D 
 

  
(g/cc) 

3CS-1 Mortar 55.0 110.7 549.9 2.0 2.09 
3CS-2 Mortar 55.0 110.7 551.2 2.0 2.10 
3CS-3 Mortar 55.1 108.3 537.2 2.0 2.08 
3CS-4 Mortar 54.5 112.9 557.8 2.1 2.12 
3CS-5 Mortar 54.2 112.8 561.8 2.1 2.15 
3CS-6 Mortar 54.8 112.5 563.4 2.1 2.12 
7CS-1 Mortar 54.3 109.8 547.2 2.0 2.15 
7CS-2 Mortar 54.6 111.8 555.8 2.0 2.12 
7CS-3 Mortar 54.8 111.0 558.7 2.0 2.13 
7CS-4 Mortar 54.3 111.9 561.4 2.1 2.17 
7CS-5 Mortar 54.4 110.6 550.2 2.0 2.14 
7CS-6 Mortar 54.7 111.7 552.5 2.0 2.10 
14CS-1 Mortar 54.9 110.6 554.2 2.0 2.11 
14CS-2 Mortar 54.8 111.5 559.8 2.0 2.13 
14CS-3 Mortar 55.2 110.8 554.7 2.0 2.09 
14CS-4 Mortar 54.4 107.0 537.4 2.0 2.16 
14CS-5 Mortar 54.2 107.4 528.7 2.0 2.13 
14CS-6 Mortar 54.2 108.1 545.7 2.0 2.19 
21CS-1 Mortar 55.2 111.9 561.6 2.0 2.10 
21CS-2 Mortar 54.2 110.5 553.4 2.0 2.17 
21CS-3 Mortar 54.8 112.5 559.7 2.1 2.11 
21CS-4 Mortar 54.2 113.3 567.9 2.1 2.17 
21CS-5 Mortar 54.6 108.5 540.5 2.0 2.12 
21CS-6 Mortar 54.9 111.6 558.7 2.0 2.11 
28CS-1 Mortar 54.7 112.3 555.7 2.1 2.11 
28CS-2 Mortar 54.8 111.4 555.7 2.0 2.12 
28CS-3 Mortar 54.9 112.4 565.3 2.0 2.12 
28CS-4 Mortar 54.4 116.5 585.0 2.1 2.16 
28CS-5 Mortar 54.1 113.8 566.6 2.1 2.16 
28CS-6 Mortar 54.5 112.5 559.3 2.1 2.13 
28CS-7 Mortar 54.8 108.6 544.9 2.0 2.13 
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3.4 Sandstone sample and rock bolt 

The sandstone rock samples are carried out as shown in Figure 3.5 by cutting 
with dimensions 110 × 110 × 200 mm3 (width × length × height) at Suranaree University 
of Technology for pull-out testing. The qualities of Phra Wihan sandstone are collected 
in terms of mechanical properties. There are uniaxial compressive and tensile strengths 
of 54 MPa and 6.7 MPa, respectively. The elastic and Poisson’s ratios are 10.8 GPa and 
0.23, respectively. The cohesion and internal friction angles have values of 3.1 MPa 
and 46 degrees, respectively (Fuenkajorn and Kenkhunthod, 2010; Kapang et al., 2013; 
Phueakphum et al., 2013). The hole of rock block is drilled trough with a smooth 
surface of 25 mm diameter by using a driller. The bolt is 12 mm in diameter and 
threaded on the top end (Figure 3.6). The heater bypass cap (Figure 3.7) drilled hole is 
stuffed with bolts for setting on a vertical line in the center hole and plugged with 
cement to prevent flow out. The type of heater bypass cap is nitrile rubber that can 
withstand oil and fire to protect against the heat of hydration and the chemical 
reaction of cement and water. The cement plug is a 100 mm embedment in the top 
hole of the sandstone specimen. The specimens are cured in the water for 7 to 28 
days before the pull-out test. Table 3.2 summarizes the specimens’ number, grout 
type, diameter bolt, diameter hole, embedment length, and ratio of length/diameter 
of the tested specimens. 
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Figure 3.5 Sandstone specimen with dimension 110×110×200 mm3 by saw cut surface 
and drilled with 25 mm diameter hole. 

  

Figure 3.6 Deformed bar with 12 mm diameter for pull-out test.  

 

 

Figure 3.7 Heater bypass cap for plugging grouting material. 
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Table 3.2 List of number specimen, grout type, diameter bolt, diameter hole, 
embedment length, and ratio of embedment length/diameter. 

Sample No. 
DBolt 

(mm) 
DHole 

(mm) 
L 

(mm) 
L/D 

(mm) 

7LR1-1 12.00 25.25 100.00 3.96 
7LR2-1 12.00 25.62 100.00 3.90 
7LR3-1 12.00 25.50 100.00 3.92 
7LR4-1 12.00 25.85 100.00 3.87 
14LR1-1 12.00 25.95 100.00 3.85 
14LR2-1 12.00 25.75 100.00 3.88 
14LR3-1 12.00 26.00 100.00 3.85 
14LR4-1 12.00 25.35 100.00 3.94 
21LR1-1 12.00 25.65 100.00 3.90 
21LR2-1 12.00 25.85 100.00 3.87 
21LR3-1 12.00 25.68 100.00 3.89 
21LR4-1 12.00 25.90 100.00 3.86 
28LR1-1 12.00 25.40 100.00 3.94 
28LR2-1 12.00 25.55 100.00 3.91 
28LR3-1 12.00 25.95 100.00 3.85 
28LR4-1 12.00 25.10 100.00 3.98 

 

 



 
CHAPTER 4 

LABORATORY TESTING 

4.1 Introduction 
This chapter presents the test methodology and test results. The laboratory 

experiment performed here can be divided into two main types: (1) the uniaxial 
compression test on cement grout and (2) the pull-out test on bolts reinforcement 
system. The results are used to determine the performance of bolts reinforcement 
system under the difference loading rate and curing time. Moreover, they can be used 
to formulate the mathematical relation between pull-out load, loading rate, and curing 
time which is presented in the next chapter.   

4.2 Uniaxial compression test 
The objective of this test is to determine the uniaxial compressive strength, 

Poisson’s ratio, and elastic moduli of grouting material.  The tests are performed on 
cylindrical specimens with a nominal diameter (D) of 54 mm and length (L) of 108 mm 
(L/D ratio = 2.0) as shown in Figure 4.1. The cement grout specimens are cured in PVC 
molds for 3, 7, 14, 21, and 28 days before testing. The tests are performed by increasing 
the axial stress until failure occurs with loading rate of 1 MPa/s (ASTM 7012-14). The 
axial and lateral displacements are monitored by using dial gages (Figure 4.2). The 
compressive strength (c) is determined from the maximum load (Pmax) divided by the 
original cross-section area (A): 

max
c

P

A
 =          (4.1) 

The uniaxial compressive strength, elastic modulus, and Poisson’s ratio of grouting 
material are summarized in Table 4.1. The results indicated that the uniaxial compressive 
strengths increase, and Poisson’s ratios decrease when curing time as shown in Figures 4.3 
through 4.4. The compressive strength is increased by 35% when the curing time is 
increased from 3 to 28 days while elastic modulus is independent of curing times (Figure 
4.5). Figure 4.6 shows the post-test specimens and failure pattern. Fracture occurs parallel 
and along the loading direction. 
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Figure 4.1 Some grouting specimens with ratio of L/D = 2.0 prepared for uniaxial 
compression test.  

 

 
 

Figure 4.2 Test arrangement and apparatus for the uniaxial compressive strength test 
on the cylindrical shape cement-grout specimen. 
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 Table 4.1 Uniaxial compressive strength (c), elastic modulus, and Poisson ratio of 
cement grouting in the curing time function. 

Sample No. Curing Time (Days) c (MPa) E (GPa)   
3CS-1 

3 

25.3 11.0 0.24 
3CS-2 29.5 7.5 0.24 
3CS-3 25.2 5.9 0.25 
3CS-4 27.9 4.8 0.26 
3CS-5 23.8 7.5 0.25 
3CS-6 25.5 5.5 0.24 

Average 26.2±2.0 7.0±2.1 0.25 
7CS-1 

7 

34.6 7.0 0.23 
7CS-2 29.9 7.1 0.23 
7CS-3 29.7 6.1 0.22 
7CS-4 36.7 7.4 0.23 
7CS-5 32.3 8.4 0.22 
7CS-6 29.8 6.3 0.23 

Average 32.2±2.3 6.7±0.4 0.23 
14CS-1 

14 

38.0 6.1 0.22 
14CS-2 33.9 6.2 0.22 
14CS-3 33.5 6.6 0.22 
14CS-4 34.4 6.6 0.23 
14CS-5 32.5 4.4 0.22 
14CS-6 39.1 7.8 0.22 

Average 35.2±2.0 6.3±0.2 0.22 
21CS-1 

21 

41.8 8.0 0.20 
21CS-2 36.9 7.6 0.21 
21CS-3 38.2 6.0 0.21 
21CS-4 36.8 4.4 0.21 
21CS-5 34.1 4.8 0.20 
21CS-6 35.9 6.3 0.20 

Average 37.3±2.1 7.2±0.9 0.21 
28CS-1 

28 

38.3 8.4 0.18 
28CS-2 38.2 6.8 0.19 
28CS-3 42.2 6.5 0.19 
28CS-4 36.6 7.2 0.19 
28CS-5 45.7 8.3 0.18 
28CS-6 47.2 8.1 0.17 
28CS-7 36.1 7.1 0.19 

Average 40.6±1.9 7.2±0.8 0.18 
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Figure 4.3 Uniaxial compressive strengths as a function of curing times. 
 
 

 

Figure 4.4 Poisson’s ratio as a function of curing times. 
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Figure 4.5 Elastic modulus as a function of curing times. 

 

 
 

Figure 4.6 Some post-test specimens were obtained from the uniaxial compression 
test on the cement-grout sample when cured for 3, 7, 14, 21, and 28 days. 
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4.3 Pull-out test 
The aim of this laboratory test is to determine the maximum pull-out load of 

the bolts reinforcement system under various curing time and loading rates. The test 
procedure follows the ASTM D4435-13E1 standard practice. The pull-out tests are 
conducted on the samples where cement grouts are cured at 7, 14, 21, and 28 days 
under loading rates of 0.1, 0.01, 0.001, and 0.0001 mm/sec, respectively. The grouting 
materials are cast in a hole at the center of the rock specimen with a diameter of 25 
mm and length 100 mm. The rock specimens used here are obtained from Phra Wihan 
sandstone. They were cut by cutting machine to obtain the nominal dimension of 110 
× 110 × 200 mm3 (Figure 4.7).  Figure 4.8 shows the hydraulic pump is placed on the 
top of rock specimen and exert pulling force to the nut on a 12 mm rock bolt.  

 
 

 

Figure 4.7 Sample preparation for pull-out test. 
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Figure 4.8 Pull-out test apparatus and test set up for pull-out test. 
 
The pull-out load and displacement are plotted in Figure 4.9. The cross 

symbols (x) represent the peak pull-out load obtained for each curing time and loading 
rate. For the same curing time, the test under highest loading rate (0.1 mm/s) gives a 
higher peak load than those under lowest loading rate (0.0001 mm/s). Table 4.2 
summaries of the peak load and maximum displacement where failure occurred. The 
relationship between curing time and peak load under various loading rates is plotted 
in Figure 10. Moreover, the curing time is plotted as a function of the maximum 
displacement under different loading rates (Figure 11). The displacement measured from 
pull-out increased with the increasing of curing time and decreased with the decreasing 
of loading rate. Figures 12 through 15 show the post-test specimens with many modes 
of failure under the different loading rate of 7, 14, 21, and 28 days, respectively. 

Figure 4.16 shows the classification of failure modes that can occur during the 
pull-out test. Based on the 7 failure modes proposed by Ren et al. (2010): (a) in the 
rock bolt, (b) in the grouting material, (c) in the rock block (representing the rock mass), 
(d) at the bolt–grout interface, (e) at the grout–rock interface, and (f) a combination of 
these failure modes.  The cone-shaped shear zone develops near the outer boundary 
of rock block can be obtained for all test conditions. The higher compressive stresses 
and deeper distribution in the compression zone at the outer surface of the rock block 
can be obtained for sample when it was tested under a low pull-out rate on longer 
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curing time. As a result, the pull-out test under low pull-out rate (0.0001 mm/sec) for 
high strength of grout material (curing 28 days) yield wider and deeper conical shear 
zone than those obtained under a high pull-out rate (0.1 mm/s) on low strength of 
grout material (curing 7 days). Table 4.3 summarizes the failure modes observed on 
the post-test specimens. The patterns of failure modes are divided into two groups: In 
rock bolt-grouting material that occurred in the first or second weeks and combined 
failures mode with broken grouting material because the strength of grouting material 
is not enough to bear capacity of pull-out load and following debonded interface 
between rock bolt and grouting material, along with Poisson’s ratio of grouting material 
more than rock sample, therefore, resulting in broken of rock block until to 14 days. 
Uniaxial compressive strength of grouting material reaches 35 MPa or more than 80% 
of uniaxial compressive strength at cured 28 days, it can bear a capacity of pull-out 
load which a loading rate less than normal loading rate or a curing time of more than 
14 days but the interface of grout-rock has less shear strength than the interface of 
bolt-grout and thus, the failure mode is formed with debonding between grout-rock 
interface and appearing obvious core of cement plug. 
 

 

  

Figure 4.9 Load-displacement curve obtained for 7, 14, 21, and 28 days of curing 
samples under various loading rates. The cross symbols represent the 
ultimate pull-out load for such loading rate.  
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Table 4.2 Test results under different loading rates with pull-load and maximum 
displacement as a function of curing time. 

Sample No. 
Curing Time 

(days) 
Loading Rate 

(mm/sec) 

Pull-out 
Load 
(kN) 

Maximum 
displacement at 

failure (mm) 
7LR1-1 

7 

0.1 49.17 0.68 
7LR2-1 0.01 41.20 0.80 
7LR3-1 0.001 33.31 0.92 
7LR4-1 0.0001 22.37 1.06 
14LR1-1 

14 

0.1 58.95 0.92 
14LR2-1 0.01 52.34 1.10 
14LR3-1 0.001 45.54 1.23 
14LR4-1 0.0001 31.72 1.43 
21LR1-1 

21 

0.1 70.20 1.10 
21LR2-1 0.01 64.80 1.35 
21LR3-1 0.001 60.80 1.50 
21LR4-1 0.0001 47.80 1.68 
28LR1-1 

28 

0.1 82.48 1.20 
28LR2-1 0.01 75.20 1.50 
28LR3-1 0.001 68.21 1.72 
28LR4-1 0.0001 59.48 1.94 
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Figure 4.10 Peak load of pull-out test as a curing times function. 

 

Figure 4.11 Displacement of pull-out test as a curing times function. 
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Figure 4.12 Post-test specimens obtained for the 7 days of curing samples under 
various loading rates. 

 

 

Figure 4.13 Post-test specimens obtained for the 14 days of curing samples under 
various loading rates.              
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Figure 4.14 Post-test specimens obtained for the 21 days of curing samples under 
various loading rates. 

 
Figure 4.15 Post-test specimens obtained for the 28 days of curing samples under 

various loading rates. 
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Figure 4.16 Classification of failure modes that can occur during the pull-out test. 
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Table 4.3 Failure modes observed for the post-test specimens. 
Curing time 

(days) 
Loading rate 

(mm/s) Mode of failure 

7 

0.1 
1) cone shape shear failure on rock block, 2) broken 
of grouting material, 3) debonding between bolt–
grout interface, and 4) broken of rock block 

0.01 
1) cone shape shear failure on rock block, 2) broken 
of grouting material, 3) debonding between bolt–
grout interface, and 4) broken of rock block 

0.001 
1) cone shape shear failure on rock block, 2) broken 
of grouting material, 3) debonding between bolt–
grout interface, and 4) broken of rock block 

0.0001 
1) cone shape shear failure on rock block, 2) broken 
of grouting material, 3) debonding between bolt–
grout interface, and 4) broken of rock block 

14 

0.1 
1) cone shape shear failure on rock block, 2) broken 
of grouting material, 3) debonding between bolt–
grout interface, and 4) broken of rock block 

0.01 
1) cone shape shear failure on rock block, 2) broken 
of grouting material, 3) debonding between bolt–
grout interface, and 4) broken of rock block 

0.001 1) cone shape shear failure on rock block and 2) 
debonding between grout-rock interface 

0.0001 1) cone shape shear failure on rock block and 2) 
debonding between grout-rock interface 

21 

0.1 1) cone shape shear failure on rock block and 2) 
debonding between grout-rock interface 

0.01 1) cone shape shear failure on rock block and 2) 
debonding between grout-rock interface 

0.001 1) cone shape shear failure on rock block and 2) 
debonding between grout-rock interface 

0.0001 1) cone shape shear failure on rock block and 2) 
debonding between grout-rock interface 

28 

0.1 1) cone shape shear failure on rock block and 2) 
debonding between grout-rock interface 

0.01 1) cone shape shear failure on rock block and 2) 
debonding between grout-rock interface 

0.001 1) cone shape shear failure on rock block and 2) 
debonding between grout-rock interface 

0.0001 1) cone shape shear failure on rock block and 2) 
debonding between grout-rock interface 

 

 



 

CHAPTER 5 
DERIVATION OF EMPIRICAL EQUATIONS 

5.1 Introduction 

This chapter explains derivation of empirical equations for understanding of 
pull-out strength and displacement as a function of curing time.  

5.2 Pull-out load as a function of curing time 

An attempt is made to correlate the pull-out strength with curing time and 
loading rate. Via regression analysis, their relationship can be expressed in the form 
of power equation, as follow;  

P = atb                   (5.1) 

Where P is pull-out load at maximum load. a and b are the empirical parameters. t is 
curing time. A good correlation is obtained (R2 > 0.9). It should be noted that the pull-
out strength depends on the loading rate because the highest loading rate distributes 
force in the material less than the lowest loading rate leading to receivables' high 
strength at the highest loading rate before material occurs the failure and deformation 
(Abdullah, 2021; Fu, et al., 1991; Sriapai, et al., 2011). Pull-out strengths start to rise 
approximately linearly with curing time. This may be due to the hydration reaction 
obtained from Elkhadiri et al. (2009) and Rübner et al. (2010) that cement grout in 
the first 7 days has been compressive strength of approximately 80% of cured 28 days, 
and slightly increases until complete 28 days. The bonding force between rock bolt-
grout material and grout material-grouting hole surface increases pull-out strength with 
steadily increased value from 7 to 28 days. The parameters a and b are the direct 
variations relating to the loading rate (ḋs) follows the below equation: 

a =  ln (ḋs) +                   (5.2) 

b =  ḋs
                          (5.3) 

where  ,  ,  , and   are the empirical constants. Substituting Eq. (5.2) and (5.3) into 
(5.1), the peak load as a function of curing time under various loading rates can be 
obtained: 

P = [ ln (ḋs) +  ]t  ḋs


                       (5.4) 
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 The empirical constants consist of   = 2.086,   = 26.559,   = 0.333, and   = 
-0.065. Figure 5.1 compares the curves of equation (5.4) that fit with the test results. 
The equation gives the increase of peak load with increasing curing time and loading 
rate. The peak load has been the value of 0 kN when the curing time is zero-day or 
before cement setup (cement paste) relates with the good correlation = 0.993. 

 

Figure 5.1 Comparison peak load between pull-out test and empirical equation as a  

curing time function. 

5.3 Displacement as a function of curing time  

 The empirical equation presents the results in form of regression analysis. The 
displacement of the pull-out test is subjected to the function of curing time and 
loading rate that is indicated by this relationship of power equation with the correlation 
coefficients of greater than 0.9. 

 D = cte                   (5.5) 

Where D is the pull-out displacement at the failure point. c and e are the empirical 
parameters, and t is curing time. The displacement decreases with increasing of loading 
rate, this is probably due to the material cannot deform on time. Although, increasing 
of curing time increased the hydration reaction and lead to more deformation. The 
parameter c and e relate the direct variation to the loading rate (ḋs) follows the below 
equation: 

0.1 mm/s 

0.01 mm/s 

0.001 mm/s 

0.0001 mm/s 
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c =  ln (ḋs) +                 (5.6) 

 e =  ḋs
           (5.7) 

where  ,  ,  , and θ are empirical constants. Substituting Eq. (5.6) and (5.7) into (5.5) 
the displacement as a function of curing time and loading rates can be obtained: 

D = [  ln (ḋs) +  ]t ḋs


                (5.8) 

 Empirical constants are   = -0.026,   = 0.213,   = 0.463 and θ = 0.008. The 
displacement in Equation (5.8) is showed in form logarithm and power equation that 
compared curve of test result in Figure 5.2. The result of empirical equation of 
increasing displacement when loading rate decreases and curing time increases value. 
The equation gives the relation as function curing time and loading rate with the very 
good correlation = 0.998.   

 

Figure 5.2 Comparison displacement between pull-out test and empirical equation as  

a curing time function. 
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CHAPTER 6 

DISCUSSIONS, CONCLUSIONS,  
AND RECOMMENDATIONS FOR FUTURE STUDIES 

6.1 Discussions 
This section discusses the issues relevant to the reliability of the test schemes and 

the adequacy of the test results. Comparisons of the results and findings from this study 
with those obtained elsewhere under similar test conditions have been made. The 
mechanical properties of the grouting material prepared for the study are examined. The 
pull-out testing to assess the performance of rock bolts was carried out in the laboratory. 
The rectangular rock blocks were used to represent the rock mass. The drilling hole in the 
middle of rock blocks simulated the hole where the rock bolt would be installed. This 
study focuses on the effect of loading rate on the maximum pull-out load of rock bolt. 

The grouting materials are a mixture of Portland cement Type 1 and clean sand. 
The ratio of the cement and sand (C:S) is constant at 1:1 water-cement (W:C) ratio of 
1:0.45 by weight. The grouting material was placed in the 54 mm PVC mold and cured 
under water at ambient temperature for 3, 7, 14, and 28 days before testing. The results 
showed that the uniaxial compressive strength of the grout material increased rapidly 
during the first 7 days (approximately 80% of the samples cured at 28 days) and then 
tended to increase slightly with time. This is due to the increase of hydration between 
cement and water as time increases, which agrees well with the test results obtained 
from Elkhadiri et al. (2009) and Rübner et al. (2010). The modulus of elasticity of the 
grouting material tended to remain constant at 6 . 8  GPa, while the Poisson's ratio 
decreased with increasing curing time. Therefore, the grout material is more resistant to 
deformation when the compressive strength increases with increasing curing time. 

To study the effect of loading rate on the maximum pull-out load of rock bolt, 
the rectangular rock block with nominal dimension of 110 x 110 x 200 mm3 were 
prepared from Phra Wihan sandstone to represent the rock mass around the excavation 
which required to installs the rock bolt. These rock specimens have a uniaxial 
compressive strength of 54 MPa and tensile strength of 6.7 MPa. The elastic and 
Poisson’s ratio are 10 . 8  GPa and 0.23, respectively. The cohesion and internal friction 
angle for the Coulomb’s strength criterion can be determined as 3.1 MPa and 46 degrees, 
respectively (Fuenkajorn and Kenkhunthod, 2010; Kapang et al., 2013; Phueakphum et 
al., 2013). A pre-drilling hole along the center of rock specimens with a diameter of 25 
mm was used to install a 12-mm diameter rock bolt (DB12) with grouting material. The 
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embedment length of rock bolt is approximately 100 mm in the grout material. The ratio 
of the hole diameter to rock bolt diameter (Dh/Db) is approximately 2, representing a 
grout thickness of 6.5 mm. The pull-out tests were conducted on the specimens under 
four different curing periods (7, 14, 21, and 28 days) and pull-out rates (0.1, 0.01, 0.001, 
and 0.0001 mm/sec) in accordance with the ASTM Standard practice.  

The results show that the ultimate pull-out load increased with increasing curing 
time and loading rate. This is due to the increase in curing time yielding the grout material 
to gain its strength as stated above. In addition, the bonding force between the grouting hole 
surface and grout material and between the grout material and rock bolt gained with time. 
Of course, the increasing of loading rate will increase the strength of rock and grout material 
(Abdullah, 2021; Fu, et al., 1991; Sriapai, et al., 2011).  It can also be stated that bolt system 
should not be subjected to stress before 28 days to allow complete hydration reactions. 
The displacements of the bolt reinforcement system induced by the expansion of the rock 
bolt during subjected to pull-out load, the deformation of grouting material along the axial 
load, the slip along the contact surface of rock bolt and grouting material, and between 
grouting material and grouting hole wall. The results in the study found that the displacement 
rock bolt reinforcement system increased with curing time and decreased with an increase 
in loading rate. The highest displacement value can be obtained for the sample with 
long-term curing sample (28 days) and lowest loading rate (0.0001 mm/sec).  

Based on the laboratory experiment, the ultimate failure of the bolts 
reinforcement system may occur: (a) in the rock bolt, (b) in the grouting material, (c) in 
the rock block (representing the rock mass), (d) at the bolt–grout interface, (e) at the 
grout–rock interface, and (f) a combination of these failure modes (Ren, et, al. 2010). In 
this study, the failures of the bolts reinforcement system are a combination. The cone-
shaped shear zone develops near the outer boundary of rock block can be obtained for 
all test conditions. The higher compressive stresses and deeper distribution in the 
compression zone at the outer surface of the rock block can be obtained for sample 
when it was tested under a low pull-out rate on longer curing time. As a result, the pull-
out test under low pull-out rate (0.0001 mm/s) for high strength of grout material (curing 
28 days) yield wider and deeper conical shear zone than those obtained under a high 
pull-out rate (0.1 mm/s) on low strength of grout material (curing 7 days).   

The pull-out test on short curing time sample (at 7 days) for all loading yields 
the failure in form of the slip between bolt–grout interface, the broken splitting into 
two pieces and the narrow cone-shaped shear zone develops near the outer boundary 
of rock block. This is due to this test condition, grout material has a low compressive 
strength and the adhesive force between bolt and grout material is still low, resulting 

 



51 
 

in the slip between bolt–grout interface. In addition, while the elastic modulus of the 
grout material was constant, the Poisson's ratio in this condition (curing at 7 days) was 
high, which caused a high lateral expansion due to the axial load. The expansion of 
the grout material results in tangential stress exceeding the rock's tensile strength and 
eventually breaking the rock sample. Moreover, increasing strength of grouting material 
increases shear strength obtained from Al-Quraishy (2018) and Wang et al. (2020). If the 
compressive strength of grouting material is more than the rock sample, that shear 
strength of grouting material will be increasing more than the rock sample. The 
opportunity of failure mode with debonding of grout-rock interface will have a very 
high chance when shear strength of rock sample and grout-rock have been greater 
difference and slightly less when it’s little difference which leads to broken of rock 
block failure combined with cone shape shear zone which has effect as function of 
curing time and loading rate following above reason where shear strength of grout-
rock interface more than or equal of rock sample and less than grouting material.  

6.2 Conclusions 

The effect of the pull-out rate and curing time of grouting material (mortar) on 
the pull-out capacity of fully grouted rock bolts have been experimentally 
investigated. The effort involves the laboratory test on the compressive strength of 
cylindrical grouted specimens under various curing periods, a pull-out test on the 
specimens under different pull-out rates and curing times, and the development of 
the mathematical relation of pull-out strength that can incorporate the curing time 
and pull-out rate. The following conclusions are as follows. 

1. Uniaxial compressive strength of the grout material increases rapidly 
during the first 7 days and tends to increase slightly with time. The elastic 
modulus tends to remain constant as 6.8 GPa, while the Poisson's ratio 
decreased with increasing curing time. 

2. Ultimate pull-out load increases with increasing curing time and loading rate. 
It can also be stated that rock bolt systems should not be subjected to 
stress before 28 days.   

3. Mathematical relationship proposed here can be used to determine the 
ultimate pull-out load for such loading rate and curing time.  

4. Displacements of the rock bolt reinforcement systems increase with curing 
time and decrease with an increase of loading rate. The highest 
displacement value can be obtained for the sample with long-term curing 
sample (28 days) and lowest loading rate (0.0001 mm/s).  
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5. Failure mode of the pull-out test includes in two types: cement-bolt zone 
and cement-rock zone which the most failure starts to occur at least 14 days 
of curing times with a loading rate equal to or more than 0.01 mm/s. 

6. Cone-shaped shear zone develops near the outer boundary of rock block 
can be obtained for all test conditions. Under low pull-out rate on high 
strength of grout material give a wider conical shear zone than those 
obtained under a low pull-out rate and low strength of grout material. 

6.3 Recommendations for the future studies 

The uncertainties and adequacies of the research investigation and results 
discussed above lead to recommendations for future studies, as follows. 

1. Pull-out tests obtained here that conducted on the specimen without 
confining pressure, which can make a rock block break out while applying 
the pull-out load and may result in lower ultimate pull-out loads than those 
obtained under confining pressure condition. The test should be performed 
under confining pressure to represent the real in-situ stress condition 
around the drilling hole. 

2. Uniaxial compression test on the cement grout is performed under loading 
rate conditions (10 N/sec) while the pull-out test of the bolts reinforcement 
system is conducted under strain rate conditions. The mechanical 
properties obtained from the uniaxial compression tests in this research 
may not reflect the actual mechanical properties of cement grout, which 
are subjected to various loading rates. Therefore, the uniaxial compressive 
strength test on the cement grout should be performed under various strain 
rates of 0.0001, 0.001, 0.01, 0.1 mm/sec, respectively. 

3. Due to many limitations, only one sample was tested in this study for each 
test condition (each loading rate for such curing time). Therefore, at least 
three samples should be tested for each test condition to verify the validity 
of the test results.  

4. Experiment study should be performed to assess the shear strength 
between rock - cement grout and cement grout - bolt interfaces for such 
loading rate and curing time. In addition, more displacement points should 
be measured, such as, at rock bolt, both sides of grout material, elongation 
of rock bolt, etc. The results can be used to analyze the behavior of the 
bolts reinforcement system. 
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