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DISCLAIMER 

 
 

This report was prepared as an account of work sponsored by an agency of the 
United States Government. Neither the United States Government nor any agency thereof, 
nor any of their employees, makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or usefulness of any information, 
apparatus, product, or process disclosed, or represents that its use would not infringe 
privately owned rights. Reference herein to any specific commercial product, process, or 
service by trade name, trademark, manufacturer, or otherwise does not necessarily 
constitute or imply its endorsement, recommendation, or favoring by the United States 
Government or any agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States Government or any agency 
thereof.
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ABSTRACT 

 
 

Roof bolting is the most popular method for underground openings in the mining 
industry, especially in the bedded deposits such as coal. In fact, all U.S. underground coal 
mine entries are roof-bolted as required by law. 

 
However, roof falls still occur frequently in the roof bolted entries. The two 

possible reasons are: the lack of knowledge of and technology to detect the roof 
geological conditions in advance of mining, and lack of roof bolting design criteria for 
modern roof bolting systems. 

 
This research is to develop a method for predicting the roof geology and stability 

condition in real time during roof bolting operation. Based on this information, roof 
bolting design criteria for modern roof bolting systems will be developed for 
implementation in real time. 

 
For the prediction of roof geology and stability condition in real time, a micro 

processor was used and a program developed to monitor and record the drilling 
parameters of roof bolter. These parameters include feed pressure, feed flow (penetration 
rate), rotation pressure, rotation rate, vacuum pressure, oil temperature of hydraulic 
circuit, and signals for controlling machine.  From the results of a series of laboratory and 
underground tests so far, feed pressure is found to be a good indicator for identifying the 
voids/fractures and estimating the roof rock strength. The method for determining 
quantitatively the location and the size of void/fracture and estimating the roof rock 
strength from the drilling parameters of roof bolter was developed. Also, a set of 
computational rules has been developed for in-mine roof using measured roof drilling 
parameters and implemented in MRGIS (Mine Roof Geology Information System), a 
software package developed to allow mine engineers to make use of the large amount of 
roof drilling parameters for predicting roof geology properties automatically.     

 
For the development of roof bolting criteria, finite element models were 

developed for tensioned and fully grouted bolting designs. Numerical simulations were 
performed to investigate the mechanisms of modern roof bolting systems including both 
the tension and fully grouted bolts. Parameters to be studied are: bolt length, bolt spacing, 
bolt size/strength, grout annulus, in-situ stress condition, overburden depth, and roof 
geology (massive strata, fractured, and laminated or thinly-bedded).  Based on the 
analysis of the mechanisms of both bolting systems and failure modes of the bolted strata, 
roof bolting design criteria and programs for modern roof bolting systems were 
developed. These criterion and/or programs were combined with the MRGIS for use in 
conjunction with roof bolt installation.  
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CHAPTER 1 
 

EXECUTIVE SUMMARY 
 

 
The objectives of this research are: (1) to develop a method for identifying the 

geological features in the mine roof strata based on the drilling parameters obtained 
during normal roof bolting operation, and (2) to develop roof bolting design criteria for 
modern roof bolting system. 
 
1.1 Prediction of Roof Geology and Stability  
 

From the results of a series of laboratory and underground tests, feed pressure is 
found to be a good indicator for identifying the voids/fractures and estimating the roof 
rock strength when both penetration rate and rotation rate were controlled or kept 
constant. Methods for determining quantitatively the location and the size of void/fracture 
and estimating the roof rock strength from the drilling parameters of roof bolter have 
been developed. In addition, characteristics of the machine, sensors, and drilling control 
algorithm, etc were also studied as to eliminate these effects from drilling data as much as 
possible.  The following conclusions can be made: 
 
Void/Fracture Prediction 

• The feed pressure trends of dropping to the level of drilling in the air when a void 
/ fracture in rock is encountered can be used to detect the voids/fractures. This is 
the main criteria of void/fracture prediction. In addition, in order to enhance the 
prediction accuracy, a supplemental prediction criterion is developed considering 
the shape of feed pressure valley. 

• From the results of lab and field tests, the prediction results show that a very high 
prediction percentage have been achieved for the 1/8-in or larger voids. But, a 
void/fracture of 1/16-in or smaller are difficult to predict by the system developed. 

• The width of plateau at the bottom of feed pressure valley is much closer to the 
size of the void/fracture. However, the accuracy of predicting the void / fracture 
size using drilling parameters measured by the current data collecting system is 
too low to be acceptable for voids/fractures smaller than 1/2-in. 

 
Estimation of Roof Rock Strength  

• Feed pressure is the most sensitive and reliable parameters when the strength of 
roof rock changes under the current system. In order to eliminate the machine 
effect, the net feed pressure is recommended for estimating rock strength instead 
of feed pressure.   

• Both penetration rate and rotation rate have obvious impact on the magnitude of 
feed pressure. 

• The strength of roof rock can be determined / classified based on the magnitude of 
feed pressure because it takes both the effects of penetration rate and rotation rate 
into account. 
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Development of Data Visualization and Database Software (MRGIS) 
• A new software package, MRGIS (Mine Roof Geology Information System), has 

been developed to allow mine engineers to make use of the large amount of roof 
drilling parameters for roof support design. MRGIS consists of four modules; data 
importing and cleaning, data management, data interpolation, and data 
visualization. 

 
 
1.2 Bolting Design Criteria 
 

Numerical simulations were performed to investigate the mechanisms of modern 
roof bolting systems: tension and fully grouted bolts. Parameters to be studied are: bolt 
size/strength, bolt length, bolt spacing, grout annulus and length, in-situ horizontal stress, 
overburden, and roof geology (massive strata, fractured, laminated or thinly-bedded, 
locations of bedding planes, and strata sequence from the strength points of view). From 
the results of those analyses, the following roof bolting criteria has been developed: 

 
Tensioned Roof Bolting 

• Based on the analysis of the mechanisms of tensioned bolts and the failure modes 
of tensioned bolted strata, a design procedure for tensioned bolting was proposed. 
The model can be used for tensioned bolting design, i.e. to determine the bolt 
length, optimum pre-tension, bolt diameter and bolt spacing. 

• According to bedding plane location, the roof was classified into 4 types. Base on 
the geological condition of Pittsburgh seam, some design guidelines were 
developed. 

• Computer program was developed for tensioned bolting design using the data 
from numerical modeling. The results such as yield zone, roof deformation, bolt 
load increase, and the stresses around the entry from numerical modeling are built 
into a database. The program first gets the geological inputs from users, searches 
the design information in the data base, performs the analysis using the design 
criteria, and finally displays the design by 2-D/3-D views. 

 
Fully Grouted Bolting 

• Different failure modes of the fully grouted bolts were defined. 
• In order to evaluate the bolt and roof stability, bolt ad roof stability measures were 

presented. 
• According to the plastic distribution for different geological conditions, four 

modes of failure were discussed. The immediate roof was classified into four 
types based on different strata sequences and different modes of failure.  

• Based on the results of numerical analysis, four regression equations were 
developed for each type of roof to estimate the roof and bolt stability.  

• The estimated roof and bolt stability measures are compared with corresponding 
critical values and changes in bolting parameters made, if appropriate. Then the 
roof and bolt stability measures are revaluated with the new values of bolt length 
and diameter. Finally a safe roof and bolt design can be obtained. 
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CHAPTER 2 
 

INTRODUCTION 
 
 

Undoubtedly, recent coal mining is being conducted in more geologically 
disadvantaged coal reserves where the roof is either weak or contains geological 
anomalies with rapid changes of geological features such as rock type, slickensides, 
voids/fractures, etc. Thus the underground mine roof is more difficult to predict and 
control. Since all underground coal mine entries are supported by roof bolts and the 
design and selection of roof bolts are based on the knowledge of roof geology, it is of 
utmost importance that the roof geology and its variation over the immediate operation 
areas be known in advance so that a proper roof bolting system can be designed and/or 
selected.  

 
The current method of using surface borehole loggings, which normally spaced 

more than 1,000 ft apart, to determine the immediate roof is awfully inadequate. Roof 
falls that caused injuries/fatalities and/or production delays are mostly localized even 
though some massive roof falls have been reported. For localized roof falls, the major 
reason is change in geology. Obviously a selected roof bolting system must match a 
certain geological features (rock type and stratigraphic sequence). But when this 
geological feature change and differ considerably from the original one, the selected roof 
bolting system may not work and roof falls occur. 

 
How can a roof control engineer know the geological features change at certain 

location? In fact in order to prevent roof falls the roof geology within the bolted horizon 
must be known in advance from bolt row to bolt row. Only with this knowledge, a roof 
control engineer can determine if a change in the current roof bolting system is needed. In 
order to achieve this objective, a detailed roof geology map depicting geological changes 
from bolt row to bolt row must be available. In this respect, if a roof bolter’s drilling 
parameters can be monitored and correlated with the geological features, all changes in 
geological features can be mapped from bolthole to bolthole when the bolt holes are 
being drilled for roof bolts installation and the roof bolting system will stay compatible 
with the roof geological features. This system is called MRGIS (Mine Roof Geology 
Information System). 

 
In this project a patented drill control unit (DCU) installed in the J.H. Fletcher & 

Co.’s  roof bolter was used to record the drilling parameter for experiments conducted in 
mines and laboratory. Finally, more than 1,000 roof bolt holes have been drilled in and 
drilling parameters recorded from 10 concrete and simulated blocks in the laboratory and 
8 underground mines (1) - (4).   

 
As mentioned above, roof falls still occur frequently in the roof bolted entries. 

This is due to not only the lack of information of roof geology but also the lack of roof 
bolting design criteria for modern roof bolting system. Therefore, another task of this 
project is to develop roof bolting design criteria for modern roof bolting systems. 
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Roof bolting is a common practice in supporting entries in underground coal 

mines. U.S. coal mines have been consuming approximately 100 million pieces of roof 
bolts annually for the past twenty years (5).  Six types of roof bolts are currently used in 
the U.S. coal industry for reinforcing the entries in underground coal mines. However, in 
terms of the mechanisms employed to reinforce the roof strata, there are only two basic 
types: tensioned bolt and fully grouted resin bolt. Tensioned bolt is primarily 
mechanically anchored, but in order to increase the anchorage capacity and installed bolt 
pre-tension, various variations of tensioned bolts have been developed including torque 
tension bolt, mechanically anchored resin-assisted bolt, combination bolt and resin-
anchored cable bolt. It was estimated that 20 % of bolts used in U.S. underground coal 
mines are tensioned bolt and another 80 % are resin bolt (6).  

 
The tensioned bolt is considered an active support system that can create a 

compression zone in the roof between the anchor and the bearing plate immediately after 
installation. Whereas the fully grouted bolt is generally considered a passive support 
system which means that its load is generated due to the movements of surrounding strata 
(1-7). Tensioned bolt and fully grouted resin bolt are believed to work in different 
mechanisms.  In order to develop the criterion for roof bolting design, it is necessary to 
understand the mechanisms of tensioned and fully grouted bolts and analyze the factors 
that affect the stability of the bolted roof strata.  

 
Several researches have done works on the mechanisms of both roof bolting 

systems and support designs using various approaches such as physical modeling, 
analytical method, field measurement, statistical method, and numerical modeling (7) - (11). 
The results of these researches help to certain extent explain how the tensioned bolts 
work, but difficulties exist in incorporating these mechanisms into practical bolting 
design because of the complicated interactions between the bolts and host rock, as well as 
complex roof behavior. As a result, roof bolting design is also still largely based on 
practical experience.  

 
The advance of numerical software makes it possible to model the interaction 

between the bolts and roof, the large plastic deformation of the roof strata usually 
encountered underground, and the bedding planes which is important in controlling roof 
stability. In order to quantitatively describe the interaction between the bolts and the rock, 
as well as the effect of bedding plane, in-situ horizontal stress, excavation sequence and 
pre-tension, hole roughness, finite element models using ABAQUAS (12) were used. 
Based on the numerical modeling, the mechanisms of tensioned and fully grouted bolting 
systems, potential failure modes of the bolted strata and considerations in the design of 
both roof bolting systems are analyzed. From this analysis a design approach for 
tensioned and fully grouted roof bolting was proposed.  

 
Finally, a roof bolting criterion or programs were combined with the MRGIS for 

use in conjunction with roof bolt installation.   
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CHAPTER 3 
 

DRILLING AND DATA COLLECTING SYSTEM 
 
 
3.1 Drill System 
 

The research was conducted using a series of laboratory and underground tests for 
developing the theoretical methodology for roof geology prediction. All laboratory and 
underground tests were conducted using a J.H. Fletcher & Co.’s model HDDR walk-thru 
type dual head roof bolter as shown in Figure 3.1. The drilling system consists of a set of 
sensors and a drill control unit (DCU) installed on the machine (Figure 3.2). One side of 
the machine has standard hydraulic controls while the other side is fitted with the 
patented Fletcher Feedback Control System (13). This system allows the operator to pre-
set the penetration rate, rotation rate, and the maximum feed pressure (= thrust cap) of the 
machine. Once the parameters are set, the machine drills without additional operator 
input. A data logger allows drilling data to be monitored and analyzed. Note the roof 
bolter is a mast feed type consisting of two stages: carriage and mast.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.1  J.H. Fletcher & Co.’s HDDR dual head roof bolter 
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Figure 3.2  Drill control unit (DCU) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.2 Drilling Algorithm (WVU Control Mode) 
 

The drilling algorithms used in this project allow us to drill at both a pre-set 
penetration rate and a pre-set rotation rate. This control mode was designed for this 
project and called ‘’WVU Control Mode”. Using this mode, the effect of different 
drilling setting (penetration rate and rotation rate) on drilling parameters and drilling 
conditions can be determined. In other words, this control mode helps us develop the 
methodology for predicting roof geology that work at any penetration rate and rotation 
rate and determine the optimum drilling setting. 

 
When the WVU control mode is set on, the penetration and rotation rates are 

controlled separately by the closed loop feed back system. When a specific penetration 
rate is keyed in before drilling, this value becomes the drill feed up target. The system 
analyzes only the current velocity and adjusts the electrical solenoid either up or down to 
achieve the preset target penetration rate. It does this without considering what other 
drilling parameters are. To drill the same velocity, the feed pressure will have to be 
higher while drilling through a harder material than a softer material. Likewise, the preset 
rotation rate is controlled based on the current rpm. System does this without considering 
other drilling parameters. At a constant drill penetration and rotation rates, the feed and 
rotation pressures should be higher when drilling through a harder material. 

 
Penetration rate and rotation rate are controlled independently by adjusting two 4-

way valves through pulse width modulation (PWM) control.   
 
In a series of underground tests, the feedback control mode in which drilling is 

controlled based on both horsepower curve and bite curves selected was also tested.     
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3.3 Data Collection System 
 

The drilling parameters collecting system was originally designed for controlling 
roof bolter automatically so that overall drilling and bolting consistency can be improved. 
Drilling parameters are recorded every 100 milliseconds so a 54-in long hole will have 
250 to 850 records, depending on the penetration rate and the condition of roof geology. 

 
The drilling parameters collecting system is designed to collect 17 (Dec. 2000 - 

Aug. 2003) or 15 (May, 2004 - present) drilling parameters as shown in Table 3.1. The 
feed pressure measures the hydraulic pressure inside the cylinders applying the axial load. 
The rotation pressure records the hydraulic pressure in the hydraulic motor that provides 
rotational force. RPM-counts is measured using an electronic tachometer attached 
directly to the drill mast and can be converted into rotational rate.  

 
These drilling parameters are collected in terms of sensor output in voltages and 

then converted to dimensionless numbers ranging from 0 to 4095 for feed and rotation 
flow, and from 0 to 255 for others since the resolutions of A/D converter are 12 bits and 8 
bits, respectively. Note before the underground test on May 2004, channel 3 and 5 (feed 
and rotation flows) are the upper 8 bits of the measurement of the feed/rotation flow 
transducers and the lower 4 bits of them are put into channel 14 and 15 as feed/rot flow 
LSB’s. So, the data recorded before and after 2004 have 17 and 15 columns (channels), 
respectively. These dimensionless numbers are referred to as machine data and can be 
converted to engineering units based on the conversion factors if necessary. In the current 
experimental set up, all drilling parameters are collected and stored by a notebook PC 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 3.1  Drilling parameters 

Column Drilling Parameter 
Data 1 Status Byte 
Data 2 Feed Pressure 
Data 3 Feed Flow 
Data 4 Rotation Pressure 
Data 5 Rotation Flow 
Data 6 RPM Counts 
Data 7 Rotation Torque 
Data 8 Mast Position 
Data 9 Carriage Position 
Data 10 Vacuum 
Data 11 Temperature 
Data 12 Spare Channel 
Data 13 Message Counter 
Data 14* Feed Flow LSB’s* 
Data 15* Rot Flow LSB’s* 
Data 16 Feed PWM CMD 
Data 17 Flow PWM CMD 

 

Column Drilling Parameter 
Data 1 Status Byte 
Data 2 Feed Pressure 
Data 3 Feed Flow 
Data 4 Rotation Pressure 
Data 5 Rotation Flow 
Data 6 RPM Counts 
Data 7 Rotation Torque 
Data 8 Mast Position 
Data 9 Carriage Position 
Data 10 Vacuum 
Data 11 Temperature 
Data 12 Spare Channel 
Data 13 Message Counter 
Data 14* Feed PWM CMD 
Data 15* Flow PWM CMD 

 

(a) Dec. 2000 – Aug. 2003 (b) May 2004 - Present 
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into ASCII files. The ASCII file containing machine data is referred to as machine data 
file (Figure 3.3). A machine data file has 17 or 15 columns (channels) data, with different 
columns representing different drilling parameters. A software for displaying all the 
drilling parameters was developed as shown in Figure 3.4, so the drilling data and 
machine conditions including control condition can be checked at the test site 
immediately.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 3.3  Data collecting system 

 

Drill Control Unit (DCU)

Notebook PC

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 3.4  Software for displaying drilling parameters
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In this research, all drilling parameters except the data of two mast feed position 
sensors and rotation count are not converted from dimensionless machine data to 
engineering units for the following reasons: 

 
• The intention of this research is to develop a set of computational rules for 

predicting roof geology based on the collected drilling parameters and 
implement the rules in MRGIS. What the end users of MRGIS are interested 
in is the roof geological properties determined by using drilling parameters. 
If the rules for predicting roof geology are derived directly from machine 
data and implemented in MRGIS without conversation, a lot of 
computational time will be saved when displaying prediction results in 
MRGIS. This is especially meaningful when multiple holes are displayed at 
the same time. 

 
• It is easier to plot and display all drilling parameters together for comparing 

their roles in reflecting the variation in roof geology properties. 
 
• A lot of time is saved when analyzing drilling parameters. 
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CHAPTER 4 
 

EXPERIMENT 
 

 
In this project, a series of laboratory and underground tests were conducted to 

develop the theoretical methodology for predicting roof geology based on the drilling 
parameters of roof bolter. A patented drill control unit (DCU) installed in the J.H. 
Fletcher & Co.’s HDDR dual head roof bolter was used to control drilling and collect the 
drilling parameters for all experiments. More than 1,000 roof bolt holes have been drilled 
in, and drilling parameters recorded from, 13 concrete and simulated blocks in the 
laboratory and 8 underground coal mines (1) - (4).   

 
As mentioned in Chapter 3, the drill control unit (DCU) allows the parameters of 

penetration rate, rotation rate and maximum feed pressure (thrust cap) to be set by the 
operators. Several drilling settings were tested in order to determine the effect of both 
penetration rate and rotation rate on drilling parameters and/or drilling conditions. In this 
series of tests, the role of thrust cap was only for safety. So, the thrust cap was basically 
set at the maximum value (= 1,000 psi) in order to eliminate its effect on drilling test as 
much as possible. In some holes, thrust cap was set at lower level as to observe the 
behavior of the drilling parameters and the machine including the response of DCU when 
feed pressure rises beyond the level of thrust cap. 

 
All the holes were drilled using s 

standard roof bolt drilling bit designed for 
underground coal mines (Kennametal’s 
Dust Hog design bit). Figure 4.1 shows the 
bits used for this series of tests. The bits are 
fairly inexpensive carbide insert drag bits 
that designed primarily for coal-bearing 
sequence rocks, and the sizes and designs 
were selected because of their wide-spread 
use in the underground coal mining industry. 
The majority of the holes were drilled using 
the 1-3/8 in diameter bits but several holes 
were drilled using the smaller size bit (1-
1/32 in) which the mining industry uses for 
specialized bolting applications. A new bit 
was used for every hole so as to minimize 
the effect of bit wear on drilling parameters 
and conditions.  

Figure 4.1  Drill bits used for the tests 
(left: 1-3/8 in bit, right: 1-1/32 in bit)

 
The compensation run, i.e. drilling in the air without steel rod and bit, was 

conducted before every drilling to check the impact of drilling settings and machine 
conditions on drilling parameters for running the machine itself. When comparing it with 
drilling data, the amount of feed pressure and rotation pressure consumed for drilling 
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rock can be determined. It can also be distinguished whether the change of drilling 
parameters is caused by geology change or by the machine characteristics including 
control algorithm.   
 
 
4.1 Laboratory Tests Using Manufactured Roof Rock Blocks 
 

A series of manufactured rock blocks were constructed for the purpose of 
simulating various roof rock lithologies. 4 blocks were designed to simulate massive rock 
units, 6 blocks were designed to simulate a sequence of rock layers of various physical 
properties, three blocks were designed to simulate bedding separations of varying 
dimensions and orientations, and one block was constructed to simulate different sizes of 
fractures. All were designed for laboratory testing using different combinations of drilling 
parameters. Figure 4.2 shows the test scene of laboratory test. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 4.2  Test scene of laboratory test (J.H. Fletcher & Co.’s facility, Huntington, WV)

 11



Final Report                                                                                                                    DE-FC26-01NT41056 
 

Each of the rock layers and the concrete used for constructing the manufactured 
rock blocks were tested to determine the physical properties. Each type was tested to 
measure unconfined compressive strength, Brazilian tensile strength, shear strength, 
Young’s modulus and unit weight. Depending on the size of samples available, the 
number of tests per rock varied. The test procedures adhered to ASTM standards and 
were conducted on cores of 2- and 1-in in diameter. Basically, 2-in cores were used when 
available.  
 
4.1.1 Manufactured Blocks   
 
4.1.1.1 Solid Concrete Block 

As to check the consistency of the drilling parameters with a single rock type and 
the impact of different strengths of roof rocks on drilling parameters, three solid concrete 
blocks were constructed (Figures 4.3 and 4.4). Their dimensions were approximately 3 ft 
× 4 ft × 5 ft. The blocks were constructed using the concretes with an unconfined 
compressive strength of 4,000 psi, 8,000 psi, and 12,000 psi, respectively (designed). 
Table 4.1 shows their physical properties.  

<Drilling Settings> 
• DCU control mode: WVU mode = both penetration rate and rotation rate were 

controlled or kept constant. 
• Penetration rate: 0.4, 0.6, 0.8, 1.1, 1.3, 1.5, 1.7, 1.9 and 2.1 in/sec 
• Rotation rate:  300, 350, 400, 450, 500, 600, 650 rpm and free* 
• Thrust cap: 1,000 psi 
• Bit size: 1-1/32 and 1-3/8 in 
• Number of drill holes: 150 holes 
* Free means the maximum allowable value on the DCU. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 4.3  Schematic of solid concrete block 

Figure 4.4  Solid concrete block 
(UCS = 4,000 psi) 
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Concrete Block 
(designed) 

UCS 
(psi) 

BTS 
(psi) 

E50  
( × 106 psi)

Unit 
Weight 
(lbs/ft3) 

The 4,000 psi block 5,710 391.6 1.643 137.6 
The 8,000 psi block 6,070 492.7 1.550 137.4 

The 12, 000 psi block 12,340 430.0 2.070 159.0 

Table 4.1  Physical properties of solid concrete blocks 

Where, UCS = standardized unconfined compressive strength, BTS = 
Brazilian tensile strength, E50 = tangent Young’s modulus at the 50 % 
stress level of the maximum stress. 

 
 
 
 
 
 
 
 
 
 
 
 
4.1.1.2 Layered Block 

Six different layered blocks were designed and constructed using a variety of 
quarried rocks that were embedded in poured concrete structures. The schematics of the 
blocks are shown in Figures 4.5 - 4.10. Their dimensions were 2 ft × 2 ft × 6-1/2 ft and 
each had four separate rock layers embedded. The rock units were cut to a finished size 
as indicated in the figures and in general were approximately 1 ft × 1 ft × 1 ft. The rocks 
were secured in place using steel banding attached to 3/4-in rebar, then encased with a 
standard concrete mix. Including the concrete that was poured to encase the rocks, each 
block had nine different layers (four rock layers and five concrete layers). The drilling 
tests were conducted along the long axis of the blocks which provided a maximum 
drilling length of 6-1/2 ft.  

 
 

Figure 4.5  Schematic of layered block #1 
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Figure 4.6  Schematic of layered block #2 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.7  Schematic of layered block #3 
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Figure 4.8  Schematic of layered block #4 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.9  Schematic of layered block #5 
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Figure 4.10  Schematic of layered block #6 

 
The physical properties of the rock units, including the concrete used in the 

manufactured roof blocks are shown in Table 4.2. The average unconfined compressive 
strengths of the rocks varied from about 7,000 to 27,000 psi. The three kinds of sandstone, 
designated red, brown and light brown, were very consistent with no laminations or 
apparent bedding planes. All three sandstones are fine to medium-grained. The white 
marble is vuggy with voids and discontinuities throughout. The argillite, weakly 
metamorphosed shale, has zones of healed and open fractures and is generally  

 
 
 
 
 
 
 

Rock Type UCS 
(psi) 

BTS 
(psi) 

Shear 
Strength 

(psi) 

E50
 (× 106 psi) 

Unit 
Weight 
(lbs/ft3)

 
Red Sandstone 

 
 

6,986 1,053 N/A 2.77 149 
Brown Sandstone 17,104 930 N/A 1.94 160 

Lt Brown Sandstone 27,359 1,934 2,846 2.34 155 
White Marble  

 

17,418 1,371 1,010 2.48 166 
Argillite 20,473 1,044 1,395 4.24 168 

Soft Concrete  
 

2,864 N/A N/A N/A N/A 
Embedding Concrete 4,021 474 N/A 0.65 132 

High-strength Concrete 12,340 430 N/A 2.07 159 

Table 4.2  Physical properties of the embedded rocks and the concrete used in 
the layered blocks 
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discontinuous. The high-strength concrete that was embedded as separate layers in 
layered blocks #2-#4 had a compressive strength less than 3,000 psi. While initially 
intended to be a high-strength concrete, these layers are the lowest strength units in the 
manufactured blocks. Samples of this concrete layer crumbled easily when handled 
probably due to an improper mix. The concrete used for embedding the rock layers had a 
compressive strength of 4,020 psi. Overall, the rock units and concrete layers in provided 
a series of drilling encounters with transition zones from weak-to-strong and strong-to-
weak rocks. The drilling settings and number of drill holes for each layered block were as 
follows; 

 
 Layered Block #1 

<Drilling Settings> 
• DCU control mode: WVU mode = both penetration rate and rotation rate were 

controlled or kept constant. 
• Penetration rate: 0.6 and 1.1 in/sec 
• Rotation rate: 150, 200, 300, 400 and 500 rpm 
• Thrust cap: 1,000 psi 
• Bit size: 1-1/32 and 1-3/8 in 
• Number of drill holes: 8 holes 
 

 Layered Block #2 
<Drilling Settings> 
• DCU control mode: WVU mode = both penetration rate and rotation rate were 

controlled or kept constant. 
• Penetration rate: 0.6, 1.1 and 1.5 in/sec 
• Rotation rate: 150, 200, 300, 400 and 500 rpm 
• Thrust cap: 1,000 psi 
• Bit size: 1-1/32 and 1-3/8 in 
• Number of drill holes: 11 holes 
 

 Layered Block #3 
<Drilling Settings> 
• DCU control mode: WVU mode = both penetration rate and rotation rate were 

controlled or kept constant. 
• Penetration rate: 0.6, 1.1 and 1.5 in/sec 
• Rotation rate: 150, 200, 300, 400, 500 rpm and free 
• Thrust cap: 1,000 psi 
• Bit size: 1-1/32 and 1-3/8 in 
• Number of drill holes: 10 holes 

 
 Layered Block #4 

<Drilling Settings> 
• DCU control mode: WVU mode = both penetration rate and rotation rate were 

controlled or kept constant. 
• Penetration rate: 1.1 and 1.5 in/sec 
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• Rotation rate: 300 rpm 
• Thrust cap: 1,000 psi 
• Bit size: 1-1/32 and 1-3/8 in 
• Number of drill holes: 8 holes 

 
 Layered Block #5 

<Drilling Settings> 
• DCU control mode: WVU mode = both penetration rate and rotation rate were 

controlled or kept constant. 
• Penetration rate: 0.4, 0.6, 1.1, 1.5 in/sec and free 
• Rotation rate: 150, 400, 500 rpm and free 
• Thrust cap: 1,000 psi 
• Bit size: 1-1/ 32 and 1-3/8 in 
• Number of drill holes: 15 holes 

 
 Layered Block #6 

<Drilling Settings> 
• DCU control mode: WVU mode = both penetration rate and rotation rate were 

controlled or kept constant. 
• Penetration rate: 0.6, 1.1, 1.5 in/sec and free 
• Rotation rate: 300, 400, 500 rpm and free 
• Thrust cap: 750 and 1,000 psi 
• Bit size: 1-1/32 and 1-3/8 in 
• Number of drill holes: 19 holes 

 
4.1.2.3 Fractured Block 

This block was constructed to simulate small voids/fractures (Figures 4.11). This 
concrete block was also constructed of high strength concrete mix with an unconfined 
compressive strength of about 12,300 psi on average. The block for this test consists of 
four individual layers of concrete which were 15-in thick and constructed parallel faces. 
In between each concrete layers, a void was formed by inserting a narrow steel plate 
around the block perimeters as shown in Figures 4.12 – 4.14. The thickness of 3 steel 
plates were 1/16-, 1/8-, and 3/8-in, respectively to simulate voids/fractures with different 
sizes. The layers were bolted together and in a steel frame so the block would act as one 
single unit. The final block dimensions were approximately 3 ft × 4 ft × 5ft. The 1/16-, 
1/8-, and 3/8-in voids were located at 15, 30 and 45 in, respectively. 

<Drilling Settings> 
• DCU control mode: WVU mode = both penetration rate and rotation rate were 

controlled or kept constant. 
• Penetration rate: 0.4, 0.8, 1.1 and 1.5 in/sec 
• Rotation rate:  300, 400, 500 rpm and free 
• Thrust cap: 600, 700, 850, and 1,000 psi 
• Bit size: 1-1/32 and 1-3/8 in 
• Number of drill holes: 37 holes 
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Figure 4.11  Schematic of fractured block 

Figure 4.12  Assembling fractured block 
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4.1.2.4 Bedding Separations Block 
Three blocks were designed and constructed to simulate bedding separations in 

rock layers. Different block designs were constructed to simulate different types of 
bedding separations that could be encountered in roof rock sequences. The designs 
included different sizes of horizontal bedding separations and angled separations. The 
drilling settings and number of drill holes for each layered block were as follows; 

 
 Large-size Bedding Separations Block 

This block was constructed using embedded foam sheets to simulate large-size 
bedding separations (Figure 4.13). Its dimensions were 2 ft × 2 ft × 6-1/2 ft. These were 
four separation layers composed of embedded foam sheets. The foam layers were 1-, 2-, 
3-, and 4-in in thickness, respectively. The concrete for embedding the foam layers was a 
standard mix with an unconfined compressive strength of 4,020 psi. 

<Drilling Settings> 
• DCU control mode: WVU mode = both penetration rate and rotation rate were 

controlled or kept constant. 
• Penetration rate: 0.6 and 1.1 in/sec 
• Rotation rate: 150, 400 and 500 rpm 
• Thrust cap: 1,000 psi 
• Bit size: 1-1/32 and 1-3/8 in 
• Number of drill holes: 5 holes 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.13  Schematic of manufactured block with large bedding separations 
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 Small-size Bedding Plane Separations Block 
This block was constructed using horizontal cardboard inserts to simulate smaller 

bedding separations (Figure 4.14). This block had three separate cardboard layer inserts 
constructed of 1/8-in sheets of poster board. The thickness of cardboard layers were 1/8-, 
1/4- and 3/8-in, respectively. The concern to embed the cardboard layers was a special 
high-strength mix with an unconfined compressive strength of about 12,000 psi. Its 
dimensions were 3 ft × 4 ft × 5 ft. 

<Drilling Settings> 
• DCU control mode: WVU mode = both penetration rate and rotation rate were 

controlled or kept constant. 
• Penetration rate: 0.6 and 1.1 in/sec 
• Rotation rate: 300, 400 and 500 rpm 
• Thrust cap: 1,000 psi 
• Bit size: 1-3/8 in 
• Number of drill holes: 5 holes 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Angled Bedding Separations Block 
This block was designed and constructed to simulate bedding separations that are 

intercepted by a drill bit at an angle as opposed to perpendicular (Figure 4.15). This block 
was constructed using the 1/8-in sheets of poster board embedded in the high strength 
concrete. The angled layers permitted a variety of drilling opportunities as the block was 
rotated so the layers could be intercepted at angles of 15, 30, 60 and 75 degreed. Its 
dimensions were 3 ft × 4 ft × 5 ft. 

Figure 4.14  Schematic of manufactured block to simulate with horizontal cardboard
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<Drilling Settings> 
• DCU control mode: WVU mode = both penetration rate and rotation rate were 

controlled or kept constant. 
• Penetration rate: 0.6, 1.1 and 1.5 in/sec 
• Rotation rate: 200, 300, 400 and 500 rpm 
• Thrust cap: 1,000 psi 
• Bit size: 1-3/8 in 
• Number of drill holes: 14 holes 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.15  Schematic of manufactured block with angled cardboard lavers 

4.2 Underground Tests 
 
4.2.1 Design of Underground Tests 
 

In order to observe the behaviors of drilling parameters when drilling in different 
strengths of rocks and develop the criteria for estimating the strength of roof rock, 
underground tests were conducted in different coal mines. The criteria for void/fracture 
prediction developed from the results of laboratory tests were also checked and verified. 
In addition, bit wear tests were conducted so as to observe the impact of rock strength on 
the magnitude of bit wear and its impact on drilling parameters. Core sampling and 
borehole scoping were always conducted at each test site to verify the roof geology and 
determine the physical properties of each roof rock. 
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4.2.1.1 Core Sampling 
A number of core samples were collected at each test site. These cores were used 

to determine the roof geology of their test area and to measure the physical properties of 
roof rocks. Cores were collected using a core barrel with diamond bit as shown in Figure 
4.16. Water was used to flush cuttings from the core barrel and to cool the drill bit. The 
diameter of cores obtained from the barrel was 2 in.   
 
4.2.1.2 Borehole Scoping  

Although the cores can be used to define the roof geology of test sites, geology 
can often change place to place. Moreover, it is difficult to determine the actual size and 
condition of void/fracture. Thus, borehole scoping was also conducted at each test site to 
verify the roof geology. Figure 4.17 shows the borehole scope system. The probe of the 
borehole scope contains a camera, light and mirror system. The digital camcorder records 
the image data to a micro tape.  
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<Drilling Settings> 
• DCU control mode: WVU mode = both penetration rate and rotation rate were 

controlled or kept constant. 
• Penetration rate: 0.4, 0.6, 1.1, 1.3 and 1.5 in/sec 
• Rotation rate: 200, 300, 400 and 500 rpm 
• Thrust cap: 1,000 psi 
• Bit size: 1-1/32 and 1-3/8 in 
• Number of drill holes: 34 holes 

 
4.2.2.2 Mine B Underground Test 

Mine B was located in eastern Kentucky. The roof of this mine consisted of 
approximately 20-30-in of shale overlain by sandstone member. Figure 4.19 shows the 
result of borehole scoping. However, as the core drilling apparatus was broken, the core 
sample could not be obtained.  

 
<Drilling Settings> 
• DCU control mode: WVU mode = both penetration rate and rotation rate were 

controlled or kept constant. 
• Penetration rate: 0.8, 1.1 in/sec and Free 
• Rotation rate: 300, 400, 500 rpm and Free 
• Thrust cap: 400, 650 and 800 psi 
• Bit size: 1-1/32 and 1-3/8 in 
• Number of drill holes: 53 holes 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   

 

Figure 4.18  Core log (Mine A)
24
Figure 4.19  Result of borehole
scoping (Mine B) 
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4.2.2.3 Mine C Underground Test 
Mine C was located in southern West Virginia. A diagram of the test area and the 

core log are shown in Figures 4.20 and 4.21, respectively. As shown in Figure 4.21, the 
roof of the test area consists of about 35 in shale overlain by sandstone layer that extends 
at least 35 in above the shale. 

 
<Drilling Settings> 
• DCU control mode: WVU mode = both penetration rate and rotation rate were 

controlled or kept constant. 
• Penetration rate: 0.8, 1.1, 1.5, 5.1 in/sec and free 
• Rotation rate: 400, 500 rpm and free 
• Thrust cap: 200, 400, 650 psi 
• Bit size: 1-1/32 and 1-3/8 in 
• Number of drill holes: 36 holes 
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Figure 4.20  Diagram of test site (Mine C)
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<Drilling Settings> 
• DCU control mode: WVU mode = both penetration rate and rotation rate were 

controlled or kept constant. 
• Penetration rate: 0.8, 1.1, 1.5 and 1.7 in/sec 
• Rotation rate: free 
• Thrust cap: 650 and 800 psi 
• Bit size: 1-3/8 in 
• Number of drill holes: 27 holes 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 4.22  Diagram of test site (Mine D)
 

  (ro  
Figure 4.23  Core logs (Mine D)
(a) Test area A 
 (roof: shale) 
26
 (c) Test area C 
(roof: sandstone)
(b) Test area B 
of: shale-sandstone)
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4.2.2.5 Mine E Underground Test 
Mine E was located in southern West Virginia. The roof at test site was a 

consistent sandstone layer within the range of drilling of the roof bolter. Vertical holes 
were drilling into the sandstone roof. Despite the consistent roof strata, three different 
geological conditions were drilled using the angle drilling features of the roof bolter 
(Figure 4.24). The angle drilling feature of the roof bolter allows holes to be drilled at any 
angle from the vertical up to 90 degrees. Two geologic features were intercepted using 
this feature. A high angle (approximately 75 degrees from horizontal) mining-induced 
fracture was present in the roof. 4 holes were drilled to intercept this feature using the 
angle drilling feature of the roof bolter. The angle drilling feature was also used to begin 
drilling in the coal rib of the mine. As drilling proceeded, the drill bit intercepted the 
sandstone roof some distance into the hole. This procedure enabled the data collection 
system to monitor drilling through two distinct layers of strata in one hole. Figures 4.25 
and 4.26 show a diagram of the test area and core logs, respectively. 

 
<Drilling Settings> 
• DCU control mode: WVU mode = both penetration rate and rotation rate were 

controlled or kept constant. 
• Penetration rate: 1.5 in/sec 
• Rotation rate: free 
• Thrust cap:  800, 1,000 and 1,100 psi 
• Bit size: 1-3/8 in 
• Number of drill holes: 18 holes 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.24  Angle drilling with roof bolter (Mine E) 
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(a) Roof 

 

Figure 4.25  Diagram of test site (Mine E)
 

b 
Figure 4.26  Core logs (Mine E)
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4.2.2.6 Mine F Underground Test 
Mine F was located in southern West Virginia. In the testing site, soft shale strata 

were in the roof bolting horizon. Figure 4.27 shows a diagram of the test site. Figure 4.28 
shows the core and core log. Bit wear test was also conducted during this test. As the 
rock sample was too soft to make the specimen, point load test was conducted to estimate 
the strength of the roof rock. The unconfined compressive strength of it was estimated at 
3,400 psi or less. 

 
<Drilling Settings> 
• DCU control mode: WVU mode = both penetration rate and rotation rate were 

controlled or kept constant. 
• Penetration rate: 0.4, 0.8, 1.1, 1.3, 1.5, 1.7 and 2.1 in/sec 
• Rotation rate: 400, 500, 600, 650 and 700 rpm 
• Thrust cap:  1,000 psi 
• Bit size: 1-3/8 in 
• Number of drill holes: 103 holes 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

) 

 

Figure 4.27  Diagram of test site (Mine F
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Figure 4.28  Core and core log (Mine F) 

4.2.2.7 Mine G Underground Test 
Mine G was located in southern West Virginia. In the testing site, hard sandstone 

roof strata were in the roof bolting horizon. Figure 4.29 show a diagram of the test site. 
Figure 4.30 shows the core and core log. Bit wear test was also conducted. Besides, some 
holes were drilled by feedback system mode (horsepower curve and bite curve setting). 
From the results of rock property test, the unconfined compressive strength of roof rock 
is about 9,400 psi on average, ranging from 8,200 to 10,400 psi. Table 4.3 shows the 
result of rock property test. 

 
<Drilling Settings> 
• DCU control mode: WVU mode = both penetration rate and rotation rate were 

controlled or kept constant, and feedback system mode = penetration rate and 
rotation rate were controlled according to both horsepower and bite curves 
selected. 

• Drilling parameters 
  (a)WVU mode 

o Penetration rate: 0.4, 0.6, 0.8, 0.9, 1.1, 1.3, 1.5, 1.7 and 2.1 in/sec 
o Rotation rate: 400, 500, 600, 650 rpm and free 
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  (b)Feedback system mode 
o H.P. = 0.18, 0.5, 1.01, 1.1, 1.5, 2, 2.24, 2.5, 3 and 4 
o Bite curve: 0.063, 0.074, 0.101 and 0.125 

        (c)Bit wear test 
o Penetration rate: 1.1 in/sec 
o Rotation rate: 400 and 650 rpm 
o Number of drill holes with one bit: 3, 5 and 7** holes 
** After the 7th hole was completed, the bit broke. 

• Thrust cap:  1,000 psi 
• Bit size: 1-3/8 in 
• Number of drill holes: 268 holes 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Rock Type UCS 
 (psi) 

BTS  
(psi) 

E50 
 (×106 psi)

Unit Weight 
(lbs/ft3) 

Sandstone 9,392 589.6 2.082 150.9 

Table 4.3  Physical properties of core samples (Mine G) 

 

 

Figure 4.29  Diagram of test site (Mine G)
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e UCS 
 (psi) 

BTS  
(psi) 

E50 
 (×106 psi)

Unit Weight 
(lbs/ft3) 

e 9,770 521.3 1.649 151.9 

.4  Physical properties of core samples (Mine H) 
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Figure 4.31  Diagram of test site (Mine H)
 
Figure 4.32  Core and core log (Mine H)
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CHAPTER 5 
 

DEVELOPMENT OF DATA INTERPRETATION METHODOLOGY 
 
 

In designing a proper roof support system, one must know the features of roof 
geology in advance of mining. These geological features include: rock type, rock strength, 
rock layer interfaces, voids, cracks, and bed separations. The drilling parameters obtained 
during normal roof bolt installation cycle can provide a large amount of information on 
roof geology when properly interpreted. It is also an economic way for identifying the 
geological features of the roof. One of the main tasks of this project is to develop a 
method for predicting roof geology based on the drilling parameters obtained during 
normal roof bolting operation. In this project, experimental studies were conducted to 
determine the relationship between the drilling parameters and geological features based 
on the results of a series of laboratory and underground tests as mentioned in Chapter 4. 
Study about the characteristics of the machine and control system used in this project was 
also conducted to eliminate their effects on drilling parameters. Because, as the drilling 
was controlled by DCU in this test (WVU control mode), it is necessary to distinguish the 
changes of drilling parameters that was caused by geological change and that by the 
machine characteristics/control algorithm. Based on the above results, an empirical model 
for roof geology prediction has been developed. 

 
This chapter describes the results including the methods for determining 

quantitatively the location and size of voids/fractures and estimation of roof rock strength 
from the recorded drilling parameters of roof bolter. 
 
 
5.1 Concept of Data Analysis and Rule Generation 

 
The basic assumptions for this research are as follows: 
 

• Variation in geological properties of roof strata will result in the change of some 
of the measured drilling parameters. Those drilling parameters that obviously 
reflect the change of roof geological properties are referred as relevant drilling 
parameters. 

 
• Different roof geological properties are statistically independent. This 

independence could be a result of their different physical properties, for example, 
their different compressive strengths and shear strengths. 

 
• Each relevant drilling parameter has a Gaussian or normal distribution for each 

roof geological property, but with different means and variances. 
 

These assumptions provide the foundation for using a statistical model called 
finite mixtures in this research. In this case, a mixture is a set of k probability 
distributions, representing k geological properties, that governs the drilling parameter 
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values for members of that geological 
property. In other words, each distribution 
gives the probability that a particular data 
point would have a certain set of drilling 
parameters values if it were known to be a 
member of that geology property. Each 
geological property has a different 
distribution. Any particular data point really 
belongs to one and only one of the 
geological properties. Roof geological 
properties are not likely to be equal: there is 
some probability distribution that reflects 
their relative populations. 

 
Based on the above mentioned 

assumptions, the following procedures are 
taken for generating the rules of predicting 
the voids in roof rock by using the roof 
drilling parameters as shown in Figure 5.1. 
 
 

Figure 5.1  Flowchart for generating rules

Machine data 

Determination of relevant 
drilling parameters 

Determination of the 
mean and variances 

Computational rule 
Generation 

5.2 Effect of Drilling Settings and Machine/Drilling Conditions on Drilling 
Parameters for Compensation Runs 
 

As the data collection system used in this series of research was designed not for 
prediction of roof geology but for control drilling, the drilling parameters which can be 
measured are the parameters in the hydraulic system. This means that the drilling 
parameters contain not only for drilling rock but also for running machine itself. First of 
all, one needs to know how much the drilling parameters, especially feed pressure / 
rotation pressure, consumed for running the machine itself and how much impact 
different drilling settings and machine conditions (i.e. oil temperature in the hydraulic 
system) have on them. So, the first set of experiments was performed by drilling nothing 
to determine the consistency of the drilling parameters in the air. These data collected 
when drilling in the air are referred as compensation run data. Besides, compensation run 
was always conducted before every drilling to determine the machine and control 
conditions.  

 
5.2.1 Effect on Feed Pressure
 

Figure 5.2 shows the feed pressure, carriage position and mast position curves for 
compensation run. It can be seen that the magnitude of feed pressure consumed for 
running the machine itself changes. This is caused by the change from carriage stage to 
mast stage. This machine can drill a 52-54 in deep hole in one cycle by two stages as 
shown in Figure 5.3. So, it was considered that feed pressure consumed for running the 
machine depends on the net bit position not on the bit position from the roof line. Here, 
the difference between bit position and net bit position is shown as follows; 
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Figure 5.2  Relationships between feed pressure 
/carriage position/mast position and elapsed 
time (P.R. = 0.4 in/sec, R.R. = 600 rpm) 
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 shown in Figure 5.4, this feed pressure 
change was caused by the machine itself.  

 

1 = the time when drilling starts, mast 
position (t) = output count of mast position 
sensor and carriage position (t) = output count 
of carriage position sensor. The conversion 
factors of mast and carriage position sensors 
are 0.1593 in/count and 0.1485 in/count, 
respectively. Note bit position refers to the 
distance from roof line incl
a ents while net bit position refers to the 
actual bit drilling distance. 
 

There is about 7-10 output units 
difference between feed pressure in carriage 
stage and that in mast stage. This means the 
magnitude of feed pressure is different with the 
different stages even drilling in a homogeneous 
rock. A
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Figures 5.5 and 5.6 show the relationship between feed pressure and net bit 
position for compensation runs under different controlled settings and oil temperatures, 
respectively. It can be seen that drilling settings and oil temperature have no obvious 
impact on both the magnitude and trend of feed pressure-net bit position curve for 
compensation run. Hence, it was concluded that feed pressure for compensation run can 
be defined as a function of net bit position only in this machine and the machine effect on 
the feed pressure can be eliminated from the drilling data once feed pressure-bit position 
curve for compensation run has been recorded at any settings. From the compensation run  
 
 

Figure 5.5  Effect of drilling settings on the magnitude of feed pressure for 
compensation run 

(a) Penetration Rate (R.R. = 600 rpm) (b) Rotation Rate (P.R. = 1.1 in/sec)
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 38

data obtained so far, the approximate curve for the relationship between feed pressure and 
net bit position is defined by the following equation (Figure 5.7); 

Figure 5.9  Approximate curv
for different test dates  

Figure 5.8  Feed pressure-net bit 
position curves at the beginning of test
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(Number of data points = 27,626, variance = 0.7163, correlation coefficient = 0.9

where, BPnet(tn) = net bit position and tn = elapsed time after drilling starts 
 

As the feed pressure for compensation runs defined by equation (5.3) is subtr
from the feed pressure when drilling rock, the machine effect can be eliminated an
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magnitude of feed pressure-bit position curve for compensation run. From these results, it 
was suggested that compensation runs should be conducted at the beginning and the end 
of each shift to check the machine condition and minimize the errors when calculating the 

et feed pressure. Besides, the rule for determining the approximate curve should be 
practical use.  

5.2.2 E

n
developed in order to apply it for 
 

ffect on Rotation Pressure
 

Figure 5.10 shows the relationship between rotation pressure and net bit position 
for compensation runs under different controlled settings. It can be seen that different 
rotation rates have obvious impact on the magnitude of rotation pressure. This is because 
of the increasing friction from bearings, gears and oil flow in the pipe. Figure 5.11 shows 
the relationship between rotation pressure and bit position for compensation runs and 
drilling rock under different oil temperatures. From this figure, it can be recognized that 
different oil temperature also have obvious impact on the magnitude of rotation pressure 
and the impact of oil temperature when drilling rock is the same as that for compensation 
run. Since the locations of both drill holes are close to each other, the change of rotation 
pressure is not caused by the change of roof geology but by the change of oil temperature. 
This phenomenon may have been caused by the change of viscosity of hydraulic oil. 
Generally speaking, the viscosity of hydraulic fluid is altered by its temperature; the 
higher the oil temperature is the lower the viscosity of the hydraulic fluid is. Especially, it 
changes dramatically at low oil temperature. Accordingly, one question arises: why the 
effect of oil temperature was recognized only in rotation pressure but not in feed 
pressure? One conceivable reason is the difference between the magnitudes of oil flows. 
The feed flow varied from 0.857 to 4.820 gpm when penetration rate was set from 0.4 to 
2.1 in/sec. On the other hand, rotation flow varied from 21.5 to 30.8 gpm when rotation 
rate was set from 400 to 600 rpm.  But this point has not been confirmed yet. Besides, it 
can also be seen from Figure 5.11 that the effects of rotation rate and oil temperature on 
rotation pressure are too large to be ignored comparing with that in drilling rock. Hence, 
in order to estimate roof rock strength based on the magnitude of rotation pressure, a 
model or formula for eliminating these effects needs to be developed. On the other hand, 
in order to develop a model or formula to eliminate these effects, there are still many 
unknown factors. In addition, their effects seem to be complicated. For example, even if 

e same hydraulic oil is used, its characteristics change with conditions (new or old, th
polluted, etc).   
 
5.2.3 Effect of Drill Rod
 
Basically, compensation runs were conducted without a drill rod and bit. So, in order to 
check the effect of drill rod on drilling parameters, compensation runs with drill rod were 
also conducted. Drilled holes were used for this test. As shown in Figure 5.12 (a) and (b), 
even though there was some frictional resistance between bit/rod and the hole surface, the 
existence of drill rod has no obvious impact on drilling parameters. The effect of drill rod 
on drilling parameters is so small in comparison with the feed pressure and rotation 
pressure consumed for running the machine and drilling rock.  It is therefore concluded 
that it is not necessary to take into account the effect of drill rod on drilling parameters.  
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(a) Feed Pressure (b) Rotation Pressure 

Figure 5.12  Effect of drill rod on drilling parameters (P.R. = 2.1 in/sec, R.R. = 600 rpm)
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5.3 Void / Fracture Prediction 
 
5.3.1 Determination of Relevant Drilling Parameters for the Voids/Fractures
 

The first step of data analysis is to find the most appropriate drilling parameters 
for void/fracture prediction.  So, all the measured drilling data for a hole are plotted on a 
figure for comparison. Examples of the plotted data for holes drilled in the air, solid 
concrete and fractured blocks are shown in Figures 5.13 (a)-(c), respectively. All data are 
expressed in output counts of sensors. The basic principle for the drilling parameter 
selection is to look for highly discriminative drilling parameters regarding the rock voids 
and keep the number of selected drilling parameters as small as possible. Comparing 
these three figures, it can be seen that the feed pressure changes dramatically to form 
valleys around the locations of 15, 30 and 45 in where the voids are located. It is also 
observed that rotation pressure has some kind of change around the locations of voids but 
the magnitude of the change is much smaller than that of feed pressure. The other drilling 

arameters do not change at the presence of voids. Therefore, it can be concluded that 
actures.  

5.3.2 M

p
feed pressure is the most relevant drilling parameter for the existence of voids/fr
 

echanism of Rock Fragmentation When a Void/Fracture is Encountered
 

The phenomenon that a void in rock induces a valley in feed pressure can be 
explained by the mechanism of rock fragmentation. Feed pressure which to some extent 
represent the thrust force that the roof bolter provides for drilling in rock. According to 
the theory of rock fragmentation due to cutting, cracks will be created and propagate 

(14), (15)under a thrust force applied to by a drilling bit . Once the cracks reach the free face 
f rock void, the whole pieces of the remaining rocks between drilling bit and free face of  o

Fe
ed

 P
re

ss
ur

e,
ou

tp
ut

 u
ni

t
With rod
Without rod

20 40 60
0

20

40

Bit Position    (in)net

R
ot

at
io

n 
P

re
ss

ur
e,

ou
tp

ut
 u

ni
t With rod

Without rod

Net Bit Position (in) Net Bit Position (in)

 41



Final Report                                                                                                                    DE-FC26-01NT41056 
 

 

0 20 40 60
0

50

100

150

200

Bit Position (in)

hen drilling in the air. On
e feed pressure will rapid

 

0 20 40 60
0

50

100

150

200

Bit Position (in)

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
rock void will begin to bre
keeps advancing, some of 
the rotation of the drill bit 
while others will be pushed
chips. Therefore, the resist
Consequently, this result 
advancing and rotating bec
each hole. Since the void is
w
th

0 2 600 40
0

50

100

150

200

Bit Position (in)

(b) Solid Concrete Block (a) Compensation Run 

(c) Fractured Block 

         Feed Pressure 
        Feed Flow 
        Rotation Pressure 
        Rotation Flow 
        Rotation Count 
        Feed PWM 
        Flow PWM 
Figure 5.13  Drilling parameters 
42

ce drill bit encounters rock again after going through the void, 
ly climb back to the level when drilling in rock. This is how  

ak into small chips as shown in Figure 5.14. As the drill bit 
these chips will further be broken into even smaller chips by 
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Figure 5.14  Rock fragmentation when drilling close to a rock void 
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the valleys in feed pressure curve are formed. If the size of the void is large enough, there 
should be a plateau at the valley bottom of feed pressure curve as the drill bit penetrates 
through the void. It seems that the width of the plateau can be used to estimate the size of 
void. Figure 5.15 shows the concrete blocks with a simulated void that drilling test was 
conducted. From the chipping off nature of the void edge, the mechanism of rock 
fragme

tion, the magnitude of feed pressure is much higher than that for drilling 
in the air. Therefore, the valley bottoms of feed pressure will be very shallow or there is 

o valley at all.  
 

5.3.3 C

ntation that mentioned above can be verified.   
 
Although the feed pressure tends to reduce the level when drilling in the air if a 

void is encountered, it is observed that the valley bottoms of all feed pressure curves do 
not reach the level when drilling in the air. Besides measurement errors, the size of the 
void plays the most important role in this phenomenon. The smaller the size of void is, 
the less possible it is for the feed pressure to fall into the range when drilling in the air 
(Table 5.1).  Two possible reasons can be considered for this trend: One is that rough 
surfaces of concrete layers may make the actual void size smaller than the designed one, 
or close to zero. Another reason is the small void does not provide enough space for 
broken rock chips to move in although cracks have already propagated to the void. 
Consequently, these rock chips are still confined to their original locations before they are 
further broken into smaller chips and removed by the dust collector, as normal drilling 
does. In this situa

n

Void 
Size 
(in) 

Number of 
holes with 

available data

Number of valley bottoms 
of feed pressure reaching 

the level in the air 
1/16 22 5 
1/8 22 19 
3/8 19 15 

Table 5.1  Statistics of valley bottoms of feed pressure 
 
 
 
 
 
 
 
 
 

riterion for Void/Fracture Prediction
 

The major criterion for void prediction is developed based on the fact that feed 
pressure should drop to the level of drilling in the air when a void in rock is encountered. 
Here, as mentioned in 5.2.1, different drilling settings and machine conditions have no 
obvious impact on both the magnitude and trend of feed pressure-bit position curve when 
drilling in the air. So, this criterion is not affected by any drilling setting and machine 
conditions. Hence, once the compensation run is conducted and the feed pressure-bit 
position curve is recorded, this major criterion can be determined. Moreover, to help 
increase the correct prediction ratio, especially at a narrow void/fracture, a set of 
supplementary prediction rules are also developed considering not only the magnitude of 
feed pressure but also the shape of feed pressure valley.  

 
In this research, it is assumed that the change in roof geological properties results 

in the change in roof drilling parameters. But this does not mean that all the changes in 
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the collected drilling parameters are caused by roof geology change. Those that are not 
caused by roof geology change are referred to as noise data. These noise data may come 
from drilling system, data collecting system or some other unknown sources. In order to 
distinguish the noise data from the normal ones, it needs in-depth information about roof 
bolter, data collecting devices and roof bolter operating procedures. Therefore, a set of 
rules for cleaning up the noise data are also created based on current knowledge about the 

achine used in this research in order to eliminate the effect of noise data on prediction 

5.3.4 P

m
as much as possible. 
 

rediction Results
 

The measured drilling parameters of 22 holes drilled in the fractured block were 
used to check the criteria for void/fracture prediction. The results are shown in Table 5.2. 
The prediction results show that a very high prediction percentage have been achieved for 
the 1/8 in and 3/8 in voids. But the 1/16 in void does not cause an obvious change in not 
only feed pressure but also all other drilling parameters. It seems that there is a limitation 
of the void size that can be detected by the current system.  

5.3.5 P

 
 
 
 
 
 
 
 
 

 
 

rediction of the Size of Void/Fracture
 

Mining Engineers are interested in not only the void location but also its size in 
the roof strata when designing roof supports. The relationship between feed pressure 

alley and size of void is modeled as shown in Figure 5.16. The width of the left side 
 valley can be expressed as follows (See Figures 5.14 and 5.16); 

where 

On the other hand, 
e size of void. It mainly d
r a drill bit to start drillin

Void 
Size 
(in) 

Actual 
Location 

(in) 

Number of 
holes with 
available 

data 

Number 
of correct 
prediction

Percentage 
of correct 
prediction 

(%) 

Average 
predicted 
location 

(in) 
1/16 15 22 13 59.09 14.036 
1/8 30 22 22 100 29.222 
3/8 45 19 18 94.73 44.494 

Table 5.2  Results of void prediction 

v
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 Figure 5.16  Relationship between the width of feed pressure valley and the size of void
 
 
 
 
 
 
 
 
 
 
 
Hence, it can be said that the width of the plateau at the bottom of feed pressure valley is 
much closer to the size of the void. Table 5.3 shows that the relationship between the 
width of plateau of feed pressure valley and the size of the void. It can be said that the 
larger the size of the void/fracture is, the more possible it is to form a plateau at their 
bottom of feed pressure valley and the more precisely it can be predicted. On the other 
hand, it seems to be difficult to determine the size of a small void by using the current 
data collecting system. This is because of the resolution of bit position sensors. The 
conversion factors for mast and carriage position sensors are 0.1485 in and 0.1593 in, 
respectively. This means that the minimum measurable plateau width is 0.1485 in, this 

alue is much larger than 1/16-in. Considering measurement errors, the error rate of 
au may begin to form even before a 

rill bit reaches the void if broken rock chips are removed fast. This can explain why the 
max

v
prediction will be considerable. Moreover, the plate
d

imum plateau size is almost three times of a 3/8-in void. 
 
5.3.6 Field Verification of Void/Fracture Prediction

Figures 5.17 and 5.18 show the feed pressure curve and the result of borehole 
oping in Mine F (Roof Rock: Shale) and Mine G (Roof Rock: Sandstone), respectively. 
 can be seen that the locations of feed pressure valleys and their bottom that drops down  

Void 
Size 
(in) 

Number of 
holes with 

available data 

Number of 
holes with 

plateau 

Max. 
plateau 

width (in)

Min. 
plateau 

width (in)

Ave. 
plateau 

width (in) 
1/16 22 5 0.3186 0.1593 0.223 
1/8 22 13 0.5940 0.1485 0.3084 
3/8 19 13 0.9958 0.1593 0.4043 

Table 5.3  Size of the plateau at the bottom of feed pressure valley 

 

sc
It
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Figure 5.17  Feed pressure curves and results of borehole scoping 
 (Mine F, roof rock: shale) 

Figure 5.18  Feed pressure curves and results of borehole scoping  
(Mine G, roof rock: sandstone) 
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Figure 5.19  Drilling parameters and results of borehole scoping (Mine G
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to the level of compensation run match well with the actual void locations. On the other 
hand, Figure 5.18 shows the trend that feed pressure did not drop to the level of that 
obtained in compensation run under the high penetration rate drill settings. It seems that 
the higher the penetration rate is the higher the bottom level of the feed pressure valley is. 
This may be because the drill bit has already reached the other free face of the void 
befo  the feed pressure drops down to the level of drilling in the air. This result also 
indi

olled by DCU & data recording start. As for roof mapping, to record the relative 
cations of voids is considered to be one of the important factor in the near future. 
nother is that even two voids exist in close proximity, only a single wide valley is 

(Figure 5.19). This trend seems to depend on 
onditions such as intervals between voids, rock strength, existence of filling materials, 

etc. 

developing the 
riterion for rock classification can be found based on the behaviors of drilling 

ich can 
e measured are the parameters in hydraulic system. So, the drilling parameters contain 

not onl

re
cates that supplemental prediction criteria considered the shape of feed pressure 

valley is needed to enhance the prediction accuracy. From the results of a series of 
underground tests, the criterion for void/fracture prediction developed from the results of 
laboratory tests was verified. 

 
On the other hand, the following two trends can also be observed.  One is that the 

actual void location from the roof line was a little deeper than the location of feed 
pressure valley on the drilling data. This is because of the following drill procedures. At 
first, the drill bit was penetrated a few inches deep manually. And then, drilling 
contr
lo
A
observed in the feed pressure curve 
c

 
 
5.4 Estimation of the Rock Strength 
 

The same way as the development of void/fracture prediction methodology, the 
most appropriate drilling parameters for estimating rock strength and 
c
parameters when drilling in different strengths of rocks. Note the parameters wh
b

y for drilling rock but also for running machine itself. Therefore, the results that 
are indicated in Section 5.2 have to be taken into account for discussion.   
 
5.4.1 Impact of Different Rock Strength on Feed Pressure and Rotation Pressure  
 

Figures 5.20 (a) and (b) show the impact of rock strength on feed pressure and 
rotation pressure at P.R. = 1.5 in/sec and R.R. = 600 rpm. It can be seen obviously that 
the harder the roof rock is the larger the feed pressure is. On the other hand, even though 
the impact of rock strength on the magnitude of rotation pressure can be recognized, it is 
not so clear cut. Figure 5.21 shows the same trend within one hole. Besides, the trend and 
magnitude of feed pressure for compensation run is not affected by any drilling settings 
and machine conditions (i.e. oil temperature) as mentioned in Section 5.2, the difference 

etween their magnitudes of feed pressure represents the difference between their 
onsumption for drilling rocks of different strength directly. On the other hand, the 
ifferent rotation rate and machine conditions (i.e. oil temperature) have obvious impact 
n the rotation pressure for running the machine itself, and the magnitude of their impacts  

b
c
d
o
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are too

ion pressure. 
ence, it would be true that it is difficult to evaluate the roof rock strength by using the 

tem. 
 

 large to be ignored comparing with that for drilling rock. It also seems to be 
difficult to develop a model or formula to eliminate these effects on rotat
H
magnitude of rotation pressure under the current sys

Therefore, it can be concluded that feed pressure is the most sensitive and reliable 
parameter for estimating the strength of roof rock under the current system.  

Figure th on feed p5.20  Effect of rock streng ressure/rotation pressure 
(P.R. = 1.5 in/sec & R.R. = 600 rpm, Oil Temp = 126 (sandstone) and 128 (shale) output units)
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Figure 5.21  Effect of rock strength on feed pressure/rotation pressure and core log 
(Mine D, P.R. = 1.5 in/sec & R.R. = free) 
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5.4.2 Effect of Penetration Rate on Feed Pressure   
 

Figures 5.22 (a) and (b) show the relationship between feed pressure and bit 
position under different penetration rates in shale and sandstone, respectively. It can be 
seen obviously that different penetration rates have obvious impact on the magnitude of 
feed pressure. The higher the penetration rate is the larger the magnitude of feed pressure 
is. Moreover, it was also observed that the harder the roof rock is the larger the impact of 
penetration rate on the trend of feed pressure-penetration rate curve is. So, it seems that 
not l
rate cu rock strength. Accordingly, the relationship between feed pressure 
and d and discussed. Here, 
foll i

ing and the end of drilling 
were not used. 

b. 

nsidered. 

First of all, the penetration rate was calculated by using the heavily filtered 
ethod. This method was applied for penetration rate calculation in DCU. By using this 

alue, the DCU attempts to control the feed flow as to make the penetration rate close to 

 

 on y the magnitude of feed pressure but also the slope of feed pressure-penetration 
rve is related to 

 penetration rate under different rock strengths is analyze
ow ng assumptions were made for simplification. 

 
a. Drilling data for location within 5 in from the beginn

Each roof rock was assumed to be almost homogeneous. 
c. Actual rotation rate can be kept constant as a target speed. 
d. The effect of bit wear on feed pressure is not considered. 
e. Compressibility of the hydraulic oil is not co

 

m
v
the target speed. This method is shown as follows; 
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• Heavily Filtered Method 
 

Figure 5.23  Relationship between
penetration rates calculated by he
filtered method  and feed pressure
(R.R. = 600 rpm) 
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   Where, t = time, ∆ t = 100 msec   
 

Figure 5.23 shows the relationship 
between feed pressure and penetration rate 
for different strength of rocks. The blue and 
red data points indicate drilling data for Mine 
F where the roof is shale and those for Mine 
G where the roof is sandstone, respectively. 
Two trends can be recognized from this 
figure. One is that the harder the roof rock is, 
the higher the magnitude of feed pressure is 
while the other is that the slope of feed 
pressure-penetration rate curve is different 
for different strengths of rocks. The harder 
the roof rock is the steeper the slope of feed 
pressure-pene

io

)t(nRatePenetraito)t(nRate

n

nn

2

12

−

−+×       

tration rate curve is. However, 
s d  

var
betw
if there
5,000 p
for their wide variation m
 

 varies w
tion of two position sensors as shown in Figure

bolter 
n 5.2. 

a istributions of both sets of data points
y widely, their trends and the boundary 

een them can not be clearly defined even 
 is a difference in UCS of more than 
si. In regard to this point, the causes 

ay be attributed to: 

(1) The roof rock was not homogeneous. 
The penetration rate calculated by the heavily filtered method(2) 
because of the resolu
(Carriage Position Sensor 0.1485 in/count and Mast Position Sensor 0
in/count). 

(3) Actual rotation rate is not kept constant as a target speed. 
(4) The magnitude of feed pressure consumed for running the roof 

changes with each stage of mast feed as mentioned in Sectio
(5) The effect of bit wear 
 

The items we can discuss and evaluate quantitatively are items (2), (3) an
Here, items (2) and (4) are discussed as to eliminate both effects on the relatio
between penetration rate and feed pressure for different strengths of rocks.   
 
5.4.2.1 Effect of the Method of Penetration Rate Calculation 

As shown in Figure 5.24, the penetration rate calculated by the heavily fi
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method (penetration rate (HF)) has wide variances. However, this trend and value are not 
for the actual penetration rate. This trend is because of the insufficient resolution of two 
position sensors. In other words, this variance is caused by the calculation method for 
penetration rate. In order to make the difference clear in the trend and distribution of both 
sets of data points of different strengths of rocks, one of the important key is how to 
calculate the penetration rate more exactly under the current system. So, first of all, in 
order to eliminate the effect of resolution on penetration rate calculation, the penetration 

te was calculated from 10 backward points average (= penetration rate (10BP)) instead of 
heavily
ra

 filleted method. This formula is defined as follows; 
 

)}t(ratenpenetratio

)t(ratenpenetraito)t(ratenpenetratio{)t(ratenPenetratio

n

nnn)BP(

9

110 10
1

−

−

+⋅⋅⋅⋅⋅

++=  

 

)

Here, it is noted that speed is controlled by the amount of flow in the hyd
system. Besides, pressure is the resistance of low in the hydraulic circuit and pre

 also induced by the flow. So, it can be assumed that there are strong corre
oil f

is
between the actual penetration rate/feed pressure and feed flow. Consequently
penetration rate can be calculated from the feed flow (= penetration rate (FF)) by usin
following equation; 

{ } 60077231003050819 /./.)t(flowfeed)t(ratenPenetratio nn)FF( ××−=  
 
where the conversion factor from output unit to actual hydraulic volume is 0.003
gallon = 231 in3, cross section of the cylinder = 7.07 in2 and both cylinder diamet
each stage are assumed to be the same. 
 

Figure 5.25 shows the correlation between two penetration rates calculat
different methods and feed pressure. It can be seen that the penetration rate 
calculated from the 10 backward points average still has a variance. This calcu
method has weak points in that the current calculation speed still reflects the inform
of previous locations and, in the same way, a current change is not reflected o
current speed directly. So, there is still difference in the trend between the penet
rate curve calculated from the 10 backward points average and feed pressure curv
the other hand, as comparing with the penetration rate curve calculated from the
flow, it can be seen that the change of feed pressure curve coincides with that o
penetration rate curve calculated from the feed flow except the data around the
location. Both the feed pressure curve and the penetration rate curve c
simultaneously. Moreover, it can be distinguished by using the penetration rate 
calculated from the feed flow whether the feed pressure change is caused by ge
hange or DCU. For example, the change of feed pressure around No.1 in Figure
as caused by geology because the feed flow did not change. In fact, there were 

round this location. On the other hand, the change of feed pressure around No.2
aused by DCU because the feed flow itself changed and both curves ch
multaneously.  
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Figures 5.26 (a)-(c) show the relationships betwe
tes calculated by different methods. From these figu

enetration rate calculation, distribution of data points b
ade clearer. Therefore it can be concluded that fe

enetration rate calculation instead of the data of two
stem. Hereafter, “penetration rate” means that calculate

Figure 5.24  Correlation between penetration rate (HF) and feed pressure  
(P.R. = 0.4 in/sec and R.R. = 600 rpm) 
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(c) Feed Flow 

 

current system.  However, generally speaking, the oil leaks in the hydraulic circuit and 

(a) Heavily Filtered Method (b) 10 Backward Points Average 

 
 
 
5.4.2.2 Elimination of the Effect of Oil Temperature and Cylinder Diameter on 
Penetration Rate Calculation  

As mentioned above, from the hydraulic system and resolutions of two position 
sensors points of view, the penetration rate calculated from the feed flow is more reliable 
for calculating the penetration rate more exactly and determining the impact of rock 
strength on the relationship between feed pressure and the penetration rate under the 

Figure 5.26  Relationship between penetration rates and feed pressure 
(R.R. = 600 rpm, sandstone) 

 55



Final Report                                                                                                                    DE-FC26-01NT41056 
 

 56

0 20 40 60 80
0

20

40

60

Elapsed Time (sec)

Two position sensors
Feed flow

Bi
t P

os
iti

on
 (i

n)

0 20 40 60 80
0

20

40

60

Elapsed Time (sec)

Bi
t P

os
iti

on
 (i

n)

Two position sensors
Feed flow

rials in the hydraulic circuit. Therefore it can also be guessed that different 
il temperatures have impact on the penetration rate calculation. Hence, in order to check 

this point and modify equation (5.9) if necessary, actual bit position calc  
ata of two position sensors and the bit position calculated from the feed flow are 

compared. Here, bit position t w by using formulas (5.10) 
nd (5.11); 

              

the lower the oil temperature is, the more the oil leaks. This is because the elasticity of 
sealing mate
o

ulated from the
d

 was calcula ed from the feed flo
a
 

( ){ } 60077231003050819 /./.tflowfeedsec)/in)(t(ratenPenetratio ××−=               (5.10) 
 
                  1011 .)t(ratenpenetratio)t(positionbit)in)(t(positionBit ×−+−=                    (5.11) 
 
where, t = time (sec)  

 
Figures 5.27 (a) and (b) show the relationships between elapsed time from the 

start of drilling and bit position calculated from the data of two position sensors (= actual 
bit position)/feed flow under the different oil temperatures. It can be seen that the lower 
the oil temperature is, the larger the difference between actual bit position and the bit 
position calculated from feed flow is. This difference may be caused by oil leakage in the 
hydraulic circuits. The lower the oil temperature is, the more the oil leaks. This result 
indicates that oil leakage has to be taken into account when penetration rate is calculated 
from feed flow, especially when oil temperature is low. Figure 5.28 (a) and (b) show the 

lationship between the actual bit position/the bit position calculated from feed flow and 
lapsed time under different penetration rate settings. It seems that the difference between 
oth bit positions is dependent on the time and there is no effect of penetration rate  

 
 

(a) Oil Temp = 108  output units

Figure 5.27  Relationship between the bit positions calculated from
position sensors/feed flow and elapsed tim

re
e
b

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 (b) Oil Temp = 130 output units
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setting on the magnitude of their 
difference. In other words, the amount of 
oil leakage seems to be dependent on the 
oil temperature only and penetration rate 
setting has no obvious impact on it. 
Besides, from Figure 5.29, even though 
there is no obvious change about the 
trend of bit position curve, the magnitude 
of feed flow was different with different 
stages. It seems that the conversion factor 
(cylinder diameter, etc) and/or the 
amount of oil leakage at the mast stage 
are also different with those at the 
carriage stage.  From these points of 
view, an empirical formula for the oil 

as developed in order to 
calculate more exactly the penetration 
ra r

used for trials; 

b. The amount of oil leakage is only dependent on the oil temperature.   

leakage factor w

te f om the feed flow.  
 

Here, the following assumptions are 
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c. T

d. Effective cylinder diameters of mast and carriage stage are different. 
pressibility of the oil fluid is not taken into account. 

 
Based on the above assum n formula for penetration rate at 

ach stage can be defined as follow

he magnitudes of oil leakage in both mast and carriage extension stage are the 
same. 

e. Com

ptions, the calculatio
s; e

 
           ( ){ } 60077231003050819 /./.)T(Ftflowfeed)t(ratenPenetratio LC ××−+=           (5.12) 

 
( ){ } 60077231003050819 /./.)T(Ftflowfeeda)t(ratenPenetratio               LM

where, penetration rate

××−+×=      (5.13) 
 

 at the carriage stage, penetration rate M (t) = 
l leakage factor, T = oil temperature and a = 

about 
135 in output 
approximation curve, which represents the 

lationship between oil leakage factor and 

leakage factor is defined as follows; 

718345 +×−= )t(T.)t(L

 
ast stage as follows; 

 
                                                    Aa = 1.09                                                           (5.15) 
 

From the equations (5.12)-(5.15), the empirical formula for penetration rate 
alculation by the feed flow can be defined as follows; 

 

 
 

 C (t) = penetration rate
penetration rate at the mast stage, FL(T) = oi
constant.  
 

At first, an attempt was made to 
determine the oil leakage factor from 
compensation run data at the carriage 
stage. Figure 5.30 shows the relationship 
between oil leakage factor and oil 
temperature at the carriage stage. It can be 
seen that the effect of oil leakage 
decreases with increase of oil temperature 
and the effect of oil leakage can be 
ignored in penetration rate calculation 
when oil temperature is larger than 
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.                                                      
F         (5.14) 

Next, ‘a’ in equation (5.13) is determined by the data at the m
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i) Oil Temperature < 135 output units 
  
    arriage stage

 

C  

                   
 

( ){ } 310661101345 −××−×−= .)t(T.tflowfeed)t(ratenPenetratio C                   (5.16) 
 

Mast stage  
 

( ){ } 310831101345 −××−×−= .)t(T.tflowfeed)t(raten               Penetratio M                  (5.17) 
 
 

perature ≥ 135 output units 
 
   

ii) Oil Tem 

Carriage stage 
 

( ){ } 310661819 −××−= .tflowfeed)t(ratenPenetratio                            C

 
                          (5.18) 

Mast stage  
 

( ){ } 310831819 −××−= .tflowfeed)t(ratenPenetratio M                                                      (5.19) 

igure 5.31 (a) and (b) show the examples of the revised results. The bit positions 
calculated by equations (5.16)-(5.19) fit the actual bit position well. Moreover, in order to 
verify these equations, they are applied to another set of independent data. From Figure  
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5.32, it can also be seen that bit position 
calculated by equation (5.16)-(5.18) fit the 
actual bit position well. From these results, 
it was concluded that the effect of oil 
temperature can be eliminated by applying 
equations (5.16)-(5.18). 
 

Figure 5.33 shows the relationship 
betw

ships between penetration rate
alculated by different methods and feed 
ressure for different strengths of rocks. From these figures, by applying feed flow for 
enetration rate calculation, distribution of both sets of data points become narrower, and 
ifferences in both trends and the boundary of both distributions were made clear.  

een feed pressure and penetration rates 
calculated by the feed flow (= penetration 
rate (FF)). It can be seen that the revision of 
oil leakage effect makes the data at low 
temperature shift to the right and the 
variance of distribution of data points 
narrower.     

 
Figure 5.34 (a) and (b) show the 

relation  

0 1 2 3
0

20

40

60

80

Penetration Rate   (in/sec)

 P
re

ss
ou

tp
ut

 u
ni

t

Before revision of oil leakage effect
After revision of oil leakage effect

Figure 5.33  Relationship between 
feed pressure and penetration rate 
 (R.R. = 600 rpm) 

ur
e,

 
Fe

ed

c
p
p
d
 
 

 60



Final Report                                                                                                                    DE-FC26-01NT41056 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5.4.2.2 Elimination of Machine Effect on Feed Pressure 

As mentioned in Section 5.2, the magnitude of feed pressure consumed for 
running the roof bolter itself changes and 
between feed pressure in carriage stage and th
of feed pressure is different with different s
This effect causes 7-10 output units varia
penetration rate data points. On the other 
hand, drilling settings and machine 
conditions have no obvious impact on both 
the magnitude and trend of feed pressure-
net bit position curve. Besides, the error 
for all the compensation run data is less 
than 3 output units. Therefore, the effect of 
machine itself on drilling parameters when 
drilling rock can be eliminated once the 
compensation run is conducted under any 
settings. For this reason, the net f

there is about 7-10 output units difference 
at in mast stage. This means the magnitude 

tage even drilling in a homogeneous rock. 
nce in the distribution of feed pressure-

eed 
ressure is used for rock strength 

estimat

Figure 5.35 show the relationship 
etween feed pressure/net feed pressure 
nd penetration rate. Comparing with  

p
ion instead of feed pressure. The 

net feed pressure was calculated by 
equation (5.3) and (5.4). 
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Figure 5.37  Approximation curves for 
each setting for different rotation rates 
and different strengths of rocks 
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ts of data points become even narrower, 
and both the trends of feed pressure-penetration rate curve and the boundary between 

tation 
rocedure enhances the correlation between net feed pressure and the rock strength / the 

slope o ve. 

e

both distributions of data points can be seen more clearly. Therefore, this presen
p

f net feed pressure-penetration rate cur
 
5.4.3 Effect of Rotation Rate on Feed Pressur
 

Figures 5.36 (a) and (b) show the 
relationship between feed pressure and bit 
position under different rotation rates when 
drilling in shale and sandstone, respectively. 
It can be seen that different rotation rates 
also have obvious impact on the magnitude 
of feed pressure. The magnitude of feed 
pressure decreases with the increasing 
rotation rate. This result indicates that the 
rotation rate helps feed pressure in the 
drilling process. Besides, it was also 
observed that the harder the roof rock is the 
larger the impact of rotation rate on the 
magnitude of feed pressure is. Next, the 
effect of rotation rate on the trend of net 
feed pressure-penetration rate curve is 
determined. The approximate curves for 
each rotation rate setting vs. the strength of 
rock are defined as linear functions for 
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Figure 5.36  Effect of rotation rate on feed pressure (P.R= 1.3 in/sec) 

(a) Shale (UCS < 3,500 psi) (b) Sandstone (UCS = 9,500 psi) 
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( )

(

(

e higher the rotation rate is the more gentle 
e slope of net feed pressure-penetration rate curve is. Moreover, the harder the roof 

enetration 
te is. Therefore, it is concluded that the impact of rotation rate on the magnitude of net 

feed pr

simplification. Figure 5.37 shows the approximate curves under different strengths of 
rocks and rotation rates. It can be seen that th
th
rock is the larger the impact of rotation rate on the slope of net feed pressure-p
ra

essure is also related to rock strength. 
 
5.4.4 Determination of the Boundary Planes for Estimating Roof Rock Strength
 

The results obtained so far clearly show that the magnitude of net feed pressure 
correlates well with the rock strength and both penetration rate and rotation rate have 

bvious impact on the magnitude of net feed pressure. Therefore both parameters have to 
be considered when it comes to roof geology agnitude of net feed 

ressure. From Figure 5.37, the relationship among net feed pressure, penetration rate and 

o
 prediction using the m

p
rotation rate can be represented by the following equation; 
 

0C)nt(RatenPenetratio))nt(RateRotation(RSF)nt(essurePrFeedNet +×=  

 

s
n average UCS of 9,500 psi. In order to classify the roof rock from the strength po

es of each data set distribution are determined. B
plicity, FRS is assumed to be a 

wn in Figure 5.39 is defined as; 

ndstone (UCS ≈ Ave. 9,400 psi) 

 The lower boundary plane (UCS ≈ 8,500 psi)  

−× )nt(ratenpenetratio)nt(rate  

ale (UCS < 3,500 psi) 

 The upper boundary plane (UCS ≈ 3,500 psi) 

where, FRS = function of rotation rate for each strength of rocks, C0 = constant, an
elapsed time after drilling starts. 
 

Figure 5.38 shows the distributions of data points in Mine F and Mine G o
net feed pressure-penetration rate-rotation rate system. The roof rock in Mine F is 
(UCS < 3,500 psi) and that in Mine G is sandstone ranging from 8,400 to 10,400 p
a
view, the upper and lower boundari
on the trend of data set distributions and for sim
function of rotation rate. Each boundary plane sho
 
Sa
 
o The upper boundary plane (UCS ≈ 10,500 psi) 
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{ } 1   0275308432 ×−= rotation..)nt(pressurefeedNet
 
 
Sh
  
o
 
   { } 501014 +××−= )nt(ratenpenetratio)nt(raterotation.)nt(pressurefeedNet  

 63
5.20
i with 
int of 
ased 

linear 

d tn = 

n the 
shale 
5.21)
(
5.22)
5.23)



Final Report                                                                                                                    DE-FC26-01NT41056 
 

 

M
S
( ) 

M
S
( ) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

M
S
(  

 

Figure 5.39  Upper and lower boundary planes for distributions of both data points
(Mine F and Mine G) 
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Figure 5.38  Distributions of both sets of data points (Mine F and Mine G)
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 The lower boundary plane  

   Net

here, tn = elapsed time after drilling start 

g the set of dr
ata in concrete block. This boundary is represented by the following equation; 

o
 

fe
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The 5,500 psi boundary plane is also determined similarly usin
d
 
   { } 20183305024 −××−= )nt(ratenpenetratio)nt(raterotation..)nt(pressurefeedNet  
 

The boundary planes defined so far are shown in Figure 5.40. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5.4.5 Verification of the Boundary Planes for Estimating Rock Strength
 

In order to verify the above boundaries, another set of independent data has
selected and plot them on Figure 5.40. From the results of the lab tests, the data from
kinds of concrete blocks were used; one is 12,340 psi high strength concrete block
the other is 4,000 psi concrete. These two different strengths of concre

 

tes data plott
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the area of the approximate boundary planes are shown in Figure 5.41. It can be seen that 
the dri

S ≈ 9,500 psi). 
o, the data in Mine H was also plotted on the net feed pressure-penetration rate-rotation 

rate sys

 based on the 
agnitude of net feed pressure because it takes both the effects of penetration rate and 

enetration rate and rotation rate is a good indicator for estimating the strength of roof 
ck. The strength of roof rock can be determined and/or classified based on the location 

f data point in the net feed pressure-penetration rate-rotation rate system.   

 

 

lling data for 12,340 psi concrete block is distributed above the 10,500 psi 
boundary plane. On the other hand, those of the 4,000 psi concrete block are distributed 
around the 3,500 psi boundary plane. These results indicate that roof rock can be 
classified by these boundary planes defined in terms of rock strength.  
 

Moreover, the strength of roof rock in Mine H (UCS Ave. ≈ 9,700 psi, ranging 
from 9,000 to 10,300 psi) is almost the same as that in Mine G (Ave. UC
S

tem (Figure 5.40). It can be seen that the distribution of drilling data in Mine H is 
distributed between the 8,500 psi and 10,500 psi boundary planes. This result verifies that 
if the strengths of roof rocks are almost the same, the distributions of their drilling data in 
net feed pressure-penetration rate-rotation rate system are also the same.  
 

From the above results, it can be seen that roof rock can be classified
m
rotation rate into account. In other words, the relationship among net feed pressure, 
p
ro
o
 
 

12,340 psi 
Concrete 

Mine H 
Sandstone 
(Ave. 9,800 psi) 

4,000 psi Concrete 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 5.41  Boundary planes for estimating rock strength and distributions of 
three sets of data points 
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5.5 Bit Wear 
 

One of the important factors that would affect the drilling performance is bit wear. 
ts in order to observe 

e impact of rock strength on the magnitude of bit wear and its impact on drilling 

 

So, bit wear tests were also conducted in a series of underground tes
th
parameters.  

5.5.1 Characteristics and Effect of Bit Wear on Drilling Parameters 
 
5.5.1.1 Drilling in Soft Rock (Mine F, UCS < 3,500 psi) 

Figure 5.42 shows a new bit and a drill bit after 17 full-length holes were drilled 
nder several drilling settings. From the observation of old and new bits, bit wear was not 
cognizable. Figure 5.43 shows the relationship between feed pressure/rotation pressure  

u
re
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Figure 5.42  Drill bit (left, new bit: right, after having drilled  17 holes, shale) 
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and bit position before and after replacing a drill bit. Before replacing a bit, 17 full-length 
holes were drilled by using the same drill bit. By comparing the two data, it shows that 
there was also no change in both feed pressure and rotation pressure curves. Therefore, it 

as concluded that bit wear does not need to be taken into account in analyzing drilling 
was replaced by a new bit after 

50 drill

ear is. As an example, comparing the drilling data for the 1  hole to 
at of the 3  hole, the difference at R.R. = 650 rpm is about 20 output units in feed 

pressur

w
data when drilling in soft rock. Incidentally, each drill bit 

ed holes at Mine F. By extrapolation one may further states that the magnitude of 
bit wear is not so big even after 50 holes drilled in the same soft roof rock. 
 
5.5.1.2 Drilling in Hard Rock (Mine G, UCS ≈ 9,500 psi) 

At first, we attempted to drill 10 holes with one bit under the controlled setting of 
P.R. = 1.1 in/sec and R.R. = 650 rpm. However, after completing the 7th hole, the drill bit 
broke as shown in Figure 5.44 and the magnitude of bit wear couldn’t be measured. So, 
the maximum number of drill holes with one bit was fixed at 5 and two different settings 
of controlled parameters were tested; P.R. = 1.1 in/sec & R.R. = 400 rpm and P.R. = 1.1 
in/sec & R.R. = 650 rpm in order to study the effect of rotation rate on bit wear. Figure 
5.45 shows a drill bit after 5 holes were drilled with different rotation rates (P.R. = 1.1 
in/sec, R.R. = 400 and 650 rpm). The relationship between feed pressure/rotation pressure 
and bit position are shown in Figures 5.46 and 5.47. Both the magnitude of feed pressure 
and rotation pressure increase with increase of bit wear and the higher the rotation rate is 
the more the bit w st

rdth
e and about 10 output units in rotation pressure. On the other hand, the difference 

at R.R. = 400 rpm is about 15 output units in feed pressure and about 7 output units in 
rotation pressure. 
 

Fe
ed

 P
re

ss
ur

e,

(a) Feed Pressure (b) Rotation Pressure 

Figure 5.43  Effect of bit wear on feed pressure & rotation pressure  
(shale, P.R. = 1.7 in/sec & R.R. = 600 rpm) 

 68



Final Report                                                                                                                    DE-FC26-01NT41056 
 

Next, the effect of penetration rate on the magnitude of bit wear was analyzed. 
Figure 5.48 shows a drill bit after 3 holes were drilled under different penetration rates 
(P.R. = 0.4 in/sec and 1.5 in/sec, R.R. = 650 rpm). Figures 5.49 and 5.50 show the 
relationship between feed pressure/rotation pressure and bit position under different 
penetration rates. From Figure 5.48, it is observed that the magnitude of bit wear for P.R. 

 0.4 in/sec is larger than that for P.R. = 1.5 in/sec. From Figures 5.49 and 5.50, even 
oth the magnitudes of feed pressure and rotation pressure increase with increase of bit 
ear, there is no big difference between the magnitude of feed pressure/rotation pressure 

or the 1st hole and those for the 3rd hole. Compared with the results of different rotation 
ates, bit wear seems to be more affected by rotation rate than by penetration rate.   
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Figure 5.44  Drill bit (left, new bit & right, after 7 holes drilled)
(sandstone, P.R. = 1.1 in/sec and R.R. = 650 rpm) 
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Figure 5.45  Drill bit (left, new:  center, R.R. = 400 rpm: right, R.R. = 650 rpm) 
(sandstone, P.R. = 1.1 in/sec, number of holes drilled = 5) 
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Figure 5.46  Magnitude of feed pressure/rotation pressure for each drill hole 
(bit wear test, sandstone, P.R. = 1.1 in/sec and R.R. = 400 rpm) 

(a) Feed Pressure (b) Rotation Pressure 
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(a) Feed Pressure (b) Rotation Pressure 
Figure 5.47  Magnitude of feed pressure/rotation pressure for each drill hole
(bit wear test, sandstone, P.R. = 1.1 in/sec and R.R. = 650 rpm) 
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(sandstone, R.R. = 650 rpm, number of holes drilled = 3) 
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Figure 5.49  Magnitude of feed pressure/rotation pressure for each drill hole 

(bit wear test, sandstone, P.R. = 0.4 in/sec and R.R. = 650 rpm) 

(a) Feed Pressure (b) Rotation Pressure 
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Figure 5.50  Magnitude of feed pressure/rotation pressure for each drill hole 
(bit wear test, sandstone, P.R. = 1.5 in/sec and R.R. = 650 rpm) 

(a) Feed Pressure (b) Rotation Pressure 

 
s, it was noticed that the magnitude 

f wear on the front tip was different from the other parts. Moreover, wear of bit was 
t also on the sides of it. These points are 

illustra

Incidentally, from the observation of drill bit
o
seen clearly not only on the front tip bu

ted in Figures 5.45 and 5.48.  
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5.5.2 Effect of Bit Wear on Roof Geology Prediction
 
5.5.2.1 Effect on Void/Fracture Prediction 

Figure 5.51 show the impact of bit wear on the relationship betwee
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1s

n feed pressure 
nd bit position under different penetration rates. A fracture existed around 6-7 in deep 
om the roof line in the drilling area. From these figures, it can be seen that even though 
e magnitude of feed pressure increases with increase of bit wear, bit wear has no 

bvious impact on the trend and the level of the bottom of feed pressure valley. Therefore, 
 was concluded that bit wear does not affect the void/fracture prediction. 

 

s

 
 

a
fr
th
o
it
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
5

p
w
re
ro

 
  

e
T
fo
p
ap

 

Figure 5.51  Magnitude of feed pressure for each drill hole and the result of borehole
 scoping (bit wear test, sandstone, P.R.= 1.1 in/sec and R.R. = 650 rpm)     
controlled settings of drilling parameters, 
pecially different rotation rates, have obvious impact on the magnitude of bit wear. 
herefore, when applying the methodology for estimating rock strength developed so far 

t wear on the magnitude of feed pressure and rotation 
ressure should be taken into account. This point needs to be explored further in order to 

 for normal operation. 

.5.2.2 Effect on Estimation of Rock Strength 
From the above results, as bit wear and its effect on feed pressure and rotation 

ressure was not recognizable in soft rock, the effect of bit wear may not be considered 
hen drilling in soft rock. However, when drilling in hard rock, bit wear was 
cognizable clearly and had obvious impact on the magnitude of feed pressure and 
tation pressure. Moreover, different 

r production, the effect of bi

ply to this system
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5.6 Other Factors Considered 
 
5.6.1 Repeatability

 
Repeatability means that drilling parameters are in the same magnitude and trend 

if drilling is conducted under the same drilling s
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1st Drilling
2nd Drilling

etting and roof geology. In this test, two 
oles were drilled close each other at each setting. Figure 5.52 (a) and (b) show the 
lationship between feed pressure/rotation pressure and bit position. It can be seen that 
e drilling data for 1st and 2nd holes are in good agreement with each other. It was 
erefore confirmed that the data are repeatable. 
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mation of repeatability (P.R. = 1.1 in/sec, R.R. = 600 rpm) Figure 5.52  Confir
 Effect of Control Mode (Feedback System Mode)

As mentioned above, drilling was not conducted manually but controlled by DCU 
is research. One of the main keywords is “automatically”. WVU control mode, in 
h both penetration rate and rotation rate are controlled or kept constant, was mainly 
in a series of underground and laboratory tests in order to determine the effect of 
ration rate and rotation rate settings on drilling conditions and drilling parameters. 
her control mode, the feedback system mode was also tested. Feedback system mode 
developed and suggested by J.H. Fletcher & Co to be applied for normal drilling 
tion. In this mode, drilling is controlled by both horsepower curve and bite curve 
ted by the operator. Depend on the two curves and current condition (feed pressure), 
ration rate and rotation rate are changed and controlled. It can be estimated that 
ent control modes have different drilling behaviors and responses include drilling 
e rs. So it is necessary to determine, based on the drilling data, whether or not the 
retation methodology for roof geology prediction developed so far (based on the 

te
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data fo

 the applicability of the data interpretation methodology 
eveloped so far for the drilling data controlled by feedback system mode, more drilling 
st have to be conducted under several drilling settings and in different strengths of roof 
cks with voids/fractures. 

 

f drilling data points and boundary planes for estimating rock 
 mode drilling) 

r drilling under the WVU control mode) can be applied for the interpretation of the 
drilling data controlled by feedback system mode. 

 
A drilling test controlled by feedback system mode was conducted in Mine G 

where the roof is sandstone ranging from 8,400 to 10,400 psi with an average of 9,400 psi 
in UCS. Figure 5.53 shows the distribution of drilling data points and the boundary 
planes defined so far. From this figure, it can be seen that the drilling data in which 
drilling was conducted by feedback system mode are also distributed between the 8,500 
psi and 10,500 psi boundary planes. It seems that the boundary planes can also be applied 
for interpretation of drilling data controlled by feedback system mode. However, the 
number of drill holes drilled by feedback system mode was only 12 holes and all of them 
were in only one type of roof rock. In addition, as there were no obvious voids/fractures 
in and around the drilled holes, it can not verify the void/fracture prediction criteria. 
Hence, in order to verify
d
te
ro
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 5.53  Distribution o
strength (Mine G, feedback system 
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5.6.3 Effect of Thrust Cap
 
The thrust cap can be implemented by two ways in the machine used for this 

project. One is by setting the relieve valve, while another is by setting the DCU. If the 
setting of DCU is smaller than that of relieve valve, the behavior of the feed pressure will 
be controlled by the algorithm of DCU once the feed pressure reaches beyond the preset 
value in DCU. In such a case, the feed pressure curve will be highly fluctuated because 
DCU tries to adjust the feed flow to prevent the feed pressure from exceeding the preset 
thrust cap (Figure 5.54). It can be seen from the feed PWM curve. So, this change is not 
caused by the change of roof geology but caused by DCU (control algorithm). On the 
other hand, if the setting of DCU is larger than that of the relieve valve, the behavior of 
the feed pressure will be controlled by the relieve valve when the feed pressure reaches 
beyond the preset value in the relieve valve. In this case, feed pressure curve is so smooth. 
In addition, as the DCU does not realized that the valve is relieved, the feed PWM curve 
keeps i

 for different thrust caps. Hence, the methodology for 
rediction of roof geology when the feed pressure reaches beyond the level of thrust cap 
lso needs to be explored further. 

ncreasing to reach the target speed (Figure 5.55).  
 
From these results, it can be concluded that the drilling behavior when the feed 

pressure reaches beyond the preset level of thrust cap is different from that when the feed 
pressure is below it. Besides, the drilling behavior when the feed pressure reaches beyond 
the level of thrust cap is different
p
a
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Figure 5.54  Drilling parameters for drilling in layered block # 5  (P.R. = 0.4 

in/sec, R.R. = 500) 
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Figure 5.55  Drilling parameters for drilling in sandstone (P.R. = 2.1 in/sec,
R.R. = 400 rpm) 
rilling Conditions under a

Figures 5.56 (a) and (b)
ation rate under R.R. = 40
ned above, it can be seen
f the net feed pressure-pen

the magnitude of net feed p
d pressure-penetration ra

tation rates, i.e. large bite d

 of the bit body was com
m, from Figure 5.56 (a), t

e slope becomes steep wh

As for this trend, there a
while the other is the bit ge
the bit is 0.16 in. Once
nism between bit and roc
n bit body and rock, chan
 of the bit body may be w
he slope of net feed press
Feed Pressure
Feed Flow
 Large Bite Depth

 show the relationshi
0 rpm and 600 rpm, re
 that different rotation
etration rate curve an
ressure is. Moreover,

te curve also changes
epth. For example, w

pared. As an example
he slope of the net fe

en penetration rate is l

re two possible reason
ometry. As shown in 

 the bite depth is lar
k seems to have chan
ges in drilling paramet
iped out entirely.  As e
ure-penetration rate cu

77
Feed PWM
Thrust Ca
p between net feed pressure and 
spectively. From these figures, as 
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Figure 5.58  Drill bit (R.R. = 400 rpm, number of holes drilled = 1)  
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Figure 5.59  Drill bit (R.R. = 600 rpm, number of holes drilled = 1) 
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CHAPTER 6 
 

DATA VISUALIZATION AND DATA BASE SOFTWARE 
 
 
6.1 Requirements and Capabilities for MRGIS 
 

In a production environment, manual interpretation and management of the 
collected drilling parameters is not practical since hundreds of holes will be drilled a 
production day. A new software package, MRGIS (Mine Roof Geology Information 
System), has been developed to allow mine engineers to make use of the large amount of 
roof drilling parameters for roof support design. 

 
The basic requirements and goal for MRGIS include: 
 

• A stand alone software 
• Run on PCs under Windows 9.x, Me and XP 
• Flexible development environments 
• Inexpensive distribution cost 
• Important machine data from an ASCII file which contains drilling 

parameters recorded during drilling a roof hole 
• Conduct data clearing for removal of possible errors and useless data 

when importing machine data into MRGIS automatically 
• Store cleaned machine data in a database 
• Allow the user to manage the information about drilling holes 
• Allow the user to enter or select conversion factors 
• Allow the user to enter bit parameters 
• Allow the user to enter or derive the location of the collar of a hole 
• Import and display current CAD format mine map (.DXF format file) 
• Match the drilling hole map to imported mine map 
• Track mouse movement with northing and westing coordinate 
• Provide a routine to identify roof fractures based on drilling parameters 

and their locations using the rules developed by WVU 
• Provide map tools (Zoom in, Zoom out, Pan, and Full extent) to allow user 

to search the specific area 
• Allow the user to add a new mine map and corresponding hole location 

map 
• Allow the user to remove all layers 
• Allow the user to select any drilling hole on map 
• Display roof fractures and their locations 
 

Considering the distribution cost for hundreds of potential users, Visual Basic, 
Map Objects and OpenGl are selected as the development environments. This choice 
provides a flexible and powerful prototype and development environment. MS Access is 
selected as database engine. 

 81



Final Report                                                                                                                    DE-FC26-01NT41056 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

MRGIS

Data 
Importing 

Data 
Management

Data 
Interpolation

Data 
Visualization

Figure 6.1  Structure of MRGIS

 
MRGIS consists of four modules developed for separate tasks (Figure 6.1): 
 

• Data importing and cleaning 
• Data management 
• Data interpolation 
• Data visualization 

 
 
6.2 Data Import and Data Cleaning 
 

When a J.H. Fletcher & Co.’s twin-boom roof bolter is drilling a hole into the roof, 
drilling parameters are collected into an ASCII file with a specialized microprocessor. 
Drilling parameters data recorded by roof bolter are referred to as machine data and the 
ASCII file containing machine data is referred to as machine data file. A machine data 
file has two headlines and 17 column data (before 2004) or one headline and 15 column 
data (after 2004) as shown in Figure 6.2. 8 columns represent feed pressure, feed flow, 
rotation pressure, rotation flow, rotation rate, mast position, carriage position, and oil 
temperature, respectively. Other columns represent the information such as vacuum 
pressure, control signal and status of the electronics that indicate control condition but are 
not used for the interpolation of roof geology directly in this research. The drilling 
parameters are recorded every 0.1 second so a 54 in long hole will have 250 to 850 
records, depending on the penetration rate and roof geology. Every hole drilled by the 
roof bolter will have such a file. 

 
 Since 8 out of 17 or 15 columns in a machine data file are used for the 

identification of roof geology, there is no need to import all data recorded in a machine 
data file into MRGIS in order to save the space for storing the data. Additionally, noise 
data is produced at the beginning and end of the hole and when the bit is plugged. 
MRGIS contains a procedure to remove noise data automatically. 
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database. A message will pop up to remind the user that the machine data file being 
imported is invalid. 

 
MRGIS is specifically designed for the purpose of identifying roof geology from 

roof drilling data recorded by J.H. Fletcher & Co.’s roof bolter including DCU. it is 
compatible for the format of the machine data files produced by J.H. Fletcher & Co.’s 
roof bolters and DCUs. If the user tries to import the data from a file with a format 
different from that of machine data file, an error will be produced and the importing 
process will be stopped. If one is not sure if a data file with correct format is being 
imported, the user can use preview to check the format of a data file manually although it 
may take longer time to import data (Figure 6.3).  

 
When a machine data file is imported, its name, size, data and time created are 

also automatically imported into the database of MRGIS, which can be used as searching 
criteria. The data and time created of a machine data file can also be used as the data and 
the time of finishing drilling the hole. 

 
Roof geology data is directly related to specific location in underground. Peoples 

who use geology data are interested in not only “What” but also “Where”. To make roof 
geology data meaningful and useful, spatial data is necessary. Distinguishing itself from 
traditional geographic data which usually employs 2 dimensional (X and Y) coordinate 
system, roof geology data carries information associated with Z to represent location. 
Unfortunately, a machine data file contains only Z data (bit position above the roofline) 
but not X and Y information of a bolt hole. Although it is not elevation which is 
 
 

Figure 6.3  Interface for data importing 
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commonly used as Z value in Geographic Information System, bit position provides 
enough Z information from roof support design perspective because peoples are more 
interested in what geology it is at what location above the roof line when designing roof 
bolting. So there is no need to convert bit position into elevation. But without X and Y 
data, drilling parameters are still less useful for roof support designing since people often 
rely on the knowledge of the geology within a relatively larger area instead of at the point 
of interest or nearby. Manually calculating and entering X and Y data for every drilling 
hole is time-consuming and labor intensive since hundreds of bolting holes will be drilled 
each day in a mine. To solve this problem, a routine is being developed to automatically 
drive X and Y location information of the drilling holes based on the drilling time, 
drilling sequence, and entry orientation. It is indispensable to develop the system for 
measuring and recording the relative location of each hole automatically. 

 
Conversion factors and information about the seam being mined also need to be 

entered or selected from database when importing a machine data file. 
 
 

6.3 Data Base Design 
 
One of the tasks of MRGIS is to store and manage drilling parameters. To 

accomplish this goal, a database is created in MRGIS. 
 
A “database” is a collection of interrelated data specifically designed to be shared 

by multiple users. Data redundancy is controlled and a uniform approach is used for 
accessing and modifying data within a database. Using a database to store the data has 
many advantages. Most importantly, all of the data is stored together to prevent data files 
from being lost or being updated without authorization. Any required updating can be 
completed efficiently with data integrity being maintained. 

 
In MRGIS, the database has been implemented as MS Access (.mdb) file. This 

approach has been taken in order to ensure that there are commercial tools to alter and 
access the contents of the database besides MRGIS. Also we have implemented the 
functionality and the User Interface for the database by means of a form for editing. 

 
Design philosophy of the database in MRGIS: 
 

• Only the information about drilling holes, such as X and Y, conversion 
factors, bit parameters, and seam name in which the hole is drilled, are 
stored in database in order to make the required storage volumes smaller 
and make data structure simple. 

 
• Vector data model and 2D point data structure are selected to represent the 

location (X and Y) of the collar of a drilling hole. Bit position (Z) data are 
stored together with other machine data in a separate table from the table 
containing the location data of hole collars. This approach can avoid 
redundancy and make it easier to maintain the database. 
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• Only machine data are stored in database. The data derived or interpolated 
from machine data are calculated and stored in temporary tables only 
when being queried and will be deleted from the database once query is 
finished in order to save storage space and provide more flexibility for 
different sets of conversion factors and interpolation rules. 

 
• Only the information about the collar of a drilling hole can be edited to 

keep data integrity. 
 

• Database access is accomplished though ADO (ActiveX Data Object). 
ADO is the high-level data access architecture and the standard data 
access object model across Microsoft tools. MapObjects now  supports 
ADO as a source of data for Table objects so a MapObjects Table object 
can be populated with data from a MS Access database (using the MS Jet 
4.0 OLE DB Provider) and set up an AddRelate to join this information to 
a shapefile. 

 
 
6.4 Data Interpolation 

 
The core of MRGIS is its capability to allow the users to make use of roof drilling 

parameters to understand roof geology. What a user of MRGIS is interested in is the roof 
geology features interpolated from drilling parameters rather than drilling parameters 
themselves. So a procedure has been built in MRGIS to interpolate the roof drilling 
parameters into roof geology features automatically based on interpolation rules. 

 
As mentioned above, a number of researchers have developed the rules for 

interpolating the roof geology features based on roof drilling parameters. Each set of 
rules have their advantages and limitations. The methodology developed in this research 
is used to estimate roof geology such as the existence and location of void/fracture and 
the roof rock strength based on drilling parameters in MRGIS. 

 
 

6.5 Roof Geology Visualization 
 
In production environment, hundreds of bolting holes will be drilled everyday. 

Providing an easy and convenient method to query and display roof geology information 
resulted from the interpolation of roof drilling data is another key task of MRGIS. The 
best way to accomplish this task is to visualize it by using maps and figures. A number of 
researchers have reported their studies on visualization of geological data (16) - (21). But, 
they did not provide an efficient querying method. 

 
In MRGIS, two roof geology visualization methods are provided. The first is 

2D+1D as shown in Figure 6.4. The interface is divided into 2 parts. The left parts is 2D 
map which is used to display the location (X and Y) of drilling hole collar. The right part 
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is 1D figure which is used to display geological features along Z direction of a drilling 
hole. 

 
The following map tools are provided to help the user zoom in an area of 

interests: 
 

• Zoom In 
• Zoom Out 
• Pan 
• Full Extend 

 
Also a ruler tool is provided to enable the user to measure the distance in map 

units on the 2D map. 
 
To facilitate finding a specific area, MRGIS supports AutoCad DXF file format 

so a DXF formatted mine map can be imported into MRGIS. This DXF file is used as a 
means to relate the location of drilling holes to the mine map. 

 
Before an AutoCad mine map file is imported, some preparation work may be 

necessary. An AutoCad mine map file may contain multiple layers which represent 
multiple seams and the surface. Such a file needs to be divided into multiple files so that 
each file contains the information for only one seam. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.4  Roof geology visualization: 2D + 1D 
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When being imported into MRGIS, only line and area objects in an AutoCad mine 
map file are imported and point objects are filtered out so that all point objects in 2D map 
only represent the locations of drilling holes. 

 
Correspondingly, the locations of drilling hole collars also relate to a certain seam. 

Considering the fact that a large number of machine data files will be generated and 
imported in MRGIS every day, a routine is provided to automatically produce drilling 
hole map for each seam when importing machine data files is finished. This approach can 
keep drilling hole map up to date. The user can also create a specific drilling hole map by 
using different searching criteria such as drilling date or hole length. 

 
To find a drilling hole, the user must add at least one drilling hole map into 2D 

map. Adding a DXF mine map is not a must but can make it much easier to determine the 
location of a drilling hole. 

 
The user can use the mouse to select a hole on 2D map. The selected hole will 

flash and then be highlighted. The interpolation results of drilling parameters of the 
selected hole will be displayed in 1D figure. A message box will pop up to display 
geological features at a selected position by clicking on 1D figure. Meanwhile a form will 
pop up to display the information about the collar of selected hole. 

 
The second visualization method is 2D + 2D. It allows the user to select multiple 

holes at the same time and display the results of the interpolation (Figure 6.5). Similar to 
2D + 1D, the interface is also divided into two parts. The left one is also used to display 
2D map but uses a smaller display area. The user can use the mouse to draw a polyline on 
2D map and the geological features of all hole on or close to the polyline will be 
displayed on the right side if the interface. 

 
The third visualization method is 2D + 3D. This feature can display a 2D mine 

map and a 3D figure that represents the results of the interpolation of roof drill holes at 
the same time (Figure 6.6). It allows the users to do a “virtual walk” through the 
underground spaces to check out roof geological properties at different locations.  

 
 

6.6 Hardware 
 
Since large datasets are processed in MRGIS, a high performance computer is 

needed in order to make fast operations. 
 
MRGIS was actually test on a PC with the following hardware: 
 

• Pentium 4 processor (2.0 GHz) 
• RAM 512 MB 
• 17’ Monitor, 1,152 × 864 pixels and true color were used as video settings 
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Figure 6.5  Roof geology visualization: 2D + 2D
 
Figure 6.6  Roof geology visualization: 2D + 3D
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CHAPTER 7 
 
 

MECHANISM AND DESIGN FOR TENSIONED BOLTING SYSTEM 
 
 
7.1 Introduction 

 
One of the main tasks of this project is to develop bolting design methodology 

based on the information of the in-situ roof geology predicted by MRGIS. Six types of 
roof bolts are currently used in the U.S. coal industry for reinforcing the entries in 
underground coal mines. However, in terms of mechanisms employed to reinforce the 
roof strata, there are only two basic types: tensioned bolt and fully grouted resin bolt.  

 
The tensioned bolts work in different mechanisms from the fully grouted resin 

bolts and are believed to be effective for certain types of roof strata. A 3-D finite element 
model using ABAQUAS has been developed for the tensioned bolting design. In this 
model, the physical process of the tensioned bolting including entry excavation sequence, 
roof bolting components, bolt installation procedure and pre-tension is modeled 
realistically.  Bedding planes and in-situ horizontal stresses are also considered in the 
model.  

 
Using the established model, the bedding plane study is conducted in terms of the 

mechanical properties and behavior as well as the effect of bedding plane location, 
number of bedding planes in the immediate roof, and strength sequence of immediate 
roof on roof stability and tensioned bolting. 

 
Factors such as in-situ horizontal stress, overburden depth are studied to 

determine on how do they affect the roof stress distribution, roof yielding, roof 
deformation, and tensioned bolting? 

 
Based on the analysis of mechanisms of tensioned bolts and the failure modes of 

tensioned bolted strata, a design procedure for tensioned bolting is proposed. The 
developed model can be used for tensioned bolting design to determine the bolt length, 
optimum pre-tension, bolt diameter, and bolt spacing. 

 
According to the bedding plane locations, the roof is classified into 4 types. Based 

on the geological condition of the Pittsburgh seam, some design guidelines are given. 
Finally, a computer program is developed for tensioned bolting design using the data 
from numerical modeling. The results such as yield zone, roof deformation, bolt load 
increase and stresses around the entry from numerical modeling are built into a database. 
the program first gets the geological inputs from users, searches the design information in 
the data base, performs the analysis using the design criteria, and finally displays the 
design by 2-D/3-D views.  
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7.2 Fundamental Study  
 
The modeling of roof bolting is more complicated than that of other geo-

mechanical problems, especially when bedding planes and non-linearity are considered.  
First of all, in order to determine how to model the tensioned bolts installed in layered 
roof and the effect of several geological features and factors, the basic model was 
developed and analyzed using ABAQUS. 
 
7.2 1 Numerical Modeling  
 
7.2.1.1 Global Model and Sub-model 

The finite element models for underground structures are often huge in size in 
order to include the gravitational and tectonic loading to reduce the boundary condition 
effects.  Although computers with high speed and large memory are readily available 
now, the model size is still a concern when dealing with coal mine structures.  ABAQUS 
uses a sub-model linked with a global model by displacement to reduce the model size 
for the analysis of local response.  In this study, a global model is used to analyze the 
overall response of rock mass while a sub-model is to analyze the local response around 
the entry.  The size of sub-model is so chosen that it is beyond the influence of the stress 
concentration zone around the entry.  Symmetrical model with half of the entry is also 
used to reduce the model size.  

 
Since this study focuses on the mechanisms of 

tensioned bolt installed in the layered roof, a single 
entry during development and a typical geological 
column (Figure. 7.1) for the U.S. Eastern coal field 
are used for basic analysis.  A global model with the 
dimension of 200 × 50 × 150 ft is set up to simulate 
the stress and displacement field around the entry as 
shown in Figure 7.2 (a). The sub-model is taken from 
the central area of the global model with the 
dimension of 40 × 4 × 75 ft as shown in Figure 7.2 (b).  
The global model is elastic while the sub-models are 
elastic-plastic. 

Figure 7.1  Geological column 
used in the models 

 
The rock and bolt mechanical properties used 

in the modeling are listed in Table 7.1. The rock 
strength used in the modeling is one fourth of the 
laboratory-determined uniaxial compressive strength. 
Four sub-models from the global model are set up to 
simulate the bedding plane and bolt effects as shown 
in Table 7.2 
 
7.2.1.2 Modeling of Bedding Plane 

The mechanical properties of bedding planes 
that are important to roof stability are the low or zero  
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(a) Global model (b) Sub-model 

Figure 7.2  Global model and sub-model 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 7.1 Mechanical properties for rock and bolt 

Rock Type 
Young’s 
Modulus 

(× 106 psi) 

Poisson’s 
Ratio 

Uniaxial 
Compressive 

Strength 
(psi) 

Strength 
Used in 
Models 

(psi) 

Unit 
Weight 
(lb/ft3) 

Internal 
Friction 
Angle   

(°) 
Sandstone 2.95 0.10 13,000 3,250 165 30 
Claystone 1.52 0.27 2,400 600 165 28 

Shale 0.71 0.34 4,800 1,200 162 24 
Grayshale 0.71 0.34 4,800 1,200 162 24 
Siltyshale 0.71 0.34 4,800 1,200 162 24 

Coal 0.22 0.25 3,600 900 87.6 28 
Steel 29 0.30     

 
 Table 7.2  Factors considered in the four models 

Model No. Bolt Installed Bedding Planes Activated 
1 No No 
2 Yes No 
3 No Yes 
4 Yes Yes 

 
 
 
 
 
 
 

 92



Final Report                                                                                                                    DE-FC26-01NT41056 
 

 
 
 
 
 
 
 
 
 
 
 
 
 Figure 7.3  Interaction in bedding plane 

(a) Forces acting along bedding plane (b) Coulomb friction model 

 
tensile strength in the direction normal to the bedding planes and the relatively low shear 
strength of the surfaces.  Sliding and separation are the two phenomena caused by the 
bedding planes.  

 
The bedding plane can be simulated by a contact interface in ABAQUS.  The 

interaction between two opposite surfaces of a bedding plane consists of two components 
(Figure 7.3 (a)):  normal force and shear force.  The normal force acts on the bedding 
planes when they are in contact with each other.  The shear force is the frictional force 
created to resist sliding between the two opposite surfaces of a bedding plane.  Separation 
occurs when the normal force becomes zero or tensile and the constraint is removed.  The 
Coulomb friction model is used to describe the interaction between the opposite surfaces 
of a bedding planes (Figure 7.3 (b)). The model characterizes the frictional behavior in 
the bedding planes using a coefficient of friction, µ.  The product µp, where p is the 
normal force between the two opposite 
surfaces of the bedding plane, defines the 
limiting frictional shear stress for the 
bedding plane.  The two opposite surfaces 
of the bedding plane will not slide on each 
other until the shear force across their 
interface equals the limiting frictional shear 
force, µp. Two bedding planes are 
considered in the modeling with the 
coefficient of friction in the bedding plane 
being 0.3 as shown in Figure 7.2 (b). 

Figure 7.4  Pre-tension section defined 
to apply active tension 

 
 
7.2.1.3 Modeling of Bolt 

The bolt is modeled by a three-
dimensional beam with 1.5 ft long resin 
anchor on the upper end and a 6 × 6 × 1/4-
in bearing plate on the lower end.  The resin 
anchor is tied to the 1-3/8-in borehole so 
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that the anchor and the surrounding rock deform together without slippage, and the 
bearing plate is in contact with the roof surface by a contact surface. The bolts are 8-ft 
long and 3/4-in in diameter.  The pre-tension is simulated by an assembly load so that the 
bolt will act like a fastener. As shown in Figure 7.4, a pre-tension section is defined on a 
cross section of the bolt and a pre-tension node defined as a reference to adjust the length 
of the bolt to achieve the prescribed amount of pre-tension. In the subsequent steps 
during the modeling process, further change in the length is prevented so that the bolt acts 
as a standard, deformable beam responding to the load by roof displacement. 
 
7.2.1.4 Horizontal Stress 

The horizontal stress is more important for controlling roof stability than the 
vertical stress because the vertical stress is born by the pillar while the roof must bear 
nearly all the horizontal stress.  In the U.S., the horizontal stress is larger than the vertical 
stress with the ratio of horizontal to vertical stress ranging from one to three, and the 
maximum horizontal stress is about 40% greater than the minimum one (Mark and 
Barczak, 2000) (22).  It is not possible in numerical modeling for this ratio to reach to one 
only by the Poisson’s effect of the gravity load. So an initial horizontal stress is applied to 
the model to meet the desired in-situ horizontal stress level. 
 
7.2.1.5 Roof Failure Criterion 

The roof is assumed to behave elastically before yielding and plastically after 
yielding as defined by the Mohr-Coulomb failure criterion.  The Mohr-Coulomb failure 
criterion assumes that the rock mass strength is defined by the cohesive strength and the 
internal angle of friction. As shown in Figure 7.5, the linear relationship between the 
major and minor principal stresses for the Mohr-Coulomb criterion is 
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−
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+
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Figure 7.5 Mohr-Coulomb failure criterion 
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where, σ σ  = major and minor principal stress, respectively, φ = internal angle of 
friction

 
The cohesion of the material c can be determined by the uniaxial compressive 

strength and using the following equation: 
 

1, 3
, c = cohesion of the material, which can be determined by the uniaxial 

compressive strength.  

φ
φσ

sin1
cos2

−
=

c
c  

 
 
7.2.2 Results and Discussion
 
7.2.2.1 Stress Distribution around the Entry for the Four Models 

our sub-models as shown in Table 7.2 were run using ABAQUS and the
distribu

ect on the vertical stress distribution over the 
area of the roof.  Because of the sliding and separation, the vertical stress is almo
over an

jected to large horizontal stress concentrations althou
horizontal stress near the entry corner is larger. If the first layer is not strong eno
may re

Figure 7.8 shows the shear stress distribution for the four models. The shea
decreases due to sliding in, and separation of the bedding 

This de

el 2 are almost the same, but the roof deflections are larger when the eff
e bedding planes are considered. The installation of bolts in model 4 reduce

mount of roof deflection around the entry center by increasing the stiffness of the
rata.  

F
tions around the entry were obtained for analysis of the effects of bedding

and roof bolting. 
 
Figure 7.6 shows the vertical stress distribution for the four models.  It 

seen that the installation of bolts only causes a local change in the vertical stress 
the bolt in that compressive zones are generated at the two ends of the bolt. The ex
of bedding planes has significant eff

 arch shaped zone above the center of the entry, i.e. roof layers in this area
take load from the overlying strata. 

 
Figure 7.7 shows the horizontal stress distribution for the four models wh

ratio of horizontal to vertical stress is one. It is obvious that the horizontal stres
bedding planes is greatly different from that without bedding planes. The hor
stress redistributed extensively due to sliding along the bedding planes. The who
layer of the roof is sub

sult in compressive failure. Again the effect of roof bolting is restricted to 
the anchors at both ends. 

 

around the entry corners 
crease in shear stress reduces the risk of shear failure around the entry corne

 
7.2.2.2 Roof Deflection 

Figure 7.9 shows the roof deflection for the four models. Deflections for m
and mod
th
a
st
 

 95
(7.2)
 stress 

central 
st zero 

gh the 
ugh, it 

r stress 
planes. 

ects of 
s some 
 bolted 

 planes 

can be 
around 
istence 

 do not 

en the 
s with 
izontal 
le first 

around 

rs.   

odel 1 



Final Report                                                                                                                    DE-FC26-01NT41056 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 2 

4  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.6  Vertical stress distribution over the entry
(a) Model 1
96
(b) Model 
(d) Model 
(c) Model 3
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Figure 7.7  Horizontal stress distribution over the entry
97
(b) Model 
(d) Model 4
(c) Model 3
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Figure 7.8  Shear stress distribution over the entry
(a) Model 
98
(b) Model 
(d) Model 4
(c) Model 3
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 Figure 7.9  Roof deflection for four models 
 
 
7.2.2.3 Failure Modes of the Bolted Roof. 

Figure 7.10 shows the yield zones for different thickness of the first roof layer for 
model 4 when the ratio of horizontal to vertical stress is one. When there are no bedding 
planes in the roof, the yield zone is only developed around the entry corner (Figure 7.10 
(a)). If there are bedding planes in the roof, the range of yield zones goes deeper and 
wider depending on the location of the bedding planes.  If the roof layer near the entry is 
thin, the whole layer yields (Figure 7.10 (b)). When the thickness of the first layer 
reaches to that shown in Figure 7.10 (d), yielding extends to around the entry corners and 
the upper portion of the layer. Figure 7.11 shows the yield zone over the roof when the 
ratio of horizontal to vertical stress increases to two and three. The yield zones go deeper 
and wider into the roof when the horizontal stress level is larger. From these results, it 
can be concluded that the failure zone in the roof depends on the locations of bedding 
planes, horizontal stress level and roof strength,  and that three possible failure modes for 

e tensioned bolted roof can be generalized in Figure 7.12.  It is very important that the 
en bolted roof strata must be known before a proper roof 

bolt de

gether. It can be seen that sliding extends into the area above the pillar while bed 
eparation only occurs above the center of the entry.   Both sliding and separation have 
egative effect on the roof stability.  Sliding can change the stress distribution around the  

th
possible failure modes for a giv

sign can be made.  
 
7.2.2.4 Sliding and Separation 

Figure 7.13 shows the bedding plane sliding and separation for model 3 and 
model 4.  Sliding occurs along all the bedding planes in the models.  Separation occurs 
only in the lower bedding plane  in model 3 whereas only the upper bedding plane shows 
separation in model 4 because the tensioned bolts have clamped the lower bedded layers 
to
s
n
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Figure 7.10  Yield zone for different thickness of the first roof layer for model 
(a) no bedding plan
100
(b) First layer = 1 f
(d) First layer = 4 f
(c) First layer = 2 f
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(a)  

 
 
 

 

(a) Horizontal stress ratio = 2
 

(b)  
(b) Horizontal stress ratio = 3
  

(c)  

 
 
 

Figure 7.11  Yield zone when horizontal
stress ration is three and two for model 4
101
Figure 7.12  Possible failure modes of
tensioned bolted roof 
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entry and reduce the roof stiffness.  Sliding also causes the roof layer near the entry to be 
subjected to more horizontal stress which may result in failure.  When separation occurs 
in a bedding plane the mechanical i

 

nteraction between the opposite side of the bedding 
plane has been lost, and the lower layer needs only to support its own weight, not the 
weight of the overlying layers. The slidin o e entry can be determined by the 
hear strength of the bedding plane: 

τ > σ  tanφ 

where, 

lanes will occur.  But outside the sliding zo
liding will occur even if bedding planes exist.  It is interesting to note that regard

urden depth, the range of sliding zone 
within 

maintain friction in the bedding planes and add vertical confinement to the bolted
It should be noted that a small tension zone is formed above the top anchor when t
tension is applied. It is possible that tension cracks may be generated in this area. 

)

   

g z ne over th
s

 

 
τ = shear stress on the bedding plane, σ = normal stress on the bedding pla

angle of friction on the bedding plane. 
 

Using this criterion, the sliding zones under different overburden dep
defined in Figure 7.14 and the sliding zones under different horizontal stress ratio
overburden depth is 500 ft is shown in Figure 7.15.  If there are bedding planes wit
sliding zone, sliding along these p
s
the magnitude of horizontal stress and overb

about 11 ft above the entry. 
 
7.2.2.5 Compressive Zone by Bolt Tension 

Figure 7.16 shows the compressive stress zones under different pre-tension
the two ends of the bolt, there are large compressive stresses, but they decrease 
away from the ends. A small amount of compressive stress (about 10 psi) rem
(7.3
(a) model 3
 (b) model 4
Figure 7.13  Sliding and separation
ne, no 
less of 
is only 

ains to 
 strata.  
he pre-

ne, φ = 

th are 
 when 

hin the 

.  Near 
rapidly 
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Figure 7.14  Sliding zones over the 18-ft 
entry roof for different overburden depth
103

hole bolted horizon; there is a triangle zone b

ailure 

.2.2.6 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
The stress distribution created by the pre

hat is beyond the effect by the bolt pre-tension
by horizontal stress if the roof layer near t

Effectiveness of Tensioned Bolt Support 
From the above simulation results and a

upport can be analyzed as follows: 
Figure 7.15 Sliding zones over the 18-ft
entry roof for different horizontal stress 
ratio. 
 (a) P tension = 7.5 tonsre-
 
Figure 7.16  Compressive zones by different pre-tension
etween adjace
-tension of the

.  This area is 
he entry is wea

for the Layered
nalysis, the eff
(c) Pre-tension = 12.5 tons
(b) Pre-tension = 10 tons
lts does not cover the 
nt bolts near the roofline 

ed to compressive 

 bo

subject
k. 

 Roof  
ect of the tensioned bolt 
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When an entry is developed, the stress around the entry is redistributed. The 
bedding planes causes the horizontal stress to concentrate more in the first layer of the 
roof and to form an arched zone over the entry with little vertical stress due to sliding in, 
and separation of, the bedding planes.  A yield zone is developed in the roof due to high 
horizontal compression but low vertical confinement.  Because the rock in the yield zone 
is in its post failure region, further deflection of the roof will make the roof even weaker 
and easy to fall.  The tensioned bolt is to provide vertical confinement to the yield zone.  
This confinement has three effects:  to reduce the deflection of the roof by increasing the 
friction in bedding planes; to increase the residual strength of the failed roof; and to 
maintain the horizontal stress in the first layer for the reason that if the horizontal stress in 
the firs

nes between two 
adjacen bolts at and near the roofline level and the two entry corners no matter how high 
the pre

 these triangle areas may occur. 
 

re effective when the immediate roof layers are weak but 
e horizontal stress level is low.         

7.2.3 E

t layer decreases by roof deflection, the horizontal stress will be transferred to the 
upper layer causing more roof to fail.   

 
In order to provide a good confinement, the bolt should cover the yield zone as far 

as possible and an effective connected compressive zone should be formed over the roof 
by proper pre-tension and bolt spacing.  The longer the bolt, the larger the pre-tension 
should be applied in order to create an effective compression zone in the roof because the 
weight of the roof needs to be overcome before the bolt pre-tension becomes effective.  
The tensioned bolts can provide little compression to the triangle zo

t 
-tension is. Therefore, if the first roof layer near the entry is weak and the 

horizontal stress is large, roof failure in

The tensioned bolt is mo
th
 

ffect of Bedding Plane  
 
7.2.3.1 Single Bedding Plane 

In order to see the bedding plane effect, a single bedding plane over the 
immediate roof is considered. The models with 400 ft overburden depth and horizontal-
to-vert

ing plane 
near the roofline. This vertical stress release is caused by bedding plane sliding and 
separation. The low vertical stress in the immediate roof means that the roof will be 
easier to yield under horizontal stress as a result of lower vertical confinement.  

ical stress ration of three were run with bedding plane location from 2 ft to 14 ft 
above the roof line. 

 
Figure 7.17 shows the vertical stress distribution over the entry for different 

bedding plane location. It can be seen that the vertical stress reduces to low values over 
the entry due to the bedding plane effect. However, the low vertical stress zone over the 
entry has to do with bedding plane location. It is shown that if 50 psi is chosen as a 
boundary, the low vertical stress zone is within 8 ft from the roofline when the bedding 
plane is less than 5 ft from the roofline. However, it reduces to about 4 ft from the 
roofline when the bedding plane is more than 5 ft from the roofline. Therefore, the 
vertical stress in the immediate roof reduces to low values when there is a bedd
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(f) 10 f
 (a) 2 ft
 (b) 3 f
(d) 5 f
(c) 4 f
 
Figure 7.17  Vertical stress distribution for different bedding plane locations
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Figure 7.18 shows the horizontal stress distribution for different bedding plane 
locations. It is shown that the existence of the bedding plane in the immediate roof causes 
the horizontal stress to concentrate on the first roof layer when the bedding plane is 
within 4 ft above the roofline (Figure 7.18 (a)-(c)). However, the horizontal stress is more 
concentrated on the mid-upper portion of the first roof layer when the bedding plane is 5-
8 ft above the roofline (Figure 7.18 (d) and (e)). When the bedding plane is more than 8 ft 
above the roofline, the horizontal stress is almost not affected (Figure 7.18 (f) and (g)). 
Moreover, the stress concentration in the immediate roof is largely affected by the 
bedding plane location. It is seen that the stress concentration within 2-3 ft of the 
immediate roof decreases from 2,200 psi to 1,400 psi as the bedding plane locations 
change

stress zone is reduces as the bedding plane goes 
higher above the roofline. When the bedding plane location is larger than 8 ft from the 
rooflin

In order to see the details of the stress concentration in the immediate roof, the 
maxim

 but 
decreases as the bedding plane horizon increases. The average horizontal stress within 3 
ft of th

be 
seen that the sliding dramatically decreases as the bedding plane is more than 5 ft above 
the roofline. When the bedding plane is more than 8 ft above the roofline, the sliding 
become mall. That is why a bedding plane close to the roofline has a larger effect 
on the stress distribution over the immediate roof than those higher above the roofline. 

 from 2 ft to 14 ft above the roofline. Since the immediate roof is mainly subject to 
horizontal load, the bedding plane location is important in determining the loading 
condition of the immediate roof.  

 
Figure 7.19 shows the shear stress distribution for different bedding plane 

locations. It can be seen that the bedding plane causes the shear stress to distribute more 
extensively over the entry. But the shear 

e, there is no effect of the bedding plane on the shear stress distribution. the shear 
stress is reduced along the bedding plane due to shear sliding, making the shear stress 
discontinuous across the bedding plane.  

 

um values of the vertical, horizontal and shear stress together with the average 
horizontal stress in the immediate roof are taken from the models with different bedding 
plane locations as shown in Table 7.3. 
 

The maximum vertical stress occurs on the entry corners over the pillar and 
increases as the distance of the bedding plane above the roofline increase. The vertical 
stress concentration in the roof over the pillar may not affect the roof stability if the pillar 
is stable under the high vertical load. The maximum shear stress occurs on the entry 
corners, which increases as the bedding plane is located higher above the roofline. The 
bedding plane sliding makes the shear stress distribute over a larger area and reduce its 
value on the entry corners. Therefore, if there are no bedding planes in the immediate 
roof, the entry corners are more likely to have shear type failure if the immediate roof has 
lower shear strength. The maximum horizontal stress also occurs on the entry corners

e immediate roof decreases with the increase of the bedding plane horizon. So, if 
there is a bedding plane less than about 3 ft from the roofline, the first roof layer will be 
subjected to large horizontal stress concentration, which can affect the roof stability. 

 
Figure 7.20 shows the sliding of bedding plane under different locations. It can 

s very s
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Figure 7.18  Horizontal stress distribution for different bedding plane locations
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Figure 7.19  Shear stress distribution for different bedding plane locations
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Figure 7.20  Sliding of bedding plane under different locations
 
Figure 7.21  Bedding plane location vs. bolt load change
 
 
 
 
 
 
 
 
 
 
 

Bedding plane 
distance from 

the roofline (ft) 

Max. 
vertical 

stress (psi) 

Max. shear 
stress (psi) 

Max. 
horizontal 
stress (psi) 

Average horizontal 
stress within 3 ft of 
the immediate roof

2 614 594 2,947 2,200 
3 682 657 2,991 2,00 
4 751 707 2,982 1,800 
5 817 744 2,904 1,600 
8 910 762 2,754 1,500 
10 913 760 2,731 1,500 
14 912 757 2,716 1,500 
Table 7.3  Stress vs. bedding plane location
109
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Figure 7.21 shows the bolt load changes after installation as the bedding plane 
location changes. It can be seen that the bolt load change is larger when the bedding 
plane is close to the roofline than when the bedding plane is about 3-4 ft above the 
roofline. The change in bolt load is smaller when the bedding plane is less than 3 ft or 

ne. It is also seen that the bolt load changes on the side 
bolt ha

ond layer is smaller than the first layer. 
Compared with Figure 7.18 (a), the second bedding plane almost has no effect on 
changin

of the number of the bedding planes, the vertical stress 
lief zone is increased to within 11 ft above the roofline (Figure 7.23 (a)). The horizontal 

e first layer but a little change on the upper roof layers 
(Figure

 
paration, its effect is to reduce the vertical stress and make the horizontal stress 

concen

In summary, bedding planes change the stress distribution significantly, especially 
hen there is a bedding plane located near the roofline. The effect of bedding plane 
ecreases as they are located higher above the roofline. The bedding plane 2-3 ft above  

more than 4-5 ft above the roofli
s the same trend as on the center bolt, but the center bolt is subjected to more load 

than the side bolt.  
 

7.2.3.2 Multiple Bedding Planes 
Figure 7.22 shows the stress distribution over the entry for the model with two 

bedding planes: one is 2 ft and the other is 5 ft above the roofline. Figure 7.22 (a) shows a 
significant vertical stress reduction over the middle of the entry. The height of the vertical 
stress relief zone goes up to 10 ft above the roofline if 50 psi is taken as the boundary. 
Compared with Figure 7.17 (a), the model with two bedding planes has a 2 ft increase of 
the vertical stress relief zone caused by the second bedding plane. Figure 7.22 (b) shows 
that the horizontal stress is concentrated in the first layer of the immediate roof, while the 
horizontal stress concentration in the sec

g the horizontal stress concentration in the first layer. The shear stress is 
concentrated around the entry corner and more extensively distributed over the roof 
above the bedding planes (Figure 7.22 (c)).  

 
Figure 7.23 shows the stress distribution over the entry for the model with three 

bedding planes. With the increase 
re
stress almost has no change on th

 7.23 (b)). The shear stress has a little change due to the addition of one more 
bedding plane (Figure 7.23 (c)).   
 
7.2.3.3 Thinly Laminated Planes 

The thinly laminated roof is modeled as multiple bedding planes within one roof 
layer. Figure 7.24 shows the stress distribution for the model with a 2-ft thinly laminated 
roof layer 3 ft above the roofline. The thickness of the laminations in the model is 0.5 ft. 
The vertical stress (Figure 7.24 (a)) shows a stress relief zone which is about 11 ft above 
the roofline. The horizontal stress (Figure 7.24 (b)) is concentrated in the first roof layer 
but there is no horizontal stress concentration within the thinly laminated layer. The shear 
stress (Figure 7.24 (c)) is concentrates on the entry corner, reduced the thinly laminated 
layer. Because the lamination has the same behavior as bedding plane such as sliding and
se

trated in the immediate roof. Comparing with Figure 7.23, both stress distributions 
are similar. Therefore, if the thinly laminated layer is not very thick (around 3 ft), it can 
be modeled by two bedding planes at the upper and lower boundaries of the laminations. 
 

w
d
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(a) Vertical stress
 

 

(b) Horizontal stress
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111
(c) Shear stress
 
Figure 7.22  Stress distributions for the model of two bedding planes
 
(a) Vertical stress
 (b) Horizontal stres
 (c) Shear stress
 
Figure 7.23  Stress distributions for the model of three bedding planes
s 
(a) Vertical stress
 (b) Horizontal stres
 (c) Shear stres
r 
Figure 7.24  Stress distributions for the model of thinly laminated laye
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the roofline has the largest effect on the stress distribution over the entry and the load in 
the bolt. From a stress distribution point of view, the model with two or three bedding 

lanes can roughly represents the case with multiple bedding planes. The thinly 
 by two bedding planes located on the lower 

and upper boundary of the laminations without significant change in the stress 
distribu

p
laminated layer in the roof can be modeled

tion of the lamination. 
 
7.2.4 Effect of the Strata Strength Sequence

 
Figure 7.25 (a) and (b) show the vertical and horizontal stress distribution when 

the strength of the first layer is 1,800 psi and the strength of the second layer is 750 psi. It 
can be seen that the vertical stress is not reduced to low values around the first bedding 
plane because the second layer lays on the first layer. Figure 7.25 (c) and (d) show the 
vertical and horizontal stress distribution when the strength of the first layer is 1,200 psi 
and the strength of the second layer is 750 psi. It can be seen that the vertical stress is 
reduced to low values around the first bedding plane and the pressure applied by the 
second layer to the first layer is small. The plastic deformation of the immediate roof, 

hich is determined by its strength and the bedding plane separation in the immediate 
of when a weak layer lays above a strong layer in the immediate roof. Hence, the stress 

argely affected by the strata 
rength sequence and the plastic deformation of the immediate roof. 

 

the bedding plane both within 3 ft of the immediate roof and 3 ft above the 
ofline is focused in regarding to the roof stability and the effect of the pre-tension as to 

nsioned bolting design. If there are no bedding planes in the 
immediate roof, the entry corners are critical to the roof stability and they are also 
analyze

w
ro
distribution over the entry and bedding plane separation is l
st

 
7.3 Tensioned Bolting Design Using Numerical Modeling 
 

The weak planes in the immediate roof near the roofline are important to the roof 
stability because their sliding and separation can significantly affect the stress distribution 
in the immediate roof. The analysis results of previous section show that if bedding 
planes exist within 3 ft of the immediate roof, the first layer is important to the roof 
stability and the effect of tensioned bolt. In this section, the behavior of the immediate 
roof with 
ro
develop the guideline for te

d. 
 
7.3.1 Numerical Modeling 

 
A typical geological condition in the Pittsburgh seam with overburden depth of 

600 ft is used to model the effect of tensioned bolts (Figure 7.26). The mechanical 
properties of rock, resin grout, and steel used in the model are shown in Table 7.4. In 
order to simulate the effects of entry development and longwall mining, the global model 
consists of a 3-entry system and the longwall panels on both sides of the 3-entry system.   
The size of the global model is 1,228 ×1,214 × 630 ft with 18 ft wide entries and 60 × 
120 ft chain pillars.  The excavation sequence in the global model is simulated in three 
steps:  solid panel without excavation in the 1st step (Figure 7.27 (a)), entries developed  

 112
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Figure 7.25  Stress distribution when the first layer is stronger than the second layer of the roof  
 

(a) Vertical stress
113
(b) Horizontal stres
(d) Horizontal stress
(c) Vertical stress
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Figure 7.26  Geological column and bolt layout
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(
(plan v )
Figure 7.27  Global model and excavation sequence for tensioned bolt system 
a) Global model 
ew before development

 
 
 

(b) Global model  
w during bolt installation
Strength 

114
c) Global model 
iew after development
t 
Table 7.4  Mechanical properties for rock, resin grout and bol
Internal 
 
 
 
 
 
 
 
 
 
 

Rock Type 
Young’s 
Modulus 

(× 106 psi) 

Poisson’s 
Ratio 

Uniaxial 
Compressive 
Strength (psi)

Used in 
Models 

(psi) 

Unit 
Weight 
(lb/ft3) 

Friction 
Angle   

(°) 

 
 
 

Sandstone 2.95 0.15 13,000 3,250 167.0 35 
Sandyshale 1.00 0.20 10,000 2,500 160.0 33 
Claystone 0.80 0.27 2,400 600 155.0 28 
Blackshale 0.30 0.27 3,000 750 150.0 29 
Grayshale 0.68 0.27 4,800 1,200 150.0 29 
Siltyshale 0.68 0.27 4,800 1,200 150.0 29 

Coal 0.36 0.34 3,600 900 87.6 28 
Lime one 2.50 0.30 10,000 2,500 165.0 31 st

Resin Grout 0.435 0.25     
Steel 29.0 0.30     



Final Report                                                                                                                    DE-FC26-01NT41056 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

and bolts installed with the face 24 ft inby the bolt location in the 2nd step (Figure 7.27 
(b)), and entries fu

Figure 7.28  Sub-model for tensioned bolt system 

lly developed in the 3rd step (Figure 7.27 (c)). The sub-model is used 
to simu te the details around the entries.  The sub-model for the center entry is taken 
from th

ffect of the tensioned bolts. Figure 7.29 shows the maximum roof displacement 
eveloped in the middle of the entry as the face advances. It is shown that more than 80% 
f the roof deformation has already developed when the bolts are installed 24 ft outby the 
ce.  If no time dependent deformation is involved, only a small amount of load will be  

 
Figure 7.29  Maximum roof displacement developed after excavation 

la
e middle of the global model following the corresponding excavation sequence in 

the global model (Figure 7.28).  The size of the sub-model is 98 × 4 × 75 ft with two 
bedding planes.   

 
Since in practice the bolts are installed after the entry is driven forward for a 

distance of 10 to 40 ft from the face, the time lapse between roof exposure upon 
undermining and bolt installation in the model is important in order to obtain the true 
e
d
o
fa
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induced

The horizontal-to-vertical-stress ratios are 3 and 2.41 across and along the entry 
 all the roof strata in coal mines are in layers, all the 

odels studied have bedding planes.  Model with and without bolts are used to study the 

 

 in the bolts by subsequent roof deformation and the bolt loads will remain 
constant during the development stage.  In this model, the bolts are installed 24 ft outby 
the face to simulate the standard 20-ft cut.   

 

direction, respectively. Since almost
m
effect of tensioned bolts. 

7.3.2 Mechanism of Tensioned Bolt
 
7.3.2.1 St
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ress Distribution around the Entry after Excavation and Bolt Installation 
hen an entry is developed, the stresses around the entry are redistributed.  The 

installa

ry low values due to bedding 
plane sliding and separation.  The pre-tension produces a vertical compressive zone 
within 

 induced in the first 
roof layer by the horizontal stress.  After the bolts with 10-ton pre-tension are installed, 
the vertical tensile stress changes to compressive stress by the pre-tension (Figure 7.30 
(b)).  If the immediate roof is weak and thinly-laminated the vertical tensile stress prior to 
bolt ins llation may cause the immediate roof to become unstable.   

 

W
tion of tensioned bolts causes local stress concentrations around the two ends of 

the bolts. The characteristics of stress distribution around the entry can be summarized as 
follows: 

 
The vertical stress over the entry is reduced to ve

2-3 ft above the bearing plate.  The horizontal stress is concentrated on the first 
layer of the roof while the shear stresses around the entry corners.  But the shear stress 
distributions across the bedding planes are discontinuous. 

 
Figure 7.30 (a) shows that small vertical tensile stresses are

ta
 
 
 
 
 
 
 
 
 
 

 
 

 
 

 
 

 

 

Figure 7.30  Vertical stress in the roof after the installation of bolts 
116
(b) Compressive stress in the roof after 
the installation of bolts 
 
 

(a) Tensile stress in the roof be
the installation of bolts 

fore
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7.3.2.2 Effect of Pre-tension 
Figures 7.31 and 7.32 show the vertical stress distributions caused by pre-tension 

using the resin and mechanical anchors, respectively.  In order to see the details of the 
stress distributions induced solely by the pre-tension, the effects of overburden and 
horizontal stress are not included.  It can be seen that for both types of anchors the 
compressive zones near the bearing plate is about 2 ft from the roof line while the 
ompressive zones near the top anchor is about half of that near the bearing plate. A 
nsile stress zone is also developed at the upper end of, and above, the anchor.  The 

ompressive and tensile stress zones increase with the increase of the applied pre-tension.  

r 

 

c
te
c
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 s  

s  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 7.32  Vertical stress distribution by pre-tension for resin ancho
Figure 7.31  Vertical stress distribution by pre-tension for mechanical anchor
(a) Pre-tension = 5 ton
117
(b) Pre-tension = 10 tons
(a) Pre-tension = 5 ton
 (b) Pre-tension = 10 tons
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Figure 7.33  Shear stress distribution along the interface of a 2-ft anchor
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e pre-tension is increased from 5-ton to 10-ton the compressive zones near the 
plates are increased from 1.5 ft to 2.5 ft from the roof line if 10 psi is used as the 
tress.   It should be pointed out that the compression induced by the pre-tension 
 top anchor is so small as compared to the vertical pressure due purely to rock 
in this area that it plays little role in affecting roof stability.  The difference 
 the resin anchor and mechanical anchor is that the tension zone around the resin 
s distributed all along its length, while in the mechanical anchor it concentrates 
p and consequently its magnitude is much larger.  If the rock in the anchorage 
is not sufficiently strong tension cracks could be generated on the top of the 

ical anchor.  Figure 7.33 shows the shear stress distribution along the interface of 
sin anchor subject to different applied pre-tensions.  The maximum shear stress 
ear the anchor end where the pre-tension is applied and the shear stress reduces 

towards the other end of the anchor.  Most of the shear stress distributed around 

he pre-tension can close a bedding plane separation near the roof line.  Figure 

tability.  First of all, closing 
tion means the roof layers on two sides of the bedding plane are in contact, which 

ich is at least as much as the amount of pre-tension.   

hether a separation can be closed or not depends on its location and magnitude, 
zontal stress level surrounding it, roof strength and applied pre-tension.  The  

 1-foot of the anchor, beyond which the shear stress is very small.  Therefore, the 
chor should be more than 1-foot long depending on the strength of the rock in 
e bolts are anchored. 

 shows a bedding plane separation located at 1-ft above the roof line.  When a 5-
-tension is applied the separation is partially closed (Figure 7.34 (b)). The 
on is completely closed when a 10-ton pre-tension is applied (Figure 7.34 (c) ) 

losing a separation has a significant impact on roof s

erate a frictional force to enhance the beam building effect.  Most importantly, 
separation is closed any subsequent vertical roof displacement is resisted by the 
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(a) Bedding plane separation without bolts 

(b) Partially closed bedding plane separation by pre-tension  

(c) Closed bedding plane separation by pre-tension  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 n 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 7.34  Separation closure by pre-tensio
 

 
Figure 7.35  Diagram to calculate the minimum required pre-tension to close a separation
119
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minimum pre-tension required to close a separation near the roof line can be estimated by 
a simplified beam with the loading conditions taken from the model (Figure 7.35).  The 
first layer of the immediate roof is separated from the upper roof and subjected to both 
horizon l stress and gravity load.  In order to hold this layer up by pre-tension, the 
rotation moment by the pre-tension should be greater than that by the horizontal stress 
and gravity load.  The following equation was derived to estimate the minimum required 

ta

pre-tension: 
 

shrrhwwT)aa( σρ +>+
2421   h

  
where, olt (ft), a2 = distance from the rib to cen
(ft), T = pre-tension (lbs), w = entry width (ft), h = thickness of the first layer (
rock density (lb/ft3), r = bolt row spacing (ft), s = roof displacement at the center
entry (ft), and σh = horizontal stress on the first layer (lbs/ft2) 
  

Equation (7.4) can be rewritten as: 

  a1 = distance from the rib to side b

  

21

2

8
hr)sw(

T
h+

>
σρ

  
aa +

ion, of the upper strata. Fractures, cracks and sepa
may exist in the yielding zone. The residual strength of the yielding zone depends

ther as much as possible.     
 
The tensioned bolts are subjected mainly to the axial load.  Figure 7.36 sho

mount of sliding along the bedding plane 3 ft from the roof line for side and cent
nder different roof displacements at the center of the entry. Obviously, the b

  
Since the maximum roof displacement and horizontal stress on the first roo

can be obtained by the results of modeling, this formula can be used to estim
minimum required pre-tension to close a separation near the roof line.  
 
7.3.3.2 Mechanisms of Tensioned Bolts 

After an entry is excavated the stresses are redistributed and concentrated 
the entry corners and first layer of the roof strata. As a result, yielding zon
developed over the entry depending on rock strength, stress level and numb
location of bedding planes. Since the vertical stress in the immediate roof ha
largely released over the entry, the horizontal and shear stresses are the two facto
affect the development of yielding zone, and thus roof stability. The yielding zon
the post failure region and its residual strength is dependent on roof displaceme
confinement. The role of the bolts is to increase the self-supporting capacity 
yielding zone so that the rock in the yielding zone will have the ability to take th
from, and limit the deformat

friction along these failure planes, which is determined by the contact surface ar
the normal pressure on the surface. Therefore in order to increase the residual stre
the yielding zone, the fractures and separations within it must be made to conta
o

a
u
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Figure 7.37  Effect of horizontal stress on bolt loa
e side bolt is larger than that at the center bolt. When the vertical roof 
rger than 0.75-in, the sliding at the side bolt location is larger than 0.5-
ts subject to shear load if the diameter of the bolt is larger than 7/8-in in 
e. However, it should be realized that the center bolts are already in the 
r 0.75-in of vertical roof displacement. Since the tensioned bolts are 
o to the yielding state, the amount of bedding plane sliding induced 
isplacement alone is too small for the bolts to be subjected to the shear 
l confinement provided by the tensioned bolts is the result of the 
 However, the bolts not only suspend the gravity load but also those 
xpansion and bending of the roof layers under the horizontal stress. 
 the increased load in the center bolt after the entry is fully developed 
rizontal stress levels. Apparently, the load developed in the bolts after 
ely controlled by the horizontal stress.  This is evident in the findings 
993) (23) that the measured loads on the roof bolts are often twice as 
cted by the dead weight load. 
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The tensioned bolts provide the compressive zones in the immediate roof within 2 
ft of the roof line. These vertical compressive zones can generate frictional forces along 
the fractures and bedding planes near the bearing plates providing shear resistance for the 
rock in this area.  This effect can be called beam building, but it is only in effect within 
about 2

the joints is very small.   

below the strong 
layer, it tends to separate from the upper layer and leaves the upper layer to take more of 
the hor

e steel rod.  Because all the bolt loads are taken by 
e bolt anchors, it is important to anchor the bolts in a stable roof layer. 

 
the 2-3 ft 

f the immediate weak roof and provide a high resistance to subsequent roof 

 
 

 ft of the immediate roof.  Although the vertical compression near the bearing 
plate is very small this low confining pressure can generate significant friction according 
to the findings by Barton (1973) (24) that the friction angle along the joints increases up to 
70° when the normal pressure on 

 
The compression by the pre-tension also increases greatly the residual strength of 

the rock in the compressive zone. Gale (1986) (25) showed that the confining pressure can 
increase the residual strength of the failed rock markedly, up to 20-30 times of the 
average confining pressure.         

 
The pre-tension can close the cracks and separations in the immediate roof, which 

not only increases the strength of the affected roof layers but also the stiffness of the 
whole bolted strata because any subsequent vertical displacement in the bolted strata is 
resisted by at least the same amount of load as the pre-tension. 

 
Bolt load is generated mainly by the vertical roof displacement which in turn is 

caused mainly by the horizontal stress or other time-dependent loading. The load in the 
bolted strata is transferred from a weak layer to a strong layer through roof displacement. 
If the weak roof layer is immediately above the strong layer, it tends to have more 
deformation and transfers its horizontal load to the lower layer by applying vertical 
pressure on it and taking less of the horizontal stress, i.e. the lower layer will take more of 
the horizontal stress. On the other hand, if the weak layer is immediately 

izontal stress. All the roof layers in the bolted strata interact each other so that 
finally the load is transferred from the first roof layer to the bearing plate which in turn 
transfers it to the top anchor through th
th

In summary, the tensioned bolts support the bolted strata by reinforcing 
o
displacement through the pre-tension. 

7.4 Failure Analysis of Tensioned Bolted Strata and Design Considerations 
 
7.4.1 Failure Modes from Field Observation

 
From field observation, the failure modes of the bolted strata can be classified into 

three g ups according to the location and extent of the failure:  failure around the middle 
of the entry (Figures 7.38 (a) and (b)), failure in the whole bolted strata (Figure 7.38 (c)), 
and failure around the entry corners (Figure 7.38 (d)). 

ro
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e e 
(a) Skin failur
 e 
(b) Buckling failur
e e 
(c) Shear failur
e  
(d) Cutter roof failur
 Figure 7.38  Failure modes of bolted roof
123
(a) Skin failur
(b) Buckling failure
(c) Shear failur
(d) Cutter roof failure
Figure 7.39  Potential failure modes of 
bolted roof 
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However, according to the causes and mechanisms of failures, the modes of 
failures can further be classified into five groups:  skin failure (Figure 7.38 (a)), buckling 
failure (Figure 7.38 (b)), shear failure (Figure 7.38 (c)), and cutter roof failure (Figure 
7.38 (d)). These failure modes can be summarized as shown in Figure 7.39.   
 
7.4.2 Skin Failure

 
The tensioned bolts produce compressive zones near the bearing plate but a 

triangular zone between the bolts and some areas around the entry corners are not 
ng, 2001) (26).  If the immediate roof is very weak, the skin failure 

in these unaffected areas may occur due to compression and/or weathering (Figure 7.39 
(a)).  In

affected (Zhang and Pe

 this case, the tensioned bolts should be used in conjunction with straps or wire 
meshes.     

 
7.4.3 Buckling Failure

 
The buckling failure occurs when the roof lose stability with the load not 

exceeding its strength.  It is caused by horizontal compression and is likely to occur 
between bolts around the middle of the entry when the immediate roof is thinly laminated 
and sliding occurs between laminations.  It can be analyzed by taking the laminations in 
the immediate roof as beams with fixed ends.  The beam length is the spacing between 
the bolts across the entry.  The criterion for buckling failure can be derived as 

 

2

2EJπσ =  
2 )/a(bhh

 
Where, σh = horizontal stress in the immediate roof (psi), E = Young’s modulus

mediate roof (psi), J = Moment of inertia of the lamination beam, b = w
laminat n (in), a = beam length which is the s
between the bolts  across the entry (in). Besides, J is expressed as following equatio

im
ion (in), h = thickness of laminatio

 

            
12
bhJ =  

 
Equation (7.7) can be rewritten as:  
 

3

E
ah σ
π

3
=  

Figure 7.40 shows the thickness of laminations below which it would ca
uckling failure under different horizontal stress levels and bolt spacing.  It can b
at the range of the thickness of laminations causing the bucking failure decrease
e reduction of bolt spacing. 

 

b
th
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ckling failure criterion for laminated immediate roofFigure 7.40  Bu
r Failure

the whole bolted strata are weak, it is likely to be sheared off along both ribs 
own (Figure 7.39 (c)). In this case, the tensioned bolts should be designed to 
e gravity load of the bolted strata. 

er Roof Failure

 

ted at the entry 
 

 is
 axis and m

 

both the shear stress and horizontal stresses are concentrated around the entry 
d shear sliding along bedding planes or laminations occurs above the entry 
ost roof failures in coal mines are cutter roof failure initia
igure 7.39 (d)).  Figure 7.41 shows the stress state around the entry corners. 

 subjected to the shear and horizontal stresses. The angle between the 
ajor principal stress is   
Entry corner failureFigure 7.41  
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x

xy

σ
τ

θ arctan
2

=  1

 
According to the Mohr Coulomb failure criterio

major principal stress and failure plane is   
 

n, the failure angle betw

        
24
φπ

−  

 
Where,  φ = the internal frictional angle. 
 

Hence the failure angle between the roof line and potential failure plane is 
 

24
arctan

2
1 φπ

σ
τ

α −+=
x

xy  

 
According to this equation, the failure angle will develop, due to both sh

horizontal stresses, towards the center of the entry following approximate
agnitude defined by Equation 7.11. In this case, the bolt should be designed to

beyond

.5.1 Determination of Bolt Length and Minimum Required Pre-tension by Runn

m
 the failure plane to limit the roof displacement in case the failure occurs. 

 
 
7.5 Proposed Design Procedures for Tensioned Bolting  
 

Based on the above analysis, a new design approach is proposed for the ten
roof bolting design using ABAQUS. The procedures are: 
 
7
Model without Bolts
 

The first step is to determine the bolt length and minimum required pre-t
By running the model without bolts, yielding zones and maximum roof displacem
obtained. The maximum height of the yielding zone is used to determine the bolt
which is the height of the yielding zone plus anchor length. The minimum requir

nsion is estimated by Equation 7.5 using the roof displacement and horizontal s

yer is larger than 3 ft, 3-ft is used to estimate the minimum pre-tension, beca
influen

te
the first roof layer obtained from the results of modeling. If the thickness of the fi
la

ce zone of pre-tension commonly applied is less than 3-ft above the roof lin
 

The bolt length is determined such that its anchor is located in an area wh
roof strata are stable. The shear strength of rock in the anchorage horizon should be
than the maximum shear stress around the anchor using the bolt’s yield strength
maximum allowable bolt load. The tensile strength of the rock in the anchorage h
should be larger than the maximum tensile stress around the anchor so that tension
around the anchor would not occur. 
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7.5.2 Determination of the Optimum Pre-tension by Running the Model with Bolts
 

 design. If the bedding plane is 3 ft 
bove the roof line or no bedding planes over the bolted horizon, the pre-tension should 

.5.3 Determination of Bolt Density by Bolt Loads

The second step is to run the model with standard layout of bolts and the 
estimated pre-tension obtained in step I to check if any separations within 3 ft of the 
immediate roof are closed by checking if there is a normal pressure on the bedding planes. 
If not, a new pre-tension with 2-ton increment will be used to run the model with bolts 
again. This process is repeated until the bed separations are closed. The final pre-tension 
is the optimum pre-tension that will be used in the
a
produce a 2-ft compressive zone above the bearing plate. 
 
7

 
The loads in the bolts obtained from the model can be used to determine the bolt 

density. The load in the bolts is the combined result of the pre-tension and roof 
deformation, which is related to roof strength and horizontal stress level. Since the 
tensioned bolt is designed to work within its capacity, the designed bolt load should not 
exceed 75 % of its capacity. If the designed bolt load is beyond this limit, the bolt density 
should be increased to reduce the load in the bolts.  
 
7.5.4 Prediction of the Potential Failure Modes and Adjust the Bolt Spacing to Prevent 
Failures
 

e, Equation 7.8 is used to check if the 
buckling failure is possible. For the 3  failure mode, the numbers of bolts are checked to 

ke the dead weight load. For the 4th failure mode, the side 
bolts sh

The shape of the yielding zone and plastic strain pattern above the entry are used 
to predict the potential failure modes. Figure 7.42 shows the plastic strain pattern for the 
four failure modes. For the first failure mode, straps or wire meshes are used in 
conjunction with bolts. For the 2nd failure mod

rd

see if they are sufficient to ta
ould be adjusted to extend beyond the failure zone. 

 
7.5.5 Verification of Proposed Design Procedures
 

In this section, a field case with well-instrumented sites was used to validate the 
ewly-developed 3-D tensioned bolting design model using finite element method. The 
strumentation data from an entry intersection were used to compare the difference 

etween the results of modeling and field measurements. Finally, how the model can be 
sed to do the tensioned bolting design is given. 

 
.5.5.1 Test Site Description 

The instrumentation results obtained by Hanna et al (1991) (27) in a shallow 
nderground coal mine in central Illinois were used for this study. The room-and-pillar 
ethod was used to mine a flat-lying 7-ft-thick seam at an overburden depth of 360 ft. 
e entries were 7 ft high by 20 ft wide, separated by 50 by 60 ft rectangular pillars.  
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Figure 7.42  Plastic strain and failure mod
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 Figure 7.43  The location of test site and development sequence 

 
Figure 

ed pillar plan was modified to provide a four-way intersection 
for testing. As shown in Figure 7.43, the numbers 1 through 35 indicate the sequence of 
mining

 
In order to model the room-and-pillar mining system, as well as excavation 

quence and bolt installation procedure, both global and submodel were used. The 
lobal model consisted of four entries simulating room-and-pillar mining as shown in 
igure 7.46. The dimension of the global model was 460’×430’×180’. The global model 
as used three steps to simulate the excavation sequence. In the 1st step the global model 
as solid, i.e. before excavation begins. In the 2nd step cut 1 through 5 was made while in 
e 3rd step cuts 6 through 35 were made. The submodel was taken from the global model 
ith one fourth of the cross-section include as shown in Figure 7.47. The size of the 
bmodel was 30’×20’×86’ and two bedding planes were considered. One bedding plane 
as 2 ft from the roof line between the black shale and limestone and the other 8.5 ft  

7.43 shows the plan view of the face layout during development and the test site 
location. The test intersection was located in entry 2 of the eight-entry main being driven 
to the north. Because the objective was to investigate the stability of four-way 
intersections, the stagger

 in and around the intersection. Cuts 1 though 5 were completed in one week, and 
mine development at test site was postponed for two weeks while most of the instruments 
were installed. After installation, cutes 6 through 35 took 6 days to complete and the 
remaining instruments were installed. The primary roof support at the instrument test site 
was 4 ft long mechanical anchor bolts, which had a 6 ton pre-tension applied. 

 
The geological column of the test site is shown in Figure 7.44. There were four 

slip zones around the test area with one major slip across the intersection as shown in 
Figure 7.45. They affected the behavior of the roof strata above the instrumented 
intersection. 

se
g
F
w
w
th
w
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Figure 7.44  Geological column at 
test site (modified from Hanna, et 
al., 1991) 
Figure 7.46  Global model in plan 
Figure 7.45  Location of slip zones at test site 
(modified from Hanna, et al., 1991) 
view  

130
Figure 7.47  Sub-model in
3-D view 
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from the roofline between limestone 
and limey shale. Twelve tensioned bolts 
were installed in the roof as shown in 
Figure 7.48. In the submodel, the bolt 
installation procedure was simulated by 
taking 

from 6 through 35 were made. In 
additio

initial stresses. Each bedding plane was 
modeled by a contact surface with
friction (Zhang and Peng, 2001) (26).  

odeled physically by a three-dimensional beam with 6-in 
mechanical anchor on the upper end and a 6×6×1/4-in bearing plate on the lower end. 
The m r was tied to the 1-3/8-in borehole so that the anchor and the 
surrounding rock deform together without slippage, and the bearing plate was in contact 
with th f surface by a contact surface. The bolts were 4-ft long and 3/4-in in diameter. 
A 6 ton pre-tension was applied during bolt installation. 

he Mohr-Coulomb failure criterion was used as the yielding criterion. The model 
was assumed to behave elastically before yielding and perfect-plastically after yielding. 
Cohesion and internal friction angle are the input parameters for rock strength. The rock 
properties used in the model is shown in Table 7.5. 

Figure 7.48  Bolt layout 

the boundary condition from the 
corresponding steps in the global model. 
Bolts were installed in the second step 
when the cuts from 1 through 5 were 
made so that bolt loads would be 
increased in the third step when the cuts 

n, measured in-situ horizontal 
stresses, which are 1207 psi in N 65°E 
and 686 psi in N 25°W, were applied in 
both the global model and submodel as 

 

 
The bolt was m

echanical ancho

e roo

 
T

 
 
 
 

Table 7.5  Mechanical properties used in the model 

Uniaxial Strength Internal 

 

 
 
 
 
 
 

 
 
 
 
 

Rock Type 
Young’s 
Modulus 

(× 106 psi) 

Poisson’s 
Ratio 

Compressive 
Strength 

(psi) 

Used in 
Models 

(psi) 

Unit 
Weight 
(lb/ft3) 

Friction 
Angle   

(°) 
Sandstone 3.00 0.26 14,000 3,500 167.0 35 
Siltstone 0.80 0.30 6,000 1,250 160.0 33 
Mudstone 0.80 0.27 3,600 900 155.0 28 
Blackshale 0.30 0.27 3,600 900 150.0 28 
Grayshale 0.68 0.27 4,800 1,200 150.0 29 

Coal 0.30 0.34 3,600 900 87.6 28 
Limestone 4.00 0.28 20,000 5,000 165.0 38 

Steel 29.0 0.30     
 131
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.5.5.2 Comparison pf Results Between Modeling and Field Measurement 
) Stress in Pillar 

The vertical stress in the pillars were monitored using BPC before and after 
tersection widening, i.e. before and after cuts #6-#35 were made (see Figure 7.43). The 

bsolute vertical stresses in the pillar before and after widening are shown in Figures 7.49 
nd 7.50, respectively. It can be seen that the vertical stress in the pillar from the 
odeling agrees well with the field measurement except the vertical stress in the pillar 
om the modeling before intersection widening is slightly lower than that from field 
easurements. 

 

) Roof Ho
 0 to 11 ft 

bove the roofline. The horizontal stress determined by the borehole deformation gauge 
 used to compare with the horizontal stress from the modeling. The mean of the two 
omponents of the horizontal stresses is used for comparison since this value is 

independent of the orientation of the principal stress axes. Figure 7.51 shows the average  

7
(1

in
a
a
m
fr
m
 

Figure 7.49  Vertical stress in pillar before widening 

Figure 7.50  Vertical stress in pillar after widening

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
(2 rizontal Stress 

Horizontal stress measurements were obtained at various horizons from
a
is
c
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easurement. The horizontal stress from the modeling is close to the field measurements 
hen the location is less than 6 ft above the roofline. The high horizontal stress 

oncentration could be due to the sliding of the slips around the intersection, which is not 
mulated in the mode. It should also be noted that the roof bolts employed were only 4-ft 
ng and the measured and predicted stresses match well within this range of interest. 

) Roof Bolt Loading 
The bolt load changes were monitored as the intersection was widened for a 

eriod of time. Figure 7.52 shows the measured roof bolt load changes available shortly 
4 days) after widening (Hanna, et al, 1991) (27). Notice that the bolt loads concentrated 
ore on one corner of the intersection due to the effect of the slips. Since the corner 

round the pillar A was farthest from, and subject to the least influence by, the slips, the 
bmodel, which consisted of a quadrant of the intersection, was chosen from this area to 

btain the bolt changes.  Figure 7.53 shows the load changes for the bolts around pillar A  

 

 
 
 
 
 
horizontal roof stress near the entries at different horizons from both modeling and 

Figure 7.51  Horizontal roof stress 
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Figure 7.53  Measured and practiced 
changes in bolt load after intersection 
widening, klbs 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 7.52  Measured roof bolt load changes 
24 days after widening (Hanna, et al, 1991) 
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from both the modeling and field measurements 24 days after the intersection widening. 
The bo  the same as those in the field, but the 

rements showed that the bolt loads at the 
around the entry were much larger than 
und the entry area were attributable to 
ess. The predicted load by the model is 

ction and larger around the entry than 
n is almost perpendicular to the major 
e model are close to those by field 
tion and crosscut but lower around the 

r D and the slip across the 

someters. Analysis of 
the data was based on the assumption that the 
top anc

cluding the roof surface, were calculated 
lative to 

ach station, the data were used to calculate the 
ownward movement of each anchor and the 
hange in distance between anchors. The 
hange in distance between anchors
orresponds to the opening and closing of bed 
parations that occur between the anchors. 

igure 7.54 shows the extensometer locations 
round the intersection. 

 
Figure 7.55 shows the displacement of the roof line at the locations shown in 

igure 7.54 from the modeling and field measurements 6 days after the widening. It can  

 
 

Figure 7.54  Extensometer locations

lt locations in the model are not exactly
number of bolts installed is the same. The measu
center of the intersection were larger and those 
those around crosscut. The larger bolt loads aro
both the existence of slips and major horizontal str
also the highest around the center of the interse
around the cross cut because the entry directio
horizontal stress. The predicted loads by th
measurements around the center of the intersec
entry. This difference could be caused by the slip near the pilla
pillar A. 
 
(4) Roof Displacement and Bed Separation 

Roof displacement and bed separation 
were monitored by exten

hor remains in a fixed position over 
time. Movements of the other anchors, 
in
re the position of the top anchor. At 
e
d
c
c  

Figure 7.55  Roof line displacement 
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be seen that the measured roof line displacements were close to those from the modeling 
xcept at extensometer Nos 1, 5, 11 and 12 that were close to the slips. It can be 
oncluded that the model can predict roof displacement fairly well when the effects of 
eological anomalies such as slips are excluded. 

 
Figure 7.56 shows the downward movements of each anchor for three 

xtensometer stations at points 7, 8 and 9 shown in Figure 7.54, which are away from the 
fluence of the slips. The four anchor locations are at the depth of 0, 1.5, 2.7 and 4.5 ft, 
spectively. The extensometer data in Figure 7.57 were chosen from 6 days after  

e
c
g

e
in
re
 
 

Figure 7.56  Measured roof displacement at different horizons 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.57  Bedding plane separation before bolt installation 
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idening when cut sequence #6-#35 were complete. It is shown that there was a 
ement of .03 in. at extensometer 9 between 1.5 ft and 2.7 ft, which 

could b

 bedding 
lane. 2 ft above the roofline before roof bolts were installed (see Figure 7.57). The 

he center of the intersection was about twice as much as that at the center 
of the 

 after widening between roof surface and 1.5 ft horizon while 
e displacements at 2.7 ft horizon were zero or very small (see Figure 7.56), which 
owed the depth of roof yielding was about 2 ft. the results from the model also show 

f line. Therefore, the yielding zone 
btained from the model could be used to estimate the roof yielding in the field. 

 

 
 
 
 
 

Figure 7.58  Closure of bedding plane separation by tensioned bolts 

w
differential displac

e caused either by plastic deformation or bed separation. Therefore it may be 
concluded that no separations or only extremely small separations exist between roof 
surface and 2.7 ft horizon, especially at the interface of shale and limestone at 2 ft 
horizon. 

 
The results from the modeling show that there was a separation along the

p
separation at t

entry. But the separation was closed after installation of bolts with 6-ton pre-
tension as shown in Figure 7.58. Therefore, the model can predict closure of separation in 
the immediate roof resulting from bolt installation. 
 
(5) Roof Yielding 

The extensometer data at the locations 7, 8 and 9 show that there were relatively 
large displacements six days
th
sh
that the yielding zone is within 2 ft from the roo
o
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(6) Sum

 limit the deformation of, upper 
strata; (2) closing the cracks and separations in the immediate roof so as to increase both 
the stre

zones in the immediate roof caused by the bolt pre-
tension are restricted to the areas near the bearing plates except the triangle zones 
betwee

ther 
the rock in the anchorage horizon to yield or anchor slippage due to excessive loading by 
large ro

 
itatively describe the interaction between the bolt and the rock, 

nd the supporting effect of the tensioned bolts on the immediate roof, a 3-D numerical 
model 

mary 
This case study has demonstrated that the modeling results matches fairly well 

with the field measurements shortly after the intersection widening. In this case study, the 
yielding zone in the roof was 2 ft deep, a 6-ton pre-tension could close a separation in the 
immediate roof and the loads in the bolts from the model are not too large. So the roof 
bolting design was appropriate based on the modeling. From the field measurements, the 
intersection supported with 4 ft tensioned bolts with a 6-ton pre-tension was stable except 
a small roof fall near a slip. 
 
 
7.6 Design Guideline and Program Development 
 

According to the above results, tensioned bolts play four roles in supporting the 
immediate roof: (1) reducing the deformation and increase the residual strength of the 
yielding zone in the immediate roof so that the bolted strata will have the stability not 
only to support itself but also take the load from, and

ngth of the affected roof layers and the stiffness of the whole bolted strata such 
that any subsequent vertical displacement is resisted by the high installation load in the 
bolt due to pre-tension; (3) providing in the immediate roof within 2-3-ft of the roof line 
compressive zones which can generate frictional forces along the fractures and bedding 
planes near the bearing plates – beam building effect; (4) suspending the gravity load and 
those vertical loads caused by rock expansion and bending of the roof layers subjected to 
the horizontal stress. The study also showed that tensioned bolts are subjected mainly to 
the axial load, which is generated by the vertical roof displacement caused mainly by the 
horizontal stress. The compressive 

n bolts, and between side bolts and roof corners. 
 
Possible anchor slippage of the tensioned bolts is an important factor in 

determining that the tensioned bolts are suitable for weak roof under low stress level. 
Since the tensioned bolt transfers its load to the anchor, it is important that the bolt is 
anchored in a stable roof layer. However, a high stress in the roof is likely to cause ei

of displacement. Although the bolt pre-tension provides active support to the roof, 
it also reduces the amount of bolt load increase allowed as a result of subsequent roof 
displacement. Therefore, tensioned bolts are not suitable for roof which could have large 
deformation after bolt installation.  

In order to quant
a

was established based on a commercial finite element package, ABAQUS. The 
model considers the excavation sequence, bolt installation procedure, bolt pre-tension, 
bedding planes and in-situ horizontal stress. Furthermore, a design procedure for 
tensioned bolting using the model developed so far was also suggested and verified.   
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To make this design approach practical and easy to use, this study refines the 
proposed design procedure, gives some basic design guidelines based on geological 
condition in the Pittsburg seam and develops a computer program for tensioned roof 
bolting design for entry development using the data obtained from numerical models.  
 
7.6.1 Design Guidelines
 

Generally, tensioned bolts are suitable for weak roof under low stress level, 
especially for the roof which has a stable layer into which the bolts can be anchored. 
Roof strength and stress level are the main factors for bolting design. Besides, since the 
roof strata in coal mines often occur in layers, the bedding planes are important in the 
roof bolting design. The study on bedding planes showed that the bedding plane locations 
in the 

 
roof line. Therefore, according to the number and locations of the bedding planes, the 
roof ca

zontal stress and roof type affect the 
nsioned roof bolting design, 36 models with overburden depth of 400, 800 and 1,200 ft, 

ertical stress ration of 1, 2 and 3 and different roof types were run 
using 

crease. 
 
By analyzing the results of these 36 models, the following guidelines for 

nsioned bolting design were obtained. Basically they are applicable to 18-ft-wide 
ntries during development under the geological conditions similar to the Pittsburg seam. 
evertheless, the ideas are useful for understanding how overburden depth, horizontal 
ress level and roof type affect tensioned bolting. 

.6.1.1 Bolt Length 
Figure 7.60 shows the proposed bolt length under different overburden depth and 

orizontal stress level for the four roof types. It can be seen that basically the bolt length 
creases as the overburden depth and horizontal stress level increase, and that the bolt 
ngth required by roof type I and III is shorter than that by roof type II and IV. 

immediate roof significantly affect the stress distribution over the entry, and roof 
failure modes. When there are no bedding planes in the immediate roof, more roof 
yielding develops at the entry corners. When the bedding planes are located within 3-ft of 
the roof line, this portion of the immediate roof is subject to horizontal stress 
concentration and more prone to yield. When the bedding planes are located 3-ft above 
the roofline, the horizontal stress in the immediate roof can be represented by those with 
two bedding planes: one located within 3-ft of the roof line, and another 3-ft above the

n be classified into four type: type I – without bedding planes; type II – bedding 
planes within 3-ft of the roofline; type III – bedding planes 3-ft above the roofline; type 
IV – bedding planes both within and above 3-ft of the roofline (Figure 7.59). 

 
To obtain how the overburden depth, hori

te
major horizontal-to-v

the geological condition of the Pittsburg seam. The results were built into a 
database for the development of a design program. The results in the database include 
depth of yield zone, maximum shear stress, maximum horizontal plastic strain, average 
plastic strain, maximum roof displacement, optimum pre-tension and bolt load in

te
e
N
st
 
7

h
in
le
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 Figure 7.60  Proposed bolt length for four 
roof types 

 

 

 

 

I 

 

 

 

 
 Figure 7.59  Roof classifies by bedding
plane locations 
 139
(a) Type I
(b) Type II
(c) Type III
(d) Type IV
(a) Type 
(b) Type II
(c) Type III
(d) Type IV



Final Report                                                                                                                    DE-FC26-01NT41056 
 

 140

7.6.1.2 Bolt Pre-tension 
Figure 7.61 shows the optimum pre-tension applied in the bolts under different 

verburden depth and horizontal stress level for the four roof types. For roof type I and 
I, the pre-tension is to provide about 2 ft compressive zone in the immediate roof while 
r roof type II and IV, the pre-tension is to close the bedding plane separations within 3 
 of the immediate roof. It can be noted that the optimum pre-tension increases uniformly 
s the overburden depth and horizontal stress level increase. 

 

e spacing across the
 entry corners shoul
re around the entry 

orner should be used

re 7.62 
ows the angle between the 

possible failure plane and roof line 
at the entry corners under different 
horizontal stress level for the four 
roof types when the overburden 

 

o
II
fo
ft
a
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
7.6.1.3 Bolt Spacing 

Assuming a 4 ft row spacin
spacing design should be focused on th
the spacing between the side bolts and
for an 18-ft entry to prevent shear failu
spacing between side bolt and entry c
to the roof to protect the yielded 
roof within 3 ft of the roof line. For 
roof type IV, if the roof layers 3 ft 
above the roof line are strong, a 3 ft 
spacing between the side bolt and 
entry corner is suggested. If the roof 
layers 3 ft above the roof line are 
weak, the spacing between the side 
bolt and entry corner should be 
shortened so that the side bolt 
extends at least 2 ft above the 
possible failure plane. Figu

 

g along the entry d

Figure 7.62  An
plane and roof 

sh
(b) Roof type II and IV
(a) Roof type I and III
s 
m pre-tension for four roof typeFigure 7.61  Optimu
 entry. For roof type I and III, 
d be shortened to 2 ft or 2.5 ft 
corners. For roof type II, a 3 ft 
 to provide a uniform support 

irection is preferred, the bolt 

gle between possible failure 
line for different types 
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depth is 400 ft. It can be seen th
increas o occur around the entry corners when the 

tention should be paid to the entry corners if 
o shows that the failure angles for roof type I 
IV, which demonstrates that entry corners for 
for roof type II and IV. 

 should be 
sed to prevent either bolt yielding or bolt 
reaking. Figure 7.63 shows the bolt load 

stress 
vel for the four roof types when the 

overbu

igh horizontal stress. 
 

at the angles decrease as the horizontal stress level 
es, which means the failure tends t

horizontal stress is low. Therefore, more at
the horizontal stress is low. Figure 7.62 als
and III are larger than for roof type II and 
roof type I and III are more important than 
 
7.6.1.4 Bolt Diameter 

Since the allowable range of 
change for the bolt row spacing and 
number of bolts per row are small, bolt 
diameter change should be used in areas 
where a higher bolt loading is required. If 
the roof is subjected to high horizontal 
stress and the roof has multiple bedding 
planes, large diameter bolts
u
b
increase under different horizontal 
le

rden depth is 1200 ft. It is obvious 
that the bolt load increases more under 
h

 
7.6.2 Design Program Development
 

To make the tensioned roof bolting design more easily, the design procedure is 
carried out in a design program using Visual C++ and OpenGL. 
 

 in the database; with the obtained data from the database, the program 
erforms the design using the proposed criteria; and finally, the design is displayed by 2-

D/3-D views.   
 

he case with the smallest distance is used for the design. The distance function is 
efined as: 

Figure 7.64 shows the flow chart of the program design. First, the program asks 
for the user’s input; after the program obtains the input from the user, it searches for a 
closest case
p

In searching for the closest case in the database, a distance function is used to 
calculate the difference between the case in question and each of the case in the database.  
T
d
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here, d = distance between the case in question and those in the databas
verburden depth of the cases in the database, h0 = overburden depth of the 

Figure 7.63  Bolt load increase for four 
roof types 
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e, h = 
case in  
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mediate roof for the cases in the d
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question. All the terms are normalized
the dist ce. 
 

igure 7.65 shows the user i
vertical stress ratio, entry width and th
roof are the geological input data requi
design with 2-D/3-D views of the bo
diameter.  

question, hr = horizontal-to-vertical 
horizontal-to-vertical stress ratio of the
3 ft of the immediate roof for the cases
3 ft of the im
im

iate roof for the case in question
 

The four terms in the distance 
horizontal stress level, roof strength 
average str

an

F

 

 

INPUT 
ntal-vertical stress ration, entry width, 
gth and bedding plane locations 
SEARCH DESIGN INFORMATION
Search the database and look for the closest case
 

DESIGN 

ngth, pre-tension, bolt spacing,
roposed criteria 
 

DISPLAY 
esign in 2-D and 3-D views
 
Figure 7.64  Flowchart for tensioned roof bolting design program
se in question, s2 = average roof strength of the 
atabase, and s20 = average roof strength of the 

 between the case in the database and the case in 
 to make each factor have the same influence on 

nput interface. Overburden depth, horizontal-to-
e information for each roof layer in the immediate 
red from the user. Figures 7.66 and 7.67 show the 
lt length, bolt spacing, bolt pre-tension and bolt 

stress ratio of the cases in the database, hr0 = 
 case in question, s1 = roof strength within the first 
 in the database, s10 = roof strength within the first 

. 

function are the differences of overburden depth, 
within the first 3 ft of the immediate roof and 
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Figure 7.65  User input interface
 
Figure 7.66  2-D view of tensioned roof bolting pattern
143



Final Report                                                                                                                    DE-FC26-01NT41056 
 

 
 

 

 

Figure 7.67  3-D view of tensioned roof bolting pattern
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CHAPTER 8 

MECHANISMS AND DESIGN GUIDELEINE FOR FULLY GROUTED 
BOLTING 

.1 Introduction 

The fully grouted bolt is a passive support. As mentioned above, it accounts for 
e greatest portion of the annual roof bolt consumption in the U.S. There are three 

omponents of the fully grouted bolt; steel rebar (bolt), resin annulus, and grout/rock 
teraction. Fully grouted bolts are loaded in three ways: axial load, shear load and 

ending moment. Moreover, vertical shear stress is developed along the grout/rock 
terface.  

 
Using ABAQUAS (12), finite element models were developed to simulate the 

omponents of the fully grouted bolt and its interaction with the surrounding roof strata. 
everal models were conducted in order to investigate the effect of the fully grouted bolt 
n roof stability, and the load transfer from the rock to the bolt and vise versa under 
ifferent geological, mining conditions and bolt parameters. Different failure modes of 
e fully grouted bolts, such as bolt axial failure, bolt shear failure, and grout/rock 
terface failure, were defined. Bolt and roof stability measures were presented in order 
 evaluate the bolt and roof stability. The effect of bedding plane, overburden depth, 

orizontal stress, and bolt parameters were also considered. 
 
Based on the results of numerical models and its analysis, a design guideline for 

lly grouted bolt system has been developed. 

.2 Finite Element Modeling of the Fully Grouted Bolt 

First of all, in order to simulate the behavior of a fully grouted bolt and the roof, 
e model for the fully grouted bolts was developed. The components of a fully grouted 

olt are: steel rebar (bolt), resin annulus, and rock/grout interaction. 

.2.1 Modeling of Steel Bolt
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th
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ulated by using the two-dimensional beam elements. 

A beam ent is the most common type of structural components in engineering field. 
In gene

The steel rebar (bolt) is sim
 elem
ral a beam is like a member designed to resist a combination of loading actions 

such as biaxial bending, transverse shears and axial stretching (Figure 8.1). The axial 
forces, transverse shear forces and loading moments will be monitored for the beam 
elements during the analysis. 
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Figure 8.1  Simple plane beam elemen
.2 Modeling of Resin Elements
 
Field observation show that failure rarely

 strong interlock between the rebar on the ste
cordingly, the bolt and the grout will be sim
ulation, the nodes of the beam elements wil

out elements. The resin annulus is simulated b
).  
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Figure 8.2 Strong interlock between the
steel bolt and resin 
 
.3  Fully grouted bolt simulationFigure 8
 occurs at the bolt/grout interface, due to 
el bolt and the grout annulus (Figure 8.2). 
ulated as one unit. During the numerical 
l be tied to the nodes of the surrounding 
y a 4-nodes plane strain element (Figure 
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8.2.3 Modeling of Rock/Grout Interaction
 
The interaction between the grout and the rock is the most important parameter in 

the fully grouted bolts system. It is responsible for loads transferring from the 
surrounding rock to the fully grouted bolt and vice versa. The rock/grout interaction will 
be simulated by a contact surface in ABAQUS. Both the grout and rock surfaces along 

at interface will be “slave” or “master” depending in their Young’s modulus values. 
ill be the dominating factor that controls the 

deform

 The gap element 
llows no interaction between the grout and the surrounding rock unless certain amount 

of clearance is reached.  
 

Modes of 

th
Shear stress and vertical frictional stress, w

ation and failure along that interface. The shear stress along that interface, which 
is equal to the normal stress between the two surfaces multiply by the coefficient of 
friction along that interface, will resist the sliding between the two surfaces. 
 

The bearing plate is a means to control the skin failure and roof spalling. It does 
not have a significant effort on the loading behavior of the fully grouted bolt system. To 
simulate the effect of a bearing plate, the bottom nodes of the grout element, at the bolt 
head, are tied to the surrounding rock element. The top nodes of the grout elements are 
connected to the surrounding rock nodes by gap elements (Figure 8.3).
a

 
8.3 Effects of Geological and Bolt Parameters on the Behavior and Failure 

e Fully Grouted Bolts  th
 

In order to make it clear the behavior of the fully grouted bolt under different 
factors and conditions, numerical analysis is conducted. Moreover, different failure 
modes of the fully grouted bolts, according to the loading conditions, is investigated  
 
8.3.1 Failure Modes of Fully Grouted Bolt
 

The fully grouted bolt system consists of three components, the bolt, the resin, 
nd the host rock. Each of the three components has different material properties which 
ill affect the final performance of the fully grouted bolt. Consequently, there are three 
pes of failure modes that can occur for the fully grouted bolts. Failure can take place in 
e bolt, steel bolt axial or shear failure, or at the grout/rock interface failure. 

.3.1.1 Steel Bolt Axial Failure 
The axial behavior of the fully grouted bolts is governed entirely by the steel bar, 

ecause it is much stiffer and stronger than the grout and rock. The most important 
dvantages of the steel are its ductility and ability to sustain large loads and deformation 
ile, et al, 2003) (28). Axial failure will occur in the steel bar if it is subjected to an axial 
ad which exceeds the ultimate capacity of the steel. The ultimate capacity of the steel 

epends on the steel grade and the bolt diameter. 

a
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8.3.1.2 Steel Bolt Shear Failure 
If a section along the fully grouted bolt is subjected to a shear load that exceeds its 

ear strength, then shear failure could occur along that section of the bolt. The 
portance of the shear strength of the fully grouted bolts is that it can resist the 

orizontal movement that occurs as a result of bedding plane sliding. The shear strength 
f the steel bar is about 50 % of its uniaxial tensile strength.  

.3.1.3 Grout/Rock Interface Shear Failure 
The load transfer mechanism of the fully grouted bolts depends mainly on the 

rout/rock interface. The interaction at the grout/rock interface is a complicated problem; 
 lot of parameters affect its behavior. The response of the bolt to strata movement 

The friction will be the dominating factor that controls 
e failure of that interface. The shear strength for that interface will be estimated as a 

 weakest rock composing the interface: 
 

sh
im
h
o
 
8

g
a
depends on the shear strength of that interface and shear stress generated on it. The shear 
strength of the grout/rock interface has three components: adhesion, mechanical interlock, 
and friction. Once relative displacement occurs along that interface, the adhesion and the 
mechanical interlock will be lost. 
th
ratio of the shear strength of the

3
strengthshearrockweakeststrengthshearlInterfacia =  

 
8.3.2 Parameters that Affect Bolt Loads and Stresses on Grout/Rock Interface  

 

 
 
 
 
 

 

 

 
8.3.2.1 Common Model and Parameters 

Figure 8.4 shows a layout for the bolt spacing and numbers for the mod
detailed analysis of the shear load and shear stress at grout/rock interface were con
for bolt #1 (left side bolt). In the fully grouted bolt system, the side bolt was subje
more shear loads than the corner bolt because it was close to the entry center
maximum sliding at the bedding planes occur. Because it was close to the entry
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els. A 
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 center  
Figure 8.4  Entry roof bolting model
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Table 8.1 Different types of roof geology used in the models

First Layer Second Layer Roof 

eology 
No. UCS (psi) EL/EC UCS (psi) EL/EC

Interface 
shear 

Strength 
(psi) 

I 700 4 1,200 8 200 
II 1,200 8 700 4 200 
III 1,800 8 1,800 8 520 
IV 600 4 600 4 173 
um separation at the bedding planes occurs, a detailed analysis of the axial 
ducted for bolt #2 (left center bolt). A bolt of grade 60 (the ultimate axial 
is grade is 26,500 lb and the ultimate shear capacity is 50 % of the uniaxial 

 used for this study. 

gical Parameters 
ehavior of fully grouted bolts is highly depended on the surrounding rock 
 the site geological conditions such as roof geology, and strata sequence, 
 locations, friction coefficient on bedding plane surface, overburden depth, 

el. The effect of those geological parameters was discussed. 

ngth Sequence 
ent models with different roof geology have been conducted. The first roof 
ft thick overlain by the second layer of 2 ft thick. Table 8.1 shows the 
operties of the four possible geological combinations of the immediate roof 
ld be found in the field. The two layers are separated by a bedding plane. 
compressive strength and the ratio between the layers’ Young’s modulus 

ghest maximum axial load was observed for roof geology IV. This can be  

 Young’s modulus (EL/EC) were used to represent the weak and the strong 
llows: For weak layer: EC < EL < 4EC and for strong layer: 4EC < EL < 8EC.  

oulomb friction model was used to describe the relationship between the 
rmal stresses along the two opposite sides of the bedding plane. The 
ameters were used for the models: 

n coefficient of the bedding plane = 0.25 
n coefficient at grout/rock interface = 0.5 
urden depth = 600 ft 
 level = 3 
= 4 ft long and 3/4-in in diameter 

 8.5 shows that there was a typical bolt axial load distribution along the bolt 
ferent roof geology. Along the bolt length, starting from the bolt head the 
reased until it reached its maximum value then decreased. The extent of this 
aded parts of bolt axial load distribution depended on the type of roof 
hi
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explained by the observed large vertical displacement occurred in that weak roof strata. 
Despite

ation. At the bedding plane location, the shear 
load increases rapidly but decreased quickly away from it (Figure 8.6). The direction of 
the she

Figure 8.5 Axial load distributions along the bolt for different geology 

(a) Roof Geology I (b) Roof Geology II 

(c) Roof Geology III (d) Roof Geology IV 

 of this high axial load, it did not exceed the ultimate capacity of the bolt. On the 
other hand, the smallest maximum axial bolt load was observed for roof geology III. The 
immediate roof strata in that geology was strong, accordingly less vertical displacement 
was expected to take place in that roof. From the roof geology II, the bottom strong layer 
reduced the vertical displacement of the upper weak layer. 

 
Since the fully grouted bolt is in full contact with the surrounding roof strata, it 

will respond to any rock deformation that occurs within the bolted area. Shear loads 
usually develop in the fully grouted bolts as a result of the horizontal movement for the 
immediate roof at the bedding plane loc

ar load varied according to the direction of the relative motion (sliding) on the 
surface of the bedding plane. The highest maximum shear load was observed for roof 
geology IV. This is because the weaker the roof strata are the larger horizontal relative 
movement along the bedding plane occurs. From the result of roof geology II, it can be 
seen that the bottom strong layer reduces the relative horizontal movement along the 
bedding plane. 
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 Figure 8.6  Shear load distributions along the bolt for different roof geology
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 Figure 8.8  Effect of bedding plane location on maximum bolt axial loa

 
Figure 8.8 shows that, for the first layer of less than 3 ft thick, the bolt axial load 
reased by increasing the thickness of that layer. Then, for the first layer more than 
k, the bolt axial load was decreased by increasing the thickness of that layer. For 
ediate roof layer up to 3 ft thick, the horizontal stress concentration was 

ional to the thickness of the first layer. Therefore, the behavior of the bolt axial 
s dominated by the effect of horizontal stress concentration. On the other hand, 
e bedding plane located at a distance more than 3 ft from the roofline, it seems 

 stress concentration was localized around the bedding plane. If the first layer was 
beam deflection will determine the amount of vertical displacement imposed on 
s. The thicker the first layer the less deflection occurred and thus less axial bolt 
gure 8.8 also shows that maximum bolt axial load increases with increasing the 
den depth. However, the maximum axial load at any bedding plane location or 
den depth did not exceed the ultimate capacity. 

Figure 8.9 shows that the location of maximum shear load along the fully grouted 
ried according to the location of the bedding plane. The direction of shear load 
he fully grouted bolt varied according to the direction of relative horizontal 
ent on the surface of bedding plane. The fully grouted bolts resist the lateral 
ent (sliding) that could occur at the bedding plane. The interaction between the 
d rock will allow within the grout annulus. Thus, the shear load will develop on 
l bolt at the bedding plane location. The bolt shear load mainly depends on the 
tal movement along the bedding plane surface. For the immediate roof layer up to 
k, the horizontal stress concentration is proportional to the thickness of the first 

nd hence more sliding is expected along the bedding plane. As the stress 
ration is localized around the bedding plane for the thicker immediate roofs, less 
will occur along the bedding plane.  
 
Figure 8.10 shows that, when the first layer is less than 3 ft thick, the maximum 
ar load increases with increasing thickness of that layer. On the other hand, when 
 layer is more than 3 ft the maximum bolt shear load decreases with increasing the 
ss of the first layer. When there is no bedding plane crossing the fully grouted  
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(b) Location of bedding plane = 2f
 
(d) Location of bedding plane = 4ft
(c) Location of bedding plane = 3f
 
(e) Location of bedding plane = 6f
 (f) Location of bedding plane = 8ft
 
  Maximum shear load location varies with bedding plane locationFigure 8.9
d 
Figure 8.10  Effect of bedding plane location on maximum bolt shear loa
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Figure 8.11  Effect of bedding plane location on shear stress distribution at
grout/rock interface 
he shear load developed into the bolt is very low. Figure 8.10 also shows that the 
um bolt shear load increases with increasing the overburden depth. Therefore, a 

nation of high overburden depth and bedding plane located between 2 ft and 3 ft 
he roofline will cause the fully grouted bolts to fail in shear along the steel bar. 

 
Figure 8.11 shows that the shear stress along the grout/rock interface increases 

 the first layer when it is less than 3 ft thick. Conversely when the first layer is 
r than 3 ft, the shear stress developed on the grout/rock interface decreases with 
sing thickness. When the first layer is less than 3 ft thick, the horizontal stress 
tration will cause the normal pressure on the grout/rock interface to increase, 
ingly the shear stress along that interface increase too. For thicker layers, the 
ntal stress will concentrate around the bedding plane. Therefore a zone of stress 
will be developed in the first layer and the normal pressure on the interface will 
se. Consequently the shear stress at the grout/rock interface will decrease. Figure 
lso shows that the maximum interface shear stress increases with increasing the 
rden depth. 

ess Level 
To investigate the effect of stress level on the behavior of the fully grouted bolts, 

nt models have been run as described below: 

Friction coefficient of the bedding plane = 0.25 
Friction coefficient at grout/rock interface = 0.5 
Overburden depth = 600 ft 
Bolts = 4 ft long and 3/4-in in diameter 
Roof geology I (the first layer is weak (700 psi), overlain by a strong layer (1,200 
psi)) 
Stress level = 1.0, 2.0, 2.5, and 3.0 

Figure 8.12 shows the increase of axial load of the fully grouted bolts with 
sing stress level. Increasing stress level will lead to increase the induced horizontal  

155



Final Report                                                                                                                    DE-FC26-01NT41056 
 

 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 8.12  Axial load distributions along the fully grouted bolt with 
different stress levels 
Figure 8.13  Shear load distributions along fully grouted bolt with different stress level
Figure 8.14  Shear stress distributions along grout/rock interface with different stress level
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stress within the immediate roof. Hence more normal pressure will be applied at the 
grout/rock interface giving the chance for more stresses to be transferred from the 
surrounding rock to the fully grouted bolt causing increase in its axial loads. Moreover, 
increasing the horizontal stress can produce additional roof deflection by axially loaded 
the roof. The stress level which is the ratio of horizontal to vertical stress is a major factor 
affecting the stress distribution in the immediate roof and loads of the fully grouted bolts. 

 
Figure 8.13 shows the increase of shear load of the fully grouted bolts with 

increasing stress level. By increasing the stress level within the immediate roof more 
horizontal stress will be apply to it, therefore, the sliding at the bedding plane surface will 
increase. 

 
Figure 8.14 shows the increase of the shear stress along the grout/rock interface of 

the fully grouted bolt with increasing stress level. When the horizontal stress applied to 
the immediate roof increases, the grout/rock interface will subject to high confinement 
pressure which in turn will lead to increase in the shear stress developed at that interface.    
 
8.3.2.3 Bolt Parameters 

Bolt parameters, such as bolt length, bolt diameter, and coefficient of friction 
along the grout/rock interface, can affect the behavior of the fully grouted bolts. The 
effect of these parameters on the bolt loading will be investigated in the following section.   
 
(1) Bolt Length 

Bolt length is one of the critical parameters affect the fully grouted bolt system 
performance. The effect of varying bolt length on the bolt loads is investigated. The 
following parameters were used for the model: 

 
• Friction coefficient of the bedding plane = 0.25 
• Friction coefficient at grout/rock interface = 0.5 
• Overburden depth = 600 ft 
• Stress level = 3.0 
• Bolts diameter = 6/8-in 
• Roof geology I (the first layer is weak (700 psi), overlain by a strong layer (1,200 

psi)) 
• Bolt length = 3, 4, 5, 6, and 8 ft 

 
Figure 8.15 shows the decrease of bolt axial loads with increasing bolt length. 

With longer bolts, the beam thickness built by the fully grouted bolts increases. As a 
result, the beam deflection will decrease. This beam will provide the immediate roof with 
more rigidity and stiffness by decreasing the vertical displacement within the immediate 
roof. Less axial load will develop in the bolts providing the surfaces of the bedding plane 
with friction to reduce the vertical displacement.  

 
Figure 8.16 shows the decrease of bolt shear loads with increasing bolt length. 

because of the full contact between the fully grouted bolts and the surrounding rock, 
increasing the bolt length builds a thicker beam which in turn can resist better the lateral  
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Figure 8.15  Maximum axial loads along fully grouted bolt with different bolt length
 
Figure 8.16  Maximum shear loads along fully grouted bolt with different bolt length
 
Figure 8.17  Maximum shear stress at grout/rock interface with different bolt length
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movement along the bedding planes. Therefore less sliding will occur along the bedding 
plane surfaces and less shear load will transfer to the fully grouted bolts. 

 
Figure 8.17 shows the decrease of shear stress at the grout/rock interface with 

increasing bolt length. As the bolt length increases, less loads will be transferred from the 
surrounding strata to the bolt. The shear stress along the interface only decreases by 38 
psi from 3-ft to 8-ft long bolt. Accordingly, increasing the bolt length affects the shear 
stress along the interface. Increasing the bolt length has a great reinforcement effect for 
the rock strata as it helps build a thicker and stronger beam by reducing both vertical and 
horizontal displacements. 
 
(2) Bolt Diameter 

The bolt diameter is an important parameter because it can affect both the axial 
and lateral stiffness of the system. The effect of varying bolt diameter on the bolt loads is 
investigated. The following parameters were used for the model: 
 

• Friction coefficient of the bedding plane = 0.25 
• Friction coefficient at grout/rock interface = 0.5 
• Overburden depth = 600 ft 
• Stress level = 3.0 
• Bolt length = 4 ft 
• Roof geology I (the first layer is weak (700 psi), overlain by a strong layer (1,200 

psi))  
• Bolt diameter = 5/8, 6/8, and 7/8-in 

 
Figure 8.18 shows that increasing the bolt diameter decreases the axial load of the 

fully grouted bolts. Increasing the bolt diameter will increase the bolt ultimate capacity 
and thus the stiffness of the fully grouted bolt system.  

 
Figure 8.19 shows that the bolt shear load decreases very slightly with increase in 

the bolt diameter. As the bolt capacity increase, its ability to resist the relative movement 
occurs in the immediate roof and less shear load will develop along the bolt.  

 
Figure 8.20 shows that the shear stress along the grout/rock interface decreases 

with bolt diameter. The shear stress along the interface decreases by about 7 psi when the 
bolt diameter changes from 5/8- to 6/8-in or from 6/8- to 7/8-in. That change in the shear 
stress along the interface is very small. Thus changing the bolt diameter affects slightly 
the stress distribution along the grout/rock interface. 
 
(3) Friction Coefficient of the Grout/Rock Interface 

Friction of the grout/rock interface plays an important role in controlling the 
reinforcement stiffness of the fully grouted bolt. The load transfer for the fully grout bolts 
is mostly dependent on the shear stress sustained on the grout/rock interface. The 
interface between the rock and grout annulus is much weaker than the rock or grout 
surrounding it. Shear stress will develop along that interface and hence sliding will occur. 
If the shear stress along the interface exceeds the interface strength, failure will occur. 
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 Figure 8.18  Relationship between bolt diameter and maximum bolt loa
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 Figure 8.19  Relationship between bolt diameter and maximum bolt shear loa
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 Figure 8.20 Relationship between bolt diameter and maximum shear stress at

grout/rock interface 
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Accordingly, the condition of that interface is very important for the loading transfer 
mechanism. However, there are no direct measurements on the coefficient of friction of 
the grout/rock interface. Therefore, it was assumed that the friction coefficients at the 
grout/rock interface ranges from 0.25, which represents the coefficient of friction at the 
bedding planes to 1.0 which represents a complete and perfect bonding at the grout/rock 
interface. The following parameters were used for the model: 

 
• Friction coefficient of the bedding plane = 0.25 
• Overburden depth = 600 ft 
• Stress level = 3.0 
• Bolts = 4 ft long and 6/8-in in diameter 
• Roof geology I (the first layer is weak (700 psi), overlain by a strong layer (1,200 

psi)) 
• Friction coefficient at grout/rock interface = 0.25, 0.4, 0.5, 0.6, 0.75, 0.8, and 1.0 

 
Figure 8.21 shows the relation between the coefficient of friction along the 

grout/rock interface and the bolt axial load. Increasing the coefficient of friction at the 
grout/rock interface will increase very slightly the bolt axial load. The increase in the bolt 
axial load is significant when the coefficient of friction increases bolt axial load slightly. 
Increasing the coefficient of friction at the grout/rock interface will increase the shear 
stress on that interface. Consequently, more loads will be transferred from the 
surrounding rock to the fully grouted bolts. 

 
Figure 8.22 shows the relation between the coefficient of friction along the 

grout/rock interface and the bolt shear load. Increasing the coefficient of friction at the 
grout/rock interface will decrease the bolt shear load. The decrease is more pronounced 
when the coefficient of friction is increased from 0.25 to 0.75. Further increase will only 
slightly affect the maximum shear load. 

 
Figure 8.23 shows the relation between the coefficient of friction along the 

grout/rock interface and the shear stress on it. Increasing the coefficient of friction at the 
grout/rock interface will increase the shear stress. The increase in the shear stress is 
significant when the coefficient of friction increases from 0.25 to 0.5. But, further 
increase in the coefficient of friction increases the shear stress only slightly. Increasing 
the coefficient of friction at the grout/rock interface will increase the shear stress on that 
interface. Consequently, more shear stress will develop on that interface.  
 
8.3.3 Summary 
 
8.3.3.1 Fully Grouted Bolt Behavior 

From the above study for the parameters that affect the loading behavior of the 
fully grouted bolt, the amount of internal bolt loads is governed by three sources: 
 

(1) The Deformation Occurred in the Immediate Roof 
The deformation occupied in the immediate roof is highly correlated with the 

roof geology, overburden depth and the location of bedding planes, and coefficient of  
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Figure 8.21  Relationship between coefficient of friction at grout/rock interface
and maximum bolt axial load 
 
 
 Figure 8.22  Relationship between coefficient of friction at grout/rock interface
and maximum bolt shear load 
 
Figure 8.23 Relationship between coefficient of friction at grout/rock interface and
maximum bolt shear stress distribution along it 
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friction along them. The internal loads of the fully grouted bolts are affected by both 
the vertical and horizontal deformations that occur in the immediate roof. The vertical 
deformation will generate axial bolt loads, while the bolt shear loads is mainly caused 
by the horizontal movement.  

 
(2) The Stresses Induced in the Immediate Roof 

As the in-situ horizontal stress increases, a higher induced horizontal stress is 
developed in the immediate roof and a greater normal pressure is applied to the 
grout/rock interface. Therefore, a higher axial bolt load will be developed due to the 
increase of the induced pressure at the grout/rock interface. It was observed that more 
shear loads were developed by increasing the stress level. 
 
(3) Bolt Properties 

The bolt parameters such as bolt diameter, bolt length and coefficient of 
friction along the grout/rock interface control the amount of bolt loading by different 
mechanisms. The induced normal pressure at the grout/rock interface depends on the 
coefficient of friction along the grout/rock interface. Increasing the values of this 
parameter will lead to an increase in the induced shear stress at the grout/rock 
interface. Therefore, more interaction between the bolt and the surrounding rock will 
be developed. After considering the influence of increasing the bolt diameter, the 
system strength will increase too. By increasing the system strength the deformation 
of the bolted area will decrease and as a result less internal loads will develop in the 
fully grouted bolt. Beam building concept was very obvious when different bolt 
lengths were studied. The longer the bolt, the thicker the beam that was created by the 
fully grouted bolt and as a result less deformation is expected in the immediate roof 
and more stability will occur.  

 
8.3.3.2 Failure Modes 

From the result of analysis, the following failure modes could occur for the fully 
grouted bolt. 
 

(1) Bolt Axial Failure 
Bolt axial failure was not observed for the studied parameters. This could be 

explained by the values of the studied ranges of these parameters. The high ultimate 
strength and high modulus of elasticity of the steel bolt make it able to sustain large 
loads. This conclusion matches with the field observation where actual cases are 
reported for bolt axial failure. 
 
 
(2) Bolt Shear Failure 

It was found that the bolt shear failure could happen in case of high 
overburden depth and the existence of bedding planes at 2 to 3 ft from the roofline. In 
this case, a high bolt shear load is developed and could exceed the ultimate shear 
capacity of the bolt. Because sliding along any bedding plane intersecting the bolt is 
the main reason for the induced shear bolt load, a low coefficient of friction along the 
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bedding plane will maximize the sliding that could occur and hence the possibility of 
bolt shear failure will increase. 
 
(3) Grout/Rock Interface Failure 

It was found that, the shear stress at the grout/rock interface is affected by the 
roof geology. In case of weak immediate roof, the shear stress at the grout/rock 
interface could exceed its shear capacity and shear failure occurs causing bolt 
slippage. As a result, in case of weak immediate roof the grout/rock interface controls 
the failure mechanism of the fully grouted bolt system. 

 
8.3.4 Bolt Stability Measures

 
Bolt shear failure and grout/rock interface failure are the common two types of 

failures that could occur for the fully grouted bolt. The measures for evaluating bolt 
stability are: bolt shear load safety factor (BSHL_SF) and interface shear stress 
(ISHS_SF) and can be calculated as follows: 
 

 

 
 
8.4 Evaluation of Roof Stability 
  

There are many factors that can affect roof stability, such as locations of b
planes, roof strata sequence, in-situ horizontal stresses, overburden depth, an
parameters. So, in order to develop a successful design and roof stability 
technique for underground coal mines, the effects of these factors on the
distributions and roof stability are discussed by using the numerical modeling resul
 
8.4.1 Roof Stability Measures

01.loadshearbolt/strengthultimateshearSF_BSHL >=  

01.loadshearerfaceint/strengthshearerfaceintSF_ISHS >=  

 
In order to evaluate the roof stability, the following roof stability measu

used.  
 
8.4.1.1 Roof Safety Factor 

The roof safety factor is introduced to measure the ability of the roof to re
shear failure. In addition the tension cut-off is considered in the calculation of the 
measure the ability of the roof to resist tensile failure. In this study, roof lay
assumed to follow the Mohr-Coulomb failure criterion. The stability of the imm
roof is estimated by calculating the safety factor for the bolted area of the immedia
The following formula will be used in calculating the RSF: 
 

When σ3 > σt      ( ) 13 σσσ /KRSF C ×+=  

1σσ /RSF t=  
 
                                      When σ3 < σt      
(8.2)
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where, σc = the uniaxial compressive strength of the rock, σt = the tensile strength of the 
rock, σ3 and σ1 = the induced minimum and maximum principal stresses, and K = the 
triaxial strength factor 
 
8.4.1.2 Roof Deflection (RD) 

Excessive roof deflection is considered one of the major causes of roof failure in 
underground coal mines. After excavation the immediate roof of the entry will sag in 
response to rock weight and separation along the bedding planes. In order to establish a 
deflection based stability criterion that assesses roof stability from the deformation point 
of view, a critical deflection value needs to be determined. Based on experience in the 
Pittsburg coal seam the maximum allowable deflection value, for the immediate roof, 
should be less than 1.1 in (Chen, et al., 2003) (30). 
 

As part of a parametric study, the roof deflection will be estimated for the study 
cases as one of the stability measures. The roof stability is determined by comparing the 
estimated roof deflection with the allowable roof deflection. 
 
8.4.1.3 Roof Weighted Plastic Strain (RWPS) 

The roof weighted plastic strain for the immediate roof is estimated as follows: 
 

( ) BEE A/APRWPS ∑ ×=  
  
where, PE = the plastic strain at the center of each element, AE = the element area, 
= the roof area with width = entry width and height = bolt length.  
 

The above expression illustrates that the immediate roof stability depends
extent of yielded roof area and the magnitude of plastic strain developed in
elements of the bolted area. RWPS is used as a relative measure for immedia
stability. There is no available critical value for RWPS. But it can be used to differ
the stability of different roof conditions/designs. Figure 8.24 shows two d
immediate roofs with different plastic strain distribution. Despite of the small 
area in Figure 8.24 (a) as compared to Figure 8.24 (b), case (a) could be less stab
has higher magnitude of plastic strain. 
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Figure 8.24  Different immediate roofs with different plastic strain distribution
(a) Case (a)
 (b) Case (b)
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8.4.2 Numerical Model
 

Typical geological and mining conditions for the Pittsburg seam were used 
(Figure 8.25). A three entry system was used in which the entry width is 18 ft, the coal 
seam is 8 ft thick, and the mining height is 7 ft. The bolt spacing is 4 ft between bolts 
with side bolts 3 ft from the respective pillar rib. The pillar is 80 × 160 ft center to center. 
The bolt length and diameter are 8 ft long and 3/4 in, respectively. The overburden 
thickness is 600 ft. The immediate roof is layers roof with two prominent bedding planes. 
The mechanical properties for the rock, bolt and resin used in the model are listed in 
Table 8.2.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Rock Type 
Yo
M

(× 1

Sandstone 
Sandyshale 
Claystone 
Blackshale 
Grayshale 
Siltyshale 

Coal 
Limestone 

Resin Grout 0
Steel 

 

Figure 8.25  Geological column and entry details
t 
Table 8.2 Mechanical properties for rock, bolt and resin grou
166

ung’s 
odulus 
06 psi) 

Poisson’s 
Ratio 

Uniaxial 
Compressive 

Strength 
(psi) 

Strength 
Used in 
Models 

(psi) 

Unit 
Weight 
(lb/ft3) 

Internal 
Friction 
Angle   

(°) 
2.95 0.15 13,000 3,250 167.0 35 
1.00 0.20 10,000 2,500 160.0 33 
0.80 0.27 2,400 600 155.0 28 
0.30 0.27 3,000 750 150.0 29 
0.68 0.27 4,800 1,200 150.0 29 
0.68 0.27 4,800 1,200 150.0 29 
0.36 0.34 3,600 900 87.6 28 
2.50 0.30 10,000 2,500 165.0 31 
.435 0.25     

29.0 0.30     
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The global model is used to analyze the overall response of the rock mass while 
the sub-model is to analyze the local response around the entry. The sub-model is linked 
with the global model by displacement. The total width of the global model is 1,214 ft 
and height of 191 ft as shown in Figure 8.26. 

 
Using ABAQUAS, four models have been conducted to simulate the effect of 

fully grouted bolts in the immediate roof during development as shown in Table 8.3. The 
horizontal-to-vertical stress ratio is 3 and the horizontal stress is applied as an initial 
stresses in the models. The models are conducted with and without bedding planes 
activated to study the effect of bedding planes. Two bedding planes are located in the 
models, at distance of 3 ft and 14 ft, respectively, from the roofline. The model of 
bedding planes is the same as Chapter 7. The Mohr-Coulomb failure criterion is also used 
as a yield criterion for rock strata.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

( y 
(  
c) Detail of the middle entr

a) Three-entry development
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Figure 8.26  Models for the fully grouted bolt system
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Table 8.3  Factors considered in the four models
Model No. Bolt Installed Bedding Planes Activated 
1 No No 
2 Yes No 
3 No Yes 
4 Yes Yes 
168

ing Planes/Fully Grouted Bolt Installation on Roof Behavior

bution around the Entry  
istribution in the Immediate Roof 
shows the vertical stress distribution in the immediate roof for the 
ears that in case of model No.1 where no fully grouted bolts are 
ding planes are not activated (Figure 8.27 (a)), there is vertical stress 
 pillar corners within one foot of the rib side. The vertical stress is 
entral area of the immediate roof. In Figure 8.27 (b) after the fully 
been installed, the vertical stress increases considerably within the 
ximum stress concentration at the pillar corners is reduced to half of 
from 1,200 psi to 600 psi).  In Figures 8.27 (c) and (d) the bedding 
d, it has the same trend as the case that bedding planes are not 
s concentration at the pillar corners is reduced from 1,000 psi to 600 

s Distribution in the Immediate Roof 
shows the horizontal stress distribution in the immediate roof for the 
ears that in case of model No.1 where no fully grouted bolts are 
dding planes are not activated (Figure 8.28 (a)), there is a horizontal 
 at the pillar corners within one foot of the rib side. The horizontal 
over the central area of the immediate roof. In Figure 8.28 (b), after 
lts are installed, the horizontal stress decreases significantly within 
 that above the pillar. The stress concentration near the rib reduces 
800 psi after the bolts are installed. In Figure 8.28 (c), where the two 
planes are activated, there is a high horizontal stress concentration at 
ially near the first bedding plane. Figure 8.28 (d) shows the effect of 
on horizontal stress distribution in the immediate roof. The bolts 
oncentration everywhere in the first layer and relieve the stress 
d the first bedding plane.  

tribution in the Immediate Roof 
shows the shear stress distribution in the immediate roof for the four 
hat in case of model No.1 where no fully grouted bolts are installed 
lanes are not activated (Figure 8.29 (a)), there is a shear stress 
 pillar corners within one foot of the rib side, and the shear stress 
 values over the central area of the immediate roof. Figure 8.29 (b)  
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Figure 8.27  Vertical stress distributions over the entry 

(a) Model No. 1 (b) Model No. 2 

(c) Model No. 3 (d) Model No. 4 
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Figure 8.28  Horizontal stress distributions over the entry
(a) Model No. 1
170
(b) Model No. 2
(c) Model No. 3
 (d) Model No. 
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Figure 8.29  Shear stress distributions over the entry
(a) Model No. 1
171
(b) Model No. 2
(c) Model No. 3
 (d) Model No. 
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shows the effect of the fully grouted bolts 
roof. The shear stress is reduced everywhere 
from 600 psi to 300 psi. When the bedding planes
a shear stress concentration at the pillar corn
comparing with Figure 8.29 (a). The sliding 
the shear stress to release from the first laye
values near the center of the imme
grouted bolts on shear stress distribution in th
first layer reduces and it decreases from

 
 

surrounding strata and the rigidi
surrounding strata and alter stress distri
significantly. The fully grouted bolts can streng
much higher than those of the surrounding strata. 
 
8.4.3.2 Plastic Strain Distribution around the Entry 

The magnitude and distribution of the plastic strain in the immediate roof are 
important factors for determining the roof stability. The results can indicate which part of 
the roof is yielding and where the roof bolts are needed. Figure 8.30 shows the plastic 
strain distribution in the immediate roof for the models with the bedding planes activated 
before and after the fully grouted bolts are installed. Figure 8.30(a) shows the plastic 
strain is distributed over the first layer and concentrated around the first bedding plane. 
The magnitude of the plastic strain is higher near the pillar corners than that of the entry 
center. The magnitude of the plastic strain is much higher near the first bedding plane 
location. Above the four feet horizon in the immediate roof, there is no indication of 
yielding. Figure 8.30 (b) shows the effect of fully grouted bolts on both the magnitude 
and distribution of the plastic strain in the immediate roof. The plastic strain in the 
yielding zone has been decreased to much lower values when the fully grouted bolts are  
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especially at the pillar corner. It reduces 

 are activated (Figure 8.29 (c)), there is 
ers but its magnitude has been reduced 

and separation along the bedding plane cause 
r. Moreover, the shear stress reduces to low 

diate roof. Figure 8.29 (d) shows the effect of fully 
e immediate roof. The shear stress at the 

 500 psi to 200 psi at the pillar corner. 

In summary, due to full contact between the fully grouted bolts and the 
ty of the bolts, the fully grouted bolts take loads from the 

bution in the roof and above the pillar 
then the roof because their stiffness is 
(a) Without fully grouted bolt
172
(b) With fully grouted bolts
 
Figure 8.30  Effect of fully grouted bolt on yield zone
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installed. The plastic strain has been reduced by 80 %
33 % near the entry corner. The reduction on the p
caused by the fully grouted bolt installation, will stren
 
8.4.3.3 Vertical Deformation in the Immediate Roof 

Figure 8.31 shows the vertical displacement i
with the bedding planes before and after the fully gro
displacement is larger toward the entry center and be
roof. Figure 8.31 (a) shows the vertical displacement
no bolt is installed. When the fully grouted bolts are i
it can be seen a reduction in vertical displacement 
immediate roof to approximately 60 % above the fi
vertical displacement will enhance the stability of the
 
8.4.3.4 Separation and Sliding along the Bedding Plan

Separation along the bedding planes will occu
tensile stress perpendicular to its surface, and sliding
the bedding plane exceeds its shear strength (Guo &
and (b) show sliding occurs along the first and seco
sliding along the first bedding plane is greater than th
bedding plane is the closest to the roofline. The ma
the pillars and tends to be minimal at the entry cent
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Figure 8.32 (c) shows the separation that occurs on 
fully grouted bolts maximum separation occurs at th
close to the pillar. It is obvious that the separation 
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Figure 8.31  Effect of fully grouted bolt on vertical displacement
(a) Without fully grouted bolt
 near the first bedding plane and by 
lastic strain in the immediate roof, 
gthen the roof. 

n the immediate roof for the models 
uted bolts are installed. The vertical 
comes smaller going father into the 

 occurs in the immediate roof where 
nstalled, as shown in Figure 8.31 (b), 
from 75 % in the first foot of the 
rst bedding plane. The reduction in 
 immediate roof. 

es  
r if the bedding plane is subjected to 
 will occur when the shear stress on 
 Peng, 1991) (31).  Figures 8.32 (a) 
nd prominent bedding planes. The 
at along the second one, as the first 

ximum value of sliding occurs near 
er. After the fully grouted bolts are 
reases significantly (Figure 8.32 (a)).  
the first bedding plane. Without the 
e entry center and tends to be zero 
is, after the fully grouted bolts are 
erated within the bolts increase the 

ion. 
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 Figure 8.32  Effect of fully grouted bolts on sliding and separation along bedding plane
 

 

(a) Sliding along first bedding plane
(b) Sliding along second bedding plane
(c) Separation along first bedding plane
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8.4.3.5 Roof Stability Measures 
For models No.3 and No.4, the estimated roof safety factors are 2.15 and 3.85, 

respectively. It is obvious that the installation of the fully grouted bolt leads to the 
increase of RSF by 79 %. The maximum deflection, at the center of the entry decreases 
from 4 in to 1.1 in. Figure 8.31 shows the hatched area which has a deflection values 
exceed the allowable roof deflection (= 1.1 in). In case of the unsupported roof, Figure 
8.31 (a) shows a large unstable area whereas Figure 8.31 (b) shows a very small wedge 
area of the roof has a deflection value exceeding the allowable one. By installing the fully 
grouted bolts, the RWPS decreased from 1.06 to 0.715, which means that the installation 
of the fully grouted bolt increases the roof stability. 
 
8.4.4 Effect of Bedding Planes on Roof Behavior  
 

Rock masses in nature contain several types of discontinuities such as joints, 
faults and bedding planes. These discontinuities affect the roof stability strongly, 
especially after the excavation of entries in underground coal mines. In order to 
investigate the effect of bedding plane, several models have been conducted. In these 
models, overburden thickness was 400 ft and the stress ratio was 3. Grade 60 and 8 ft 
long bolts were used. The bedding plane location varied between 1, 2, 3, 4, 6, and 8 ft as 
measured from the roofline. Moreover, the coefficient of friction also varied between 0.2, 
0.25, 0.3, 0.35, 0.4, and 0.5.  
 
8.4.4.1 Effect of Bedding Plane Locations 
(1) Effect on Stress Distribution 

Figure 8.33 shows the effect of bedding plane location on the vertical stress 
distribution in the immediate roof. Due to the separation occurred along the bedding 
plane, the vertical stress releases at the center of the immediate roof and concentrates at 
the entry corner. Increasing the distance of bedding plane from the roof line will reduce 
the separation along the bedding plane. Consequently, more vertical stress will transfer to 
the first layer causing an increase in the vertical stresses at the entry center and corners.  

 
Figure 8.34 shows the effect of bedding plane location on the horizontal stress 

distribution in the immediate roof. The horizontal stress increases by increasing the 
distance from 1 to 3 ft of the roof line. Whereas, the magnitude of the induced horizontal 
stress does not change when the bedding plane is located more than 3 ft from the roof line 
but distribute over a large area. 

 
Figure 8.35 shows the effect of changing the bedding plane location on the shear 

stress distribution in the immediate roof. The shear stress zone increases with increasing 
distance of bedding plane. Increasing the distance of bedding plane from the roof line 
from 1 to 3 ft leads to increase in the shear stress at the entry corners. On the other hand,  
when bedding plane goes farther than 4 ft from the roofline, the shear stress area 
increases but its magnitude does not change much.  
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(a) Location of bedding plane = 1ft (b) Location of bedding plane = 2ft 

(d) Location of bedding plane = 4ft (c) Location of bedding plane = 3ft

(e) Location of bedding plane = 6ft (f) Location of bedding plane = 8ft

Figure 8.33  Effect of bedding plane location on vertical stress distribution 
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(e) Location of bedding plane = 6f
 (f) Location of bedding plane = 8f
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Figure 8.34  Effect of bedding plane location on horizontal stress distributio
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Figure 8.35  Effect of bedding plane location on shear stress distribution
 (a) Location of bedding plane = 1f
178
(b) Location of bedding plane = 2f
 (c) Location of bedding plane = 3f
 (d) Location of bedding plane = 4f
 
 
(e) Location of bedding plane = 6f
 (f) Location of bedding plane = 8f
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Figure 8.36  Sliding along bedding planes at different locations
 Sliding along Bedding Plane 
re 8.36 shows the sliding along the bedding plane at different locations 
m the roofline. Sliding has maximum values near the rib sides and reduces 
 entry center. Sliding along the bedding plane decreases as the bedding plane 
into the roof. Sliding along the bedding plane starts to decrease significantly 
dding plane is located at more than 3 ft from the roofline. When the bedding 
ted at more than 6 ft from the roofline sliding becomes very small. Therefore, 
e bedding plane to the roofline, the more it affects the stress distribution 
mediate roof and bolt load. 

t of Coefficient of Friction  
re 8.37 shows the effect of different coefficient of friction on the bedding 
. It can be seen that sliding along the bedding plane decreases when the 

of friction increases. Besides, increasing the coefficient of friction will  

 
Figure 8.37  Sliding along bedding planes at different friction coefficients
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increase the shear stress along it. Table 8.4 summaries the effect of different coefficient 
of friction on the stress distributions in the immediate roof. When sliding along the 
bedding planes decreases, the horizontal stress concentration around the bedding plane 
and its magnitude within the center of the entry decreases. 

 
Table 8.5 shows that increase the coefficient of friction improves the roof stability. 

When the coefficient of friction along the bedding plane increases, separation will 
decrease, thereby the deflection of the immediate roof decreases. When the bedding plane 
is located at distance more than 3 ft from the roofline, the change in the coefficient of 
friction has little effect on the roof stress distribution.  
 
8.4.5 Effect of Strata Sequence on Roof Stresses

 
Because the fully grouted bolt is a passive support, its supporting mechanism is 

generated by roof strata movements. Therefore, the mechanism of a fully grouted bolt is 
strongly related to the geological conditions in which the bolt is installed. In order to 
investigate the stresses and yield distribution in the immediate roof, four models with 
different strata sequences and strengths have been conducted in the same way as in 
Section 8.3. A bedding plane is located at 3 ft from the roofline with a coefficient of 
friction 0.25. The overburden is 600 ft thick and the stress ratio is 3. The bolts are 4 ft 
long and 6/8-in in diameter. The rock mechanical properties of the four possible 
geological combinations of the immediate roof are shown in Table 8.1.  

Table 8.5  Effect of coefficient of friction at roof stability measures 

Coefficient of 
friction RSF RD (in) RWPS 

0.20 2.05 1.24 1.21 
0.25 2.86 0.99 1.09 
0.30 2.98 0.87 0.89 
0.35 3.18 0.65 0.74 
0.40 3.25 0.52 0.64 
0.45 3.39 0.37 0.53 

Table 8.4  Effect of coefficient of friction at bedding plane on the stress 
distribution of the roof 

Coefficient of 
friction 

Horizontal stress 
(psi) 

Vertical stress 
(psi) 

Shear stress  
(psi) 

0.20 1,460 375 175 
0.25 1,410 420 190 
0.30 1,362 465 225 
0.35 1,310 510 245 
0.40 1,265 555 270 
0.45 1,215 600 300 
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8.4.5.1 Effect on Stress Distributions 
Figure 8.38 shows the vertical stress distribution in the immediate roof under 

different strata sequences. Comparing the vertical stress in the immediate roof of roof 
geology I and II, it is obvious that the magnitude of vertical stress in roof geology II is 
smaller than that in roof geology I. Moreover, the developed maximum axial load in the 
fully grouted bolts in roof geology II is much higher than that in roof geology I as 
mentioned in Section 8.3. When vertical deformation occurs in the first layer or 
separation occurs at the bedding plane, the fully grouted bolts will transfer from the 
passive to active bolts. As a result, vertical stress is generated in the first layer and the 
roof stability is increased. On the other hand, in the case of roof geology III, there is a 
released stress area extending to 6 ft from the roof line. Moreover, as mentioned in 
Section 8.3, it is obvious that the developed maximum axial load in the fully grouted 
bolts is small. These results indicate that the vertical displacement in the first layer and 
the separation along the bedding plane is very small. As the vertical stress distribution is 
very similar to the one without the fully grouted bolts, no vertical stress needs to be re-
built in that layer. It is obvious that both magnitudes of vertical stress and developed axial 
load in fully grouted bolts in roof geology IV are the highest. This indicates that the 
deformation occurred in both roof layers in roof geology model IV is the largest among 
the four geologies types analyzed. 

 
Figure 8.39 shows the horizontal stress distribution in the immediate roof under 

different strata sequences. Comparing the induced horizontal stresses in roof geology I 
and II, it is obvious that there are more deformations in roof geology I than that in roof 
geology II., and as a result more release in the horizontal stress occurs in the immediate 
roof of geology I. On the other hand, comparing roof geology III and IV, the induced 
horizontal stress in the immediate roof of geology III is much larger than that in geology 
IV. There is more deformation occurs in the roof geology IV, so larger release in the 
induced horizontal stress. 

 
Figure 8.40 shows the shear stress distribution under different strata sequences. 

Comparing the magnitude of shear stress at the entry corner for roof geology I and II, it is 
obvious that the shear stress in roof geology I is smaller than that in roof geology II. The 
deformation occurred at the first layer of roof geology I, which is weaker than the first 
layer of roof geology II, cause the shear stress to release from the entry corner. On the 
other hand, comparing the magnitudes of shear stresses of roof geology III and IV, it is 
obvious that the highest shear stress occurs at roof geology III which has the lowest 
deformation. 
 
8.4.5.2 Effect on Equivalent Plastic Strain Distribution 

Figure 8.41 shows the plastic strain distribution under different strata sequence. 
The extent of the yielding area is directly related to the roof geology and strata sequence. 
Figure 8.41 (a) shows the yield zone in the immediate roof of geology I, in which the 1st 
layer is weak and overlain by stronger one. The plastic strain occurs only in the first layer. 
Figure 8.41 (b) shows the plastic strain distribution in roof geology II in which the first 
layer is strong. The plastic strain occurs only at the entry corners. There is a small amount 
of plastic strain between 3 and 6 ft from the roof line. In roof geology III, there is no  
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Figure 8.38  Effect of different strata sequence on vertical stress distribution
(a) Roof Geology I
182
(b) Roof Geology II
(c) Roof Geology III
 (d) Roof Geology IV
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Figure 8.39  Effect of different strata sequence on horizontal stress distribution
(a) Roof Geology I
183
(b) Roof Geology II
(c) Roof Geology III
 (d) Roof Geology IV
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Figure 8.40  Effect of different strata sequence on shear stress distribution
(a) Roof Geology I
184
(b) Roof Geology I
(c) Roof Geology III
 (d) Roof Geology IV
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 Figure 8.41  Effect of different strata sequence on equivalent plastic strain distribution
 

 

(a) Roof Geology I
185
(b) Roof Geology I
(c) Roof Geology III
 (d) Roof Geology IV
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Table 8.6  Roof stability measures for different roof geology

Roof type RSF RD (in) RWPS 

I 3.02 0.95 0.90 
II 4.42 0.46 0.45 
III 4.89 0.34 0.24 
IV 1.24 1.54 1.45 
186

 over the roof, except a very small value close to the entry corner. 
he plastic strain is found over a large area in roof geology IV. 

tability  
8.6 shows the effect of different strata sequence on the roof stability 

e roof geology IV has the lowest roof safety factor and the highest roof 
d weighted plastic strain. Whereas, the roof geology III has the highest 
and the lowest roof deflection and weighted plastic strain. The roof 
eology IV exceeds the allowable roof deflection which is 1.1 in. 

f Different Bolt Lengths on Roof Behavior

so important to choose a sufficient bolt length in order to achieve good and 
ign. So, in order to investigate the effect of different bolt lengths on roof 
rent models with different bolt lengths, i.e. 3, 4, 5, and 6 ft, were conducted.  

 on Vertical Displacement 
 8.42 shows the effect of installing different bolt lengths on the roof vertical 
 The roof deflection decreases from 1.4 in to 0.6 in when the installed fully 
ength increases from 3 ft to 6 ft. it is obvious that increasing the bolt length 
ive in reducing the roof deflection. From the beam theory point of view, 
lt length increases beam thickness. Beam building concept is a major 
anism in underground mines where the fully grouted bolts are installed. Due 
tact between the fully grouted bolts and the surrounding rock, the roof will 
ger and can resist both horizontal and vertical displacement.  

 on Plastic Strain 
 8.43 shows the effect of installing different bolt lengths on the roof plastic 
e size of yielded area and magnitude of plastic strain decrease significantly 
longer fully grouted bolts. Increasing the bolt length will bind more roof 
r which will enhance the roof strength by increasing its flexural stiffness. 

ilure Modes

 models that represent different geological conditions, a high stress level 
to the roof and shear failure was expected. Based on the plastic strain 
or different geological conditions, four shear failure zones with different 
es are estimated as shown in Figure 8.44. 
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(b) Bolt length = 4ft (a) Bolt length = 3ft 

(c) Bolt length = 5ft (d) Bolt length = 6ft 

Figure 8.43  Effect of different bolt lengths on roof plastic strain distribution 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) Bolt length = 4ft (a) Bolt length = 3ft 

(c) Bolt length = 5ft (d) Bolt length = 6ft 

Figure 8.42  Effect of different bolt lengths on roof vertical displacement 
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1 
(a) Failure mode No.
 
(b) Failure mode No.2
 

3 
Figure 8.44  Different modes of failure for different roof types
(c) Failure mode No.
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8.4.7.1 Shear Failure Mode No.1 (Roof Geology I) 
For this type of roof condition, the entry corners are the weakest part because of 

the stress concentration and high magnitude of plastic strain as shown in Figures 8.38 (a) 
to 8.41 (a), i.e. roof failure could be initiated from there. A large yielded area extends 
through the first layer (the weakest layer). The second layer is in elastic stage as no 
yielding occurs in it as shown in Figure 8.41 (a). Failure could occur at the first layer and 
stop by the second one as shown in Figure 8.44 (a).  
 
8.4.7.2 Shear Failure Mode No.2 (Roof Geology II) 

This type of failure could occur in a roof where the first layer is stronger than the 
overlying one. Based on the plastic strain distribution shown in Figure 8.41 (b), there is 
plastic strain concentration at the entry corners and extend for about 0.75 ft from the roof 
line. There is no yield occur at the part of the roof near the roof line around the entry 
center and until 3 ft height from the roof line, which means the rock material is still in 
elastic state. Accordingly, a minor failure could occur close to the entry corner as shown 
in Figure 8.44 (b).   
 
8.4.7.3 Skin Failure at Entry Corners (Roof Geology III) 

Based on the plastic strain distribution of roof type III (Figure 8.41 (c)), there is a 
very small part of the roof close to the entry corners that has been yielded with a small 
magnitude of plastic strain, while the majority of the roof was in elastic conditions. At the 
entry corners only skin failure could occur. 
 
8.4.7.4 Shear Failure No.3 (Roof Geology IV) 

For this type of roof conditions, where the roof material is weak, plastic strain and 
a large yielded area extends throughout the immediate roof as shown in Figure 8.41 (d). 
As a result failure could initiated from the entry corners and extend through the rest of the 
roof causing arch shape failure as shown in Figure 8.44 (c). 
 
 
8.5 Design Guidelines for Fully Grouted Roof Bolts 
 

Design of the fully grouted bolts should consider the stability of both roof and 
bolts. Moreover, different modes of failure of the roof and fully grouted bolts should be 
considered in order to obtain a suitable design. Based on the analysis results, regression 
equations were established in order to estimate the roof and bolt stability. According to 
the geological type (I, II, III, and IV) discussed in this chapter, three types of regression 
equations are developed. Four regression equations were developed for each type of roof. 
These equations can estimate the roof and bolt stability measures. The stability measures 
for the roof are: bolt shear load safety factor, or grout/rock interface safety factor. The 
controlled variables are roof type, overburden depth, bolt length, bolt diameter, and entry 
width. 

 
According to the analysis results, the fully grouted bolt is mainly subjected to 

axial loads, shear loads, and bending moments. In addition, there will be shear stress at 

 189
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the grout/rock interface. The fully grouted bolt plays important roles in supporting the 
immediate roof of underground coal mines due to the following reasons: 

) Because of the full contact of the fully grouted bolt with the surrounding rock 
and its stiffness, the fully grouted bolt is able to increase the rock stiffness by 
joining the roof layers together – beam building effect. The deformations 
result from sliding and separation along the bedding planes and roof sagging, 
are reduced due to the increase of roof stiffness. 

) The fully grouted bolts restore the entry center to a triaxial state of stress by 
increasing its vertical stress at the relieved zone area at the entry center. 
Therefore, the rock strength can be increased by increasing the vertical stress 
in the stress relieved zone and providing the roof with vertical confinement.  

) The fully grouted bolt reduces the potential for shear failure because it reduces 
the shear stress concentration at the entry corners where the failure starts. 

) The fully grouted bolt fills up the hole such that the shear stiffness of the 
grout/rock interface resists the developed shear displacement along the 
bedding plane.  

 
 is obvious that reinforcement of the fully grouted bolts is passively generated 

by rock movements. Therefore, the effect of fully grouted bolt is closely related to the 
geological conditions of the roof strata.  
 
8.5.1 Design Procedures
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igure 8.45 shows the design procedures for the fully grouted bolts. The proposed 
design procedures for the fully grouted bolts consist of three main steps. In the first step 
the roof is classified based on the Young’s modulus of the first and the second roof layers. 
A set of regression equations, to estimate the roof and bolt stability measures, are 
assigned for each roof type. 

ased on the defined roof type in Step 1, the roof and bolt stability measures are 
estimated for a given entry width, overburden depth, and an assumed values of bolt 
length and bolt diameter in Step 2. 

 Step 3, the estimated roof and bolt stability factors are compared with the 
corresponding critical values. If the comparison shows a safe roof and bolt conditions, the 
assume  values for bolt length and bolt diameter will be accepted as appropriate bolt 
design. Otherwise the bolt length and/or the bolt diameter are increased. And Step 2 and 
Step 3 will be repeated with the new values of bolt length and diameter. These procedures 
will repeat until a safe roof and bolt design are obtained. 
 
8.5.1.1 Roof Classification and Possible Type of Roof Failures 

s demonstrated earlier the stability of roof or bolt is mainly affected by the roof 
geology. A successful design for the fully grouted bolt should consider different roof 
types. Hence, the design criteria for the fully grouted bolting should vary according to 
roof conditions.  
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Roof type I represents a weak layer overlain by a relatively strong one. In this 
roof type the Young’s modulus of the first layer is less than four times that of the coal. 
Finite element modeling was used to investigate the effect of bolt parameters, entry width 
and overburden depth on the stability measures of roof type I. From the possible failure 
modes, the bolt length for the design formulas can be estimated. For failure mode No.1, 
which is based on roof type I, the failure will start from the entry corners followed by the 
yielded area extending throughout the first layer (weakest layer) and then stopped at the 
second layer (the strongest one). For this kind of roof failure, the fully grouted bolt is 
designed to suspend the weak layer to the overlain strong layer. In this case the fully 
grouted bolts will carry the dead weight of the first layer. Hence, the bolt length will be 
equal to the height of the first layer plus 1-ft.  

 
Roof type II, which represents a strong layer overlain by a relatively weak one. In 

this kind of roof, the Young’s modulus of the first layer is more than four times and less 
than eight times that of the coal, whereas that of the second layer is less than four times 
that of the coal.  From the failure mode No.2 discussed in the previous section, which is 
based on roof type II, a small failure occurs at the entry corners, the roof of which is still 
in elastic conditions. For this kind of roof, the bolt length should be equal or more than 
the thickness of the first layer. However, the bolt length needed by roof type II is much 
shorter than that needed by roof type I. 

 
Roof type IV, which represents a very weak immediate roof for the first and the 

second roof layers, is very often encountered in the U.S. underground coal mines. In this 
kind of roof, the Young’s modulus of the first and second layers is less than four times 
that of the coal. From failure mode No.3 discussed in the previous section for roof type 
IV, a large area of the roof will yield and failure will extend through the weak immediate 
roof. In this kind of roof, the strong main roof is not located within the bolting horizon of 
the fully grouted roof bolts. Therefore, application of the suspension theory is not a 
practical solution. Hence the beam building concept will be the supporting mechanism 
for that type of roof. Increasing the bolt length will increase the roof stiffness by 
decreasing the later and axial displacement developed in this roof type. Nevertheless, the 
bolt lengths needed by roof type IV is much longer than those needed by roof type I or II.  

 
For example, Figure 8.46 shows the roof safety factor and overburden depth under 

different roof types. It can be seen that the safety factor for roof type II is much higher 
than that for roof type I. Besides, comparing with the results of roof types I and II, the 
safety factor for roof type IV is low. 
 
 8.5.1.2 Regression Models 

Finite element analysis was conducted under several combinations of parameters 
for each roof type to estimate the stability measures of roof and bolt. For each roof type 
about 45 models were conducted with a total of 135 finite element models for three roof 
types. According to the stability analysis for roof and bolt, the stability measures have 
been determined for each model at different input parameters. 
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Linear regression analysis was performed by using JMP software (JMP4, 2000) 

(32). Equations 8.7, 8.8, 8.11, 8.12, 8.15, and 8.16 describe the relationship between 
overburden depth, entry width, bolt length and bolt diameter and roof stability measures. 
Equations 8.9, 8.10, 8.13, 8.14, 8.17, and 8.18 relate the overburden depths, entry width, 
bolt length, and bolt diameter to the bolt stability measures. All the numerical constants 
in these equations are regression constants. Though the regression analysis, the following 
regression equations are obtained: 
 
Roof Type I: 
 

 
Correlation coefficients for the above equations are 0.961, 0.944, 0.945 and
respectively. 
 
Roof Type II:

W.D.L.H..RSF ×−×+×+××−= − 2090362191010705594 4  
W.D.L.H..RD ×+×−×−××+−= − 11500111590103361630 4  

W.D.L.H..SF_BSHL ×−×+××+××−= −− 103042701045710192742 24  
W.D.L.H..SF_ISHS ××−×+×+××−= −− 24 103356270106010403521  

 
 

 
Correlation coefficients for the above equations are 0.965, 0.937, 0.959 and
respectively. 

 (ent  

W.D.L.H..RSF ×−×+×+××−= − 2510671282010738247 4  
W.D.L.H..RD ××+×−××−××+= −−− 224 10563467010756109622640  

W.D.L.H..SF_BSHL ××−×+××+××−= −−− 224 1080709110151010604222
W.D.L.H..SF_ISHS ××−×+×+××−= −− 24 105869600129010303252  
(8.7)

(8.8)
 

 

(8.9)
0.968, 

(8.10)
(8.12)

(8.13) 

(8.14)
(8.11)
Figure 8.46  Effect of roof type on roof safety factor 
ry width = 18 ft, bolt length = 4 ft, and bolt diameter = 6/8)
0.953, 
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Roof Type IV: 
 

 
Correlation coefficients for the above equations are 0.969, 0.954, 0.938 and
respectively. 
 
where, RSF = roof safety factor, RD = roof deflection (in), BSHL_SF = bolt sh
safety factor, ISHS_SF = grout/rock interface safety factor, H = overburden depth
= entry width (ft), L = bolt length (ft), and D = bolt diameter (in) 

 
Roof type III represents strong roof condition. The Young’s modules of t

layers are more than four times and less than eight times that of the coal. Th
analysis and plastic strain distribution for that kind of roof is discussed in the p
section. Based on this analysis, that type of roof can support itself. According to
regulations any coal mining activities should be done under a supported roof. Th
roof type III could have the minimum reinforcement. 
 
8.5.2 Design Limits

W.D.L.H..RSF ×−×+××+××−= −− 22908611015910702743 24  
W.D.L.H..RD ×+×−×−××+= − 1060081305010625141 4  

W.D.L.H..SF_BSHL ××−×+××+××−= −−− 224 109743911091710005021  
W.D.L.H..SF_ISHS ××−×+×+××−= −− 24 100457111670106053410  

 
The regression equations 8.7-8.18 are based on a limited number of finite 

models. Because of this limitation, the studied parameters were valid within
ranges. Therefore, these equations should be used within the range of the 
parameters.  
 
8.5.2.1 Overburden Depth 

During the analysis of the finite element models different overburden dept
used to simulate shallow and deep coal mines. The overburden depth that use
finite element models ranges from 400 to 1,200 ft.  
 
8.5.2.2 Entry Width 

There are three entry widths currently adopted by the Eastern U.S. unde
coal mines: 16, 18, and 20 ft. Due to the operational conditions, there is a speci
bolt patterns used in these mines. A bolt pattern 4, 4, 4 (bolt spacing in a row), 
(row spacing) is used for entry width 16 ft. a bolt pattern 3, 4, 4, 4, and 3 ft is u
entry width 18 ft. a bolt pattern 4, 4, 4, 4, and 4 ft is used for entry width 20 ft. T
entry widths that were used to obtain the above-listed regression equations are 18
ft. 
 
8.5.2.3 Bolt Length 

There are different bolt lengths that are used to support the roof in unde
coal mines. The smallest bolt length that could be used is 3 ft long. For the p
design formula the following bolt lengths were used: 3, 4, 5, 6, and 8 ft long. 
(8.15)
(8.18)
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8.5.2.4 Bolt Diameter 
Because the bolt stability is directly proportional to the bolt load capacity, under 

the same steel grade, bolt capacity increases with bolt diameter. The commons bolt 
diameters were used in the numerical modeling are 5/8, 6/8, and 7/8-in. 
 
8.5.2.5 Young’s Modulus of Roof Layer 

The Young’s modulus of roof was expressed as a ratio of the Young’s modulus of 
the coal seam. The ratio ranged from 1 to 8. 
 
8.5.2.6 Models Constants 

During numerical analysis, some parameters were held constants. The mining 
height was 7 ft. The friction coefficient along the bedding planes was 0.25. The hole 
roughness represented by the coefficient of friction at the grout/rock interface was 0.5. 
The horizontal stress applied to the models was three times the vertical stress. The hold 
diameter was 1 in. The resin properties were constants during the finite element analysis 
and represented by the Young’s modulus of the resin. 
 

 

different roof failures. 
 
8.5.3.1 Case Study Representing Roof Type I 

A case study representing a mine roof type I was studied. The immediate roof is 
composed of two types of rock; the first layer is dark gray shale whereas the second layer 
is light gray sandstone. Field observations showed that, there was no roof falls noticed at 
that mine and only skin failure was noticed. The overburden at the test site is 400 ft and 
the entry width is 20 ft. The 4 ft-long of fully grouted bolt with spacing 4, 4, 4, 4 (bolt 
spacing in a row), and 4 ft (row spacing) and a diameter of 3/4-in were installed. 

 
Table 8.7 shows the stability measures predicted by the regression equations 8.7 

to 8.10 for that roof type. It is noticed that the roof has a high safety factor, both the bolt 
shear load and interface shear stress safety factor are greater than one.  
 
8.5.3.2 Case Study Representing Roof Type IV 

A case study for cutters and massive roof falls was investigated (Peng, 1999) (33). 
Cutters and massive roof falls started as soon as the development began. The cutter roof 
initiated and developed into roof falls. The entry width was 18 or 20 ft wide. The 4 ft 
long fully grouted bolts (3/4-in in 1-in hole) were installed in 4 × 4 ft pattern with side  
 
 
 
 
 
 

Table 8.7  Stability measures for case study of Roof Type I 

Entry width (ft) RSF RD (in) BSHL_SF ISHS_SF 
20 2.63 1.00 1.20 1.21 

The development method for the fully grouted bolt design was verified by case 
studies. These case studies cover different types of roof including types I, II, and IV, and 

8.5.3 Verification of Proposed Design Guideline
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bolts 3-4 ft from the entry corners. The overburden depth varied from 160 to 435 ft deep. 
The immediate roof was 9-11 ft thick and weak because it consisted of laminated black 
and gray shale, and sandstone. The immediate roof was highly subjected to weathering. 
In some entries roof falls were 9 ft high measured from the roof line. No bolt failure was 
observed in this case. 

 
According to the description of roof failure and roof geology of that case study, 

the roof can be classified as roof type IV. Table 8.8 shows the stability measures 
predicted by the regression equations 8.15 to 8.18 for entry widths 18 and 20 ft.  It is 
obvious that the predicted roof deflection of entry widths 18 and 20 ft were greater than 
the permissible roof deflection suggested by Chen, et al, 2003 (30). On the other hand the 
safety factor for the fully grouted bolts was greater than 1.0 which means no bolt failure 
was expected. This prediction results are in good agreement with the underground 
observations. The roof safety factor was less than 1.0 in case of the entry width 20 ft. 

Table 8.8  Stability measures for case study of Roof Type IV 

Entry width (ft) RSF RD (in) BSHL_SF ISHS_SF 
18 1.27 1.30 1.29 1.20 
20 0.80 1.50 1.15 1.07 
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CHAPTER 9 
 

SUMMARY 
 
 
9.1 Prediction of Roof Geology                                                                                                                         
 

One of the main tasks of this research is to develop a method for predicting the 
roof geology based on the drilling parameters obtained during normal roof bolting 
operation. From the results of a series of laboratory and underground tests, a data 
interpretation methodology for identifying the geological features in the mine roof strata, 
for example the location and size of void/fracture and estimating rock strength, has been 
developed. In addition, a new software package, MRGIS, has been developed to allow 
mine engineers to make use of the large amount of roof drilling parameters for roof 
support design. 
 
9.1.1 Data Interpretation Methodology
  

A system of quantitatively detecting voids/fractures and estimating roof rock 
strength in the entry roof using roof bolter drilling parameters has been developed. From 
the results of a series of underground and laboratory tests, the following conclusions can 
be made: 
 
9.1.1.1 Effect of Drilling Setting and Machine Conditions on Drilling Parameters 

As the data collection system is designed not for prediction of roof geology but 
for drilling control, drilling parameters which can be measured are the parameters in the 
hydraulic systems. This means that the drilling parameters contain not only for drilling 
rock but also for running the machine itself. First of all, one needs to know how much the 
drilling parameters consumed for running the machine itself and how much impact 
different drilling settings and machine conditions have on it.  

 
The data for compensation runs make it clear that different drilling settings and 

machine conditions have no obvious impact on both the magnitude and trend of feed 
pressure consumed for running the machine. These results indicate that feed pressure 
curve is almost constant at any drilling settings and conditions. So, once feed pressure for 
compensation run is measured, it is easy to eliminate the effect of machine on feed 
pressure when drilling in rock. Moreover, it can be said that the magnitude of feed 
pressure reflects the strength of rock directly when drilling in rock. On the other hand, 
different rotation rates and machine conditions (ex. oil temperature) have obvious impact 
on the magnitude of rotation pressure. In addition, comparing with the data when drilling 
in rock, their impacts are too large to be ignored. Therefore, the effects of rotation rate 
and machine conditions have to be taken into account if the strength of roof rock is 
estimated based on the magnitude of rotation pressure. 
  
 
 

 197



Final Report                                                                                                                    DE-FC26-01NT41056 
 

9.1.1.2 Void/Fracture Detection 
From the drilling data, it can be seen that the feed pressure changes dramatically 

to form a valley around the location of a void/fracture. It is also recognized that the 
rotation pressure changes around the location of a void slightly. But the magnitude of 
change of rotation pressure is much smaller than that of feed pressure. The other drilling 
parameters do not change at the presence of voids. Therefore, it can be concluded that 
feed pressure is the most relevant drilling parameter for the existence of voids/fractures.  
 

When the penetration rate is controlled, the feed pressure tends to drop to the 
level of drilling in the air when a void is encountered. This is the major criterion for void 
prediction. But, it was also observed that sometime the bottom of feed pressure valleys do 
not reach the level when drilling in the air. Therefore, in order to enhance the prediction 
accuracy, a supplemental prediction criterion is developed considering not only the 
magnitude of feed pressure but also the shape of feed pressure valley. From the results of 
laboratory tests and underground tests, the prediction results show that a very high 
prediction percentage have been achieved for the 1/8-in or larger voids. But the 1/16-in 
void does not cause an obvious change in not only feed pressure but also all other drilling 
parameters. It seems that there is a limitation of the void size that can be detected by the 
current system. In other words, a void of 1/16-in or smaller cannot be detected by the 
system developed.  

 
Mining engineers are interested in not only the void location but also its size in 

the roof strata when designing roof supports. From the result of laboratory tests, it can be 
seen that the width of the plateau at the bottom of feed pressure valley is much closer to 
the size of the void. It can be considered that the larger the size of the void/fracture is, the 
more possible it is to form a plateau at their bottom of feed pressure valley and the more 
precisely it can be predicted. On the other hand, it seems to be difficult to determine the 
void size when it is smaller than 1/2–in. because of the resolution of bit position sensors. 
The resolutions of current bit position sensors are 0.1485 in and 0.1593 in for the two 
stages of mast feed, respectively. So, the accuracy of predicting the void size using the 
drilling parameters measured by the current data collecting system is too low to be 
acceptable for the voids smaller than 1/2-in.  
 
9.1.1.3 Estimation of Rock Strength 

From the drilling data, it can be seen that different strengths of roof rocks have 
obvious impact on the magnitude of feed pressure. The harder the roof rock is the larger 
the magnitude of feed pressure is. On the other hand, the impact of rock strength on the 
magnitude of rotation pressure is not so clear cut. Besides, as mentioned above, the 
magnitude of rotation pressure consumed for running the machine itself changes 
dramatically with the change of rotation rate and machine conditions. Therefore, feed 
pressure is the most sensitive drilling parameters when the strength of roof rock changes 
under the current drilling and data collection system.  

 
Both penetration rate and rotation rate have obvious impact on the magnitude of 

feed pressure. The higher the penetration rate and/or the lower the rotation rate are the 
larger the magnitude of feed pressure is. Moreover, the harder the roof rock is the larger 
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the impacts of different penetration and rotation rates on the magnitude of feed pressure 
are. Therefore it can be seen that not only the magnitude of feed pressure but also the 
impacts of different drilling settings are related to roof rock strength. There seems to be a 
good relationship between feed pressure and penetration rate or rotation rate for rock 
strength. In other words, the slope of feed pressure-penetration rate curve and/or feed 
pressure-rotation rate curve is a good indicator of roof rock strength.  

 
Here, note that this roof bolter can drill a 52-54-in deep hole in one cycle using 

two feed stages, carriage and mast stages. There is about 7-10 output units difference 
between feed pressure in the carriage stage and that in the mast stage. This effect makes a 
wide variance in the distribution of feed pressure-penetration rate data points. In order to 
eliminate the machine effect, the net feed pressure which is the feed pressure for 
compensation run subtracting from the feed pressure when drilling in rock, is 
recommended for estimating rock strength instead of feed pressure.   

 
The results obtained clearly show that the magnitude of net feed pressure 

correlates well with the rock strength and both penetration rate and rotation rate have 
obvious impact on the magnitude of net feed pressure. Therefore both parameters have to 
be considered when roof geology is predicted based on the magnitude of net feed 
pressure. From the relationship among net feed pressure, penetration rate and rotation rate, 
the boundary planes for classification of roof rock are proposed and verified based on the 
drilling data obtained. The strength of roof rock can be determined and/or classified 
based on the magnitude of net feed pressure because it takes both the effects of 
penetration rate and rotation rate into account when both penetration rate and rotation rate 
are controlled. In other words, the relationship among net feed pressure, penetration rate 
and rotation rate is a good indicator for estimating the strength of roof rock. The strength 
of roof rock can be estimated based on the location of data points in the net feed pressure-
penetration rate and rotation rate system. 
 
9.1.2 Data Visualization and Data Base Software
 

In a production environment, manually interpreting and managing the collected 
drilling parameters are not practical since hundreds of holes will be drilled during a 
production day. A new software package, MRGIS (Mine Roof Geology Information 
System), has been developed to allow mine engineers to make use of the large amount of 
roof drilling parameters for predicting roof geological properties automatically. This 
system provides data import, data management, data interpretation, and data display 
functions to meet the requirements of mine engineers.  

 
A set of rules described above have been implemented in MRGIS for predicting 

voids/fractures and estimating rock strength in entry roof. 
 
In MRGIS, three roof geology visualization methods are provided. The first is 

2D+1D display and the second is 2D+2D display. It allows the user to select multiple 
holes (any cross section) at the same time and display the results of interpolation. The 
third visualization method is 2D+3D display. This feature can display a 2D mine map and 
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a 3D figure of roof drill holes at the same screen. It allows the users to do a “virtual 
walk” through the underground spaces to check out roof geological properties at different 
locations. 
 
 
9.2 Roof Bolting Mechanism and Design Guidelines 
 

In this research, tensioned and fully grouted roof bolting have been modeled using 
finite element modeling technique. Attempt has been made to model both roof bolting 
systems realistically by considering the physical dimension of bolts, bedding planes and 
in-situ stresses. According to the results of numerical analysis and field data, the 
following conclusions can be made about the modeling and the mechanisms of the 
tensioned and fully grouted roof bolting systems. 
 
9.2.1 Tensioned Roof Bolting 
 
9.2.1.1 Mechanism and Functions of Tensioned Roof Bolt in Supporting the Immediate 

Roof in Underground Coal Mine 
 

(1) A finite element model using ABAQUS has been developed for the tensioned 
bolting design. In this mode, the tensioned bolt is modeled realistically by 
considering the physical dimension of bolts, excavation sequence, bolt installation 
procedure, bolt pre-tension, bedding planes and in-situ horizontal stress. 
Excavation sequence and bolt installation procedure are important to obtain the 
true bolt load increase after bolt installation to evaluate the effect of pre-tension 
on roof stability. 

(2) The tensioned bolts play four roles in supporting the immediate roof: (a) to reduce 
the deformation and increase the residual strength of yielding zone in the 
immediate rood so that the bolted strata will have the ability not only to support 
itself but also to receive the load from, and limit the deformation of, the upper 
strata; (b) to close the separations around the bearing plates within 3 ft of the 
immediate roof so as to increase both the strength of the affected roof layers and 
the stiffness of the whole bolted strata such that any subsequent vertical 
displacement is resisted by the high installation load in the bolt due to pre-tension; 
(c) to provide in the immediate roof within 3 ft of the roof line a compressive 
zone which can generate frictional forces along the fractures and bedding planes 
near the bearing plates.- beam building effect; (d) to suspend the gravity load and 
those vertical loads caused by rock expansion and bending of roof layers 
subjected to the horizontal stress. The study also showed that the tensioned bolts 
are subjected mainly to axial load, which is generated by the vertical displacement 
caused mainly by the horizontal stress. The compressive zone in the immediate 
roof caused by the bolt pre-tension are restricted to the area near the bearing plate 
except a triangle zone between two adjacent bolts, and between side bolts and 
roof corners. 

(3) The bedding planes greatly change the stress distribution in the roof above the 
entry if sliding and/or separation occurs: the vertical stress in an anchored zone 
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above the center of the entry reduce to very low values; the horizontal stress is 
concentrated more in the first layer of the roof; and the shear stress around the 
entry corner is also reduced. Moreover, the bedding plane close to the roof line 
has more effect on the stress distribution over the immediate roof than that high 
above the roofline. A bedding plane 3-4 ft within the roof line has the largest 
effect on the stress distribution over the entry and the load in the bolt. 

 
9.2.1.2 Design Guidelines for Tensioned Roof Bolting 

A new design approach is proposed for the tensioned bolting design using 
ABAQUS. The procedure has four steps to determine bolt length, bolt pre-tension, bolt 
spacing and bolt diameter. According to the bedding plane location, the immediate roof is 
classified into 4 types. This classification scheme will help reduce the number of models 
to be run in order to build a database for the tensioned roof bolting design using the new 
proposed approach. A computer program was developed for tensioned bolting design 
using the output data from numerical modeling. Recommendations for tensioned roof 
bolting design are as follows; 

 
(1) The tensioned bolts are suitable for a weak roof under a low stress level. Since a 

tensioned bolt transfers its load to the anchors, it is important that the bolt is 
anchored in a stable roof layer. The tensioned bolts are not suitable for the roof 
with large deformation after bolt installation. 

(2) If the roof yielding occurs only around the entry corners, possible failures would 
occur around the entry corners. In this case, the side bolts should be installed 
within 2-3 ft from the entry corners to prevent cutter failure. 

(3) If the roof yielding develops over the entry, both the entry corners and center of 
the entry may fail. In this case, emphasis should be on the entry corners because 
both the horizontal and shear stresses are concentrated on these areas. The 
distance between the side bolt and the entry corner should be adjusted so that the 
bolts extend 2 ft beyond the potential failure plane both to anchor the bolt in a 
stable area and to limit the roof displacement in case the failure occurs. 

(4) Basically, the bolt length should increase as the overburden depth and horizontal 
stress level increase, and the bolt length required by roof type I and III is shorter 
than that by roof type II and IV. 

(5) If the roof is subjected to high horizontal stress and the immediate roof has 
multiple bedding planes. A large diameter bolt should be considered to prevent 
either bolt yielding or bolt breaking. 

  
9.2.2 Fully Grouted Roof Bolting  
 

Based on the strata sequence, roof geological conditions, and roof modes of 
failure, four roof types were proposed; roof type I, II, III, and IV. To asses the roof 
stability, the roof safety factor (RSF) and the roof deflection (RD) were used as roof 
stability measures. To asses the bolt stability, the bolt shear load safety factor 
(BSHL_SF) and the interface shear stress safety factor (ISHS_SF) were used as bolt 
stability measures. For each roof type, four regression equations were proposed in order 
to estimate the roof and bolt stability measures. 
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9.2.2.1 Mechanism and Functions of Fully Grouted Bolts in Supporting the Immediate 

Roof in Underground Coal Mines 
 

(1) Because of the full contact of fully grouted bolt with the surrounding rock and its 
high stiffness, the fully grouted bolt is able to increase the rock stiffness by 
combining the roof layers together-beam building effect. The deformation results 
from sliding and separation along the bedding planes and roof sagging is reduced 
due to the increase of roof stiffness. 

(2) The fully grouted bolts restore the entry center to a triaxial state of stress by 
increasing its vertical stress at the stress relieved zone area at the entry center. 
Therefore, the rock strength can be increased by increasing the vertical stress in 
the stress-relieved zone and providing the roof with vertical confinement. 

(3) The fully grouted bolts reduce the potential for shear failure because it reduces the 
shear stress concentration at the entry corners where the failure starts. 

(4) The fully grouted bolt fills up the hole such that the shear stiffness of the 
grout/rock interface resists the developed shear displacement along the bedding 
plane. 

(5) The locations of the bedding planes have a great effect on the induced roof 
stresses. The farther the bedding plane from the roof line, the more vertical stress 
is transferred to the first layer. The horizontal stress concentration, at the first 
layer, increases with increasing bedding plane distance from the roofline until it 
reaches 3 ft. Thereafter the farther the bedding planes the less horizontal stress in 
the first layer but more concentration around the bedding plane. The effect of 
bedding plane location is significant until it is 3 ft from the roofline. Its effect 
vanishes when the bedding plane is located at a distance more than 8 ft from the 
roofline. 

(6) Regarding the fully grouted bolt load and its modes of failure: the shear load of 
fully grouted bolts is mainly caused by the presence of bedding planes and 
affected by their location; the axial load of fully grouted bolts is mainly caused by 
the vertical deformation of roof strata; the shear stress at grout/rock interface is 
mainly affected by the surrounding rock properties; axial bolt failure rarely 
occurs; due to the high ultimate strength and high modulus of elasticity of the 
steel bolt, it can sustain large loads; low coefficient of friction along the bedding 
planes can maximize the sliding and as a result increase the possibility of bolt 
shear failure. In case of high overburden depth and the existence of bedding 
planes at 2 to 3 ft from the roof line there is a possibility for shear failure of bolt; 
and in case of weak immediate roof and short bolts, the shear stress at the 
grout/rock interface could exceed its shear capacity causing shear failure to occur 
and thus bolt slippage. 

 
 
 9.2.2.2 Design Guidelines for Fully Grouted Roof Bolting 

The immediate roof has been classified into four roof types, I, II, III, and IV, 
based on different strata sequences and different modes of failure. Four regression 
equations were developed for each type of roof to estimate the roof and bolt stability. The 
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regression equations were developed for each type of roof to estimate the roof and bolt 
stability. The regression equations relate the roof stability measures to overburden depth 
and entry width, and assumed values of bolt length and bolt diameter. The estimated roof 
and bolt stability measures are compared with the corresponding critical values. If the 
comparison shows a safety roof and bolt conditions, the assumed values for bolt length 
and bolt diameter will be accepted as appropriate bolt design. Otherwise the bolt length 
and/or the bolt diameter are increased, and the roof and bolt stability measures are 
revaluated with new values of bolt length and diameter. These procedures are repeated 
until a safe roof bolt design is obtained. Recommendations for the fully grouted bolting 
design are as follows; 

 
(1) Longer bolts should be installed for weak immediate roof (roof type IV), so that 

less shear stress will develop along the grout/rock interface and slippage failure 
could be avoided. 

(2) Longer bolts should be installed for high overburden depth and high in-situ 
horizontal stress, so that less bolt shear load and shear stress on the grout/rock 
interface would be developed 

(3) Shorter bolts are required for roof type I and II compared with those for roof type 
IV. 

(4) Loading capacity is a controlling factor in successful rock reinforcement design. It 
can be controlled by the bolt diameter. 

(5) For full utilization of the fully grouted bolts they are most suitable for supporting 
highly stressed roof strata with large deformation (weak roof). 
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CHAPTER 10 
 

CONCLUSIONS 
 
 
(1) Prediction of Roof Geology 
 

A method for void detection / rock strength estimation has been developed using 
the HDDR dual roof bolter made by J.H. Fletcher & Co. As for void/fracture detection, 
the trend that feed pressure drops down to the level of drilling in the air when a 
void/fracture is encountered is used. On the other hand, the rock strength can be 
determined and/or classified by boundary planes defined in the net feed pressure-
penetration rate-rotation rate system.  

 
Since the method is sensitive to individual roof bolter design, it is necessary to 

calibrate the machine parameters when it is applied to a new roof bolter. 
 
 
(2) Development of Roof Bolting Design Criteria 
 

Numerical simulations were performed to investigate the mechanism of modern 
roof bolting systems: tension and fully grouted bolts. Based on the analysis of the 
mechanisms of both bolting systems and failure modes of the bolted strata, roof bolting 
design criteria and programs for modern roof bolting systems have been developed. 
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APPENDIX A 
 

ENERGY BENEFITS 
 
  

Energy 
Source 

Current 
Technology 

(BTU/yr/unit) 

Proposed 
Technology 

(BTU/yr/unit)

Energy 
Savings 

(BTU/yr/unit)

# of 
units 
in 10 
years 

Cumulative 
Energy 
Savings 

(BTU/yr/unit)
 (a) (b) (c = a - b) (d) (e = c × d) 

Oil/Gasoline/
Diesel      

Natural Gas      
Coal    2,000 2.63 × 10P

8
P* 

Electricity*    2,000 6.50 × 10 P

10
P**

Other energy      
Total per unit      
 
 

* According to MSHA statistics, the annual clean-up cost of roof falls is in excess 
of $50 million. In view of the required equipment for roof fall clean-up operation, it is 
estimated that approximately 10 % or $5 million of the total annual cost are attributable 
to electrical power cost. Assuming an average electricity cost of $0.10 per kilowatt hour 
(KWH), the annual electricity consumption for roof fall clean-up is 50,000,000 KWH or 
525,000,000,000 = 5.25 × 10P

11
P BTU/year. 

 
** Since the labor cost accounts for approximately 50 % of the coal production 

cost, it is estimated that the annual labor cost for roof fall clean-up is approximately $25 
million or 156,250 labor days lost (assuming an average wage of $160 per day). Since the 
average productivity of a US coal miner is 38 tons/day, the total coal production lost is 
 

38 × 156,250 = 5,937,500 tons/year 
 
Assuming the average heating value of underground coal is 11,000 BTU/lb, the total 
energy lost due to lost production is 
 

11,000 × 2,000 × 5,937,500 = 130,625,000,000,000 ≈ 1.3 × 10P

14
P BTU/year 

 

 


