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ABSTRACT 

Ground characterized by block-in-matrix rocks (bimrocks) represents one of the 

most challenging conditions for Tunnel Boring Machines (TBMs).  The TBM cutterhead 

must be designed for the non-optimal condition of cutting hard blocks while 

simultaneously excavating through soft, soil-like matrix material.    Disc cutters are often 

utilized to cut the hard blocks; however, little is known regarding fundamental cutting 

behavior in highly heterogeneous bimrock conditions.  

To gain an initial understanding of the interaction between disc cutters and 

bimrocks, a suite of full scale tests have been performed using a linear cutting machine.  

In these tests, natural granitic blocks of different sizes were cast in simulated sand grout 

matrix materials.  The tests showed cutting behavior to be strongly influenced by the 

difference of stiffness and strength between the blocks and matrix.  Further insight to the 

cutting behavior was gained through FLAC, a two-dimensional finite difference code, 

that adopted linear elastic, elasto-plastic, and strain softening constitutive models.  The 

numerical simulation model has a built-in limitation. It can only duplicate the onset of the 

classical chip formation in the block. The results of the numerical simulation are 

summarized and discussed. 

Recommendations regarding key geotechnical parameters exploration targets and 

evaluation methods to predict bimrock cutting behavior with TBMs are presented.  

 



 iv

TABLE OF CONTENTS 

ABSTRACT....................................................................................................................... iii 

LIST OF FIGURES .......................................................................................................... vii 

LIST OF TABLES............................................................................................................. xi 

ACKNOWLEDGEMENTS............................................................................................. xiii 

Chapter 1 INTRODUCTION.............................................................................................. 1 

1.1 Definition of the problem ......................................................................................... 1 

1.2 Objectives of this thesis ............................................................................................ 2 

1.3 Scope of research ...................................................................................................... 2 

1.4 Thesis organization ................................................................................................... 3 

Chapter 2 LITERATURE REVIEW................................................................................... 5 

2.1 Machine technologies for bimrock tunneling ........................................................... 5 

2.2 Machines Used in Soft Ground Tunneling ............................................................... 5 

2.2.1 Slurry Tunnel Boring Machines (STBMs) ........................................................ 6 

2.2.2 Earth Pressure Balance Tunnel Boring Machines (ETBMs) ............................. 9 

2.3 Mixed ground.......................................................................................................... 11 

2.4 Cutting Tools .......................................................................................................... 15 

2.5 Tunneling through a bimrock ................................................................................. 18 

2.6 Current Method for Boulder Behavior Prediction .................................................. 31 

Chapter 3 RESEARCH METHODS................................................................................. 33 

3.1 Laboratory tests....................................................................................................... 33 

3.1.1 Simulated matrix .............................................................................................. 34 

3.1.2 Sand grout testing ............................................................................................ 37 

3.1.3 Rock testing ..................................................................................................... 38 

3.1.4 Linear Cutting Machine test............................................................................. 44 



 v

3.2 Numerical Modeling ............................................................................................... 66 

Chapter 4 LABORATORY RESULTS ............................................................................ 71 

4.1 Rock test results ...................................................................................................... 71 

4.1.1 Unconfined compressive strength with elastic moduli test results .................. 71 

4.1.2 Indirect (Brazilian) tensile strength  test results............................................... 74 

4.1.3 Triaxial compressive test results ...................................................................... 76 

4.2 Sand grout test results ............................................................................................. 79 

4.2.1 Sand grouts mixture trials ................................................................................ 79 

4.2.2 Stiff sand grout test results............................................................................... 81 

4.2.3 Medium and Soft sand grout test results.......................................................... 85 

4.3 Physical properties comparisons............................................................................. 90 

4.4 Linear Cutting Machine (LCM) test results............................................................ 91 

4.4.1 Characteristics of cut material.......................................................................... 93 

4.4.2 Shear failure in sand grout matrix.................................................................. 110 

4.4.3 Cutting forces................................................................................................. 115 

4.5 Discussion of LCM results ................................................................................... 124 

Chapter 5 NUMERICAL MODELING RESULTS ....................................................... 131 

5.1 Model construction ............................................................................................... 132 

5.2 Linear elastic models ............................................................................................ 135 

5.3 Elasto-plastic analyses .......................................................................................... 141 

5.4 Elasto-plastic with strain softening....................................................................... 147 

5.5 Model refinement.................................................................................................. 152 

5.6 Conclusions........................................................................................................... 155 

Chapter 6 DISCUSSIONS .............................................................................................. 157 

6.1 Linear Cutting Machine (LCM) tests.................................................................... 157 

6.1.1 Navin’s model of matrix shear failure ........................................................... 157 

6.1.2 Normal force estimation for bimrock ............................................................ 165 

6.2 Bimrock cutting behavior ..................................................................................... 167 



 vi

6.3 Numerical models ................................................................................................. 170 

Chapter 7 CONCLUSIONS............................................................................................ 172 

7.1 Linear Cutting Machine (LCM) tests.................................................................... 173 

7.2 Two dimensional numerical simulations .............................................................. 174 

Chapter 8 RECOMMENDATIONS ............................................................................... 177 

8.1 Practical considerations for driving TBMs through bimrock materials ............... 177 

8.2 Future studies of bimrock cutting behavior .......................................................... 179 

8.2.1 Additional LCM tests..................................................................................... 179 

8.2.2 Real-time block imaging at the TBM cutter head.......................................... 180 

8.2.3 Numerical model enhancements .................................................................... 184 

REFERENCES CITED................................................................................................... 187 

APPENDIX A Physical properties of rocks and sand grouts ......................................... 193 

APPENDIX B Input data files in FLAC ......................................................................... 217 

 

 

 



 vii

LIST OF FIGURES 

Figure 2.1 STBMs and ETBMs section based on ground properties (Courtesy of 
Herrenknecht AG)............................................................................................................... 7 

Figure 2.2 Schematic of Mixedshields in slurry mode (courtesy of Herrenknecht AG) .... 8 

Figure 2.3 Conditioned muck being loaded on muck cars (courtesy of Herrenkncht AG)
........................................................................................................................................... 10 

Figure 2.4 Schematic of ETBM (courtesy of Herrenkncht AG)....................................... 13 

Figure 2.5 Jaw crasher and screen installed in STSM (courtesy of Herrenkncht AG)..... 14 

Figure 2.6 Cutting tools installed on STBM (courtesy of Herrenknecht AG).................. 16 

Figure 2.7 Disc cutter components (Courtesy of Ingersoll-Rand).................................... 17 

Figure 2.8 V shape and CCS profile of cutter ring (courtesy of Ozdemir)....................... 17 

Figure 2.9 Occurrence of all stuck TBM cases (courtesy of Hunt and Mazhar 2004) ..... 29 

Figure 2.10 Occurrence of stuck TBM cases when maximum boulder size greater than 
33% of excavated diameter (courtesy of Hunt and Mazhar 2004) ................................... 30 

Figure 3.1 elastic modulus determinations (Courtesy of ASTM International 2004) ...... 41 

Figure 3.2 Linear Cutting Machine attached with a sample ............................................. 46 

Figure 3.3 Forces measured during LCM tests (Courtesy of EMI, Colorado School of 
Mines) ............................................................................................................................... 47 

Figure 3.4 Orthogonal view of the 4-inch block in the LCM box 1 ................................. 51 

Figure 3.5 Orthogonal view of the 8-inch block in the LCM box 1 ................................. 52 

Figure 3.6 Orthogonal view of the 10-inch block in the LCM box 1 ............................... 53 

Figure 3.7 Orthogonal view of the 4-inch block in the LCM box 2 ................................. 54 

Figure 3.8 Orthogonal view of the 8-inch block in the LCM box 2 ................................. 55 

Figure 3.9 Orthogonal view of the 10-inch block in the LCM box 2 ............................... 56 

Figure 3.10 Orthogonal view of the 4-inch block in the LCM box 3 ............................... 57 

Figure 3.11 Orthogonal view of the 8-inch block in the LCM box 3 ............................... 58 

Figure 3.12 Orthogonal view of the 10-inch block in the LCM box 3 ............................. 59 

Figure 3.13 Procedure of LCM sample preparation ......................................................... 60 



 viii

Figure 3.14 Cutter load calibration ................................................................................... 62 

Figure 3.15 Schematic of LCM sample ............................................................................ 64 

Figure 3.16 Location of spacers on LCM ......................................................................... 65 

Figure 3.17 Measured cutting forces plot example........................................................... 65 

Figure 3.18 Calculation flow chart in one timestep (Courtesy of ITASCA, 2000) ........... 68 

Figure 3.19 Modeled LCM drawing ................................................................................. 69 

Figure 4.1 σ1 and σ3 plot with seven rock specimens....................................................... 78 

Figure 4.2 σ1 and σ3 plot with five stiff sand grout specimens ........................................ 84 

Figure 4.3 Mohr circles and linear relationship between shear and normal stress for 
medium sand grout............................................................................................................ 87 

Figure 4.4 Mohr circles and linear relationship between shear and normal stress for soft 
sand grout.......................................................................................................................... 87 

Figure 4.5 Elastic modulus determination from conventional triaxial compression test by 
using tangent method (Courtesy of U.S. Army Corps of Engineers 1990) ...................... 88 

Figure 4.6 Chip formation in hard rock cutting by a disc cutter (courtesy of Rostami 
1997) ................................................................................................................................. 93 

Figure 4.7 Cut materials of 4-inch block in LCM sample box 1 ...................................... 95 

Figure 4.8 Cut materials of 8-inch boulder in LCM sample box 1................................... 96 

Figure 4.9 Cut materials of 10-inch boulder in LCM sample box 1................................. 97 

Figure 4.10 Snapshots of dislodging 4-inch block............................................................ 98 

Figure 4.11 Dislodged block and interface surface .......................................................... 99 

Figure 4.12 Cutting force plots on dislodged 4-inch block ............................................ 100 

Figure 4.13 Rock chip of 4-inch block in LCM sample box 2 ....................................... 101 

Figure 4.14 Rock chip of 8-inch block in LCM sample box 2 ....................................... 102 

Figure 4.15 Rock chip of 10-inch block in LCM sample box 2 ..................................... 103 

Figure 4.16 4-inch and 8-inch block fragments in box 2 (the medium sand grout) ....... 105 

Figure 4.17 Damage on 4-inch block after pass 3 .......................................................... 106 

Figure 4.18 Damage on 8-inch block after pass 3 .......................................................... 107 

Figure 4.19 First visible deep fractures on 10-inch block (after pass 6)......................... 108 

Figure 4.20 Development of deep fractures on 10-inch block in box 3 ......................... 109 



 ix

Figure 4.21 Shear failure surfaces near 4-inch block in soft sand grout......................... 111 

Figure 4.22 8-inch block fragments and shear failure surface after pass 6..................... 112 

Figure 4.23 Fragment of 10-inch boulder and failure surface ........................................ 113 

Figure 4.24 Shear failure surface near 10-inch boulder.................................................. 114 

Figure 4.25 Cutting forces plot and data window on 8-inch block in box 2 (medium sand 
grout)............................................................................................................................... 116 

Figure 4.26 Normal force comparison on 4-inch block.................................................. 116 

Figure 4.27 Normal force comparison on 8-inch block.................................................. 117 

Figure 4.28 Normal force comparison on 10-inch block................................................ 117 

Figure 4.29 Rolling force comparison on 4-inch block .................................................. 118 

Figure 4.30 Rolling force comparison on 8-inch block .................................................. 118 

Figure 4.31 Rolling force comparison on 10-inch block ................................................ 119 

Figure 4.32 Side force comparison on 4-inch block ....................................................... 119 

Figure 4.33 Side force comparison on 8-inch block ....................................................... 120 

Figure 4.34 Side force comparison on 10-inch block ..................................................... 120 

Figure 4.35 Compare cutting forces data between typical data and noisy data.............. 122 

Figure 4.36 Schematic of block suffered by deep fracture ............................................. 125 

Figure 4.37 Measured and estimated dimensions of cut 4-inch block............................ 127 

Figure 4.38 UCS ratio and cut percentage of all blocks (2” cut spacing and 0.15” 
penetration depth) ........................................................................................................... 129 

Figure 4.39 Elastic modulus ratio and cut percentage of all blocks (2” cut spacing and 
0.15” penetration depth).................................................................................................. 129 

Figure 5.1 Radial grid of numerical model..................................................................... 133 

Figure 5.2 Maximum and minimum principal stresses contour plots in 10-inch blocks 136 

Figure 5.3 Principal stress tensors plot of 10-inch block embedded in medium sand grout
......................................................................................................................................... 137 

Figure 5.4 Scan lines for principal stresses and vertical displacements ......................... 137 

Figure 5.5 Maximum principal stress plots from A to B ................................................ 138 

Figure 5.6 Minimum principal stress plots from A to B................................................. 138 

Figure 5.7 Deformation plots with 2.00 magnification factor ........................................ 140 



 x

Figure 5.8 Relative vertical displacement plots from C to D ......................................... 141 

Figure 5.9 Cross-sectional view along cutting path of LCM.......................................... 142 

Figure 5.10 Comparison of plastic state plots between stiff and soft sand grout case 
(elasto-plastic models) .................................................................................................... 143 

Figure 5.11 Vertical displacement along BD curve........................................................ 144 

Figure 5.12 Indent load VS penetration depth of Stiff and Soft sand grout cases.......... 145 

Figure 5.13 10-inch blocks in stiff and soft sand grouts (box 1 and box 3) ................... 146 

Figure 5.14 Strain softening parameters adopted to simulate block brittleness (Courtesy 
of ITASCA 2000). .......................................................................................................... 148 

Figure 5.15 Comparison of plastic state plots between stiff and soft sand grout case 
(0.01% strain softening models) ..................................................................................... 149 

Figure 5.16 Vertical displacement of strain softening models along BD curve ............. 150 

Figure 5.17 Indent load VS penetration depth of Stiff and Soft sand grout cases.......... 151 

Figure 5.18 State plots of elasto-plastic models (block embedded in stiff sand grout case)
......................................................................................................................................... 153 

Figure 5.19 Indent load - penetration plots of elasto-plastic models (block embedded in 
stiff sand grout case) at notch ......................................................................................... 154 

Figure 6.1 Bearing capacity failure and shear failure in matrix after deep fracturing.... 159 

Figure 6.2 Schematic of shear failure surface with inclined load................................... 162 

Figure 6.3 Plan and cross section views of LCM box .................................................... 163 

Figure 6.4 Filtered cutting forces plot of 10-inch block in soft sand grout (box 3)........ 164 

Figure 6.5 Filtered cutting forces plot of 4-inch block in soft sand grout (box 3).......... 164 

Figure 6.6 UCS ratio and cut percentage of all blocks (2” cut spacing and 0.15” 
penetration depth) ........................................................................................................... 168 

Figure 6.7 Surface footing displacement plots (Goss, 2000).......................................... 169 

Figure 7.1 10-inch granite block subjected to continuous vertical fracturing when 
embedded in soft sand grout ........................................................................................... 174 

Figure 8.1 Schematic of possible block orientations for LCM testing ........................... 180 

Figure 8.2 Normal force contour on LCM box 3 (Soft sand grout)................................ 182 

Figure 8.3 LCM box 3 (Soft sand grout) after pass 7 and local coordinate.................... 183 

 



 xi

LIST OF TABLES 

Table 2.1 Case histories of microtunneling and pipejacking projects in bimrocks 
(courtesy of Hunt and Mazhar 2004) ................................................................................ 20 

Table 2.2 Descriptions of used abbreviations for case histories of microtunneling and 
pipejacking projects in bimrocks ...................................................................................... 28 

Table 3.1 Sand grouts mixture trials ................................................................................. 35 

Table 3.2 Dimensions of elliptical blocks (in inches) in LCM tests and block weathering 
conditions.......................................................................................................................... 50 

Table 4.1 Unconfined Compressive Strength of rock samples......................................... 72 

Table 4.2 Dynamic and static elastic constants of the rock specimens ............................ 73 

Table 4.3 Brazilian Tensile Strength of block samples .................................................... 75 

Table 4.4 Dynamic elastic constants and triaxial test results............................................ 77 

Table 4.5 Average UCS of sand grouts mixture trials ...................................................... 80 

Table 4.6 Dimensions and density of stiff sand grout samples......................................... 82 

Table 4.7 UCS and elastic constants of stiff sand grout ................................................... 82 

Table 4.8 Indirect tensile strength test results of stiff sand grout ..................................... 83 

Table 4.9 Confining pressures and peak stresses on stiff sand grout sample set.............. 83 

Table 4.10 Confining pressures and peak stresses on medium and soft sand grout sample 
sets..................................................................................................................................... 85 

Table 4.11 Elastic modulus, cohesion and friction angle of medium and soft sand grout 89 

Table 4.12 UCS, elastic modulus and cohesion boulder/sand grouts comparison ........... 90 

Table 4.13 LCM test matrix and test series names on box 1 ............................................ 92 

Table 4.14 Average normal force across the blocks on LCM box 1 (stiff sand grout) .... 92 

Table 4.15 Average peak cutting forces for each boulder in LCM box 1 ...................... 123 

Table 4.16 Average peak cutting forces for each boulder in LCM box 2 ...................... 123 

Table 4.17 Average peak cutting forces for each boulder in LCM box 3 ...................... 123 

Table 4.18 Details of the blocks suffered by deep fracture ............................................ 128 

Table 5.1 Input parameters for elastic and elasto-plastic models in FLAC .................... 134 



 xii

Table 5.2 Peak indent load from numerical simulation and LCM tests.......................... 144 

Table 5.3 Peak indent load from strain softening models and LCM tests. ..................... 150 

Table 5.4 Two and three-dimensional peak indent load from numerical simulations.... 152 

Table 6.1 Possibilities bimrock behaviors summary ...................................................... 161 

Table 6.2 Normal and rolling forces on 10-inch blocks ................................................. 167 

 

 

 

 



 xiii

ACKNOWLEDGEMENTS 

I would like to present a sincere gratitude to the Royal Thai government for 

giving me the high level education opportunity and supporting me financially for all these 

years. I am grateful for the support from the Mining Engineering department. I would like 

to thank to Brian Asbury, my laboratory manager at EMI and friend, for his help and 

advice on the Linear Cutting Machine tests. Further, I would like to extend my 

appreciation to Dr. Graham G. W. Mustoe and my advisor, Dr. D. Scott Kieffer for their 

guidance on the numerical simulation models.  

I would like to express my true gratitude to my wife Jariya, who supported me 

with an endless source of encouragement throughout the years. Finally, I would like to 

thank to the smiley faces of my son, Dew. They always fuel me well whenever I am 

exhausted.  

 

 

 



 



 

 

1

CHAPTER 1  

INTRODUCTION 

Block-in-matrix rocks (bimrocks) have been described as a mixture of 

geotechnically significant blocks within a bonded matrix of finer texture (Medley 1994).  

In the broadest sense, bimrocks are represented by structural fabrics often associated with 

conglomerate or breccia, which may have sedimentary, igneous, or metamorphic origin.  

Some rock types constituting bimrocks include: 

• Sedimentary Rocks – cemented alluvial channel deposits, colluvium/talus, 

and glacial till. 

• Igneous Rocks – agglomerates, lahars, and pyroclastic deposits. 

• Metamorphic Rocks – tectonic mélange and cataclastic fault zones. 

• Decomposed Rocks – corestone bearing saprolites. 

Bimrocks represent one of the most challenging conditions for tunnel boring 

machines (TBMs), as the cutterhead must be configured to simultaneously cut hard 

blocks and excavate softer, soil-like matrix material.  Disc cutters are often utilized to cut 

the hard blocks. However, as compared to the understanding of disc cutter behavior in 

hard continuous rocks, little is known regarding fundamental cutting behavior in highly 

heterogeneous bimrock conditions. 

1.1 Definition of the problem 

 When mechanized tunneling through a bimrock material, there are a number of 

possible results (Dowden and Robinson 2001).  
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• The small hard block can be excavated and mucked via the mucking 

system of the mechanized excavator.  

• The large blocks embedded in the strong matrix can be fractured by the 

primary excavating tools (disc cutters, which are installed on the cutter 

head for fracturing the hard block).  

• If the blocks are embedded in the soft matrix, the blocks are potentially 

dislodged. After dislodging, they may roll around the cutter head resulting 

damaging impact loads to the cutters.  The blocks can displace beyond the 

tunnel profile. Or perhaps, the loosened blocks settle in front of the cutter 

head, when tunneling through a bimrock, the advance rates may be 

retarded to avoid damages of the cutting tools and the cutter head which 

may impede or halt machine progress.  

1.2 Objectives of this thesis 

   The main objective of the research described herein to gain insight to the 

fundamental behavior of bimrocks when being excavated with TBMs. This understanding 

will aid engineers, contractors, and TBM manufacturers in developing optimum site 

investigation plans, establishing construction means/methods, and in developing machine 

designs/specifications.  The societal benefit of such understanding can be realized 

through more efficient execution of major capital projects, and commensurate reduction 

in contract bid prices.   

1.3 Scope of research 

To achieve the objectives of the research, the following tasks were performed.  
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• Literature review of disc cutters and tunneling in bimrock type ground. 

• Preparation of simulated bimrock models for laboratory testing. 

• Laboratory testing, including the Linear Cutting Machine (LCM) tests on 

the bimrock models. 

• Observations of the block during the LCM tests. 

• Numerical modeling of select LCM results using FLAC, a finite difference 

method (FDM) program. 

• Based on laboratory and numerical modeling, develop practical guidelines 

that can help to predict performance of TBMs in bimrock materials and 

aid in TBM cutter head design. 

• Also, recommended approach for using FDM to assess behaviors. 

1.4 Thesis organization 

The content in this thesis is divided into six chapters, as following:  

Chapter 1 is the introduction. It contains general information related to the scope 

and objectives of the thesis.  

Chapter 2 is a literature review. Published papers and available information 

relavent to in this thesis are summarized. It starts from the general information of the soft 

ground tunneling machines and the cutting tools. Case history’s related to projects that 

were impacted by the bimrocks are reviewed. A summary of previous bimrock behavior 

studies are also included in this chapter. 

Chapter 3 summarizes research methods, which include laboratory works and 

numerical modeling. In the laboratory works section, it presents and describes the 

preparation and testing procedures of the physical properties and the LCM samples. The 

laboratory works initially involve simulated matrices and hard blocks, which are the 
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components of the simulated bimrocks for the LCM samples. The natural matrix is 

substituted by the mixture of cement, sand and water, called sand grout. The hard blocks, 

in this study, were naturally originated boulders. Basic properties of blocks and sand 

grouts are then determined. After the first part of the lab works has been completed, the 

LCM test is set up. The next section in this chapter is the introduction of Finite 

Difference Method (FDM), a numerical method. It is selected as a tool for the LCM test 

simulations.  

 Chapter 4 presents laboratory results. The results are displayed in many formats 

such as tables, pictures and plots. The LCM results are mainly presented in tables and 

plots. 

Chapter 5 summarizes numerical modeling results. The most of results from the 

numerical model are graphically presented. The state of stress, plastic state and 

displacements on both materials are heart of the interests.  

Chapter 6 discusses the laboratory and numerical model results. Moreover, 

bimrock cutting behavior from and previous investigations are also compared. 

Chapter 7 summarizes the results from both laboratory and numerical model.  

The conclusions are drawn in this chapter.  

Chapter 8 shows the recommendations for driving TBMs through bimrock 

materials and for future research related to TBM behavior in bimrocks.  

In the Appendices section, all individual lab test results are attached. Input files 

for the numerical models also included. 
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CHAPTER 2   

LITERATURE REVIEW 

2.1 Machine technologies for bimrock tunneling 

Soft ground tunneling can be defined as a construction creating an underground 

opening in earth materials. All around the tunnel including the tunnel face, the standup 

time is relatively short or none.  

The tunnel supports in soft ground tunneling are crucial. If the supports fail to 

stabilize the tunnel, the structures on the surface could be disturbed and damaged. The 

tunnel supports become more difficult when tunneling below the ground water table. Not 

only water inflow, but the ground water, also reduces the tunnel stability. To minimize 

the ground water inflow, the tunnel support has to work and seal off the ground water 

effectively. The technology of soft ground tunneling has been developed for decades 

(Stack 1982). Soft ground Tunnel Boring Machines (TBM) can overcome the problems. 

It becomes the most popular in soft ground tunneling method. Using the machine can also 

minimize the ground settlement and the surface structures’ disturbance. 

2.2 Machines Used in Soft Ground Tunneling 

By face support methods, the soft ground TBM can be grouped into two types, 

which are the slurry TBM (STBM) and the earth pressure balance TBM (ETBM).  
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2.2.1 Slurry Tunnel Boring Machines (STBMs) 

Figure 2.1 shows a recommendation from a well-known TBM manufacturer, 

Herrenknecht, for the machine selection. The recommendation is based on the grain size 

distribution and permeability of the ground. The STBMs is selected and used in 

cohesionless soil, beneath the water table. 

Without face support, the wet ground will flow or run. This could initiate ground 

surface settlement. When ground surface settlement occurs, structures built on the surface 

can be distorted and damaged.  

Bentonite slurry, a mixture of water and finely ground montmorillonite clays, is 

commonly used. After mixing, the bentonite slurry provides high viscosity and swelling 

capacity, which help to seal off the ground water and support the tunnel face. Moreover, 

the bentonite slurry works as the transportation medium for the excavated soil. The muck 

can be suspended in the slurry and removed from the tunnel face to the surface via 

pipelines. 

Bentonite slurry is prepared and pumped to the cutter head from the facility plant 

located on the surface. Normally, scrapers and rippers are provided on the cutter head for 

excavating soft material. The ground is ripped and mixed with the bentonite slurry. The 

soil-slurry mix becomes the face support medium. Figure 2.2 shows a schematic of a 

Mixshield machine in the slurry-shield mode, similar to the STBM. The Mixshield, 

invented and manufactured by Herrenknecht, is convertible and versatile. The Mixshield 

can be converted to be a STBM, ETBM or hard rock TBM to match the geology 

formation that the machine is encountering. 

As the STBM advances, the soil-slurry mix flows from the face and fills the muck 

chamber, located inside the STBM shield and behind cutter head. To support the tunnel 

face, the support media in front of the cutter head and the muck chamber are pressurized. 

The slurry in the muck chamber is not only pressurized but is also agitated to prevent the  
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(a) Soft ground machine recommendation based on grain size distribution  

 

 
(b) Soft ground machine recommendation based on permeability  

Figure 2.1 STBMs and ETBMs section based on ground properties (Courtesy of 
Herrenknecht AG) 
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1. Cutter head 2. Muck chamber 3. Air cushion 4. Pressure bulkhead 

Figure 2.2 Schematic of Mixedshields in slurry mode (courtesy of Herrenknecht AG) 

2 

1 

3 

4 



 

 

9

settlement of the soil particles by agitators installed inside the chamber as well. The 

ground water in the voids is expelled and the voids are filled by the pressurized bentonite 

slurry. The support pressure must be high enough to support the face and seal off the 

ground water but not so high that it could result in ground surface heave. The support 

pressure is preferably kept constant. There are three methods to control support pressure, 

which are the slurry inlet valve control, the slurry outlet valve control and compressed air 

inside the chamber control. 

The slurry with suspended spoil in the muck chamber is circulated back to the 

facility plant at the surface. Treatment is required for separating the muck material and 

the bentonite slurry. After separating them, the bentonite slurry is reused and pumped 

back to the face for supporting the tunnel face. 

2.2.2 Earth Pressure Balance Tunnel Boring Machines (ETBMs) 

The earth pressure balance TBM (ETBM) was invented in Japan, 1963. Japanese 

government made a new environmental and safety laws to improve the tunnel 

construction safety and mitigate the environmental impacts due to the operations of the 

shields with compressed air and the STBMs (Stack 1982). The compressed air was 

abandoned to end the hazardous working environment. The resulting improvements to the 

new soft ground TBM were the ability to support face without bentonite slurry and 

associated treatment plant. Additionally friendly-environmental waste resulted. Based on 

those improvements, the spoil itself was used as the tunnel face support, especially 

cohesive soil such as clay. Now, polymer foam is sometimes injected at the tunnel face to 

increase the soil plasticity and decrease the soil permeability and internal friction. Water 

sealing and optimum pliability of the muck are the goals of the soil conditioner.  The 

muck and foam are mixed while the cutter head is rotating. Figure 2.3 shows the 

conditioned muck being discharged and loaded on muck cars. 
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Figure 2.3 Conditioned muck being loaded on muck cars (courtesy of Herrenkncht AG) 
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Figure 2.4 presents a schematic of an ETBM. The rippers and scrapers installed 

on the cutter head excavate the soil while tunneling. As the ETBM advances, the muck 

chamber is filled with spoil material. The material is removed from the chamber through 

the screw conveyor. The muck is temporarily stored in the muck hopper before being 

discharged. The amount of the muck discharge is maneuvered by the opening of the 

sliding gate controlled by using hydraulic jacks.  

To balance the earth pressure in front of the machine, the support media at the 

face is constantly pressurized. The support pressure is approximately the lateral earth and 

water pressure. The face support pressure is manipulated by rotating the cutter frame and 

removing the spoil from the chamber via the screw conveyor. Also, the earth and water 

pressure are monitored continuously. Finally, the muck is transported to the surface via a 

belt conveyor or muck cars, etc. 

2.3 Mixed ground  

A mix of softer and harder ground can be the most difficult for mechanized 

tunneling (Dowden and Robinson 2001; Hunt and Mazhar 2004). The ground can vary 

longitudinally and vertically along a tunnel. This condition must be clarified as much as 

possible in the site investigation phase. The tunnel is carefully aligned to minimize the 

longitudinal ground difference. A great difference in the strength of the earth materials in 

the same tunnel face is the most unfavorable condition. The TBM is designed to cope 

with the mixed face condition. In one example, when the competent layer is located at the 

bottom and the soft ground lies above this layer. The TBM advance rate should be 

reduced. The softer material tends to be over-excavated and leads to ground surface 

settlement (British Tunnelling Society 2005). In another scenario, STBMs are equipped 

with the disc cutters and rock crusher to fracture the hard blocks e.g. boulders when the 

mixed ground is anticipated (Nishitake 1987; Becker 1995). Figure 2.5 presents a jaw 
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crusher and screen installed on a STBM, photographed from the front of the STBM. The 

jaw crusher is used for breaking down the size of the block. And the screen prevents the 

entering of the oversize block fragments.  

A boulder is a fragment of rock, having a particle size equal to or greater than 

twelve inches. Boulders can be located in a wide range of the geologic strata such as 

glacial, and colluvium deposition, weathering of bed rocks and landslide deposit. Size 

distribution, shape and strength could vary from place to place due to the emplacement of 

the rock fragments by geological processes.  

The boulders deposited by glaciers are usually very strong, approximately 10,000 

to 45,000 psi (100-300 MPa) (Dowden and Robinson 2001) and the matrix can range 

from soft to hard clay, loose to dense outwash sands, and loose to very dense glacial tills 

(a sand, silt and  clay matrix). 

In weathered bed rock, called Saprolite, may contain unaltered bed rocks. The 

unaltered bed rocks, called Corestones, can be categorized as boulder.  The acidic ground 

water is the cause of the bedrock weathering. Heavily weathered areas locate along the 

fracture planes. The intersections of the fracture planes may be rounded.  

Landslide debris methods have various mixtures of boulders, sand and gravel. The 

topography and source materials greatly affect to the size distribution.  

The energy of flowing currents in rivers can deposit boulders. The boulders may 

concentrate in lenses.  
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Figure 2.4 Schematic of ETBM (courtesy of Herrenkncht AG) 
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Figure 2.5 Jaw crasher and screen installed in STSM (courtesy of Herrenkncht AG) 
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 Boulder information, such as size distribution and quantities, in the area that the 

tunnel alignment passes through needs to be collected and studied as much as possible 

(Hunt and Angulo 1999). It is very difficult to clarify the number large boulders from 

traditional boring explorations only.  The geology data obtained from previous local 

tunneling projects in the same geological conditions is very useful. Also the data from 

outcrops, a small diameter shaft and a tunnel can help to know the subsurface conditions. 

Some geophysical methods such as ground penetrating radar and seismic refraction 

technique can be applied for subsurface explorations but in general the resolution 

obtained is insufficient to ascertain details of the boulder content. The collected 

information from those sources is interpreted statistically, if possible, into the boulder 

frequencies, sizes and matrix conditions. 

The information from the site investigation will aid in machine selection and 

design. The closed face soft ground machine equipped with a series disc cutters will be 

prepared for tunneling through the bimrocks. As stated earlier, the disc cutters are the key 

for fracturing the hard blocks. 

2.4 Cutting Tools 

As advancing the tunnel, the earth materials at the tunnel face is excavated by the 

cutting tools, installed in the cutter head of the soft ground TBM. The rippers and 

scrapers are installed for excavating soil-like material such as clay or silty clay. The 

tungsten carbide insert may be applied on those cutting tools to extend the life of the 

cutters. For hard rock, roller cutters are mounted on the cutter head to fracture the hard 

material. Figure 2.6 shows the cutting tools equipped on the cutter head of a slurry TBM.  

Disc cutters can fracture hard rock effectively. They are installed ahead of the 

other tools. The disc cutters then attack the boulders before the rippers and scrapers are 

damaged by engaging the boulders.  
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Figure 2.6 Cutting tools installed on STBM (courtesy of Herrenknecht AG) 

 

Disc cutters 

Scraper 

 



 

 

17

 
Figure 2.7 Disc cutter components (Courtesy of Ingersoll-Rand) 

 

 

 

 
Figure 2.8 V shape and CCS profile of cutter ring (courtesy of Ozdemir) 
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Figure 2.7 shows that a disc cutter commonly has three components, which are 

the hub, the cutter ring and the ring keeper. Disc cutters are widely used for cutting hard 

rock.   Most hard rock TBMs uses single disc cutters with replaceable rings. For soft 

ground TBMs, twin disc cutters are selected and installed on the cutter head. 

For modern disc cutters, the Constant Cross Section (CCS) profile of the cutter 

ring is installed on a TBM. The wedge shape or V shape profile was replaced the CCS 

profile. Cutter wearing is unavoidable when the cutters start indenting and excavating the 

rock. The wearing of a CCS cutter ring slightly changes the width of the cutter ring tip. 

Then, the rock cutting performance is predictable. Unlike the CCS shape cutter ring, the 

tip width of the V shape cutter changes drastically as the ring is worn down. Its cutting 

performance is reduced rapidly (Rostami 1997). Figure 2.8 shows the profiles of both 

cutter rings. 

2.5 Tunneling through a bimrock 

Table 2.1 presents the experiences of 36 microtunneling and pipejacking projects, 

collected by Hunt and Mazhar, with bimrocks. The abbreviations used in Table 2.1 are 

described in Table 2.2. The TBM advance impact, cutter and cutter head damage and the 

cost of the consequence are also included in Table 2.1. 

From the case histories, there were 12 of 40 total cases that the machine was 

unable to advance without interferences; this was defined as stuck machine case. All 

information of the case histories from Table 2.1 was also summarized, graphically, in 

Figures 2.9 to 2.10. The cases that employed roller cutters and/or face access capability 

had fewer stuck machine cases. All stuck machine cases experienced the maximum size 

of the blocks larger than one-third of the excavated diameter. 
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Most of the projects were encountered high wear rate and/ or damage of the 

cutting tools and cutter head. The cutting tool replacements caused the multiple machine 

stoppages (Castro et al. 2001) and also induced the lower advance rate problem. 

Some projects suffered from the block obstruction. This problem was solved 

successfully by using manual fracturing methods associated with the face access 

capability of the machine (Coss 1993, King et al. 1997). In some projects, the manual 

block removal associated with the face access did not succeed. The solution of those 

projects was the rescue shaft to recover the machine (Genzlinger 1995, Staheli et al. 

1999). For the machine without the face access capability, the rescue shaft was picked. 

The rescue shaft was used for retrieving the machine (Staheli et al. 2000, Miller 1997b, 

Hunt 1999) or removing the obstructing blocks (Rickert et al. 1999).  

Abandoning the machine was unfavorable option. More than three million dollars 

was the stuck machine consequence of a case history that opted the machine abandon 

(Staheli 2003). 

Conclusively, there are a number of possible results when excavating in a 

bimrock. Cutters wear and lower tunneling advance rate problems may be solved by 

cutter replacements and/or the manual block removal in front of the TBM. The manual 

block removal may be a choice when the blocks at the tunnel face cannot be fractured by 

the machine. The blocks are possibly manually removed when the machine is designed 

for accessing the face through the machine and the stand-up time of the tunnel face is 

sufficient.  If the manual removal is impossible, the rescue shaft possibly solves the 

obstruction of the blocks. The use of the shaft may be used for the machine recovery, but 

sometimes for the block removal from the tunnel alignment. After the blocks are 

removed, the tunneling can resume its operation.  

The ground improvement in front of the machine can mitigate the problems when 

tunneling through bimrock (Dowden and Robinson 2001). The common ground 

improvements are the grouting and ground freezing technique.  After the ground 

improvement, the surrounding matrix will be stiffer and stronger. Consequently, the  
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Table 2.1 Case histories of microtunneling and pipejacking projects in bimrocks 
(courtesy of Hunt and Mazhar 2004) 
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Table 2.1 (continue) 
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Table 2.1 (continue) 
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Table 2.1 (continue) 

 
 



 

 

24 

Table 2.1 (continue) 
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Table 2.1 (continue) 
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Table 2.1 (continue) 
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Table 2.1 (continue) 
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Table 2.2 Descriptions of used abbreviations for case histories of microtunneling and 
pipejacking projects in bimrocks  

Items Abbreviations Descriptions 

SJP Steel jacking pipe 

RCP Reinforced concrete pipe 

RCPP Reinforced concrete pressure pipe 

VCP Vitrified clay pipe 

FMCP Fiberglass polymer composite pipe 

PCP Polymer concrete pipe 

Ja
ck

ed
 p

ip
e 

ty
pe

 

GRP Glass resin pipe 

STBM Slurry tunnel boring machine 

OFRW Open face rotary wheel machine 

EPBM Earth pressure balance machine with screw 

Tu
nn

el
 B

or
in

g 
M

ac
hi

ne
 

(T
B

M
) t

yp
e 

EPBM-PRG 
Earth pressure balance machine with 

pressure relieving gate (PRG) 
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Figure 2.9 Occurrence of all stuck TBM cases (courtesy of Hunt and Mazhar 2004) 
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Figure 2.10 Occurrence of stuck TBM cases when maximum boulder size greater than 

33% of excavated diameter (courtesy of Hunt and Mazhar 2004) 
 

 

 

 



 

 

31

blocks in front of the machine are possibly held in place. Finally, the cutting tools can 

fracture the blocks as the machine resumes boring. The tunneling production will restart 

after the ground is improved.  

In the worst case, when the blocks in front of the machine are impossible to be 

held in place by using the ground improvements or removed from the tunnel face by 

means of the face access or the rescue shaft, the machine will possibly be abandoned..  

2.6 Current Method for Boulder Behavior Prediction 

Navin, 1995, presented a method for predicting bimrock behavior under cutting 

action based on the classical bearing capacity analysis by Terzaghi. The block could be 

moved if the shear stress in the matrix, induced while being cut by the cutter, exceeds the 

matrix bearing capacity. On the other hand, the boulder could be in place while fractured 

if the shear stress is less than the bearing capacity. 

In 2000, Goss developed two-dimensional plane strain finite elements models to 

study the behavior of the boulder, embedded in a matrix, being cut by a disc cutter. Six 

hundred elements (30 by 20 elements) were used for his study. The block was modeled in 

square shape with 2 by 2 elements and located at the center of the top surface. Only the 

normal force was modeled with an applied nodal at 0.1 mm displacement. The rolling and 

side forces were neglected in Goss’s two-dimensional model. Ultimately, he introduced 

the rock-to-soil shear strength ratio. This ratio is an indicator as to whether boulders is 

probably cut or pushed and displaced laterally by a disc cutter during excavation. With 

his numerical models, Goss showed that if the ratio is less than 600:1, disc cutters can 

possibly fracture and cut the boulders; however, the boulders will be displaced when the 

ratio is higher than 600:1.  

Goss’s finite element models have a numbers of inherent limitations, including 
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• The number of elements in the model was too coarse for observing the 

behavior of the block and matrix while indented. There were only four 

elements for the block and one nodal load, which assigned on the top 

surface of the block.  

• The finite element model could not handle large differences of the elastic 

modulus between the block and the surrounding matrix. For parametric 

studies, the values of the elastic modulus of both materials in the model 

were held constant.  

• The model became unstable when a friction angle above 40° was assigned, 

and 

• The finite element model could not handle large displacements. For 

example, his model became unstable when the vertical displacement was 

10 cm (2.5% strain).   
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CHAPTER 3   

RESEARCH METHODS 

To investigate the behavior of bimrocks under rock cutting action, a number of 

laboratory tests and numerical models were then established and carried out as 

enumerated below.  

3.1 Laboratory tests 

Laboratory tests were performed to determine the physical properties of each 

component of artificial bimrocks and to simulate the full-scale cutting action of the model 

bimrock.  

Part of the laboratory tests involved two materials which included simulated 

matrices and natural granite blocks. The simulated matrix consisted of cement, sand and 

water, referred as sand grout. The hard blocks, in this study, were natural granitic cobbles 

and boulders. They were selectively collected along Clear Creek, Golden, Colorado.  

After simulated matrix fabrication and block collection, a number of standard 

tests were performed to determine their basic physical properties. Combinations of sand 

grout mixes and blocks were applied to prepare and make a set of artificial bimrock 

samples for the LCM tests.  

The LCM test is a rock cutting simulation to measure the cutting characteristics of 

hard rock using a particular cutting tool. The cutting path in this test is linear, as opposed 

to the circular path created by a TBM. The cutting forces and the movement of the model 

bimrock were monitored and recorded. 
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3.1.1 Simulated matrix 

The sand grout is basically composed of cement, sand and water. In this study, 

Portland type I cement was mixed with all-purpose sand and tap water. The cement 

content was varied for several trial mixes, and the strength of each mix was measured. 

The procedure of sand grout mixing started with weighing a desired amount of 

sand, cement and water. The sand was loaded into a 5-cubic foot concrete mixer before 

the mixer was powered up. The water was poured into the rotating mixer. The last 

ingredient, the cement, was slowly added into the wet sand while the mixer was rotating. 

The mixer was allowed to agitate all ingredients of sand grout for ten minutes. Finally, 

the sand grout mixture became plastic and uniform.  

After blending, the sand grout mixture was sampled for making a slump test. The 

fresh mixture was loaded into a cone shaped mold. The mixture was repeatedly stamped 

by a 5/8-in diameter rod while filling the mold. The mold was slowly removed and the 

packed mixture was allowed to deform. The slump of the mixture was reported as the 

deformed height of the molded mixture. Seven sand grout mixtures were tested and 

summarized in Table 3.1.  
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Table 3.1 Sand grouts mixture trials 

Mixture Cement Water Sand 

ID % lbs % lbs % lbs 

3% 3.1% 4.0 18.8% 24.0 78.1% 100.0 

5% 5.0% 6.5 18.4% 24.0 76.6% 100.0 

7.2% 7.2% 10.0 17.7% 24.5 75.1% 104.0 

9.5% 9.5% 14.0 19.0% 28.0 71.5% 105.5 

13% 13.1% 19.5 16.2% 24.0 70.7% 105.0 

14.6% 14.6% 22.0 15.9% 24.0 69.4% 104.5 

20% 19.9% 31.0 16.0% 25.0 64.1% 100.0 
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Preparation of cylindrical sand grout specimens 

 

To determine the strength of the sand grouts, four cylindrical specimens per 

mixture were prepared according to ASTM C192/C192M-02 “Standard Practice for 

Making and Curing Concrete Test Specimens in the Laboratory”. The fresh mixture was 

cast in cylindrical shape by using a 6” x 12” cylindrical plastic jacket. The casting began 

with pouring the mixture approximately one-third of the jacket height and packing twenty 

five times by using a 5/8-in diameter metal rod. The specimen casting procedure repeated 

pouring and stamping until each jacket was filled with the mixture. The mixture was 

sealed in the jackets by using their caps to preserve its moisture while curing was in 

progress. 

 

Unconfined compressive strength test of cylindrical sand grout specimens 

 

After twenty eight days, the UCS tests of the cylindrical sand grout specimens 

were performed by following the ASTM C39/C39M-01 “Standard Test Method for 

Compressive Strength of Cylindrical Concrete Specimens”. The specimen was taken out 

from the plastic jacket. The diameter and length of sand grout core were measured to the 

nearest one-hundredth of an inch. The two diameters of the core were measured at right 

angles at the center of the core. The average diameter was used in the strength 

calculation. The weight of the sample was also recorded.  

After weighed and measured, both ends of the sample needed to be flattened by 

using capping compound. The compound is commonly used for concrete tests. Each end 

of the sand grout core was placed on melting compound on a platform. The core was 

aligned perpendicular to the platform. After a few minutes, the compound became solid 

and bonded to the core.  
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The capped sand grout specimen was placed in the compressive test apparatus. 

The loading rate was set at 570 pounds per second. The load on the sample was recorded 

until the sample failed. 

After the UCS of the sand grouts were acquired, three sand grout mixtures were 

selected for further testing. Three selected sand grouts were named, corresponding to 

their stiffness, as “stiff sand grout”, “medium sand grout” and “soft sand grout”, 

respectively. 

The stiff sand grout represents a matrix that is strongly cemented. Therefore, the 

strength of the matrix and the adhesion bond between the blocks and the matrix are high. 

The medium sand grout represents a matrix that is moderately strongly cemented. The 

strength of the medium sand grout and the adhesion bond is less than the stiff sand grout. 

The soft sand grout represents a matrix that is poorly bonded with a cementing material. 

As a result, the simulated soft matrix is friable and the adhesion bond is weak.  

3.1.2  Sand grout testing  

A number of the ASTM standard tests for the rock in this study were applied on 

the stiff sand grout. The details of the standard rock tests will be described in section 

3.1.3. For the medium and soft sand grout, the ASTM D2850 “Standard Test Method for 

Unconsolidated-Undrained Triaxial Compression Test on Cohesive Soils” was used to 

determine their cohesion, friction angle and elastic modulus. 

As usual, the procedure began with the sample preparation. The fresh sand grout 

mix of the medium sand grout and the soft sand grout were sampled and molded in 2” x 

4” plastic jackets instead of 6” x 12 ” jackets. After a well compaction, all specimens 

were kept intact approximately 28 days before the test was performed. 

After twenty eight days, the sand grout core specimens were removed from the 

plastic molds. All dimensions and weights of the core specimens were measured and 
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documented. Before performing the test, each sample was wrapped in an impermeable 

membrane. The wrapped specimen caps were attached on both ends of the sample. The 

gaps at both ends of the sample and the caps were sealed with O rings associated with 

silicon grease.  

After the membrane setup, the sample was placed in the compression chamber. 

The axial load piston engaged the top cap of the sample. To avoid the high preload, the 

induced stress from the axial load piston setup must be less than 0.5 % of the estimated 

compressive strength. 

After the completion of the axial load piston, the sample was loaded axially. 

While loading, the axial strain measured by the deformation device was recorded. After 

the sample was yielded, an additional 5% axial strain continued to be loaded beyond the 

peak axial stress.    

The relation between the axial strain and the principal stress difference, also called 

deviator stress, is presented. The axial strain is plotted as an abscissa and the deviator 

stress is plotted as an ordinate. From this plot, the axial elastic modulus of the sand grouts 

can be estimated from the slope in a linear portion.    

3.1.3 Rock testing 

In this section, the basic rock properties tests are described. They start with blocks 

collecting, rock core preparation and ASTM standards for rock tests which are the 

unconfined compressive strength (UCS) test, the UCS test with elastic moduli, the 

indirect (Brazilian) tensile strength (BTS) test, the triaxial compressive test and the 

ultrasonic elastic constants test. 
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3.1.3.1 Block collecting and rock specimen preparations 

Several natural granitic cobbles and boulders were selectively picked along the 

Clear Creek in the Golden area, Colorado. Their grain size, color and texture were 

visually the same. Their largest dimension ranged approximately from 3 inches to 14 

inches. 

To know their basic physical properties, some cobbles and boulders were sampled 

for preparing rock cores. A sampled cobble or boulder was cored, cut and ground to meet 

the ASTM rock testing requirements. 

The rock core for the UCS test and the triaxial compressive test must strictly 

follow the requirements based on ASTM D4543 “Standard Practices for Preparing Rock 

Core Specimens and Determining Dimensional and Shape Tolerances”. First, the length 

to diameter ratio of the rock core should range from 2.0 to 2.5. Second, the core should 

be smooth and straight within 0.020” tolerance. Last, both ends of the core sample should 

be perpendicular to the core axis and smooth within ±0.001”.  

For the BTS test, the sample is cut so that it has a length to diameter ratio between 

0.2 and 0.75. Therefore, the sample has a disk shape. It is not necessary fro both ends of 

disk sample to be ground and smooth. Theoretically, the ends should be perpendicular to 

the disk axis. Only 0.5° deviation of the cross sectional surface, however, is practically 

allowed. 

3.1.3.2 Unconfined compressive strength test for rock 

To determine the UCS of the rock samples, the ASTM D2938 “Standard Test 

Method for Unconfined Compressive Strength of Intact Rock Core Specimens” was 

applied. An eligible rock core was placed in the load testing machine. The machine loads 
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axially on the sample with a constant loading rate until the sample ruptures. For this 

study, the default loading rate was 10,000 pounds per minute. During loading, the applied 

load and stroke movements were digitally recorded.  

3.1.3.3 Unconfined compressive strength with elastic constants 

The elastic behavior of a material can be basically presented by the elastic 

modulus and Poisson’s ratio. To know the elastic properties of the block, the ASTM 

D3148 “Standard Test Method for Elastic Moduli of Intact Rock Core Specimens in 

Uniaxial Compression” was followed. Four electrical resistance strain gages were 

attached on the side wall of each rock specimens. During loading the rock sample, the 

specimen deformations can be measured from the change of the strain gages resistance. 

To measure the axial deformation, two gages were installed at the mid height of 

the core and parallel to the core axis. The spacing of the axial gages was 180 degrees 

apart. For lateral deformation, two strain gages were placed perpendicular to the core axis 

at the center of the sample, between the axial gages. 

The specimen geometry and the test data from the test, such as peak load, axial 

and lateral strain, are input to determine the elastic moduli, which are elastic modulus and 

Poisson’s ratio. The elastic modulus can be obtained by measuring the slope of the axial 

curve in linear regime from the stress-strain plot. There are three different ways to 

determine the elastic modulus (the axial slope) as shown in Figure 3.1. The average 

method was picked for this study. 

The Poisson’s ratio basically is defined as the absolute value of the lateral strain 

to the axial strain.  Then, the Poisson’s ratio can be calculated from the stress-strain 

curves. The slope of the lateral strain curve is measured in the same manner as the axial 

slope measured. 
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(a) 

 
(b) 

 
(c) 

 

(a) Tangent elastic modulus 

determination at a fixed 

percentage of the peak strength. 

(b) Average elastic modulus of 

linear regime of the stress-strain 

curve. 

(c) Secant elastic modulus 

determination at a fixed 

percentage of the peak strength 

Figure 3.1 elastic modulus determinations (Courtesy of ASTM International 2004) 
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3.1.3.4 Indirect (Brazilian) tensile strength test 

The tensile strength of rock can be indirectly determined by performing the BTS 

test (ASTM D3967 “Standard Test Method for Splitting Tensile Strength of Intact Rock 

Core Specimens”). Initially, the rock disk sample was set up in the load testing machine 

and loaded diametrically on it. For this study, the loading rate was 1,500 pounds-force 

per minute. The sample was loaded until it split. The peak load and the sample geometry 

are input in Equation 3.1 to obtain its indirect tensile strength. 

LD
P

t π
σ 2

=         (3.1) 

where 

 σt  indirect tensile strength 

 P peak load 

 L disk thickness 

 D disk diameter 

3.1.3.5 Triaxial compressive test 

This triaxial compressive test (ASTM D2664-04 “Standard Test Method for 

Triaxial Compressive Strength of Undrained Rock Core Specimens Without Pore 

Pressure Measurements”) is applied to determine the strength behavior of rock as 

function the confining pressure. An eligible rock core sample, with the same dimensions 

as the UCS sample, is confined to simulate a series of state of stress conditions. 

Therefore, a set of rock specimens are needed.  

The triaxial compression chamber is used for creating the confinement pressure 

for the rock core. The chamber mainly contains hydraulic oil within an impermeably 

flexible membrane and steel housing. The membrane is placed inside the housing. The 
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void between the membrane and the housing is filled with the hydraulic oil. The 

confinement pressure can be manipulated by pressurizing the fluid. 

The test procedure started with placing a rock specimen in the compression 

chamber. The fluid was pumped into the chamber and kept constant at the desired 

confinement pressures. The loaded compression chamber was placed in the load testing 

machine. The specimen inside the chamber was axially compressed until the specimen 

reached its yield point. The used loading rate was 10,000 pounds-force per minute.  The 

procedure was iterated for the next confinement pressure test.  

After completing a series of triaxial compressive tests, the peak axial stresses and 

confining pressures are the key for the Mohr stress circles’ construction. After the Mohr 

circles developed, a best-fit tangential line was drawn. The cohesion and friction angle of 

the rock were determined by measuring the Y-intercept and slope of the line, 

respectively. 

3.1.3.6 Pulse velocities and ultrasonic elastic constants test for rock 

This test is applied to estimate the elastic constants of rock such as elastic 

modulus and Poisson’s ratio. The ultrasonic velocity can be determined by measuring 

travel distance and time of the ultrasonic wave in a rock core sample.  

The sample geometry requirement is the same as the rock specimens for the UCS 

test. Then, the pulse velocities and ultrasonic elastic constants test (ASTM D2845 

“Standard Test Method for Laboratory Determination of Pulse Velocities and Ultrasonic 

Elastic Constants of Rock”) was performed the rock cores before the unconfined 

compressive strength test.  

The core was set up in the testing apparatus which can generate compression and 

shear waves and receive the signals from those waves. To minimize a gap between the 

sample and the testing apparatus at the contact areas, both ends of the specimen were 
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glued to the testing apparatus with a coupling material which was Phenyl Salicylate. The 

travel time of the waves was recorded along with the core’s dimensions and weight. The 

ultrasonic elastic constants, which are dynamic elastic modulus and dynamic Poisson’s 

ratio, can be calculated by using the following equations. 
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where 

 E dynamic elastic modulus in Pa 

 ν dynamic Poisson’s ratio 

 ρ density of rock in kg/m3 

 L core length in m 

 Tp travel time in the rock specimen of compression wave in second 

 Ts travel time in the rock specimen of shear wave in second 

3.1.4 Linear Cutting Machine test 

The performance of a rock cutting tool (cut spacing and penetration depth) can be 

determined by performing the Linear Cutting Machine (LCM) test. The LCM at the 



 

 

45

Colorado School of Mines is used for simulating full scale rock cutting conditions. 

Through nearly 30 years of comparisons between LCM results and actual field 

performance, it has been confirmed that this apparatus is useful in developing accurate 

performance estimates for various types of cutting tools.  

To investigate the behavior of bimrocks under disc cutter action, three LCM tests 

were conducted at the Colorado School of Mines Earth Mechanics Institute. Due to the 

difficulty of obtaining undisturbed bimrock samples, and in order to have some control 

on the sample properties, the LCM samples consisted of natural granitic blocks 

embedded in a simulated matrix of sand grout.  Each sample included three blocks of 

different sizes, and the sand grout strength differed for each test. The cutting tool 

consisted of a 6-inch disc cutter, which is representative of microtunnel TBM cutters. 

During the LCM tests, cutting forces were measured, characteristics of the cut material 

were recorded, and failures within the sand grout matrix were documented. 

3.1.4.1 Testing machine 

As shown in Figure 3.2, the LCM is constructed from a large and stiff reaction 

frame. The cutting tool and a load cell are mounted on the frame. The load cell measures 

the normal, rolling and side forces acting on the cutter. The orientations of the cutting 

forces are delineated in Figure 3.3. The normal force is perpendicular to the rock surface 

and provides a measure of the force required to indent the sample, from which TBM 

thrust force requirements can be estimated.  From the rolling force, TBM torque and 

power requirements can be estimated, and the side force is used for estimating moments 

on the cutter. 

The rock sample is placed in a steel box and cast with sufficiently strength 

concrete. During testing, the sample is potentially split if the sample is not confined 

enough. The steel box can then provide a confinement to the sample being cut to prevent  
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Figure 3.2 Linear Cutting Machine attached with a sample 
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Figure 3.3 Forces measured during LCM tests (Courtesy of EMI, Colorado School of 

Mines) 
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splitting. As shown in Figure 3.2, the sample box is attached on a sled, which travels on a 

pair of rails. The speed of the sled is transmitted and controlled by a servo-controlled 

hydraulic actuator. By using the servo-controlled hydraulic actuator, a wide range of the 

traverse velocities can possibly be created. During a test, the sample box is pushed and 

moved under the cutter with a constant velocity.  

3.1.4.2 Data acquisition 

A computer-based data acquisition system is an important part of the LCM test. 

The cutting forces are recorded as the rock sample is being cut. The three dimensional 

load cell measures the cutting forces and transmits the voltage signals that relates to the 

magnitude of the forces, simultaneously. The data acquisition system receives and 

records the signals from the load cell. For each cutting force, the system can record 1,000 

data points per second.  

3.1.4.3 Output data 

The output data, containing cutting forces, is analyzed statistically. The average 

forces, minimum and maximum forces are determined. The average rolling and normal 

forces are used for calculating the cutting coefficient and the theoretical specific energy 

of cutting. The cutting coefficient can be defined as the average rolling force to the 

average normal force ratio. The theoretical specific energy of cutting is defined as the 

average rolling force divided by the product of the penetration depth and the cut spacing. 

The unit of the specific energy of cutting is energy per cut rock volume. 
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3.1.4.4 LCM sample preparations 

Three artificial bimrocks samples were fabricated for LCM testing. The first 

sample (box) was cast with the “stiff sand grout”; the second with the “medium sand 

grout”; and the third with the “soft sand grout”.   

The LCM sample box 1 represents a strong bimrock, such as a strong 

conglomerate. The blocks and the particles of the matrix are perfectly bonded together 

with a very strong cementing material. The LCM box 2 represents a moderately strong 

bimrock and LCM box 3 represents a very weak bimrock having soil-like characteristics. 

To study the size effect of the blocks, three different sizes of the granitic blocks 

having elliptical shapes were cast in each LCM sample. The block IDs were named after 

the average dimension of the granitic blocks.  

The dimensions of all blocks are shown in Table 3.2.  All photographs of the 

chosen blocks for the LCM samples are and presented in Figure 3.4 to Figure 3.12.  

Figure 3.13 outlines the procedure of the LCM sample preparation. The LCM 

steel box was placed upside down on a flat and level platform. A plastic sheet was lined 

inside the steel box to prevent cement contact with the steel box. The layer of the plastic 

sheet facilitates the LCM sample removal after the completion of the test. Three sizes of 

the natural blocks were placed on the plastic sheet in the steel box (Figure 3.13 (a)). All 

ingredients of a particular sand grout mixture were mixed together and filled in the 

prepared steel box (Figure 3.13 (b)). Finally, the sand grout was leveled and covered with 

a plastic sheet to maintain the moisture in the sand grout (Figure 3.13 (c)). In this study, 

the sand grout in each LCM sample was allowed to cure at least twenty eight days before 

performing the LCM test.   
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Table 3.2 Dimensions of elliptical blocks (in inches) in LCM tests and block weathering 
conditions. 

LCM 

Sample 

 

Block ID 

Box 1 

(Stiff sand grout)

Box 2 

(Med. Sand 

grout) 

Box 3 

(Soft sand 

grout) 

4-inch 5.5” x 5” x 3.5” 5.5” x 5” x 4” 5.5” x 5” x 3” 

8-inch 8” x 8” x 6” 7” x 6” x 5.25” 8” x 8” x 5.5” 

10-inch 12” x 12” x 8.5” 12” x 10” x 9” 14” x 8.5” x 9” 

Weathering Conditions slight medium fresh 
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(a) 

 

(a) Top view 

(b) Front view 

(c) Left view 

(b) (c) 

Figure 3.4 Orthogonal view of the 4-inch block in the LCM box 1 
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(a) 

 

(a) Top view 

(b) Front view 

(c) Left view 

(b) (c) 

Figure 3.5 Orthogonal view of the 8-inch block in the LCM box 1 
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(a) 

 

(a) Top view 

(b) Front view 

(c) Left view 

(b) 
 

(c) 

Figure 3.6 Orthogonal view of the 10-inch block in the LCM box 1 
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(a) 

 

(a) Top view 

(b) Front view 

(c) Left view 

 
(b) 

 
(c) 

Figure 3.7 Orthogonal view of the 4-inch block in the LCM box 2 
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(a) 

 

(a) Top view 

(b) Front view 

(c) Left view 

 
(b) 

 
(c) 

Figure 3.8 Orthogonal view of the 8-inch block in the LCM box 2 
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(a) 

 

(a) Top view 

(b) Front view 

(c) Left view 

 
(b) (c) 

Figure 3.9 Orthogonal view of the 10-inch block in the LCM box 2 
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(a) 

 

(a) Top view 

(b) Front view 

(c) Left view 

 
(b) 

 
(c) 

Figure 3.10 Orthogonal view of the 4-inch block in the LCM box 3 
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(a) 

 

(a) Top view 

(b) Front view 

(c) Left view 

 
(b) (c) 

Figure 3.11 Orthogonal view of the 8-inch block in the LCM box 3 



 

 

59

 

 

 

 

 

 
(a) 

 

(a) Top view 

(b) Front view 

(c) Left view 

(b) (c) 

Figure 3.12 Orthogonal view of the 10-inch block in the LCM box 3 
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(a) 

(c) 
(b) 

Figure 3.13 Procedure of LCM sample preparation 
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3.1.4.5 Mini-disc cutter calibration 

Before the LCM tests begin, calibration is required. The hydraulic jack is used to 

apply a known force to the disc cutter. The components and the voltage output signals 

from the load cell are used for the cutter load calibration. 

Figure 3.14 shows that the hydraulic jack was set up into two locations, in front of 

the disc cutter and on the side the cutter. From the first setup (Figure 3.14 (a)), the disc 

cutter was thrust with an 81 degrees angled load with respect to horizontal and directed 

through the center of the cutter. The vertical and horizontal components of the angled 

load are the normal and rolling forces, respectively. Figure 3.14 (b) shows that the 

hydraulic jack was set up on the side of the cuter for calibrating side and normal forces. 

The applied load from the side setup acted on the tip of the disc cutter. The side force was 

calibrated from the known horizontal component. The known vertical components from 

both setups were used for the normal force calibration. 

   The applied pressures in the hydraulic jack started from zero psi to 2,500 psi 

with 500 psi increment. At each pressure, the signal from the load cell was measured and 

recorded. The cutter was pushed three rounds on each location. Then, thirty six measured 

voltage output signals were recorded and used for the cutter load calibration.  
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(a) 

 
(b) 

Figure 3.14 Cutter load calibration 
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3.1.4.6 LCM testing  

Before the LCM data are collected, the new LCM sample needs to be cut with the 

specified penetration depth and the cut spacing for several passes, called conditioning 

passes. The cut spacing is the distance between the adjacent cuts. The penetration depth is 

the depth of the indentation in the rock by the cutting tool. Figure 3.15 shows the 

schematic of the LCM sample. The conditioning cuts provide the damaged rock surface 

conditions that are similar to the cutting conditions in the field. In the field, the cutters 

always fracture a rock surface, which is damaged from their previous travel. The rock 

sample surface needs to be conditioned every time when new cut parameters are changed. 

When the conditioning passes were completed, the LCM test was ready to 

perform and record the data. A cutting test with a particular penetration depth and cut 

spacing needs a series of passes of cuts. Each pass is composed of a number of individual 

cuts. The data on each cut is recorded by the data acquisition system.  

After completing the last cut of a pass, the rock chips will be sampled and the 

LCM sample surface will be also cleaned up by hand brushing to make the rock surface 

ready for the next pass.  

The LCM can solely perform the test in the constant penetration cutting mode. To 

set the penetration depth, the metal spacers are placed between the load cell and the steel 

frame (see Figure 3.16). Before restarting for the next pass, the cutter is lowered by 

adding spacers, which are equal to the pre-selected penetration depth. 

During the cutting test, the transmitted voltage signals from the load cell are 

digitally recorded. The signals are the cutting forces’ measurements. Figure 3.17 is an 

example of the measured cutting forces’ plot on a data cut. The forces are plotted against 

the cut distance along the cut path. The cutting forces acting on the cutter are related to 

each other. The rolling force plainly tracks the normal force fluctuations. The rolling 

force’s magnitude is much lower than the normal force’s magnitude. For the side force, 

its trend is the opposite of the normal force. The side force will start increasing when the  



 

 

64 

 

 
Figure 3.15 Schematic of LCM sample 



 

 

65

 
Figure 3.16 Location of spacers on LCM 

 

 
Figure 3.17 Measured cutting forces plot example 
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normal force drops sharply after rock is broken and the rock chip is formed. The positive 

sign of the side force is assigned when the side force acting on the cutter directs to the left 

of the cut direction.  

From Figure 3.17, only the cutting force data are considered while the cutting tool 

is engaged with the rock surface. To average the cutting forces on each cut, first, a data 

window (dashed lines) needs to be established. The data window must cover all data 

points when the cutter engages the rock. The data points of normal, rolling and side 

forces lying between the dashed lines are averaged. Ultimately, the overall average 

cutting forces of a block on a certain cut will be calculated by averaging the individual 

average cutting forces in each pass. The selected data and the cut configurations, such as 

penetration depth and cut spacing, are processed to calculate the average cutting forces, 

cutting coefficient, specific energy, etc.  

Moreover, the block displacement in synthesized bimrock are monitored and 

recorded by a digital video camcorder. The motions of the blocks and the surrounding 

matrix while being cut are the objectives of the filming.  

3.2 Numerical Modeling 

After an initial understanding of the interaction between disc cutters and bimrocks 

has been gained from performing a series of LCM tests, the cutting behavior will be 

modeled through Fast Lagrangian Analysis of Continua (FLAC) numerical simulations to 

add further insight. FLAC is a two-dimensional explicit finite difference program. The 

listed deficiencies of Goss’s numerical model must not be existed. 

Figure 3.18 shows the loop of the FLAC calculation of a very small timestep. By 

using the equations of motion, the new velocities and new displacements on each node of 

the model are calculated from the stresses and forces. And then, from the new calculated 
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velocities and displacements, strain rates are obtained. All these computations occur in 

one small timestep of calculation.  

An advantage of models by using FLAC is the stability of the model. The 

dynamic equations of motion are used in the displacement calculations including static 

analyses. FLAC can deal with non-linear or large-strain problems, or situations the 

physical instability may occur. 

The blocks and the matrix are modeled and discretized into a numbers of 

elements, or zones. The behavior of the model depends on the assigned constitute law, 

the applied forces and the boundary conditions. 

FLAC is used for a number of numerical simulations of the LCM test. A cross 

section of the LCM box, perpendicular to the cutting path, is modeled. Figure 3.19 

illustrates the geometry and boundary conditions of the model. A 41.5” by 17.5” box is 

constructed as the LCM box sample, filled with a sand grout. The lower half of a 2: 1 

elliptical shape represents the cut block at the center top of the box. The size the modeled 

block is 10 inches in the major axis. The embedded block is notched at the center. The 

applied load is placed on the notch. The size of the notch is dimensioned as 0.25” by 

0.15” (the tip width of the disc cutter and the penetration depth). The boundary conditions 

are assigned on the model. The x-constraint is assigned on the left hand and right hand 

side of the box. At the bottom of the box, the y-constraint is applied. 

At first, three LCM boxes are modeled. For each model, the elastic constants and 

strength parameters, such as shear strength and cohesion, based on the test results, are 

input to the models. After performing cutting simulation by loading a constant force or 

constant velocity on the notch, the failures in the block and the sand grout in the model 

are compared with the actual failures that were observed while performing the LCM tests 

Once the simulation results agree with the lab results, the numerical simulation. 

model will be modified to study the behavior of the bimrock and disc cutter beyond the 

LCM.  More models will be constructed by changing the elastic modulus, cohesion and 

friction angle. After a series of numerical simulations, the failures in the rock and matrix 
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can be related to the ratio of the elastic modulus and strength parameters between the 

block and matrix. These results will help to understand the interaction between the 

bimrock and the disc cutter under cutting actions. 

 

 

 

 

 
Figure 3.18 Calculation flow chart in one timestep (Courtesy of ITASCA, 2000) 
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Figure 3.19 Modeled LCM drawing 
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CHAPTER 4  

LABORATORY RESULTS 

This chapter presents all results in the laboratory tests, which are the physical 

properties of the block and the sand grouts. The Linear Cutting Machine (LCM) test 

results are reported on the characteristics of the cut materials and the failures of the 

matrix around the blocks in the LCM tests are also included. All details of individual 

physical properties and LCM tests are attached in Appendices A and the supplementary 

CD on the back of this thesis, respectively. 

4.1 Rock test results 

To determine the basic properties of the block, a number of the standard tests 

were performed. The laboratory tests performed on ten blocks included the unconfined 

compressive strength with the static elastic moduli, the dynamic elastic moduli, the 

indirect tensile strength, the triaxial compressive tests and density. 

4.1.1 Unconfined compressive strength with elastic moduli test results 

The UCS test was performed on ten rock core samples. The dynamic elastic 

constants were determined each sample. Four UCS samples were selected and a set of 

four strain gages were applied to acquire the static elastic constant moduli. Tables 4.1 and 

4.2 summarize the sample dimensions, densities, the UCS, and the dynamic and static 

elastic constants.   
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Table 4.1 Unconfined Compressive Strength of rock samples 
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Table 4.2 Dynamic and static elastic constants of the rock specimens 

Dynamic E Dynamic Static E Static 
Core ID 

(ksi) (GPa) v (ksi) (GPa) v 

1G-1-U 6,514 45 0.245 - - - 

1G-2-U 6,571 45 0.226 - - - 

1G-3-U 6,332 44 0.229 - - - 

1G-4-U 2,604 18 0.208 - - - 

1G-5-U 4,603 32 0.155 - - - 

2G-1-U 10,838 75 0.296 - - - 

060317-1 3,427 24 0.192 3,841 26 0.193 

060317-2 3,728 26 0.160 4,205 29 0.186 

060317-3 3,993 28 0.169 5,503 38 0.181 

060317-4 4,204 29 0.193 5,651 39 0.169 

Average 5,282 36 0.207 4,800 33 0.182 
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The average dynamic and static elastic modulus are 5,282 ksi (36 GPa) and 4,800 

ksi (33 GPa), respectively. The average elastic constants, estimated by using the pulse 

velocities and ultrasonic elastic constants test, are approximately 10% greater than the 

average static elastic constants. The average Poisson’s ratio determined by the static 

elastic moduli method is approximately 10% smaller than the dynamic elastic moduli 

method. The average dynamic and static Poisson’s ratio are 0.207 and 0.182, 

respectively. 

4.1.2 Indirect (Brazilian) tensile strength  test results 

The Brazilian tensile strength (ASTM D3967) test was performed on eight rock 

disk specimens. The indirect tensile strength test results are tabulated and summarized in 

Table 4.3. The average indirect tensile strength is 1,446 psi (10 MPa). 
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Table 4.3 Brazilian Tensile Strength of block samples 

BTS 
Core ID 

Core 
Length 

(in) 

Average 
Diameter 

(in) 
L/D Ratio 

(psi) (MPa) 

1G-1-B 1.13 2.003 0.57 1,390 10 

1G-2-B 1.16 2.003 0.58 1,558 11 

1G-3-B 1.16 2.002 0.58 1,328 9 

1G-4-B 1.19 1.956 0.61 732 5 

1G-5-B 1.11 1.957 0.57 1,053 7 

2G-1-B 1.16 1.950 0.59 2,098 14 

2G-2-B 1.29 1.952 0.66 1,654 11 

2G-3-B 1.19 1.952 0.61 1,759 12 

   Average 1,446 10 
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4.1.3 Triaxial compressive test results 

The objective of this rock test is the stress-strain characteristics and shear 

strength. Failure criterions of a material can be explained by the cohesion and friction 

angle of the material. A set of seven cylindrical rock specimens was prepared.  

At a high confining pressure, the peak axial load of the sample may be beyond the 

capacity of the loading machine. Therefore, the highest confining pressure were 

estimated and established at 1,750 psi. The confining pressures for the triaxial sample set 

were set from 250 to 1,750 psi with 250 psi increments. The pulse velocities and 

ultrasonic elastic constants test was completed on all samples before performing the 

triaxial compressive tests. The dynamic elastic constants and the triaxial compressive test 

results are tabulated in Table 4.4. 

To determine the cohesion and friction angle of a set of triaxial test samples, the 

peak axial stresses (σ1) and the confining pressures (σ3) are plotted. Based on the Mohr-

Coloumb failure criterion, a best-fit linear relationship between σ1 and σ3 will be drawn. 

The linear relationship between σ1 and σ3 can be expressed in Equation 4.1 

 

( )31 σσ φNqu +=        (4.1) 

where 

qu  unconfined compressive strength (Y-intercept) 

Nφ  slope of the linear relationship between σ1 and σ3. 

 

The qu and Nφ obtained from a best-fit linear relationship between σ1 and σ3 are input in 

Equation 4.2 and 4.3 for calculating the cohesion (Si) and friction angle (φ) of the 

samples.  
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The peak axial stresses (σ1) and the confining pressures (σ3) of the seven rock 

samples are plotted in Figure 4.1. The cohesion and the friction angle results are 3,272 psi 

(22.6 MPa) and 54 degrees, respectively.  

 

Table 4.4 Dynamic elastic constants and triaxial test results 

Core  Confining Peak Stress Dynamic E Dynamic 

ID Pressure 
(psi) (psi) (MPa) (ksi) (GPa) v 

H-1 250 16,538 114 3,678 25 0.175 

H-2 500 26,895 185 4,459 31 0.148 

H-4 750 35,528 245 6,799 47 0.235 

H-3 1,000 30,041 207 3,976 27 0.158 

E-3 1,250 24,746 171 2,190 15 0.206 

E-1 1,500 39,231 270 4,243 29 0.179 

E-2 1,750 33,952 234 3,136 22 0.142 
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Figure 4.1 σ1 and σ3 plot with seven rock specimens 
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4.2 Sand grout test results 

Three mixtures of the sand grout applied in the Linear Cutting Machine test were 

evaluated to acquire their basic physical properties, which are the unconfined 

compressive strength (UCS), the indirect tensile strength (BTS), the elastic modulus, 

Poisson’s ratio, the cohesion and the friction angle. The purpose of the different sand 

grout mixtures is simulating the natural matrix of bimrock. The stiff sand grout represents 

a matrix that is well bonded with a strong cementing material such as silica. The strength 

of the medium sand grout and the adhesion bond is less than the stiff sand grout. The soft 

sand grout represents a matrix that is poorly bonded with a cementing material. It is noted 

that the rock testing standards was performed on the stiff sand grout. The soil test was 

applied on the medium and the soft sand grout. 

4.2.1 Sand grouts mixture trials 

All samples from the sand grout mixture trials were testes to determine their UCS. 

The loading rate was set at 570 pounds per second for all samples, excluding mixture ID 

3%. The loading rate for mixture ID 3% was reduced to 140 pounds per second due to the 

fragility of the 3% ID mixture. 

After the UCS of the sand grouts were acquired, three sand grout mixtures were 

selected for further testing. The selected sand grouts were named corresponding to their 

stiffness. The 20%, 7.2% and 3% mixtures were named as “stiff sand grout”, “medium 

sand grout” and “soft sand grout”, respectively. 

The average UCS of each chosen sand grout is tabulated in Table 4.5. The details 

of the test are gathered in Appendix A. 
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Table 4.5 Average UCS of sand grouts mixture trials 

UCS Average UCS 
Sample ID 

(psi) (MPa) (psi) (MPa) 

050120-3%-1 48 0.33 
050120-3%-2 52 0.36 
050120-3%-3 50 0.35 
050120-3%-4 54 0.37 

51 0.35 

050119-5%-1 109 0.749 
050119-5%-2 140 0.965 
050119-5%-3 163 1.125 
050119-5%-4 143 0.987 

139 0.957 

041220-7.2%-1 350 2.42 
041220-7.2%-2 329 2.27 
041220-7.2%-3 328 2.26 
041220-7.2%-4 335 2.31 

336 2.31 

041217-9.5%-1 630 4.3 
041217-9.5%-2 550 3.8 
041217-9.5%-3 551 3.8 
041217-9.5%-4 548 3.8 

570 3.9 

041213-13%-1 1,568 10.8 
041213-13%-2 1,412 9.7 
041213-13%-3 1,611 11.1 
041213-13%-4 1,306 9.0 

1,474 10.2 

041214-14.6%-1 1,959 13.5 
041214-14.6%-2 1,796 12.4 
041214-14.6%-3 1,942 13.4 
041214-14.6%-4 1,995 13.8 

1,923 13.3 

050119-20%-1 3,256 22.5 
050119-20%-2 3,071 21.2 
050119-20%-3 3,071 21.2 
050119-20%-4 3,434 23.7 

3,208 22.1 
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4.2.2 Stiff sand grout test results 

The ASTM standard tests for the intact rock in this study were applied on the stiff 

sand grout. The stiff sand grout mixture was composed of 20% Portland cement type I, 

16% water and 64% sand. After being well agitated by a cement mixer, the fresh mix was 

cast in four 6” x 12” cylinder molds. The sand grout was left to cure for twenty eight 

days. 

After the curing period, five triaxial samples, three UCS samples and three BTS 

samples were prepared from the poured cylinders. The cylinders were cored across 

diameter by using 2” core barrel drill bit. The desired dimensions of triaxial and UCS 

specimens were approximately 2” x 4”. Both ends of 2” core were ground and smoothed 

to meet the ASTM standards (ASTM D4543) for rock tests.  Disc-like samples were also 

prepared for BTS (ASTM D3967). The thickness to diameter ratio of the BTS samples 

was in range of 0.5 to 0.75.  

    For the static elastic moduli test, each UCS specimen four strain gages were 

securely attached. The gages were used for acquiring the axial and lateral deformation of 

the sample when loaded axially. The sample was compressed until it yielded. Table 4.6 

shows all dimensions of the cylindrical samples and their densities. The average density 

of the stiff sand grout is 134 lb/ft3 (2.14 g/cm3). The UCS of the stiff sand grout samples 

and their elastic constants are summarized in Table 4.7. The average UCS, elastic 

modulus and Poisson’s ratio are 4,898 psi (34 MPa), 2,776 ksi (19.1 GPa) and 0.17, 

respectively. 
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Table 4.6 Dimensions and density of stiff sand grout samples 

Core Length Average Diameter Density, ρ 
Core ID 

(in) (cm) (in) (cm) (lb/ft3) (g/cm3) 

060403-2A-U 4.252 10.80 2.011 5.11 133 2.14 

060403-3A-U 4.182 10.62 2.012 5.11 133 2.14 

060403-4A-U 4.317 10.97 2.012 5.11 135 2.16 

    Average 134 2.14 

 

 

Table 4.7 UCS and elastic constants of stiff sand grout 

UCS Static E Static 
Core ID 

(psi) (MPa) (ksi) (GPa)  ν 

060403-2A-U 4,619 32 2,737 19 0.171 

060403-3A-U 4,958 34 2,688 19 0.170 

060403-4A-U 5,116 35 2,901 20 0.182 

Average 4,898 34 2,776 19.1 0.174 

 

The table 4.8 shows the individual and the average indirect tensile strength test 

results. The BTS has a range from 347 to 395 psi (2.4 to 2.7 MPa). The average BTS of 

the stiff sand grout is 375 psi (2.6 MPa).  

 



 

 

83

Table 4.8 Indirect tensile strength test results of stiff sand grout 

BTS 
Core ID Core Length 

(in) 
Average 

Diameter (in) L/D Ratio 
psi MPa 

060403-1-B 1.403 2.01 0.70 347 2.4 

060403-2-B 1.247 2.01 0.62 384 2.6 

060403-3-B 1.334 2.01 0.66 395 2.7 

   Average 375 2.6 

 

 

Table 4.9 Confining pressures and peak stresses on stiff sand grout sample set 

Confining Peak Stress 
Core ID 

Pressure (psi) (psi) (MPa) 

060403-1A-T 100 3,303 23 

060403-1B-T 200 4,689 32 

060403-2B-T 400 4,189 29 

060403-3B-T 800 6,823 47 

060403-4B-T 1,600 9,703 67 

 

For the triaxial compressive test, five confining pressures were assigned for the 

stiff sand grout samples set. The lowest confining pressure was 100 psi and the highest 

was 1,600 psi. The highest confining pressure was estimated at tunnel depth 3,500 ft 
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when the lateral earth pressure coefficient was 0.5. Table 4.9 and Figure 4.2 present the 

triaxial compressive results.  

In Figure 4.2, the confining pressures (σ3) and peak stresses (σ1) are plotted. The 

linear best fit for those points is a well correlated. The cohesion and the friction angle of 

the stiff sand grout samples are 785 psi (5.4 MPa) and 37.5 degrees, respectively.  
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Figure 4.2 σ1 and σ3 plot with five stiff sand grout specimens 
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4.2.3 Medium and Soft sand grout test results 

The medium sand grout mixture was composed of 7% Portland cement type I, 

18% water and 75% sand. For the medium and the soft sand grout, the standard 

Unconsolidated-Undrained triaxial compression test on cohesive soils (ASTM D2850) 

was used to determine their cohesion, friction angle and elastic modulus. Three confining 

pressures, 83 psi (12,000 psf), 42 psi (6,000 psf) and 14 psi (2,000 psf), were used in the 

tests. The triaxial compressive results of the medium and soft sand grout are summarized 

and tabulate in Table 4.10.  

 

Table 4.10 Confining pressures and peak stresses on medium and soft sand grout sample 
sets 

Confining Peak Major Principal Stress 
Sand Grout Core ID 

Pressure (psi) (psi) (MPa) 

060426-7-2 14 286 1.97 

060426-7-3 42 378 2.60 Medium 

060426-7-4 83 656 4.52 

060426-3-3 14 105 0.73 

060426-3-2 42 215 1.49 Soft 

060426-3-4 83 390 2.69 
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Peak major principal stresses and confining pressures are used to construct 

Mohr’s circles. A relationship of the shear and normal stress can be determined by 

drawing a best fit line tangent to all the circles. The linear relationship yields the friction 

angle and the cohesion of the sand grouts. Figures 4.3 and 4.4 show the Mohr’s circles 

and the best fit line in the shear-normal stress plot. From the linear relationship, the UCS 

of the sand grout can be calculated by using Equation 4.4.  

 

( )
( )φ

φ
sin1
cos2

−
⋅⋅

=
cqu       (4.4) 

where 

 qu   calculated unconfined compressive strength 

c   cohesion of the sand grout 

 φ   friction angle of the sand grout 

The elastic modulus of the sand grouts can be determined by using the deviator 

stress-strain plots (U.S. Army Corps of Engineers 1990, EM 1110-1-1904). The data 

points on the linear portion from the test results (see Appendix B) are selected and input 

in Equation 4.2: 

 

 
( )

( )ε
σσ

d
d

E 31 −
=       (4.5) 

 where 

  ( )31 σσ −d   difference of the deviator stress on the linear potion 

  ( )εd    difference of the strain on the linear potion. 

The elastic modulus, the friction angle and the cohesion of the sand grouts are shown in 

Table 4.10. 
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Figure 4.3 Mohr circles and linear relationship between shear and normal stress for 

medium sand grout 
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Figure 4.4 Mohr circles and linear relationship between shear and normal stress for soft 

sand grout 
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Figure 4.5 Elastic modulus determination from conventional triaxial compression test by 

using tangent method (Courtesy of U.S. Army Corps of Engineers 1990) 
 

From Table 4.11, the cohesion and the friction angle of the medium and the soft 

sand grout are 40.4 psi (278.7 kPa), 11.5 psi (79.4 kPa), 43.6 degrees and 37.5 degrees 

respectively. The elastic modulus is a function of the confining pressure. Like other geo-

materials such as rocks and soil, the confining pressure strengthens the medium and soft 

sand grout samples.   

 

 



 

 

89

Table 4.11 Elastic modulus, cohesion and friction angle of medium and soft sand grout 

Properties Medium Sand Grout Soft Sand Grout 

(psi) 188.4 46.7 Calculated Unconfined 

Compressive Strength 
(kPa) 1,299 322 

(psi) 40.4 11.5 
Cohesion 

(kPa) 278.7 79.4 

Friction Angle (Deg) 43.6 37.5 

(ksi) 17.3 5.3 Elastic Modulus @ 14 

psi confining pressure 
(MPa) 119.1 36.7 

(ksi) 18.7 6.6 Elastic Modulus @ 42 

psi confining pressure 
(MPa) 129.1 45.5 

(ksi) 30.0 12.7 Elastic Modulus @ 83 

psi confining pressure 
(MPa) 206.8 87.7 

lb/ft3 132 125 
Average Density 

kg/m3 2,113 1,999 
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4.3 Physical properties comparisons 

In this section, the physical properties of the block and the sand grouts are 

compared. The UCS, elastic modulus, cohesion and friction angle ratio between the block 

and the sand grouts are presented in Table 4.12. Because of very low confinement, the 

elastic modulus of the medium and the soft sand grout at 14 psi confining pressure is 

assumed to be equal to the elastic modulus of the sand grout under the unconfined 

condition. The UCS lab results of the stiff sand grout and the calculated UCSs of the 

medium and soft sand grout are used for the UCS comparison. 

From Table 4.12, the ratio of the physical properties between the block and the 

sand grouts shows the difference of the stiffness and the strength of the rock and the sand 

grouts. The materials are the components of the synthetic bimrock samples for the Linear 

Cutting Machine (LCM) tests. 

 

Table 4.12 UCS, elastic modulus and cohesion boulder/sand grouts comparison 

Boulder : Sand grout ratio Stiff Sand Grout 
Medium Sand 

Grout 
Soft Sand Grout 

Unconfined Compressive 

Strength 
4.7 : 1 125 : 1 503 : 1 

Elastic Modulus 1.7 : 1 278 : 1 906 : 1 

Cohesion 3.2 : 1 63 : 1 221 : 1 

Friction angle 1.5 : 1 1.3 : 1 1.5 : 1 
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4.4 Linear Cutting Machine (LCM) test results 

The LCM test results of each LCM sample are presented in this section. The 

muck shape, the damage of the sand grout around the boulders and the cutting forces are 

reported sequentially. In this study, a 6-inch mini disc cutter manufactured by Excavation 

Engineering Associates, Inc. was selected as the cutting tool. The working normal load of 

the cutter was recommended at 20,000 lb at the normal operation condition by the 

manufacturer.  

The normal force should be less than the recommended cutter’s normal load. A 

cut geometry (a cut spacing and penetration depth) that induces the normal force close to 

20,000 lb needs to be found out. Table 4.13 shows the LCM test matrix in the LCM box 1 

(stiff sand grout). The average normal forces across the blocks are tabulated in Table 

4.14.  

From Table 4.14, the tendency of the normal force increases when the cut spacing 

is widened and the penetration depth is deepened. The max normal force does not exceed 

the recommended cutter’s normal load.  

Generally, the cut spacing on microtunnel boring machines is approximately 2 

inches. At deeper penetration depth, higher cutting forces are required to fracture the 

rock. Then, the cut spacing and penetration depth for the next LCM tests was set constant 

at a 2” cut spacing and a 0.15” penetration depth.  
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Table 4.13 LCM test matrix and test series names on box 1 

             Spacing (in) 

 

Penetration 

Depth (in) 

3 2 1 

0.05 CL01 CL04 CL07 

0.10 CL02 CL05 CL08 

0.15 CL03 CL06 CL09 

 

Table 4.14 Average normal force across the blocks on LCM box 1 (stiff sand grout) 

Average normal force (lb) across the block 
Test series 

Cut 
spacing 

(in) 

Penetration 
depth (in) 4-inch block 8-inch block 10-inch block

CL01 0.05 10,826 8,298 11,796 

CL02 0.10 14,982 11,455 14,596 

CL03 

3 

0.15 16,597 11,568 9,904 

CL04 0.05 8,230 4,894 9,885 

CL05 0.10 11,447 9,933 13,466 

CL06 

2 

0.15 14,971 9,490 15,538 

CL07 0.05 6,227 4,718 7,096 

CL08 0.10 7,869 7,101 10,320 

CL09 

1 

0.15 7,790 7,661 11,430 
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4.4.1 Characteristics of cut material 

The mechanism of hard rock cutting using a disc cutter is displayed in Figure 4.6. 

As the disc cutter indents a uniform hard rock, the induced stresses crush the rock 

beneath the cutter, and fractures tend to propagate radially from the cutter contact area. 

As radial fractures from adjacent disc cuts coalesce, the classical rock chips form. The cut 

spacing is the distance between the adjacent cuts. The penetration depth is the depth of 

the indentation in the rock by the cutting tool. The cut spacing and penetration depth 

affect the magnitude of the cutting forces, the normal, rolling and side forces for a 

particular rock and cutting tool. To avoid the failure of a cutter while fracturing rocks, the 

normal force must not exceed the cutter capacity.   

In The shape of the rock chips from the LCM boxes 1 and 2 were similar to the 

chip geometries that would be expected in uniform hard rocks; however, the cut material 

from box 3 showed significantly different characteristics. In box 3, continuous vertical 

cracks developed through all boulders.  

 

 

 
Figure 4.6 Chip formation in hard rock cutting by a disc cutter (courtesy of Rostami 

1997) 
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4.4.1.1 Cut material in box 1 

The LCM sample box 1 modeled a strong bimrock, such as a strong 

conglomerate. The blocks and the particles of the matrix are perfectly bonded together 

with a very strong cementing material. After being cut, the shape of cut material of all 

boulders in box 1 was similar to the chip geometries that are formed in hard rock cutting. 

Figures 4.7 to 4.9 present the shape of cut material of 4-inch, 8-inch and 10-inch blocks, 

respectively. The grooves in the Figures are the cut paths of the 6-inch mini disc cutter. 

The arrows indicate the direction of the cut path. 

Figure 4.10 shows snapshots of the event of the 4-inch block dislodging. While 

the disc cutter was traveling on the 4-inch block, the block was fractured and split and 

then dislodged from the stiff matrix. Figure 4.11 shows that the block was broken into 

two pieces. As shown in Figure 4.11, the interface surfaces of the boulder and the stiff 

sand grout were undamaged. This reflected that only the interface bond between the 

boulder and the stiff sand grout failed. Figure 4.12 displays the cutting force plots. The 

magnitude of all forces was very low after the 4-inch block failed and displaced (in the 

circle) until the cutter engaged the stiff sand grout again. 
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(a) Before cut 

 
(b) After cut 

Figure 4.7 Cut materials of 4-inch block in LCM sample box 1 
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4-inch block 
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Cut direction 
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(a) Before cut 

 
(b) After cut 

Figure 4.8 Cut materials of 8-inch boulder in LCM sample box 1 

8-inch block 

Cut direction 

Stiff sand grout 

8-inch block 
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(a) Before cut 

 
(b) After cut 

Figure 4.9 Cut materials of 10-inch boulder in LCM sample box 1 

10-inch block 

Cut direction Stiff sand grout 

10-inch block 
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(a) Mini-Disc cutter approaching 4-inch 

block 

(b) Cutter engages the block 

(c) Fractured block moving sideway (d) Displaced block fragment 

Figure 4.10 Snapshots of dislodging 4-inch block 
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(a) Before cleaning 

(b) After cleaning 

Figure 4.11 Dislodged block and interface surface 
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Figure 4.12 Cutting force plots on dislodged 4-inch block 

4.4.1.2 Cut material in box 2 

The LCM box 2 was intended to simulate a bimrock that the blocks are embedded 

in sand stone or siltstone. The blocks and matrix are fairly bonded with a medium strong 

cementing material such as calcite. As mentioned before, the muck material in box 2 is 

similar to the classical hard rock flake. The classical chip formation also developed in the 

medium sand grout as shown in Figures 4.13 to 4.15.  
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(a) Before cut 

 
(b) After cut 

Figure 4.13 Rock chip of 4-inch block in LCM sample box 2 
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(a) Before cut 

 
(b) After cut 

Figure 4.14 Rock chip of 8-inch block in LCM sample box 2 

8-inch block 

Cut direction 

Medium sand grout 

8-inch block 



 

 

103

 
(a) Before cut 

 
(b) After cut 

Figure 4.15 Rock chip of 10-inch block in LCM sample box 2 
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By continuing the LCM test, the thickness of the boulders was reduced. The deep 

fractures induced by the mini-disc cutter broke the 4-inch and 8-inch blocks. The 4-inch 

and the 8-inch blocks were totally disintegrated after pass 23 and after pass 28, 

respectively. The disc cutter fully engaged the 4-inch block at pass 5. Then, the total 

penetration on the 4-inch block was 2.85” inches. For the 8-inch block, the disc cutter 

fully engaged at pass 6. The total penetration on 8-inch block was 3.45”. Figure 4.16 

shows the fragments of both boulders. 

4.4.1.3 Cut material in box 3 

The LCM box 3 simulated a fragile bimrock, which the poorly bonded matrix is 

friable and the interface bond is weak. An example of this kind of bimrock is that the 

blocks was deposited by glaciers and embedded in soft and loose glacier tills.  

The cut behavior in box 3 was greatly different from box 1 and 2. The blocks 

were pushed downward whenever the mini disc cutter engaged the blocks. The 

downward displacements of the blocks were visually detected. The chip formation was 

noticed only on the 10-inch block.  After a few passes, the 4-inch and 8-inch blocks 

started to be deeply fractured (see Figure 4.17 and 4.18).  

On the 10-inch boulder embedded in the soft matrix, the deep fractures were 

visible after the sixth pass. The deep fracture is located on the second and third cut from 

the left in Figure 4.19. Figure 4.20 shows the development of the vertical cracks on the 

10-inch boulder. After pass 15, the boulder was completely split into 3 major parts on the 

second, forth, fifth and sixth cut on the 10-block.  

 



 

 

105

 

 

 
(a) 4-inch block 

 
(b) 8-inch block 

Figure 4.16 4-inch and 8-inch block fragments in box 2 (the medium sand grout) 
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(a) 4-inch block after pass 3 (before cleaning) 

 
(b) 4-inch block and fragment after pass 3 (after cleaning) 

Figure 4.17 Damage on 4-inch block after pass 3 
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(a) 8-inch block after pass 3 (before cleaning) 

 
(b) 8-inch block and fragment after pass 3 (after cleaning) 

Figure 4.18 Damage on 8-inch block after pass 3 
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(a) Angle view 

   
(b) Plan view 

Figure 4.19 First visible deep fractures on 10-inch block (after pass 6) 
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Figure 4.20 Development of deep fractures on 10-inch block in box 3 
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4.4.2 Shear failure in sand grout matrix 

Damage to the sand grout around the boulders was also observed while 

performing the Linear Cutting Machine (LCM) test. There were no failures in the stiff 

and medium sand grout. For soil-like material, the shear failure often occurs rather than 

the tensile failure. In box 3, shear failures in the soft sand grout were detected. After the 

block was vertically fractured, the block fragments were displaced laterally as of the disc 

cutter traveled. The displacements of the block fragment induced the failure in the matrix 

around the block.  

The shear failure surfaces appeared on both sides of the 4-inch block, as shown in 

Figure 4.21. At first, a failure surface was created on the left hand side of the block as the 

block fragment being displaced laterally by the cutter after pass 3. After pass 4, the 

remaining block was also deeply fractured. The new block fragment was displaced 

sideways to another side and formed a shear failure surface on the right hand side.   

The shear failure surface around the 8-inch block was detected after the 

completion of pass 6. The block was totally fractured into five parts. Figure 4.22 shows 

the 8-inch block fragments and the shear surface on the left hand side. 

The failure surface near the 10-inch boulder was formed after pass 9. A deep 

vertical fracture broke the 10-inch boulder on the last cut (right hand side). The fragment 

was pushed sideways and created the shear failure surface. Figure 4.23 shows a small 

fragment that caused the shear surface in the soft matrix. The failure surface was 

explored after pass 17 was completed (see Figure 4.24).  
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(a) After pass 3 

  
(b) After pass 4 

Figure 4.21 Shear failure surfaces near 4-inch block in soft sand grout 
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(a) Before cleaning 

 
 

(b) After cleaning 

Figure 4.22 8-inch block fragments and shear failure surface after pass 6 
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Figure 4.23 Fragment of 10-inch boulder and failure surface 
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Figure 4.24 Shear failure surface near 10-inch boulder 
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4.4.3 Cutting forces 

In this study, the cutting configuration for all LCM samples was considered at a 

2-inch cut spacing and a 0.15-inch penetration depth. The cutting force results are 

presented in graphic and table. Every pass, the cutting forces on each individual cut were 

averaged statistically. All individual cut results can be found in Appendix C.  

Figure 4.25 shows an example of the cutting forces plot on the 8-inch block 

embedded in box 2 (the medium sand grout). To average the cutting forces on each cut, 

first, a data window (dashed lines) needs to be established. The data window must cover 

all data points when the cutter engages the rock. The data points of the normal, rolling 

and side forces lying between the dashed lines are averaged. To eliminate the complexity 

of the machine and rock interaction, the overall average cutting forces of a block on a 

certain cut will be calculated by averaging the individual average cutting forces in each 

pass.  

Figures 4.26 to 4.34 show the comparison of the cutting forces on each block size. 

All forces are plotted against the cut number. For example, the 4-inch block in box 1 

(stiff sand grout) was cut on cut number 10, 11 and 12 on each pass. The vertical dashed 

lines represent the physical edge of the blocks as measured along the cut. 

Areas near the edge of the block are usually easy to be fractured (Edge effect). 

According to the cutting forces of all LCM samples, the peak normal and rolling forces 

were measured near the center of the boulders, whereas the largest side force was 

measured near the edge of the boulders.  

The plots show that the cutting forces in box 1 (the stiff sand grout) are greater 

than the others. For box 2, the forces are less than the sample box 3, in spite of the fact 

that the medium sand grout is stiffer and stronger than the soft sand grout. The reason 

could be the weathering condition of the hard blocks embedded in box 2. According to 

the rock sample inspection, the weathering condition for the blocks embedded in box 3 

was fresh but in box 2 was medium (see Table 3.2). 



 

 

116 

0

10000

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42

Distance (in)

Fo
rc

e 
(lb

f)

Normal Force Rolling/Drag Force Side Force
Series4 Series5

 
Figure 4.25 Cutting forces plot and data window on 8-inch block in box 2 (medium sand 

grout) 
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Figure 4.26 Normal force comparison on 4-inch block 
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Figure 4.27 Normal force comparison on 8-inch block 
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Figure 4.28 Normal force comparison on 10-inch block 
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Figure 4.29 Rolling force comparison on 4-inch block 
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Figure 4.30 Rolling force comparison on 8-inch block 
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Figure 4.31 Rolling force comparison on 10-inch block 
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Figure 4.32 Side force comparison on 4-inch block 
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Figure 4.33 Side force comparison on 8-inch block 
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Figure 4.34 Side force comparison on 10-inch block 
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During testing on all LCM samples, an electro-magnetic field, emitted from 

lighting utilities in the lab, interfered with the data acquisition system. The records of the 

voltage signal, measuring the cutting forces from the load cell, were moderately to 

extremely noisy. Figure 4.35 shows an example of typical data (without electro-

magnetic- interference) and noisy data. Both plots came from the same cut on the 10-inch 

boulder in the sample box 2. 

The interference slightly affected the average cutting forces but greatly affected 

the maximum, minimum and standard deviation of the cutting forces. All collected data 

can be used for averaging the cutting forces. The numbers of interfered data were 

approximately 95% in box 1, 33% in box 2 and 50% in box 3.  

Tables 4.15 to 4.17 show the average cutting forces on each block in box 1, 2 and 

3, respectively. As mentioned before, the 4-inch and 8-inch block in box 2 (the medium 

sand grout), and all blocks in box 3 (the soft sand grout) experienced a number of deep 

vertical fractures along the cuts. After the presence of the vertical fracture on a particular 

cut, the block lost its integrity along the cut. The cutting forces of the following pass on 

the cut decreased significantly. Then, the cutting forces data from the following pass 

were discounted for acquiring the overall average cutting forces. 
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(a) Typical data 
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(b) Noisy data 

Figure 4.35 Compare cutting forces data between typical data and noisy data 
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Table 4.15 Average peak cutting forces for each boulder in LCM box 1 

Average peak 
Boulder ID 

Normal force (lbs) Rolling force (lbs) Side force (lbs) 

4-inch 15,916 3,015 3,935 

8-inch 9,996 2,019 1,496 

10-inch 16,787 2,520 3,029 

 

Table 4.16 Average peak cutting forces for each boulder in LCM box 2 

Average peak 
Boulder ID 

Normal force (lbs) Rolling force (lbs) Side force (lbs) 

4-inch 4,970 1,258 1,436 

8-inch 6,422 1,418 1,635 

10-inch 10,037 1,827 2,123 

 

Table 4.17 Average peak cutting forces for each boulder in LCM box 3 

Average peak 
Boulder ID 

Normal force (lbs) Rolling force (lbs) Side force (lbs) 

4-inch 5,187 742 1,168 

8-inch 7,445 1,291 1,915 

10-inch 13,119 2,073 2,445 
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4.5 Discussion of LCM results  

In this section, the LCM results are discussed in terms of cutting forces, failure 

mode in the blocks and shear failure in the sand grout matrices. 

According to Figures 4.26 to 4.34, the cutting forces in box 1 (Stiff sand grout) 

are the highest and the cutting forces in box 3 (Soft sand grout) are the second high, 

instead of the cutting forces in box 2 (Medium sand grout). This occurrence can be 

explained by the variations of the physical properties of the natural granitic blocks. The 

weathering conditions of the blocks recorded and reported in Table 3.2 possibly affect the 

cutting forces results. The block size and the sand grout matrix stiffness affecting on the 

cutting forces are, however, inconclusively. 

The classical chip and deeply fractured formations were detected and observed 

during the LCM test. The deep fracture suffers the blocks in all LCM samples e.g. 4-inch 

block in box 1 (Stiff sand grout), 4-inch and 8-inch blocks in box 2 (Medium sand grout) 

and all blocks in box 3 (Soft sand grout). Excluding 4-inch block in box 1 (Stiff sand 

grout), the first deep fracture located approximately at the center cut of the blocks. The 

deep fracture of 4-inch block in box 1 (Stiff sand grout) was approximately 0.5 inch from 

the edge of the block. 

The stiffness of the sand grout matrix and the original thickness of the block are 

the factors of the deeply fractured formations. Table 4.18 shows the details of the blocks 

that suffered by the deep fracture at first time. Figure 4.36 presents a schematic of a block 

suffered from a deep fracture. The remaining block thicknesses measured at the center of 

the block are estimated from the original block thickness in Table 3.2 and the cumulative 

penetration from the LCM records in Appendix B. The remaining block thicknesses are 

equal to the original block thickness subtracted from the cumulative penetration. The cut 

percentage is calculated from the cumulative penetration divided by the original block 

thickness. For example, the cut percentage equal to ten percent means that the deep 

fracture occurred after the block was cut ten percent of its original thickness. 
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Figure 4.36 Schematic of block suffered by deep fracture 

 

Figure 4.37 presents the measured and estimated dimensions of the cut 4-inch 

block in box 1 (Stiff sand grout). The remaining block thicknesses at the center and at the 

deep fracture measured directly from the cut 4-inch block are 1.4 inch and 0.75 inch, 

respectively. The cumulative penetration along the deep fracture is estimated by 

measuring on the photographs taken before the LCM sample fabrication. The cumulative 

penetration along the deep fracture is 1.7 inch. Along the deep fracture, the original 

thickness is, then, equal to the summation of the cumulative penetration and the 

remaining block thickness. The original thickness of 4-inch block in box 1 (Stiff sand 

grout) is 2.45 inches. 

According to Table 4.18, the remaining block thicknesses of the blocks in box 3 

(Soft sand grout) are greatly different (2.70 inches of the 4-inch block, 4.90 inches of the 

8-inch block and 8.10 inches of the 10-inch block). The cut percentage of each block, 

however, is approximately the same, 10%. Conclusively, the deep fracture occurrence is 

most likely governed by the block thickness and the stiffness of the sand grout matrix.  

The relationship between the block to sand grout matrix UCS ratio and the cut 

percentage is plotted in Figure 4.38 and the block to sand grout matrix elastic modulus 

and the cut percentage is plotted in Figure 4.39. Based on the available data from the 

LCM tests, the linear relationship is the best fit. The correlations from Figures 4.38 and 

Original 

thickness 

Deep fracture at center of block

Remaining 

thickness 

Cumulative penetration Cut part 
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4.39 are relatively high. From Figure 4.38 and 4.39, the deeply fractured formation can 

be predicted. The deep fracture is expected to be formed when the block to sand grout 

elastic modulus ratio and the cut percentage are across the line.  

In box 3, the shear failures in the matrix were detected only in box 3 (Soft sand 

grout). The shear failure in the soft sand grout was developed while the disc cutter was 

cutting the block fragments. The shear failure surfaces near 4-inch block, surrounding 

soft sand grout, appeared before the shear failure surfaces near 8-inch and 10-inch blocks. 

The bearing capacity of shallow footings can be used for explaining the shear 

failure surface in the soft sand grout. The eccentric load on the block fragment and the 

block embedment are the factors of the shear surface occurrence in box 3 (Soft sand 

grout).  

During cutting, the cutting forces transferred eccentrically from the disc cutter to 

the block fragment and the soft sand grout induce the shear stress in the soft sand grout 

beneath the block fragment. The shear stress in the soft sand grout exceeding the bearing 

capacity causes the development of the shear failure.  

The depth of the footing embedment affects the bearing capacity. For the larger 

block having deeper embedment, the surrounding matrix has the greater bearing capacity. 

Then, the shear failure surface occurs around the smaller block sooner than around the 

larger block. 
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(a) Top view 

 

 
(b) Front view 

Figure 4.37 Measured and estimated dimensions of cut 4-inch block  

Cut part 

Deep fracture 1.4” 

1.7” 

0.75” 
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Table 4.18 Details of the blocks suffered by deep fracture 

LCM box 
1 (Stiff 
Sand 
grout) 

2 (Med. Sand grout) 3 (Soft Sand grout) 

ID 4-inch 4-inch 8-inch 4-inch 8-inch 10-inch 

Original Block 
Thickness 2.45* 4 5.25 3 5.5 9 

Block to Sand Grout 
UCS ratio 4.7 125.0 125.0 503.0 503.0 503.0 

Block to Sand Grout 
E ratio 1.7 277.5 277.5 905.7 905.7 905.7 

Pass # (Cutter 
engaged the block) 1 4 4 1 1 1 

Pass # 
(breaking) 31 19 25 2 4 6 

Cumulative 
penetration 1.70* 2.40 3.30 0.30 0.60 0.90 

Block Thickness 
remaining 0.75 1.60 1.95 2.70 4.90 8.10 

A
fte

r D
ee

pl
y 

Fr
ac

tu
re

d 

Cut Percentage 89% 60% 63% 10% 11% 10% 

* Estimated from photographs 
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Figure 4.38 UCS ratio and cut percentage of all blocks (2” cut spacing and 0.15” 

penetration depth) 
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Figure 4.39 Elastic modulus ratio and cut percentage of all blocks (2” cut spacing and 

0.15” penetration depth) 
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CHAPTER 5  

NUMERICAL MODELING RESULTS 

A series of numerical simulations of the LCM tests were constructed and carried 

out using FLAC, a two-dimensional finite difference program. FLAC is able to handle the 

large difference of the stiffness of materials in the model, large displacements and 

elastoplasticity. The overall objective of this initial modeling effort was to gain a further 

understanding of the mechanistic behavior of the bimrock disc cutter interaction. The 

particular goals of this modeling study are listed below:  

• Predict the stresses and the deformations in the block. 

• Model the fracturing, induced while the block was indented. 

• Predict the indent load, required for fracturing of the block. 

The first suite of models assumed linear elastic block and sand grout matrix 

materials, and the second suite of models assumed elasto-plastic Mohr-Coloumb material 

model for the block and sand grout, Note, that some elasto-plastic models incorporated 

strain softening of the blocks to simulate their brittle behavior.  

After all the analyses were completed, the results provided significant insights 

about the interaction between bimrocks and a disc cutter. The failure patterns in the 

blocks from the numerical simulations were in agreement with the failure modes in the 

blocks from the physical LCM tests. The models reproduced the onset of the classical 

chip formation in the blocks. In the soft sand grout case, the numerical simulations 

generated the tensile failure path at the bottom of the block. The tensile failure path at the 

bottom of the block corresponded with the deep fractures that occurred in the soft sand 

grout LCM experimental sample. 
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5.1 Model construction 

The blocks modeled in all numerical simulations consisted of the lower half of an 

elliptical cylinder having a major axis dimension of 10 inches (25.4 cm). Prior to load 

application, the block was notched to simulate indentation of the disc cutter.  The 

simulated notch depth and width were 0.15 and 0.25 inches (3.8 mm and 6.4 mm), 

respectively, and were consistent with the cutter geometry and specified penetration 

during the LCM tests. 

As shown in Figure 5.1, the model is radially discretized into 9,600 zones or 

elements. The size of the zones increases gradually from the notch to the model 

boundaries. The smallest element size is approximately 0.3 by 0.5 mm.  

Table 5.1 shows the input parameters in the models. The input parameters of all 

materials are based on the laboratory test results, except the density and tension cutoff of 

the medium and soft sand grouts. The density of the stiff sand grout is used for modeling 

all sand grout. The tension cutoffs of the medium and soft sand grout are assigned to be 

equal to their cohesion. 
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(a) Model meshing 

 

 
(b) Mesh near notch 

Figure 5.1 Radial grid of numerical model 
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Table 5.1 Input parameters for elastic and elasto-plastic models in FLAC 

                                              

                                                  Materials 

                                                      

Input parameters 

B
lo

ck
 

St
iff

 sa
nd

 
gr

ou
t 

M
ed

. s
an

d 
gr

ou
t 

So
ft 

sa
nd

 
gr

ou
t 

Density (kg/m3) 2,680 2,210 2,210 2,210 

Elastic modulus (GPa) 43.1 7.8 0.119 0.0367 

Elastic modulus ratio, block: 
sand grout - 5.5 : 1 362 : 1 1,174 : 1 

El
as

tic
 m

od
el

 

Poisson’s Ratio 0.23 0.23 0.23 0.23 

Cohesion (MPa) 17.5 5.4 0.278 0.079 

Cohesion ratio, block: sand 
grout - 3.2 :1 63 : 1 221 : 1 

Friction angle (°) 57.6 37.5 43.6 37.5 

Dilation angle (°) 19.2 19.2 19.2 19.2 

El
as

to
-p

la
st

ic
 m

od
el

 

Tension cutoff (MPa) 10 2.6 0.278 0.079 
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5.2 Linear elastic models  

In order to obtain an initial prediction of displacements and stresses developed in 

the LCM tests prior to any nonlinear effects such as large deformations or cracking of the 

block or sand grout, a series of numerical simulations adopting linear elasticity for the 

block and sand grout matrix were performed. A 275 MPa vertical load was applied on the 

notch.  

Figures 5.2 shows maximum and minimum principal stress contours and Figure 

5.3 presents an example of the principal tensors plot. It is to be noted that a compressive 

stress is denoted with a negative sign and a tensile stress with a positive sign. The 

distributions of major principal stress beneath the loaded area are similar to classical 

Boussinesq type pressure bulbs. The principal stress tensor pattern is the same for all 

cases. The maximum and minimum principal stresses alignments are radial and tangential 

direction, respectively. The compressive stress tensors are represented with a distribution 

of blue vectors and the tensile stress tensors are expressed with a distribution of red 

vectors. From Figure 5.3, the high tangential tensile stress is located at the center of the 

bottom of the block.   

To evaluate the principal stresses and the vertical displacements from the 

numerical simulations, reference scan lines as shown on Figure 5.4 are constructed. 

Figures 5.5 and 5.6 show the maximum and minimum principal stresses beneath the 

loading notch, respectively. For all cases, the maximum principal stresses along AB are 

compressive stresses. The maximum principal stress distribution along AB in the stiff 

sand grout case is slightly different from the medium and soft sand grout cases. The high 

compressive stress locates near the loading area and progressively deceases when being 

away from the loading area. In Figure 5.6, the minimum principal stress distribution in 

the medium and soft sand grout cases look very similar. Near the loading area, the  
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Stiff sand grout 

 
Stiff sand grout 

 
Med. Sand grout 

 
Med. Sand grout 

 
Soft sand grout 

 
Soft sand grout 

Figure 5.2 Maximum and minimum principal stresses contour plots in 10-inch blocks 
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Figure 5.3 Principal stress tensors plot of 10-inch block embedded in medium sand grout 

 

 

 

 
Figure 5.4 Scan lines for principal stresses and vertical displacements 
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Figure 5.5 Maximum principal stress plots from A to B 
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Figure 5.6 Minimum principal stress plots from A to B 
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minimum principal stress is a compressive stress. For all cases, at locations distant from 

the loading area (point A), the minimum principal stress is a compressive stress that 

decreases and becomes to zero at, approximately, 2.66 cm from the loading area. 

Continuing downward, the minimum principal stress eventually becomes a tensile stress. 

The highest tensile stress along AB is located at the bottom of the block (point B). 

Comparing all cases, the stiff sand grout case has smaller magnitude of the tensile stress 

at the bottom of the block.  

The deformations of the block 10-inch block embedded in all sand grouts (box 1 

to 3) are plotted in Figure 5.7. From Figure 5.7, the blue closed lines are the original 

periphery of the blocks before loaded. They also indicate the initial position of the block. 

The red closed lines are the deformed periphery of the blocks with a 2.00 magnification 

factor. The least vertical displacement occurs in the stiff sand grout case. The vertical 

displacement becomes progressively larger when the stiffness of the sand grout decreases 

in the medium and soft sand grout. 

Figure 5.8 presents the relative vertical displacement along CD. The vertical 

displacement along CD is related to the absolute displacement at point C. Note, that the 

relative vertical displacement at point C becomes zero for all cases. The slope of the 

graph is the rotational displacement of the block surface. Therefore, the rotational 

displacement of the block can also be seen in Figure 5.8. The rotations of the block in the 

stiff, medium and soft sand grout are approximately 0.1, 0.2 and 0.2 degrees, 

respectively. The block in the stiff sand grout bends more than the block in the medium 

and soft sand grouts. These analyses are analogous to the behavior of a non-uniform 

beam supported on a deformable foundation subject to a central transverse load. The 

stiffness of the supporting sand grout matrix greatly affects the stresses and the bending 

deformations of the block. 
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 Med. sand grout 

 

 Soft sand grout 

Figure 5.7 Deformation plots with 2.00 magnification factor 
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Figure 5.8 Relative vertical displacement plots from C to D 

5.3 Elasto-plastic analyses 

After the elastic analyses were completed, a series of the elasto-plastic analyses 

were performed on the stiff and soft sand grout cases. To minimize the inertial effect in 

the models, the loading velocity, is controlled with “Servo.fis” (see Appendix B), that 

was applied vertically on the notch. A suite of models were performed with Mohr-

Coloumb blocks and sand grouts. 

The indent load from the numerical simulations is the summation of the nodal 

reaction forces at the notch. According to the LCM results, the average normal force on 

the 10-inch block is approximately 14,000 lbf (62.2 kN). To compare the peak indent 

load from the two-dimensional numerical simulations (from Figures 5.20 to 5.23) and the 

LCM results, the peak indent load from the two-dimensional numerical simulations must 

be converted to an LCM load, F3D, by using Equation 5.1: 
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( ) DD FmF 2
2

3 104.2 ××= −       (5.1) 

where 

      F3D is the corresponding LCM peak indent load (N) predicted from F2D, where 

      F2D is the peak indent load from the two-dimensional numerical simulations (N/m). 

 

 
Figure 5.9 Cross-sectional view along cutting path of LCM 

 

In this work the peak indent loads from the two-dimensional numerical simulations are 

multiplied by 2.4 cm, the horizontal contact length (see Figure 5.9). The numerical 

simulation indent load is 60 kN, which is very close to the average normal force from the 

LCM results. 

The elasto-plastic analyses are summarized as follows: 

• The lateral failures near the notch in these numerical analyses duplicate 

the onset of the classical chip formation observed in the physical LCM 

tests. (See Figure 5.10) 

• As load continues to increase, the tensile failures start propagating 

vertically along notch – bottom alignment. 

Penetration depth 0.15” (3.8 mm) 
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(a) Overall view 

 
(a) Overall view 

 

 
(b) Closed-up view 

 
(b) Closed-up view 

  
Stiff sand grout (9,600 zones) Soft sand grout (9,600 zones) 

Figure 5.10 Comparison of plastic state plots between stiff and soft sand grout case 
(elasto-plastic models) 

 

• The extent of the failure in the soft sand grout case is larger than the stiff 

sand grout case. 

• The vertical displacement of the block in the soft sand grout is much 

larger than the block in the stiff sand grout (see Figure 5.11) 

• The peak indent load from the numerical simulation underestimates the 

load that measured in the LCM tests. 

• The peak indent load of the stiff sand grout case is greater than the soft 

sand grout case, approximately 6.5 times (see Table 5.2 and Figure 5.12). 
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Figure 5.11 Vertical displacement along BD curve 

 

 

Table 5.2 Peak indent load from numerical simulation and LCM tests.  

2D peak 
indent load 

3D peak 
indent load 

Range of peak normal 
load on 10-inch block 

(LCM test results) Cases 

kN/m kN kN 

Elasto-plastic (Stiff sand 
gout) 1,292 31 

Elasto-plastic (Soft sand 
gout) 210 5.04 

74.7-44.6 
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(a) Stiff sand grout case 

 
(b) Soft sand grout case 

Figure 5.12 Indent load VS penetration depth of Stiff and Soft sand grout cases

Penetration (m) 
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(N/m) 
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(a) Cut 10-inch block embedded in stiff sand grout 

 

 
(b) Deeply fractured 10-inch block embedded in soft sand grout 

Figure 5.13 10-inch blocks in stiff and soft sand grouts (box 1 and box 3) 
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• Comparison with the LCM tests (Figure 5.13), shows that the numerical 

simulation of the soft sand grout case duplicates the deep fracturing. For 

the stiff sand grout case, the deep fracturing predicted in the model was 

not detected in the lab LCM stiff sand grout tests. Because of the limited 

modeling and test data conducted to date this comparison is inclonclusive.  

• In conclusion, the numerical simulation results are qualitatively in good 

agreement with the physical laboratory results when comparing the 

failures in the block. 

5.4 Elasto-plastic with strain softening 

After the Mohr-Coloumb analyses, a series of 0.01% strain softening analyses 

were performed on the stiff and soft sand grout cases. A servo control, (“Servo.fis”), used 

for manipulating the loading velocity, was used to minimize the inertial effect in the 

models.  

To simulate the actual behavior of the LCM tests, a suite of models were 

performed with Mohr-Coloumb blocks and sand grout, with strain softening of the blocks 

to simulate their brittle behavior.  As shown in Figure 5.14, block brittleness was 

simulated by dropping block cohesion and tensile strength to zero, while simultaneously 

dropping the friction angle to a residual value of 30 degrees, once the peak stress of the 

block was reached. The strain softening rate is expressed in term of the plastic strain 

percentage (x). 

 



 

 

148 

Figure 5.14 Strain softening parameters adopted to simulate block brittleness (Courtesy 

of ITASCA 2000). 

 

The elasto-plastic with strain softening analyses are summarized as following: 

• The lateral failures near the notch in these numerical analyses duplicate 

the onset of the classical chip formation observed in the physical LCM 

tests. (See Figure 5.15) 

• As continuing load, the tensile failures start propagating vertically along 

notch – bottom alignment 

• The extent of the failure in the soft sand grout case is larger than the stiff 

sand grout case. 

• The vertical displacement of the  block in the soft sand grout is  much 

larger than the block in the stiff sand grout (see Figure 5.16) 

• The peak indent load from the numerical simulation underestimates the 

load that measured in the LCM tests. 

• The peak indent load of the stiff sand grout case is greater than the soft 

sand grout case, approximately 6.5 times. (see Table 5.3 and Figure 5.17) 
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(a) Overall view (a) Overall view 

 
(b) Closed-up view (b) Closed-up view 

  
Stiff sand grout (9,600 zones) Soft sand grout (9,600 zones) 

Figure 5.15 Comparison of plastic state plots between stiff and soft sand grout case 
(0.01% strain softening models) 
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Figure 5.16 Vertical displacement of strain softening models along BD curve 

 

 

Table 5.3 Peak indent load from strain softening models and LCM tests. 

2D peak 
indent load 

3D peak 
indent load 

Range of peak normal 
load on 10-inch block 

(LCM test results) Cases 

kN kN kN 

0.01% Strian softening, Stiff 
sand grout 670 16.08 

0.01% Strian softening, Soft 
sand grout 210 5.04 

74.7-44.6 

 



 

 

151

 
(a) Stiff sand grout case 

 
(b) Soft sand grout case 

Figure 5.17 Indent load VS penetration depth of Stiff and Soft sand grout cases 
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5.5 Model refinement 

To study the effects of the size and number of the elements, two numerical 

models of the stiff sand grout case; called the coarse and the fine grid model - were 

formed and executed using elasto-plastic material properties. The coarse grid model had 

9,600 elements, the same as the previous analyses, and the fine grid model had 21,600 

elements. The smallest zones in the coarse and fine model are approximately 0.3 by 0.5 

mm and 0.15 by 0.2 mm, respectively. A vertical velocity was applied at the notch. To 

minimize the inertial effect in the models, the vertical velocity was controlled by a servo 

controller called “Servo.fis”.  

Figure 5.25 shows the plastic state and tension plots of the elasto-plastic analyses. 

From the plots, the models have the tensile failure in the block and the stiff sand grout 

matrix. The extent of the tensile failures in both these models is very similar.  

Figure 5.26 shows the indent load and penetration plots of the coarse and fine grid 

models and Table 5.2 presents the 2-D and 3-D peak indent loads from both models. As 

expected, the maximum indent load monitored at the notch of the fine grid model was 

slightly smaller than predicted by the coarse grid model. 

 

Table 5.4 Two and three-dimensional peak indent load from numerical simulations 

2D peak indent load 3D peak indent load 

Coarse grid 
model 

Fine grid 
model 

Coarse grid 
model 

Fine grid 
model 

Range of peak 
normal load on 10-
inch block (LCM 

test results) Models 

kN/m kN/m kN kN kN (lbf) 

Elasto-plastic 1,292 1,287 31.0 30.9 74.7-44.6 

(16,787 – 10,037) 



 

 

153

 

  
Coarse grid model (9,600 zones) Fine grid model (21,600 zones) 

(a) State plots 

  
Coarse grid model (9,600 zones) Fine grid model (21,600 zones) 

(b) Tension plots 

Figure 5.18 State plots of elasto-plastic models (block embedded in stiff sand grout case) 
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(a) Coarse grid model 

 
(b) Fine grid model 

Figure 5.19 Indent load - penetration plots of elasto-plastic models (block embedded in 
stiff sand grout case) at notch 
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5.6 Conclusions 

A series of numerical analyses were performed using a two-dimensional finite 

difference code, FLAC. The linear elastic, elasto-plastic and strain softening constitutive 

models were applied to study the behavior of bimrock and disc cutter. The model 

sensitivity with respect to increasing refinement was also performed and studied.   

The numerical analyses of this problem started with the elastic analysis. High 

compressive stresses were located beneath the loaded notch. The distributions of 

maximum principal stress beneath the loaded area were similar to the classical 

Boussinesq type pressure bulbs. The minimum principal stresses at the bottom of the 

block were tensile stresses. At the bottom of the block, the magnitude of the minimum 

principal stress, which is a tensile stress, became larger when the stiffness of the sand 

grout matrix was lowered. These analyses were analogous to the behavior of a non-

uniform beam subjected to flexure. 

For the numerical analyses of the elasto-plastic and elasto-plastic with strain 

softening models, the models were able to reproduce the beginning of the classical chip 

formation. Note, these models also generated the vertical tensile failure at the bottom of 

the block in the soft sand grout case. The vertical tensile failures were similar to the deep 

fractures detected from the LCM tests. For the indent force, these calculated results, from 

both grid models, are 58 % to 30% lower than experimentally measured loads. These 

discrepancies however, are to be expected because of the simplified 2D plane strain 

conditions that were assumed in this initial modeling work. Other simplifications such as 

notch size and shape may also affect the accuracy of the modeling.  
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CHAPTER 6  

DISCUSSIONS 

The results from laboratory tests and numerical simulations confirm that the 

relative stiffness and strength of the blocks and matrix have a fundamental affect on the 

cutting behavior of bimrock materials. In this chapter, key results from the laboratory and 

numerical simulations are discussed and compared with previous investigations of 

bimrock cutting behavior.  

6.1 Linear Cutting Machine (LCM) tests 

As enumerated below, the bimrock cutting behavior revealed by the LCM tests 

can be evaluated with the aid of Navin’s matrix shear failure model (1995), and 

Rostami’s cutting force estimation (1997). The applicability of Goss’s model (2002) is 

also discussed. 

6.1.1 Navin’s model of matrix shear failure     

Two LCM tests are compared with Navin’s matrix shear failure model and 

Terzaghi’s bearing capacity equations. Case 1 is the 10-inch block in soft matrix (the 

block was deeply fractured without being laterally displaced). Case 2 is the 4-inch block 

in soft matrix. The block was deeply fractured and simultaneously displaced laterally. 

Details of these LCM tests are discussed in Chapter 3. Test data pertaining to the normal 

cutting force and the physical properties of the blocks and matrix are tabulated in Table 
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6.1. The embedment depth for Terzaghi’s bearing capacity equation can be calculated by 

subtracting the cumulative penetration depth from the original block thickness. The 

embedment depth corresponds to the actual block thickness at the onset of deep block 

fracturing. 

The bearing capacity of a homogenous matrix loaded by a foundation (the block) 

can be computed by using Terzaghi’s equation:   

 

γγγ NBNDNcq qcu ⋅⋅⋅+⋅⋅+⋅=
2
1     (6.1) 

( ) φcot1 ⋅−= qc NN        (6.2) 







 +°= ⋅

2
45tan 2 φφπeNq       (6.3) 

( ) ( )φγ tan1 ⋅+= qNN        (6.4) 

where 

qu   ultimate bearing capacity (psf) 

c  cohesion or shear strength of the soil (psf) 

γ  unit weight of the soil (pcf) 

D  embedment of the block (ft) 

B  width of the block (ft) 

Nc, Nq and Nγ bearing capacity factors (dimensionless)  

φ  friction angle of the soil (degrees). 

 

The general shear failure mode corresponding to bearing capacity failure is depicted in 

Figure 6.1(a). A schematic of shear failure in the matrix as the foundation (block) is 

deeply fractured is shown in Figure 6.1(b). After deeply fractured, the block fragment is 

loaded with an inclined resultant load. The components of the inclined resultant load are 

the normal and side forces. With the inclined load, the ultimate bearing capacity of the  
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(a) General shear failure mode of bearing capacity failure 

 

 
(b) Shear failure in matrix after deep fracturing 

Figure 6.1 Bearing capacity failure and shear failure in matrix after deep fracturing  
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matrix is reduced. Figure 6.2 presents a strip footing subjected to an inclined load. The 

ultimate bearing capacity because of a inclined load can be calculated by using Equations 

6.5 to 6.11: 

 γδδδδ γγ NBNDNcq qcu ⋅⋅⋅+⋅⋅+⋅=
2
1    (6.5) 

 ccc iNN ⋅=δ        (6.6) 

 qqq iNN ⋅=δ        (6.7) 

 γγγδ iNN ⋅=        (6.8) 

 
2

90
1 








°
−=

δ
ci       (6.9) 

 cq ii =         (6.10) 

 
2

1 







−=

φ
δ

ci        (6.11) 

where 

quδ   ultimate bearing capacity because of inclined load (psf) 

Nc, Nq and Nγ bearing capacity factors of vertical load (dimensionless) 

δ  angle of inclined load from vertical direction (degrees). 
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Table 6.1 Possibilities bimrock behaviors summary 

Case 1 2 

Block size 10-inch 4-inch 
Block laterally 

displaced NO YES 
Bimrock behavior 

Deep fracture YES YES 

Block : matrix shear strength ratio 221 : 1 221 : 1 

(a) Width 14 5 

(b) Depth 8.5 5.5 Original block 
dimensions (in) 

(c) Thickness 9 3 
(d) Accumulative penetration depth 

(in) 0.75 0.15 

(e) Embedment (Actual block 
thickness when the deep fracture 

occurred)    (in)
[ ]dc −

8.25 2.85 

(f) Projected area (ft2)















⋅






⋅

22
baπ 0.649 0.150 

(g) Peak normal force from LCM 
results (lbf)

29,000 9,000 

(h) Peak side force from LCM results 
(lbf)

N/A 2,000 

(i) Normal load induce by peak 
normal force (psf)

[ ]fg /
44,684 60,000 

(j) Ultimate bearing capacity of 
vertical load (psf) 71,818 68,935 

(k) Ultimate bearing capacity of 
inclined load (psf) N/A 50,861 
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Figure 6.2 Schematic of shear failure surface with inclined load 
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Figure 6.3 Plan and cross section views of LCM box 
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Figure 6.4 Filtered cutting forces plot of 10-inch block in soft sand grout (box 3) 

 

0

2000

4000

6000

8000

10000

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42

Distance (in)

Fo
rc

e 
(lb

f)

Normal Force Rolling/Drag Force
Side Force Series4

 
Figure 6.5 Filtered cutting forces plot of 4-inch block in soft sand grout (box 3) 
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The ultimate bearing capacity of the sand grout matrix considers the projected 

area of an assumed ellipsoid block, as shown in Figure 6.3. The peak normal load in the 

bearing capacity equation is equated to the peak obtained from LCM cutting force plots, 

depicted in Figures 6.4 and 6.5.  

Lateral displacement of the blocks from both cases can be explained by 

comparing the normal load induced by the peak normal force and the ultimate bearing 

capacity. The normal load induced by the peak normal force (i) and the ultimate bearing 

capacity (j) are calculated and listed in Table 6.1. From case 1, the normal load is much 

less than the ultimate bearing capacity. Therefore, the soft sand grout is not failed and can 

hold the block in-place. The case 1 well agrees with Navin’s model (1995). 

For case 2, after deeply fractured, the block fragments are loaded with an inclined 

resultant force. The components of the incline resultant force are the normal and side 

forces. With the incline load, the ultimate bearing capacity of the matrix is reduced from 

68,935 psf to 50,861 psf. The load from the disc cutter is exceeds the reduced bearing 

capacity and induces the shear failure in the matrix. Conclusively, the lateral 

displacement of the deeply fractured block fragment can be predicted by using the 

bearing capacity with an inclined load.         

6.1.2 Normal force estimation for bimrock 

Based on the LCM results, the average normal force is highest at the center of the 

block. The TBM must provide sufficient torque and thrust to the disc cutters to ensure 

that the blocks can be fractured. The block becomes harder to fracture by cutting tools 

when the block is larger. The large blocks, which are one-third of the excavated tunnel or 

greater, can be assumed as massive rock for estimating the cutting force requirement. The 

cutting force requirement per cutter (for a massive hard rock) can be estimated according 
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Rostami (1997), wherein the minimum normal and rolling force requirement can be 

estimated using Equations 6.12, 6.13 and 6.14: 
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⋅⋅⋅
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 −
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pRarccosφ        (6.14) 

where 

FN minimum normal force requirement per cutter 

FR minimum rolling force requirement per cutter 

C coefficient (approximately 2.12) 

S cut spacing 

σc Unconfined Compressive Strength (UCS) 

σt indirect tensile strength 

R radius of the cutter 

T tip width of the cutter 

p penetration depth. 

 

The minimum normal force requirement per cutter is a function of the disc cutting 

configurations along with the UCS and BTS of rocks. The minimum and maximum UCS 

and BTS of block are input in Equation 6.4 and 6.6. The estimated minimum normal 

force requirement ranges from 5,082 lbf to 16,490 lbf. The estimated minimum rolling 

force requirement is in the range of 814 lbf to 2,640 lbf. When compared the normal and 

rolling forces from the LCM tests on the 10-inch blocks (refer to Table 6.2), Rostami’s 

equations provide a reasonable estimate of cutting force requirements. The cutting forces 
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prediction based on Rostami (1997) corresponding to deep fracturing the block, however, 

is inconclusively. 

Table 6.2 Normal and rolling forces on 10-inch blocks 

Sand grout matrices Average normal force on 10-
inch blocks (lbf) 

Average rolling force on 10-
inch blocks (lbf) 

Stiff sand grout 16,787 2,520 

Med. sand grout 10,037 1,827 

Soft sand grout 13,119 2,073 

6.2 Bimrock cutting behavior 

The understanding of cutting mechanisms in bimrocks derived from this research 

differs somewhat than described by Goss (2000). Goss studied bimrock behavior using 

finite element (FE) method, and although this work provided valuable fundamental 

insight to mechanisms, there were a number of limitations to the numerical approach. For 

example, the FE model was unable to converge when a high difference of block and soil 

elastic moduli were assigned.  According to Goss, the block cannot be cut in a classical 

hard rock mode when the block to matrix shear strength ratio (in this case also equal to 

the UCS ratio) is equal or greater than about 600:1. As shown in Figure 6.6, results from 

this study are in accordance with Goss’s 600:1 ratio.  However, Figure 6.6 also shows 

that this ratio decreases systematically as the blocks are progressively cut and deep block 

fracturing becomes a more preferred mode of failure. 
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When the block is loaded, it displaces away from disc cutters. The shear failure in 

the matrix starts at the sides and the bottom of the block. The shear failure in the 

surrounding matrix at the bottom of the block extends around the bottom and spreads 

laterally, eventually intersecting the free surface. This shear failure of the surrounding 

matrix is similar to the general bearing capacity shear failure as depicted in Figure 6.7. 

Once the bearing capacity of the matrix is exceeded, the block is likely to displace 

laterally or dislodge from the free face. 
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Figure 6.6 UCS ratio and cut percentage of all blocks (2” cut spacing and 0.15” 

penetration depth) 
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(a) Grid distortion plot 

 
(b) Displacement vector plot 

Figure 6.7 Surface footing displacement plots (Goss, 2000) 
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  There are number of parameters that influence whether the block will dislodge. 

According to Terzaghi’s bearing capacity, Meyerhof’s bearing capacity under an inclined 

load and Rostami’s cutting force equations, the block fracturing and shear failure in the 

matrix depend on the physical properties of block and matrix, the geometry of the block, 

the geometry of the cutter, the cut spacing and penetration depth, and loading 

configuration.  

Based on the LCM tests, block dislodging (and the shear failure in the sand grout) 

occurred only in the soft sand gout (box 3). The block to matrix shear strength ratio is 

221:1, which is much less than 600:1. The shear strength ratio at 600:1 may be 

insufficient induce block dislodging. 

6.3 Numerical models 

The initial modeling work performed in this study indicates the promise of 

numerical modeling to provide a better understanding of bimrock-disc cutter behavior. 

However the current numerical models need to be enhanced significantly to simulate the 

actual to the bimrock - disc cutter behavior more accurately.  

One major improvement would be the incorporation of a block-matrix interface 

model. This should be done by incorporating interface elements into the model with a 

constitutive with friction and strength criterion. This interface model would utilize 

material properties values derived from test data. 

The block can then separate from the matrix when the stresses of the interface 

elements violate a failure criterion. After the interface elements have been added, the 

model may provide the information of the de-bonding mechanism of the block and the 

matrix. 

According to the LCM results, for example, the 4-inch block was deeply fractured 

and dislodged from the stiff sand grout. The interface surface condition was intact and 
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smooth. This showed that the adhesion bond between the block and the stiff sand grout 

was broken after the block was deeply fractured. 

Another significant modeling improvement will be realized if a 3D geometrical 

representation of the bimrock and rock matrix is generated, instead of the current 2D 

plane strain geometry that was used in this initial modeling work.  

A further uncertainty in the current models is the actual size and shape of the 

notched region which can significantly affect the maximum indent load prediction. This 

issue can be alleviated by explicit modeling of the contact between the bimrock and disc 

cutter. 
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CHAPTER 7  

CONCLUSIONS 

Key conclusions from the research performed are summarized in this chapter. 

7.1 Linear Cutting Machine (LCM) tests 

From the LCM tests, classic disc cutter chip formation as in uniform hard rocks 

occurs when the matrix stiffness and strength are relatively high; however, if the matrix is 

relatively soft and weak, the blocks tend to suffer through-going deep fractures as shown 

in Figure 7.1. As shown in Figures 4.38 and 4.39, the occurrence of deep block 

fracturing, (which promotes their undesirable dislodging at the TBM cutter head) is 

related to the cumulative disc cutter penetration depth and the block to matrix UCS and 

elastic modulus ratios.  .  

Navin’s model can be using for predicting the shear failure in the matrix, which is 

the cause of the block dislodging, when the block is not deeply fractured. To make the 

prediction, the block dimensions and physical properties of the matrix are required along 

with the estimated normal force. For the deep fracture case, the bearing capacity with an 

inclined load can be used for predicting the dislodging of the block or block fragments. 

Navin’s model and the bearing capacity with an inclined load correlate well with the 

LCM test results. Additional indicators for block dislodging are the block to matrix UCS 

and elastic modulus ratios.  
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Figure 7.1 10-inch granite block subjected to continuous vertical fracturing when 

embedded in soft sand grout 

7.2 Two dimensional numerical simulations 

Elastic finite different analyses showed high compressive stresses located beneath 

the cutter. The distributions of maximum principal stress beneath the loaded area were 

similar to the classical Boussinesq type pressure bulbs. The minimum principal stresses at 

the bottom of the block were tensile stresses. At the bottom of the block, the magnitude 

of the minimum principal stress, which is tensile, became larger when the stiffness of the 

sand grout matrix was lowered. These analyses were analogous to the behavior of a non-

uniform beam supported on elastic springs and subjected to flexure. The high tensile 

stress at the bottom of the block appears important in the development of deep through 

going fractures observed in the LCM tests. 
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For finite different analyses incorporating elasto-plastic and strain softening 

constitutive models, initiation of classical chip formation could be reproduced. The 

models predicted vertical tensile failure initiating at the bottom of the block in the soft 

sand grout case. The modeled vertical tensile failures were similar to the deep fractures 

observed in the LCM tests. The model behavior in general correlated well with the LCM 

results. Moreover, the initial indent force calculations, facilitated with a servo control 

(Servo.fis), consistently underestimated the experimentally measured loads except in one 

case. However, it is conjectured that a model incorporating a more detailed description of 

the bimrock-rock matrix interface, explicit modeling of the bimrock-disc cutter contact 

and the use of a 3D geometrical representation should give better indent force 

predictions. 
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CHAPTER 8  

RECOMMENDATIONS 

Recommendations for driving TBMs through bimrock materials and for future 

research related to TBM behavior in bimrocks are summarized in this chapter.  

8.1 Practical considerations for driving TBMs through bimrock materials 

To drive a TBM successfully through bimrock materials, the machine 

specifications and geotechnical site investigations should focus on parameters relevant to 

bimrock behavior.  For example, the block size distribution will influence the optimum 

cutter spacing and rock crusher dimensions, while ratios of block to matrix UCS and 

shear strength can be used as a guide for assessing cutting mechanisms. 

Important geotechnical parameters for machine specifications and for assessing 

cutting mechanisms in bimrocks include: 

• Physical properties of the block, including: 

o Elastic modulus 

o Unconfined compressive strength (UCS) 

o Indirect tensile strength (BTS) 

o Block volumetric proportion and size distribution 

• Physical properties of the matrix 

o Elastic modulus 

o Cohesion 

o Friction angle 
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The physical properties of the block and matrix can aid in predicting cutting mechanisms 

in bimrocks. For example, Figures 4.38 and 4.39, corresponding to LCM tests performed 

as part of this research, shows that the occurrence of deep block fracturing, is related to 

the cumulative disc cutter penetration depth and the block to matrix UCS and elastic 

modulus ratios. The UCS and BTS of the blocks are utilized in predicting TBM thrust 

force requirements.  

Specific recommendations when considering driving a TBM through bimrock 

materials follow: 

• Estimate the minimum normal force per cutter requirement using 

Rostami’s equations (1997) as a basis for TBM thrust force specifications. 

The normal force per cutter and the number of the disc cutters engaging 

the block are used to determine the total normal force acting on the block 

• If the TBM can fracture the block, the blocks are suffered by the classical 

chip formation and deep fracture formation. Because of the deep fractures, 

large block fragments can be expected. The block fragment can possibly 

be, approximately, a half of the original block size. Therefore, the rock 

crusher must handle the large block fragments. 

• The matrix’s bearing capacity around a block, which has potential to be 

the problem, is estimated by using Terzaghi’s bearing capacity equations..  

If the applied pressure to the block exceeds the matrix bearing capacity, 

the block is likely to dislodge at the cutter head. To promote classical rock 

cutting action in such circumstances, ground modification could be 

considered to increase the stiffness and shear strength (bearing capacity) 

of the matrix. 
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8.2 Future studies of bimrock cutting behavior 

For future studies, there are several recommendations, which include additional 

LCM tests with various block configurations, real-time block imaging at the TBM cutter 

head, and numerical model enhancements. 

8.2.1 Additional LCM tests 

It is recommended that future studies evaluate the effect of different cut 

configurations (cut spacing, penetration depth and the block orientation) on cutting 

behavior. The matrix materials also can be altered from the sand grouts to very low 

internal frictional angle materials such as silt or clay. For example, the bimrock may 

behave differently in a very low internal frictional angle matrix. The orientation of the 

block can change the bimrock cutting behavior, such as the failure modes in the blocks, 

the block displacements and the shear failure in the surrounding matrix. . Hence, with 

more additional LCM test results, bimrock cutting behavior can be understood at a 

greater level, meaning that difficulties associated with driving TBMs through bimrock 

materials may be foreseen and mitigated in the optimum way. 

The behavior of the bimrock-disc cutter is possibly different from this study when 

the block orientation is altered. Figure 8.1 presents a schematic of the changed block 

orientations and the disc cutter penetration. 

When a disc cutter is cutting the block that the major axis of the block is in 

vertical or angle, the failure modes in the block may be different from this study. At the 

beginning of the cutting, the classical chip formation may occur. As continuing cutting, 

the pattern and direction of the deep fracture formation may be different. The shear 

failure in the matrix and the block displacement, however, may also be different. When 

the disc cutter cuts the block along the center line of the block, the block may be pushed 
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and displaced downward and fails the matrix beneath it. If the block is cut eccentrically, 

the rotation of the block may occur. And the matrix is pushed vertically and laterally. 

Then, the behavior of the matrix may be different when the major axis of the block is in 

vertical or angle.  

 

 
Figure 8.1 Schematic of possible block orientations for LCM testing 

 

8.2.2 Real-time block imaging at the TBM cutter head  

From each disc cutter pass in the LCM tests, the normal force and position of the 

disc cutter can be used for creating a normal force contour plot. Figure 8.2 shows 

examples of deep fracture imagining using the normal force contours plots. The normal 

force contours are plotted from the individual LCM data (soft sand grout) after pass 6 and 

7. The x-y coordinate of the normal force contour plots in Figure 8.2 is described in 
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Figure 8.3. The dashed lines in the normal force contour plots present the cutting paths. 

Figure 8.2(a) shows a high normal force contours area that presents the locations of the 

10-inch blocks. And, the low normal force contours area portrays the district of the soft 

sand grout. Figure 8.2(b) shows a channel in the high normal force region along the third 

cut of the 10-inch block from the left (x = 16 in). The channel can be implied that 10-inch 

block was suffered by a deep fracture from the previous pass.  

In the future, images of the blocks in front of the TBM cutter head can potentially 

be produced by using the reaction forces acting on the disc cutters. For example, the 

reaction force data from each disc cutter can be obtained from load cells that are able to 

measure the normal force. Every revolution of the cutter head, the normal force and 

position of all disc cutters on the tunnel face are recorded continuously during the cutter 

head is working. For each revolution, the normal force and the positions of all disc cutters 

are combined together. As a result, the normal force contours can be plotted real-time. 

The contour plots can help the engineers to analyze and monitor the block cutting 

behavior and displacements characteristics.  

For example, a TBM is encountering and trying to cut a block embedded in a soft 

matrix at the tunnel face. After a revolution of the cutter head, a normal force contour 

plot can be made. The high normal force region in the plot represents the block. The 

occurrence of the deep fracture failure in the block can also be detected. After a deep 

fracture fails a block on a particular cut, the normal force on the same cut of the 

following revolution will drop significantly. The high normal force region from the 

following normal force contour plot is divided into 2 parts by the deep fracture cut. The 

displacement of a block can be monitored by comparing the location of a high normal 

force region from the consecutive normal force contour plots. The dislocation of the high 

normal force region in the plots reflects the displacement of the block. 

A benefit of the normal force contour plot is that the engineers can visualize the 

block size or the block damages in front of the cutter head.  
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 (a) After pass 6           (b) After pass 7 

Figure 8.2 Normal force contour on LCM box 3 (Soft sand grout) 
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Figure 8.3 LCM box 3 (Soft sand grout) after pass 7 and local coordinate 
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The normal force contours can be plotted real-time. As tunneling through the 

bimrock, the estimated block sizes along the tunnel alignment should be added in the 

field data. This data can be useful if the tunneling project encounters the different site 

condition. The estimated block sizes data can potentially be supporting evidences of the 

different site condition.  

In case of the block obstruction, the normal contour plots may help to accelerate 

the block removal. The location of the high normal force contours in the normal force 

plot helps engineers to locate the problematic block on the tunnel face. This information 

may help engineers to select efficient block removal methods and lessen the down time 

due to the block removal.  

8.2.3 Numerical model enhancements 

The modeling work performed in this thesis was an initial effort focused toward 

gaining a better overall mechanistic understanding of the interaction behavior between 

the bimrock and rock matrix system with a disc cutter. Accordingly, these analyses 

employed simplified 2D plane strain geometry with a perfect bonded interface between 

the bimrock and rock matrix region. Another major simplification in these models was 

the inclusion of a notched region at the surface of the bimrock that had been created by 

the disc cutter previously. Note, another assumption in these models were that the width 

and depth of this notched region were estimated from the dimension of the disc cutter and 

experimental data. 

It is recommended that further modeling address the aforementioned 

simplifications and assumptions. The following recommendations are made: 

a) Enhance the current 2D finite difference models with explicit modeling 

of the contact between the bimrock and disc cutter, and an interface 
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model that allows failure of the bimrock- rock matrix interface under 

limiting stress conditions. 

b) Create a 3D finite difference model with explicit modeling of the 

contact between the bimrock and disc cutter that employs elastic 

material properties. This should give detailed information on the 

stresses in the bimrock- rock matrix system prior to any failure.  

c) Modify the 3D finite difference model described above in b), and 

include elastic-plastic material properties for the bimrock- rock matrix 

system. Note, if strain softening is applied in the bimrock this model 

should give a prediction of the initial block cracking phenomena. 

d) Create a 3D finite difference model based on the model described above 

in c) that includes a discrete crack modeling capability that will 

simulate large-scale crack propagation. A suitable discrete cracking 

model must employ fracture mechanics principles and adaptive re-

meshing at the tips of all cracks to determine the stress intensity factors 

accurately. Note, this model will require very large computational 

resources in terms of computer time and memory storage and is 

essentially a supercomputing problem. 

Create a 3D discrete element model based on the model described above in d) in 

which the bimrock and rock matrix materials are discretized with a bonded region of 

particles. In this DEM model discrete cracking is modeled by breaking the bonds between 

neighboring particles when the stress in a bond that exceeds a specified strength criterion. 

Computational efficiency in these calculations can be an issue in a DEM model as the 

time step decreases rapidly as smaller and smaller particles are used. Note, this model 

will also require very large computational resources in terms of computer time and 

memory storage and is essentially a supercomputing problem. 
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APPENDIX A  

PHYSICAL PROPERTIES OF ROCKS AND SAND GROUTS 
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Uniaxial compressive strength, Uniaxial compressive strength with elastic moduli, and 

Pulse velocity and ultrasonic elastic constants tests for blocks 

Rock

Type (in) (cm) (in) (cm) (in) (cm)

1G-1-U Igneous Massive, Mid-grained 4.395 11.16 1.999 5.08 1.999 5.08

1G-2-U Igneous Massive, Mid-grained 4.346 11.04 2.002 5.09 2.002 5.09

1G-3-U Igneous Massive, Mid-grained 4.365 11.09 2.001 5.08 2.001 5.08

1G-4-U Igneous Massive, Mid-grained 4.483 11.39 1.957 4.97 1.957 4.97

1G-5-U Igneous Massive, Mid-grained 4.332 11.00 1.956 4.97 1.957 4.97

2G-1-U Igneous Massive, Mid-grained, Dark gray 4.124 10.47 1.950 4.95 1.949 4.95

060317-1 Igneous Massive, Med-grained, Light gray 4.407 11.19 1.987 5.05 1.987 5.05

060317-2 Igneous Massive, Med-grained, Light gray 4.423 11.23 1.988 5.05 1.988 5.05

060317-3 Igneous Massive, Med-grained, Light gray 4.241 10.77 1.988 5.05 1.987 5.05

060317-4 Igneous Massive, Med-grained, Light gray 4.490 11.40 1.988 5.05 1.988 5.05

Diameter 2Diameter 1
Core ID Characteristics

Core 
Length

 

(lbs) (gr) (lbs) (N) ft/sec m/sec ft/sec m/sec

1G-1-U 1.33 605.1 79,490 353,589 Non-structural 14,650 4,465 8,517 2,596

1G-2-U 1.32 599.8 78,711 350,124 Non-structural 14,487 4,416 8,623 2,628

1G-3-U 1.33 601.1 80,967 360,159 Non-structural 14,265 4,348 8,459 2,578

1G-4-U 1.27 577.3 42,432 188,747 Non-Structural 9,112 2,777 5,535 1,687

1G-5-U 1.26 569.9 61,513 273,623 Non-Structural 11,645 3,549 7,443 2,269

2G-1-U 1.23 559.9 145,302 646,335 Non-Structural 19,638 5,986 10,574 3,223

060317-1 1.29 585.6 54,525 242,539 Non-Structural 10,345 3,153 6,387 1,947

060317-2 1.32 597.6 51,055 227,104 Non-Structural 10,531 3,210 6,702 2,043

060317-3 1.28 580.3 59,864 266,288 Non-Structural 10,874 3,315 6,862 2,092

060317-4 1.35 610.6 64,886 288,627 Non-Structural 11,338 3,456 6,994 2,132

S-wave
Core ID Failure Mode

P-waveFailure LoadCore 
Weight
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Dynamic Static

ksi GPa v ksi GPa v
1G-1-U 6,514 45 0.245 NA NA NA
1G-2-U 6,571 45 0.226 NA NA NA
1G-3-U 6,332 44 0.229 NA NA NA
1G-4-U 2,604 18 0.208 NA NA NA
1G-5-U 4,603 32 0.155 NA NA NA
2G-1-U 10,838 75 0.296 NA NA NA

060317-1 3,427 24 0.192 3,841 26 0.193
060317-2 3,728 26 0.160 4,205 29 0.186
060317-3 3,993 28 0.169 5,503 38 0.181
060317-4 4,204 29 0.193 5,651 39 0.169

Dynamic E Static E
Core ID 

 
 

Triaxial compressive strength and Pulse velocity and ultrasonic elastic constants tests for 

blocks 

Rock

Type (in) (cm) (in) (cm) (in) (cm)

H-1 Igneous Massive, Fine to 
Med-grained 250 4.039 10.26 2.013 5.11 2.013 5.11

H-2 Igneous Massive, Fine to 
Med-grained 500 4.313 10.96 2.013 5.11 2.014 5.12

H-3 Igneous Massive, Fine to 
Med-grained 1,000 4.237 10.76 1.957 4.97 1.957 4.97

H-4 Igneous Massive, Fine to 
Med-grained 750 4.521 11.48 2.014 5.12 2.014 5.12

E-1 Igneous Massive, Fine to 
Med-grained 1,500 4.085 10.38 2.012 5.11 2.014 5.12

E-2 Igneous Massive, Fine to 
Med-grained 1,750 4.232 10.75 2.014 5.12 2.014 5.12

E-3 Igneous Massive, Fine to 
Med-grained 1,250 4.199 10.67 2.013 5.11 2.014 5.12

Confining 
Pressure 

(psi)
 Core ID Characteristics

Core Length Diameter 1 Diameter 2

 
 



 

 

196 

(in2) (cm2) (lbs) (gr) (lbs) (N)

H-1 3.183 20.53 1.24 561.6 52,634 234,128 Non-Structural

H-2 3.184 20.54 1.33 602.9 85,637 380,932 Non-Structural

H-3 3.008 19.41 1.22 555.1 90,362 401,950 Non-Structural

H-4 3.186 20.55 1.35 613.3 113,183 503,463 Non-Structural

E-1 3.183 20.53 1.25 565.4 124,855 555,383 Non-Structural

E-2 3.186 20.55 1.27 577.9 108,161 481,124 Non-Structural

E-3 3.184 20.54 1.27 574.1 78,794 350,493 Non-Structural

 Core ID Failure Mode
Failure LoadCross-section Core Weight

 

Dynamic

ft/sec m/sec ft/sec m/sec ksi GPa v

H-1 10,518 3,206 6,600 2,012 3,678 25 0.175

H-2 11,410 3,478 7,335 2,236 4,459 31 0.148

H-3 10,864 3,311 6,923 2,110 3,976 27 0.158

H-4 15,070 4,593 8,865 2,702 6,799 47 0.235

E-1 11,347 3,459 7,092 2,162 4,243 29 0.179

E-2 9,662 2,945 6,242 1,903 3,136 22 0.142

E-3 8,331 2,539 5,071 1,546 2,190 15 0.206

P-wave S-wave Dynamic E
 Core ID
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Indirect tensile strength test for blocks 

in cm in cm in cm

1G-1-B Masssive, Mid-
grained 1.139 2.893 1.139 2.893 1.139 2.893

1G-2-B Masssive, Mid-
grained 1.157 2.939 1.157 2.939 1.157 2.939

1G-3-B Masssive, Mid-
grained 1.161 2.949 1.161 2.949 1.161 2.949

1G-4-B Masssive, Mid-
grained 1.192 3.028 1.192 3.028 1.192 3.028

1G-5-B Masssive, Mid-
grained 1.119 2.842 1.119 2.842 1.119 2.842

2G-1-B Masssive, Mid-
grained, Dark gray 1.156 2.936 1.156 2.936 1.156 2.936

2G-2-B Masssive, Mid-
grained, Dark gray 1.271 3.228 1.271 3.228 1.271 3.228

2G-3-B Masssive, Mid-
grained, Dark gray 1.186 3.012 1.186 3.012 1.186 3.012

 Core ID Characteristics
Disc Thickness 1 Disc Thickness 2 Disc Thickness 3

 

in cm in cm in cm lbs gr

1G-1-B 2.00 5.09 2.00 5.09 2.00 5.09 0.34 156.3

1G-2-B 2.00 5.09 2.00 5.09 2.00 5.09 0.35 159.5

1G-3-B 2.00 5.09 2.00 5.09 2.00 5.09 0.35 160

1G-4-B 1.96 4.97 1.96 4.97 1.96 4.97 0.34 153.2

1G-5-B 1.96 4.97 1.96 4.97 1.96 4.97 0.32 144.6

2G-1-B 1.95 4.95 1.95 4.95 1.95 4.95 0.35 157.7

2G-2-B 1.95 4.96 1.95 4.96 1.95 4.96 0.39 175.1

2G-3-B 1.95 4.96 1.95 4.96 1.95 4.96 0.36 164.6

Disc Weight
 Core ID

Disc Diameter 1 Disc Diameter 2 Disc Diameter 3
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lbs N

1G-1-B 4,952 22,028 Non-Structural

1G-2-B 5,669 25,217 Non-Structural

1G-3-B 4,835 21,507 Non-Structural

1G-4-B 2,682 11,930 Non-Structural

1G-5-B 3,579 15,920 Non-Structural

2G-1-B 7,449 33,135 Non-Structural

2G-2-B 6,532 29,056 Non-Structural

2G-3-B 6,435 28,624 Non-Structural

Failure Load
Failure Mode Core ID
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Uniaxial compressive strength in trial stage 

(in) (cm) (lbs) (gr)

041213-13%-1 Cemented Sand 11.76 29.87 24.69 11,200
041213-13%-2 Cemented Sand 11.76 29.87 24.25 11,000
041213-13%-3 Cemented Sand 11.64 29.57 24.25 11,000
041213-13%-4 Cemented Sand 11.68 29.67 24.25 11,000

041214-14.6%-1 Cemented Sand 11.74 29.82 24.69 11,200
041214-14.6%-2 Cemented Sand 11.70 29.72 24.69 11,200
041214-14.6%-3 Cemented Sand 11.70 29.72 24.25 11,000
041214-14.6%-4 Cemented Sand 11.56 29.36 24.25 11,000
041217-9.5%-1 Cemented Sand 11.54 29.31 24.25 11,000
041217-9.5%-2 Cemented Sand 11.42 29.01 24.25 11,000
041217-9.5%-3 Cemented Sand 11.48 29.16 24.25 11,000
041217-9.5%-4 Cemented Sand 11.62 29.51 24.25 11,000
041220-7.2%-1 Cemented Sand 11.90 30.23 24.25 11,000
041220-7.2%-2 Cemented Sand 11.68 29.67 23.81 10,800
041220-7.2%-3 Cemented Sand 11.68 29.67 23.81 10,800
041220-7.2%-4 Cemented Sand 11.78 29.92 23.81 10,800
050119-20%-1 Cemented Sand 11.66 29.62 25.57 11,600
050119-20%-2 Cemented Sand 11.62 29.51 25.57 11,600
050119-20%-3 Cemented Sand 11.58 29.41 25.57 11,600
050119-20%-4 Cemented Sand 11.66 29.62 25.57 11,600
050119-5%-1 Cemented Sand 11.74 29.82 23.81 10,800
050119-5%-2 Cemented Sand 11.60 29.46 23.81 10,800
050119-5%-3 Cemented Sand 11.48 29.16 23.37 10,600
050119-5%-4 Cemented Sand 11.68 29.67 23.37 10,600
050120-3%-1 Cemented Sand 11.68 29.67 23.37 10,600
050120-3%-2 Cemented Sand 11.70 29.72 23.37 10,600
050120-3%-3 Cemented Sand 11.50 29.21 23.37 10,600
050120-3%-4 Cemented Sand 11.68 29.67 23.37 10,600

 Core ID Material
Core WeightCore Length

 



 

 

200 

(in) (cm) (in) (cm) (lbs) (N)

041213-13%-1 6.01 15.27 6.01 15.27 44,474 197,830 Shear
041213-13%-2 6.01 15.27 6.01 15.27 40,045 178,129 Shear
041213-13%-3 6.00 15.24 6.00 15.24 45,563 202,674 Shear
041213-13%-4 6.00 15.24 6.00 15.24 36,920 164,228 Shear

041214-14.6%-1 6.00 15.24 6.00 15.24 55,387 246,374 Cone & Shear
041214-14.6%-2 6.00 15.24 6.00 15.24 50,779 225,876 Shear
041214-14.6%-3 6.01 15.27 6.01 15.27 55,090 245,053 Cone & Shear
041214-14.6%-4 6.00 15.24 6.00 15.24 56,394 250,853 Shear
041217-9.5%-1 6.01 15.27 6.01 15.27 17,873 79,503 Cone & Split
041217-9.5%-2 6.00 15.24 6.00 15.24 15,562 69,223 Shear
041217-9.5%-3 6.02 15.29 6.02 15.29 15,686 69,775 Cone & Split
041217-9.5%-4 6.00 15.24 6.00 15.24 15,486 68,885 Cone & Split
041220-7.2%-1 6.01 15.27 6.01 15.27 9,939 44,211 Shear
041220-7.2%-2 6.01 15.27 6.01 15.27 9,326 41,484 Shear
041220-7.2%-3 6.00 15.24 6.00 15.24 9,270 41,235 Shear
041220-7.2%-4 5.99 15.21 5.99 15.21 9,443 42,005 Shear
050119-20%-1 6.00 15.24 6.00 15.24 92,066 409,530 Cone & Shear
050119-20%-2 5.99 15.21 5.99 15.21 86,541 384,954 Cone & Split
050119-20%-3 6.00 15.24 6.00 15.24 86,830 386,239 Cone & Shear
050119-20%-4 6.00 15.24 6.00 15.24 97,095 431,900 Cone & Split
050119-5%-1 5.99 15.21 5.99 15.21 3,062 13,620 Shear
050119-5%-2 6.00 15.24 6.00 15.24 3,958 17,606 Shear
050119-5%-3 5.99 15.21 5.99 15.21 4,600 20,462 Shear
050119-5%-4 5.99 15.21 5.99 15.21 4,034 17,944 Shear
050120-3%-1 6.00 15.24 6.00 15.24 1,358 6,041 Cone & Shear
050120-3%-2 6.00 15.24 6.00 15.24 1,461 6,499 Cone
050120-3%-3 6.00 15.24 6.00 15.24 1,420 6,316 Cone & Shear
050120-3%-4 6.00 15.24 6.00 15.24 1,516 6,744 Cone & Shear

 Core ID Failure Mode
Failure LoadDiameter 1 Diameter 2
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 Uniaxial compressive strength with elastic moduli test for Stiff sand grout 

(in) (cm) (in) (cm) (in) (cm)

060403-2A-U Stiff sand grout Massive 4.252 10.80 2.011 5.11 2.011 5.11
060403-3A-U Stiff sand grout Massive 4.182 10.62 2.011 5.11 2.012 5.11
060403-4A-U Stiff sand grout Massive 4.317 10.97 2.012 5.11 2.012 5.11

Characte
ristics Core ID Material name

Core Length Diameter 1 Diameter 2

 

Static

(lbs) (gr) (lbs) (N) ksi GPa v

060403-2A-U 1.04 472.6 14,672 65,264 Non-Structural 2,737 19 0.171
060403-3A-U 1.03 465.4 15,755 70,082 Non-Structural 2,688 19 0.170
060403-4A-U 1.07 484.9 16,265 72,350 Non-Structural 2,901 20 0.182

 Core ID
Static E

Failure Mode
Core Weight Failure Load

 
 

Triaxial compressive strength test for Stiff sand grout 

(in) (cm) (lbs) (gr)

060403-1A-T Stiff sand grout 100 4.342 11.03 1.06 481.6

060403-1B-T Stiff sand grout 200 4.371 11.10 1.05 476.7

060403-2B-T Stiff sand grout 400 4.411 11.20 1.08 492.1

060403-3B-T Stiff sand grout 800 4.092 10.39 1.01 457.7

060403-4B-T Stiff sand grout 1,600 4.330 11.00 1.08 488.2

Material name Core ID
Confining 
pressure 

(psi)

Core WeightCore Length

 

(in) (cm) (in) (cm) (lbs) (N)

060403-1A-T 2.011 5.11 2.011 5.11 10,491 46,666 Non-Structural

060403-1B-T 2.011 5.11 2.010 5.11 14,886 66,216 Non-Structural

060403-2B-T 2.011 5.11 2.011 5.11 13,306 59,188 Non-Structural

060403-3B-T 2.011 5.11 2.012 5.11 21,681 96,442 Non-Structural

060403-4B-T 2.011 5.11 2.012 5.11 30,835 137,161 Non-Structural

 Core ID Failure Mode
Failure LoadDiameter 1 Diameter 2
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Indirect tensile strength test for Stiff sand grout 

in cm in cm in cm

060403-1-B Stiff sand grout 1.409 3.579 1.409 3.579 1.409 3.579

060403-2-B Stiff sand grout 1.244 3.160 1.244 3.160 1.244 3.160

060403-3-B Stiff sand grout 1.340 3.404 1.340 3.404 1.340 3.404

Core ID Material name
Disc Thickness 1 Disc Thickness 2 Disc Thickness 3

 

in cm in cm in cm

060403-1-B 2.01 5.11 2.01 5.11 2.01 5.11

060403-2-B 2.01 5.10 2.01 5.10 2.01 5.10

060403-3-B 2.01 5.10 2.01 5.10 2.01 5.10

Disc Diameter 1 Disc Diameter 2 Disc Diameter 3
Core ID

 

lbs N

060403-1-B 1,537 6,837 Single Split

060403-2-B 1,510 6,717 Single Split

060403-3-B 1,661 7,388 Single Split

Failure 
Mode

Failure Load
Core ID
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Unconsolidated-Undrained triaxial compression test for Medium and Soft sand grout 
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APPENDIX B  

INPUT DATA FILES IN FLAC 
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Stiff sand grout case 
;---------------------------------------------------------------------- 
; Initial condition 
grid 120 80 
m e 
call rad_grd.fis 
;---------------------------------------------------------------------- 
; Cut geometry and boulder size (in m) 
; penetration = 0.15 in, tip width = 0.25 in 
; Boulder size = 10 in, 
; input in METERS 
set pen_depth=0.00381 tip_width=0.00635 gratio=1.025 
set boulder_size=0.254 
;---------------------------------------------------------------------- 
; Elastic properties of boulder (density in kg/m^3, E in Pa)  
set b_den=2680.0 b_young=43.1E9 b_nu=0.23 
;---------------------------------------------------------------------- 
; Elastic properties of matrix (density in kg/m^3, E in Pa) 
set m_den=2210.0 m_young=7.8E9 m_nu=0.23 
; **********24 SG case*************** 
;---------------------------------------------------------------------- 
LCM_boulder_rad_gen 
ini_stage 
sav 10-stiff-9600-ini.sav 
;---------------------------------------------------------------------- 
; Elastic analysis with constant loading (275 MPa) 
load_measure 
monitor 
set app_load = -275.0E6 
const_load 
set force = 1.0E-4 
solve 
sav 10-stiff-9600-elastic.sav 
;---------------------------------------------------------------------- 
; Elasto-plastic analysis with velocity load 
res 10-stiff-9600-ini.sav 
model mohr group 'BOULDER'  
prop density=2680.0 bulk=2.66049413E10 shear=1.75203246E10 & 
 group 'BOULDER' 
prop cohesion=1.75E7 friction=57.6 dilation=19.2 tension=1.0E7 & 
  group 'BOULDER' 
;Re-assign M-C Failure criterion to Sandgrout 
model mohr group 'MATRIX'  
prop density=2210.0 bulk=4.8148152E9 shear=3.17073178E9 cohesion=5.4e6 
& 
  tension=2.6e6 friction=37.5 dilation=19.2 group 'MATRIX' 
load_measure 
monitor 
      fix  y i 1 j 31 51 
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      ini yvelocity -1e-12 i 1 j 31 51 
call servo.fis 
set high_unbal = 10.0 
set low_unbal = 1.0 
set high_vel = 0.001 
cyc 3000000 
sav 10-stiff-9600-ep.sav 
;---------------------------------------------------------------------- 
; 0.01% Strain softening analysis with velocity load  
res 10-stiff-9600-ini.sav 
model ss group 'BOULDER'  
prop density=2680.0 bulk=2.66049413E10 shear=1.75203246E10 & 
  ftab=1 ctab=2 ttab=3 dtab=4 group 'BOULDER' 
prop cohesion=1.75E7 friction=57.6 dilation=19.2 tension=1.0E7 & 
  group 'BOULDER' 
table 1 0,57.6 0.0001,30 
table 2 0,1.75E7 0.0001,0.0 
table 3 0,1.0E7 0.0001,0.0 
table 4 0,19.2 0.0001,19.2 
;Re-assign M-C Failure criterion to Sandgrout 
model mohr group 'MATRIX'  
prop density=2210.0 bulk=4.8148152E9 shear=3.17073178E9 cohesion=5.4e6 
& 
  tension=2.6e6 friction=37.5 dilation=19.2 group 'MATRIX' 
load_measure 
monitor 
      fix  y i 1 j 31 51 
      ini yvelocity -1e-12 i 1 j 31 51 
call servo.fis 
set high_unbal = 10.0 
set low_unbal = 1.0 
set high_vel = 0.001 
cyc 3000000 
sav 10-stiff-9600-ss.sav 
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Stiff sand grout with servo control (Fine grid model) 
;---------------------------------------------------------------------- 
; Initial condition 
grid 180 120 
m e 
call rad_grd.fis 
;---------------------------------------------------------------------- 
; Cut geometry and boulder size (in m) 
; penetration = 0.15 in, tip width = 0.25 in 
; Boulder size = 10 in, 
; input in METERS 
set pen_depth=0.00381 tip_width=0.00635 gratio=1.025 
set boulder_size=0.254 
;---------------------------------------------------------------------- 
; Elastic properties of boulder (density in kg/m^3, E in Pa)  
set b_den=2680.0 b_young=43.1E9 b_nu=0.23 
;---------------------------------------------------------------------- 
; Elastic properties of matrix (density in kg/m^3, E in Pa) 
set m_den=2210.0 m_young=7.8E9 m_nu=0.23 
; **********24 SG case*************** 
;---------------------------------------------------------------------- 
LCM_boulder_rad_gen 
ini_stage 
sav 10-stiff-21600-ini.sav 
;---------------------------------------------------------------------- 
; Elasto-plastic analysis with velocity load 
res 10-stiff-21600-ini.sav 
model mohr group 'BOULDER'  
prop density=2680.0 bulk=2.66049413E10 shear=1.75203246E10 & 
 group 'BOULDER' 
prop cohesion=1.75E7 friction=57.6 dilation=19.2 tension=1.0E7 & 
  group 'BOULDER' 
;Re-assign M-C Failure criterion to Sandgrout 
model mohr group 'MATRIX'  
prop density=2210.0 bulk=4.8148152E9 shear=3.17073178E9 cohesion=5.4e6 
& 
  tension=2.6e6 friction=37.5 dilation=19.2 group 'MATRIX' 
load_measure 
monitor 
fix  y i 1 j 31 51 
ini yvelocity -1e-12 i 1 j 31 51 
call servo.fis 
set high_unbal = 10.0 
set low_unbal = 1.0 
set high_vel = 0.001 
cyc 3000000 
sav 10-stiff-21600-ep.sav 
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Medium sand grout 
;---------------------------------------------------------------------- 
; Initial condition 
grid 120 80 
m e 
call rad_grd.fis 
;---------------------------------------------------------------------- 
; Cut geometry and boulder size (in m) 
; penetration = 0.15 in, tip width = 0.25 in 
; Boulder size = 10 in, 
; input in METERS 
set pen_depth=0.00381 tip_width=0.00635 gratio=1.025 
set boulder_size=0.254 
;---------------------------------------------------------------------- 
; Elastic properties of boulder (density in kg/m^3, E in Pa)  
set b_den=2680.0 b_young=43.1E9 b_nu=0.23 
;---------------------------------------------------------------------- 
; Elastic properties of matrix (density in kg/m^3, E in Pa) 
set m_den=2210.0 m_young=119.1e6 m_nu=0.23 
; **********med SG case*************** 
;---------------------------------------------------------------------- 
LCM_boulder_rad_gen 
ini_stage 
sav 10-med-9600-ini.sav 
;---------------------------------------------------------------------- 
; Elastic analysis with constant loading (275 MPa) 
load_measure 
monitor 
set app_load = -275.0E6 
const_load 
set force = 1.0E-4 
solve 
sav 10-med-9600-elastic.sav 
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Soft sand grout 
;---------------------------------------------------------------------- 
; Initial condition 
grid 120 80 
m e 
call rad_grd.fis 
;---------------------------------------------------------------------- 
; Cut geometry and boulder size (in m) 
; penetration = 0.15 in, tip width = 0.25 in, spacing = 2.0 in 
; Boulder size = 10 in, 
; input in METERS 
set pen_depth=0.00381 tip_width=0.00635 spacing=0.0508 gratio=1.025 
set boulder_size=0.254 
;---------------------------------------------------------------------- 
; Elastic properties of boulder (density in kg/m^3, E in Pa)  
set b_den=2680.0 b_young=43.1E9 b_nu=0.23 
;---------------------------------------------------------------------- 
; Elastic properties of matrix (density in kg/m^3, E in Pa) 
set m_den=2210.0 m_young=36.7e6 m_nu=0.23 
; **********soft SG case*************** 
;---------------------------------------------------------------------- 
LCM_boulder_rad_gen 
ini_stage 
sav 10-soft-9600-ini.sav 
;---------------------------------------------------------------------- 
; Elastic analysis with constant loading (275 MPa) 
load_measure 
monitor 
set app_load = -275.0E6 
const_load 
set force = 1.0E-4 
solve 
sav 10-soft-9600-elastic.sav 
;---------------------------------------------------------------------- 
; Elasto-plastic analysis with velocity load 
res 10-soft-9600-ini.sav 
model mohr group 'BOULDER'  
prop density=2680.0 bulk=2.66049413E10 shear=1.75203246E10 & 
 group 'BOULDER' 
prop cohesion=1.75E7 friction=57.6 dilation=19.2 tension=1.0E7 & 
  group 'BOULDER' 
;Re-assign M-C Failure criterion to Sandgrout 
model mohr group 'MATRIX'  
prop density=2210.0 bulk=2.265432E7 shear=1.4918699E7 cohesion=79.4E3 & 
  tension=79.4E3 friction=37.5 dilation=19.2 group 'MATRIX' 
load_measure 
monitor 
      fix  y i 1 j 31 51 
      ini yvelocity -1e-12 i 1 j 31 51 
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call servo.fis 
set high_unbal = 10.0 
set low_unbal = 1.0 
set high_vel = 0.001 
cyc 3000000 
sav 10-soft-9600-ep.sav 
;---------------------------------------------------------------------- 
; 0.01% Strain softening analysis with velocity load 
res 10-soft-9600-ini.sav 
model ss group 'BOULDER'  
prop density=2680.0 bulk=2.66049413E10 shear=1.75203246E10 & 
  ftab=1 ctab=2 ttab=3 dtab=4 group 'BOULDER' 
prop cohesion=1.75E7 friction=57.6 dilation=19.2 tension=1.0E7 & 
  group 'BOULDER' 
table 1 0,57.6 0.0001,30 
table 2 0,1.75E7 0.0001,0.0 
table 3 0,1.0E7 0.0001,0.0 
table 4 0,19.2 0.0001,19.2 
;Re-assign M-C Failure criterion to Sandgrout 
model mohr group 'MATRIX'  
prop density=2210.0 bulk=2.265432E7 shear=1.4918699E7 cohesion=79.4E3 & 
  tension=79.4E3 friction=37.5 dilation=19.2 group 'MATRIX' 
load_measure 
monitor 
      fix  y i 1 j 31 51 
      ini yvelocity -1e-12 i 1 j 31 51 
call servo.fis 
set high_unbal = 10.0 
set low_unbal = 1.0 
set high_vel = 0.001 
cyc 3000000 
sav 10-soft-9600-ss.sav 
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Rad_grd.fis 
;------------------------------------------------------ 
def LCM_boulder_rad_gen 
; Determine rmin for penetration depth and tip width 
   if 2*2*pen_depth >= tip_width then 
      rmin = 2.5*pen_depth 
   else 
      rmin = 2.5*tip_width 
   endif 
; Generate radial grid in lower half circle 
   rmul = 2*17.5*0.0254/rmin 
   xbox = rmin*rmul 
   ybox = -rmin*rmul 
   figp=igp 
   fjgp=jgp 
   if gratio=0.0 then 
      gratio=1.0 
   endif 
   if gratio=1.0 then 
      val=rmin*(rmul-1.0)/(igp-1.0) 
   else 
      val=rmin*(rmul-1.0)/(gratio^(igp-1)-1) 
   endif 
   loop j (1,jgp) 
      alfa=pi+(j-1)*1.0*pi/(jgp-1) 
      loop i (1,igp) 
         if gratio=1.0 then 
            ro=rmin+val*(i-1) 
         else 
            ro=rmin+val*(gratio^(i-1)-1) 
         endif 
         x(i,j)=ro*cos(alfa) 
         y(i,j)=ro*sin(alfa) 
      end_loop 
   end_loop 
; Draw a circle for boulder 
   boulder_r = boulder_size/2 
   command 
      gen circle 0,0 boulder_r 
   end_command 
; Find the grid line (i) that is boulder limit 
   loop i (1,igp) 
      if x(i,jgp) = boulder_r then 
         b_limit = i 
      endif 
   end_loop 
; move first grid line to a notch boundary 
   x_nt = tip_width/2 
   y_nt = -2*pen_depth 
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   loop j (1,jgp) 
    if sgn(x(1,j)) < 0 then 
       alfa=pi+atan(y(1,j)/x(1,j)) 
    else 
       alfa=2*pi+atan(y(1,j)/x(1,j)) 
    endif 
    if alfa <= 1.5*pi then 
      yy=-x_nt*tan(alfa) 
      if yy >= y_nt then 
         x(1,j)=-x_nt 
         y(1,j)=-x_nt*tan(alfa) 
      else 
         x(1,j)=y_nt/tan(alfa) 
         y(1,j)=y_nt 
      endif 
    else 
      yy=x_nt*tan(alfa) 
      if yy >= y_nt then 
         x(1,j)=x_nt 
         y(1,j)=x_nt*tan(alfa) 
      else 
         x(1,j)=y_nt/tan(alfa) 
         y(1,j)=y_nt 
      endif 
    endif 
   end_loop 
; Shape grid lines close to notch 
   i_shape = 0.9*b_limit 
   if gratio = 1.0 then 
        loop j (1,jgp) 
           ro_q=sqrt(x(1,j)^2+y(1,j)^2) 
           x_diff=(x(i_shape,j)-x(1,j))^2 
           y_diff=(y(i_shape,j)-y(1,j))^2 
           val=(sqrt(x_diff+y_diff))/(i_shape-1) 
           alfa=pi+(j-1)*1.0*pi/(jgp-1) 
             loop i (1,i_shape) 
               ro=ro_q+val*(i-1) 
               x(i,j)=ro*cos(alfa) 
               y(i,j)=ro*sin(alfa) 
             end_loop 
         end_loop 
   end_if 
   if gratio > 1.0 then 
        loop j (1,jgp) 
           ro_q=sqrt(x(1,j)^2+y(1,j)^2) 
           x_diff=(x(i_shape,j)-x(1,j))^2 
           y_diff=(y(i_shape,j)-y(1,j))^2 
           val=(sqrt(x_diff+y_diff))/(gratio^(i_shape-1)-1) 
           alfa=pi+(j-1)*1.0*pi/(jgp-1) 
             loop i (1,i_shape) 
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               ro=ro_q+val*(gratio^(i-1)-1) 
               x(i,j)=ro*cos(alfa) 
               y(i,j)=ro*sin(alfa) 
             end_loop 
         end_loop 
   end_if 
; Find 2 closest points onto two notch corners 
; Left corner 
   min_dist2 = 10000 
   loop j (1,jgp) 
      dist2=(-x_nt-x(1,j))^2+(y_nt-y(1,j))^2 
      if dist2 < min_dist2 then 
         min_dist2 = dist2 
         LLnt_j = j 
      endif 
   end_loop 
; Right corner 
   min_dist2 = 10000 
   loop j (1,jgp) 
      dist2=(x_nt-x(1,j))^2+(y_nt-y(1,j))^2 
      if dist2 < min_dist2 then 
         min_dist2 = dist2 
         LRnt_j = j 
      endif 
   end_loop 
; move last grid to boundary box 
   xbox= 41.5*0.0254/2 
   loop j (1,jgp) 
    if sgn(x(igp,j)) < 0 then 
       alfa=pi+atan(y(igp,j)/x(igp,j)) 
    else 
       alfa=2*pi+atan(y(igp,j)/x(igp,j)) 
    endif 
    if alfa <= 1.5*pi then 
      yy=-xbox*tan(alfa) 
      if yy >= ybox then 
         x(igp,j)=-xbox 
         y(igp,j)=-xbox*tan(alfa) 
      else 
         x(igp,j)=ybox/tan(alfa) 
         y(igp,j)=ybox 
      endif 
    else 
      yy=xbox*tan(alfa) 
      if yy >= ybox then 
         x(igp,j)=xbox 
         y(igp,j)=xbox*tan(alfa) 
      else 
         x(igp,j)=ybox/tan(alfa) 
         y(igp,j)=ybox 
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      endif 
    endif 
   end_loop 
; Shape grid lines near the box 
   if gratio = 1.0 then 
      i_shape = b_limit 
        loop j (1,jgp) 
           ro_q=sqrt(x(i_shape,j)^2+y(i_shape,j)^2) 
           x_diff=(x(i_shape,j)-x(igp,j))^2 
           y_diff=(y(i_shape,j)-y(igp,j))^2 
           val=(sqrt(x_diff+y_diff))/(igp-i_shape) 
           alfa=pi+(j-1)*1.0*pi/(jgp-1) 
             loop i (i_shape+1,igp) 
               ro=ro_q+val*(i-i_shape) 
               x(i,j)=ro*cos(alfa) 
               y(i,j)=ro*sin(alfa) 
             end_loop 
         end_loop 
   end_if 
   if gratio > 1.0 then 
      i_shape = b_limit 
        loop j (1,jgp) 
           ro_q=sqrt(x(i_shape,j)^2+y(i_shape,j)^2) 
           x_diff=(x(i_shape,j)-x(igp,j))^2 
           y_diff=(y(i_shape,j)-y(igp,j))^2 
           val=(sqrt(x_diff+y_diff))/(gratio^(igp-i_shape)-1) 
           alfa=pi+(j-1)*1.0*pi/(jgp-1) 
             loop i (i_shape,igp) 
               ro=ro_q+val*(gratio^(i-i_shape)-1) 
               x(i,j)=ro*cos(alfa) 
               y(i,j)=ro*sin(alfa) 
             end_loop 
         end_loop 
   end_if 
; Move 2 closest points onto two bottom corners 
; Bottom left corner 
   min_dist2 = 10000 
   loop j (1,jgp) 
      dist2=(-xbox-x(igp,j))^2+(ybox-y(igp,j))^2 
      if dist2 < min_dist2 then 
         min_dist2 = dist2 
         LLbox_j = j 
      endif 
   end_loop 
   x(igp,LLbox_j) = -xbox 
   y(igp,LLbox_j) = ybox 
; Bottom right corner 
   min_dist2 = 10000 
   loop j (1,jgp) 
      dist2=(xbox-x(igp,j))^2+(ybox-y(igp,j))^2 
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      if dist2 < min_dist2 then 
         min_dist2 = dist2 
         LRbox_j = j 
      endif 
   end_loop 
   x(igp,LRbox_j) = xbox 
   y(igp,LRbox_j) = ybox 
; 
; Scale to be actual LCM box size and move lower left corner to the 
origin pt 
   ybox = -ybox/2 
   command 
      ini y mul 0.5 
      ini x add xbox y add ybox 
      gen adjust 
   end_command 
; 
;Add elastic properties for boulder 
   b_bulk = b_young/(3*(1-2*b_nu)) 
   b_shear = b_young/(2*(1+b_nu)) 
   b_den = b_den 
   command 
      group 'BOULDER' i 1,b_limit 
      model elastic group 'BOULDER'  
      prop density = b_den bulk = b_bulk shear = b_shear group 
'BOULDER' 
   end_command 
; 
;Add elastic properties for matrix 
   m_bulk = m_young/(3*(1-2*m_nu)) 
   m_shear = m_young/(2*(1+m_nu)) 
   m_den = m_den 
   command 
      group 'MATRIX' i b_limit,figp 
      model elastic group 'MATRIX' 
      prop density = m_den bulk = m_bulk shear = m_shear group 'MATRIX' 
      fix  x i figp j 1 LLbox_j 
      fix  y i figp j LLbox_j LRbox_j 
      fix  x i figp j LRbox_j fjgp 
      history 1 unbalanced 
      history 2 sratio 
   end_command 
; 
end 
;---------------------------------------------------------------------- 
def ini_stage 
; Set gravity, BCs on the sides and the bottom of the box and solve for 
initial stage 
   command 
      set gravity = 9.81 
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      set step=1000000 
      solve 
      ini xdisp 0 
      ini ydisp 0 
      solve 
   end_command 
end 
;---------------------------------------------------------------------- 
def loading_vel 
   app_vel = app_vel 
   command 
      fix  y i 1 j LLnt_j LRnt_j 
      apply yvelocity app_vel i 1 j LLnt_j LRnt_j 
   end_command 
end 
;---------------------------------------------------------------------- 
def const_load 
   app_load = app_load 
   command 
      apply ytraction app_load from 1,LLnt_j to 1,LRnt_j 
   end_command 
end 
;---------------------------------------------------------------------- 
def load_measure 
   while_stepping 
      sumforce=0  
      sumdisp=0  
      sumvel=0  
      loop j (LLnt_j,LRnt_j) 
         sumforce=sumforce+yforce(1,j) 
         sumdisp=sumdisp+ydisp(1,j) 
         sumvel=sumvel+yvel(1,j) 
      end_loop 
      indentsload=sumforce 
      indents_pressure=sumforce/(x(1,LRnt_j)-x(1,LLnt_j)) 
      indent_disp=sumdisp/(LRnt_j-LLnt_j+1) 
      indent_vel=sumvel/(LRnt_j-LLnt_j+1) 
 
end 
;---------------------------------------------------------------------- 
def monitor 
   command 
      history 3 indentsload 
      history 4 indents_pressure 
      history 5 indent_disp 
      history 6 indent_vel 
   end_command 
end 
;---------------------------------------------------------------------- 
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Servo.fis 
;---------------------------------------------------------------------- 
def servo 
   while_stepping 
   if unbal>high_unbal  
      loop jj (LLnt_j,LRnt_j) 
         yvel(1,jj)=yvel(1,jj)*0.975 
         if abs(yvel(1,jj)) > high_vel then 
            yvel(1,jj) = sgn(yvel(1,jj))*high_vel 
         end_if 
      end_loop 
   end_if 
   if unbal<low_unbal  
      loop jj (LLnt_j,LRnt_j) 
         yvel(1,jj)=yvel(1,jj)*1.025 
         if abs(yvel(1,jj)) > high_vel then 
            yvel(1,jj) = sgn(yvel(1,jj))*high_vel 
         end_if 
      end_loop 
   end_if 
end 
;---------------------------------------------------------------------- 
 




