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EXECUTIVE SUMMARY 

 

 

The objective of this project is to measure the specific energy requirements for representative hard 

rock which has been weakened by microwave irradiation. Granodiorite rock blocks were collected 

from Boulder, Colorado and prepared at a local quarry. Three of the rock blocks were placed inside 

a commercial microwave and heated for 30 seconds, 100 seconds and 200 seconds. The four blocks 

were cast in concrete inside a fabricated metallic box and allowed to cure at the Earth Mechanics 

Institute (EMI) at Colorado School of Mines. Large scale linear cutting tests were conducted on 

the four blocks using a single disc cutter. During each linear cutting pass, displacements, horizontal 

and vertical cutting forces were measured by a computer monitoring system connected to the large 

scale linear cutting machine. The specific energies required during each cut were then calculated, 

compiled and analyzed. Further cutting tests are recommended to improve the statistical 

significance of the findings and to quantify the actual specific energy reductions after microwave 

preconditioning. 
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CHAPTER 1 - INTRODUCTION 

 

High energy requirements precluded the practical application of thermal energy to 

fragment rock and were deemed uneconomical a few decades ago (Kumar, 1968, Carstens et al., 

1970, Heuze, 1983, Lau et al., 1991). A major challenge was the conceptual application of energy 

intensive rock fragmentation processes such as thermal spalling, or melting of intact rock (e.g. 

Carstens et al., 1970), and wherefore considered a major hurdle in making the technology available 

for industry use. However, recent studies have shown advances in thermal rock-weakening 

principles which were previously overlooked (Whittles et al., 2003, Jones et al., 2005, Toifl et al., 

2014, Toilfl et al., 2015, Meisels et al., 2015, Zuo et al., 2015, Hassani et al., 2016).  These studies, 

in conjunction with microstructural studies and numerical modeling, point to the observation that 

if differential heat absorption can be induced such that sufficient high tensile stresses are mobilized 

through: 1) differential thermal absorption due to mechanical rock microstructure heterogeneities 

and 2) mineralogical heterogeneities (e.g. Meisels et al., 2015), significant rock weakening can 

occur. The research in this area has taken a crucial step by acknowledging the theory of microwave 

heating as viable source of generating differential stresses and strains in rock. The theory suggests 

that the different mineral constituents assembled within a rock substance will respond differently 

to irradiation, and at different heating rates and temperatures because of their individual absorption 

properties. The differential absorption would cause the development of an inhomogeneous state of 

stress within the same rock - especially along grain boundaries, such as absorbing grains in a non-

microwave absorbing matrix (e.g., Whittles et al. 2003; Jones et al. 2005, 2007). More recently, 

Meisels, et al. (2015) have shown that tensile stresses form along grain boundaries in a multi-phase 

system when heated with microwaves, and may exceed the tensile strength of the grains leading 

to significant additional damage to the material.   

The role of alternate excavation technologies for hard rock tunneling purposes cannot be 

ignored as the demand, cost and the depth at which these projects are carried out have increased 

over time.  To this end, researchers have contemplated the application of microwaves for pre-

treatment of rock to reduce the cost of mechanical excavation. Laboratory experiments such as 

large-scale linear cutting of bulk rock blocks can help evaluate the energy requirements during 

rock excavation. A linear cutting machine (LCM) is a device that provides a “direct measure of 

rock cuttability” for different simulated field conditions. The machine has the capability to 

measure the load acting on a single cutter while making a cut on an actual rock.  With the help of 

various sensors mounted on this machine and because of the large scale of the tests, a direct 

assessment of machine performance can be made in terms of specific energy. Specific energy is 

the amount of energy spent to excavate a unit volume of rock. For the study described in this report, 

four samples of boulder granodiorite rock were first subjected to microwave for different exposure 

time (30 sec., 100 sec., 200 sec., and untreated). The samples were then subjected to linear cutting 

machine test to determine the specific energy associated with cutting/excavating these 

preconditioned rocks. 
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CHAPTER 2 - LITERATURE REVIEW 

2.1 Review of Microwave Damage of Rock 

The use of thermal energy to facilitate rock fracturing can be traced back to ancient time 

when “fire setting” was used to fracture rocks long before technologies such as blasting became 

popular (Fitzgibbon and Veasey, 1990). Scientific research carried out in the early 19th century 

focused around investigating the role of thermally assisted liberation (TAL) as a means for 

improving the overall efficiency of a mineral processing plant which spends a considerable amount 

of energy on crushing and grinding of ores (Wonnacott and Bills, 1990; Lytle et al., 1992). The 

process at that time involved conventional heating of an object and then subjecting it to air 

quenching. Despite these attempts at establishing TAL as a tool for preconditioning the rock, the 

technology could not become popular as it was not economically feasible (Somani et al., 2017). 

This is largely attributed to the fact that the resulting heat transfer mechanism (conduction, 

convection, and radiation) inside the rock is a slow process and results in poorly developed 

fractures in the more economic zone of operation.  

The focus on ramping up the heating time made researchers in the field consider 

microwaves as a new source of TAL. Several research studies have shown that microwave 

irradiation can enhance rock fragmentation by selectively heating the constitutive minerals 

(Whittles et al., 2003, Jones et al. 2004, Ali and Bradshaw, 2009, Hartlieb et al., 2012, and others). 

The microwave absorbing mineral in a non-absorbing matrix, results in the development of 

differential thermal stresses and subsequent fracturing along mineral boundaries during irradiation. 

Along with providing an efficient solution of selective heating of minerals, microwave irradiation 

has the added advantage of producing thermal response (reduction in strength due to artificially 

induced fractures) in a shorter duration as compared to conventional heating techniques.  

Whittles et al. (2003) used finite element simulations to demonstrate that an increase in 

absorbed microwave energy by some mineral results in the creation of greater (Figure 1). Their 

study used a theoretical ore consisting of a microwave absorbing pyrite mineral in a low-absorbing 

calcite matrix. They also concluded that with an increase in absorbed energy, the desired level of 

rock fracturing can be achieved at a lower energy input. Jones et al. (2005) with the help of similar 

approach as described earlier, concluded that stresses observed along the mineral boundary were 

predominantly shear and tensile in nature. The particle size was shown to influence the overall 

fracturing process. A decrease in size of mineral was accompanied by an increase by microwave 

energy required for sufficient fracturing of the rock. 
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Further, significant research has been performed in the mineral processing domain to highlight 

the importance of differential thermal gradients in rock damage. These works have shown that by 

harnessing the dielectric properties of rock constituents, which respond differently to microwave 

irradiation, differential stresses can be generated (e.g. Amankwah and Pickles 2009; Samouhos 

et al. 2012). Peak temperature has been chosen as an indicator by many workers (e.g. Walkiewicz 

et al. 1988) for microwave absorption, and was demonstrated that the peak temperature differs 

Figure 1 Effect of microwave heating time on the unconfined compressive strength of the 

theoretical calcite and pyrite sample (Whittles et al., 2003). 

Figure 2 Extensive tensile cracks formed around pyrite discs in a 

calcite matrix after 1000 micro-seconds (Jones, 2005). 
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strongly depending on the irradiated mineral. In addition, several experimental studies with low 

power microwave irradiation have been carried demonstrating that:  

• certain types of rock such as magnesite, andesite, dolomite, siderite and travertine can be 

cracked significantly as result of microwave irradiation (Murová et al. 2000); 

• basalt reduces its strength expressed by point load testing and p-wave velocity 

measurements (Satish et al. 2006; Peinsitt et al. 2010; Hartlieb et al. 2012).  

•  it is feasible to apply microwave heating to cause damage in granite and sandstone 

samples (Sikong and Bunsin, 2009 and Peinsitt et al., 2010).  

• microwave irradiation of ore can also be effective at enhancing mineral processing 

applications (Vorster et al., 2001, Rizmanoski, 2011, Kingman et al., 2004, Figure 3). 

 

 

 

   

 

 

 

 

 

 

In addition, conventional heating of rock has been investigated for the purposes of 

understanding fundamental rock behavior in many studies, and the occurrence of microcracks and 

microcavities was reported in thermally stressed samples (e.g., Zhang et al. 2001; Keshavarz et al. 

2010; Yin et al. 2012, Balme et al. 2004). In these previous studies, questions pertaining to damage 

accumulation, and how the cracks are aligned with respect to mineralogy, and the overall effects 

on strength degradation remain unclear.  Given that rock material consists of a broad variety of 

minerals, each of which behave differently when exposed to heat.  Spatial confinement, possible 

grain interactions phase changes, recrystallization and coincident volumetric changes, e.g., for 

example thermal expansion all lead to different behavior for the same rock type (e.g. Reś et al. 

2003).  

Hassani et al. (2016) carried out a series of laboratory tests to determine the effects of 

microwave irradiation on the strength reduction of three hard rocks namely norite, basalt, and 

granite. The experiment al results indicated that the tensile and uniaxial strength of the three types 

Figure 3 Point load index for different rated power and exposure 

time for a lead-zinc ore sample (Kingman et al., 2004). 
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of rocks reduced with increasing exposure time and the power level at which the microwave was 

operated. It was also concluded that operating power levels play a significant role in increasing the 

amount of damage caused to the rocks. With the help of empirical equations (Eq. 1), it was shown 

that the penetration per revolution (PREV) of disc cutter mounted on a Tunnel Boring Machine will 

increase as the exposure time increases (Figure 4).   

 

𝑃𝑅𝐸𝑉 = 624 
𝐹𝑛

𝜎𝐵𝑇
     (Eq. 1) 

where, Fn = is the thrust force applied by the disc cutter (N) (the normal force in response to the 

applied thrust), σBT is the Brazilian tensile strength (BTS) of rock (MPa). 

 

 

 

2.2 Review of Linear Cutting Machine Test 

There exist different types of rock excavation technologies today which are frequently used 

in civil and mining engineering projects. These technologies rely on fracturing and disintegration 

of rock using different methodologies and machines. One of the most important machines that is 

in use today is the Tunnel Boring Machine (TBM) as shown in Figure 5. 

Figure 4 Estimated penetration rate of a TBM into norite vs. microwave 

treatment (Hassani et al., 2016) 
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The TBM cuts the rock with the help of disc cutter mounted at its face which rotates as the 

machine is pushed forward into the virgin rock. TBM machines have been employed on various 

successful projects. However, there is still a need to improve their performance and make them 

adapt to efficiently work in any rock condition to achieve an optimum advance rate.  

Performance of a TBM is essentially governed by the rock breakage mechanism caused by 

rolling disc on the surface of rock. As the cutters penetrate the rock, a crushed zone develops 

beneath it (Figure 6). Further, radial cracks develop around these crushed zones and propagate into 

the rock. These cracks then join with adjacent cracks from another cutter to form rock chips that 

fallout from the face of the excavation. The forces that develop on the cutter disk are schematically 

shown in Figure 7. There are three vector components of force as indicated: i.e. the normal force, 

rolling force and side force. An estimate of these forces can be obtained either through experiments 

or theoretically. 

Figure 5 Tunnel Boring Machine: (a) General view of TBM face, (b) 

TBM disc cutters 
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 An estimation of the three force components and performance prediction of a cutter 

mounted on a TBM can be made on a laboratory scale. Colorado School of Mines developed the 

first ever Linear Cutting Machine (LCM) (Figure 8) in the early 1970’s that could provide a 

measurement of cutting forces and rock cuttability for a given set parameters (i.e. cutter spacing, 

cutter penetration, cutter thrust and cutting speed). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 6 Rock failure mechanism during cutting with a 

disc cutter (Asbury et. al, 2002) 

Figure 7 Forces acting on disc cutter (Labra et. al, 2017) 

Figure 8 Linear cutting machine (Colorado School of Mines) 
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Once the forces are determined, the concept of specific energy (SE) is used to assess cutting 

efficiency of a single disc cutter. SE is defined as the amount of energy required to excavate a 

unit volume of rocks and is defined as: 

 

𝑆𝐸 =
𝐹𝑟 𝐿

𝑉
                (Eq. 2) 

 

where Fr is the rolling force, L the cutting distance, and V the cutting volume. Equation 2 can 

also be expressed in terms of the penetration depth p and spacing between disc cutters s where  

V = Pls and then rewritten as: 

 

𝑆𝐸 =
𝐹𝑟 𝐿

𝑝𝐿𝑠
=  

𝐹𝑟 

𝑝𝑠
     (Eq. 3) 

 

Further, SE can be used to predict TBM performance (Bilgin et al., 1999, 2014). The net 

production rate (NPR) of an excavating machine can then be expressed as following: 

 

𝑁𝑃𝑅 =
𝑘𝑃

𝑉
              (Eq. 2) 

 

where k is the energy transfer ratio from the cutting head to the tunnel face, k is usually taken as 

equal to 0.8 for TBM, and P (in kW) is the power used to excavate rock expressed in terms of the 

TBM torque T (in kNm), and the rotational velocity of the cutterhead N (in revolutions/sec) as 

follows: 

𝑃 = 2𝜋𝑁𝑇                 (Eq. 3) 
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CHAPTER 3 – METHODOLOGY 

 

The main objective of the research work presented in this report was to observe the reduction in 

specific energy or the ease in cuttability of microwave irradiated rock blocks. The main hypothesis 

of this research is: a reduction in specific energy will be observed in rock blocks irradiated by 

microwaves, and the reduction in specific energy is proportional to the length of microwave 

irradiation. Consequentially, the following methodology was adopted to test the presented 

hypothesis, as summarized by the following set of tasks: 

1. Granodiorite rock specimen were collected and cut into rectangular blocks. 

2. The granodiorite blocks were then subjected to microwave irradiation at three different 

exposure durations (untreated, 30 secs, 100 secs, and 200 secs). 

3. The untreated and treated blocks were then cast in concrete and allowed to cure, and 

4.  Large-scale linear cutting tests were performed on the concrete-cast rock blocks, while 

measuring the cutting forces required to cut several lines across the blocks. 
  

3.1 Specimen Collection and Preparation 

The rock samples used for this study were collected from Boulder Canyon Trailhead, 

located approximately 2.5 miles west of Boulder, Colorado along the state highway 119 (Figure 

9).  

 

 

 

 

 

 

 

 

 

 

 

 

 

The rock type consists of Boulder creek granodiorite which belong to the Boulder Creek 

batholith of Precambrian age. The granodiorite is generally a coarser grained mafic rock and is 

summarized in Table 1. 

Figure 9 Specimen collection location. 
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Table 1 Properties of Granodiorite rock 

Rock Composition Notes 

Granodiorite - Quartz > 20% 

- Feldspar = Na/Ca 

plagioclase 

- Biotite + amphibole = 

10-25% 

- An intermediate rock with high quartz and 

mafic content 

- Salt and pepper appearance 

  

 

The granodiorite rock boulders collected from the site were then transported to a local 

dimensional stone quarry to be cut in to four rectangular blocks (Figure 10). These blocks had the 

following dimensions (L x W x H): 12 inches x 11 inches x 7.5 inches.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10 Example of prepared rectangular rock blocks used for this study 
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3.2 Microwave Treatment of Specimen 

 The prepared rock blocks were then transported to CSM for microwave treatment. The 

Rocks Mechanics Laboratory facility at CSM has a commercial size microwave oven that can 

operate at 2.45 GHz and 3kW power.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Three of the specimens were treated for 30 secs, 100 secs and 200 secs at 3kW and the temperature 

was recorded at the visible face inside the microwave chamber. The fourth rock block was left 

untreated. 

3.3 Linear Cutting Machine Test Set-Up 

Upon microwave treatment, rock blocks were cast in concrete, allowed to cure and 

subjected to linear cutting experiments. The LCM at Colorado School of Mines (Figure 12) 

consists of a large stiff reaction frame with a cutter assembly mounted on it. The forces acting on 

the cutter is measured via a tri-axial load frame installed between the cutter and frame. A linear 

variable displacement transducer (LVDT) is installed on the piston that pushes the tray with a 

heavy steel box containing the rock sample. The rock sample is cast in concrete within this box 

(Figure 13) which provides the necessary confinement during testing and to prevent the sample 

from disintegration under the high cutter loads. 

 

 

 

 

Figure 11 The Amana Commercial microwave oven used for this study. 
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(a)                                                                                   (b) 

 

 

 

 

 

Frame 

Heavy Metal 

Box 

Load Cell 

Rock Sample 

Cutter 

Figure 14 (a) Rock specimen placed 5 inches apart inside the metal box, (b) After 

concrete has been casted. 

Figure 132 The LCM set up at the Earth Mechanics Institute at Colorado School of Mines 
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The test is run by pushing the sample through the cutter using a servo controlled hydraulic 

actuator. Each test is run at a given penetration depth, and constant velocity. The load cell 

mounted on top of the cutter records the three forces as described earlier. The effect of multiple 

cutters on an actual TBM cutterhead is achieved by moving the rock box sideways by a specified 

spacing and the repeating the test. The repetition simulates the coalescence of radial cracks 

emanating from adjacent cutting sites and the formation of rock chips. It should be noted here that 

during actual fields conditions, the cutter on a TBM operates on irregular rock surface left behind 

by previous cutting action. The previous cutting action is replicated in the laboratory by 

performing conditioning of the rock sample, where essentially the sample is preliminarily run 

through the cutter without recording any measurements. 

 Figure 14 shows the configuration of specimens and the number of cutting lines used for 

each pass during the current project. One pass is considered as the cutting of samples along each 

of these lines for a desired penetration depth. For the next pass, the cutter is then moved down by 

adding metal plate spacers (with thickness equal to the desired penetration depth) between the 

cutter head and metal frame. 

Lines 1, 4,6,7,8 and 13 were excluded from the analysis as they were close to the interface 

between specimen and concrete confinement, and would have yielded unreliable results. The 

spacing between each cutting line was 2 inches for the entirety of this experiment. A total of three 

conditioning passes were carried out before the actual test, which consisted of three passes each 

with 0.1-inch penetration of the cutter head, followed by three more passes but with 0.2-inch 

penetration.  

 

 
 

 

 

(a)                                                                                     (b) 

 

 

Figure 15 (a) Specimen and cutting line configuration adopted for LCM test, (b) cutting lines after conditioning. 
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CHAPTER 4 – RESULTS AND DISCUSSION 

 

As discussed in the preceding sections, three of the granodiorite rock blocks were first 

subjected to microwave irradiation prior to conducting the large-scale LCM testing. Each 

rectangular block was exposed to different durations of microwave irradiation, and temperatures 

were recorded before and after the test using an infrared thermometer. Table 1 summarizes the 

recorded temperature and Figure 15 shows the location on the specimen where those readings 

were taken. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2 Temperature readings before and after microwave heating of the specimens. 

Corner 1 Corner 2 

Corner 4 

Center 

Corner 3 

Figure 16 Temperature reading locations on the rock kept inside the microwave cavity. 
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Next LCM tests were then conducted on the irradiated rock blocks. During the linear cutting, each 

pass of the test was documented (videography and photography), and the results of the test (forces 

recorded by sensors) were stored on a desktop computer. The captured linear cutting forces 

required to cut each line were analyzed to compute the specific energy required for each cut by 

the cutter disc using Equations 2 and 3 and are summarized on Figure 16. Table 3 summarizes 

the computed specific energy in hp-hr/yd3 for each pass and each specimen. The linear cutting 

forces used to compute the specific energy shown in Figure 16 have been compiled and presented 

in Appendix A.  

 

Table 3 Computed specific energy from LCM test using the cutting forces presented in Appendix A. 

  
Conditioning 0.1" Penetration 0.2" Penetration 

Cumulative cut depth: 0.2 0.3 0.4 0.5 0.6 0.8 1 1.2 

Exposure 
Time (s) 

0 2 10 11 5 6 8 8 10 

30 2 10 5 2 6 10 8 8 

100 15 12 15 10 13 14 13 8 

200 1 7 12 12 8 7 10 12 
 

Specific Energy (hp-hr)/yd3 
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Figure 17 Graphs showing the average specific energy required for each rock block for a given cut penetration 

depth. All the forces required to compute the specific energies at each cut penetration are presented in Appendix A 

 

According to the current research hypothesis a decrease in specific energy would be 

expected with increasing microwave irradiation exposure time. However, the damage caused by 

microwave irradiation can vary depending upon the depth of penetration by the microwaves into 

the rock interior in addition to the initial condition and intact strengths of individual rock blocks. 

Figure 16 shows that the rock block treated with microwaves for 30 seconds had the lowest average 

specific energy requirements of all the rock specimens. On the other hand, the block treated for 

100 seconds required the highest average specific energy. In addition, variability in specific energy 

requirements at a cut penetration of 0.1 for all rock blocks was more significant than at a cut 

penetration of 0.2 for Blocks A, B and D; implying less influence of microwave induced strength 

degradation at relatively deeper rock depths. 

The characteristics of the cutting forces presented in Appendix A also provide some useful 

insights. As seen in the graphs of the distance to the peak force for each block, the peak force is 

approximately in the same location of each block. The distance to the peak force in Block A is in 

the 35-37-inch range from the edges of the rock block. The distance to the peak force for the Block 

B is in the 19-21-inch range, and in the 34-36-inch range for Block C. The distance to the peak 
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force for Block D is approximately in the 15-18-inch range. When looking at all the distances to 

the peak forces for each block and accounting for the placement of the blocks in the concrete-casts, 

the location of the peak forces in the rock blocks can be justified. It is clear that the range of all 

the peak forces lies in the center of each rock block, including Block A, i.e. the rock block that 

was not pre-treated at all. Therefore, the strongest part of the individual blocks was always the 

center of the block.  

While there is no apparent correlation between the rock blocks and the minimum cutting 

forces, there appears to be a correlation in the location of the minimum forces. Similar to the 

location of the peak forces along each cut, each block had a specific range where minimum cutting 

forces were observed. Block A had the first minimum force in the 30-32-inch range and the 

minimum force in the 34-36-inch range from the edges of the rock block. Block B had the first 

minimum force in the 15-17-inch range and the second minimum force in the 20-23-inch range. 

Block C had the first minimum force in the 29-32-inch range and the second minimum force in 

the 35-37-inch range. Finally, Block D had the first minimum force in the 15-17-inch range and 

the second minimum force in the 18-21-inch range. It can be inferred that all rock blocks had the 

first minimum cutting force at an approximate distance of 2-3 inches from one edge of the block, 

and a second minimum cutting force at a similar location on the opposite edge of the block. 

Another noticeable feature occurred during the conditioning cuts and the early runs. During 

cutting, some blocks recorded instantaneous zero forces applied at certain discrete locations, which 

would seem to indicate the cutting edge did not even contact the surface of the block at those 

points. Rock Block D was the exception to this observation and displayed no instantaneous forces 

with a zero reading. On the other hand, Block C followed by Block B displayed the most frequent 

zero force instantaneous readings at certain discrete points. It is possible that the blocks where the 

observation was dominant were not perfectly flat, creating uneven horizontal surfaces in certain 

locations where the disc cutter intersected the rock block.  

The following future investigations are suggested based on the analysis of the current LCM 

test results. A low specific energy was required for the specimen exposed for 200 secs as compared 

to the other test blocks. However, this trend could be observed only until a total cumulative 

penetration depth 0.3 inches. It is possible that that the microwaves did not penetrate deeper than 

0.3 inches, but statistical validity is required to validate whether this feature was not a function of 

microwave power density, or duration of exposure at a fixed power density. Given the large size 

required to prepare rock blocks, it is impossible ensure that all the irradiated and cut samples have 

the exact same initial conditions. For instance, it is possible that a departure from the initial 

hypothesis could be explained as a result of each individual rock bloc having undergone different 

degrees of weathering prior to microwave irradiation. As such, initially weaker rocks would 

undergo relatively less weakening compared to initially relatively stronger rocks. Therefore, 

repeatability of the reported LCM testing herein would add statistical validity and confidence to 

the reported experimental results and conclusions. 
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APPENDIX A: Plots of Linear Cutting Forces 

Conditioning Passes: 

Pass 2-line 2 
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Pass 2 Line 3 
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Pass 2 Line 5 
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Pass 2 Line 9 
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Pass 2 Line 10 
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Pass 2 Line 11 
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Pass 2 Line 12 
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Pass 3 Line 2 
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Pass 3 Line 3 
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Pass 3 Line 5 
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Pass 3 Line 9 

 

 

 

 

 

 

0

10000

20000

30000

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44

F
o

rc
e
 (

lb
f)

Distance (in)

Normal Force Rolling/Drag Force Side Force

0

10000

20000

30000

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44

F
o

rc
e
 (

lb
f)

Distance (in)

Normal Force Rolling/Drag Force Side Force



University Transportation Center for Underground Transportation Infrastructure 
40 

 

 

Pass 3 Line 10 
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Pass 3 Line 11 
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Pass 3 Line 12 
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Post-Conditioning Passes: 

Pass 1 Line 2 
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Pass 1 Line 3 

 

 

 

 

 

0

10000

20000

30000

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44

F
o

rc
e
 (

lb
f)

Distance (in)

Normal Force Rolling/Drag Force Side Force

0

10000

20000

30000

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44

F
o

rc
e
 (

lb
f)

Distance (in)

Normal Force Rolling/Drag Force Side Force



University Transportation Center for Underground Transportation Infrastructure 
45 

 

 

 

Pass 1 Line 5 
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Pass 1 Line 9 
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Pass 1 Line 10 
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Pass 1 Line 11 
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Pass 1 Line 12 
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Pass 2 Line 2 
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Pass 2 Line 3 
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