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Chapter 1 

Introduction 

1.1. General 
Nowadays, excavation of tunnels and underground mines, including development and 

production is carried out by using mechanical equipment. One of the widely used mechanical 

excavators is roadheaders. The simple configuration of these machines makes them very mobile 

and therefore, they have the ability to perform different types and shapes of openings with 

various sizes. One of the main advantages of these machines is to have a favorable support 

installation due to the convenient face access. From an economical point of view, the capital cost 

of these machines is low compared to other mechanized tunneling machines.1 

Due to the friction between the cutter head of roadheaders and rock masses, one of the 

most common problems is clogging which affects the excavation process in a wide spectrum.2 

The sticking potential of the excavated materials to the cutting tools, especially on the body of 

the tools or conveying systems is mainly related to the interaction of tools with the 

interfaces/surfaces of the rocks. They can generate major issues including excessive energy 

consumption during roadheader advancement, breakdown or clogging of excavation tools, belt 

conveyors, or problems caused by the conditioned excavation material's lower shear resistance 

in reuse.3 The stagnancy of the tunnel driving, excessive leeway due to cleaning work, and reduced 

advance of the machines are the main issues that drive from the problems mentioned above. In 

addition, these problems can lead to hostilities between awarding authorities and executing 

companies. Thus, the sticking potential of the rock formations must be taken into account for the 

economy of a tunneling project.4  

The minerals with high cohesive properties generally have high liquid limits and high 

plasticity index that leads to adhesion processes between the interface/surface of the minerals 

and the cutting tools. These adhesion processes are the main motives for the clogging of the 

cutting tools.5,6,7 Furthermore, the adhesion process between minerals and cutting tools 

increases due to the swelling effect driving from the contact between water and minerals when 

tunneling machines pass through the wet formations. There are several remedies on the market, 
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but not all of them have sufficient performance and this involves admitting that, clogging is one 

of the main issues in tunnel driving that can even lead to a complete standstill of tunnel driving. 

1.2. Project background 
Challenges and problems related to the sticking potential of rock formations entail the 

need for quantifying the adhesion properties by laboratory testing. This master thesis will be 

based on the traditional physical-mechanical test methods and as well as, the field studies carried 

out in the cold storage caverns in the Cappadocia region, Turkey, see Chapter 5. 

The selected rocks for this thesis are pyroclastic, tuff rock formations obtained from the 

different regions of Cappadocia. The main focus besides the physio-mechanical properties and 

mineralogical and petrographic analyses is substantiated on the Cerchar Abrasivity Index and its 

effect on the adhesion of rock materials on cutting tools. Chapter 4 gives a further elaboration of 

these topics. 

A thorough sample preparation involving drilling, slicing, cutting, and crushing of the 

selected rock material is performed, providing cores, cored cylinders, cubes, pieces, and milled 

dust. The laboratory test methods mentioned above and both mineralogical and rock mechanical 

test methods are carried out, in Chapter 4. 

The test results will be then evaluated and presented, and comparisons between the 

different test methods and the sample types will be discussed to find correlations between them. 

Chapter 7 provides a detailed discussion of these evaluations and comparisons. 

1.3. Purpose and scope of the project 
The problem mentioned within the scope of this proposed project will be investigated for 

roadheaders, that used conical cutters, by evaluating the results of the laboratory studies and 

excavation field data together. In previous studies, similar problems were generally investigated 

for Tunnel Boring Machine (TBM) excavations, but there were not many studies on the 

roadheaders and this increases the originality of the project. 

This study will be based on extensive laboratory work and field data, various rock 

mechanical tests and mineralogical analyses will be performed too. The scope of the MSc Project 

Task is: 

• Classification of the main types of roadheaders and their cutting tools. Description of the main 

parameters for the performance prediction of roadheaders and the challenges that affect these 

parameters. 

• Clogging potential of the pyroclastic rocks. Investigation of tuff formations and their 

mineralogical and textural composition. Failure envelops and Atterberg limits for the formations 

containing clay minerals. 

• Historical studies carried out by different authors. The effect of water content on the adhesion 

properties of rock formations. 
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• Recent techniques developed by different authors to evaluate adhesion properties such as 

plasticity, liquid limits of the formations containing clay minerals. 

• Physical and mechanical tests, like density, Brazilian tensile strength (BTS), uniaxial compressive 

strength (UCS), Cerchar abrasivity index (CAI), as well as the X-ray Diffraction and X-ray 

Fluorescence petrographic analyses and thin section. 

• Investigating performance parameters of roadheaders, including instantaneous cutting rate 

(ICR), daily advance rate (DAR), machine utilization factor (MUT), and field cutter consumption 

of roadheaders (CCR) in both dry and wet conditions. 

•  Evaluation and presentation of the sticking characteristics of the tested rocks. Discussion on 

the results of the tests and the field excavation performance parameters of roadheaders that 

affect the results. 

The background information for the study is:  

• The information provided by the supervisors  

• Scientific articles and books related to the subject 

• Technical information provided by the workers at Hoyuk Construction 
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Chapter 2 

Literature Review 

2.1.    Boom-type Roadheaders 
Boom-type roadheaders consist of a cutterhead in a conical shape that is covered by 

cutting tools. These cutting tools are generally tungsten carbide tipped that breaks rock as the 

cutter head rotates axially or transversely. An electric motor is used to drive the cutter head 

which performs either ripping (transverse type) or milling (inline or axial) cutting actions through 

the heavy-duty epicyclic or transverse gearbox. The cutter boom is bonded to a pedestal that 

allows unrestricted boom movement throughout a fixed maximum profile. Hydraulic cylinders 

are sized to provide a force sufficient to maintain the cutting head in contact with the face. 

2.1.1.    Classification of Boom-type Roadheaders 
Roadheaders can be divided into two types: milling (axial) with the cutterhead rotating 

around the boom axis, and ripping (transverse) with the head rotating perpendicular to the boom 

axis (Figure 2.1). 

 
Figure 2.1. Cutting action of roadheaders with; 

a) Ripping type (transverse) cutting head   b) Milling type (axial) cutting head.8 

a) b) 
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Roadheaders are also classified according to their weights as small (30 ton), midsize (70 

ton), and large (up to 120 ton) roadheaders. Dosco, one of the seven main roadheader 

manufacturers offers typical light (Mk-2A), medium (Mk-2B), and heavyweight (Mk-3) 

roadheaders. These machines operate with an installed cutting engine power of 80 kW up to 300 

kW and maximum torque up to 2.5 times the running torque (Figure 2.2). 

 

 
 

 
 

 
Figure 2.2. Typical light (Mk-2A), medium (Mk-2B), and heavyweight (Mk-3) roadheaders.9 

Dosco Mk – 2A 

Dosco Mk – 2B 

Dosco Mk – 3 
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2.1.2.    Cutting Tools 
The most advanced bits for boom-type mechanical excavators’ cutter heads are tungsten 

carbide tipped point attack bits that are efficient in terms of rock breakage. To reduce heat effects 

on the tip of the bits and to increase the stiffness of the tips, it is needed to modify the cobalt 

content of the tungsten carbide. Furthermore, to adopt more efficient cutting, the bit shape can 

be changed to avoid the excessive amount of dust and the heat generated during the cutting 

performance of the machine. However, the untimely loss of carbide could happen during the 

cutting. Recently, a new wear material with higher toughness and abrasive resistance has been 

made available by the steel industry for use in bit shakes. The higher quality of the matrix material 

is to prevent the acting forces on the carbide, thus, the new generation of the bits is supposed to 

have longer shanks and with less material around the carbide tip. Recent developments in 

layered carbides, shaped polycrystalline diamonds offer a breakthrough in technology that will 

allow more effective cutting. Without a doubt, there is a progressive increase in the use of these 

new cutters for the new roadheader designs and it will provide much more effective use of cutter 

head power.10 

Conical cutters can cut rocks with a UCS of 100–120 MPa in most cases. A conical cutter 

consists of a circular shank, which performs rotating action in its tool holder, a conical body, and 

a conical tip made of hardened steel and tungsten carbide respectively at the top of the body. In 

comparison to radial cutters, their design allows them to wear down evenly, resulting in longer 

tool life. As a result, they are more prevalent than radial tools, particularly in the mining of harder 

ground. The larger tip diameters and shorter body lengths are preferred for relatively more 

difficult cutting conditions (Figure 2.3 (a)).11 

Rocks with the UCS of 40-60 MPa can be broken by radial cutters. In contrast to conical 

cutters, they have a rectangular shank that does not rotate in the tool holder but stays fixed. 

Their bodies are made of hardened steel and have a sharp tip made of tungsten carbide. They 

use lower cutter forces and specific energy (SE) to cut the rocks, resulting in less dust and fine 

particles. However, the radial cutters are very prone to blunting due to their very sharp tips and 

after a small amount of blunting, their cutter forces increase drastically (Figure 2.3 (b)).12 

 
Figure 2.3. Cutting tools used on roadheaders: conical cutter (a) and radial cutter (b).11 

a) b) 
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2.1.3.    Performance Prediction of Roadheaders 
To determine the mechanized excavation systems to be used in driving the tunnels, first 

of all, studies about the cuttability (excavability) of the rocks should be done. Depending on the 

physical, mechanical, and mass properties of the rocks, the cuttability of the rock formation 

varies in a great context. During the cutting action, cutting forces are evaluated to determine the 

rock’s cuttability. Therefore, small and full size cutting analyses are carried out. The tunnel 

parameters (size, shape, gradient, etc.) should be considered when choosing the excavation 

system to be used. During this investigation, performance predictions (specific energy, cutting 

rate, etc.) of the machines can be estimated by using various methods.13  

Correct machine selection, production rate, and bit cost estimation, which represent 

performance prediction, are the key factors for a successful roadheader application. The 

dictation in the successful application of roadheader technology to any mining operation is to 

develop accurate and reliable estimates for attainable production rates and the accompanying 

bit costs.  

The main parameters of the performance prediction for different geological masses are 

bit consumption rates, instantaneous cutting rates, and machine utilization are controlled by 

several parameters, including rock parameters, ground conditions, machine specification, and 

operational parameters. Production rate during actual cutting time refers to the instantaneous 

cutting rate (ICR) (tons or m3/cutting hour). The number of picks changed per unit volume or 

weight of muck (picks / m3 or ton) is referred to as the pick consumption rate. The total time 

used for the excavation during the whole project is the machine utilization: it is called machine 

utilization factor and is represented as a percentage.14  

The production capacity of a certain machine in a given rock mass and the ground 

condition is determined by a combination of the above-mentioned parameters. By modifying 

these parameters, the performance of the machine can be increased. However, the parameters 

such as rock and ground conditions, some operational parameters cannot be controlled. Thus, 

during a tunnel or drift excavation with specific requirements to the particular project, the only 

parameters that can be modified are the machine parameters. Typically, the first step is to assess 

the roadheader's viability and decide whether it can operate at an acceptable pace in a given 

environment. The subsequent step is to select the class and general specifications of the machine 

to be considered for the job among the machines available in the market. The last step is to match 

the current machine characteristics to the rock and ground conditions in hand to maximize its 

production rate. This can be performed by studying design parameters and practicing design 

optimization. Also, for the existing machines already working on the job site, it is always beneficial 

to conduct such a study to increase productivity and reduce excavation costs.15 

2.1.4.   Clogging of Roadheaders 
In excavation operations, sometimes the effectiveness of the machine can be very low, 

and sometimes the machine may not be used because of problems relating to the uncontrollable 

parameters. One of the main uncontrollable parameters is the sticking potential of low-strength 

pyroclastic rock materials to the cutterhead of roadheaders. 
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Clogging of roadheaders can occur when excavating in agglomerate, clay, carbonate, silica 

and volcanic tuffs, and other pyroclastic rocks. To get better performance for roadheaders, water 

flow must be none or low. However, it is known that water might have adverse effects on the 

performance when excavating sticky clayey or low-strength pyroclastic formations. Sticking clay 

onto cutterheads might cause a stop in the excavation and requires a cleaning job (Figure 2.4).16 

 
Figure 2.4.  Clean roadheader cutterhead (a) and after clay sticking (b).16 

To avoid this issue, after having opted for the choice of a roadheader in a specific tunnel, the 

appropriate machine should be selected, one that is compatible with the rock's adhesive qualities 

such as plasticity, liquid limit, and adhesive shear strength. 

2.2.    Minerology and Texture of Pyroclastic Rocks 
2.2.1.    Formation and Composition of Pyroclastic Rocks 

Pyroclastic rocks are produced by volcanic eruptions due to endogenous forces. The 

material from the volcanic eruption is deposited before being by water or ice. Following 

deposition, the compacting process (lithification) occurs, resulting in rock/pyroclastic deposits. 

Pyroclastic deposits are primary volcano-clastic deposits composed of particles (pyroclasts) 

formed by an eruption and deposited by primary volcanic processes (fall, flow, surge).17 The 

explosive eruption process involved in the formation of pyroclastic deposits includes three main 

types: magmatic eruption, phreatic eruption, and phreatomagmatic eruption. These three types 

of eruptions are capable of producing abundant pyroclasts that range from fine ash (< 1/16 mm) 

to blocks several meters long. Classification of pyroclastic rocks is distinguished based on the size 

of pyroclastic rocks, and it can be seen in Table 2.1 and Figure 2.5.18 

Table 2.1. Classification of Pyroclastic Rocks.18 

                Clast Size                                             Pyroclastic Fragments                   Pumiceous Fragments 

 (mm)                           (in.) 
  >64                             >2.6                                       Bomb, block                                    Lump pumice 

64 - 4                      0.16 - 2.16                                      Lapilli                                                Pumice 

   <4                            <0.16                                               Ash                                               Pumicite 
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Figure 2.5. Pyroclastic Rock Classification.18 

2.2.2.    Texture of Pyroclastic Rocks 
From a macroscopic point of view, pyroclastic rocks generally consist of clasts immersed 

in a grey aphanitic mass (Figure 2.6). 

 
Figure 2.6. The texture of pyroclastic rocks; Pictures (left) and macro photographs (right): a) 

pumices and scoriae; b) lithic fragments; c) phenocrystals.19 

The size of pumices and scoriae, the weakest and most numerous clasts, varies from a few 

millimeters to several centimeters, whereas lithic fragments rarely exceed 30 mm. Phenocrystals 

(sanidine, pyroxene, biotite, and analcimized leucite) are smaller in size.19 

2.3.    Atterberg Limits and Failure Mode of Pyroclastic Rocks 
2.3.1.    Atterberg Limits of Pyroclastic Rocks 

The Atterberg limits are considered to be crucial and useful index properties that are used 

for the classification of fine-grained soils and are known to be important and useful indicators of 
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Tuff-Breccia 

Lapilli-Tuff 
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Ash 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/atterberg-limit
https://www.sciencedirect.com/topics/engineering/grained-soil
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mechanical behavior, such as the shear strength, compressibility, and swelling potential.20 Wet 

preparation and dry preparation (either air-dried or dried in an oven at a temperature not 

exceeding 60°C) are the two procedures used to prepare samples for Atterberg limit tests. The 

rock is pulverized to pass the No.40 U.S. sieve (sieve opening size is equal to 425 μm), hydrated 

with distilled water, and after the hydration process, the test is conducted. According to the 

result of the test, drying has been proven to induce considerable changes in Atterberg limits, 

particularly in weathered, residual, tropical/subtropical rocks containing certain minerals as 

halloysite or allophane, as well as organic content.21 

A clay sample taken from New London, Connecticut, with an organic matter of 2.6%, is 

prepared to start from its in-situ moisture content to be tested to determine its liquid limit (LL) 

and plasticity index (Ip). Although it is estimated that liquid limit (LL) and plasticity index (Ip) is 

equal to 84% and 34%, after oven-drying, these values decreased to 51% and 9%, respectively. 

Hence, a difference of 33% in LL and 25% in Ip, and a ratio of LLoven-dried/LLmoist of 0.61 was 

observed. Other soil samples having LLoven-dried/LLmoist ratios of 0.71, 0.73, 0.85 having 2.5%, 2.0% 

and 0.0% organic content, respectively.22 

Increasing the particle size decreases the liquid limit. This is due to the drying process 

(oxidation) of organic soils which loses the water content in its pores, in an irreversible manner. 

Therefore, the cementation of the clay-size particles into larger aggregates occurs. 

2.3.2.    Failure Envelopes for Pyroclastic Rocks 
Considering the actual mean stress P (“P – Q plots”) as a function in the comparison of 

brittle failure envelopes and compact yield caps on plots of differential stress at failure is one of 

the most suitable ways to compare the mechanical behavior of rocks. The brittle failure envelope 

is shown in the brittle regime due to the peak differential stress, Q, while in the ductile regime, 

the compact yield cap is depicted by the beginning of inelastic compaction, C∗. the creation of 

the last point in the yield cap is done by the plotting of the beginning of inelastic compaction 

under hydrostatic conditions, P∗, along the x-axis where differential stress is set to be zero. The 

“pre-failure” of the rock can be encountered if there is a presence of plotted differential stress 

inside the failure envelope or compact yield cap. If the condition of stress charts outside the 

failure envelope/compact yield cap, the rock is considered failed (or "yielded"). It could be 

plotted by a shear fracture or by inelastic compaction on the left and right sides respectively. As 

a result, the transition from brittle to the ductile regime has only occurred at the “top” of the 

cap. 

The various pyroclastic rocks: two andesites from Volcan de Colima, dacite from Mt St 

Helens, trachyandesite from the Achores, and tuffs from Whakaari volcano and Alban Hills having 

the porosities in a range of 0.17-0.32 had been used to create the critical stress data (Figure 2.7). 

For trachyandesite, the dataset is also extended with new data from Volvic (porosity 0.21). The 

brittle failure and compact yield caps for pyroclastic rocks bear a resemblance to those for 

sedimentary rocks from a qualitative point of view: the increase of effective mean stress 

increases the Q, but decreases the minimum stress needed for C∗ (Figure 2.7). The influence of 

porosity on the stress conditions necessary for the transition from the brittle to the ductile 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/compressibility
https://www.sciencedirect.com/topics/engineering/plasticity-index
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regime and inelastic compaction is not only seen in sandstone and limestone, but also the 

pyroclastic rocks (Figure 2.7). Generally, these transitions occur when high stress is applied to the 

rocks with lower porosities. It's worth noting, that the dacite from Mt St Helens and the tuff from 

Alban Hills with completely different microstructures, which both have a porosity of 0.32 show 

similarity in their compact yield caps. Granular pyroclastic rocks and lava can be good examples 

of this phenomenon. However, although the compact yield cap for the rock with the highest 

porosity (rhyolite from Tarawera; porosity 0.39) is at the lowest stresses, the least porous rock 

(andesite C8 from Volcan de Colima; porosity 0.17) is not at the highest stress values. Considering 

the different volcanic rocks, the representation of brittle failure envelopes and compact yield 

caps is given in Figure 2.7. The yield caps for the tuff from Whakaari volcano (porosity 0.29), the 

other andesite from Volcan de Colima (porosity 0.24), the trachyandesite from the Achores 

(porosity 0.18), and the trachyandesite from Volvic (porosity 0.21) are all at higher stresses 

(Figure 2.7). Because of their different microstructures, it's difficult to pinpoint a specific reason 

or reason why these samples have yield caps at higher stresses than andesite C8 from Volcan de 

Colima, though the pore diameters or pore size range of these materials may provide some 

insight. For example, the average pore diameters of the tuff from Whakaari volcano (100 μm) 

and andesite LAH4 from Volcan de Colima (200 μm) are lower than that of andesite C8 (250 μm) 

and could explain the high stresses of their compact yield caps despite their higher porosities. To 

better understand the influence of pore size and shape on the transition from brittle to ductile 

behavior and the compact yield cap of volcanic rocks, yield caps for samples with vastly different 

pore sizes or pore shapes but similar porosities and other microstructural attributes are 

required.24 

 

 
Figure 2.7.  The relationship between effective mean stress and differential stress (“P − Q” 

plot).24 
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Chapter 3 

Previous Studies 

3.1.    Introduction 
These phenomena have been investigated since 1838. The earliest construction industry 

research studies were published in the 1960s, and systematic study on rock material adhesion 

relevant to tunneling has been conducted since the late 1990s. Despite this, the interaction 

between the medium and the steel surface remains debatable. Many soil and rock adhesion test 

techniques and conditions were developed and investigated, but no widely accepted test method 

for assessing the adhesive properties of rock materials has been developed yet.25 

3.2.    Adhesion and Adhesive Friction 
3 cases can be described when there is a shearing of clay on the surface of metals:  

Case 1. Shearing at the metal-clay interface. The Coulomb criteria can be used to define 

the shear resistance of the clay-metal contact surface. There are two parts to it: adhesion 

(resistance at zero normal stress; a) and friction (adhesive friction; defined by the angle). In Figure 

3.1, it is seen that the Coulomb criterion between the normal stress (𝜎𝑛) and the shear stress (τ) 

is a linear relation.  

Case 2. Shearing inside the clay itself. There is sticking of a little slice of clay onto metal 

due to the containment of shear within the clay and absence of displacement along the metal. 

As in case 1, the Coulomb criterion is used to define the internal shear resistance of the clay. The 

Coulomb criterion for case 2 is equal to c + 𝜎𝑛 tanφ,  where c is the cohesiveness of the clay and 

φ is the internal friction angle (Figure 3.2).   
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Figure 3.1. The shear surface at the metal-clay interface. 

 

 

 

 

 

 

 

 

 

 

Figure 3.2. The internal shear surface within the clay. 

 

The following procedures should be provided if there is a sticking: 

                                                           𝜏𝑒 > c + 𝜎𝑛 tanφ                                                     (3.1) 
and 

 

                                                           𝜏𝑒 < a + 𝜎𝑛 tan δ                                                    (3.2) 

i.e., if 

                                                          𝜎𝑛 < 
𝑎−𝑐

𝑡𝑎𝑛ɸ−𝑡𝑎𝑛𝛿
                                                        (3.3) 
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To determine whether sticking occurs, the following parameters should be available: 

adhesion (a), cohesion (c), adhesive friction angle (𝛿), internal friction angle (ɸ), and normal 

stress (𝜎𝑛). 

Case 3. No shearing at metal-clay interface or within the clay. It is believed that the 

shearing of the clay occurs in all of the previous situations. Case 3 is seen, when it comes to clay 

cutting; in such case, the prior analysis can be applied to clay cutting by the tunnel boring 

machine's cutting wheel. However, circumstances of sticking without internal clay failure are 

observed in the mixing chamber of the tunnel boring machine and in the slurry line during the 

hydraulic transport of clay. The applied shear stress in these circumstances is less than the clay's 

internal and adhesive shear strengths. The following equations must be fulfilled for the 

occurrence of sticking:26 

 

                                                                              𝜏𝑒 < c + 𝜎𝑛 tanφ                                                                        (3.4) 

and 

                                                                             𝜏𝑒 < a + 𝜎𝑛 tan δ                                                                        (3.5) 

3.3.    Historical Studies 
Seven restrictions governed the behavior of cohesive soils at varied water contents. The 

plastic behavior of the soil which is designated by the liquid and plastic limits and the shrinkage 

limit of soil is still widely used. Soil strength is often considered as a method of assessing the soil's 

liquid and plastic limitations. The liquid limit is primarily concerned with clay strength, but the 

plastic limit is concerned with the capillary suction at which the water phase stops to function as 

a continuous. Air ingress into the soil or heterogeneous cavitation of the pore water can both 

induce this.  

According to Atterberg (1911), to determine the liquid limit of soils, it is fundamental to 

stroke enough for the creation of a groove in a clay bed. It is well known that the stability of slope 

depends on the strength of the soil. So, it is reasonable to infer that soil at the liquid limit has a 

fixed soil strength, which could theoretically be evaluated using more reproducible methods.  

To find the plastic limit which is often referred to as a lower limit of plasticity, the 

following procedures should be applied: The mixture of clay paste and clay powders should be rolled 

into wires on a sheet of paper with fingers. The wires are rolled out again and again until they 

shatter into fragments. If the wires break into smaller pieces, it makes no difference if the 

fragments can be rolled out again when joined. 26 

However, this method did not guarantee the same result if carried out by different 

operators. In 1932, a new design of the instrument was developed, which is currently known as 

the Casagrande cup (Figure 3.3) is still used to determine the liquid limit of clays, and it had been 

developed to eliminate the errors of the manual test.27 
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 Figure 3.3. Casagrande cup.27 

The Casagrande cup is made of a spherical cap attached to a device that employs a crank 

to activate a cam that elevates and then lowers the cap from the same height, creating a 

regulated shock against its base. Soil is deposited in the metal cup of the device, and a groove is 

cut through the middle with a 2 mm (0.079 in) wide standardized tool. At a pace of 120 blows 

per minute, the cup is repeatedly dropped 10 mm onto a hard rubber base, with the groove 

gradually closing due to the impact. The number of strikes necessary to close the groove is kept 

track of. The moisture content at which 25 drops of the cup cause the groove to shut across a 

distance of 12.7 mm is known as the liquid limit (0.50 in). To estimate the moisture content, the 

groove must be closed which required 25 blows. The test is performed at various moisture levels 

and results were recorded. ASTM standard test method D 4318.28 defines the liquid limit test. 

When testing tensile and shear adhesion in the laboratory, knowing the contact time between 

clay and steel is also critical.28 

Bonding between the clay and steel surfaces occurs over time, increasing the interface's 

adhesive shear strength. Consolidation occurs in the clay sample over time, pore water pressure 

changes, and the soil structure reacts to the increased stress.  

At the so-called maximal molecular water content (wmmb), which is the greatest quantity 

of water linked in the mineral skeleton by molecular forces, there is a maximum tensile adhesion 

for each normal stress. It consists of strongly bonded (adsorbed) water, capillary water, and a 

portion of weakly bonded water (osmosis water). The maximal molecular water content is a value 

that exists between the maximal hygroscopic moisture content and the plastic limit for each clay 

mineral under normal stress.29 

A set of modified shear box tests, similar to those described above, were performed in 

1976 to assess the adhesion of various clays to a metal surface under shear under various 

confining pressures and compare with the clays' inherent shear strength. On specimens of 

kaolinite and illite clays, shear box and modified shear box adhesion tests were performed under 

unconsolidated undrained, consolidated undrained, and consolidated drained conditions. To 

perform the tests a 60 mm square shear box apparatus was used. The top face of the shear block, 

shown in Figure 3.4 was ground and polished before testing and the surface roughness in the 

direction of shear was measured before and after the tests, and the average roughness was found 

to be 0.18μm (0.00018mm).30 



26 
 

 

Figure 3.4. The modified lower half of shear box for adhesion testing.30 

Sample 1 of kaolinite was prepared from powder and the Sample 2 of illite was obtained 

from a supplier. Consolidation for the CU and CD tests were done under increasing loads as 

readings were taken to ensure at least 95% consolidation had taken place before shearing. The 

strain rate for the CD test was calculated using the Gibson and Henkel method. CU tests were 

performed at the highest speed of the instrument, which was 0.592 mm/min. A summary of the 

results from the CU and CD tests conducted by Littleton are shown in Table 3.1.30 

Table 3.1. Results of Consolidated Undrained and Drained Direct Shear Box Tests & Steel Interface 

Shear Tests.30 

Sample 

Test 

PI Peak  

Friction  

Angle 

Peak  

Adhesive 

Friction Angle 

Peak 

Cohesion 

(N/mm2) 

Residual 

Friction 

Angle 

Residual 

Adhesive 

Friction Angle 

S2-CU 33 15.0 - 0 12.5 10.5 

S2-CD 33 20.0 18.2 0 14.0 11.5 

S1-CU 53 14.8 - 0.009 - - 

S1-CD 53 19.5 17.5 0 14.5 11.5 

 

Adhesion fluctuates with water content, with the greatest adhesion occurring somewhere 

between the clay's liquid and plastic limits (Figure 3.5). The author did not give any information 

about the clay's composition or data. The maximum adhesion value should be close to the plastic 

limit. 

To investigate the influence of water content, the potters clay K122 was used. Shear box 

tests were performed at three different stress levels (25, 35, and 55 kPa). The shear rate was 0.5 

mm/min. Adhesion (metal-clay) and shear strength tests (clay internal strength) were carried out. 

The adhesion was determined by linear regression. Figure 3.6 shows the variation of both 

adhesion and cohesion with the water content of the clay. The greatest adhesion is seen around 

the plastic limit in this case. It can be shown that cohesion is larger than adhesion for this clay 

and that cohesion falls exponentially with water concentration.26 
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Figure 3.5. Relationship of water content and adhesion and cohesion: ranges of test results as 

given by Jancsecz (1991).26 

 

Figure 3.6. The effect of water content on adhesion and cohesion of sample K122.26 
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3.4.    Recent Studies 
For tunnel drives in clayey soils, clogging issues have long been handled. Higher adhesion 

occurs with increased soil plasticity, or, as a result, a decreased activity index, and is regulated by 

the material's undrained shear resistance. There are four clogging mechanisms: adhesion, 

bridging, cohesion, and not dissolving. The most important element contributing to clogging 

among these four methods is particle adhesion to the metal surface, which can be characterized 

as tangential or normal adhesion. There is currently no defined way for assessing clogging 

potential in mechanized excavations.31  

Clogging has been measured using a variety of empirical charts. The universal chart, also 

known as the Thewes chart, takes into account the plastic and liquid soil limits, as well as changes 

in water content and consistency index (IC), and correlates these with different clogging potential 

ranges, ranging from absent (lumps or fines dispersing) to strong clogging (Figure 3.7). For the 

creation of this graph, data from several projects with clogging incidents were gathered. 

However, in the case of mixed soils, one of the drawbacks of this relationship was that it did not 

account for variations in clay proportion. Also, the used data are from soils with maximum values 

for plasticity index around 70%, not being considered data from highly plastic soils.32  

 

Figure 3.7. Universal classification diagram for critical consistency changes regarding clogging 
and dispersing.32 

Another approach for evaluating clogging is the direct examination of particle adherence 

to a metal surface, assessed using various laboratory instruments. In 2005, a research program 

has been carried out to classify clay formations in terms of their clogging potential for Earth 

pressure Balance Machine (EPBM) drives by testing the adhesion of clay on steel. This research 

was developed using real-world clogging investigations as well as laboratory testing with clay 

samples. A novel test has been devised to assess the adhesion of a soil sample to a steel piston 

as it is pulled vertically from the sample. 

Several tunnel drives where adhering difficulties of various types and magnitudes 

occurred were studied during the program, and construction data and geological information 



29 
 

were collected. The machinery utilized in the case studies was not designed to excavate the 

clayey soils. In tunnel driving, especially at the excavation face, in stiff to hard swelling clays, the 

soil must first be conditioned using support techniques. Foams are usually introduced to the 

working chamber in such circumstances to lessen the effects of adhesion at the excavation face. 

He also noted that the mucking system, which generally comprises of a screw conveyor and muck 

skips on trains, is especially vulnerable to adhesion difficulties. 

The Thewes chart is now commonly used in industry for predicting the potential for 

sticking clays to be an issue during the planning stages of a project’s development. The simplicity 

of the chart and the fact that it uses soil parameters that are commonly assessed at even the 

earliest stages of conceptual design make it a very useful tool for engineers and owners. Plasticity 

is a natural characteristic of clay formations that is linked to clay mineralogy and corresponds 

with clay activity (as previously demonstrated). The premise of the chart is that as the water 

content of a cohesive soil with a higher PI (potentially sticky) approaches the plasticity index 

(𝐼𝑐=1) the stiffness and the likelihood of clogging issues increase.33 

In 2000, a test was conducted to gain a qualitative insight into the parameter that 

determine adhesive shear strength. The goal of the study was to clarify how clay mineral type, 

steel surface roughness, clay-steel contact time, and applied normal stress influenced the results. 

A direct shear box was utilized at a sliding speed of 0.1 mm/min.  

Two clay powders, Speswhite, and the Boom clay were mixed with demineralized water. 

To obtain a good homogenous sample, a water content higher than the liquid limit was chosen 

(Table 3.2). 

Table 3.2.  Atterberg limits and water content at which testing took place.34 

For obtaining the desired normal stress, the samples were gradually consolidated in an 

oedometer. The sample was taken from the oedometer, put into the shear box, and consolidated 

again at a little higher normal stress. The clay samples are taken into account to be typically 

consolidated clays. The clay sample was allowed to stick to the steel surface for a specified length 

of time, referred to as the contact time, before being sheared over it.  This contact time includes 

the consolidation time.  

When the adhesive shear strength is represented as a function of the normal stress, in 

the range of 0 to 50 kPa, it grows linearly for a given roughness and contact time. The amount of 

adhesion of a mineral is determined by its type. This is due to the different types of bonding, 

which can be formed between the different mineral types and the steel surface, as well as within 

the clay mass.34 

During the investigation, steel plates of different roughness were tested for both clays 

(Figure 3.6). For both clays the same trend is noticeable. Adhesive shear strength values are low 

at low roughness and rise as roughness increases. This is since when the roughness of the surface 

 Plastic limit Liquid limit Water content 

Speswhite 32% 62% 80% 

Boom clay 24% 55% 70% 
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increases, more internal deformation occurs, resulting in strain hardening. Shearing then takes 

place in mode two rather than mode one. According to Figure 3.8 for both clays, the critical steel 

roughness is between 2.4 and 4.7 μm. It's also worth noting that Speswhite's adhesion values are 

higher than those of the Boom clay. This is, apart from the difference in clay mineralogy, probably 

a result of a higher degree of deformation (strain hardening) of the Speswhite.34  

 

 

Figure 3.8. Results of roughness tests. above: for Speswhite below: for Boom clay. Contact time 

for both clays is 1 hour.34 

 

Figure 3.9 shows the results of a series of studies to determine the effect of contact 

duration on clay-to-steel adhesion. The steel plate with a roughness of 0.2 μm was selected to 

ensure that mode 1 was taking place. Contact times up to 10 times longer than the consolidation 

time were studied. When the contact duration is prolonged, there is an increase in adhesive shear 

strength. Both the Speswhite and the Boom clays show this behavior.  
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Figure 3.9. The effect of contact duration on clay-to-steel adhesion, the adhesive shear 

strength. above: Speswhite; below: Boom clay.34 

Before and after testing, the water content of each sample has been measured. In Figure 

3.8, the consistency index is plotted as a function of the normal stress. The water content of both 

clays was over the plastic limit before and after shearing. As can be observed in Figure 3.10, the 

consistency index rises after sliding. When sliding a typically consolidated clay sample over a steel 

surface, an increase in adhesion potential might be predicted.35 
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Figure 3.10. Consistency index as a function of the normal stress.35 

When water comes into contact with clogging-prone soil, a clogging risk is always 

indicated. As a result, one must discriminate between two scenarios. The first case involves a 

newly formed geological soil. As the strain on the soil increases over time, the density of the soils 

increases, lowering the water content and lowering the danger of clogging. In case 2, there are 

soils prone to clogging and water from a neighboring excavation geological formation present at 

the same time as the mechanical heading. When both are combined in the excavation chamber, 

a critical consistency may be achieved, resulting in clogging. Before excavation, the clog-prone 

soils were xeric. That means with high density and high consistency.36 

For a better identification and quantification of the mechanisms affecting the clogging 

behavior on a laboratory scale, the so-called “cone pull-out test” has been developed (Figure 

3.11).37 

 

Figure 3.11.  Cone Pull Out Testing Apparatus, developed by InProTunnel Working Group.37 

The sample material is compacted in a standard proctor device, a steel cone is inserted 

into a pre-drilled cone-shaped cavity and loaded for 10 minutes with an applied load magnitude  
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of 3.8 kN/m2-189 kN/m2. The load is then taken off and the specimen is placed in a test stand 

where the cone is pulled out at a rate of 5 mm/min. The tensile forces and the displacements are 

recorded. Various clay types with different mineralogy and plasticity have been examined in a 

variety of tests with various cones and soil consistencies up to now. Table 3.3 shows the relevant 

properties of some selected clays. 

Table 3.3. Physical characteristics of the tested clays.38 

The testing of four main clays was carried out: clay 13 and clay 16 from Germany and 

India, respectively, clay 14 and Clay 15 both from Belgium. In figure 3.10, (left) the curves of the 

pull energy over the consistency are shown for these four clays, whereas in Figure 3.12, (right) 

the corresponding adherences are plotted. The (quantitative) correlation of these curves is not 

always as excellent as it was in the early testing, but the (qualitative) shape is still somewhat 

identical. Nevertheless, from Figure 3.10, (right) a direct comparison of the four soils can be 

drawn. At a consistency of Ic = 0.54, Clay 14, the Ypresian Clay, has a distinctive steep 

development with a very extremely high adhesion (1150 g/m2). Clay 15, Boom Clay, and pure 

smectite (clay 16), with adherences of 275 g/m2 and 350 g/m2, exhibit more consistent curves. 

Finally, the highest value of 700 g/m2 for Clay 13 from the Westerwald is in the middle, but the 

curve is a little irregular.38 

 

Figure 3.12. Pull energy over consistency (left) and Adherence over consistency (right).38 

A draft of a categorization strategy to measure the clogging potential of different fine-

grained soils has been established based on the data acquired thus far (Figure 3.13). The 

Clay                                         13                         14                         15                         16 

Plasticity %                            21                        129                        50                         385 

Liquid limit %                        49                        159                        72                         455 

Loss on ign %                        3.9                       2.6                         4.9                        n.d 

Fine content %                      59                        33                          49                          86 

Smectite %                              2                         35                         17.5                      100 

Kaolinite %                            65                         36                         39                            -                  

Illite %                                    12                          7                          20                            - 
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adherences found from cone pull-out tests are plotted over the consistency in the figure, which 

is split into three categories: high, medium, and low clogging potential. Clay 14 has a significant 

risk of clogging, which is immediately detectable. The fast increase in the curve up to the 

maximum of 1150 g/m2 is a clear indicator that difficulties are on the way. Clay 13 will also cause 

a severe blockage with a maximum adhesion of 700 g/m2. However, notable adherences must 

also be considered for the two other clays. In this context, it's worth noting that all of the clays 

described here were purposefully chosen as sticky clays. Other samples with adherences of less 

than 100 g/m2 were tested and classified as "not prone to clogging." The high, medium, and low 

clogging potential ranges, on the other hand, are now arbitrarily defined. A verification using the 

Earth Pressure Balance (EPB) tunneling praxis is still required.39 

 

Figure 3.13. Draft of a classification scheme.39 
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Chapter 4 

Laboratory Studies 

4.1.    Physical and Mechanical Properties of Pyroclastic Rocks 
Laboratory studies are carried out by using pyroclastic rocks that were obtained from cold 

storage caverns located in the Nevsehir and Niğde, Cappadocia region to investigate the adhesion 

problem of low-strength pyroclastic rocks and their effects on the cutter wear of roadheaders. 

9 different pyroclastic rocks were utilized in this study (Figure 4.1). They are Zelve and 

Kavak ignimbrite units of the Urgup volcanic formation. Zelve ignimbrite is made of a 

single pyroclastic flow unit and comprises non-welded ignimbrite. These units are composed of 

pink ignimbrite and white pumice-fall basal deposits.  

 

Figure 4.1. Specimens. 

To understand their mechanical and physical behavior, various experiments were 

performed, including, natural unit weight, uniaxial compressive strength, Brazilian tensile 

strength, P wave velocity, Cerchar abrasivity index, and the weight of adhered material on the 

tool both in dry and wet conditions. 

https://www.sciencedirect.com/topics/engineering/pyroclastics
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4.1.1.    Sample Preparation 
For laboratory testing, the collected rock blocks were cored perpendicular to the bedding 

planes by utilizing 54 mm core barrels. The rock specimens were prepared in accordance with 

the ASTM-D4543 and the physical and mechanical tests were performed according to ISRM 

(2007) standards. Samples for the BTS test is prepared using the device depicted in Figure 4.2. 

 
Figure 4.2. Machine used for BTS sample preparation. 

4.1.2.    Natural Unit Weight 
The density of rocks is estimated by the ratio between their weight and volume. The 

weight of the specimens is determined by an electronic precision balance (Figure 4.3).  

 

Figure 4.3. Evaluating the weight of specimens by electronic precision balance. 

The volume of the specimens is calculated with the diameter and the length of the 

samples by using a caliper. The natural weight of the specimens is determined by Equation 4.1 

given below. 

                                                               D = 
𝑚

𝑉
                                                                 (4.1.) 
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where:  

D = density of the rock  

m = mass of the rock  

V = volume of the rock 

4.1.3.    Uniaxial Compressive Strength  
The uniaxial compressive strength (UCS) is the greatest axial compressive stress that a 

cylindrical specimen may expose shortly before failing. It's also known as a material's unconfined 

compressive strength because there is no impact on the sides of the specimen. To understand 

the compressive strength of rocks, laboratory tests were implemented by using NX cores (54 mm 

diameter) with a length to diameter ratio of 2 to 2.7. Hydraulic press (Figure 4.4) was used for 

the experiment and the loading rate of the machine was 0.2 kN/s. The tests were carried out 

both in dry and wet conditions due to investigate the effect of water saturation. 

 
Figure 4.4. Hydraulic Press and specimen under analysis during the execution of the uniaxial 

compression test. 

The compressive strength of the rocks can be estimated by the ratio between the force 

measured at the failure point and the area of the specimen. 

                                                               𝜎𝑐  =  
𝐹

𝐴
                                                              (4.2.) 

where: 

• 𝜎𝑐 = Compressive strength of the specimen  

• 𝐹 = Force measured at the failure point  

• 𝐴 = Area of the cylindrical specimen 
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4.1.4.    Brazilian Tensile Strength  
The tensile strength of rocks is one of the most important parameters affecting the 

deformability of the rock and the result of its breakage. The experiment is carried out to measure 

this tensile stress. NX cores with a length to a diameter between 0.44 and 0.54 are used for the 

laboratory test. By knowing the tensile stress of the rocks, the tensile strength of specimens is 

determined through the formula below. In Figure 4.5, the manual machine is shown for 

conducting the tests of BTS. 

 
Figure 4.5. The manual hydraulic press used for the BTS experiment and specimen during the 

test for the determination of the indirect tensile strength. 

 

                                                               σT = 
2∗F

π∗D∗t
                                                           (4.3.) 

Where;  

• 𝜎𝑇 = tensile strength of the rock  

• 𝐹 = force measured at the failure point  

• 𝐷 = Diameter of the sample  

• 𝑡 = thickness of the sample 
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4.1.5.    Ultrasonic pulse velocity of the rocks 
Ultrasonic testing provides information on the strength and uniformity of the rocks. Ultrasonic 

pulse-echo (UPE) technology allows ultrasonic velocity (UPV) applications to be applied to objects 

with just one side of access. Pundit lab (+) was used to determine the ultrasonic velocity of the 

rock samples (Figure 4.6). The test was performed for both dry and saturated conditions on the 

samples used also for UCS testing. 

 
Figure 4.6. Determination of the ultrasonic velocity of the rocks by Pundit Lab (+). 

4.1.6.    Cerchar Abrasivity Test  
The test principle is based on a steel pin of defined geometry and hardness that scratches 

the surface of a rock sample over a distance of 10 mm under a static load of 70 N. The steel stylus 

has a Rockwell Hardness of HRC 55, a 90° conical tip and a diameter of 6 mm. According to the 

ASTM-D7625-10 and ISRM-SM, the speed of the scratching action is 10 mm/s. In our case, we 

also used a scratching distance of 50 mm, to evaluate the adhesion effect of the rock materials 

on the tip of the stylus. Cerchar abrasivity test equipment is shown in Figure 4.7. 

 
Figure 4.7. Cerchar abrasivity test equipment. 
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The Cerchar tests were performed on dry and saturated, freshly broken rock surfaces 

from BTS and UCS test samples to evaluate CERCHAR Abrasivity Indices on field surface condition 

(Figure 4.8).  

 
Figure 4.8. Rock specimens used for Cerchar abrasivity test. 

The wear flat at the tip of the stylus is measured using the microscope. In this study, side 

view wear flat measurement methods of CERCHAR stylus were used to compute the CAI values. 

The rock sample was inserted into the apparatus and tightly fastened in place using a hard vice. 

To prevent any lateral movement, the device is fixed. The pin is jointed to the 7 kg dead load and 

is carefully lowered to the rock surface. The test was then carried out by relative displacement 

of the pin on the rock surface across 10 mm and 50 mm (Figure 4.9).  

 
Figure 4.9. Scratching of stylus pin on rock surface across 10 mm and 50 mm. 

In some rock samples, the tip of the pin encountered clay minerals through its route on 

the surface of the rock sample (Figure 4.10).  
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Figure 4.10. Minerals encountered by the tip of the stylus through its route. 

After the test, the pin was carefully removed and the tip flat wear was measured by the 

microscope. In Figure 4.11, the measurement of the tip flat and the route of the tip on the surface 

of the rock samples is given. 

 
Figure 4.11. Measurement of tip flat wear by Microscope. 
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4.1.7.    The Adhesed Material on the Tip of Stylus and Rotating Steel Arm 
The test was performed both in dry and wet conditions. In dry condition, both in 1 cm and 

5 cm scratching length, there was no existence of the adhered material on the conical tip of the 

pin. However, in saturated rock samples, a certain amount of material has adhered to the tip 

(Figure 4.12.).  

 
                Figure 4.12. The adhered material on the tip of the pin. 

To better explain the possibility of the adhesion of rock materials on the steel surface, a 

new test was developed by using a rotating steel arm in the powdered rock material with 60 rpm 

(rounds per minute). 

The adhered material in case of 1 cm scratching length can be neglected. The weight of 

adhered material in case of 5 cm scratching length on the pin of stylus and on the rotating steel 

arm was measured by the electronic precision balance (Figure 4.13). 

 
Figure 4.13. Electronic precision balance. 

The results of physical-mechanical laboratory experiments are given in Table 4.1. 
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Table 4.1. Rock mechanics experiments results. 

  UCS (MPa) BTS (MPa) Density (g/cm3) Sonic Velocity (m/s) CAI (1 cm) CAI (5 cm) Adhered Material (g) Adhered Material (g) 

             5 cm Scratching Length on Rotating Steel 

Sample No Dry Wet Dry Wet Dry Wet Dry Wet Dry Wet Dry Wet Wet Wet 

               

Sample 1 11.0 7.0 1.75 1.17 1.87 1.84 3158 3059.5 1.42 0.88 1.74 1.45 0.18 10.25 

               

Sample 2 11.4 9.5 1.75 1.28 1.84 1.82 2012 1428 1.47 1.13 1.59 1.41 0.14 9.69 

               

Sample 3 8.1 4.8 1.07 0.66 1.30 1.30 1671 844 1.13 0.63 1.33 1 0.10 8.64 

               

Sample 4 12.4 8.5 1.67 1.06 1.57 1.55 1910 1467 1.4 1.05 1.73 1.5 0.13 10.56 

               

Sample 5 12.8 9.6 3.61 3.11 1.30 1.30 2663.5 2362.5 1.9 1.41 2.2 1.91 0.25 16.25 

               

Sample 6 14.1 9.1 2.25 1.20 1.58 1.56 1694 903 1.55 0.76 1.68 1.31 0.26 15.36 

               

Sample 7 9.9 4.4 1.25 1.04 1.46 1.42 2462 1908 1.22 0.64 1.57 1.27 0.13 10.23 

               

Sample 8 4.9 2.9 0.64 0.27 1.39 1.36 1786 1055 0.92 0.73 1.27 1.12 0.11 8.51 

               

Sample 9 5.8 3.3 0.80 0.67 1.39 1.38 2021 1337 0.98 0.69 1.24 1.04 0.12 9.63 



44 
 

4.2.    Mineralogical and Petrographic Characterization 
Mineralogical and petrographic analyses are carried out by using X-ray Diffraction, X-ray 

Fluorescence, and thin section in Ankara University Geosciences Application and Research 

Center.  

4.2.1.    X-ray Diffraction 
An X-ray tube, a sample holder, and an X-ray detector are the three fundamental 

components of an X-ray diffractometer. In a cathode ray tube, X-rays are formed by burning a 

filament to produce electrons, then providing a voltage to transmit electricity toward a target 

and hitting the target material with electrons. Characteristic X-ray spectra are created when 

electrons have enough energy to release inner shell electrons of the target material. These 

spectra are made up of various elements, the most prevalent of which are Kα and Kβ. Kα is made 

up in part of Kα1 and Kα2. Kα1 has a slightly smaller wavelength than Kα2 and is twice as bright. The 

wavelengths are the function of the target material (Cu, Cr, Fe, Mo). Filtering, either using foils 

or crystal monochrometers, is necessary to get monochromatic X-rays for diffraction. Because 

the wavelengths of Kα1 and Kα2 are sufficiently similar, a weighted average of the two is 

employed.   Copper is the most marketing aimed target material with Kα radiation of 1.5418Å for 

single-crystal diffraction. As the X-rays reflect during the rotation of sample and detector, the 

intensity of reflections is recorded. A detector captures and analyses the X-ray signal, converting 

it to a count rate that is subsequently sent to a printer or computer monitor. An X-ray 

diffractometer's geometry is such that the sample spins at an angle θ in the direction of the 

collimated X-ray beam, while the X-ray detector is positioned on an arm that rotates at an angle 

of 2θ to capture the diffracted X-rays. A goniometer is an instrument that is used to maintain the 

angle and spin the sample. Data is captured at 2 angles ranging from 5° to 70° for common 

powder patterns, which are present in the X-ray scan. In this study, the target materials are 

copper and cobalt. Figure 4.14 shows the results of XRD studies for one sample, while Appendix 

A contains the results for the remaining specimens.  
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Figure 4.14. Result of XRD analyses for one sample. 

4.2.2.    X-ray Fluorescence 
To determine the elemental content of the rocks, XRF (X-ray fluorescence) is used. XRF is 

an ideal technology for qualitative and quantitative investigation of material composition 

because each element in a sample creates a set of characteristic fluorescent X-rays ("a 

fingerprint") that is unique to that element. Tables 4.2 and 4.3 show the findings of XRF studies 

performed on 11 samples. 
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Table 4.2. XRF results.  

Element Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl K2O CaO TiO2 V2O5 Cr2O3 MnO Fe2O3 LOI SUM 

                 

Dimension % % % % % % % % % % % % % % % % 

                 

Sample 1 0.045 0.186 0.2478 0.9547 0.0024 0.1131 0.0135 0.0677 55.78 0.0077 0.0012 0.00217 0.00781 0.0564 42.83 100.2705 

                 

Sample 2 4.11 1.527 13.81 61.45 0.2447 0.1844 0.0002 1.978 4.577 1.064 0.0142 0.001 0.1036 6.244 8.73 99.9281 

                 

Sample 3 5.27 0.29 12.93 76.29 0.01207 0.1883 0.01753 4.319 0.874 0.3245 0.0072 0.0008 0.02065 0.9175 3.72 99.91155 

                 

Sample 4 5.39 0.915 14.55 69.27 0.2235 0.21 0.0002 2.717 4.33 0.7858 0.0062 0.00096 0.0882 4.455 2.65 100.2019 

                 

Sample 5 3.62 1.148 13.72 66.64 0.1599 0.2265 0.08065 3.367 2.817 0.7106 0.0068 0.00094 0.0817 4.074 6.92 99.95309 

                 

Sample 6 5.08 0.235 13.45 74.54 0.0384 0.1876 0.00708 4.278 0.866 0.3072 0.0046 0.00117 0.061 1.823 4.66 100.4591 

                 

Sample 7 0.13 0.21 14.55 74.99 0.00667 0.205 0.0002 2.545 0.1505 0.1493 0.0054 0.00073 0.0348 1.125 6.59 100.5626 

                 

Sample 8 0.25 0.082 16.16 71.25 0.0333 0.9814 0.0002 0.4331 0.2273 0.186 0.0084 0.00219 0.00144 1.871 8.67 99.90633 

                 

Sample 9 0.16 0.014 15.68 72.27 0.00079 0.2648 0.0002 2.116 0.1232 0.1854 0.0095 0.00082 0.00173 0.4892 8.92 100.0756 

                 

Sample 10 0.037 0.242 14.74 73.2 0.00674 0.1924 0.0002 1.198 2.269 0.1727 0.0091 0.00078 0.0511 1.464 6.77 100.316 

                 

Sample 11 2.14 0.889 11.71 70.24 0.0502 0.1798 0.06785 4.035 2.3 0.2057 0.0109 0.00086 0.0661 1.974 8.92 100.6494 



47 
 

Element Dimension Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6 Sample 7 Sample 8 Sample 9 Sample 10 Sample 11 

Co ppm 13 83.1 71.6 42.6 88.1 76.2 35.7 39.3 38.2 75 44.9 

Ni ppm 2.5 17.7 5.9 8.6 6.8 8.6 4.1 1.4 4.6 5.5 2.9 

Cu  ppm 1 40.7 1 7.3 7 1.5 0.7 0.9 0.8 2.6 2.4 

Zn ppm 0.5 61.2 22.4 54.4 55.8 36.8 25.3 8.6 9.7 34.8 29.7 

Ga ppm 2.1 21 19.1 20.1 19.6 18.5 14.8 15.7 15.6 14.8 16.6 

Ge ppm 1.3 1.6 1.9 1.1 1.9 1.7 1.6 0.9 3.2 2.1 1.4 

As ppm 1.5 2.8 4.4 2.6 7.8 3.5 6.7 2.1 3.9 5.7 3.5 

Se ppm 0.4 0.6 1.3 0.7 0.9 1 0.5 0.5 0.6 0.4 0.6 

Br ppm 1.7 0.6 1.7 0.9 4.8 1.7 0.5 0.6 0.9 0.5 2.8 

Rb ppm 1.2 52.9 154.5 67.6 91.4 152.7 93.3 25.7 83.2 58.7 129.9 

Sr ppm 482.7 315.2 76.6 251.9 215.9 73.6 35.6 138.8 69.4 45.8 288.7 

Y ppm 0.5 28.2 18.5 38.8 33 46.3 12.8 11.1 11.8 19.2 10.6 

Zr ppm 7.3 252.8 339.7 336.4 325.7 338.1 91.1 99.9 96.4 107.5 123.1 

Nb ppm 3.4 13.6 21.5 15.9 17.1 20.2 14.4 13.3 13.5 12.1 12.6 

Mo ppm 2.8 6.4 5.3 3.6 3.1 4.3 2.3 1.6 2.1 2.3 3.1 

Cd ppm 0.9 0.8 0.7 0.8 0.7 0.8 0.6 0.6 0.7 0.6 0.7 

In ppm 0.9 0.8 0.7 0.8 0.7 0.7 0.6 0.6 0.7 0.7 0.7 

Sn ppm 0.8 1.7 0.4 2.2 3.2 0.8 0.8 0.6 0.8 0.8 0.4 

Sb ppm 0.9 0.5 0.8 0.9 0.8 0.8 0.8 4.9 6.2 3.3 0.8 

Te ppm 1.1 1.2 1.1 1.2 1.1 1.1 1.1 1 1.1 1.1 1.1 

I ppm 3.4 2.1 2 2 2 2 1.9 1.9 1.8 1.8 2.1 

Cs ppm 3.4 3.6 3.4 3.5 2.7 3.5 5.2 5 16.2 9.2 3.6 

Ba ppm 21 433.3 568.1 479.9 442.5 549.7 387.5 256.1 49 89.6 743.9 

La ppm 7.1 33.7 27.1 32.1 30.1 34.5 30.8 28.4 40.5 40.4 30.9 

Ce ppm 14.7 66.9 37.3 60.7 57 76.5 59.4 55.1 60.6 72.4 47.6 

Hf ppm 3 3.1 1.5 2 1.8 1.5 1.3 1.4 1.3 1.5 1.6 

Ta ppm 2.7 4 5.1 6.3 5.1 6.5 2.9 3.7 3.7 1.4 3 

W ppm 285.9 550.9 1056 681 1004 939.9 429.3 404.1 645.3 258.6 632.2 

Hg ppm 2.2 2.4 3 2.6 3.1 2.8 1.8 1.8 2.1 1.5 2.3 

Ti ppm 1.6 1.1 1 0.9 1.9 1.2 1.4 0.5 1.8 1 1 

Pb ppm 8.6 14.2 17.3 18 17.3 23.2 15.9 11.9 10.4 22.5 22.2 

Bi ppm 0.7 0.6 0.6 1.1 1.1 1.1 0.7 0.5 0.5 0.7 1.4 

Th ppm 0.5 12.3 27.2 16.9 17.4 28.8 22.9 23.1 24.2 23.4 20 

U ppm 10 8.1 6.9 12.5 9.5 7 7.6 6 6 5.8 6.9 

Table 4.3. XRF results. 
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4.2.3.    Thin Section 
Mineralogical and petrographic analyses were carried out to determine the percentage of 

abrasive minerals in the rock samples. The mineralogical and petrographic properties were 

determined as percentages from thin-section images collected by a camera mounted on a 

polarizing microscope. The results on the thin-section images, mineralogical and petrographic 

examinations of the rocks excavated by the roadheaders are given in Figure 4.15. As seen in 

the figure, the abrasive mineral contents of all the excavated rocks were close to each other, 

and all rocks presented clay alterations. 

Sample 
Code  

ROCK  
TYPE/NAME 

Microphotograph 
(thin section) 

Mineralogical 
Composition 

 
 
 

AKTAŞ1 
 

Magmatic 
Pyroclastic 

 
 

IGNIMBRITE 

 

Matrix+shards (47%) 
Volcanic clast (8%) 
Rock fragments (15%) 
Quartz (13%) 
Plagioclase (12%) 
Biotite (3%) 
Opaque min. (2%) 
 
 

 
 
 

AKTAŞ2 

Magmatic 
Pyroclastic 

 
 

IGNIMBRITE 

 

Matrix+shards (33%) 
Volcanic clast  (13%) 
Quartz (17%) 
Rock fragments (15%) 
Plagioclase (14%) 
Biotite (5%) 
Opaque min. (3%) 
 

 
 
 

KAYHAN1 
 

Magmatic 
Pyroclastic 

 
 

IGNIMBRITE 

 

Matrix+shards (32%) 
Volcanic clasts (16%) 
Quartz (19%) 
Rock fragments (12%) 
Plagioclase (12%) 
Biotite (5%) 
Opaque min. (4%) 
 

 
 
 

KAVAK 
 

Magmatic 
Pyroclastic 

 
 

IGNIMBRITE 

 

Matrix+shards (25%) 
Volcanic clasts (21%) 
Quartz (17%) 
Rock fragments (16%) 
Plagioclase (14%) 
Biotite (6%) 
Opaque min. (1%) 
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KAYHAN2 
 

Magmatic 
Pyroclastic 

 
 

IGNIMBRITE 

 

Matrix+shards (26%) 
Volcanic clasts (14%) 
Plagioclase (19%) 
Quartz (15%) 
Rock fragments (14%) 
Biotite (9%) 
Amphibole (2%) 
Opaque min. (1%) 
 

 
 
 

SULUSARAY 
 

Magmatic 
Pyroclastic 

 
IGNIMBRITE 

 

Matrix+shards (28%) 
Volcanic clasts (14%) 
Rock fragments (21%) 
Plagioclase (15%) 
Quartz (15%) 
Biotite (7%) 
Amphibole (2%) 
Opaque min. (1%) 
 
 

 
 
 

HOYUK 
 

Magmatic 
Pyroclastic 

 
IGNIMBRITE  

 

 

Matrix+shards (30%) 
Volcanic clasts (14%) 
Plagioclase (14%) 
Quartz (13%) 
Rock fragments (21%) 
Biotite (5%) 
Amphibole (2%) 
Opaque min. (1%) 
 

 
 
 

GUVENAL 
 

 

Magmatic 
Pyroclastic 

 
IGNIMBRITE  

 

 

Matrix+shards (39%) 
Volcanic clasts (12%) 
Rock fragments (16%) 
Plagioclase (13%) 
Quartz (11%) 
Amphibole (4%) 
Biotite (3%) 
Opaque min. (2%) 
 

 
 
 

NAR 
 

Magmatic 
Pyroclastic 

 
IGNIMBRITE  

 

 

Matrix+shards (54%) 
Volcanic clasts (10%) 
Rock fragments (14%) 
Quartz (12%) 
Plagioclase (10%) 
Biotite (3%) 
Opaque min. (1%) 
 
 

Figure 4.15. Thin-section images and mineralogical-petrographic analysis results of rock the 

sample.
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Chapter 5 

Field Studies 

5.1.    Description of the Project 
Filed studies are based on the performance of roadheaders at the excavation process 

of different cold storage caverns (CSC) located in the Cappadocia Region. These CSCs are close 

to Nigde and Nevsehir in Central Anatolia Region (Figure 5.1). In 15 km west of Nigde, Aktash 

CSCs are present while others are located in areas of Kayhan, Nar, Sulusaray, Kavak, and 

Hoyuk around Nevsehir. 

 
Figure 5.1. The location of project areas in the Cappadocia Region. 

The field studies are carried out in different CSCs located in the different above-

mentioned places in Cappadocia, in dry and wet conditions. The cold storage caverns built by 

Hoyuk Construction distinguish itself from other warehouses in the region with many 

features. The facility, which has a volume of approximately 45,000 m3, has all the natural 

advantages of underground warehousing, as well as state-of-the-art technology and fully 

computer-controlled ventilation/cooling units. The lodges, each of which is independent of 
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the other, with ventilation and cooling facilities; by hosting the above-ground technology 

underground, it provides economical, healthy, and natural storage. A general view of one of 

the project areas is given in Figure 5.2. 

 

 
Figure 5.2. General view of project areas. 

The design of the CSCs is usually based on the main gallery with multiple storage 

rooms on both sides (left and right). The main gallery of the dry Nar CSCs is a rectangular 

prism with a length, width, and height equal to 150 m, 6 m, and 7 m respectively. There are 

24 different storage rooms for the dry CSC in Nar, each of them having 6.4 m in height and 

6m in width with a length of 24 m on both sides of the main gallery. Figure 5.3. illustrates the 

general plan view of the main gallery and storage rooms of dry CSC with the sight from inside.  

 
Figure 5.3. Plan view of dry CSC. 

In the same way, wet CSCs in Nar, around Nevsehir consist of a main gallery and has 

46 storage rooms. The length of the main gallery is longer than the main gallery of dry CSCs. 
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The dimension of the main gallery is 210 m in length and has 6.5 m in height and 6.3 m in 

width. Storage rooms have a length of 25 m, a width of 6 m, and a height of 4.3 m. In figure 

5.4, the plan view of wet CSC is depicted. 

 
Figure 5.4. Plan view of wet CSC. 

5.2.    Geology of the Fields 
In this study, the cold storage caverns in the Cappadocia Region were taken into 

consideration, and these cold storage caverns were opened within the Neogene aged 

pyroclastic rocks in the Cappadocia Volcanic Complex (CVC). The Cappadocia Volcanic 

Complex has a width of 40-60 km and an extension of more than 250 km in the NE-SW 

direction.42 This region is bounded by the Taurus mountain belt in the south, the Kirsehir 

region in the north, and the Hasan Mountain and Erciyes Mountains in the east and west. The 

geology of the Cappadocia Region generally consists of pre-Neogene granitic rocks, Neogene 

sedimentary rocks, Neogene aged volcano-sedimentary, and Quaternary volcanic rocks. The 

Neogene-Quaternary volcano-sedimentary in the region is mainly composed of ignimbrites. 

The stratigraphy of the ignimbrites in the region classified as Kavak, Zelve, Sarımaden, Sofular, 

Cemilköy, Tahar, Gördeles, Kızılkaya, Valibaba and Kumtepe from the oldest to the 

youngest.43 

The volcanic units of Cappadocia are generally in off-white, gray, and pink colors and 

clastic, showing an alternation from fine-grained to coarse-grained, closed large and small 

pumice and obsidian lumps, locally sourced tuffs and tuffs interbedded with clay and marly 

clay beds of different duration and other in places. These cold storage caverns belong to the 

ignimbrite units of the Urgup volcanic formation which covers the Yeshilhisar formation, is 

widely exposed in the area. This formation consists of continental (fluvial to lacustrine) 

sediments interwoven with several pyroclastic sediments. The plateau of this nearly 

horizontal formation is at an altitude of 1100 – 1200 m near the Urgup.40 The formation 

recently has been divided into 10 volcanic units due to the very marked lithological variability 

within the formation, both vertically and horizontally. The vertical part, which gives brief 

geological information about each member that passes through the Urgup formation, is 

shown in Figure 4.1.41 
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Figure 5.5. Vertical cross-section through the tuff sequence of the Cappadocia.41 

5.3.    Roadheaders in Cold Storage Caverns 
Table 5.1 presents the machine specifications for the Paurat E134 type roadheader. The 

general view of the machine is depicted in Figure 5.6. 

Table 5.1. Machine specifications for Paurat E134 type Roadheader. 

Machine Chassis Dimensions 

Machine Cutting Dimensions 

Other Features 

Width 

 

Height 

 

Length 

 

Conveyor Belt 

3700 mm 

 

2500 ± 500 mm 

 

8500 mm 

 

8500 mm 

Width 
 

Height 

4800 ± 500 mm 
 

7000 mm 

Weight of the Machine 
 

Cutting Power 
 

Hydraulic Power 
 

Tape Systems 
 

Total Power 
 

Voltage Source 
 

Hydraulic System Pressure 

50 t 
 

200 kW 
 

40 kW 
 

60 kW 
 

300 kW 
 

380 V 
 

65 Mpa 
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Figure 5.6. General View of Paurat E134. 

5.4.    Field Performance Analysis of Roadheaders 
In the Cappadocia region, CSCs are generally excavated in low-strength homogenous 

pyroclastic formations. However, physical and mechanical properties of formations such as 

the structure of the discontinuities may vary. Especially, water content plays a huge role in 

the excavation performance of the roadheaders. Therefore, the excavation performance of 

two axial-type roadheaders (Paurat E134) with 55-ton weight is analyzed both in dry and wet 

cold storage caverns. Due to the stick properties of the formation, especially in wet CSC, there 

was an adhesion both on the cutterheads and the gathering arms of roadheaders. This 

phenomenon is depicted in Figure 5.7. 

 
Figure 5.7. The adhesion of formation on the cutterhead and gathering arm. 

Another problem generally is encountered in the traveling mechanism. So that, 

sometimes bigger blocks are stuck in the traveling system (Figure 5.8). To overcome this issue, 

the traveling system is rotated reversely. These problems cause a reduction in the average 

ICR. 

 
Figure 5.8. Traveling mechanism. 



55 
 

The roadheaders' field performance data were continuously recorded for one week 

for each CSC excavation. The mean values of all recorded data were then estimated. 

Approximately, 4 rooms for dry and 3 rooms for wet CSCs could be excavated within a week. 

The recorded data cover the distribution of total working time and the daily advance rate 

(DAR - the advance rate of the excavation in a day as m/day). Furthermore, excavation, 

mucking, trimming the excavated surface, site surveying, machine breakdown maintenance, 

and breakages are considered as the operating times. Figure 5.9 depicts some of these 

operations. 

 

 
Figure 5.9. a) Excavating   b) Mucking   c) Trimming. 

Other performance parameters, such as machine utilization time and instantaneous 

cutting rate are calculated from the recorded field data by using Equation 5.1 and Equation 

5.2. The mean performance parameters taken from the fields are given in Table 5.2. 

                                             MUT =  
𝐵𝑜𝑟𝑖𝑛𝑔 𝑇𝑖𝑚𝑒

𝑆ℎ𝑖𝑓𝑡 𝑇𝑖𝑚𝑒
                                       (5.1) 

 

                                      ICR =  
𝑉𝑜𝑙𝑢𝑚𝑒 (𝐴𝑑𝑣𝑎𝑛𝑐𝑒∗𝐴𝑟𝑒𝑎)

𝐵𝑜𝑟𝑖𝑛𝑔 𝑇𝑖𝑚𝑒
                             (5.2) 

 

 

a) b) 

c) 
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Where;  

• MUT= Machine utilization factor (%)  

• Boring time= Time spent for excavation (hours)  

• Shift time= Working time (24 hours)  

• Field ICR= Instantaneous cutting rate (𝑚3 /h)  

• Area= Area of the tunnel (𝑚2 ) 

5.5.    Field Cutter Consumption of Roadheaders 
One of the most crucial parameters in mechanical excavation is the cutter 

consumption rate (CCR) of the roadheaders. Cutter consumption holds a big share in the 

excavation project budget. Due to the low-strength characteristic of tuff formations, CSCs 

were easily excavated by roadheaders. The conical cutters consist of a steel body and a 

tungsten carbide tip in the body (Figure 5.10).  

 
Figure 5.10. Conical cutter. 

Although the steel body does not come in contact with the formation, it can wear 

easily compared to the tungsten carbide tip. However, cutter wear can increase due to several 

factors. It includes excavation in wet formations, an increase in the depth of cut due to the 

easy excavation in low-strength formations. Figure 5.11 depicts a worn steel body.  

 
Figure 5.11. Worn steel body. 

Steel Body 

Tungsten Carbide Tip 
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To reduce the project cost, the contractor company does not completely replace the 

cutters whose steel bodies are worn, but only welds the worn steel body. However, this 

process changes the original cutter design parameters, such as the tip angle, or clearance 

angle (Figure 5.12).  

 
Figure 5.12. Welded steel body. 

The main technical parameters of roadheaders and other parameters related to the 

Nar region are given in Table 5.2; as for the other regions, they are given in Appendix B.        
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          Table 5.2. Field performance parameters of roadheaders for the Nar region. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Nar Dry CSC  Wet CSC  

Project Activity Dates 
Starting     

Ending     

Used Machine 

Model / Weight 
(ton) 

PAURAT E 134  55 
TON 

PAURAT E 134  55 
TON 

Power (kW) 370 370 

Daily Working Time (hour) 10 10 

Daily Excavation Time (hour) 6 5.5 

Machine Breakdown Maintenance 
(hour) per day 

2 2.5 

Lunch and Cofee Break (hour) 2 2 

Daily Excavation Amount (m3) 576 258 

Number of Main Corridors 1 1 

Main Corridors Dimensions (m) Length 
/ Width / Height 

150.00 * 6.00 * 7.00 210.00 * 6.30 * 6.50 

Number of Lodges 24 46 

Lodge Dimensions (m) Length / Width / 
Height 

24.00 * 6.00 * 6.40 25.00 * 6.00 * 4.30 

Daily Chisel Consumption 15 10 

Net Cutting Rate (𝑚3/d) 576 258 

Daily Advance Rate (m/d) 15 10 

Machine Utilization (%) 60 55 

Instantaneous Cutting Rate (𝑚3/h) 96 46.9 

Cutter Consumption (picks/𝑚3) 0.026041667 0.03875969 
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Chapter 6 

Discussion and Conclusions 

6.1.    Summary  
Mineral extraction and construction operations in the mining and construction 

industries are typically done using either conventional (drilling and blasting, mechanical 

excavation by hammers, and so on) or mechanized excavation methods. One of the main 

drawbacks of mechanized excavation methods is tool consumption. These excavation 

methods make use of tools to attack the rock, causing the tools to wear out or deteriorate. 

Rapid wear of excavation tools used in mining and tunneling operations can raise tool 

consumption and expense significantly.44 

The host rock is wet in most situations, and in other cases, it is completely saturated 

with water. Furthermore, rock excavation is typically carried out in saturated rock in specific 

applications such as off-shore drilling, harbor building, dredging of hard formations, and 

construction of structures beneath bodies of water. Bits or other cutting instruments are 

utilized by all excavators for such applications to extract rocks in both dry and saturated 

conditions, which affects the bit wear rate, bit life, cutting pressures, and specific energy. Air-

dried rock samples are typically used in laboratory testing to estimate the performance and 

production rate of these excavators. This can lead to an overestimation or underestimation 

of cutting forces and rock abrasivity, affecting the overall technical/operational viability of the 

proposed systems as well as the project's finances. A quick review of the literature (Broch 

1979, Erguler and Ulusay 2009, Yilmaz 2010) on rock behavior (abrasiveness, cutting forces, 

specific energy and strength, and so on) reveals that rock behavior changes at different 

moisture contents, and that these changes may have an impact on the production rate and 

tool consumption of any excavation machine under saturated conditions.45, 46, 47, 51, 55, 57 

There are a lot of previous studies (Mammen 2009, Perera 2011, Poulsen 2014, Soni 

2015) that looked at the effects of water saturation on the physical and mechanical 

characteristics of rocks. Many researchers have worked on the influence of water saturation 

on UCS and BTS values, showing that the compressive and tensile strengths of saturated rocks 

are much lower than those of air-dried samples in the vast majority of cases.56, 58, 59, 60 

In this chapter, we will focus on the effects of physio-mechanical and petrographic 

properties of the 9 rock samples collected from the different regions of Cappadocia on the 

Cerchar abrasivity index (CAI) and field performance parameters of roadheaders both in dry 
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and fully saturated conditions. The reason to analyze the effect of water is that, in the 

presence of water, the capacity of certain rock minerals to attach or stick to the metal 

components of a roadheader has the potential to have quantifiable effects on a project's 

schedule and budget.  

6.2.    The Effects of Mechanical Properties and Adhesion on CAI  

6.2.1.    The Effect of Mechanical Properties on CAI 
The Cerchar abrasivity index (CAI) is commonly used in mining and tunneling 

operations to assess tool life and wear in various excavation equipment. The sensitivity of CAI 

results is investigated due to variation of certain parameters, including the mechanical 

properties of rocks, the effect of the water content of rock specimens, and the effect of 

scratch length. The relationship between CAI and mechanical parameters of rock specimens, 

both in dry and fully saturated conditions for 1 cm scratch lengths and its repeatability is 

investigated through statistical analyses of a series of CAI test results obtained from 9 selected 

rock specimens. 

The performed analyses show that there is a linear relationship between the 

mechanical properties of rock specimens and CAI. As the strength of the rock material 

increases, CAI is also increasing and this leads to the wear of the tools. The relationships 

between UCS and BTS and CAI are depicted for 9 rock samples in Figure 6.1. 

 

 

Figure 6.1. Relationship between UCS and BTS and CAI. 

According to Figure 6.1, CAI is higher in dry samples (a and c) compared to the 

saturated samples (b and d). The reason is related to the effect of water content on the UCS 

and BTS of the rock samples. As the mechanical properties of the rock material decrease, it is 

easier to break them. It results in less tool wear and consumption. Many authors (Vutukri 

1974, Van Eeckhout 1976, Dyke and Dobereiner 1991, Hawkins and McConnell 1992, 

Vasarhelyi 2003) have proved that, as the water content of the rock material increases, the 

y = 9.193x - 2.1843
R² = 0.7871

0

5

10

15

20

0 0.5 1 1.5 2

U
C

S 
(M

P
a)

CAI (1 cm)

CAI (1 cm) - UCS (dry)

y = 7.9572x - 0.4407
R² = 0.5972

0

5

10

15

0 0.5 1 1.5

U
C

S 
(M

P
a)

CAI (1 cm)

CAI (1 cm) - UCS (wet)

y = 2.8637x - 2.1718
R² = 0.951

0

1

2

3

4

0 0.5 1 1.5 2

B
TS

 (
M

P
a)

CAI (1 cm)

CAI (1 cm) - BTS (dry)

y = 2.5183x - 1.0521
R² = 0.6989

0

1

2

3

4

0 0.5 1 1.5

B
TS

 (
M

P
a)

CAI (1 cm)

CAI (1 cm) - BTS (wet)

a b 

c d 



61 
 

mechanical properties decrease.49, 50, 52, 53, 54 However, Brace and Martin (1968) report an 

increase in the rock strength with water saturation under increased strain rate.48 

Further, Figure 6.2 shows a relationship between CERCHAR abrasivity index values 

measured on wet and dry rock surfaces for 1 cm (a) and 5 cm (b) scratching lengths which 

are presented below: 

 

Figure 6.2. Relationship between dry and wet CAIs. 

The proposed correlations (Equations 6.1 and 6.2) explain that CAI (wet) is about 65% 

and 80% of the CAI (dry) value for 1 cm and 5 cm scratching lengths, respectively.                         

                                       𝑪𝑨𝑰𝒘𝒆𝒕 = 0.704*𝑪𝑨𝑰𝒅𝒓𝒚 – 0.0579; (R² = 0.6562)                                    (6.1) 

                                    𝑪𝑨𝑰𝒘𝒆𝒕 = 0.9081*𝑪𝑨𝑰𝒅𝒓𝒚 – 0.1135; (R² = 0.9404)                                   (6.2) 

The reduction in CAI values upon saturation can be ascribed to the lubricating effect 

imparted by saturated water between the CERCHAR stylus and the rock surface thereby 

reducing the friction between the two surfaces. In other words, the lubrication provided by 

the rock water content significantly reduces wear by decreasing the temperature at the 

CERCHAR stylus tip. This phenomenon can also be seen in the study of Phillips and 

Roxborough (1981)61, where tool wear rate was significantly higher while cutting dry Bunter 

sandstone compared to the wear observed in cutting wet rock.  

6.2.2.    The Effect of Adhesion on CAI 
As it can be noted in Figure 6.3, the difference of CAI values between dry and saturated 

samples is less in the case of 5 cm scratching length compared to the 1 cm of scratching length. 

The mean value for the difference in the 1 cm scratching length is 0.45 which is higher than 

the difference for the CAI (5 cm) which is equal to 0.26. This means, after a certain length, the 

wear of tip in saturated rocks will be closer to the wear in dry rocks. It is due to the adhered 

rock materials on the tip of the stylus that increase the deformation and shear failure at the 

stylus tip and this tempts the stylus to wear more easily in saturated rock samples as the 

scratching length increase. The extreme high difference when passing from dry to wet 

samples in CAI (1 cm) values for some samples such as sample 6 and sample 7 may be due to 

the petrographic characteristics as well as the intrinsic physical properties of the rock 

samples. These rock samples include some minerals (Kalait, Orthoclase, Alkall Feldspat, 

Plagioclase, Tridmit, Illite, Kaolin, and Quartz formations) that can affect the CAI values (see 

Appendix). 
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Figure 6.3. Difference between dry and wet CAI values. 

The adhesion phenomena can also be proved by the difference between dry CAI (1 

cm and 5 cm) values and the difference between wet CAI (1 cm and 5 cm) values (Figure 

6.4). 

 
Figure 6.4. Difference between CAI (1 cm) and CAI (5 cm). 

According to Figure 6.4, it can be noted that the difference between wet CAI values is 

higher than the difference between dry CAI values. As previously explained, the reason for 

the extreme increase of change in CAI (wet) values is due to the sticking of the rock material 

on the tip of the stylus as the 7 kg load acts on the rock surface along the scratching length. 

Therefore, the increase of CAI values when passing from 1 cm to 5 cm scratching length in 

wet samples is higher compared to the dry samples.  
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6.3.    The Effect of Mechanical Properties and Adhesion on Field 

Performance Parameters of Roadheaders 

6.3.1.    The Effect of Mechanical Properties on Field Performance Parameters 

of Roadheaders 
In general, UCS shows a strong correlation with the net cutting rate for most rock 

types; however, experience shows that sometimes UCS does not correlate well to NCR for 

particular ground conditions. For example, Figure 6.6 (a and b) shows that the  measured  field  

NCR (𝑚3/h) was rather   insensitive  to  the  UCS. This demonstrates   that UCS measurements 

alone can be an insufficient representation of intact rock properties for NCR estimates. So, it 

is reasonable to accept that the NCR is mostly dependent on the mineralogical and 

petrographic properties of the rock formations. It can be seen that, for the most abrasive 

geological formation, the net cutting rate is the lowest. From the XRD analyses (see 

Appendix), it is found that this formation is rich with Plagioclase (Labradorite). 

One of the intrinsic parameters that affect the NCR and CCR is the existence of water 

in the rock mass. It is clear that, as the water content in the rock formation increase, the 

strength properties of this rock mass decrease. Although UCS of the rock formations 

decreases with the water content, the NCR also decreases (Figure 6.4 (b)). This is because, in 

saturated rock formations, especially in pyroclastic rocks, the adhesion properties can affect 

the NCR. The sticking potential of these formations on the tools can result in clogging of the 

machine equipment.  

In previous studies, strong positive correlations were found between UCS and rock 

abrasivity, and these studies reported that the CCR values of mechanical excavators would 

increase by increasing the UCS value of the rocks as the results of this study63,64,65,66(Figure 

6.5).  

 

 

Figure 6.5. Correlation between UCS and field performance parameters of roadheaders. 
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However, the aforementioned researchers did not use the field CCR data of 

mechanical excavators such as roadheaders. They only used the CAI values of rocks with 

medium or high UCS values. Deliormanlı64 found a positive linear correlation between CAI and 

UCS for marbles with a variation of UCS values between 45.67 and 149.94 MPa. Similarly, Er 

and Tugrul63 found linear correlations between CAI and UCS for granitic rocks. However, in 

this study, a reliable correlation was not found between the CAI and UCS values. However, 

the fit between NCR and UCS is not good enough. It is because, the UCS values do not change 

enough to be in a good linear trend with the NCR values. It is seen that CCR is high in the case 

of saturated rock formations. It can be explained by the effect of water on the sticking 

potential of material on the cutter head of the roadheaders. The material sticks on a metal 

surface as the adhesive shear strength increase. The adhesive shear strength is mainly 

dependent on the mineral type, the roughness of steel surface, contact time between rock 

material and steel, and applied normal stress. The sticking rock materials on the cutter head 

create the layers on the cutter head and after a certain period, the consolidation of these 

materials on the cutters occurs. As the machine applies normal stress, the friction between 

the cutters and material stick on cutters increases and it results in wear of the cutters. 

The same considerations can also be found for the correlation between BTS and field 

performance parameters of roadheaders. As seen in Figure 6.6, the correlation coefficient is 

very low. It can be noted that the correlation coefficient is extremely low in saturated 

conditions. This can be explained by the similar BTS values that do not correlate well with the 

NCR values. 

 

 

Figure 6.6. Correlation between BTS and field performance parameters of roadheaders. 
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6.3.2.    The Effect of Adhesion on Field Performance Parameters of 

Roadheaders 
                In previous studies, some models for predicting the CCR of roadheaders, which are 

based on Cerchar abrasivity test results, were developed by researchers63,64,65. In this study, 

a positive linear correlation was found between CCR and CAI, which was similar to the results 

of previously reported models (Figure 6.7). Previous models, on the other hand, yielded 

stronger correlation coefficient (R2) values than the ones used in this study. The differences 

in rock types could explain this. All of the rock types in this investigation were low-strength 

tuffs, and the CAI values did not vary significantly. 

 

 

Figure 6.7. Correlation between CAI (1 cm, 5 cm) and field performance parameters of 

roadheaders. 
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Figure 6.8. Correlation between CCR (wet) and Weight of Adhered Material on Pin of Stylus 

(CAI-5 cm). 

It is seen that, as the weight of adhered material increases, the CCR also increases. 

The negative effect of adhesion can also be noticed in the NCR values which decrease as the 

weight of adhered material increases. 

Another correlation is made to fulfill the adhesion effect on the CCR. The correlation 

is between the weight of adhered material on the rotating steel arm and CCR (Figure 6.9).  

 

Figure 6.9. Correlation between CCR (wet) and Weight of Adhered Material on Rotating 

Steel Arm. 
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• The results of rock mechanical experiments show that the strength properties of the rock 

formations are reduced through the influence of water in the wet rock samples. 

• The wear of the stylus in Cerchar abrasivity test depends on the abrasive mineral content of 

the rock material as the stylus encounters along its path. 

• CAI values are higher in the case of 5 cm scratching length compared to the CAI values in 

the case of 1 cm scratching length. According to previous findings by Al-Ameen and Waller 

(1994), the development of wear flat at the stylus tip at the start of the test (i.e. 1 mm scratch 

distance) is due to its initial burial into the rock surface, deformation, and shear failure under 

the applied static load of 7 kg, not the amount of abrasive mineral content of the rock. For 

the remaining (2–10 mm) scratch distance, the wear flat will increase in diameter depending 

on the inherent physical characteristics and mineralogy of rock samples.62 So, if the stylus is 

considered as the cutterhead of the roadheaders, it can be assumed that over time during the 

cutting performance of the roadheaders, as the contact time increase between the tools of 

roadheaders and the surface of the rock formations, the rock mass consolidates on the cutting 

tools and make them worn as the cutterhead applies constant pressure on it.   

• According to the field studies, it is proved that the adhesion of the rock materials on the 

tools’ of roadheaders is the highest in the Kavak CSCs which are composed of the ignimbrite 

with the highest volcanic mineral content (Volcanic clasts (21%), Quartz (17%), Plagioclase 

(14%)). This affects the field performance parameters of the roadheaders, thus the ICR is the 

lowest in Kavak CSCs and CCR is the highest (Appendix B). 

• The effect of mechanical properties on the field performance parameters shows that the 

CCR increases with increasing the strength properties of rock formations. This effect is higher 

in wet conditions. It can be predicted by the fact that the presence of water in the pores of 

rock formation increases its adhesive shear strength, which means that sticking of the rock 

material on the tools of roadheaders increase. Over time, sticking of the material creates the 

layers on the tools of roadheaders. As the contact time increase, the rock material on the 

tools of roadheaders consolidates and consolidated material tempts the tools to wear more 

frequently. The consequences are low ICR and high CCR (Appendix B).  

• Decreasing of the CAI values when passing from dry condition to wet condition is lower in 

the case of 5 cm scratching length compared to the CAI values in the case of 1 cm scratching 

length. The reason is that, as the scratching length increase, the adhered content of rock 

materials in wet condition increases and it results in wear of the tip of the stylus (Figure 6.4). 

The wear of the tip of the stylus can also be proved by comparing the difference between CAI 

(1 cm) and CAI (5 cm) in both dry and wet conditions. It can be noted that the difference is 

higher in the case of wet samples (Figure 6.5). This can be explained by the fact that the 

adhesion of rock materials on the tip of the stylus occurs in wet samples as the scratching 

length increase, and thus, the consolidation of this adhered material makes the tip of the 

stylus wear.  

• Through the correlation between CCR and weight of adhered material on the tip of the stylus 

(CAI-5 cm) and the rotating steel arm, it is proved that, as the weight of adhered material 

increases, CCR also increases, and thus, NCR decreases. 
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APPENDIX A 

X-ray Diffraction  
The following figures represent the results of X-ray Diffraction analyses for the specimens. 
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APPENDIX B 

Field Performance Parameters of Roadheaders 
Field performance parameters of the roadheaders for the different regions are given in the following 

tables. 

           Table B-1. Field performance parameters of roadheaders for the Kayhan-1. 

Kayhan 1 Dry CSC  Wet CSC  

Project Activity 
Dates 

Starting     

Ending     

Used Machine 

Model / Weight 
(ton) 

PAURAT E 134  55 
TON 

PAURAT E 134  55 
TON 

Power (kW) 370 370 

Daily Working Time (hour) 8 8 

Daily Excavation Time (hour) 5.5 4.5 

Machine Breakdown Maintenance 
(hour) per day 

1.5 2.5 

Lunch and Coffee Break (hour) 1 1 

Daily Excavation Amount (𝑚3) 386 243 

Number of Main Corridors 1 1 

Main Corridors Dimensions (m) 
Length / Width / Height 

140.00 * 6.50 * 7.20 140.00 * 6.50 * 7.20 

Number of Lodges 60 60 

Lodge Dimensions (m) Length / 
Width / Height 

20.00 * 6.00 * 6.20 20.00 * 6.00 * 6.20 

Daily Chisel Consumption 20 15 

Net Cutting Rate (𝑚3/d) 386 243 

Daily Advance Rate (m/d) 10.37 6.5 

Machine Utilization (%) 62.5 56.25 

Instantaneous Cutting Rate (𝑚3/h) 70.18 54 

Cutter Consumption (picks/𝑚3) 0.051813 0.061728 
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Table B-2. Field performance parameters of roadheaders for the Kayhan-2. 

 

 

 

 

 

 

 

 

 

 

 

Kayhan 2 Dry CSC  Wet CSC  

Project Activity 
Dates 

Starting     

Ending     

Used Machine 

Model / Weight 
(ton) 

PAURAT E 134  55 TON 
PAURAT E 134  55 

TON 

Power (kW) 370 370 

Daily Working Time (hour) 8 8 

Daily Excavation Time (hour) 5.5 4.5 

Machine Breakdown Maintenance 
(hour) per day 

1.5 2.5 

Lunch and Coffee Break (hour) 1 1 

Daily Excavation Amount (𝑚3) 398 228 

Number of Main Corridors 1 1 

Main Corridors Dimensions (m) 
Length / Width / Height 

140.00 * 6.50 * 7.20 140.00 * 6.50 * 7.20 

Number of Lodges 60 60 

Lodge Dimensions (m) Length / 
Width / Height 

20.00 * 6.00 * 6.20 20.00 * 6.00 * 6.20 

Daily Chisel Consumption 15 11 

Net Cutting Rate (𝑚3/d) 398 228 

Daily Advance Rate (m/d) 10.69 6.13 

Machine Utilization (%) 68.75 56.25 

Instantaneous Cutting Rate (𝑚3/h) 72.36 50.66 

Cutter Consumption (picks/𝑚3) 0.037688 0.048246 



84 
 

          Table B-3. Field performance parameters of roadheaders for the Aktas-1. 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Aktas 1 Dry CSC  Wet CSC  

Project Activity 
Dates 

Starting     

Ending     

Used Machine 

Model / Weight 
(ton) 

PAURAT E 134  55 
TON 

PAURAT E 134  55 
TON 

Power (kW) 370 370 

Daily Working Time (hour) 10 10 

Daily Excavation Time (hour) 6 5 

Machine Breakdown Maintenance 
(hour) per day 

2 3 

Lunch and Coffee Break (hour) 2 2 

Daily Excavation Amount (𝑚3) 426 312 

Number of Main Corridors 1 1 

Main Corridors Dimensions (m) 
Length / Width / Height 

100.00 * 6.00 * 6.00 100.00 * 6.00 * 6.00 

Number of Lodges 44 44 

Lodge Dimensions (m) Length / 
Width / Height 

20.00 * 5.00 * 6.00 20.00 * 5.00 * 6.00 

Daily Chisel Consumption 19 15 

Net Cutting Rate (𝑚3/d) 426 312 

Daily Advance Rate (m/d) 14.2 10.4 

Machine Utilization (%) 60 50 

Instantaneous Cutting Rate (𝑚3/h) 71 62.4 

Cutter Consumption (picks/𝑚3) 0.044601 0.048077 
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Table B-5. Field performance parameters of roadheaders for the Aktas-2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Aktas 2 Dry CSC  Wet CSC  

Project 
Activity Dates 

Starting     

Ending     

Used Machine 
Model / Weight (ton) 

PAURAT E 134  55 
TON 

PAURAT E 134  55 
TON 

Power (kW) 370 370 

Daily Working Time (hour) 10 10 

Daily Excavation Time (hour) 6 5 

Machine Breakdown Maintenance (hour) per 
day 

2 3 

Lunch and Coffee Break (hour) 2 2 

Daily Excavation Amount (𝑚3) 412 302 

Number of Main Corridors 1 1 

Main Corridors Dimensions (m) Length / Width / 
Height 

100.00 * 6.00 * 6.00 100.00 * 6.00 * 6.00 

Number of Lodges 24 46 

Lodge Dimensions (m) Length / Width / Height 24.00 * 6.00 * 6.40 25.00 * 6.00 * 4.30 

Daily Chisel Consumption 15 10 

Net Cutting Rate (𝑚3/d) 576 258 

Daily Advance Rate (m/d) 15 10 

Machine Utilization (%) 60 55 

Instantaneous Cutting Rate (𝑚3/h) 96 46.90909 

Cutter Consumption (picks/𝑚3) 0.026042 0.03876 
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            Table B-6. Field performance parameters of roadheaders for the Guvenal. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Guvenal Dry CSC  Wet CSC  

Project Activity 
Dates 

Starting     

Ending     

Used Machine 

Model / Weight 
(ton) 

PAURAT E 134  55 
TON 

PAURAT E 134  55 
TON 

Power (kW) 370 370 

Daily Working Time (hour) 10 10 

Daily Excavation Time (hour) 6 4.5 

Machine Breakdown Maintenance 
(hour) per day 

2 3.5 

Lunch and Coffee Break (hour) 2 2 

Daily Excavation Amount (m3) 468 286 

Number of Main Corridors 1 1 

Main Corridors Dimensions (m) 
Length / Width / Height 

130.00 * 6.00 * 4.50 130.00 * 6.00 * 6.00 

Number of Lodges 40 40 

Lodge Dimensions (m) Length / 
Width / Height 

20.00 * 5.00 * 4.50 20.00 * 5.00 * 4.50 

Daily Chisel Consumption 26 20 

Net Cutting Rate (𝑚3/d) 468 286 

Daily Advance Rate (m/d) 20.8 12.71 

Machine Utilization (%) 60 45 

Instantaneous Cutting Rate (𝑚3/h) 78 63.25 

Cutter Consumption (picks/𝑚3) 0.026042 0.03876 
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       Table B-7. Field performance parameters of roadheaders for the Aksaray-2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Kavak Dry CSC  Wet CSC  

Project 
Activity Dates 

Starting     

Ending     

Used Machine 

Model / Weight 
(ton) 

PAURAT E 134  55 
TON 

PAURAT E 134  55 
TON 

Power (kW) 370 370 

Daily Working Time (hour) 10 10 

Daily Excavation Time (hour) 6 5 

Machine Breakdown Maintenance 
(hour) per day 

2 3 

Lunch and Coffee Break (hour) 2 2 

Daily Excavation Amount (𝑚3) 358 249 

Number of Main Corridors 1 1 

Main Corridors Dimensions (m) 
Length / Width / Height 

130.00 * 6.00 * 4.50 130.00 * 6.00 * 6.00 

Number of Lodges 40 40 

Lodge Dimensions (m) Length / 
Width / Height 

20.00 * 5.00 * 4.50 20.00 * 5.00 * 4.50 

Daily Chisel Consumption 23 17 

Net Cutting Rate (𝑚3/d) 358 249 

Daily Advance Rate (m/d) 15.9 11 

Machine Utilization (%) 60 45 

Instantaneous Cutting Rate (𝑚3/h) 59.66 49.8 

Cutter Consumption (picks/𝑚3) 0.064246 0.068273 
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       Table B-8. Field performance parameters of roadheaders for the Sulusaray. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sulusaray Dry CSC  Wet CSC  

Project 
Activity Dates 

Starting     

Ending     

Used Machine 

Model / Weight 
(ton) 

PAURAT E 134  55 
TON 

PAURAT E 134  55 
TON 

Power (kW) 370 370 

Daily Working Time (hour) 8 8 

Daily Excavation Time (hour) 5.5 5 

Machine Breakdown Maintenance 
(hour) per day 

1.5 2 

Lunch and Coffee Break (hour) 1 1 

Daily Excavation Amount (𝑚3) 425 278 

Number of Main Corridors 1 1 

Main Corridors Dimensions (m) 
Length / Width / Height 

110.00 * 6.00 * 4.50 130.00 * 6.00 * 6.00 

Number of Lodges 40 40 

Lodge Dimensions (m) Length / 
Width / Height 

20.00 * 5.00 * 4.50 20.00 * 5.00 * 4.50 

Daily Chisel Consumption 17 13 

Net Cutting Rate (𝑚3/d) 425 278 

Daily Advance Rate (m/d) 15.9 11 

Machine Utilization (%) 68.75 62.5 

Instantaneous Cutting Rate (𝑚3/h) 77.27 55.6 

Cutter Consumption (picks/𝑚3) 0.04 0.046763 
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      Table B-9. Field performance parameters of roadheaders for the Hoyuk. 

 Hoyuk Dry CSC  Wet CSC  

Project 
Activity Dates 

Starting     

Ending     

Used Machine 

Model / Weight 
(ton) 

PAURAT E 134  55 
TON 

PAURAT E 134  55 
TON 

Power (kW) 370 370 

Daily Working Time (hour) 10 10 

Daily Excavation Time (hour) 6 5 

Machine Breakdown Maintenance 
(hour) per day 

2 3 

Lunch and Coffee Break (hour) 2 2 

Daily Excavation Amount (𝑚3) 465 282 

Number of Main Corridors 1 1 

Main Corridors Dimensions (m) 
Length / Width / Height 

140.00 * 6.00 * 7.00 140.00 * 6.00 * 7.00 

Number of Lodges 40 40 

Lodge Dimensions (m) Length / 
Width / Height 

20.00 * 5.00 * 4.50 20.00 * 5.00 * 4.50 

Daily Chisel Consumption 16 11 

Net Cutting Rate (𝑚3/d) 465 282 

Daily Advance Rate (m/d) 11.07 6.71 

Machine Utilization (%) 60 50 

Instantaneous Cutting Rate (𝑚3/h) 77.5 56.4 

Cutter Consumption (picks/𝑚3) 0.034409 0.039007 


