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Abstract 

Railway track ballast fouling is an ongoing issue without a clear understanding regarding either 

the cause for generation or the source of the fouling materials. This study was conducted to 

determine what physical processes are likely causing ballast fouling, where in the track sub-

structure fouling material is concentrating, and what factors affect the severity of ballast fouling.  

A field investigation on a CN railway track was conducted in Joliette, QC during undercutting 

maintenance operations. Data for in-situ ballast, sub-ballast, and subgrade samples were gathered 

from a series of trenches excavated through the track embankment. The geotechnical and 

mineralogical characteristics of a selected set of ballast samples were gathered through a regime 

of laboratory testing. Grain size distribution data for the select samples was collected from sieve 

and hydrometer testing. Three sets of LA abrasion tests were conducted on both in-situ and 

freshly quarried ballast rock to determine the degradation characteristics of the various ballast 

types. The petrographic analysis of the sample types was conducted using bulk hand sample 

characterization, thin-section analysis, and X-Ray Diffraction Analysis.  

The petrographic, grain size, and LA abrasion combined analysis indicated that ballast fouling 

was primarily caused through degradation of the ballast. The fouling material within the ballast 

pores was sourced to the abraded pieces of ballast that had degraded over time through XRD and 

grain size distribution analysis. It was found with statistical confidence that ballast layers with 

harder, structureless rock types have less fouling material form within the ballast void spaces 

compared to ballast rock types that are soft on the Mohs hardness scale or have planes of 

weakness due to structural factors. Analysis of the grain size data also showed that ballast fouling 

was generally concentrated within the section of the ballast layer directly underlying the steel rail, 

within the topmost parts of the ballast layers. Overall it was recommended that the effects of 

chemical degradation on ballast rock types and the historical operational duration of ballast be 

incorporated into future ballast fouling studies.  
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Chapter 1.  Introduction 
 

1.1 Background 

The Canadian Railway system forms the commercial backbone of Canada, allowing for safe and 

cheap transportation across the country‟s great distances. With the amount of rail infrastructure 

that must be placed to connect Canada, efficient and economic maintenance of the system 

becomes an important issue. Understanding the mechanics and behavior of both the rail track and 

its underlying embankment infrastructure is essential in the effective design and maintenance of 

rail lines. By understanding the behavior of the ballast portion of the railway embankment 

specifically, maintenance costs can be lowered while track safety increases.  

Historically, efforts in the study of rails have been focused on the behavior and mechanics of the 

rail track, including ties, rails, fasteners, switches, and other mechanical components of the rail 

line. In comparison, not as much research has been conducted on the behavior of the track sub 

structure, including ballast, sub-ballast, and subgrade to help track maintenance and safety 

concerns. A healthy understanding and optimization of the complex geotechnical interactions 

within the sub-structure will likely lead to similar benefits as have been found from optimizing 

the mechanical apparatuses of the rail lines. 

The study of the ballast portion of the railway is particularly important due to the number of 

effects poor ballast behavior can have on the rail system. Ballast rock is the gravel layer that acts 

as a buffer between the rail track and the underlying subgrade. The material‟s basic purpose is to 

provide both dynamic support for train loadings and rapid drainage of water and materials. Selig 

and Waters (1994) found that ballast contributes the greatest proportion to track settlement over 

time, far more than either the sub-ballast or subgrade proportion of the embankment. Settlement 
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of the rail embankment can lead to issues such as the deterioration of track geometry, speed 

restrictions on passing trains, uncomfortable riding conditions due to differential settlement, and 

even possible derailments. However, ballast is the best material from both a cost perspective and 

the relative ease to maintain the material and the resulting track geometry. Figure 1.1 shows the 

primary track substructure layers of ballast, sub-ballast, and subgrade. 

 

Figure 1.1  Cross section of rail track sub-structure and the possible modes of ballast fouling 

Shown in Figure 1.1, the phenomenon of ballast rock fouling can be caused by a number of 

possible factors, discussed at length in further sections. The ballast layer is considered fouled 

when the ballast pore matrix fills with sand sized (4.47 mm) or finer particle. For Canadian 

National tracks, ballast is considered fouled when material less than 19 mm (¾”) makes up more 

than 5% of a ballast sample by weight.  

1.2 Problem Statement  

Understanding the mechanism of fouling for ballasted railway track is an important component to 

designing cheaper, more durable global track systems. Through the study of the fouling rates, 
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mechanisms, and progression associated with different ballast rock types, better standards and 

long term cost analysis for ballast life cycles can be undertaken. Annual expenditure of Canadian 

rail companies to acquire, distribute, and rehabilitate track ballast rock is well over 1 Billion 

dollars (Raymond, 1986). Additionally, running a track undercutting program to rehabilitate 

degraded ballast faces costs over 100 thousand dollars per day (CN, 2010). The enormous capital 

expenditures associated with ballast maintenance justify a thorough engineering understanding of 

ballast fouling in order to provide more efficient and cost effective ballast design and 

maintenance practices. 

Fouled ballast degrades the ability for the railway embankment to hold its geometry during 

maintenance operations. The existence of fouling material within the ballast pore spaces also 

impede the drainage characteristics of the ballast and sub-ballast layers. Restricting the drainage 

ability of the rail embankment can lead to soft track conditions and embankment deformation and 

even failure if maintenance action is not taken (Selig and Waters, 1994). These issues that arise 

from ballast fouling warrant study into the in-situ performance of varying types and mixes of 

ballast rock for the purpose of more effective ballast design in an engineering and cost context.  

Even though ballast fouling leads to track issues, the use of coarse ballast in the rail track 

substructure is still preferable to alternatives such as concrete pads or asphalt. The ability for 

clean ballast to rapidly drain and provide elastic support is preferable to the stiff support offered 

by concrete or asphalt alternatives. In cases of subgrade failure, the elastic properties of ballast 

provide a far safer track surface for a passing train compared to the complete failure of an 

inelastic track substructure that will likely experience complete failure (Profillidis, 2000). 

It is important to note that this research did not assess ballast fouling from a chemical perspective, 

such as due to weathering or chemical effects. The scope of the study centered on the physical 

means  for ballast degradation as opposed to the chemical weathering characteristics. This was 
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due to the literature indicating fouling processes were more likely based on physical processes 

compared to chemical (Selig and Waters, 1994)(Indraratna et al, 2011a). 

1.3 Research Objectives  

The objectives of this study are: 

a) Investigation of in-situ fouled and unfouled ballast geotechnical and mineralogical 

properties through a combination of in-situ field sampling and laboratory analysis. In-situ 

sampling of specific locations and depths within the rail track substructure were 

undertaken to characterize the fouling behavior in various zones of the railway 

embankment. Geotechnical characterization of samples were undertaken through field 

reports, grain size distribution tests from sieving to hydrometers, LA abrasion tests, and 

Atterberg limits. Mineralogical analysis was conducted through a rock type inventory of 

ballast samples, x-ray diffraction testing of fouled and unfouled ballast fines, and thin 

section analysis of ballast rock types. 

b) Analysis of the utility and efficiency for the various field and laboratory methods used in 

the process of investigating ballast fouling behaviour.  Methods will be assessed based on 

the range of returned values, repeatability of the tests, and the objective and subjective 

value in relation to investigating ballast fouling. 

c) Assessment of ballast fouling characteristics such as concentration of fouling sized 

particles throughout track layers and distribution of ballast rock types in relation to 

varying indices and factors associated with the rail embankment and ballast types. Ballast 

fouling will be investigated through data comparisons drawn from mineralogical content, 

grain size content, fouling index, and relative ballast location within the track 

embankment.  
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1.4 Thesis Structure 

Chapter 2 presents a literature review of the relevant ballast studies that have been previously 

conducted. A review of the geotechnical aspects of a railway track embankment is presented 

along with the known geomechanical information pertaining to track loading forces. The function 

of railway ballast is presented and the idea of ballast fouling is introduced with a description of 

the literature regarding its possible modes, effects, and methods to describe it. The various track 

ballast maintenance procedures are also discussed including, undercutting, tamping, and shoulder 

cleaning. Lastly, the common ballast field and laboratory investigation methods and literature 

surrounding them are discussed. These include; test pits and trenching, cone penetration testing, 

ground penetrating radar testing, grain size distribution, sieve testing, and durability testing. 

Chapter 3 presents the background of the rail track field study, field investigation methods and 

their general results, and laboratory investigation methods and their general results. The site 

background information includes details on the site‟s track and location, land use patterns, 

surficial geology, and bedrock geology. The field investigation methods are described and their 

results discussed, these include; geotechnical investigation, trenching, and the various soil 

sampling procedures conducted. The laboratory methods and their general results are also 

presented, including; large sieve testing, small sieve testing, hydrometers, LA abrasion testing, 

Atterberg limits, rock-type analysis, thin-section analysis, X-Ray Diffraction analysis, and 

discussion of the 5 ballast rock-types encountered. 

Chapter 4 presents the analysis and results of the ballast data set in relation to mineralogical 

factors, grain size distribution data, LA abrasion data, and statistical analysis. The statistical 

analysis assesses fouling prevalence in relation to; land use, surficial geology type, average ditch 

depth, sample depth, sample location, and ballast type. The results and their implications with 

respect to the nature and behavior of fouling within the ballast layer are also presented.     
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Chapter 5 presents the combined analysis and evidence for the behavior and probable source 

zone of the ballast fouling material. Both of the sub data-sets, divided on the basis of limestone 

ballast trenches and non-limestone ballast trenches, have the evidence for the various possible 

fouling modes assessed.  

Chapter 6 presents the conclusions for the field investigation, laboratory testing, and resulting 

analysis in relation to the in-field nature of the ballast fouling along with the most probable 

fouling source for the CN Joliette sub mainline track. Recommendations are also drawn regarding 

more optimal field methods for ballast analysis, effective laboratory testing methods, and further 

analytical methods into assessing ballast fouling and its sources. 

 

1.5 Summary of Findings 

Collection of site information and samples of the CN Joliette mainline track allowed for the 

creation of large data set of ballast values and parameters derived directly from mainline track. It 

was found that conducting the site sampling process in 2 stages was effective in the rapid and 

thorough sampling of a trench. This type of sampling was accomplished by removing a single tie 

from the railway track and having a backhoe excavate the ballast layer in specific depths and for 

the researchers to collect the sample directly from the back-hoe bucket. Once the trench was 

excavated and finished, hand sampling of ballast material directly underneath the rail ties was 

found to be the best way to extract the ballast data for underneath the site. Likewise, it was found 

that collecting a full set of site data and photographs during sampling operations was valuable for 

analysis, such parameters included; land use data, track embankment geometry, presence of 

voids, and the subjective fouling index. 

Through laboratory testing of the data set, it was found that testing ballast samples with large 

sieve (76 mm to 4.76 mm), small sieves (4.76 mm to 0.076 mm), and hydrometer tests (if  > 10% 
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passing 0. 06mm) was the most effective way to create the grain size distribution of each ballast, 

sub-ballast, and native subgrade sample. Testing found that the average in-situ ballast sample had 

by mass, 43% ballast particles (76 mm to 25.4 mm), 39.5% fine gravel (< 25.4 mm to >4.76 mm), 

15.1% sand (4.76 mm to 0.076mm), and 2.4 very fine grained material (silt/clay) (<0.076 mm). 

Since the proportion of very fine grained material was < 5% in nearly all in-situ samples, the 

hydrometer tests were not required. 

Five common ballast rock types are present in the Joliette subdivision ballast; limestone, granitic 

gneiss, silica slag, coarse grained igneous/metamorphic rocks, and basalt. Limestone was found to 

be the predominant ballast type found throughout the study site at ~60%, with the remaining 4 

types ballast ranging from 5% to 15%. The proportions of each rock type were also estimated and 

recorded for each in-situ ballast type. X-Ray diffraction testing on the fine grained material (< 

0.076 mm) of in-situ and LA abraded ballast samples showed no orthoclase minerals within any 

of the material. Since orthoclase minerals were present within all native and sub-ballast samples, 

it was concluded that if migration of foreign rock particles into the ballast layer was occurring 

then the mineralogy of the very fine grained in-situ ballast material would also contain orthoclase 

feldspar minerals, which it in fact did not. 

It was also found that LA abrasion testing of both in-situ and freshly quarried ballast rock did not 

predict the severity of fouling from mixes of material. Similarly, the systematic LA abrasion 

testing of freshly quarried ballast rock types showed no predictive capability in the resulting grain 

size distribution compared to the mix of ballast rocks by type. However, the LA abrasion testing 

was deemed useful as a way to determine the possible amount of fine gravel and sand sized 

particles from initial ballast particles. These values pertaining to possible degradation were used 

to test whether an in-situ ballast sample had more sand particles by mass than the LA abrasion 

test predicted. 
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Overall, using the results from XRD analysis, the statistical analysis of fouling severity indicators 

and average sample hardness, and presence of large proportions of fine gravel material likely 

derived from ballast particles, it was concluded that migration of sub-ballast, subgrade, or surface 

material was improbable as the primary cause of ballast fouling within the CN Joliette mainline 

track. Likewise, the testing of LA abrasion values versus grain size distribution values to 

determine any notable inconsistencies showed that the degradation of the ballast to form the 

measured fouling material content was possible. These conclusions, paired with field reports and 

the observed roundness in practically all in-situ ballast lead to the conclusion that the ballast layer 

fouling within the Joliette subdivision was primarily caused by in place ballast degradation.  

It was also found that the trenches with a majority of limestone ballast or coarse grained 

igneous/metamorphic had the highest amount of fouling occur within the top 30 cm of the ballast 

layer, in the location underlying the steel rail. In comparison, the lesser fouled slag and pure 

gneiss trenches showed that fouling material was accumulating preferentially within the 

centerline portion of the track, both underneath the tie and between the rail ties. There was not 

sufficient data regarding when these materials were placed or an understanding of the ballast 

particle physics to estimate why this was the case. However, it was observed that this behavior 

was occurring in lesser fouled ballast layers comprised of harder rock (basalt, slag, gneiss) 

compared to the more highly fouled ballast layers comprised of softer rock (limestone, coarse 

grained igneous/metamorphic rock).  

 

  



9 

 

Chapter 2. Review of Railway Ballast Concepts, 

Maintenance Practices, and Research 
 

2.1 Introduction 

The Canadian National Railway that runs east-west across Canada forms a vital connection and 

transport corridor for each of the region‟s economies. The cost of road transport is rising over 

time due to increased infrastructure maintenance for aging highway infrastructure as well as 

rising fuel costs (Ionescu, 2004). With these roadway transportation issues, expanded bulk rail 

transport becomes an attractive choice for both governments and businesses. Accordingly, 

optimizing rail maintenance costs as well as minimizing track down times is an important 

objective for the railways, industry, and the public. 

Rail companies and rail infrastructure researchers advocate that substructure maintenance costs 

can be reduced with further understanding and enhanced rail maintenance practices for the track 

substructure. This makes studying and understanding the factors and issues surrounding the 

ballast and sub-ballast components of the rail track substructure important. By addressing the 

various rail substructure issues and determining the science of ballast fouling, the results will 

undoubtedly provide valuable insight into engineering improvements for track substructure 

construction and management. This chapter provides a review of previous research of rail ballast 

physical behavior, its investigation techniques, and optimal laboratory testing methods. 
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2.2 Rail Ballast Overview  

2.2.1 Track components and Functions 

The optimal performance of rail track substructure, including its ballast, is important for both the 

safety and comfort of train transport. A rail track‟s underlying embankment is required to support 

the static and dynamic loads induced by the train, maintain vertical and horizontal alignment of 

the track, and provide adequate resistance to environmental conditions imposed on the track 

(Selig and Waters, 1994). A typical rail embankment is composed of a number of geotechnical 

layers to support both the rail and tie mechanism for years. A section through the track 

embankment, oriented parallel to the track rail, is provided in Figure 2.1, along with a cross 

section perpendicular to the run of the track in Figure 2.2. 

 

Figure 2.1  Section through parallel to the rail in a typical ballasted track (from Selig & 

Waters, 1994) 
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Figure 2.2  Cross section through perpendicular to the rail of a typical ballasted track (from 

Selig & Waters, 1994) 

As shown in both Figure 2.1 and Figure 2.2, the components of a typical ballast track can be 

grouped in two categories: superstructure (rails, fasteners, ties) and substructure (ballast, sub-

ballast, and subgrade) (Raymond, 1985). The components of the track superstructure directly 

support the vertical and lateral forces of passing trains. The two parallel rails of the track act as 

the primary guiding mechanism for the locomotives, with the underlying ties (sleepers) anchoring 

both rails in place and distributing the load evenly over the sub-structure layers. The anchoring 

action is done by the rail fasteners, which link the steel rail to the tie below. These fasteners are 

typically made of steel and provide resistance to horizontal and vertical movement of the rail 

relative to the underlying tie. As well, the ties are typically made of either wood or concrete and 

have the primary purpose of distributing the dynamic and static train loads to the underlying 

substructure. Ties also function to resist the lateral movement of the rails due to dynamic loading 

from passing locomotives (Indraratna et al, 2011a). 

In comparison, the track substructure supports and maintains the alignment of the overriding 

superstructure comprising the rails and ties. The substructure is typically composed of a series of 

three layers; the ballast, the sub-ballast, and the subgrade. The ballast layer is generally composed 

of uniformly graded coarse aggregate rock or stone designed to support the locomotive loads 
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from the train and providing adequate drainage of water and movement of small sized particles. 

The sub-ballast layer underlies the ballast layer and acts as a buffer between the ballast above and 

the subgrade below. Sub-ballast is generally more broadly graded material, typically sand, that 

prevents the intrusion of subgrade materials into the overlying ballast. The sub-ballast also allows 

for rapid drainage of water from the ballast layer, and acts as a stable foundation to support the 

train loading. The lowest layer, the subgrade, is generally the soil or rock native to the region. 

This native layer distributes the train loadings to the local area. If the native soil cannot 

adequately bear the forces imposed by the train, the native subgrade can be replaced by other 

suitable materials, generally quarried locally, or other engineered soils (Indraratna et al, 2011a). 

2.2.2 Ballast selection criteria and specifications 

The rail and tie assembly are supported by the underlying substructure, with the ballast portion of 

the substructure playing the most important role in withstanding the dynamic and static train 

loading. The ballast layer also acts to anchor the superstructure materials to resist lateral and 

vertical movement of track ties. Ballast rock is placed below the superstructure and above the 

sub-ballast and subgrade layers.  The type of rock used as ballast, historically, was either derived 

from natural gravel deposits or from crushed quarry rock. Currently, ballast rock is derived 

entirely from mechanically crushed quarried rock. This is to control the ballast characteristics to 

ensure a coarse and angular hard rock with at least 2 freshly cut faces (CN, 1996). Typical ballast 

aggregates are also uniformly graded, deficient in fine grained materials sand sized or smaller, 

and without cementing ability. This is so that the voids within the ballast remain clear for both 

drainage and to retain its elastic loading properties without cementing into a stiff layer (Selig and 

Watters, 1994). 

 The specification, type, and characteristics of ballast can vary widely between railway companies 

and operations, with no current industry consensus on the optimal characteristics of track ballast. 

Different ballast in regard to gradation, grain size, shape, hardness, abrasion resistance, and 
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mineral combinations are used, depending on the rail authority and track location. Table 2.1 

presents the specifications for both CN and CP rail.  

Table 2.1 Common Ballast Standards Worldwide 

  

CN SPEC 
CP SPEC 

2 
CP SPEC 

3 
CP SPEC 

4 
CP SPEC 

5 

Sieve 
Type 

Size 
(mm) 

% 
pass 

% 
pass 

% 
pass 

% 
pass 

% 
pass 

% 
pass 

% 
pass 

% 
pass 

% 
pass 

% 
pass 

2.5 64 100 100             100 100 

2 inch 50.8 75 100 100 100 100 100 100 100 90 100 

1.5 inch 38.4 45 80 90 100 90 100 90 100 35 70 

1 inch 25.8 0 35 70 90 70 90 20 55 0 5 

3/4 inch 19.35 0 5 50 70 30 50 0 5 0 3 

1/2 inch 12.7 0 1 25 45 0 20 0 5 0 3 

3/8 inch 9.525 0 1 10 25 0 3 0 5 0 3 

NO. 4 4.76 0 1 0 3 0 3 0 3 0 3 

 

Normally, the type and quality of ballast is constrained by the location and transportation cost of 

suitable aggregate materials where a track is being constructed or maintained. This limiting factor 

causes a large variety of ballast to be in use around the world, ranging from crushed granites, 

basalt, limestone, to slag and quarried gravels (Ionescu, 2004). 

The most important ballast specification in relation to this thesis and presented findings is the 

1996 ballast specification from Canadian National Railway. Figure 2.3 presents the grain size 

distribution for Class 1 ballast (right) and Class 2 ballast (left) from the 1996 CN ballast 

specification. Class 1 ballast is used primarily within primarily main line track and is considered 

to offer the greatest durability and operational longevity to heavily used mainline track; this was 

the type of ballast used in the Joliette Subdivision. In comparison, Class 2 ballast was for use in 

all other track types other than mainline tracks. Class 2 ballast had less overall durability for the 

load rates required of mainline track but was cheaper to use in rail yards and in secondary tracks 
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that did not experience as much traffic (CN, 1996). Table 2.2 lays out the additional 

characteristics and parameters required by CN Rail for its tracks constructed within Canada.  

 

Figure 2.3  Grain size distribution of ideal ballast for CN track 

The Class 1 ballast is used for main line track construction while the Class 2 ballast is used for all 

other tracks not designated as mainline. There is little difference between the two ballast classes 

except that Class 2 ballast allows for slightly smaller ballast sizes as compared to Class 1. This is 

to reduce track construction cost of non-mainline track. In the case of the study presented in this 

thesis, ideal ballast will be considered any ballast that has a grain size distribution that falls 

between the two CN ballast classes and meets the other characteristics as put forward by the 1996 

CN ballast specification.  
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Table 2.2  CN Specification for Ballast Characteristics other than grain-size (CN, 1996) 

 Class 1 Ballast Specification 

Property Requirement Test Purpose 
ASTM 

Method Remarks 

Soundness 
Less than 7.0% loss 

at 5 cycles 

Submersion of ballast 
sample in solution of 

Sodium Sulfate or 
Magnesium Sulfate. Weigh 
mass before and after test 

to measure % loss of 
material 

C88 
Coarse Aggregate 

Only 

Abrasion 
Loss 

Less than 20% 

Ballast is placed with 12 
steel balls into a rotating 

drum for 500 cycles. Mass 
before and after of ballast 
sized particles is weighed 

to determine loss 

C535 ASTM Grading 2 

Absorption < 0.5 % 

Ballast sample is soaked in 
water. Mass of absorbed 
water is determined after 

soaking. 

C127 

  

Fractured 
Faces 

75% by mass of 
ballast has 2 or more 

fractured faces, at 
least 98% with 1 

Ballast is observed and 
general number of fresh 

faces is assessed and 
estimated. 

N/A N/A 

Flat Pieces 
< 30% by mass of flat 
pieces (ratio of X/Y 

to Z is 3:1) 

Representative ballast 
sample has dimensions 
measured and total flat 

pieces counted and 
compared. 

N/A N/A 

Material 
Hard, strong, durable particles clean and free from clay and shale from an excess 
of dust. Inspected and approved by a senior geotechnical engineer of the railway. 

 

Table 2.2 presents the non-grain size characteristics of specified ballast. The soundness of a 

ballast rock is derived from ASTM C88-05 standard test where the aggregate is soaked in a 

solution of Sodium Sulfate or Magnesium Sulfate. In the case of CN mainline ballast, the 

soundness must be < 7.0% deterioration by mass after 5 cycles of the chemical weathering bath. 
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The “Abrasion Loss” requirement of < 20% is based on the LA Abrasion test that is outlined later 

in this thesis. The “absorption” test measures the mass of water retained within the rock after the 

sample has soaked in a water bath for a set period of time depending on grain size. Lastly, the 

“Fractured Faces” and “Flat Pieces” specification requires ballast to have fresh cut faces from the 

quarrying and crushing procedure to reduce the instance of round, pre-weathered faces that 

provide less inter-partial frictional strength between ballast rocks (CN, 1996). 

2.2.3 Function of Ballast 

Ballast plays an important role in maintaining the safety and stability of the track embankment, 

leading to the design criteria described in the preceding section. Based on the observations by 

Robnett et al. (1975) and Selig and Waters (1994), ballast rock‟s important function is:  

 Maintain the track position by supporting the vertical, lateral, and longitudinal forces 

applied to the rail and into the ties. 

 Adequately distribute stress from the superstructure materials into the underlying sub-

ballast and subgrade. 

 Enable track maintenance through resurfacing of ballast and adjustment of track 

geometry through tamping of ballast particles. 

 Impart rapid drainage of water that enters the track system. 

 Provide an elastic base that can withstand the dynamic loading applied by locomotives. 

 Have sufficient void space to store and allow for the movement of fouling materials 

through the ballast. 

With all the important functions ballast needs to perform, sourcing high quality ballast to resist 

rapid degradation, withstand dynamic forces, and prevent fouling by fine materials into the ballast 

becomes an important component in choosing ballast. The CN ballast specifications outlined in 
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the previous chapter have an important role in reducing the maintenance requirements of the track 

embankment. 

2.2.4 Forces Generated within the Ballast Layer 

In order to properly assess the performance and quality of ballast, the loading environment in 

which ballast operates is an important component to consider. Track forces can only be estimated 

because the load is complex, depending on train characteristics, operating conditions (speed, 

weight), and environmental/track conditions. If any of the previous factors are altered or 

modified, the estimation of the changed track forces is necessary even if precise measurement of 

the loading forces is impractical (Profillidis, 2001). The three forces that affect the rail track 

system act in the vertical, lateral, and longitudinal planes. The primary loading forces are 

generally caused by passing trains, change of temperature, and squeezing forces from 

maintenance tamping (Selig and Waters, 1994).  

2.2.4.1 Vertical Forces 

The vertical force acting on the embankment is made up of the static load of the train as well as a 

dynamic load. The dynamic load, also known as the dynamic increment, is based on train speed 

and the condition of the track. The vertical loadings are directed from the steel rail into the 

underlying rail tie. Figure 2.4 presents the vertical loading characteristics on a train track. 

In Figure 2.4 the vertical force from the train is directed through the rail and tie assembly and into 

the ballast below. The transfer of the load is distributed over the full area of the tie. The ballast 

thickness is approximately half that of the thickness of ballast between ties. The primary vertical 

load is further distributed through the sub-ballast and eventually dispersed through the underlying 

subgrade (Selig and Waters, 1994). 
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 Figure 2.4  Typical wheel load distribution into track structure (from Selig and Waters, 

1994) 

The value of the vertical force at each train wheel is made up of the dead weight of the train, 

which can vary from 53 kN for a light passenger train to 174 kN for North American heavy haul 

trains (Selig and Waters, 1994). In comparison, the dynamic increment of the vertical force is 

controlled by defects in the rail or the irregularity of the track embankment. Such irregularities 

can arise from differential settlement within the rail embankment over time, leading to dynamic 

force creation by passing trains, which is difficult to predict and calculate (Selig and Waters, 

1994). 

 

 



19 

 

2.2.4.2 Lateral Forces 

Lateral forces within the track system act perpendicular to the long axis of the steel rail (parallel 

to rail tie) and contribute significantly to the safety of the train and passenger comfort.  The forces 

are generated as: lateral components of dynamic forces due to geometry deviation on curves from 

centrifugal force of the train wheels against the rail and from cross-wind forces on the 

locomotive. The dynamic forces are caused by hunting oscillation phenomenon, which is the 

swaying motion of railway vehicles as both wheels „hunt‟ for their equilibrium point along the 

steel rail surface. The resulting force can be transferred to the tie, causing the tie to also oscillate 

laterally on its long axis (Profillidis, 2001)(Ionescu, 2004).  

Previous studies have shown that the lateral forces induced within a track are primarily controlled 

by the track curvature, with mild curves < 10° causing lateral forces 30% – 60% larger versus 

straight sections (ORE, 1978). If these lateral force values exceed the inherent lateral resistance of 

the tracks, derailments and track instability can arise. The underlying ballast layer provides the 

lateral frictional resistance for the train when under any of the previously mentioned loadings (Di 

Pilato et al, 1983). Thus, good ballast conditions are important to adequately resist and handle any 

lateral forces induced by the train.  

2.2.4.3 Longitudinal Track Forces 

The longitudinal forces act parallel to the long axis of the rail and are caused by four different 

effects. The first longitudinal force is generated through temperature effects from thermal 

expansion and the frictional heat of the train wheel contacting the steel rail. The second is from 

the acceleration and braking of the train along with its cars. The third longitudinal force type is 

formed when the rails shrink after continuous welded rail (CWR) installation. Fourth and last 

form of longitudinal stress is due to track creep of the underlying ballast layer and embankment, 

compacting and creeping the ballast layer forward from the force (Ionescu, 2004). 
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Overall, longitudinal forces within the track system create a third axis of ballast loading, forming 

a ballast loading possibility in all 3 axis (vertical, lateral, and longitudinal).With three separate 

loading axes, the ballast loading environment forms a complex system of interaction. This system 

of several variable forces on all axes creates a highly dynamic loaded environment that is 

favourable to abrasion and breakdown of the ballast in all directions (Selig and Waters, 1994).   

 

2.3 Railway Ballast Fouling  

Selig and Waters (1994) describe railway ballast fouling as generated by particles smaller than 

4.76 mm diameter that are situated within the void spaces of the ballast particles. When the 

ballast is made up of greater than 20% of fouled material by weight, the ballast layer can be 

considered highly fouled because the ballast to ballast contact is compromised by the fine grained 

materials. These fine grained particles are thought to be formed by a number of different 

mechanisms, causing ballast fouling rates to vary widely across differing geographies and track 

embankment types (Indraratna et al, 2011a)(Raymond, 1986). 

2.3.1 Mechanisms of Ballast Fouling  

Based on an extensive literature review and observations, Selig and Waters (1994) found that 

ballast fouling was caused through five primary modes. These sources of ballast fouling are as 

follows: 

 Abrasion and breakdown of ballast due to rail loading, tamping, and freeze/thaw 

 Degradation of rail ties 

 Migration of subgrade material into the ballast layer 

 Migration of sub-ballast or subgrade material into the ballast layer 

 Migration of environmental material into the surface of the ballast 
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These five ballast fouling mechanisms can be grouped into three general categories as shown in 

Figure 2.5.  

 

Figure 2.5  Cross section of rail track sub-structure and the possible modes of ballast fouling 

 The second category includes intrusion from external source into the surface of the ballast either 

through precipitation, train car spillage, or any other means of inputting material into the surface 

of the track. The last fouling category includes the combination of sub-ballast and subgrade 

intrusion into the overlying ballast layer.  

2.3.1.1 Fouling through Aerial Migration 

Selig & Waters (1994) suggests a number of ways that fouling can occur through the migration of 

material from the surface. 

 Fines delivered with ballast 

 Dropped from the trains 

 Wind Blown 

 Water Borne 
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 Splashing from adjacent wet spots 

 Meteoric dirt 

Previous studies have shown that the most common mechanism for regional impact fouling is due 

to material dropped by trains (Budiono et al, 2004; Tutumluer et al, 2008; Huang et al, 2009). 

2.3.1.2  Fouling through Ballast Degradation 

Fouling due to ballast degradation can result from Selig and Waters (1994); a, Thermal stress 

from heating (desert environments) b, Freeze thaw cycles c, Chemical weathering (including acid 

rain) d, Tamping damage, f, Traffic damage (from repeated load, vibration, hydraulic action of 

fouled slurry) g, compaction machines. This fouling type is caused by any mechanism that 

degrades the in place ballast to form the fouling agents from the ballast itself.  

2.3.1.3 Fouling through Material Upwelling 

In certain instances, fine grained particles derived from the sub-ballast or subgrade layer intrude 

from below into the overlying ballast voids to cause fouling. Some forms of sub-ballast are more 

prone to mobilization and fouling of the overlying ballast than others. Depending on the region 

and the track construction, some sub-ballast layers deviate from the standard uniformly graded 

sand to layers composed of cinders or old ballast (from track reconstruction). As well, some 

poorly engineered sand subgrades fail in their gradational requirements to maintain the separation 

between the ballast layer and subgrade. In these cases of poorly designed sub-ballast, water 

saturation paired with the pumping action of rail traffic can cause upward migration of the sub-

ballast material into the overlying ballast (Selig and Waters, 1994). 

Comparatively, fouling due to the upwelling of subgrade, even soft subgrade, is a rare occurrence 

and the mechanisms are still poorly understood (Indraratna, 2011). In a comprehensive study by 

the University of Massachusetts reported by Collingwood (1988) and Tung (1989), the only 

instance of fouling of this type was caused by underlying mudstone subgrade; on a length of track 
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predominately underlain by soft subgrades. It was believed by the researchers that degradation of 

the stone by overlying coarse ballast and subsequent saturation with water formed a clay slurry at 

the subgrade-ballast interface. The slurry was then pumped up by passing train action to fill the 

voids and cause ballast fouling. The scope of the study was limited 30 sites with various ballast 

conditions, climatic conditions, and traffic. Samples were taken primarily through hand sampling 

and on-track boring machine core samples. Overall the research estimated the likely source of 

fouling material across many of the sites, but ultimately used a limited amount of samples, 1 to 3, 

from each site to characterize the type of fouling material (Selig and Waters, 1994). 

Similarly, a study conducted by Byrne (1989) to determine the effectiveness of installed 

geotextiles at the subgrade – sub-ballast boundary found that fouling was just as severe in 

geotextile sections as normal sections. These findings either pointed to in place abrasion and 

aerial particle migration to cause the ballast fouling or failure of the geotextile to prevent clay 

slurry mobilization from the subgrade into the ballast. Ultimately Byrne concluded that the 

fouling was caused by the inadequacy of the geotextiles, tears and rips in the fabric allowing the 

mobilization of sub-ballast and subgrade material into the overlying ballast void spaces (Byrne, 

1989). However, without a comprehensive mineralogical analysis of the ballast, sub-ballast, and 

subgrade, it is difficult to conclude the true fouling mechanism in these studies. It can‟t be 

concluded that subgrade upwelling fouling can cause ballast fouling from fine grained materials 

on the scale encountered across North America. 

2.3.2 Sources of Ballast Fouling Material 

Few studies have been conducted to document the source of fouling materials within railway 

ballast. A University of Massachusetts study in 1988, summarized by Selig and Waters (1994), 

explored a variety of mainline track conditions across North American in order to determine the 

source of fouling materials. The results from this study are summarized in Figure 2.6.  
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Figure 2.6  North American study for sources of ballast fouling (from Tung, 1989) 

Presented in Figure 2.6, the University of Massachusetts study identified the ballast itself as the 

primary source for fouling material. Only16% of the material within fouled ballast was derived 

from the underlying sub-ballast or subgrade, with 8% of fouled material intruding from the 

surface or from breakdown of the rail tie.  

Another study into the source of fouling materials was conducted in the United Kingdom by 

British Railway authorities and summarized in Selig and Waters (1994). Table 2.1 presents the 

results of British Railway study into fouling materials found in mainline track on the island of 

Great Britain. 
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Table 2.3 British Railways Sources of Fouling (from Selig and Waters, 1994) 

 

Shown in Table 2.3, the British Railway study found that the contribution of fouling materials 

from external spillage (material spilling from train cars or atmospheric intrusion) was 50%. This 

is in stark difference to the 7% value derived in the North American study conducted by the 

North American Railroads.  As evidence for the British Railway‟s 52% external fouling action, 

ballast particles were claimed to be angular and in fine working condition after 15 years of use 

(Selig and Waters, 1994). This example shows that the fouling mechanisms differ between British 

and North American rail embankments. A number of factors may be the cause of this, including; 

ballast grain size and characteristic specifications, ballast rock types, embankment geometry, 

types and loading weights of trains, speed of trains, frequency of trains, maintenance practices, 

weather conditions and climate, surrounding land use (forest, fields, urban). The amount of 
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possible factors that affect the worldwide rates and severity of track fouling are numerous and are 

poorly understood as to their possible contributions. 

2.3.3 Effects of fouling on ballast 

The fouling process can create a number of detrimental effects on railway embankments, 

prompting the need to understand and mitigate the fouling process. The primary effect of ballast 

fouling is the modification of the settlement rate of the embankment. Han & Selig (1997) showed 

the effects of varying degrees of fouling and types of fouling material through experimenting with 

a number of “ballast box tests” laboratory experiments that measured settlement. These tests used 

a set weight of ballast material of specified distribution that was mixed with one of three particle 

types; moist clay, moist silt, or moist sand, each mixed with ballast by a controlled proportion by 

total sample weight ranging from 0% to 30%. These mixes of specified ballast and either clay, 

silt, or sand material were then tested for their settlement under periodic load on par with 

expected rail loadings. Figure 2.7 shows Han & Selig‟s (1997) findings on the settlement effects 

invoked by differing fouling modes, fouling material types, and water content of a given ballast 

sample. 

Han and Selig (1997) concluded that the ballast with fouling agents composed of moist silt settled 

less than ballast with moist clay if fouling severity (weight % of material < 6mm) was less than 

20%. Comparatively, it was found that moist silt fouled ballasts settled more than moist clay 

ballasts when fouling severity was greater than 20%. Han & Selig (1997) attributed this fact to 

the increase of cohesion resistance of the clay when it composed greater than 20% compared to 

silt. 
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Figure 2.7 Effect of fouling type and material type (top) and water content (bottom) on 

ballast settlement 
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Further settlement tests by Han & Selig (1997) compared the water content of fouled ballast 

compared to settlement. Testing found that settlement increased considerably as water content 

and fouling severity increased especially for wet clays. Increases in water content also allowed 

moist clay and moist silt fouled ballast to experience greater settlement compared to water 

deficient samples (Han & Selig, 1997).  

These tests show the importance of controlling the water content of ballast to minimize 

differential embankment settlement. Thus as ballast fouling severity and its subsequent water 

retention ability increases, the risk of increased differential settlement and degradation of track 

settlement can occur, compromising the safety of the rail embankment (Selig & Waters, 1994) 

2.3.4 Fouling Indices 

A number of fouling indices have been created to categorize ballast fouling severity based on 

parameters obtained from either field or laboratory investigations. Calculating the fouling index 

of a number of ballast samples allows for fast comparison of fouling severity between track 

locations and characteristics. Table 2.4 presents several proposed ballast indices.  

Selig and Waters (1994) proposed the first quantitative fouling index for North American rail 

ballast. The fouling index number is computed by adding the 4.76 mm and 0.076 mm passing 

values, usually derived from geotechnical sieving. Figure 2.8 presents the gradations representing 

ballast conditions that rate from clean to highly fouled, with the topmost curve representing the 

highly fouled distribution.  
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Table 2.4  Proposed Ballast Fouling Indices 

 

 

 

 

 

 

 

 

 

Fouling Index 

Classification 

Fouling Index 
(Selig and Waters, 

1994) 

Percentage Void 
Contamination (Feldman 

and Nissen, 2002) 

Modified Fouling 
Index (Ionescu, 

2004) 

Relative Ballast Fouling 
Ratio (Indraratna et al, 

2011) 

FI =  P4.76 + P0.075       
  
  
      FID = D90 / D10  

     

   
    
    

  

  
      

<1 <2 <2.1 <2 Clean 

1 to <10 2 to <9.5 2.1 to <4 2 to <10 
Moderately 

Clean 

10 to <20 9.5 to <17.5 4 to <9.5 10 to <20 
Moderately 

Fouled 

20 to <40 17.5 to <34 9.5 to <40 20 to <50 Fouled 

≥40 ≥34 ≥40 ≥50 Highly Fouled 

Px - Percentage passing at x grain size       

Dy - Particle size at y percentage passing (mm) 

 

Subscripts:   

M - dry mass of aggregate 

 

f - fouling material   

Gs - specific gravity 

Vx - Volume     b - fouling material + ballast   
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Figure 2.8  Grain Size Distributions representing ballast conditions from clean (bottom) to 

highly fouled (top) (from Indraratna et al, 2011 modified from Selig and Waters, 

1994) 

The fouling index test is the most simple to perform, requiring only sieve testing of the ballast 

samples. However, Indraratna et al. (2011) observed that the Fouling Index of Selig and Waters 

(1994) did not adequately take into the account the fouling source in its calculations. Ballast 

samples with varying sources of fouling would yield unrepresentative values while using the 

Fouling Index. For this reason, similar degrees of fouling would not yield similar Fouling Index 

results, making the index non-repeatable under certain fouling conditions. 

Feldman and Nissen (2002) put forward the Percentage Void Contamination (PVC) parameter 

that was based on the effect of void decrease between ballast to form a fouling index. The PVC 

value compares the volume of re-compacted ballast V1 (> 9.5mm) to re-compacted fouling 

material V2 (material <9.5mm) separated through the sieving process. These volumes are taken 

from ballast samples composing the entire ballast layer. An analysis by Indraratna et al. (2011) 
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commented that calculating the volumes for a PVC index is time consuming and that the grading 

of fouling particles cannot be taken into account. Thus, forming a large database of ballast 

samples, each with a PVC index, would be costly and time consuming due to the amount of 

laboratory work required. As well, without the fouling grain size values taken into account, 

fouling index estimates are higher if the ballast voids are filled with coarser material than usual. 

The PVC index is not repeatable for ballast samples with similar fouling severities but different 

fouling methods, skewing higher fouling index values to samples with coarse material filling 

pores. 

Ionescu (2004) modified Selig and Waters (1994) Fouling Index to better reflect the conditions of 

ballast fouling in Australia. Based on the specific ballast studied, the modified fouling index was 

formed based on the ratio between the 90% and 10% passing grain sizes. This setup was created 

through samples specific to field sites in Australia, with the track ballast made up predominantly 

of coarser igneous ballasts than their North American counterparts. Thus the resulting ratio ranges 

are specific to the coarser ballast placed commonly in Australia (Ionescu, 2004). 

Indraratna et al. (2011) tried to overcome the drawbacks of the Fouling Index and Percentage 

Void Contamination fouling indices by creating the Relative Ballast Fouling Ratio (RBFR). This 

new ratio takes into account the specific gravity of fouling materials versus the ballast, allowing 

the ratio to consider the type of fouling within the ballast (e.g. coal dust versus in place abrasion). 

The RBFR takes some extra work compared to the Fouling Index because specific gravities of the 

varying materials must be taken into account. This can prove challenging in terms of estimating 

the specific gravity of the fouling material if the source or lithology are not explicitly known. 

However, with the SG values of the fouling material and ballast, a more representative fouling 

classification can be made since the fouling type is taken into account.  
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2.4 Track Ballast Maintenance Procedures  

To manage the poor track conditions that fouling causes to rail track infrastructure, rail 

companies perform routine maintenance on rail track to increase the safety and prolong 

operational life. Through progressive train traffic loading and ballast fouling, vertical and lateral 

movement of the track rails occur over time, making periodic maintenance essential to correct 

track orientation. Maintenance costs for ballast rehabilitation run into the 100$s of millions per 

year, making the improvement of ballast performance and engineering an important goal for 

railway companies. 

2.4.1 Tamping 

Tamping is the primary maintenance method for improving the stiffness of the substructure to 

increase its ability to resist track movement. In North America, the general interval for tamping 

maintenance can be between anywhere from 2 years to 10 years, depending on the rail line type 

and loading characteristics experienced (CN, 2010). The tamping operation is run by a tamping 

machine and is intended to improve the long wave length faults that arise from long term rail 

traffic. Tamping is also said to be the most effective way of correcting faults in track geometry 

(Selig and Waters, 1994). Figure 2.9 shows the general tamping procedure, where the tamping 

machine raises the rail to a specified height and then uses the tamping plates to compress the 

ballast underneath the track ties. The tamping plates then vibrate to better compact the material 

and maximize ballast density under the rail ties. 
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Figure 2.9  Tamping action on ballast below a rail tie (from Selig & Waters, 1994) 

Based on past studies by Selig and Water (1994), the tamped ballast underneath the rail tie will 

soon compact back to its pre-tamped profile. This is due to the ballast dilating when it is pushed 

into the void created under the tie. Once train traffic resumes over the tamped tie, compressive 

forces will soon re-pack the ballast close to its pre-tamped orientations. However, this behavior 

can be reduced by lifting the tie higher to compensate for the subsequent ballast compaction and 

settlement. Tamping also causes small amounts of particle breakage, with higher tamping 

maintenance cycles creating greater amounts of particle breakage (Selig and Waters, 1994). 

In relation to ballast fouling, a comprehensive study by Aursudkij (2007) found that a proxy 

laboratory test of ballast tamping caused the formation of  fouling particles. However, there was 

not a sufficient amount of degradation observed to account for the amount of fouled material 

found within UK field sites using comparable ballast types. Aursudkij (2007) concluded that the 
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higher traffic loads in the field sites, along with the external input of fines from train car spillage 

and airborn particulates, accounted for the discrepency from laboratory results. The study also 

concluded that while tamping decreases track settlement initially (its intended goal), a faster rate 

of settlement occurs afterwards (Aursudkij, 2007). 

The test track central to this study also underwent periodic tamping as both a general maintenance 

procedure as well as during track undercutting. Thus, possible ballast fouling contributions due to 

tamping effects are taken into account and studied. 

2.4.2 Shoulder Cleaning 

Shoulder cleaning is a newer ballast maintenance procedure with claims by tamping machine 

manufacturers that it reduces track fouling (Ashley, 2008). Replacing the shoulder ballast of the 

railway embankment has become an increasingly common maintenance procedure for the 

rehabilitation of fouled track. Ballast shoulder cleaning is a type of undercutting that removes the 

previous shoulder ballast that has deteriorated over its service life and replaces it with freshly 

quarried ballast that meets the ballast specification. The intent behind the shoulder cleaning is to 

increase the hydraulic conductivity of the shoulder ballast and to allow fine grained material 

within the central ballast zone to drain out through the shoulders once saturated. Figure 2.10 

presents a commonly used shoulder cleaning train that is manufactured by Loram Inc, USA. 
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Figure 2.10  Ballast Shoulder Cleaning Machine (from 

http://www.loram.com/Services/Default.aspx?id=244) 

Loram, a shoulder cleaning machine manufacturer, states in an article for the International 

Railway Journal (2008) that shoulder cleaning is “90% cheaper than undercutting” and that once 

shoulder cleaned, “the fouled material in the crib will then begin to migrate out to the shoulders”. 

However, are no scientific studies or evidence pointing towards this behavior in North American 

track systems. One industry lead study by Loram and MRS Logistics stated that “…shoulder 

ballast cleaning is an excellent method to restore track drainage, especially with the heavy 

tropical rainfalls that are typical in the long rainy season, by using the rainfall to assist in cleaning 

the full ballast section” (Marconi et al, 2008). Currently there is no independent evidence that 

shoulder cleaning is effective in increasing drainage in North American rail systems. Since track 

embankments do not experience the periodic torrential rains that are alleged to clean out the 

ballast, a conclusion cannot be drawn.  

CN Rail is currently using shoulder cleaning on its Canadian track assets, most importantly 

within the study area of Joliette Subdivision, Quebec a few years before the ballast study. 

Therefore the possible effects of shoulder cleaning were taken into account when considering 

ballast gradations on the north and south shoulders of the track. 



 

36 

 

2.4.3 Ballast Undercutting. 

Ballast undercutting is currently the most comprehensive option for the rehabilitation of fouled 

ballast layers. However undercutting is time consuming, disruptive to rail traffic, and expensive 

as well (Selig and Waters, 1994). The procedure entirely replaces the ballast layer and replaces it 

with both fresh ballast and recycled ballast of suitable size screened directly out of the undercut 

track material. Currently this is the only way to fully rehabilitate the shoulders and center of track 

ballast without entirely removing the rail track. 

Undercutting operations are generally performed at night while the rail track is shut down from 

rail traffic. The undercutting process was conducted by an assortment of track equipment, each 

performing their specific operation. They were generally organized as follows: 

1. Undercutter: Lifts track, removes ballast, places recycled ballast 

2. Tie Repair Train: Crew that replaces damaged ties with new ties 

3. Grader/Sweepers: Grade and shape the track geometry 

4. Tamper Car: a number of tamper cars tamp each tie. 

5. Vibrator Car: vibrates track embankment to consolidate ballast layer 

6. Tamper Car: a number of tamper cars tamp each tie. 

7. Ballast Train: installs freshly quarried and processed ballast into the track  

8. Tamper Cars: a number of tamper cars tamp each tie. 

Overall, undercutting costs approximately $100 000 per day and can rehabilitate approximately 

1000 m of track in a 10 hour shift (CN, 2010).  While undercutting was taking place during the 

ballast study, it only affected study sites after the trenching and been completed. Samples of both 

the material rejected and recycled by the undercutter were taken as well. 
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2.5 Common Ballast Field Investigation Methods 

There have been a number of ballast studies since the 1950‟s that have explored an assortment of 

field investigation methods and practices. This section illustrates the various types of field 

investigation efforts that have been conducted over the years to study many aspects of ballast and 

track sub-structure. 

2.5.1 Test pits and Trenching 

A common method for any geotechnical field investigation is the implementation of test pits and 

trenching for the characterization of earth structures. This has been especially true in the study of 

railway substructure to investigate ballast, sub-ballast, and subgrade components. Previous 

studies have used excavations ranging from hand excavated shallow test pits (Brough et al, 2003) 

to meters deep trenches backhoe excavated along the track shoulder (Wentry, 2005). Figure 2.11 

shows an example of a trench cut along the rail embankment to reveal the ballast, sub-ballast, and 

immediate subgrade layers. 

Excavating larger trenches during ballast investigations has the benefit of providing access to the 

ballast cross section, otherwise inaccessible during normal track operations. The trenches provide 

ease in taking samples and the characterization and recording of the embankment substructure. 

However, excavating trenches larger than a minor surface test pit is difficult due to concurrent 

track utilization. Large scale trenching can only be conducted during track maintenance in order 

to repair the ballasted section soon after.  
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Figure 2.11  Example of a deep cut trench parallel to track embankment (from Wenty, 2005) 

Sampling from trenching is preferable due to the control an investigator has on the sample region 

and resulting sample sizes. Samples can be taken of sufficient size to conduct proper ASTM 

qualified sieve testing, stress testing, and any other required geotechnical tests. If the trench is of 

sufficient depth, the entire column of the track substructure can be investigated and sampled from 

the ballast to the subgrade. Direct access to the ballast layers allows for a greater quantity of 

material to be sampled, allowing for a wide array of laboratory testing to be conducted. Thus, 

data obtained from sampling and subsequent laboratory testing is of high quality due to the 

amount of tests that can be performed. However, currently trenching does not allow for the 

determination of quantitative density data. The disturbance generated by trenching operations also 
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limits the ability to determine material density once trenching has been completed within an area. 

If density data is required, field tests such as shear vane, cone penetration testing, or geophysics 

testing must be conducted prior to embankment trenching operations. 

With most ballast investigations on live track, trenching is generally limited due to the 

disturbance and disruption that occurs to the rail track components and substructure. Without 

immediate maintenance to the track area such as in the Joliette case, the stability and safety of the 

track structure is compromised for future trains. Thus, implementing multiple field investigation 

techniques along with major embankment trenching can be difficult due to the time required to 

return the track to suitable working order as soon as possible.  

Deep cross sectional trenching on the side of the rail embankment such as the trenches excavated 

by Wenty (2005) is not be feasible on a live rail system. Though the trenching conducted by 

Wenty (2005) offers comprehensive access to the track substructure for investigation and 

sampling, the track embankment is left in a damaged state that would not allow safe use by trains 

soon after investigation. 

Similarly, hand excavated test pits and small scale trenching for ballast investigation such as 

those used by Brough et al (2003) do not return a comprehensive view of the entire track 

embankment column. However the relatively non-destructive trenching by Brough et al (2003) 

permitted calibration of  other surface and sub-surface investigation techniques such as; cone 

penetration testing, ground penetrating radar, automatic ballast sampling, and falling weight 

deflectometer testing. While small scale test pits cannot return comprehensive data sets of grain 

size distribution and other rock properties, other investigation techniques can be implemented 

along with the trenching. These include tests to measure; soil density, shear strength, ground 

profiles, compaction, and also extract disturbed continuous cores (Brough et al, 2003). 
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2.5.2 Cone Penetration Testing 

The cone penetration test (CPT) works through driving a 60 degree apex, 34.5 mm diameter cone 

through soil in order to determine the pushing force required to penetrate a given soil medium. 

The cone, with a specially made casing behind it, is pushed through the soil strata using a 

platform similar to a small drilling rig (Figure 2.12). 

 

Figure 2.12  Example of a Cone and Sleeve mechanism used in CPT (from 

http://soiltestingequipment.blogspot.com/2010/01/notes-on-cone-penetrometer-

test.html) 

Shown in Figure 2.12, the resisting pressure on the cone (qc) is measured using the force exerted 

on the cone tip divided by the surface area of the cone. The friction acting on the casing behind 

the cone is also recorded as the sleeve friction (fs). The resisting force on the cone and sleeve are 

either measured through hydraulic pressure or using electronic strain gauge load cells within the 

cone apparatus. Incorporating the qc and fs values together, the friction ratio of the strata is 
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calculated (fs/qc). A general soil classification can then be conducted of the soils encountered 

during testing (Selig and Waters, 1994). 

In a British ballast investigation conducted by Brough et al (2003), cone penetration testing was 

used in seven sections of the rail track with eight tests at each section using a 7.5 tonne capacity 

electric cone. The use of the CPT allowed the researchers to confirm the existence of subgrade 

depressions within the track that were causing rough track conditions. Data from the tests 

included soil type, shear strength, and coefficients of column compressibility within each section. 

Friction ratio data of the CPT were used to determine the prevalence of fouled ballast compared 

to clean ballast due to relative frictional resistance of the two mediums (Brough et al, 2003). 

For the Joliette investigation, CPT was not be used due to logistical issues with track maintenance 

and undercutting operations. There was limited time during maintenance operations for a drill 

crew to conduct cone penetration testing. However, based on the success of previous ballast 

studies using CPT, testing would be valuable to conduct at study locations before trenching. The 

CPT test would help determine soil type, shear strength, and compressibility data of the rail 

superstructure substructure strata and easily cross references with trenching data.  

2.5.3 Ground Penetrating Radar Testing 

An increasingly common non-destructive track substructure investigation technique is the use of 

ground penetrating radar to image the depth and extent of various layers below the track. Several 

studies have been undertaken to test the veracity and effectiveness of GPR imaging for 

characterizing fouled rail ballast, including studies by Grainger (2001), Hyslip et al (2003), 

Sussman et al (2003), Roberts et al (2009), and Anbazhagan et al (2011). 

Ground penetrating radar (GPR) operates by sending a set frequency of electromagnetic waves 

from a transmitter into substrata and then measuring the difference in the reflected waves. If the 

transmitted electromagnetic waves cross through a region with a different dielectric current than 
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the surroundings, then the returned electromagnetic wave will have different properties than when 

it was transmitted. In the case of GPR track investigation, these areas of different dielectric 

currents within the substrata include; water table, clean ballast, fouled ballast, moderately fouled 

ballast, sub-ballast, and subgrade. Depending on the strength of the returned signal, a researcher 

can determine the depth, thickness, and perhaps even the severity of fouled materials (Hyslip et 

al. 2005).  

The GPR transmitter/receiver pairs, commonly known as „horns‟, operate using electromagnetic 

waves with frequencies in the microwave range from 50 MHz to > 3000 MHz. An example of the 

resulting GPR data received from running a traverse along a ballasted rail track is presented in 

Figure 2.13. 

 

Figure 2.13  Plot of returned 1000 MHz GPR data (after Hyslip et al, 2005) 

The magnitudes of the returned electromagnetic signals from the GPR will show reflecting 

interfaces that constitute the top of sub-ballast and subgrade boundaries. Additionally, studies by 

Hyslip et al (2005) and Sussman et al (2003) have found that higher GPR frequencies reduce 
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penetration depth of the strata during imaging. However, the resolution and density of the 

returned reflection data increases in turn. As an example, a 500 MHz horn would expect to have a 

penetration depth of 1 m with moderate resolution while a 3000 MHz horn would have a 

penetration depth of 20 cm with very high data resolution. To balance the penetration depth and 

effectiveness of both high and low GPR operational frequencies, Roberts et al (2009) mounted a 

3000 MHZ on both the left and right side of a high rail vehicle with a 500 MHZ horn attached in 

the middle bracket, as shown in Figure 2.14. 

 

Figure 2.14 A 3000 MHz horn (left and right) and a 500 MHz (center) horn mounted behind 

a high rail vehicle (after Roberts et al, 2009) 

With the kind of GPR setup pictured in Figure 2.14, large extents of rail track substructure can be 

imaged and processed rapidly. Roberts et al (2009) concluded that implementing high rail GPR 

systems is a feasible approach to routine inspection ballast and ballast fouling conditions. 

However, GPR is not a suitable in determining a highly accurate indication of the extent of ballast 

fouling compared to the fouling indices derived from grain size distribution data (Roberts et al, 
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2009). For this reason, GPR is best suited for rapid inspection of ballast for issues relating 

maintenance and undercutting needs but not detailed research needs.  

 

2.6 Ballast Laboratory Testing and Important Data Types 

2.6.1 Ballast Grain Size Distribution Data 

The grain size distribution of Ballast is a primary indicator of its mechanical suitability as a rail 

substructure component. The grain size distribution of a soil is a list of proportion values 

(generally a percent) that define the relative amounts of grains, sorted by size (diameter of the 

particles) within a given soil sample. These values are normally represented as a grain size 

distribution graph, shown in Figure 2.15 with the CN ballast specification for reference.  

 

Figure 2.15  Typical grain-size distribution curves for well-graded and poorly graded soils  
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In Figure 2.15 the x axis of the grain size distribution graph is the particle size (in mm) on a log 

scale. In comparison, the y-axis lists the % by weight (from 0% to 100%) of grains passing the 

corresponding particle size value. The figure also shows the size range for silt/clay, sand, and 

gravel along with their respective fine, medium, coarse sized specification according to ASTM 

naming standards. A grain size distribution plot is essential in the study of ballast fouling because 

of its ability to represent the proportion of fouling agents found within a ballast sample (Craig, 

2004). 

2.6.1.1 Sieve Testing 

The single most effective method to determine the grain size distribution is through the use of 

sieve equipment. The standard for sieving and coarse ballast is ASTM D2487-10 titled “Standard 

Practice for Classification of Soils for Engineering Purposes (Unified Soil Classification 

System)”.  The most common sieve equipment available to most geotechnical labs are 30.5 cm 

diameter circular sieve stacks, as shown in Figure 2.16.  

  

Figure 2.16  Example of 30.5 cm (1‟) sieve pans and corresponding soils (After 

http://blogs.warwick.ac.uk/morleyd/monthly/0108/) 
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In regard to Figure 2.16, 30.5 cm diameter sieves are best suited for smaller soil samples less than 

500g, which is not ideal for Ballast study. Based on ASTM C136-06, to determine a statistically 

significant grain size distribution of a soil sample with 1.5” as the maximum grain size, a 

minimum sample weight of 15 kg is required. In order to process samples larger than 500g, larger 

aggregate sieves are required, most commonly being large rectangular pan aggregate sieves (86 

cm x 51 cm). Figure 2.17 shows an example of the large pan sieves and the sieve shaker 

commonly used to test coarse aggregate. 

 

Figure 2.17  Large Mesh Rectangular (86 cm x 51 cm) Sieves and Shaker 

As pictured in Figure 2.17, this type of large rectangular sieve shaker is adequate for testing bulk 

ballast samples of ~ 15 kg. The apparatus can give accurate grain size distributions of aggregate 

materials such as rail track ballast.  

2.6.1.2 Hydrometer Testing for Soils < 0.076 mm 

Determining the grain size distribution of the silt and clay sized particles (< 0.076 mm) within a 

sample requires specialized testing beyond what is capable from dry sieving. This section will 

outline the hydrometer test, the primary method used to evaluate the silt/clay particle sized 

portion of a soil sample. 
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Hydrometer testing is the most common test for outlining the < 0.076 mm portion of the soil 

grain size distribution down to particle diameters of 0.0010 mm. The hydrometer method 

determines the clay and silt portion through suspending the material in a column of distilled water 

and measuring, at specific times (2 min, 5 min, 10 min, 15 min, 30 min, 1hr, 4hr, 24hr), the rate at 

which varying grains of certain diameters settle out of solution. Settling rates are measured 

inserting a hydrometer into the suspension column and measuring the height at which the 

hydrometer floats, indicating the density of the solution. The diameters of the varying grain sizes 

are then calculated through equation [1] 

     
 

 
 [1] 

In equation [1], D is the diameter (mm) of particles settled out of solution, K is a constant 

depending on the temperature of the suspension and specific gravity of the particles, L is the 

effective depth as measured by the hydrometer, and T is the time interval from the beginning of 

sedimentation to the reading time (ASTM, 2011).  

Ultimately the grain size distribution of the clay and silt are constructed using the hydrometer 

calculations with its internalized assumptions about settling rate. Overall the test is adequate in its 

accuracy to determine the grain size distribution of the clay and silt range of a soil (Craig, 2004). 

However, care must be taken to leave the soil column undisturbed throughout the test, especially 

during insertion of the hydrometer to cause minimal agitation to the suspension column.  

2.6.2 Aggregate Durability Testing 

A number of methods have been developed and used to test the durability and hardness of ballast 

rock. Each test attempts to quantitatively determine the suitability of a ballast for track 

performance. This section outlines the most common aggregate durability testing methods used in 

both industry and research. Each test method is described along with its suitability for use in the 

research program assessed and discussed. 
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2.6.2.1 Micro-Deval Testing 

The Micro-Deval test is a refinement of the older Deval test that, according to its ASTM standard, 

“… is a measure of abrasion resistance and durability of mineral aggregates resulting from a 

combination of actions including abrasion and grinding with steel balls in the presence of water.” 

(ASTM D6928-10, 2011) 

The Micro-Deval test variant that tests the maximum particle size allowable calls for a 1500 g 

aggregate sample with particle size between 9.5 mm to 19.0 mm. The sample is soaked in water 

for at least one hour, where it is then placed in a mill jar along with 2.0 L of water and 5000 g of 

9.5 mm diameter steel balls. The water, aggregate, steel charge mix within the jar is then rotated 

at 100 rpm for up to 2 hours, dependent on the sample particle size. After the rotations are 

complete, the sample is washed and oven dried to calculate the % loss as shown in equation [2]. 

                                                            [2] 

Where in equation [2], the % Loss is calculated by using the % Passing 1.18 mm (No.16) sieve, 

representing the material lost from the original sample aggregate. Figure 2.18 shows the 

containment jar, steel charge, and testing apparatus used in the Micro-Deval test. 

 

Figure 2.18  Micro-Deval test jar, steel charge, and rotation apparatus 

(http://www.matest.com/homepage-en.aspx) 
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The micro-Deval test has seen an increase in use since the year 2000 after a great deal of research 

concluded its efficacy and repeatability. The strength of the Micro-Deval test lies in the presence 

of water during testing, which allows for further degradation of the rock under wet conditions, 

similar to field conditions. This type of testing is in contrast to LA Abrasion, which induces 

abrasion on a dry sample. The repeatability of Micro-Deval test results has also been verified over 

a number of scientific studies, including research by Hunt (2001), Jayawickrama et al (2006), and 

Tarefder et al (2003). Similarly, good correlations between Micro-Deval test results and the field 

performance in asphalt of the same aggregates have been found by Wu et al (1998) and Fowler et 

al (2006), and Tarefder et al (2003). Based on these previous conclusions, the Micro-Deval test is 

considered a suitable alternative to the LA Abrasion test in determining the abrasion resistance of 

a given aggregate sample. 

While ballast sized particles cannot be directly with the Micro-Deval due to its size, smaller 

particles of the same rock-type as the ballast can. A general wearing characteristic, the % loss, 

can be calculated once Micro-Deval and can be used to also estimate the degradation potential of 

the ballast sized rock. While not a direct test of ballast, the information gathered from the test is 

still an excellent metric in ballast durability based on the general repeatability and consistency of 

Micro-Deval test results. 

2.6.2.2 LA Abrasion Testing 

ASTM C535-09 outlines the Los Angeles abrasion method and describes it as follows:  

“This test is a measure of degradation of mineral aggregates of standard gradings resulting from a 

combination of actions including abrasion or attrition, impact, and grinding in a rotating steel 

drum containing a specified number of steel spheres, the number depending upon the grading of 

the test sample.” (ASTM, 2011) 
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A dry sample mass, controlled by both mass and gradation, is input into the LA Abrasion cylinder 

(Figure 2.19) along with 12 steel balls with diameters of 47 mm and a total cumulative weight of 

5000 g. 

  

Figure 2.19  LA abrasion testing cylinder and apparatus (http://www.humboldtmfg.com/c-7-p-

472-id-7.html, 2011) 

Within the cylinder shown in Figure 2.19, the sample then undergoes a series of 500 cyclic 

impact and crushing events through the rotation of the steel drum.  Once the 500 abrasion cycles 

are completed, the now abraded aggregate sample is removed and the resulting grain size 

distribution is determined through the standard sieving process already discussed. The pre-

abraded and post-abraded grain size distribution data are then compared to determine the material 

loss percentage based on the original mass of the test sample. 

Abrasion loss can be simply calculated using equation [3]: 

                                                         [3] 
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Where the % Abrasion Loss is simply the % Passing 25.0 mm (1 inch) sieve, since any material 

passing the sieve size was formed through the abrasion test (ASTM, 2011). According to the 

current Canadian National Railways specification for crushed rock ballast (1996) class 1 main 

line ballast is required to have an abrasion loss less than 20% using ASTM Grading “2” (5000g at 

76 mm, 5000g at 52 mm).  

The LA Abrasion test has been a popular tool for the testing of aggregate durability in both 

industry and research contexts. The test gives an adequate indication of the relative quality and 

competence of an aggregate with similar mineral composition. However, as concluded by many 

studies related to the use of LA Abrasion testing of aggregate, the results of the LA abrasion are 

unsuitable for comparison between aggregate sources of distinctly different origin, composition, 

and geological structure (ASTM, 2011). Likewise, research by Wu et al (1998), Brandes and 

Robinson (2006), and Tarefder et al (2003) concluded that the LA Abrasion test cannot accurately 

predict field performance in relation to asphalt mix. However, Lim (2004) concluded that LA 

Abrasion testing was adequate to identify specifically ballast field performance, which directly 

relates to the research presented in this thesis. 

Ultimately the LA abrasion test was chosen for use in the CN Joliette ballast investigation 

because of its ability to test 10 kg quantities of ballast sized (76 mm and 52 mm) rock. This is 

compared to the Micro-Deval test, which can only test a maximum particle range of 19.0 mm 

passing to 9.5 mm retained, a size range outside standard specified ballast. While studies such as 

Cueloho et al (2008) conclude that the Micro-Deval test is more conservative than the LA 

abrasion test when comparing the durability of an aggregate, the LA Abrasion test is still 

adequate and the best suited for processing ballast sized material (Lim, 2004). Access to LA 

abrasion equipment was also readily available to the research team. Also important, was the 

ability for easy mixing of ballast samples for LA abrasion testing, e.g. 60% limestone and 40% 

gneiss, to form a testing matrix of the breakdown of an array of different testing mixes, all using 
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actually ballast. Thus, for the laboratory testing conducted in this study, the LA Abrasion 

procedure was implemented to evaluate the durability of samples in-situ ballast along with 

specified, fresh ballast. 

2.7 Petrographic Analysis 

Determining the rock-type of the various ballasts encountered in the study was important to help 

identify the causes of ballast fouling. Knowing the rock-type and mineralogical makeup of ballast 

allows for the identification of particles and their likely origin. Petrographic analysis has been 

used extensively in the creation of ballast specification standards (Klassen et al, 1987)(Watters, 

1987). Petrography can also be used to determine the source of fouling particles within the ballast 

void spaces, such as studies conducted by Di Pilato (1983), Collingwood (1988), and Tung 

(1989). This sections outlines the petrographic and petrological methods available to evaluate the 

ballast rock from the CN Joliette subdivision track study site. 

2.7.1 General Petrographic Rock-Type Identification 

The use of simple petrography for rock-type identification is a valuable tool to aid in the 

assessment of ballast rock. Through an assessment of the texture of a rock, colour, hardness, and 

mineral identification, a general rock-type identity can be ascertained (Selig and Waters, 1994). 

This expedient method was required to assess the rock type and their relative proportions for 

ballast samples. Figure 2.20 shows a diagram to aid in the estimation of relative proportions of 

rock during basic petrography. 
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Figure 2.20  Diagram used to judge relative proportion of rock (after 

http://www.for.gov.bc.ca/hfd/pubs/docs/sil/sil411/A4110024.htm) 

While this type of petrography is not too sophisticated, it allows for the assessment of very large 

quantities of rock. This rapid rock-type identification and relative proportion estimation method 

was a suitable method for the large array of ballast sample material collected during the CN 

Joliette ballast field investigation. 

2.7.2 Petrographic Thin-Section Analysis. 

Petrography of ballast is not common among the rail industry due to the lack of experienced 

petrographers and the monetary cost and time required to run petrographic on ballast rock 

(Watters, 1987).  The quality of the petrographic relies entirely on the experience and skill of the 

petrographer conducting the work. However, if done correctly, petrographic analysis of ballast 
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rock is extremely valuable to determine a ballast rock‟s mechanical and chemical properties 

(Selig and Waters, 1994). 

Petrographic analysis of thin-sections using a petrography micro-scope works by mounting 30 cut 

wafers of rock onto a glass slide and evaluating it using either normal or polarized light. 

Depending on the type of light used in evaluation, different aspects of the constituent minerals 

can be seen and identified. Figure 2.21 features a diagram of a standard petrographic microscope 

along with an example of a rock thin-section viewed under normal and polarized light conditions. 

 

Figure 2.21  Diagram of a standard petrographic microscope and its magnified view of a rock 

sample( after http://geology.isu.edu/geostac/Field_Exercise/Cassia_mtns/thinsect.html) 

Shown in Figure 2.21,the thin-section analysis of a ballast rock is used to assess the relative 

proportion of minerals within each specific rock sample. A number of other features can also be 

characterized, including the internal rock texture, including; particle shape, orientation, 

consolidation, porosity, and permeability (Selig and Waters, 1994). The structure of the thin 

section samples were also analyzed, including; void spaces, amygdules, foliations, bedding, 

laminations, and any mineral banding present. Through assessing these characteristics of the 

ballast particles, the possible structural weaknesses that affect abrasion qualities of the ballast can 

be determined (Watters, 1987) 
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2.7.3 X-Ray Diffraction Powder Testing  

The X-Ray Diffraction (XRD) analysis technique is used to determine the mineralogical makeup 

of a powdered rock sample (< 0.076 mm) based on the novel signatures of reflected X-Ray waves 

(Peterson, 2008). XRD testing has been used in previous studies to help determine the fouling 

components of ballast, notably Colingwood (1988) and Tung (1989).  Figure 2.22 presents a 

diagram of the XRD and the process used to evaluate the mineral content of a sample. 

 

Figure 2.22  Simplified diagram of the XRD powder testing apparatus, prepared sample, and 

intensity vs diffraction angle graph (after http://www.rigaku.com/xrd/miniflex-

show/abcamber03.jpg) 

The X-Ray tube emits radiation through a series of filters and slits onto the powdered sample 

wherein the light is diffracted and emitted into a detector. An example of a prepared powder test 

sample is also located in the top right corner. Lastly, an example of the intensity vs angle graph 

used to identify the molecular makeup of the power is located in the bottom right. 
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The signature of a given X-Ray diffraction is made up of its d-spacing, the angle of diffraction of 

the wave, and the count measured by a diffractometer. The d-spacing, measured in angstroms (1 

angstrom = 1.0x10-10 m), represents the distance between the atomic planes within a minerals 

atomic lattice. The angle of diffraction measured by the XRD is double the true angle of 

diffraction, this double angle is known as the 2-theta. The 2-theta angle is specific to the mineral 

type and when combined with the d-spacing and count will yield the most probable mineral type 

scanned. The final data piece, the count, is measured as the number of wave responses measured 

by the diffractometer at varying angles of diffraction. Through testing the response of various 

angles of diffraction on the mineral, the unique diffraction signature of the mineral can be 

compiled and assessed (Peterson, 2008). 

All of this information is plotted on a count intensity vs 2θ graph (Figure 2.23), where the data is 

then compared to a database of known material signatures to best predict the mineralogical 

content of a rock powder.  
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Figure 2.23  Example of a count vs 2θ intensity graph and best mineralogical content 

estimates 

Presented in Figure 2.23, by using the distribution, intensity, and location of the various peaks, 

the graph can be compared against known quantities and peaks to determine the mineralogical 

content. While the software isn‟t 100% accurate in its returned mineralogical estimates, further 

assessment by trained personnel can improve the accuracy of the test. 

 

2.8 Chapter Summary  

Based on the information presented in this section, a number of conclusions can be drawn about 

the current understanding of railway ballast. They are as follows: 

1. Types of dynamic forces affecting the track sub-structure to cause fouling: vertical 

(acting directly down from the train wheels), Longitudinal (act parallel to long axis of 

steel rail, due to forward velocity of train), and Lateral (perpendicular to long axis of steel 

rail, due to hunting oscillation of train wheels on the rail). 

2. Possible causes and sources of fouling material identified from the literature include: 

ballast degradation (identified as primary means of fouling in United States of America), 

rail tie degradation, intrusion of subgrade into the ballast layer, intrusion of sub-ballast 

into the ballast layer, intrusion of dust and material from surface (e.g. coal dust from train 

cars; identified as primary means of fouling in Great Britain),  

3. Types of maintenance used to remediate railway ballast include: undercutting (actual 

effectiveness not proven long term), shoulder cleaning (actual effectiveness not proven 

long term), and tamping (possible source of fouling material and increased ballast 

degradation.  
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4. Common field investigation methods identified for ballast study: trenching (hand 

samples, cross trenching, and automatic borehole sampling), cone penetration testing 

(both static and dynamic), and ground penetrating radar (rail car mounted or manual) 

5. Common geotechnical laboratory methods for studying ballast include: sieving, 

hydrometer testing, soundness testing, absorption testing, Atterberg limits, LA Abrasion 

testing, Micro-Deval testing.  

6. Mineralogical assessment methods include: hand sample petrography with hand lenses, 

thin section petrography with microscopes, X-Ray Diffraction (XRD) testing. 

The previous ballast research showed that most of the studies regarding ballast were derived 

from limited data sets, primarily from hand samples, core samples, or trenching on 

decommissioned rail track. The effect of ballast rock-type and their various mixing on 

possible fouling is also poorly understood. There was also limited research on larger scale 

field investigation of ballast on operating track to ascertain the concentration and severity of 

fouling materials within the ballast layer in-situ.  

To address these limitations in current ballast research, the present research within this thesis 

develops and assesses a novel field investigation and laboratory investigation to ascertain the 

relationship between the geotechnical and mineralogical factors of ballast in regards to 

fouling. Research was conducted to generate a larger data set for ballast information on 

operating track than has been compiled before. The larger dataset was formed to allow for the 

use of statistical analysis on the ballast information to better understand the possible factors 

and character of ballast fouling with statistical confidence. 
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Chapter 3. Site and Laboratory Investigation 

Methods for Ballast Analysis 
 

3.1  Site Background  

The primary research site for the ballast investigation research project was located along a span of 

rail track within the Canadian National Rail Joliette Subdivision. Figure 3.1 presents the track 

research area that lies between Joliette, QC and Saint-Justine, QC, located approximately 80 km 

North East of Montreal.  

 

Figure 3.1  Location of the track ballast research area within the CN Joliette Subdivision 
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The 37.28 km standard gauge rail track under study was part of the CN east-west Mainline that 

connects the Western provinces with Ontario and Quebec and finally to the East coast provinces.  

3.1.1 Land Use 

The land use patterns adjacent to the CN Joliette Subdivision main line track are primarily either 

agricultural or forested in the central and western portions of the study area. The track study area 

also borders urban and industrial zones in the eastern portion of the study area, within the city of 

Joliette. Figure 3.2 presents satellite photographs of the study area with the corresponding land 

use adjacent to the study track, denoted by coloured lines. 

 

Figure 3.2  CN Joliette Sub map for land use adjacent to study track 

As shown in Figure 3.2, the total length of track between Joliette, QC and St. Justine, QC is 34.37 

km long. The region was primarily used for agriculture, comprising 80.3% of land use adjacent to 
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track within the study area. The primary points of interest within agricultural zones included 

farmer crossings, where large wooden ties are laid parallel to the rail to allow vehicles and 

equipment to be safely transported between farm fields on either side of the track. Forested areas 

in the eastern portion of the study site are found along 5.06 km of track, comprising 11.8% of the 

total length surveyed. Most of the forested areas are found adjacent to the north side of the track, 

with the southern side composed of farm fields. Urban/industrial was the final form of land use 

adjacent to the track, making up 3.39 km of total track study length, or 7.9% . The 

urban/industrial designation includes the occurrence of roadways, warehouses, commercial 

buildings, and residential buildings within 50 m of the track. 

Of the 37 excavated trenches, 6 were taken within forested areas, 2 were taken within urban 

areas, and the rest of the 29 were taken from farm fields. The majority of trenches were taken 

adjacent to agricultural areas because the majority of undercutting was beside agricultural areas. 

Based on initial inspection of sampling sites, the land use patterns adjacent to any study point did 

not seem to control the degree of fouling found within an area. This also included seeing no 

indication of increased or decreased fouling occurrence in the proximity of bridges, rail curves, or 

road crossings. Further statistical analysis of the potential factor for adjacent land to affect track 

fouling is covered in chapter 4. 

3.1.2 Joliette Subdivision Geology  

3.1.2.1 Bedrock Geology 

The underlying bedrock Geology of the CN Joliette Subdivision was part of the Taconic 

Orogeny, which formed on the eastern portion of the North American plate during the Ordovician 

period (488 Mya to 443 Mya).  Figure 3.3 presents the geological map of South Western Quebec, 

with the red star denoting the location of Joliette, QC. 
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Figure 3.3 Geological Map of Joliette. (after MRN, 2002 – Geological map of Quebec. Edition 

2002. Ministry of Natural Resources Quebec; DV 2002-07, scale 1:2 000 000) 

As shown in Figure 3.3, The region is primarily underlain by Ordovician limestone and shale 

(dark blue and pink) with Shield province Mesoproterozoic metamorphic units to the north. 

During the Taconic Orogeny, the geological units were produced through accretion of island arcs 

forming a peripheral bulge on the eastern edge of the North American plate due to lithospheric 
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load on the continental crust. Uplift, bulging, and then erosion of these accretion arcs formed an 

unconformity between the Sauk and Tippecanoe super cycles, leaving a limestone karst 

environment behind.  

After a period of subsidence of the Taconic Orogeny, large scale deposition of deep water shale 

overtook the shallow water limestone deposition. In addition to sedimentary deposition during the 

Ordovician, area-wide mafic igneous intrusive events occurred to leave behind basaltic units 

throughout the Joliette region (James, 2010).  

3.1.2.2 Surficial Geology 

The surficial geology of the CN Joliette Subdivision adjacent to the mainline track is primarily 

comprised of Champlain Sea clay units of the Ste. Rosalie series, which are characteristic of the 

St. Lawrence lowlands (Berry and Torrance, 1998). Figure 3.4 presents a composite surficial 

geology map of the CN Joliette Subdivision. 

Presented in Figure 3.4, the surficial soils of the Joliette study region were formed near the 

coastal areas of the Champlain Sea, between approximately 12000 BCE and 9000 BCE. The 

Joliette region was inundated with sea water as the Late Pleistocene ice sheet retreated north and 

opened up the St. Lawrence lowlands to the Atlantic Ocean. Sea water was able to flow into the 

St. Lawrence lowlands due to the isostatic depression caused by the former ice sheet (Davis & 

Jacobson, 1985). During this time, the St. Rosalie series of very fine grained clays and loams 

were deposited within the deep waters of the Champlain Sea. These saline rich clay units, also 

known as Leda clays, are infamous for their sensitivity to liquefaction leading to widespread 

landslides and mass wasting. Shaking or vibrations enacted on the clay units can align the clay 

particles within the units parallel to each other, causing complete loss of shear strength and 

stiffness (Quinn, 2009).  
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Once deposition of the marine clay sediments ended due to retreat of the Champlain Sea, 

widespread alluvial rive deposition began at the ancient sea margin. These alluvial deposits are 

characterized by more coarse sands and gravels along with mixes of loam and sand. 

 

Figure 3.4  Joliette, QC region surficial soils found in the project area (from Canadian 

Department of Agriculture, 1957 Soil Survey of Berthier County – PQ9 (right), 

and 1961 Soil Survey of Joliette County – PQ28 (left)). 

Within the Joliette study region, Quinn (2009) interpreted the surficial sediment to comprise: 

marine deposits (41%), glacial moraine material (16%), post-glacial alluvial terrains (15%), 

glacial tills (12%), ice contact sand and gravel outwash (11%), bog sediments (3%), lacustrine 

sediment (1%), and exposed bedrock (1%). In comparison, the section of track studied was 
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underlain by Leda clay (50% of the track length), loam (30%), and sand (20%), as interpreted 

from the surficial soil map in Figure 3.4. Even with a substantial portion of the track underlying 

sensitive marine clays, the CN senior geotechnical engineer reported little trouble with the unit as 

a track subgrade (personal communication, April 2010). 

3.1.3 Known Ballast History for CN Joliette Subdivision 

From correspondence with the senior geotechnical engineer Mario Ruel of CN Rail in 2011, 

actual records on the historical undercutting, maintenance work, and ballast placement were not 

available. However, from the correspondence the following historical information was gathered 

with respect to the ballast rock types in the CN Joliette Subdivision: 

1. Before 1940‟s: Coarser sand and gravels were used or crushed river gravels with 

some instances of crushed rock for gravel use, specifications were very loose. 

2. Between 1940 and 1970: crushed limestone ballast from around Joliette, QC was 

predominately used, with possible instances of dolomitic limestone ballast from 

Coteau, QC and granitic ballast rock from near Shawinigan, QC  

3. 1970‟s – early 1900‟s: Nickel slag was imported from Noranda, QC with possible 

ballast sourcing of steel slag from near Sorel, QC. The use of slag ballast was then 

stopped during the mid 1990‟s due to environmental concerns from heavy metal 

leaching. 

4. Late 1990‟s to early 2000‟s: Use of limestone was stopped, as it was thought to 

create a great deal of plastic and impermeable fines grained material that negatively 

impacted ballast layer drainage.  

5. Mid 2000‟s onward: sourcing of hard basalt and other fine grained 

igneous/metamorphic materials from nearby shield quarries for ballast. 
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Since there was no information regarding the year or decade the different ballast types were 

installed into the sub-structure, the ballast analysis within this thesis will not take into account a 

given ballast type‟s duration of use. Thus, for the purposes of this study and its ballast evaluation, 

all ballast was assumed equal in time spent in operating track from where and when it was 

excavated and sampled.  

 

3.2 Field Investigation Method 

The ballast field investigation discussed in this work was conducted along the main line track of 

the CN Joliette Sub between May 3, 2010 and June 25, 2010 for a total of 8 weeks of 

investigation. 37 trench sites were investigated and sampled for a total of 269 samples taken from 

trenches. In general, each undercutting maintenance shift began at 10 pm and finished at 8 am. 

This allowed for between 1 or 2 trench sites to be excavated per night, depending on the location 

and track maintenance requirements for the day. 

Samples were taken during the undercutting project conducted on the Joliette Subdivision 

between track mile codes 83.5 to 101.3. The availability of a backhoe and a suitable location for 

its setup beside the tracks limited the research team‟s ability to select specific trenching locations. 

In addition, trenches had to be established within a section of track that would be immediately 

undercut and repaired, once research was complete. This was necessary to ensure that the track 

structure was re-built by the end of the designated track shutdown period for undercutter 

maintenance. Thus, the locations of nightly trenching and research were primarily controlled by 

the starting position of the undercutter train at the beginning of the maintenance period. To 

minimize conflicts with maintenance operations, a maximum of two trenching sites were 

permitted by CN for the ballast crew each night.  
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Geotechnical characterization and trenching of the ballast study sites was carried out to meet a 

specific list of study criteria. The developed sampling method needed to ensure the minimal loss 

of both the coarse ballast and its fine material. This was a requirement of the sampling method so 

as to later produce accurate grain size distributions from sieving and hydrometer tests. The 

sample points at each trench were also kept relatively consistent in regard to sampling depth and 

location. This was to allow for better comparative analysis of ballast material between sampling 

sites. A geotechnical classification of the degree of fouling, and site/trench photographs were 

recorded for each study site. A database, permitting evaluation of the site fouling was 

constructed, incorporating these results, and is presented and discussed in chapter 4. 

3.2.1 Site Preparation and Analysis 

3.2.1.1 Site Investigation Form 

At each study location a standard geotechnical investigation form, created specifically for the 

project, was used. A copy of a blank geotechnical investigation form employed during the ballast 

investigation campaign is found on the following page. 

The purpose of the geotechnical investigation form was to record a consistent set of data for each 

trenching site. A common form also meant the consistent recording of the most relevant and 

important characteristics for each sampling site. These characteristics include; track geometry, 

ditch geometry, weather conditions, GPS coordinates, and any notable site information such as 

proximity to a road crossing or the condition of the rail ties. Photographs of the surrounding 

terrain, track surface, track shoulders, and ditches were taken and were recorded before any 

trenching began.  Land use information was recorded to help determine if track geometry or 

surrounding land use correlates to the degree of fouling within a rail embankment. All of this 

geotechnical information has been incorporated into a database to permit evaluation of observed 

surface conditions in relation to fouling severity. 



 Queen’s Research- Ballast Testing Form:   
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CN Research- Ballast Testing Form: 

 

Date _______  /________ /___________       Station # (mile marker)______________________________________       

GPS Coords - N:_____________________________________W:_________________________________________ 

Weather  Conditions:____________________________________________________________________________ 

Site Conditions: Ditch – North: Depth _____   Land Use _______________________________________________  
                                           South: Depth _____   Land Use _______________________________________________ 
Ballast Geometry: Track Width (flat area) _____        N Shoulder width ______        S shoulder Width _____   
                 Surface:   Clean           Fouled                          Clean         Fouled                         Clean       Fouled     

Pictures:  Site – L      C      R       dir___    Track – L      C      R      dir____   Trench – L      C      R     dir _____ 

Voids: ________________________________________________________________________________________ 

Samples BT #: _______   CL _________________     UR(N/S) __________________  S(N/S) __________________ 

Under Tie – Center Line (all measurements from TOP OF TIE, Density on 1 to 5 with 5 being hardest, refer to ballast key for Type) 

Total Ballast Thickness _______  Clean Depth _________  Foul Depth _________     S/G Depth  ________  

Fouling:      Type ________________ Colour ________     Density _____     % Fines Estimate __________      

Sub Grade: Type ________________Colour _______  Structure _________________________________ 

Number of Samples _____ Depths _______________________________________    Wall Angle _______ 

Under Tie – Under Rail 

Total Ballast Thickness _______  Clean Depth _________  Foul Depth _________     S/G Depth  ________  

Fouling:      Type ________________ Colour ________     Density _____     % Fines Estimate ___________      

Sub Grade: Type ________________Colour _______  Structure _________________________________ 

Number of Samples _____ Depths _______________________________________    Wall Angle _______ 
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3.2.1.2 Subjective assessment of site fouling  

The perceived degree of fouling was assessed within a trench at each sampling site. Before 

surface and trench sampling was conducted, an assessment of the subjective fouling index was 

undertaken by looking at the trench profile as pictured above The degree of track fouling was 

organized as highly fouled, moderately fouled, or lightly fouled. These three fouling designations 

will be referred to as the Subjective Fouling Index (SFI). There were no encountered instances of 

trench sites with absolutely no fouling, omitting the „no fouling‟ designation from this study.  

During the investigation, separate samples were taken for each 15 cm depth increment below the 

base of the tie, separated laterally by the location with respect to the rail. Photographs were also 

taken. Table 3.1 presents the criteria used in field to assess the subjective fouling index. 

Table 3.1 Subjective Fouling Index assessment Criteria 

 
Surface Ballast Pore 

Space Intrusion 
Silt/Clay 

Boils 

Trench Ballast 
Pore Space 
Intrusion 

Fouling 
Material 
Cohesion 

Highly 

Fouled 

Full visible (50% to 
100%) fine material 
intrusion at surface 

Visible 
silt/clay 
pluming on 
surface 

Fines fill 100% of 
ballast pore spaces 

Highly cohesive 
hard packed fine 
material 

Moderately 

Fouled 

Moderate visible (25% 
to 50%) fine material 
intrusion at surface  

No silt/clay 
pluming on 
surface 

Fines fill  between 
50% to 100% of 
ballast pore spaces 

Somewhat 
cohesive, soft 
packed fine 
material 

Lightly 

Fouled 

Minimal visible  

(< 25%) fine material 
intrusion at surface 

No visible 
silt/clay 
pluming on 
surface 

Fines fill less than 
50% of ballast pore 
spaces 

No cohesion, 
loose fine 
material 

 

Presented in Table 3.1, four criteria were used to assess the fouling severity at each of the ballast 

trenching sites. The „surface ballast pore space intrusion‟ criterion represents the amount of fine 
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fouling material observed within the pore space on the track surface. Based on visual assessment, 

the proportion of fines to open void space was observed and photographed. The „silt/clay boils‟ 

criterion, similar to the surface ballast pore space intrusion criterion, was used if a plume of fine 

grained material had intruded to the track surface and build up into a discrete layer. Figure 3.5 

shows an example of no silt/clay pluming on the left and severe silt/clay pluming (a.k.a mud 

boils) on the right.

 

Figure 3.5  Example of clean ballast with no silt/clay pluming (left) and silt/clay pluming 

forming „mud boils‟ (right) 

In Figure 3.5, the right photograph shows how the voids on the ballast surface can be completely 

filled with a matrix of fine grained clay to sand sized soils. When the supporting matrix of 

observed ballast was clearly largely made up of fine grained material, it was immediately 

designated as high fouling. 

The third criteria used in assessment, „trench ballast pore space intrusion‟, was similar to the 

surface intrusion criterion except that the observations were done on the side wall of the trench. 

The ballast layer was inspected and a quick visual assessment was made to determine the 

proportion of filled ballast pore space versus clear ballast pore space. Examples of the appearance 

and resulting SFI assessment from trench excavations are shown in Figure 3.6. 
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Figure 3.6  Example of the subjective fouling index and their related appearance in field. 
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Presented in Figure 3.6, trenches in which the ballast void spaces were 100% filled with fouling 

material were designated either moderately fouled or highly fouled ballast, depending on the 

fourth criteria, cohesion. The fouling material cohesion criterion was based on a quick visual 

assessment of the density and hardness of the fouling material packed within the void space. 

Highly fouled trenches had very high cohesion, making t very difficult to pry ballast rock from 

the fouled matrix.  

In comparison, moderately fouled trenches contained cohesive fouling material similar in 

consistency to soft clay or wet sand, easily manipulated and pliable by a spade. Lightly fouled 

trenches contained fouling material that was dry, loosely packed, and easy to excavated to remove 

ballast rocks. By setting forth these criteria during SFI evaluation, the severity of ballast fouling 

could be consistently and quickly evaluated for each trench. 

The SFI was developed to provide a quick assessment of fouling conditions at the site. However, 

the SFI cannot replace the more objective fouling indices developed by Selig and Waters (1994), 

Feldman and Nissen (2002), Ionescu (2004), and Indraratna et al (2011) for the assessment of 

ballast, which are discussed in Chapter 4. The SFI system is useful simply for preliminary 

assessment, organization, and communication during ballast field investigations. 

3.2.2 Trenching and Sampling Protocol 

Exploratory trenches were excavated parallel to rail ties and perpendicular to the rail using a 

Caterpillar® backhoe. The removal of a tie, by CN personnel, was required to provide adequate 

space for the backhoe shovel to dig a trench between the ties. Figure 3.7 shows the beginning of 

trenching by the backhoe bucket. 
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Figure 3.7  CN Backhoe begins excavating the trench (top) and a close up cross-section view 

of a finished trench (bottom). 

Ballast sampling was conducted in two separate stages; the first being grab samples from the 

backhoe bucket of material from between the ties and the second being hand excavation of 

samples by researchers from the trench wall.  

Each trench was excavated to approximately 1m width, 3m length and 1m depth. Samples were 

taken from the locations and depths defined in Figure 3.8.  
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Figure 3.8  Plan view of a standard gauge rail track with project sampling codes 

Figure 3.8 presents the standard sampling locations and their accompanying codes used 

throughout the CN Joliette ballast research project. The BT (Between Tie) samples were taken 

with the back hoe. A tie was removed to permit access. Therefore, a BT sample comprises 

material from between 2 sets of ties and from beneath 1 tie. UT (under tie) samples were hand 

excavated from the trench wall. Similarly, the RS (Right Shoulder), UR(R) (Under Rail Right), 

CL (Center Line), UR(L) (Under Rail Left), and LS (Left Shoulder) codes all designate the 

location the sample was taken along the axis of the rail axis. Right (North) and Left (South) are 

defined relative east-west to in terms of increasing mileage numbers. For example, CL samples 

were taken along the centerline of the track, approximately in the center between the two rails. As 

well, UR or LS/RS designate if the sample was taken from directly underneath one of the rails 

(UR) or if the sample was taken from the shoulder (LS/RS). Figure 3.9 outlines this concept 

similar with a picture of the 94.5(A) trench before excavation and sampling. 
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Figure 3.9  Example of sampling locations and codes on the rail track 

3.2.2.1 First Stage Trench Sampling 

During the first stage, samples were taken from the ballast excavated using the backhoe shovel. 

Sample bags were prepared with the date, mile marker, sample code, and depth. Specific depths 

and locations within the embankment were then communicated to the back-hoe operator, to 

facilitate rapid sampling of the ballast and sub-ballast units. The sampling procedure included the 

following steps: 

 Once the area of interest was excavated, ballast material within the hoe bucket was either 

accepted or rejected, based on the following criteria for visual inspection: 

o Material was taken from the required depth and location. 

o Material was not over-contaminated with material from other depths/horizontal extents, 

or organic/miscellaneous material. 



 

76 

 

o There was an adequate amount of material within the bucket to create a representative 

sample. 

 Material was removed from the hoe-bucket with a small spade and placed into open sample 

bags, with care taken to lose as little material as possible. 

o Sampling was done from the top, middle, and bottom of the excavated ballast section to 

ensure a representative sample was collected. 

o Due to the cohesiveness of nearly all sampled ballast, it is expected that there was 

minimal fines loss during transfer. 

 Sample bags were closed, bound and stored in a safe location to prevent any loss of sampled 

material. 

Figure 3.10 provides an example of how sampling was conducted from the backhoe bucket. 

 

Figure 3.10  Example of backhoe bucket ballast sampling during the first stage 
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During the backhoe bucket sampling, generally 6 to 8 samples were taken of the following code 

subset; LSBT, RSBT, URBT, and CLBT. The trench was excavated by taking lifts of ~15 cm at a 

time to allow for sampling at specific depths and locations within the embankment. The most 

common sampling depths were: 15 cm, 30 cm, 45 cm, and 60 cm (all relative the top of the ties). 

Due to the width of the backhoe bucket (~ 60 cm), the first stage samples included material from 

between the ties and from under the removed tie. Thus, samples coded as BT (between tie) 

comprised roughly 1/3 of UT (under tie) material and 2/3 of BT (between tie) material. The 

removal of the tie also permitted sampling from the sections of the embankment not otherwise 

accessible – the shoulder and sections below the rails. 

The benefit of the back hoe bucket sampling approach was that a great deal of sample material (~ 

100 kg) was collected within a 30 minute period. This method allowed for the generation of a 

substantial number of discrete data points within each exploration trench, and the possibility to 

excavate many trenches during the course of the field work. Trenching ahead of the maintenance 

crew also permitted a rare opportunity to cross-cut existing track to study the in-place condition 

of the ballast and sub-ballast layers. 

Care was taken during the excavation process to minimize the chance that the sample would 

include more than a single depth or position within the track. Without proper vigilance, samples 

between the 0–15 cm and 15–30 cm zones could be easily mixed. If the grain size distribution 

changes significantly with depth, due to fouling for example, the grain size distribution for a 

sample mixed over several depths would return a skewed grain size distribution curve for the 

sample point. The quality of the samples taken also relied to a great extent on the skill and 

patience of the backhoe operator. 
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3.2.2.2 Second Stage Trench Sampling 

Once the trench excavation was completed and fully sampled from the backhoe bucket, the 

second stage of sampling began. In the second stage, samples of the material exposed along the 

trench wall and under the ties were excavated by hand. Figure 3.11 shows an example of 

researchers performing this procedure during the CN Joliette field site at 87.0 Trench. 

 

Figure 3.11  Example of Under Tie samples being hand excavated along the trench wall  
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As shown in Figure 3.11, the second sampling stage involved extracting ballast material from the 

trench wall by hand. A durable box was placed directly below the sampling point and pressed up 

against the ballast layer to help retain the fines within the ballast voids that would otherwise fall 

out. The 37 research trenches were excavated to a depth of ~ 1 m, allowing for sampling of the 

ballast within the trench wall and the sub-ballast underneath. The geotechnical characterization of 

the fouling level was recorded, and photographs were taken of the condition, density, fouling 

type, and colour of the vertical section under the center of the tie and also under the steel rail and 

tie.  

The trench hand sampling was conducted with a steel trowel which was required to excavate the 

densely packed ballast. The material excavated was deposited directly into a rectangular plastic 

sample collection box placed directly underneath the sample point. Due to the density and 

cohesiveness of much of the fouled ballast, the sample box was essential to catch any fine grained 

material that fell off the trench wall during excavation. 

During each trench sampling operation, sample data points were gathered at the same locations at 

each trench site to ensure a consistent set of samples. These samples followed the same sample 

code system presented in Figure 3.9. When the ballast was thicker than 30 cm under the tie, 

samples were taken from 15 cm (bottom of the tie) to 30 cm, and from 30 cm to 45 cm (beginning 

of sub-ballast). If there was not sufficient ballast thickness within the trench, only a single sample 

could be taken from the trench wall and would compose 15 cm to X, where X is the depth at 

which the sub-ballast began. 

This consistent style of both backhoe and hand sampling was done to permit the assessment of a 

vertical column of ballast across many trenches between the wooden ties or under the steel rails.. 

Both the observational access and volume of samples allowed by trenching and its subsequent 

repair by the undercutter affords an extensive data set for analysis.  
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3.2.2.3 Miscellaneous Sampling Actions 

Along with the samples taken from the track trenching sites, other types of samples were 

collected for later analysis. These samples included: 

 Rejected fine grained material ejected from the undercutter. 

 Returned (Recycled) Ballast which was extracted from the rail embankment, processed 

by the undercutter, and placed back within the track structure. 

 Freshly quarried ballast which was placed in the track embankment after undercutting 

was complete. 

 Native subgrade samples from areas adjacent to the track. 

Sampling of the actual subgrade directly underneath track embankment study sites was minimal 

due to the logistics of both the trenching and undercutting procedures. Subgrade samples were 

located too deep below the track structure for realistic access due to the time limits imposed on 

each trench and the stability issues it would cause to cross-cut the rail track the required 2+ 

meters to reach subgrade. To counteract this limitation, small exploration holes were dug by hand 

to sample the subgrade from areas immediately within 30 m of the track.  

Seven native samples were taken from adjacent farm fields to test for the possibility of aerial 

migration of fines deposited from the field into the railway track embankment through wind or 

water runoff. As well, four native samples were taken at 1 m depth (below top soil) within 15 m 

adjacent to the tracks. These samples were taken to investigate the possibility of similar subgrade 

material either pluming through the sub-ballast layer or infiltrating from surface into the ballast 

layer. 
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3.2.3 Field Sampling Data Summary 

Table 3.2 presents a summary of sampling completed during the Queens Ballast Investigation 

project within the CN Joliette Subdivision. The table includes a list of the in-situ trenches that 

were completed along with the: sampling date, mile code, total samples taken from site, total 

samples taken from the bucket, total samples taken under the centerline of the tie, total samples 

taken under the rail/tie portion, the land use surrounding the site, and lastly the underlying 

surficial geology of the rail embankment. The in-situ observations of the degree of fouling are 

recorded in Table 3.2 (next page). 
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Table 3.2 Summary of In-Situ Trench Sampling Sites 

Trenching 
Date 

Mile 
Marker 

Total 
Samples 

# of Bucket 
Samples 

# of UT 
Samples 

# of UR 
Samples Land Use 

Underling Surficial 
Geology 

11-Jun-10 94.5-B 6 4 1 1 Farmland Loam 

11-Jun-10 94.4-A 6 4 1 1 Farmland Loam 

11-Jun-10 95 6 4 1 1 Farmland Loam 

8-Jun-10 96.8 6 4 1 1 Farmland Clay 

8-Jun-10 97 6 4 1 1 Farmland Clay 

7-Jun-10 97.3 8 4 2 2 Farmland Clay 

7-Jun-10 97.9 8 4 2 2 Farmer Crossing Sand 

4-Jun-10 97.8 7 5 1 1 Farmer Crossing Sand 

4-Jun-10 98.1 9 5 2 2 Farmer Crossing Sand 

3-Jun-10 98.7 7 5 1 1 Farmer Crossing Loamy Clay 

2-Jun-10 98.9 9 5 2 2 Farmer Crossing Loamy Clay 

2-Jun-10 99.8 7 5 1 1 Farmer Crossing Sand 

1-Jun-10 100 9 5 2 2 Forest Sand 

1-Jun-10 100.2 7 5 1 1 Forest Sand 

31-May-10 101.2 9 5 2 2 Urban Sand 

31-May-10 101.3 8 4 2 2 Urban Sand 

19-May-10 92.8 8 4 2 2 Farmland Sand 

19-May-10 92.7 10 5 2 3 Farmland Sand 

18-May-10 92.1 6 4 1 1 Farmland Sand 

18-May-10 92 9 5 2 2 Farmland Sand 

17-May-10 91.15 7 5 1 1 Farmland Clay 

17-May-10 91 6 4 1 1 Farmland Clay 

16-May-10 90.53 6 4 1 1 Farmland Clay Loam 

16-May-10 90.5 7 5 1 1 Farmland Clay Loam 

14-May-10 89.8 8 6 1 1 Forest/Farmland Clay Loam 

14-May-10 89.7 7 4 1 2 Forest/Farmland Clay Loam 

13-May-10 89 8 6 1 1 Farmland Clay Loam 

13-May-10 88.8 9 5 2 2 Farmland Clay Loam 

11-May-10 87 9 8 1 0 Forest Clay Loam 

12-May-10 88.35 8 6 1 1 Farmland Clay 

12-May-10 88.25 8 6 1 1 Farmland Clay 

10-May-10 86.92 8 6 1 1 Road Crossing Clay Loam 

6-May-10 85.85 10 8 1 1 Farmland Clay 

5-May-10 84.45 4 3 1 0 Forest Clay 

5-May-10 84.3 6 5 1 0 Farmland Clay 

6-May-10 84.95 3 3 0 0 Farmer Crossing Clay 

5-May-10 83.5 4 4 0 0 Farmer Crossing Clay 
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Table 3.3 presents a listing of all the other samples taken during the CN Joliette field 

investigation 

Table 3.3 Listing of all Miscellaneous, Native, and Fresh samples 

Miscellaneous Fresh 

Mile Code Mile Code # of Samples 

83.1 Undercutter Return 88.27 FRESH 4 

88.25 Undercutter Return 90.92 FRESH 2 

92.7 Undercutter Return 95.07 FRESH 2 

88.9 Undercutter Return 98.07 FRESH 2 

88.92 Undercutter Reject 99.8 FRESH 2 

88.26 Undercutter Reject       

92.7 Undercutter Reject       

95.7 NATIVE       

90.6 NATIVE       

95 NATIVE       

95.7 NATIVE       

90.6 NATIVE       

90.6 NATIVE       

88.27 NATIVE       

 

As presented in Table 3.3, 7 samples were taken from the undercutting process including; 4 under 

cutter return samples and 3 undercutter reject samples. A total of 7 native subgrade samples were 

taken from the track embankment site. Lastly, a total of 12 fresh samples were taken at 5 

sampling points during the undercutting process. 
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3.3 Ballast Geotechnical Laboratory Testing  

A suite of laboratory soil tests was implemented to explore the geotechnical and mineralogical 

properties of the ballast samples. The laboratory procedures were chosen and assessed on the 

basis of their; speed, cost, availability, and data quality in order to develop a suitable standard 

testing regime for ballast assessment. The testing was divided into two stages; geotechnical 

(sieving, hydrometer, LA Abrasion) and mineralogical (X-Ray Diffraction, Thin Section 

Analysis, Rock-Type Observational Analysis).    

Geotechnical laboratory work (sieving, LA-abrasion) was conducted at the Royal Military 

College of Canada due to the ready availability of laboratory testing facilities and equipment. The 

mineralogical laboratory testing was conducted at Queen‟s University in the Geological Sciences 

and Engineering Department because of the availability of specialty equipment such as an X-Ray 

diffraction machine and microscopes for thin-section analysis. 

A total of 269 in-situ samples were taken during the field work. Of these 111 were processed and 

tested. These particular samples were chosen because they represented a modest array of rock-

types, land use types, and fouling severities. With a cursory inspection, the majority of 

unprocessed samples were composed primarily of limestone, which was already well represented 

within the 111 processed samples. To best use the limited laboratory time available, these 

limestone samples were left unprocessed for this thesis. The amount of samples by rock-type that 

were processed is discussed at length in Chapter 4. 

3.3.1 Grain Size Distribution Analysis 

Two different sieving processes were used during laboratory work to compile grain size 

distributions for 163 ballast samples. During the first stage of sieving, the entire ballast sample 

was run through a large sieve pan stack designed for aggregate. The second sieve stage involved 

splitting the fines accumulated during the large pan sieving and sieving them with a smaller set 
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designed for more fine grained materials. To stream line the sieving process and increase 

laboratory processing time efficiency; large pan sieving was conducted from the 76.8 mm to 4.76 

mm grain size range, while small pan sieving was conducted from the 4.76 mm to 0.076 mm 

grain size range. This system allowed the average ballast sample to be processed in 

approximately 20 to 30 minutes with two lab attendants. 

3.3.1.1 Large Rectangular Pan Sieving 

The first step in sieving the ballast samples to determine the grain size distribution was conducted 

with the use of a large pan sieve stack used for processing aggregate. These rectangular sieves 

measure 86.36 cm (34”) by 50.8 cm (20”) and allow up to 15 kg of material to be processed at a 

time.  The large sieve stack was set up with six sieves with the mesh sizes outlined in Table 3.4 

below. 

Table 3.4  Sieve mesh sizes for 76.8 mm to 4.76 mm ballast processing with rectangular pan 

sieves and required CN Ballast Specification grain size distribution data 

Large Rectangular Sieves (86 cm x 50.8 cm) CN SPECIFICATION 

Sieve No. Sieve Opening (mm) % Passing 

3 inch (tested separately) 76.8 100 

2 inch 50.8 75 

1.5 inch 38  45 

1 inch 25.8 0 

3/4 inch 19.35 0 

1/2 inch 12.7 0 

NO. 4 4.76 0 

PAN    
 

As per Table 3.4, the mesh sizes for the large sieve stacks were chosen to create grain size 

distributions that were easily comparable to CN ballast specification grain size data. The largest 
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sieve stack was 51 mm. When ballast samples with rock greater than 51 mm diameter were 

encountered, they were manually tested on the 76 mm sieve to ensure that they passed that mesh 

size. The 76 mm size is also ½” (12.5 mm) larger than the maximum allowable ballast size of 63 

mm required by the CN specification. The 76 mm data point was thus an important base to define 

100% passing for all of the samples. 

3.3.1.2 Small Round Pan Sieving 

The second stage of sieving for each ballast sample was used to obtain the 4.76 mm to 0.076 mm 

grain size range for the grain size distribution graph. The sieving on the 30.5 cm diameter round 

pan sieves was conducted in accordance with ASTM D422.22674-1. The representative test 

sample of approximately 500g was prepared by splitting the ballast material that was retained on 

the large sieve stack pan (< 4.76 mm) using a standard splitting apparatus. The sample was then 

placed within the round pan sieve stack and installed into the sieve shaking apparatus, which then 

agitatied the sieve stack for 15 minutes. Table 3.5 provides the list of sieves used during round 

pan sieving. 

Table 3.5 Sieve mesh sizes for 4.76 mm to 0.076 mm ballast processing with round pan sieves 

Small Round Pan Sieves (30.5 cm diameter) 

Sieve No. Sieve Opening (mm) 

NO. 10 2 

NO. 30 0.6 

NO. 40 0.425 

NO. 60 0.25 

NO. 100 0.15 

NO. 200 0.075 

PAN   
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The specific sieve sizes outlined in Table 3.5 were chosen to provide a representative grain size 

distribution graph. The sieve sizes followed the common size boundaries associated with sand, 

including: coarse sand (2mm to 0.5 mm), medium sand (0.5 mm to 0.25 mm), fine sand (0.25 mm 

to 0.125 mm), and very fine sand (0.15 mm to 0.0625 mm). The No. 200 (0.076 mm) sieve was to 

supply the material required for the hydrometer testing. 

3.3.1.3 Hydrometer Analysis 

Hydrometer tests were conducted on the < No. 200 sieve (0.076 mm) material derived from the 

small sieving process, to determine the clay and silt content. Tests were conducting according to 

the ASTM D422.22674-1 standard using a 50 g sample of fine material. Hydrometer tests were 

conducted on a subset of the processed ballast samples due to time and equipment limitations. 

Table 3.6 presents a list of the samples for which hydrometer tests were conducted, along with 

their subjective fouling index. 

As shown in Table 3.6, a total of 37 hydrometer tests were conducted, with 25 hydrometer tests 

completed upon ballast samples derived from trenches and 12 hydrometer tests completed on 

fines derived from LA abrasion samples. Hydrometer testing was done on the fine grained portion 

of the trenches supplying the coarse grained LA abrasion material. Other trench samples without 

LA abrasion tests associated with them were tested for comparison to see if there was any 

noticeable difference in the silt/clay material proportion and were chosen as a mix of high, 

moderate, and low SFI samples. 
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Table 3.6  List of Hydrometer Tests by Sample Code 

Sample 
Number Test Sample Sample Type 

Subjective Fouling 
Index 

1 101.2 CLBT (15 cm) In Situ High 

2 86.92 CLBT (60 cm) In Situ High 

3 86.92 URBT (30 cm) In Situ High 

4 86.92-CLBT-15 In Situ High 

5 90.53 CLBT (40 cm) In Situ Moderate 

6 90.53 CLUT (32-42cm-56Bdry) In Situ Moderate 

7 90.53 URUT (15 cm) In Situ Moderate 

8 94.5 (B) CLUT (35 cm) In Situ Low 

9 94.5(A) CLUT 30 In Situ Low 

10 94.5(A) URUT 30 In Situ Low 

11 94.5(A)-URBT-30 In Situ Low 

12 94.5(B) CLBT 30 In Situ Low 

13 96.8 URBT (30 cm) In Situ Moderate 

14 97 CLBT 30 In Situ Low 

15 97.0 URLUT (45cm-56Bdry) In Situ Low 

16 97.3 CLUT 30 In Situ High 

17 97.3-CLUT-50 In Situ High 

18 98.1-URUT-55 In Situ High 

19 99.8-CLUT-30 In Situ Moderate 

20 99.8-CLUT-40 In Situ High 

21 LA 98.1-1 In Situ High 

22 94.5(A)-1 Los Angeles Abrasion Low 

23 94.5(B)-1 Los Angeles Abrasion Low 

24 96.8-1-LA Los Angeles Abrasion Moderate 

25 99.8-1-LA Los Angeles Abrasion High 

26 99.8-3-LA Los Angeles Abrasion Moderate 

27 Abrasion - 1 Los Angeles Abrasion N/A 

28 Abrasion-2 Los Angeles Abrasion N/A 

29 Fresh 3 Los Angeles Abrasion N/A 

30 LA 90.53 Los Angeles Abrasion Moderate 

31 LA 94.5 (B)-1 Los Angeles Abrasion Low 

32 LA 99.8-2 Los Angeles Abrasion Moderate 

33 88.2-CLBT-70-SG Sub-Ballast N/A 

34 92.8-URBT-50-SG Sub-Ballast N/A 

35 88.27-Native Native Subgrade N/A 

36 90.6-Native Native Subgrade N/A 

37 95.0-Native Native Subgrade N/A 
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3.3.1.4 Grain Size Distribution Data Summary  

A total of 19 trenches were tested to determine the full grain size distribution of all sample points. 

Due to time constraints in the laboratory, 18 trenches were left unprocessed but have been stored 

for future use. Table 3.7 contains a summary of the processed trenches, their SFI, if the supplied 

material had an LA abrasion test, and the # of hydrometer tests conducted on samples from the 

trench. 

Table 3.7  Summary of processed ballast samples based on grain size analysis, LA Abrasion 

test, sub-ballast testing, and hydrometer testing 

Trench 
(by Mile) 

Total Samples 
Processed (Large 
+ Small Sieving 

Subjective 
Fouling Index 

(SFI) 
LA Abrasion 

Test 
Hydrometer 

Testing 

86.92 7 high YES 3 

87 6 high NO 0 

90.53 4 medium YES 4 

92 7 high NO 0 

92.7 8 high NO 0 

92.8 8 low NO 1 

94.5 (A) 6 low YES 3 

94.5 (B) 5 low YES 2 

96.8 6 medium YES 1 

97 6 low YES 2 

97.3 4 high YES 2 

98.1 9 high YES 2 

98.7 4 high NO 0 

98.9 7 high NO 0 

99.8 8 medium YES 3 

100 8 medium NO 0 

100.2 7 medium NO 0 

101.2 9 high YES 1 

101.3 6 high NO 0 

Total 125    11 Yes 24 
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Listed in Table 3.7, a total of 125 in-situ ballast and sub-ballast samples were sieved to complete 

the grain size distribution data set of 19 trenches. Based on their Subjective Fouling Index (SFI), 

10 trenches had high fouling, 5 samples had moderate fouling, and 4 samples had low fouling. In 

regards to LA abrasion testing, 11 of the trenches had an LA abrasion mix made of their ballast, 

while 9 did not have enough suitable material for testing. Lastly, a 24 hydrometer tests were 

conducted on in-situ sample material, with 8 hydrometer tests conducted on miscellaneous LA-

Abrasion, sub-ballast, and Native soil. 

Figure 3.12 displays the average grain size distribution data for freshly quarried ballast, LA 

abrasion tests (of both in-situ and fresh samples), and lastly the average grain size distribution for  

in-situ samples taken at depths of 15 cm, 30 cm, and 45 cm. 

In Figure 3.12 (next page), the average grain size distribution graphs show that the amount of 

sand sized particles (0.1 mm to 4.76 mm) along with the amount of fine gravel material (4.76 mm 

to 19.35 mm) increases within the in-situ samples as the sampling depth increases. The samples 

of sub-ballast is made up, by mass, of 30% coarse particles (> 4.76 mm), 65% sand sized 

particles, and 5% making up < 0.076 mm clay and silt sized particles. The freshly quarried 

ballast, on average, also fell within the CN specification range for ballast, raising no issues with 

its grain size distribution. Average LA abrasion samples, either in-situ or fresh samples, were 

made up of 80% ballast sized particles (25 mm to 76 mm), 5% fine coarse particles, 10% sand 

particles, and 5% silt/clay particles. A more detailed and thorough assessment of the grain size 

distribution data are presented in Chapters 4 and 5 of this thesis. 

 

 



 

91 

 

 

Figure 3.12  Average grain size distribution graphs for various ballast sample and laboratory 

test types, with corresponding tests noted for each grain size range.  

3.3.2 Los Angeles Abrasion Testing   

3.3.2.1 LA Abrasion Testing on Joliette, QC Site Samples 

LA Abrasion testing was undertaken to assess the wear characteristics of the rock types used in 

the ballast. Testing was done following ASTM Standard C131.3530-1, working with a total 

sample weight of 10 kg. As per the standard, the test sample comprised 5 kg of the sample 

between 2” and 1.5” particle diameter, and 5 kg of the sample between 1.5” and 1” particle 

diameter. Before abrasion testing commenced, the samples were sorted by rock-type, 
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photographed, and weighed to determine the weight of each rock type in the LA mix. A total of 

20 LA Abrasion tests were conducted, both on in-situ ballast and with freshly quarried ballast 

sample from the ballast train. Table 3.8 presents the LA abrasion tests that were conducted along 

with the proportion of ballast types. 

Table 3.8  List of LA abrasion tests along with their relative distribution of rock-type 

SAMPLE CODE LIMESTONE BASALT GNEISS SLAG 

86.92 - LA 89 6 5 0 

90.53- LA 73 0 26 1 

96.8 - LA 56 0 44 0 

97.0 - LA 40 0 59 1 

97.3 - LA 99 0 0 1 

98.1 - LA 97 0 0 1 

99.8-2-LA 59 40 0 1 

99.8-1-LA 66 31 0 3 

94.5(A) - LA 31 0 0 70 

94.5(B) - LA 20 0 0 82 

101.2 + 101.3 - LA 99 0 0 1 

94.5(A+B) + Fresh 6 0 0 94 

99.8+Fresh-3-LA 81 16 1 2 

Fresh-1 13 84 2 0 

Fresh-2 4 96 0 0 

Fresh-3 5 92 3 0 

Abrasion - 1 11 85 5 0 

Abrasion - 2 16 76 9 0 

Abrasion - 3 11 78 11 0 

AB+Fresh - LA 11 87 2 0 

 

In Table 3.8 the 11 LA abrasion samples with mile codes (e,g, 86.92-LA) were taken from the 

material collected from a single trench.. This required the mixing of coarse grained samples from 
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several sample points within the same trench to procure the necessary 10 kg test sample. Figure 

3.13 presents an example of trench 86.92‟s LA abrasion mix record that lays out the material by 

its rock type.  

Figure 3.13  Example of Trench 86.92 LA Abrasion test mix rock type and proportion record 

 

Pictured in Figure 3.13, the LA mix was separated on the basis of grain size, either 1” (25.4 mm) 

and 1.5” (38 mm) and their rock types placed into separate sections. Each rock type pile was then 

weighed in order to obtain an accurate proportion of particle mass, by rock type, within the LA 

sample mix. Photographic mix records were taken for each of the 11 in-situ trench mixes that 

were tested. These types of records were also taken for the investigatory LA abrasion tests that 

used freshly quarried ballast. 
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The three tests labeled Fresh 1 through 3 were part of the „investigatory mixes‟ sample set and 

were conducted on samples of freshly placed ballast. Abrasion 1 and 2 were tests conduct on the 

fresh material. Abrasion – 3 comprised material from the Abrasion 1 and 2 tests. This formed a 

testing regime to look at how progressive degradation of freshly quarried ballast would 

commence. Lastly, the two tests coded as „94.5(A+B)+Fresh‟ and „99.8 + Fresh‟ were 

combinations of 5000 g of in-situ ballast and 5000 g of fresh ballast. 

3.3.2.2 LA Abrasion Testing on Quarry Samples 

An arrangement of LA abrasion tests were conducted on ballast material taken from local rock 

quarries in the South Western Quebec, near Joliette, QC. Fresh 25.4 mm (1”) and 38.4 mm (1.5”) 

ballast was collected from each quarry, all consisting of one of the three primary ballast rock 

types observed along the Joliette mainline rail track; limestone, basalt, or granitic gneiss. The 

fresh limestone ballast was collected from the Carriere St. Jacques quarry near St. Ubalde, QC. 

The fresh vesicular basalt ballast, currently used by CN extensively as new and replacement 

ballast, was collected from the St. Carrière PCM quarry in Saint-Cyrille-de-Wendover, QC. The 

granitic gneiss ballast was collected from the Maskimo quarry in Grand-Mére, QC.  

The three ballast types were then sorted into a matrix of 18 LA abrasion sample mixes, with 

proportions of ballast changed in 20% intervals. Table 3.9 presents each of the LA abrasion mixes 

that were processed with their relative proportion of limestone, gneiss, or basalt. 

Shown in Table 3.9 (next page), the ballast samples had 3 primary mix types limestone-gneiss, 

gneiss-basalt, and limestone-basalt, each processed with proportions in steps of 20%. This work 

was done in order to build a matrix of LA abrasion results to compare how different proportions 

of ballast types react when mixed together. The data gained from how the breakdown of the 

various ballast materials behave into the proportion of particles sizes within the following ranges: 

ballast (≥ 25.4 mm), fine gravel (<25.4 mm – 4.76 mm), sand (4.7mm-0.076 mm), and silt/clay 
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(<0.076 mm). These breakdown proportions can be compared to in-situ ballast particle size 

distributions to understand the difference and possibilities of ballast degradation. 

Table 3.9  LA Abrasion Testing Mix Matrix for the 3 Rock-Types of Fresh Ballast Quarry 

Samples 

Code Limestone Gneiss Basalt 

L-100 A 100     

L-100 B 100     

L-80 G-20 80 20   

L-60 G-40 60 40   

L-40 G-60 40 60   

L-20 G-80 20 80   

G-100 A   100   

G-100 B   100   

B-80 L-20 20   80 

B-60 L-40 40   60 

B-40 L-60 60   40 

B-20 L-80 80   20 

B-100 A   

 

100  

B-100 B   

 

100  

B-80 L-20 

 

20  80 

B-60 L-40 

 

40  60 

B-40 L-60 

 

 60 40 

B-20 L-80 

 

80  20 

 

3.3.3 Atterberg Limits 

Atterberg limits are a measure of a fine grained soils relation between its water content and the 

soil‟s dilated volume. The test determines the plastic limit of a soil, which is the required water 

content from a soil to transition from brittle to plastic behaviour. Physically the plastic limit 

represents the relationship the shear strength of a soil has with its water content, and when it 

begins to flow plastically (Craig, 2004). A group of Atterberg limit tests were conducted on fine 
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grained material from ballast samples in order to generate an idea of how the fine grained 

portions of the samples behaved when their water contents changed. 

A total of 16 ballast samples underwent Atterberg limit testing following ASTM D4318.6905-1. 

A sample between 100 g and 150 g of ballast material < 0.425 mm (No. 40) was prepared and 

tested. Overall, the Atterberg limit tests returned inconsistent values and poor data quality due to 

operator inexperience during testing. For these reasons, the information gathered from Atterberg 

limit testing was not included in this study. This limitation is acceptable because even the most 

heavily fouled samples from the Joliette site contained <5% silt and clay sized particles, making 

their contribution to fouling limited (Han & Selig, 1997). 

3.3.4 Summary of Laboratory Work Flow 

Figure 3.14, on the next page, includes the work flow diagram that describes the laboratory 

testing procedures used to process the CN Joliette ballast samples. 

The grey rectangular boxes in Figure 3.14 represent a portion of ballast material from the initial 

ballast sample. The green diamonds represent an action that was taken on a given subset of the 

sample material, including sieving, splitting, LA abrasion, hydrometers, and Atterberg limits. The 

first step was oven drying a 10kg – 15kg ballast sample and then sieving it through the 50.8 mm 

to 4.76 mm stack. The sample was then separated into 3 portions; 38.4 mm to 25.8 mm material 

for LA abrasion testing, 25.7 mm to 4.76 mm for storage and rock type analysis, and < 4.76 mm 

material for splitting both Atterberg testing (material < No. 30 sieve) and round pan (2 mm to 

0.076 mm) sieving. The < 0.076 mm (No. 200 sieve) material was separated after round pan 

sieving and used for hydrometer tests. Not every ballast sample was processed in this thorough 

manner due to time restraints. However, for a fully realized set of test data for ballast samples, 

this method is optimal to derive its geotechnical characteristics.  

 



 

97 

 

 

Figure 3.14  CN Joliette Subdivision ballast investigation project laboratory procedure flow 

chart 

 

3.4 Ballast Mineralogical Analysis 

Assessing the mineralogy of the various parts of the ballast samples was the second laboratory 

process that was undertaken. This phase consisted of a visual rock type characterization of each 

sieved ballast sample, thin section analysis of representative ballast types, and X-Ray diffraction 

of the fine grained portion of the ballast to assess the mineralogy at the level of silt/clay sized 

particle levels. The thin section and the majority of X-Ray work were carried out by Jenn Day, 

Michaela Kuuskman, and Claire McCallum during their work on ballast for their Geological 

engineering design project (Day et al, 2011). 
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3.4.1 Bulk Rock Type Characterization 

The method to conduct petrography on 76 mm to 4.76 mm rock grains was the rapid rock-type 

and relative rock proportion estimation method outlined in Section 2.71. Using this method, each 

ballast sample was visually inspected to determine a subjective assessment of both the rock types 

contained within the sample along, their relative proportions, and the characteristic roundness of 

the each rock type. The „coarse‟ sample portion between 36 mm and 4.76 mm (shown in Figure 

3.14) was visually assessed. This range was chosen for two reasons; 1, 4.76 mm was the 

minimum comfortable grain size for visual identification of the rock-type without the use of 

optical assistance and 2, logically this portion of the ballast sample would almost entirely be 

directly derived from the ballast itself so that cross-contamination by the sub-ballast would have 

minimal impact on the rock-type assessment. The relative proportion of each rock type within a 

ballast sample was assessed and recorded by the researchers after the constituent rock-types were 

identified. 

To expedite the ballast rock identification process, the various types of ballast were generalized 

into five categories: Basalt, Limestone, Gneiss, Silica Slag, and course grained 

metamorphic/igneous (CGG). The CGG group was not foliated and comprised granites and 

coarse grained gneisses. The general roundness characteristics of the 5 rock types were noted as 

followed: Limestone – rounded to sub rounded, Gneiss – sub rounded to sub angular, Silica – sub 

angular to angular, Basalt – sub round to angular, CGG sub angular to angular.  

These 5 rock types accounted for over 99% of all ballast types encountered and allowed for easier 

comparative analysis with other ballast variables. Appendix A – Geotechnical Ballast Data and 

Photographs contains the rock-type proportion data of the 111 in-situ ballast samples that were 

assessed for rock type.  
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3.4.2 Thin Section Petrographic Analysis 

A total of 14 thin-section samples were assessed under a petrographic microscope by an 

experienced Queen‟s geology petrographer Greg Lester under both plane and cross polarized light 

conditions. Table 3.10 (next page) shows a listing of the ballast samples that underwent 

petrographic analysis.  

The fourteen ballast rock thin-section samples listed in Table 3.10 were cut to a thickness of 30 

μm, smoothed with emery till, and mounted to a glass plate with balsam glue. Samples were 

picked based on the five primary rock types encountered within the in-situ ballast. These 

included; 3 limestone samples, 3 basalt samples, 3 gneiss samples, 3 coarse grained 

igneous/metamorphic rock samples, and 2 silica slag samples. These ballast samples were chosen 

due to their various lithologies making up over 99% of all rock types encountered in the ballast 

during trenching.  

Table 3.10  List of Petrographically analyzed thin-section samples 

Thin Section 
Number Sample Trench Rock Type 

1 90.53 LSBT 40 cm Coarse Grained Igneous 

2 90.53 LSBT 40 cm Basalt 

3 90.53 LSBT 40 cm Limestone 

4 89.8 URBT 35 cm Gneiss 

5 89.8 URBT 35 cm Gneiss 

6 89.8 URBT 35 cm Gneiss 

7 98.8 Fresh Basalt 

8 98.8 Fresh Basalt 

9 94.5 (A) RSBT Slag 

10 94.5 (A) RSBT Slag 

11 92.7 LA Fresh Limestone 

12 92.7 LA Fresh Limestone 

13a 92.7 LA Fresh Coarse Grained Igneous 

13b 92.7 LA Fresh Coarse Grained Igneous 
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3.4.3 X-Ray Diffraction Analysis 

3.4.3.1  XRD Ballast Testing Method 

A total of 45 samples were processed using the XRD technique in order to assess the mineral 

constituents of the fine grained portion (< 0.076 mm) of various ballast samples. Most of the 

ballast sample types were sent through XRD analysis, including; in-situ samples, LA abrasion 

samples, sub-ballast samples, and native subgrade samples. By comparing the mineralogy of the 

various fine grained portions of different types of samples, the possible fouling modes can be 

evaluated based on an analysis of the sample mineralogy. 

XRD samples were prepared by mounting approximately 0.5 g of fine grained material (< 0.076 

mm) on a 3 cm diameter circular slide using methanol. The soil-methanol solution is then spread 

thin over the slide to allow for minimal disruption to the X-Ray diffraction. The samples were 

then processed using the Stoe Debye-Scherrer Powder Diffractometer located in Queen‟s 

University Geology department. The XRD data was then evaluated using X‟Pert Highscore 

software, a program specifically made for the analysis of XRD number plots. With this program, 

the various minerals found within a sample can be identified, however the relative proportions of 

minerals in the samples could not be measured (Peterson, 2008). 

3.4.3.2 XRD Ballast Testing Results Summary 

A total of 49 XRD tests were conducted on various types of ballast samples taken from the CN 

Joliette sub-division. On average, the most common minerals encountered within the fine grained 

portions of the samples were biotite, quartz, calcite, salt, anorthosite, and dolomite. These are all 

constituent minerals of basalt, gneiss, and limestone. Table 3.11 presents a listing of the ballast 

samples that underwent XRD testing. 
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Table 3.11  List of ballast samples that underwent XRD testing 

Test Sample 
Subjective 

Fouling Index 
 

Test Sample 
Subjective 

Fouling Index 

94.5 (A) CLBT (30cm) Low  90.53 CLUT (32-42 cm) Moderate 

94.5 (A) CLBT (30cm) Low  90.53 URUT (15cm) Moderate 

94.5(A)-CLUT(35cm) Low  90.53 CLBT (40cm) Moderate 

LA 94.5(A)-1 Low  LA 90.53  Moderate 

94.5 (A) URUT 30cm Low  90.53 URUT 15cm Moderate 

LA 97.0-1 Low  90.53 CLUT 32-42cm Moderate 

97.0 UR(L)UT 45-56cm Low  99.8-3 LA Moderate 

97.0 URBT 30cm Low  99.8 CLUT 30 cm Moderate 

LA 94.5 (B)-1 Low  LA 99.8-2 Moderate 

97.0 URLUT (45cm) Low  LA 99.8-2 Moderate 

94.5(B) CLUT (35cm) Low  LA 96.8-1 Moderate 

82.5-URBT-SG NONE  96.8 URBT (30cm) Moderate 

84.95-CLBT-100-SG NONE  86.92 CLBT (60cm) High 

86.92 - CLBT - 90 - SG NONE  86.92 URBT 30 cm High 

88.2 - CLBT - 70 - SG NONE  86.92 - CLBT (15cm) High 

92.8-URBT 100 - SG NONE  86.92 URBT(30cm) High 

97.8 - LSBT - 70 - SG NONE  LA 98.1-1 High 

92.7 - Return NONE  98.1 URUT 55cm High 

90.6 - Native NONE  101.2 CLBT (15cm) High 

95.0 - Native NONE  97.3 CLUT (50cm) High 

88.27 - Native NONE  LA 99.8-1 High 

LA Abrasion 1 NONE  
 

 LA Abrasion 2 NONE  

  LA Fresh 3 NONE  
 

  

As shown in Table 3.11, a total of 45 XRD tests were performed with a distribution of test types 

as follows; 11 samples of low SFI, 12 samples of moderate SFI, 9 samples of high SFI, and 13 

samples with no SFI. The samples with no SFI included fine grained sample material from sub-

ballast, native subgrade, and LA abraded ballast. 
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Quartz was largely absent from the finer grained portion of the LA abrasion samples, indicating 

that this abrasion resistant mineral does break down in dynamic track loading conditions, but not 

in the LA abrasion test. 

3.4.4 Primary CN Joliette Track Ballast Rock Types 

The complete petrologic and petrographic summary of the 5 ballasts types, compiled by Day et al 

(2011), is included in Appendix B – Ballast Rock Mineralogy Petrography Report. 

3.4.4.1 Basalt Ballast Type 

Basalt accounted for 11% of all characterized in-situ ballast samples, with 6 of the ballast samples 

containing more than 50% basalt and 1 of those having > 90%. While basalt ballast rock was not 

very well represented in the in-situ samples, the new freshly quarried ballast placed after 

undercutting was 100% basalt. Figure 3.15 shows an example of a ~ 52 mm basalt ballast piece 

commonly encountered during in-situ sampling. 

 

Figure 3.15  Example of basalt ballast from an in-situ sample (cut for thin section on left side) 
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As shown in Figure 3.15 and true of in-situ derived basalt ballast pieces in general, basalt ballast 

show minor abrasion and generally retain angular to sub-angular edges.  The matrix of the basalt 

ballast was ultrafine with some evidence of bleaching alteration.  An important characteristic of 

the basalt ballast was the inclusion of in-filled carbonaceous amygdules that showed rounding 

and abrasion. Overall the basalt ballast pieces had hardnesses on the Moh‟s scale of roughly 6 due 

to their high plagioclase feldspar content (65%) and pyroxene content (10%) (Day et al, 2011). 

3.4.4.2 Limestone Ballast Type 

Limestone accounted for 60% of all characterized in-situ ballast samples, with 65 of the ballast 

samples containing more than 50% basalt and a sub-set of 34 sample having > 90%. Limestone 

made up the majority of ballast by both mass and volume, making its behaviour and abrasion 

resistance a possible major factor in track fouling. Figure 3.16 shows an example of a ~ 52 mm 

limestone ballast piece commonly encountered during in-situ sampling. 

 

Figure 3.16  Example of Limestone ballast from an in-situ sample (cut for thin section on 

right side) 
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The piece of limestone ballast pictured in Figure 3.16 shows the very smooth abraded surfaces 

and powdered calcite debris that was characteristic of nearly all limestone ballast pieces sampled 

from the trenches. The limestone ballast was very homogenous and massive, with a fine grained 

calcareous matrix. Up to 5 mm echinoderm fossils were also visible on fresh surfaces. Limestone 

ballast had a general Moh‟s hardness of 3 due to the very high calcite content due to either fossil 

replacement or matrix formation (100% calcite content) (Day et al, 2011). The relatively low 

hardness of the limestone ballast type along with its ubiquity throughout the field site, makes its 

abrasion and wear characteristics extremely important in the fouling study. 

3.4.4.3 Gneiss Ballast Type 

Gneiss accounted for 15 % of all characterized in-situ ballast samples, with 11 of the ballast 

samples containing more than 50% gneiss and a sub-set of 7 of those samples having > 90%. 

Gneiss made up a minority of ballast by both mass and volume and was the second most common 

ballast type after limestone. Figure 3.17 shows an example of a ~ 52 mm gneiss ballast piece 

commonly encountered during in-situ sampling. 

 

Figure 3.17  Example of Gneiss ballast taken from in-situ sample (cut face shown) 
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Similar to the ballast piece shown in Figure 3.17, the majority of encountered gneiss ballast 

contained extensive gneissic foliation derived from metamorphosed granites. All gneiss samples 

exhibited low outward abrasion but with some visible shear planes within samples containing 

higher proportions of foliated biotite layers. Gneiss ballast had a general hardness of 

approximately 5.5 to 6 due to the foliations forming discrete mineral bands composed of quartz 

(15-55%), biotite (15-30%), pyroxene (15-25%), K-feldspar (5-20%), and amphibolite (5-

15%)(Day et al, 2011). The mineral constituents of the gneiss ballast were of adequate hardness 

and ballast samples during rock-type analysis showed primarily angular to sub-angular edges with 

only minor observed abrasion from train loading. 

3.4.4.4 Silica Slag Ballast Type 

Silica slag accounted for 10% of all characterized in-situ ballast samples, with 7 of the ballast 

samples containing more than 50% basalt and a sub-set of 2 of those samples having > 90%. 

Silica slag is the byproduct of ore smelting from nearby mines in Quebec. The ballast used was 

likely sourced from Noranda copper mines ~ 300 km north of the CN Joliette site. The slag was 

loaded onto trains and shipped to CN‟s main distribution centers for use as ballast rock. Figure 

3.18, on the next page, shows an example of a ~ 52 mm silica slag ballast piece commonly 

encountered during in-situ sampling. 

In Figure 3.18 it can be seen that silica slag os primarily characterized by its network of extensive 

vesicles along with a quenched matrix with immiscible metallic inclusions. Silica ballast pieces 

all exhibited angular edges with very minimal visible abrasion to the ballast pieces. The vesicular 

texture did not appear to weaken the highly dense and hard silica material (Day et al, 2011). The 

silica ballast pieces had a hardness of 7 due to the near 100% quarts content found within the 

ballast material.  
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Figure 3.18  Example of silica slag ballast taken from in-situ (cut side shown) 

 

3.4.4.5 Coarse Grained Igneous/Metamorphic Ballast Type 

The coarse grained igneous/metamorphic (CGG) ballast type accounted for 5.0 % of all 

characterized in-situ ballast samples, with 2 of the ballast samples containing more than 50% 

coarse grained material and only 1 of those samples having > 90%. The coarse grained 

igneous/metamorphic ballast type is a combination of several encountered types of ballast that 

were found throughout in-situ samples but displayed very similar characteristics. Coarse grained 

igneous/metamorphic ballast was the least represented ballast type after the four other types and 

was quite rarely encountered during rock-type analysis. Figure 3.19 shows an example of a ~ 52 

mm CGG ballast taken during in-situ sampling. 
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Figure 3.19  Example of Coarse Grained Igneous/Metamorphic ballast taken from in-situ 

sampling 

In Figure 3.19, commonly the CGG ballast rocks showed limited change due to abrasion or 

possible chemical weathering. These ballast types were generally characterized as gabbro, 

granite, and very coarse grained gneiss. Common minerals within the ballast rocks include; 

Plagioclase, Pyroxene, Amphibole, Quartz, Biotites, and some carbonates. Due to the low 

abundance of these types of ballast rocks, less focus was placed on their study and interaction 

with the other ballast types (Day et al, 2011). The ballast type would generally have angular to 

sub-angular edges with only minor abrasive wear on the particles. The Moh‟s hardness of this 

ballast type, due to it representing several uncommon ballast rock types, ranged between 5 and 7, 

based on mineral content.  
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3.5 Chapter Summary 

3.5.1 Site Background 

The track ballast study site of the east-west mainline track in the CN Joliette sub-division was 

conducted on a stretch 34.37 km long between Joliette, QC and St. Justine, QC. Land use 

adjacent to the track was primarily agricultural, making up a total of 80% in the study area. 

Sections of the track also bordered forests (12%) and some urban/industrial areas (8%) within the 

city of Joliette, QC. The bedrock underlying the site was nearly all middle Ordovician limestone 

and shale from the Trenton group, with a smaller area near Joliette, QC underlain by lower 

Ordovician dolostone and sandstone from the Beekmantown group. The surficial geology acting 

as the track subgrade was found to be 50% sensitive clays, also known as Leda clay, along with 

30% loam subgrade containing varying amounts of clay. Lastly, 20% of the site was underlain by 

fine sand derived from alluvial processes of the ancient Champlain Sea. 

3.5.2 Field Investigation 

The field investigation centered around the excavation of 37 trenches distributed across the study 

area with a total of 269 samples taken, both in-situ ballast and from other points. A coding system 

was created to describe each sample‟s location relative to the ties, rails, and the side of the track 

embankment. Sampling was conducted in two stages, the first from the backhoe bucket on 

samples between two ties (with one tie removed in between) and the second from hand 

excavations of the trench wall. Care was taken at both stages to retain the fines and prevent 

contamination of the samples through by inspecting each sample and using a trench box for the 

second stage. An assortment of other types of ballast samples were taken including; rejected 

undercutter fines, recycled undercut ballast, native subgrade sample, freshly quarried ballast. 

Collection of all the in-situ ballast and various other materials allowed for a detailed analysis of 

fouling characteristics with respect to statistical relevance. 
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3.5.3 Geotechnical Laboratory  Investigation 

A total of 111 samples were processed within the RMC and Queen‟s University laboratory 

facilities. The entire sample set was not processed due to access constraints to the required 

laboratory equipment. The samples that were processed were chosen based on their trench 

location in relation to land use, underlying surficial geology, and inspected ballast rock-type. 

Each of the 111 samples had its grain size distribution measured in 2 stages, the first through a set 

of large rectangular sieves from 76 mm to 4.76 mm and the second in a column of 30cm diameter 

round sieves from 4.76 mm to 0.076 mm. A total of 24 samples had their grain size distribution < 

0.076 mm silt/clay material measured using hydrometer analysis. Ultimately the hydrometer 

information was not used in the analysis because of negligible average silt/clay content of the in-

situ ballast samples. A total of 16 Atterberg limit tests were also conducted early in laboratory 

work, but ultimately discarded due to inconsistent and erroneous test results along with the 

negligible (< 5%)amount of very fine grained materials present within the in-situ ballast. This 

suite of laboratory tests enabled the formation of a set of grain size distribution information for 

each sample for easy comparison and analysis. 

LA abrasion testing was also a major part of the laboratory testing and three types of abrasion 

suites were conducted. The first abrasion suite was the LA abrasion of 13 ballast mixes, each with 

the 36.4 mm and 25.4 mm ballast derived from a single trench. Some trenches did not yield 

enough ballast of suitable size to conduct the LA abrasion testing. The second abrasion suite 

processed 3 freshly quarried basalt ballast samples, re-processed the abraded rock in 2-mixes, and 

then re-processed the result those 2 abraded mixes in 1 mix. This was done to ascertain how 

multiple abrasion tests affect a set of rock samples, discussed further in chapter 4. The third suite 

of LA abrasion tests ran a total of 18 freshly quarried limestone, gneiss, and basalt ballast samples 

taken from three quarries in the Joliette, QC region. The samples were divided up into 18 mixes, 

with the proportion of rock-types controlled in 20% increments (e.g. 80% limestone and 20% 
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basalt). This testing suite was conducted to develop an understanding of how varying proportions 

of freshly quarried ballast interact when LA abraded. Through conducting LA abrasion testing on 

a variety of ballast sample sets, the ballast‟s degradation resistance and mass loss characteristics 

were understood using both ballast mixes from individual trenches and freshly quarried ballast. 

3.5.4 Mineralogical Laboratory Investigation 

Mineralogical analysis of the ballast samples were conducted in three stages. The first was a bulk 

characterization of 111 in-situ ballast sample to estimate the proportions of the general ballast 

rock-types. These rock-types were designated as limestone, gneiss, silica slag, or coarse grained 

igneous/metamorphic (otherwise known as CGG). This analysis was a quick qualitative 

assessment of ballast material between 76 mm and 4.76 mm, the portion most easily identified 

with the naked eye. Visual aid diagrams were also used to help identify the ballast rock-types and 

the relative proportions on a consistent basis. 

The second stage of mineralogical analysis was thin-section petrographic analysis, completed by 

an experienced Queen‟s University petrographer, Greg Sitter, on 14 ballast sections. This analysis 

was used to gather a quantitative assessment of the various mineral types and characteristics 

found within each of the primary ballast rock types. These were an important step to understand 

the types of ballast, their structural characteristics, mineral composition, and relative Mohs 

hardness. 

The third stage of mineralogical analysis was the use of X-Ray Diffraction (XRD) analysis to 

identify the various minerals constituents of 45 samples. Material < 0.076 mm, either clay or silt, 

was analyzed from a set of field samples that included; in-situ, sub-ballast, subgrade, undercutter 

return, and LA abrasion material. The XRD tests were an important step to determine whether 

there were notable minerals consistent to the subgrade or sub-ballast samples that could be used 

to determine whether outside intrusion into the ballast layer had occurred. Without XRD analysis, 

the mineralogical factors from the very fine particle range could not be understood or tracked. 
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Analysis of the ballast mineralogy was an important part of the laboratory work to build an 

understanding of the effect of varying ballast characteristics and composition on fouling and 

degradation. Without mineralogical analysis the geotechnical data could not be assessed properly 

due to the high degree of underlying variance in parameters afforded by different ballast rock-

types. Through both qualitative and quantitative assessment of the ballast‟s rock-type proportion 

and mineralogical properties, the different fouling characteristics of varying rock types could be 

studied. 
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Chapter 4. Field and Laboratory Data Analysis 
 

4.1 Introduction 

During the CN Joliette ballast investigation project, a total of 38 trenches were excavated and the 

following samples taken; 249 in-situ trench samples, 12 freshly quarried ballast samples, 6 

undercutter reject/return samples, and 5 native subgrade samples. This section presents the 

synthesized and analyzed information from the field and laboratory investigation of site data and 

ballast samples. The compiled data derived from the grain size distributions, recorded trenching 

site information, LA abrasion testing, and varying petrographic analysis is presented within this 

chapter. The possible parameters that affect ballast fouling are analyzed with statistical tests to 

determine their relationship with the severity and character of ballast fouling. 

The scope of the analysis was to determine the various factors that can affect ballast fouling, 

along with the most likely sources of fouling (presented in Chapter 5). The precise physical 

mechanistic causes of fouling are a very complex subject that is beyond the scope of this study, 

requiring multiple case histories and further physical and chemical testing. This study is 

concerned with the assessment of the proliferation, factors, and likely source zones of track 

ballast fouling. 

Table 4.1 (next page) provides a list of the 19 processed trenches that were used for analysis 

within this study. Included within the table is: the predominant ballast type in the trench, the 

number of in-situ ballast samples processed, the sub-ballast samples processed, the amount of 

samples rock typed (some trench samples were not rock typed due to accidently being disposed of 

during LA abrasion work), if there was an in-situ ballast LA abrasion, the number of hydrometer 

tests conducted, and lastly the number of samples XRD tested. 
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Table 4.1 List of processed trenches with # of samples tested with various methods 

Trench 

(by Mile) 

Majority 
Ballast Rock 

Type 

In-situ 
Ballast 

Samples 
Processed 

Sub-
Ballast 

Samples 

Processed 

Samples 
Rock 

Typed 

LA 
Abrasion 

Tested 

# of 
Hydro-
meter 
Tests 

# of 
Samples 

XRD 
Tested 

86.92 Limestone 7 0 7 YES 3 5 

87 Limestone 6 1 5 NO 0 0 

90.53 Gneiss 4 0 4 YES 4 5 

92 Limestone 7 1 6 NO 0 0 

92.7 Limestone 8 1 8 NO 0 0 

92.8 Gneiss 8 1 6 NO 1 0 

94.5 (A) Slag 6 1 5 YES 3 5 

94.5 (B) Slag 5 0 4 YES 2 2 

96.8 CGG+gneiss 6 1 6 YES 1 3 

97 CGG+gneiss 6 1 5 YES 2 4 

97.3 Limestone 4 0 4 YES 2 0 

98.1 Limestone 9 1 8 YES 2 2 

98.7 Limestone 4 1 4 NO 0 0 

98.9 Limestone 7 1 6 NO 0 0 

99.8 Limestone 8 1 7 YES 3 5 

100 Limestone 8 1 7 NO 0 0 

100.2 Limestone 7 1 6 NO 0 0 

101.2 Limestone 9 1 8 YES 1 2 

101.3 Limestone 6 0 6 NO 0 0 

Total 19 trenches 125 14 111 11 Yes 24 33 
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4.2 Mineralogical and Lithological Data Analysis 

Identifying the proportion of rock types within each in-situ ballast sample is an important aspect 

in the fouling analysis. An inventory of the various rock types found within each ballast sample is 

required for a comparative analysis of hardness, mechanical behavior, weathering resistance, and 

potential chemical response of a ballast layer. This section provides a summary and analysis of 

the rock type proportions found within the coarse (4.76mm to 76mm) particle range and the 

mineral types found within the very fine grained (< 0.076mm) particle range. 

4.2.1 Rock Type Analysis 

As discussed in Section 3.4.1, the rock types and their relative proportions were characterized for 

each processed ballast sample. This section presents an assessment of the statistical distribution of 

rock types for the Joliette ballast sample set. An assessment of the average Moh‟s hardness by 

sample and trench is also presented. 

4.2.1.1 Distribution of Rock Types along the Joliette Sub 

A total of 111 ballast samples were assessed for rock type as described in Section 3.4.1. The 

distributions of 111 ballast samples by proportion of rock type are shown for all 5 primary rock 

types (Limestone, Basalt, Gneiss, Slag, Coarse Grained Gneiss/Granite (CGG)) in Figure 4.1.  
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Figure 4.1  Rock type assessment for 111 in-situ ballast trench samples 

Figure 4.1 presents a plot of the number of ballast samples for each specified % rock proportion, 

laid out on the x-axis. The data was sourced for the 111 trench samples that represent 19 fully 

processed ballast trenches. For instance, there were 3 ballast samples with ~ 40% slag, 2 samples 

with ~ 85% slag, and 1 other sample with ~ 90%. This plot shows that a large proportion of 

samples exhibited limestone contents of between 70% to 100%, compared to many samples 

exhibiting minor basalt, gneiss, and slag contents of <= 5%. A notable observation was how 

basalt made up a minor portion of many samples between 5% (15 samples) and 40% (4 samples) 

by proportion. Mixing of rock types within the ballast layer occurred through historic 

undercutting operations that would have inputted freshly quarried ballasts with recycled ballast 

derived from the ballast layer. A numerical assessment of the data shown in Figure 4.1 is 

summarized in  
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Table 4.2. 

 

 

Table 4.2  Ballast rock-type proportion sample data 

Total Ballast 
Sample Statistic LIMESTONE BASALT GNEISS SLAG CGG 

Average 61% 11% 13% 10% 4.82% 

Max 100% 100% 100% 100% 95.00% 

% of Samples with 
> 50% Composition 70% 6% 9% 10% 1% 

% of Samples with 
> 90% Composition 36% 1% 5% 2% 1% 

 

As shown in Table 4.2, the primary rock-type of the in-situ ballast samples was limestone, with 

the average sample containing 61%. Additionally, 36% of the total samples contained > 90% 

limestone ballast by composition and 70% of samples had > 50% limestone ballast composition. 

This shows that ~ 2/3 of in-situ ballast samples were primarily composed of limestone and half of 

those samples contain between 90% to 100% limestone. In comparison, the average proportion by 

rock-type of in-situ ballast samples were 11% for basalt, 13% for gneiss, 10% for Slag, and  5% 

for CGG.  

In-situ ballast samples with compositions of > 50% of any one of the non-limestone rock types 

totaled 29 samples, with 10 of those having > 90% compositions in a sample. Of those 10 

samples, 6 were primarily gneiss, there were very few primary (>90%) composition samples to 

basalt (1 sample), slag (2 samples), or coarse grained igneous/metamorphic (1 sample). 

 All this data leads to the conclusion that limestone ballast was the primary ballast type used 

historically in the CN Joliette sub and will prove a major factor in the subsequent ballast layer 
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fouling analysis. This distribution of rock type throughout the trenches and ballast samples can 

also be assessed for hardness, as presented in the next section. 

Figure 4.2 shows an overhead map of the study site with the various stretches of track colour 

coded to represent the rock type for the majority of ballast found within the sections. 

 

Figure 4.2  Site map showing the dominant ballast rock type along the processed section of 

track (after Google Earth, 2011) 

In Figure 4.2, the total length of track with processed ballast samples was ~ 21.6 km (14.2 miles). 

Limestone was represented as the primary ballast type along the extent of the track, with the 

Gneiss, CGG, and Slag trenches represented at their sample points. Sections of the track were not 

interpolated as any of the non-limstone majority rock types due to insufficient data to warrant 

such estimation. 
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4.2.1.2 Average Sample Hardness 

In order to use the rock-type proportions data, a parameter was needed that could represent all 5 

primary rock type values. The average sample hardness was chosen for this task because of its 

ability to represent a general parameter for the sample mass and also to represent a relative 

strength parameter of the samples rock.  The average sample hardness parameter was also easily 

compared to the other variables and parameters measured and calculated during the field and 

laboratory investigation. 

In order to calculate the average hardness of a sample, hardness parameters for each of the 5 

primary rock types were estimated. Using both the standard scratch test for mineral hardness on 

the in-situ samples and the mineral content % information from thin-section analysis, the 

hardness value was assessed and compiled into a standard parameter for each primary ballast rock 

type. Individual mineral hardness were referenced from Perkins (2001) and used to estimate the 

theoretical hardness of each ballast rock.  

The limestone ballast had a calcite content of > 90% of 3.5; scratch tests showed a hardness 

between 3 and 4, giving an estimated limestone hardness of 3.5. The hardness of basalt was 

estimated at 6 due to the prevalence of plagioclase (45-65%), pyroxene (5-10%), iron oxides (5-

20%), and amygdules (20%), scratch testing confirmed the hardness of ~6. Gneiss had its 

hardness estimated at 5.5 due to the prevalence of quartz (15-55%), mica (15-30%),  pyroxene 

(15-25%), and feldspars (10%-35%), with scratch testing estimating between 5-6 on gneiss 

samples. Slag‟s hardness was estimated at 7 because of its 95% hard quenched crystalline matrix 

with a silica content > 90%, scratch testing also estimated a value of ~7. Lastly, the CGG rock 

had an estimated hardness of 5.5 because of the high feldspar content (50-85%) and carbonate 

content (10-20%), scratch testing of CGG samples showed a similar range of 5 to 6. Figure 4.3 



 

119 

 

presents the distribution of the % of total samples versus the average Moh‟s hardness calculated 

for each processed ballast sample on the basis of the % of each rock type present. 

 

Figure 4.3  Distribution of Average Moh's Hardness in ballast sample set 

As shown in Figure 4.3, the „bulk‟ hardness of the samples ballast ranges from 3.5 to 7, as would 

be expected as limestone was estimated to be 3.5 and slag estimated to be 7. The entire sample set 

cam be explained by 70% of the samples having > 50% limestone composition and only 26% of 

samples having > 50% compositions of basalt, gneiss, slag, or CGG. Based on the high variation 

of Moh‟s hardness across the entire Joliette subdivision, analysis was constrained to a trench by 

trench basis. Adequately assessing the ballast layer‟s relationship to its average Moh‟s hardness 

was not feasible with the high degree of variance, skew, and the distribution of data if it were all 

analyzed together. To better constrain the analysis of this study, all further assessment was done 

on the based on the rock type majority present within a trench, e.g. limestone, gneiss, slag, or 

CGG. Table 4.3 presents the average Relative Ballast Fouling Ratio (RBFR), average hardness, 

and average ballast rock type content for each of the processed trenches. 
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Table 4.3  Average Moh's Hardness for Processed Trenches split by Majority Limestone 

and Majority Non-Limestone Content 

MAJORITY LIMESTONE TRENCHES 

Trench RBFR 
LIMESTONE 

H=3.5 
BASALT 

H=6 
GNEISS 

H=6 
SLAG 
H=7 

CGG 
H=5.5 

Average 
MOH's 

Hardness 

86.92 33 74 14 8 1 4 4 

87 42 92 0 0 6 2 4 

92 53 83 5 11 1 0 4 

92.7 33 67 26 5 1 0 4 

97.3 24 78 16 0 3 4 4 

98.1 42 73 13 6 8 1 4 

98.7 51 68 13 8 13 0 4 

98.9 57 74 6 7 11 2 4 

99.8 24 67 23 1 6 3 4 

100 37 95 2 2 2 0 4 

100.2 29 89 3 6 1 1 4 

101.2 24 96 2 1 1 1 4 

101.3 32 73 20 5 0 2 4 

AVERAGE 37 79 11 5 4 1 4 

MAJORITY NON-LIMESTONE TRENCHES 

Trench RBFR 
LIMESTONE 

H=3.5 
BASALT 

H=6 
GNEISS 

H=6 
SLAG 
H=7 

CGG 
H=5.5 

Average 
MOH's 

Hardness 

90.53 33 30 0 50 1 19 5 

92.8 11 3 5 92 0 0 6 

94.5(A) 15 9 4 2 83 2 7 

94.5(B) 17 10 11 5 73 1 6 

96.8 34 9 42 25 0 24 6 

97 25 6 11 30 10 43 6 

AVERAGE 22 11 12 34 28 15 6 
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Table 4.3 presents the total amount of processed trenches and their corresponding values for; 

average RBFR value, average proportion of rock types, and average Moh‟s hardness for the entire 

trench. There were 13 trenches where > 50% of the rock composition was limestone, 2 trenches 

for > 50% gneiss, 2 trenches for > 50% slag, and 2 trenches where >50% of material was a 

combination of CGG and Gneiss. The data was split up into the 13 limestone trenches and 6 non-

limestone trenches in order to adequately address the high data variance between the two trench 

types. 

For the 13 majority limestone trenches, the average limestone ballast content was 79% and the 

average Moh‟s hardness of the combined trenches was calculated to be 4.1. In comparison, the 6 

majority gneiss-basalt-slag-CGG trenches (denoted as non-limestone trenches) had an average 

non-limestone ballast content of 88.8% and total average Moh‟s hardness of 5.9, nearly 2  times 

higher than the limestone trenches. This shows a distinct difference between the rock-type that 

make up the ballast layer across the CN Joliette mainline.  

4.2.2 X-Ray Diffraction Analysis 

Results from the X-Ray Diffraction testing were separated based on the primary ballast rock-type 

for each trench. Table 4.4 lists the various XRD tests conducted on the processed trenches. The 

XRD tests were conducted on samples from 4 limestone trenches, 2 slag trenches, 1 gneiss trench, 

2 CGG + gneiss trenches, 3 native subgrade samples. The limestone trench XRD samples were 

chosen based on sampling locations of interest within each trench. Trench 86.92 had 4 BT ballast 

samples to compare to the CLBT-90 sub-ballast sample. Similarly, trench 99.8 had CLUT-30 

analyzed along with 2 LA abrasion samples and a sub-ballast sample to compare both the 

minerals between either possible degradation of ballast and intrusion of sub-ballast. The 98.1 

samples were chosen to test the UR sample for degradation. Slag trench samples were chosen to 

test the various sample locations with fines from LA abrasion and the sub-ballast (only 94.5(A) 

had a sub-ballast sample available).  
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Table 4.4  List of XRD tests by trench / sample type 

Trench/ 
Sample Type Ballast Type In-situ Samples 

LA Abrasion 
Material Tested  

Sub-Ballast  
Tested 

86.92 Limestone 

CLBT-60   CLBT-90 

URBT-30     

CLBT-15     

URBT-30     

99.8 Limestone 
CLUT-30 LA 99.8-1 URBT-60 

  LA 99.8-2   

98.1 Limestone URUT-45 LA 98.1-1   

101.2 Limestone CLBT-15 

 

LSBT-60 

94.5(A) Slag 

CLBT-30 LA 94.5(A)-1 URBT-50 

CLUT 35     

URUT 30     

94.5(B) Slag CLUT 30 LA 94.5(B)-1   

90.53 Gneiss 

CLUT-45 LA 90.53-1   

CLBT-45     

URUT-30     

URUT-45     

96.8 CGG URBT-30 LA 96.8-1 CLBT-80 

97 CGG 

URUT-55 LA 97.0-1   

URBT-30     

URUT-45     

Subgrade Surficial Soil 

90.6 - Native     

95.0 - Native     

88.27 - Native     

Fresh Basalt 

  LA Abrasion 1   

  LA Abrasion 2   

  LA Fresh 3   

 

The 90.53 gneiss trench was also chosen to assess the degradation potential for the trench in the 4 

locations, a sub-ballast sample was not available for this trench. The CGG trench samples were 
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also chosen to assess the UR portion of the ballast layers against degraded and sub-ballast fines. 

Additionally, 3 subgrade samples were tested to compare composition along with 3 freshly 

quarried basalt samples. 

4.2.2.1 Tabulated XRD Results 

The summarized X-Ray Diffraction data is presented in Table 4.5.  

Table 4.5  Tabulated Mineral Contents for XRD Tested Samples 

CGG + Gneiss Mix Trenches Native Samples 

97.0 URUT (55cm) 

Calcite 

90.6 - Native 

Quartz 

Quartz Albite 

Albite Anorthoclase 

Cordierite Microcline 

Biotite 

95.0 - Native 

Albite 

97.0 URBT (30cm) 

Quartz Orthoclase 

Calcite Quartz 

Cordierite 

88.27 - Native 

Quartz 

Biotite Anorthoclase 

97.0 URUT (45cm) 

Quartz Hematite 

Biotite Fresh 

Calcite 

LA Abrasion 1 

Calcite 

LA 97.0-1 

Calcite Albite 

Quartz Chlorite 

Dolomite 

LA Abrasion 2 

Calcite 

96.8 URBT (30cm) 

Calcite Chlorite 

Quartz Cordierite 

Biotite 

LA Fresh 3 

Calcite 

LA 96.8-1 

Calcite Quartz 

Quartz Chlorite 

Biotite Albite 

Anorthite 

  

SUB BALLAST 

96.8-CLBT-80 

Quartz 

  Anorthite 

  Orthoclase 

  Albite 

  Biotite 
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Limestone Trench Samples Slag Trench Samples 

86.92 CLBT (60cm) 

Quartz 
94.5 (A) CLBT (30cm) 

Calcite 

Calcite Quartz 

Anorthite 

94.5(A) CLUT (35cm) 

Calcite 

86.92 URBT (30cm) 

Calcite Quartz 

Chlorite Anorthite 

Quartz 
94.5(A) URUT (30cm) 

Calcite 

86.92 CLBT (15cm) 

Calcite Quartz 

Dolomite 
LA 94.5(A)-1 

Calcite 

Anorthite Quartz 

86.92 URBT (30cm) 

Calcite 

SUB-BALLAST    

94.5(A)  URBT (50cm) 

Quartz 

Quartz Anorthite 

Phlogopite Orthoclase 

SUB BALLAST 

84.95 CLBT (100cm) 

Quarts Albite 

Orthoclase 
94.5(B) CLUT (35cm) 

Quartz 

Albite Calcite 

101.2 CLBT (15cm) 

Calcite 
LA 94.5(B)-1 

Calcite 

Chlorite Quartz 

Quartz Gneiss Trench Samples 

Dolomite 

90.53 CLUT (45cm) 

Calcite 

SUB-BALLAST                       
101.2 LSBT (60cm) 

Quartz Quartz 

Anorthite Biotite 

Orthoclase 

90.53 URUT (15cm) 

Calcite 

Albite Quartz 

99.8 CLUT (30cm) 

Quartz Cordierite 

Calcite Biotite 

Anorthite 

90.53 CLBT (40cm) 

Calcite 

LA 99.8-1 

Calcite Quartz 

Quartz Biotite 

Albite 

90.53 URUT (15cm) 

Quartz 

Chlorite Calcite 

Biotite Anorthite 

LA 99.8-2 
Calcite Cordierite 

Albite Biotite 

LA 99.8-3  
Calcite 

LA 90.53-1 

Calcite 

Albite Biotite 

  

Quartz 
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SUB-BALLAST 

99.8 URBT 60cm 

Quartz 

Biotite 

Orthoclase 

Albite 

98.1 URUT (55cm) 
Calcite 

Quartz 

LA 98.1-1 
Calcite 

Anorthite 

 

Based on the thin-section analysis of the 5 primary ballast types found within the site, given the 

abrasion of a piece of ballast, these are the expected minerals that may show up in the XRD 

analysis of the very fine grained portion. 

1. Limestone: Calcite, Dolomite 

2. Basalt: Quartz, Plagioclase Feldspar (anorthite, albite), Pyroxene. 

3. Gneiss: Quartz, Plagioclase Feldspar, Biotite, Cordierite 

4. Slag: Quartz, possible metals such as copper or nickel 

5. CGG: Quartz, Plagioclase Feldspar, Pyroxene, Amphibole, Biotite, Calcite 

The aggregated XRD data shows that calcite (19/19 of samples) and quartz (17/19) were found 

within nearly every in-situ ballast sample regardless of trench type. Other common minerals 

found within the in-situ ballast included biotite (8/19), anorthite (5/19), and cordierite (5/19). 

Biotite and Cordierite were found only within the gneiss and CGG+gneiss trench types. 

Cordierite is a magnesium iron aluminum cyclosilicate that can occur in pegmatites, granite, or 

gabbroic/basaltic magmas, which aligns with its presence within the CGG+gneiss samples 

(Perkins, 2001). Similarly, dolomite (2 samples) and chlorite (2 samples) were only found in the 

limestone trench type. Lastly, limestone, slag, and gneiss trenches had instances of anorthite. One 

albite sample was found in a CGG+gneiss sample. Lastly, one instance of phlogopite was found 

in the 86.92 of the limestone trench. 
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Sub-ballast and native subgrade samples were XRD tested to help determine whether intrusion 

into the ballast layer was occurring through identifying minerals common to both sample types 

and cross-referencing them with in-situ ballast samples. Additionally, three native samples were 

XRD tested to identify any mineral indicators that may identify the occurrence of either 

upwelling from the native subgrade or windblown intrusion into the top of the ballast layer. 

A total of 5 sub-ballast samples were tested with the XRD from the following trenches; 86.92, 

99.8, 101.2, 94.5(A), and 96.8. All 5 of the sub-ballast samples contained quartz, albite, and 

orthoclase feldspar minerals. Additionally, anorthite was found within the 94.5(A) slag trench 

sample and 96.8 CGG+gneiss trench sample, while biotite was found within the 99.8 limestone 

trench sample and 96.8 CGG+gneiss trench sample. Thus, the most obvious mineral indicator for 

the presence of sub-ballast within in-situ ballast material was orthoclase and albite. Quartz was 

omitted based on its prevalence in all the ballast rock types as well, which wouldn‟t necessarily 

indicate the presence of sub-ballast material. 

The three native samples that were XRD tested were near mileage 90.6, 95.0, and 88.27. Each of 

the tested samples contained quartz and orthoclase feldspars (anorthoclase and microcline). 

Additionally, both 95.0 and 90.6 samples contained albite (plagioclase feldspar) while 88.27 

material contained hematite minerals. Thus, the logical indicators for subgrade pluming would be 

quartz, albite, and orthoclase material found near the sub-ballast/ballast contact. In comparison, 

the logical indicator for windblown migration of native subgrade from the surrounding land 

surface would also be the presence of quartz, albite, and orthoclase (microcline and anorthoclase) 

within the top 15 cm of the ballast layer. 

4.2.2.2 LA tests mineral content versus in-siteu mineral contents  

Fine silt/clay sized particles from the material produced from LA abrasion of ballast was XRD 

tested to determine whether its mineral constituents were the same as the fine grained particles 
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found within the in-situ ballast samples. If the LA abrasion and in-situ mineral constituents line 

up, it would imply that degradation was a likely factor in the formation of the very fine material 

compared to intrusion of foreign minerals.  

For the limestone trenches, 3 total LA abrasion tests were undertaken, 2 LA fines from trench 

99.8 and 1 LA fines from 98.1. The LA 99.8-1 sample contained calcite, albite, chlorite, biotite, 

and quartz. The LA 99.8-2 sample had only calcite and albite (plagioclase). Both of these LA 

samples were made up of ~60% limestone and ~40% basalt compared to the trench, which had 

67% limestone, 23% basalt, 6% slag and 3% CGG.  In comparison, the 99.8 in-situ sample had 

quartz, calcite, and anorthite (plagioclase). Thus, the results show that 99.8 could have been a 

product degradation.  

The 98.1 limestone trench had a single LA sample that contained calcite and anorthite while the 

in-situ ballast sample contained calcite and quartz. The LA sample had ~ 98% limestone with 2% 

slag compared to the in-situ trench that had an average of 73% limestone, 12% basalt, 6% gneiss, 

and 7% slag. The presence of quartz within the material was likely due to the non-limestone 

content.  

In both the 94.5(A) and 94.5(B) slag trenches, both LA abrasion samples contained calcite and 

quartz. All the corresponding in-situ samples also contained calcite and quartz, with one instance 

of anorthite, which could have been derived from the basalt rock within the 94.5 ballast layer. 

Basalt was not well represented within the LA abrasion test, both contained majority slag and 

minority limestone. In this case, anorthite would not be a likely product of LA abrasion, but 

expected from trench degradation. Thus, the in-situ fines of the slag trenches had no unexpected 

mineral constituents, with each likely deriving from the ballast itself. 

The majority gneiss 90.53 trench samples were also tested for congruency between the 

degradation and in-situ samples. The LA 90.53 contained calcite, biotite, and quartz. In 

comparison, the 4 XRD tested 90.53 sample each contained quartz, calcite, and biotite. The only 
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other minerals not found within the LA were cordierite and anorthite, both of which can be 

derived from gneiss. However, the LA sample contained 75% limestone, which was not similar to 

the in-situ trench conditions with 50% gneiss, 19% gneiss, and 30% limestone. Thus, discrepancy 

between the mineral constituents would be expected because of the greater degree of limestone. 

However, the minerals found within the 90.53 in-situ samples were not foreign to the gneiss and 

CGG that primarily made up the trench, giving no indication of the presence of foreign minerals. 

The LA abrasion sample for the CGG+gneiss trench 97.0 had deviance between the mineral 

constituents, with the LA sample having dolomite while the in-situ samples contained cordierite, 

albite and biotite. The dolomite of the LA sample could be explained through the limestone 

content of 40% within the LA mix. Similarly, the cordierite, albite, and biotite were known 

constituents of the gneiss/CGG that made up a majority of the ballast within the trench. Thus, 

there were no mineral types that were foreign from in-situ in relation to the ballast type. 

Thus, overall, there was not a single instance of a mineral constituent within either the LA 

abrasion fines or corresponding in-situ fines that could not be accounted for by the ballast rock-

type makeup of either sample. In conclusion, of the trench samples that underwent XRD testing, 

there was no indication that any mineral other than those possible by ballast degradation was 

contained within the in-situ ballast.  

4.2.2.3 Intrusion of sub-ballast based on mineralogical indicators 

Since each sub-ballast sample contained orthoclase, a mineral not common to any of the ballast 

types, the presence of orthoclase within in-situ ballast implies that sub-ballast material had 

intruded into the ballast layer. There were no XRD results of either in-situ ballast or LA abrasion 

material that contained orthoclase minerals. Thus, no mineral indicators of an intruding sub-

ballast was found within any of the tested in-situ ballast layers. In conclusion, XRD testing of the 

samples indicate that there was  
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4.2.2.4 Validity of the XRD conclusions 

The limited size of the 19 test XRD sample set, ~20% of the total in-situ processed samples, 

doesn‟t allow for absolute confidence in conclusions pertaining to whether the fine material 

within the entire region was likely derived only through degradation. However, the consistency of 

the data is notable, with all the native and sub-ballast samples containing orthoclase with none of 

the in-situ ballast samples showing any orthoclase. If sub-ballast or subgrade intrusion were a 

primary fouling factor, it would be expected to place very fine grained orthoclase feldspar 

particles in at least one sample. Thus, the mineral constituents of the in-situ ballast material show 

no indication of intrusion by sub-ballast material based on no positive indications. Similarly, no 

negative indications were given that all mineral constituents of in-situ ballast material could not 

have been derived from the rock types that characterized the various ballast samples.  

 

4.3 Ballast Grain Size Distribution Data Analysis 

As outlined in Chapter 3, a database of grain size distribution data was compiled through sieve 

and hydrometer testing of samples from the CN Joliette sub, including samples from; in-situ 

trenching, sub-ballast, native subgrade, undercutter reject/return, and freshly quarried basalt 

ballast. This section presents an analysis of the varying grain size distribution curves as well. To 

provide constraints on the analysis for all these materials grain size distribution data, the 

proportion of rock-type across various samples and trenches are also taken into account. 
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4.3.1 Analytical Tools Used in Data Processing 

4.3.1.1 Grain Size Distribution Curve Fitting and Classification 

A grain size distribution curve fitting procedure developed by Fredlund et al (2000) was 

implemented to extract percent passing numbers, such as the grain size at 60% passing, for each 

in-situ ballast sample. Fredlund et al (2000) propose a unimodal equation that provides a method 

for “accurately representing uniform, well-graded, and gap-graded soils”. The unimodal equation 

is composed of 5 parameters and was said to perform better than previous 2-parameter, log-

normal equations used to fit uniform and well-graded soils. Fredlund et al (2000) developed their 

technique based on soil water curve equations proposed by van Genuchten (1980) and Brooks and 

Correy (1964) to form unimodal and bi-modal grain size curve fitting equations. The unimodal 

equation was used in this study because of its ability to create curves for both well-graded and 

gap-graded grain size data. The unimodal equation is provided in Equation [1]. 

       
 

            
   

 
 
   

  
       

     
    

 
 

     
    

  
 
 

 

  [1] 

 

The terms are as follows: 

Pp(d) - % by mass of particles passing a mesh size 

Agr – inflection point of the grain size curve 

Ngr – related to the uniformity of the particle-size distribution (steepness of curve) 

Mgr – curve shape as fines region is approached  

Drgr – related to amount of fines in a soil  

d – diameter of particle size under consideration 

dm – diameter of minimum allowable particle size 

 

Excel Solver™ was used to estimate Agr, Ngr, Mgr, drgr, d, and dm values that resulted in a 

minimum square of difference between % passing laboratory data and calculated % passing 
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values estimated by the equation.  Figure 4.4 presents examples of grain size distribution curve 

plots and how varying the Agr, Mgr, Ngr, and drgr values affect the curve function. 

 

Figure 4.4  Example of how different Agr, Mgr, Ngr, and drgr values represent curve fits (from 

Fredlund et al, 2000) 

Shown in Figure 4.4, Agr affects the steepness of the curve depending where the maximum grain 

size point is located. Mgr is based on the height and shape of the curve within the sand and fine 

grained portion of the curve between 1 mm and 0.001 mm. Ngr shows how the steepness of the 

slope changes with drgr representing variance in the curve shape within the very fine particle 

range. 

Figure 4.5 shows a screenshot of the unimodal grain size distribution equation spreadsheet solver 

developed for this thesis, used to extract percent passing information from laboratory data. 
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Figure 4.5  Microsoft Excel™ calculation sheet for estimating grain size distribution curve 

and grain size information at required percent passing values 

The calculation spreadsheet, displayed in Figure 4.5, output grain size values (d) corresponding to 

percent passing values at; 90%, 85%, 80%, 70%, 60%,50%, 40%, 30%, 20%, 10%, and 5% for 

each in-situ sample tested. The square difference between the lab derived percent passing values 

and the estimated percent values was used for the solver algorithm to converge on an accurate 

unimodal representation of the grain size curve.  

The calculated percent passing values from the equation solver were then used to calculate the 

Coefficient of Uniformity (Cu) and Coefficient of Curvature (Cc) of each in-situ ballast sample. 

These two variables are used to describe the gradation of the soil as well as to identify the soil 

type based on the Unified Soil Classification system (ASTM, 2011). Table 4.6 describes the 

equations and their use. 
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Table 4.6  Explanation and Equations for Cu and Cc (from ASTM, 2011) 

Variable Equation Explanation and Use 

Coefficient of 

Uniformity 

(Cu) 

    
   
   

 

Cu is a shape parameter that compares the size 

of D60 and D10 to determine if a soil sample is 

either well graded or poorly graded (Cu > 4) 

Coefficient of 

Curvature 

(Cc) 

    
     

 

       
 

Cc is a shape parameter that describes the 

curve of the grain size plot and if a soil sample 

can be classified as well graded (1 < Cc < 3) 

 

The two calculations described in Table 4.6 were used to identify the curve shape of ballast, sub-

ballast, and native soil based on the Unified Soil Classification System (ASTM, 2011). The 

results of these calculations are presented in Section 4.3.2 and 4.3.3 to classify the various soil 

and ballast types sampled at the CN Jolitte subdivision. 

4.3.1.2 Relative Ballast Fouling Ratio and Comparison to other Fouling Indices 

The Relative Ballast Fouling Ratio (RBFR) developed by Indraratna et al (2011b), also described 

in Section 2.3.3, was the primary means used to index the degree of fouling within an in-situ 

ballast sample for this thesis. As discussed previously, The RBFR was shown by Indraratna et al 

(2011b) to be more reliable than the fouling index (FI) proposed by Selig and Waters (1994) or 

the Ionescu fouling index (Ionescu, 2004). Figure 4.6 presents three graphs that compare each of 

the 3 calculated fouling indices (RBFR, FI, and Ionescu) to define their relationship. All 111 

available in-situ ballast sample data points were used for each of the 3 graphs. 
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Figure 4.6  Comparative graphs of calculated in-situ ballast sample fouling indicies 
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It is shown in Figure 4.6 that the RBFR and FI values have a close linear correlation between the 

two values. Similarly, the RBFR vs Ionescu data correlate logarithmically with greater scatter 

when the Ionescu values grow higher. The FI vs Ionescu graph shows a similar logarithmic 

correlation between the variables with less relative scatter compared to the RBFR vs Ionescu 

relationship. The Ionescu fouling index values high scatter relative to RBFR and FI showed that it 

would not be adequate for use as the primary fouling index used in this study. The RBFR fouling 

index was chosen as the primary method of analysis for the study due to its accountancy of 9.5 

mm material compared to the FI‟s accountancy of only material < 4.95 mm.  The graphs also 

show the difference in fouling designation as applied by the 3 fouling indices. The Fouling Index 

under-represents the severity of fouling compared to both the RBFR and Ionescu due to it only 

taking into account sand sized and smaller particles. In comparison, the fouling designations 

made by both the RBFR and Ionescu index are relatively similar within the data set, even with a 

more scattered trend. 

Figure 4.7 presents examples of the 3 calculated fouling index values and their respective trench 

photograph and grain-size distribution graph in respect to their observed subjective fouling index. 

Figure 4.7 shows how the fouling index values relate to actual in trench conditions. RBFR, FI, 

and the Ionescu values generally increase with depth, especially in samples taken directly under 

the tie (URUT or CLUT). However, based on the previous assessment, the RBFR value was 

chosen as the primary fouling index used in this study for ease of use and better representation of 

the fine gravel (9.5 mm to 4.76 mm) portion of the ballast samples compared to the Fouling 

Index‟s sand portion or the Ionescu Index‟s scatter compared to the other 2 fouling indexes.. 
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Figure 4.7  Fouling Index relative to ballast trench pictures and grain-size distributions 
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The Relative Ballast Fouling Ratio (RBFR) was used to compare fouling severity with an 

assortment of other factors and variables. Table 4.7 presents the equation and index table for 

RBFR. 

Table 4.7  Review of Relative Ballast Fouling Ratio (RBFR) (Indraratna et al, 2011b) 

     

   
    
    

 

  
      

G – Specific gravity 

M – Dry mass of aggregate 
(passing 9.5 mm sieve) 

Subscripts: 

f - fouling material 

b - fouling material 
+ ballast 

Fo
u

lin
g 

In
d

ex
 Clean 

Moderately 
Clean 

Moderately 
Fouled 

Fouled Highly Fouled 

< 2 2 to < 10 10 to < 20 20 to < 50 ≥ 50 

 

The RBFR equation and fouling index classification presented in Table 4.7, was applied to all of 

the in-situ ballast samples. Since a 9.5 mm sieve was not available for the laboratory sieve stacks, 

the 9.5 mm passing value was calculated using the unimodal curve fit equation outlined in the 

previous section. The fouling index designation from this analysis was separate from the 

Subjective Fouling Index given to a trench‟s sample set during field inspection and excavation. 

Figure 4.8 presents a histogram plot of all aggregated in-situ ballast samples, with the exception 

of sub-ballast samples, to show how the RBFR is distributed across the total CN Joliette track 

study area. 
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Figure 4.8  Histogram of RBFR distribution for 111 in-situ ballast trench samples. 

As shown in Figure 4.8, nearly 90% of the CN Joliette embankment is experiencing fouling 

according to the RBFR scale. Figure 4.9 shows how the RBFR values are distributed within the 

in-situ ballast sample data set. 

 

Figure 4.9  Distribution of RBFR data for in-situ ballast samples (excluding sub-ballast) 
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In Figure 4.9, the distribution of the RBFR values are approximately normal, with mean of 28 or 

„fouled‟ and a standard deviation of 16.5. The analysis of the RBFR distribution of the data 

presented in Figure 4.8 and Figure 4.9, using the calculated RBFR values of all in-situ ballast 

samples, objectively verifies that there was a broad fouling problem associated with the main-line 

track contained within the CN Jolliete subdivision prior to the undercutting project. 

The Relative Ballast Fouling Ratio was an integral part in the objective evaluation of ballast 

sampling data. Calculating the RBFR index for the ballast sample enables for extensive 

comparative analysis between the index and a varied set of other factors, presented in detail later 

in this chapter.  

 

4.3.2 Grain Size Distribution Analysis of In-Situ Ballast Samples  

This section presents the analysis of the in-situ ballast grain size distribution data set in regards to 

the particle size proportions in the various locations and depths of the ballast layer. The first part 

of this section will present information and tables pertaining to the full data set. The second part 

of this section will present an analysis of the grain size distribution data based on the primary 

ballast type contained within the trench. 

4.3.2.1 Grain Size Distribution Analysis of Total In-Situ Ballast Data set 

The total processed in-situ ballast sample set contains only the samples taken from the ballast 

layer by backhoe bucket sampling or hand trenching. The analysis of sub-ballast, native soils, and 

undercutter material is presented beginning in Section 4.3.3. A total of 111 samples derived from 

the ballast layer were processed. This section presents grain size distribution results for the in-situ 

ballast data set based on the following criteria; 15 cm depth samples, 30 cm depth samples, and 

45 cm depth samples, all organized by track sampling location: centerline under tie (CLUT), 

under rail under tie (URUT), centerline between tie (CLBT), under rail between tie (URBT), and 
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right/left side between tie (RS/LSBT), previously described in Section 3.2.2. Figure 4.10 presents 

the compiled average grain size distribution plot of all processed in-situ ballast samples. 

 

Figure 4.10  Total average in-situ grain size distributions for ballast by track sample location 

As can be seen in Figure 4.10, the average grain size distributions for the 5 sampling locations; 

CLUT, URUT, CLBT, URBT, and RS/LSBT were all similar to one another . The plots show a 

regular deviation from the CN ballast specification of ~ 20%, between the 25 mm and 9.5 mm 

range, tapering logarithmically from ~20% passing at 9.5 mm to ~2% passing at 0.1mm. It is 

clear that averaging the total ballast data set forms nearly identical grain size distributions of the 

data, all falling within ~ 5% range within the chart. To adequately assess the different fouling 

character of the 4 primary rock types, the sampling trenches were divided into 4 groups based on 

the predominant rock type within the sampling trench. These 4 trench types include; limestone, 

gneiss, slag, and CGG+gneiss mixed trenches. While basalt ballast represented 15% of ballast 

that was found within in-situ ballast samples, no trench contained basalt as the predominant 

ballast type compared to the other 4 rock types. 
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4.3.2.2 Majority Limestone Trenches Data set Analysis 

A total of 79 processed in-situ ballast samples were a taken from the 13 predominately limestone 

trenches. The grain size distribution data was compiled and averaged based on the sampling 

location (CLUT, CLBT, etc.). The total average RBFR of the 13 limestone trenches was 

calculated as 37, which is designated as „fouled‟. Figure 4.11 presents the all the limestone trench 

grain size distribution curves for all the ballast samples taken in the 5 locations. 

 

Figure 4.11  All Limestone trench grain size distribution curves for all 5 sampling locations 
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The aggregated in-situ ballast sample grain size distribution curves for the 5 sampling locations 

for the limestone trenches shows curves with similar shapes, especially in the CLUT, URUT, and 

RS/LSBT. The grain size distributions of each sampling location fall within a consistent range of 

% passing between 20% and 30%. The URBT graph had a grouping of grain size graphs that 

were much coarser than the general trend, likely due to ballast introduced into the crib between 

the rails during previous shoulder cleaning maintenance on the Joliette sub. 

To aid analysis, the % passing values for each sampling location were averaged arithmetically to 

obtain an average grain size distribution curve for each location. Figure 4.12 presents averaged 

grain size distribution plots for each of the 5 sampling locations, taken from predominately 

limestone trenches. 

 

Figure 4.12  Average grain size distribution plots of sample locations in 13 predominately 

limestone trenches 
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narrow range of 3% - 4% on the % passing scale between curves at a given grain size. The data 

also shows a regular offset from the CN ballast specification of 20% of the % passing scale  

within the ballast range (76 mm to 25.4 mm), 20%-30% in the fine gravel range (<25.4 mm to 

4.76 mm), and 15% to 5% in the sand range (< 4.76 mm to 0.076 mm). In contrast, the averaged 

CLUT data showed ~5% offset from the other curves throughout the fine gravel portion of the 

graph. This indicates that, on average, there was slightly less fine gravel mass formed within the 

CLUT portion of the track embankment. The % mass retained for each of the main particle ranges 

(ballast size, fine gravel size, sand size, and silt/clay size) for the limestone samples are presented 

in Table 4.8. This data also supports the observations made regarding Figure 4.11 and Figure 

4.12. 

Table 4.8  Particle range mean mass % data for ballast samples from limestone trenches 

Particle Size 
Range (mm) 

Mean % Mass Retained 

CLUT URUT CLBT URBT RS/LSBT 
Combined 
Average 

# of Samples 22 15 14 15 13 
 

Ballast Range     
(76mm to 
25.8mm) 

43 32 37 37 34 37 

Fine Gravel 
Range (25.8mm 

to 4.76mm) 
43 52 48 48 51 48 

Sand Range       
(4.76mm to 
0.076mm) 

12 13 12 13 12 12 

Silt/clay Range        
(< 0.076mm) 

2 2 2 3 3 2 

 

As presented in Table 4.8, of the 79 limestone trench samples processed; 22 were CLUT, 15 were 

URUT, 14 were CLBT, 15 were URBT, and 13 were RS/LSBT. As discussed with respect to the 

grain size distribution plot, the 4 non CLUT sample data sets all had similar distributions of 
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particle mass, with ballast ranging between 32% to 37% and fine gravel from 48% to 52% of all 

samples. This data implies that fouling was generally consistent throughout the 5 sections. 

In comparison, the limestone trench data shows that CLUT material had ~6% total sample mass 

less fine gravel (43% vs 50% and ~ 7% more ballast mass (43% vs. 35%) than the other 4 

locations. All 5 sample locations exhibited approximately the same sand content (average 12%) 

and silt/clay content (average 2%), presenting no observable difference in intrusion/formation of 

sand sized particles within the 5 sampling locations of the ballast layer. 

The possible fouling mechanisms that would explain this data are discussed in Chapter 5. 

4.3.2.3 Majority Gneiss Trenches Data set Analysis 

A total of 10 in-situ ballast samples were taken from 2 primarily foliated gneiss trenches. The 

particular characteristics of this rock type were discussed in Section 3.4.4.3. The grain size 

distribution data set was compiled and averaged based on the 4 sampling locations; CLUT, 

URUT, CLBT, and RS/LSBT. No URBT sample taken because of sampling error. The 2 trenches 

had different degrees of fouling, with the 92.8 trench having an average RBFR value of 10.9, 

which was right between the designation of clean and moderately fouled. In comparison, the 

90.53 trench had an average RBFR of 28.55 and a designation of fouled.  Figure 4.13 presents the 

averaged grain size distribution plots of the ballast sampling from trenches exhibiting gneiss as 

the primary (> 50%) rock type. 
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Figure 4.13 Average grain size plots of sampling locations for the 2 gneiss trenches. 

Displayed in Figure 4.13, the plots show significant differences between the grain size 

distributions for the 4 sampling locations. The difference between the 4 location plots range from 

20% to 10%, with their difference with respect to the CN ballast specification ranging from 0% to 

30%. The 20%-30% degree of variability between the plots made separate analysis of the 2 gneiss 

trenches necessary. Thus, analysis of the gneiss trench samples was not conducted on the 

averaged sample location data but separated between the data from 92.8 trench and 90.53 trench. 

This manner of analysis yielded more specific information regarding the behavior of the ballast 

fouling, information that could not be interpreted from averaged data. 
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4.3.2.3.1 92.8 Gneiss Trench Analysis 

The grain size distribution data from the 92.8 gneiss trench is included in Table 4.9.  

Table 4.9  Particle range mass % data for ballast samples from 92.8 gneiss trench 

Particle Size 
Range (mm) 

% Mean Mass Retained 

CLUT URUT CLBT URBT RS/LSBT 
Combined 
Average 

# of Samples 2 2 1 0 1 
 

Ballast Range     
(76mm to 25.8mm) 

61 68 84   85 71 

Fine Gravel Range 
(25.8mm to 

4.76mm) 
32 25 12   14 23 

Sand Range       
(4.76mm to 
0.076mm) 

6 6 3   1 5 

Silt/clay Range        
(< 0.076mm) 

1 1 1   0 1 

 

As shown in Table 4.9, the 92.8 trench grain size distribution data was compiled from 6 samples. 

To provide the rock-type context, the 92.8 trench was recorded as having an average of 92% 

gneiss, 5% basalt, and 3% limestone across the sample set. The BT samples appear to follow the 

CN ballast specification, with both having ~85% ballast content and 12% to 14% fine gravel 

content. Comparatively, the CLUT/URUT zone had ~ 24% less ballast content compared to the 

other 2 locations and 10% - 15% more fine gravel and 3% - 5% more sand, showing that more 

degradation took place within these zones. Between the CLUT and URUT zones, there was a 7% 

decrease (68% to 61%) in ballast mass. Similarly, the CLUT samples had 8% more fine gravel 

(33% vs. 25%) than the URUT samples. The CLUT and URUT sample zones each contained ~ 

5% sand and 1% fine grained materials, displaying no significant difference. The different in 
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ballast and fine gravel between CLUT and URUT implies that the CLUT zone underwent slightly 

more degradation compared to the URUT zone within the 92.8 trench.  

The data indicates that in this > 90% gneiss trench, fouling primarily occurs under the tie, with 

30% to 40% fouling material by sample mass in the CLUT and URUT section compared to 13% 

to 14% fouling material in the CLBT and RS/LSBT sections. The CLUT section data also showed 

~8% more fouling material compared to the URUT section data. This suggests that more 

degradation was occurring within the CLUT section compared to the URUT section. Further 

analysis of the 92.8 trench fouling is located in Chapter 5. 

4.3.2.3.2 90.53 Gneiss Trench Analysis 

The grain size distribution data for the 4 samples taken from the 90.53 trench is included in Table 

4.10.  

Table 4.10  Particle range mass % data for ballast samples from 90.53 gneiss trench 

Particle Size 
Range (mm) 

% Mass Retained 

CLUT URUT CLBT URBT RS/LSBT 
Combined 
Average 

# of Samples 1 1 1 0 1 
 

Ballast Range     
(76mm to 25.8mm) 

36 66 40   33 50 

Fine Gravel Range 
(25.8mm to 

4.76mm) 
51 30 48   39 36 

Sand Range       
(4.76mm to 
0.076mm) 

11 3 10   26 12 

Silt/clay Range        
(< 0.076mm) 

2 1 2   2 2 

 

Presented in Table 4.10, the 90.53 trench grain size distribution data had only 4 samples taken 

due to sampling restrictions at the specific trench (the undercutter was close to the site when 
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trenching began). To provide the rock-type context, the 90.53 trench contained ~50% gneiss, 

~30% limestone, and ~20% CGG across the 4 samples. The general trench was considered 

fouled, with an average RBFR of 32.4. The data show a similar fouling behavior for 90.53 trench 

in comparison to the 92.8 trench within the CLUT section, but with a different severity of fouling. 

The CLUT material had nearly half the ballast mass (36% vs. 66%) and ~40% more fine gravel 

(51% vs 30%) compared to the URUT material. The 2 CLUT samples had significantly more 

sand sized particles, 11.3%, compared to the URUT sand content of 3.0%. Similarly, the CLBT 

sample contained a higher amount of fine gravel and sand comparable to the CLUT section. This 

suggests that the ballast fouling was concentrated within the center-line section of the 90.53 

trench compared to the under rail (UR) section. 

The RS/LSBT sample zone also contained higher than average fouling content, with 39% fine 

gravel and 26% sand. The RS/LSBT sample had > 15% more sand than all other shoulder 

samples taken, making sampling error more probable than an outlier. Such error could be 

introduced by the backhoe bringing up the RS/LSBT sample along with a slice of the underlying 

sub-ballast to cause contamination. The 90.53 LSBT sample was taken at 45 cm, which was well 

within the depth where sub-ballast would be expected. Similarly, intrusion of  the sub-ballast 

could have also occurred in this location, though the URUT sampling location nearby has a much 

lower sand content of 3% vs 26%. 

From the 90.53 data, it appears that ballast fouling was more concentrated within the CLUT layer 

compared to the URUT layer. This was similar to the 92.8 trench results but with much more 

severe fouling. This might be explained by the significantly higher portion of limestone (30%) in 

90.53 as compared to 92.8 trench (3%). Due to the limited data set and variable rock mix of the 

90.53 trench, a definite conclusion on its fouling circumstances cannot be made without access to 

more samples. Further analysis of the 90.53 gneiss trench fouling aspects is located in Chapter 5. 
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4.3.2.4 Majority Slag Trench Data set Analysis 

A total of 9 in-situ ballast samples were taken from the 2 slag trenches (94.5A and 94.5B). The 

characteristics of the silica slag are outlined in Section 3.4.4.4. The slag trench grain size 

distribution data set was compiled and averaged based on 5 sampling locations (CLUT, CLBT, 

etc.). Both trenches were considered on the low end of the moderately fouled RBFR designation, 

with 94.5(A) having an average RBFR of 13.4 and 94.5(B) of 15.0. Similarly, the average rock 

type content of the slag trench was as follows; 10% limestone, 8% basalt, 3% gneiss, 78% slag 

and 1% CGG. Figure 4.14 presents the total slag plot averaged grain size distribution plots of the 

ballast sampling from trenches exhibiting silica slag as the primary (> 50%) ballast rock type. 
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Figure 4.14  Total (top) and average (bottom) grain size distribution plots of sampling 

locations in the 2 silica slag trenches 

As shown in Figure 4.14, the averaged CLUT and CLBT plots for the slag trenches were 
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approximately the same distribution and vary by approximately 5% with the CLUT/CLBT graphs 

at the 20 mm grain size mark. The URBT sample showed a significant difference compared to the 

other 4 sample locations, which had ~10% finer material on average compared to the others. 

Overall, the grain size distributions deviated from the CN specification, with the CLUT, CLBT, 

RSBT, and URUT plots having an average 10%-15% deviation throughout the fine gravel and 

sand sections. The URBT section showed a greater deviation of ~ 10% in the ballast section and 

20%-30% throughout the fine gravel section. The averaged RBFR for the slag trenches was 16.2, 

considered „moderately fouled‟. The % mass retained data within the various particle size ranges 

for the 2 slag trenches is included in Table 4.11. 

Table 4.11  Particle range mass % data for ballast samples from slag trenches 

Particle Size 
Range (mm) 

% Mass Retained 

CLUT URUT CLBT URBT RS/LSBT 
Combined 
Average 

# of Samples 2 2 2 1 2 
 

Ballast Range     
(76mm to 25.8mm) 

62 60 67 37 68 61 

Fine Gravel Range 
(25.8mm to 

4.76mm) 
33 32 29 50 22 31 

Sand Range       
(4.76mm to 
0.076mm) 

4 7 4 11 8 6 

Silt/clay Range        
(< 0.076mm) 

1 1 1 2 2 1 

 

Presented in Table 4.11, the grain size distribution data was constructed from 9 samples across 

the 2 trenches. Overall, the CLUT, URUT, and CLBT sample zones show only minor variance 

between the ballast and fine gravel sections. Their ballast contents ranged from 60% to 67% (2 

samples) and fine gravel contents from 29% to 33% (2 samples), a narrow range. The averaged 
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URUT zone of both trenches had a minor amount of sand sized particles (7%) compared to the 

CLUT and CLBT zones (~4%). The RSBT shows minor deviation from the 3 previously 

mentioned zones by having less fine gravel material (22% RSBT vs. average 31% for 

CLUT/CLBT/URUT).  

The section with the highest deviation in ballast, fine gravel, and sand content compared to the 

other 4 sections was the URBT-30 sample from 94.5(A) trench. This sample had 37% ballast, 

50% fine gravel, and 11% sand, with an RBFR of 31.6. The rock-type content of the URBT 

sample was ~85% slag, 5% limestone, 5% basalt, and 5% gneiss, similar to the compositions of 

the other slag trench samples. In conclusion, the URBT section seems to contain the largest 

amount of fouling materials, with the URUT zone containing slightly more than both the CLBT 

and CLUT samples. More analysis into the possible fouling aspects, mechanisms, and variance 

within the 2 slag trenches is further explored in Chapter 5. 

4.3.2.5 Majority CGG + Gneiss Trenches Data set Analysis 

A total of 10 in-situ ballast samples were taken from the 2 CGG+gneiss mixed trenches (96.8 and 

97.0). The characteristics of CGG+gneiss mixed trenches are discussed in Section 3.4.4. The 

grain size distributions for the CGG+gneiss data were compiled and averaged based on sampling 

location (CLUT, CLBT, etc.). Figure 4.15 presents the total (top) and averaged (bottom grain size 

distribution plots for the in-situ ballast samples taken from the CGG+gneiss trenches. 
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Figure 4.15 Total (top) and average (bottom) grain size distribution plots for sampling 

locations in the 2 CGG+gneiss mixed trenches 
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Shown in Figure 4.15, the 10 samples from the CGG+gneiss mixed trenches show that the grain 

size distributions of the 5 sampling locations were all similar, all lying within a 10% range of 

each other. The only deviation appears to be a minor increase in ballast sized material within the 

CLUT sample zone, which is coarser than the specification. Each of the grain size distributions 

show that the CGG+gneiss had similar fouling severity and characteristics, with approximately 

40%-50% of the material mass not falling within CN ballast specification. The average RBFR 

between the two trenches was 29.3, with the majority of the fouling material mass within the fine 

gravel range, shown in Table 4.12.  

Table 4.12  Particle range mass % data for ballast samples from CGG+gneiss mixed trenches 

Particle Size Range 
(mm) 

% Mass Retained 

CLUT URUT CLBT URBT LSBT Total 

# of Samples 1 2 3 2 2 
 

Ballast                      
(76mm to 25.8mm) 

57 55 54 47 49 53 

Fine Gravel        
(25.8mm to 4.76mm) 

31 31 30 41 38 34 

Sand                    
(4.76mm to 
0.076mm) 

10 12 13 10 11 11 

Silt/clay                          
(< 0.076mm) 

1 2 2 2 2 2 

 

Presented in Table 4.12, a total of 10 samples were taken from CGG+gneiss mixed trenches. All 

5 sample locations contained similar ballast, fine gravel, sand, and silt/clay material, each within 

10% of each other. The most similar sections were CLUT, URUT, and CLBT, which contained 

57% - 55% ballast, 31%-30% fine gravel, and 10% - 13% sand. The URBT and LSBT sections 

contained the least ballast (47% and 49%) and the highest fine gravel content (41% and 38.3%) 

compared to the other 3 sampling locations. Each of the URBT and LSBT samples were taken at 
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30 cm depths, with each having ~ 10% difference in fine gravel content compared to the other 3 

sampling locations. Since neither the sand nor silt/clay contents of the URBT/LSBT zones were 

higher than the other 3 sampling locations, the data implies that either sub-ballast or aerial 

intrusion did not cause increased fouling. Thus, the higher fine gravel content of the 2 zones most 

likely originated from in-place degradation of the ballast into fine gravel fouling particles. Further 

analysis of the possible fouling mechanisms for the CGG+gneiss trenches is presented in Chapter 

5. 

4.3.3 Grain Size Distribution Analysis of Miscellaneous Sample Types  

4.3.3.1 Sub-Ballast 

A total of 9 sub-ballast samples were processed through the large and small sieving process, their 

grain size distribution results are presented in Figure 4.16. 

 

Figure 4.16  Compiled sub-ballast grain size distributions 
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Shown in Figure 4.16, the sub-ballast material could generally be characterized as well graded 

clean sand since the Cu values ranging between 7.3 and 22.9; well graded sand needing Cu ≥ 6. 

The jog in the 94.5(B)-RSBT-50 graph was not an error, but an artifact of the Microsoft Excel™ 

graphing process and there was little material between sizes 10 mm and 50 mm. Five of the fully 

processed sub-ballast samples were considered well graded clean sand (SW). In comparison, 4 of 

the sub-ballast samples were considered poorly graded (SP) due to their Cc (Coefficient of 

Conformity) being < 1 and Cu value remaining > 6. Thus, the sub-ballast material underlying the 

CN Joliette subdivision rail line can be considered well graded to poorly graded clean sand.  

Table 4.13 presents a summary of the percentage mass of ballast, fine gravel, sand, and fine 

particles measured within the sub-ballast samples. 

Table 4.13  Summary of in-situ sub-ballast particle mass distribution data 

Mass of Particles 
to Total (%) 

Average Min Max 

Ballast Range     
(76mm to 25.8mm) 

6.8 1.8 20.4 

Fine Gravel Range 
(25.8mm to 

4.76mm) 
23.7 14.4 34.0 

Sand Range       
(4.76mm to 
0.076mm) 

67.2 45.0 77.4 

Silt/clay Range        
(< 0.076mm) 

2.4 0.7 5.3 

 

Outlined in Table 4.13, the processed sub-ballast samples were composed primarily of fine gravel 

(23.7% average) and sand (67.2% average). Each sub-ballast sample also had a minor amount of 

ballast sized particles (6.8% average) and fine silt/clay particles (2.4% average). This shows that 

the sub-ballast meets the standard rail criteria of being a clean coarse sand to allow for drainage 

and filtration between the sub-ballast and ballast (Selig and Waters, 1994). The high sand content 
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of the sub-ballast suggests that it may be a factor in the increase in sand size particles found 

within the overlying ballast layers.  

4.3.3.2 Native Subgrade 

A total of 3 native subgrade samples were processed with sieving and hydrometer tests, their 

grain size distribution results are presented in Figure 4.17. 

 

Figure 4.17  Native subgrade samples grain size distribution results 

The 90.6 and 95.0 native subgrade samples were classified as poorly graded loamy sands due to 

the majority of sand sized particles (~80%) and silt sized particles (~15%) in the fine particle 

ranges. Each had Cc values > 3 to designate it poorly graded. Similarly, the 88.27 samples was 

considered poorly-graded clean sand (SP) due to its high sand content (~ 75%) and low fines 

content (5%), it had a Cu of 18.8 and Cc of 0.4, with only a fines content of ~5%. The 

information pertaining to this analysis is included in Table 4.14. 
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Table 4.14  Particle mass distribution, soil classification, Cu, and Cc for the 3 native 

subgrade samples 

Criteria 88.27-NATIVE 90.6-NATIVE 95-NATIVE 

Ballast Range            
(76mm to 25.8mm) 

0 0 0 

Fine Gravel Range 
(25.8mm to 

4.76mm) 
23 0 0 

Sand Range       
(4.76mm to 
0.076mm) 

72 82 82 

Silt/clay Range               
(< 0.076mm) 

5 19 18 

Soil Classification 
Poorly Graded 

Clean Sand 
Poorly Graded 
Loamy Sand 

Poorly Graded 
Loamy Sand 

Cu 18.8 33.0 30 

Cc 0.4 5.1 3.3 

 

As shown in Table 4.14, both the 90.6 and 95.0 samples are interesting due to their high sand 

contents of ~ 82% and fines contents of ~19%., ~15% being silt sized material This shows the 

potential for native material to provide a source of fouling material into the ballast through either 

wind or rainout from passing vehicles. The average fines content for the ballast and sub-ballast 

were generally < 5%, implying that the silt/clay sized material (5% to 19% by mass) of native soil 

likely did not intrude from the subgrade layer. Similarly, the relatively low (< 5%) very fine 

particle content of the in-situ ballast samples also that ballast layer fouling wasn‟t primarily 

controlled by wind blown subgrade either, or else a higher % mass of silt/clay would be expected 

within the ballast layer. 

4.3.3.3 Undercutter Reject and Return 

During the underucutting process the upper 0.3 m of ballast is removed by the machine. This 

material is routed on a conveyor belt and from there out onto a large screen. The material that 

passes through the screen is <24.5 mm and is rejected and discarded beside the track. The 
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material retained on the large screen is recycled and placed back into the ballast layer. Fresh 

ballast is subsequently added to make up any loss in volume and depth within the ballast layer.  

Samples of both these material types were taken and processed within the laboratory to determine 

if there is any connection with track fouling. The grain size distributions for both the undercutter 

reject and return samples are provided in Figure 4.18. 

 

Figure 4.18  Grain Size Distributions for Undercutter Reject and Return Material 
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4% of material composing fine grained < 0.076 mm material. The minor amount of silt/clay sized 

resulting from the LA abrasion material was corroborated with the silt/clay sized material content 

within the in-situ ballast and sub-ballast samples. Thus, it is concluded that the contribution of 

fine grained material was negligible to the fouling processes that occurred within the main line 

track in the CN Joliette Subdivision and that the primary source of fouling material was the fine 

gravel range (25.4mm to 4.76mm) and to a lesser extent the sand range (4.76mm to 0.076mm). 

4.3.3.4 Freshly Quarried Ballast  

There was little to note with respect to the grain size distribution of the freshly quarried ballast 

that was placed alongside the reclaimed undercutter ballast.  Figure 4.19 presents the grain size 

distribution data for the specified ballast. 

 

Figure 4.19  CN - Jolliette- FRESH Material Grain Size Distributions 
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As shown in Figure 4.19, the freshly quarried material met the lower limit of the CN ballast 

specification. However, approximately half of the samples exhibited more coarse grained material 

> 76 mm than was required; on average 20% of their total material mass was made up of ballast 

particles > 76 mm. Thus, the freshly quarried ballast did not fit the specification perfectly and had 

a bias of ~ 20% towards large ballast pieces. This bias would likely not cause an increase in 

ballast abrasion due to the smaller total surface area that makes up a similar mass of large 

particles to smaller particles. The likeliest consequence of somewhat coarser ballast would be an 

increase of stiffness and a slight decrease in the elasticity of the track substructure (Indraratna, 

2011a). Overall the fresh ballast placed within the Joliette mainline was clean and therefore 

would not contribute to immediate formation of fouling materials within the ballast layer. Only 

another ballast investigation study in the future would be able to address the suitability of the 

specified ballast. 

 

4.4 LA Abrasion Data Analysis 

Three different LA abrasion testing regimens were conducted to quantify the abrasion response of 

both in-situ ballast and freshly quarried ballast. The first LA abrasion test set was composed of 11 

mixes, each one derived from ballast material taken from a single trench. The samples that 

underwent this testing were those that had enough 38.4 mm and 25.4 mm sized particles 

available, as discussed in Section 3.3.2. The second LA abrasion test set was designed to 

investigate the abrasion characteristics of mixes of fresh ballast with in-situ ballast, and mixes of 

pre-LA abraded fresh ballast. The third LA abrasion test set was the systematic mixing of 3 types 

of fresh quarried ballasts found in the Joliette region, including; limestone, granitic gneiss, and 

vesicular basalt. A total of 18 sample mixes were tested using the 3 rock-types changed in 20% 

steps to study the abrasion effects of various the ballast compositions. This work was carried out 

by summer students Matt Thompson and Riley Leclerc. 
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The LA Abrasion loss value is calculated from the % passing No. 12 (1.70 mm). However, fine 

gravel portion  and sand portions compose the majority of fouling material found within the in-

situ samples compared to the fine sand portion 1.70 mm passing designates. Instead, the 9.5 mm 

passing mark is used for assessment of the resulting LA abrasion grain size distribution curves , 

which is the central parameter used to calculate the RBFR value. The 9.5 mm corresponds to the 

beginning of what can be considered fouling material within the ballast layer as indicated by 

Indraratna et al (2011b) and is the central factor for calculating the objective RBFR index value.  

4.4.1 Test Set 1: In-Situ Trench Sample Abrasion Testing 

For the in-situ ballast abrasion test set, 5.0 kg each of 38 mm 5.0 kg 25.4 mm sized particles were 

collected from a single trench for the LA abrasion testing. A total of 11 trenches were processed 

in this manner. Each 10 kg sample mix was assessed to determine the proportions of the various 

rock types. Since the ballast were derived directly from in-situ samples, it displayed prior wear 

and rounding compared to freshly quarried ballast. The limestone had roundness designations 

between sub-rounded and rounded. Gneiss rock were generally sub-angular to sub-rounded. Slag, 

basalt, and CGG rock were primarily sub-angular, with some angular examples. The resulting 

grain size distributions for the 11 LA abraded trench samples are included in Figure 4.20.  
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Figure 4.20  Grain Size Distribution of LA Abrasion results from in-situ trench mixes 

As can be seen from Figure 4.20, the grain size distributions of the abraded trench material were 

fairly similar, with a range in passing values of ~ 10% between the 11 mm and 0.1 mm grain 

sizes. The trench mix‟s that plot higher on this curve are finer grained. This includes data from 

90.53, 96.8, 97, 97.3, 98.1, and 101.2+101.3. These samples all contained a mix of hard and soft 

rock types as opposed to either 100% soft rock or 100% hard rock. Similarly, the different types 

of ballast rock corresponded to different amounts of time present within the ballast layer, which 

would alter the pre-abraded characteristics of limestone (likely the oldest ballast type) compared 

to slag or basalt (the newer ballast types installed during previous track maintenance (CN, 2011). 

Table 4.15 presents the proportion of rock types within each of the 11 trench mixes, along with 

the trench‟s average RBFR as derived from the in-situ samples. 
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Table 4.15  Proportion of Rock Type  of In-Situ LA Abrasion Trench Mixes 

 

Basalt 
(%) 

Limestone 
(%) Slag (%) 

Coarse Grain 
Granite/Gneiss (%) 

Average 
Trench RBFR 

86.92 - LA 0 95 2 3 29.4 

90.53- LA 0 73 1 26 28.6 

94.5(A) - LA 0 31 69 0 13.4 

94.5(B) - LA 0 20 82 0 15.0 

96.8 - LA 0 56 0 44 29.6 

97.0 - LA 0 40 1 59 24.7 

97.3 - LA 0 99 1 0 22.3 

98.1 - LA 0 99 1 0 34.5 

99.8-1-LA 31 66 3 0 25.0 

99.8-2-LA 40 59 1 0 25.0 

101.2 + 101.3 - LA 0 99 1 0 26.4 

 

4.4.1.1 > 15% passing 9.5 mm abrasion mixes 

Presented in Table 4.15, the top 3 abraded mixes of 98.1 and 97.3 had ~ 18% passing 9.5 mm and 

101.2+101.3 had ~15% passing. In order, the mixes had rock type proportions of 98% limestone, 

99% limestone, and 99% limestone respectively. 98.1 trench had an average RBFR of 34.49 

(upper end of „fouled‟), 97.3 trench had 22.3 (lower end of „fouled‟), and 101.2+101.3 trenches 

together had an RBFR of 26.37 (middle of „fouled‟). Based on the LA abrasion results of these 3 

primarily limestone mixes, the abrasion capability of the rocks correspond with the average in-

situ sample RBFR.  

The next three trenches with the highest % passing 9.5 mm value (~15%) had a mix of 

limestone/gneiss material: with 90.53 having a 73% limestone / 26% CGG split, 96.8 having a 

56% limestone / 44% CGG split, and 97.0 having a 40% limestone / 59% CGG split. The average 

RBFR corresponded loosely with the LA abrasion results; trench 90.53 had an RBFR 28.6 
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(„fouled‟), 96.8 of 29.6 („fouled‟), and 97.0 of 21.9 („fouled‟). This shows that the LA abrasion 

results of mixed softer limestone (3-4 hardness) and harder coarse grained granites/gneisses (5-6) 

create a moderate amount of particles passing 9.5 mm. Foliation of the gneiss ballast type may 

cause increased degradation of the material compared to its relatively good hardness of 5.5. This 

is due to the planes of weakness that form along the foliations are require less force to break apart 

compared to the massive gneiss rock.  

The top 3 LA abrasion values came from ~ 100% limestone mixes, however their 3 

corresponding trenches had similar RBFR values compared to the other 3 limestone/CGG 

trenches. This would indicate that the LA abrasion results of the 3 limestone/CGG mixes 

underestimate the abrasion fouling potential compared to the conditions found within the in-field 

track embankment. As previously stated though, this may be due to an above average degradation 

to its relative hardness because of weakened foliation planes within the gneiss and samples. 

4.4.1.2 < 15% passing 9.5 mm abrasion mixes 

The bottom 5% of the 10% variance zone with coarser grain size curves (Figure 4.20) includes 5 

trench mixes that have < 15% passing 9.5 mm; 86.92, 94.5(A), 94.5(B), 99.8-1, and 99.8-2. In 

comparison to the 3 > 98% limestone mixes in the top 6 mixes, the 86.92 mix had a 95% 

limestone composition with 2% slag and 3% CGG with only ~11% passing 9.5 mm as opposed to 

the 18%  observed in 98.1, 97.3, and 101.2+101.3 mixes. The corresponding 86.92 trench RBFR 

was 29.4 („fouled‟), which does not relate well with the abrasion ability exhibited by the LA 

sample. There is no clear reason why the 86.92 test came out with 7% less material passing 9.5 

mm compared to the aforementioned top 3 tests. This calls into question the ability for the LA 

abrasion test to predict the susceptibility of an in-field material to fouling through abrasion in 

relation to softer limestone ballast. 
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The 94.5(A), 94.5(B), 99.8-1, and 99.8-2 mixes had less overall limestone contents compared to 

the other in-situ tests and exhibited less abrasion. The 94.5(A) and 94.5(B) were primarily made 

up of slag with 30% and 19% limestone content yet showed ~ 13% passing and ~11% passing at 

9.5 mm. This shows that a larger proportion of slag is favourable in reducing the abrasion within 

the LA test, and thus possibly the in-situ trench ballast. In comparison to the trench RBFR, the 

94.5(A) trench was 13.4 (moderately fouled) and the 94.5(B) trench was 15.0 (moderately 

fouled). It can be observed that the low abrasion of the 94.5 trench mixes was likely due to the 

predominance of hard slag. A similar large proportion of slag was found within the 94.5 trenches, 

indicating that the LA abrasion test was adequate at predicting the relative fouling susceptibility 

of track embankments composed of hard silica slag. The low fouling within the 94.5 trenches was 

likely due to the high abrasion resistance of the slag preventing the creation of fouling particles 

within the ballast layer. 

The last 2 mixes, 99.8-1 and 99.8-2, were both derived from the 99.8 trench and had a split of 

limestone and basalt; 99.8-1 with 65.9% limestone / 31.3% basalt and 99.8-2 with 59% limestone 

/ 40% basalt. They each exhibited a similar abrasion behavior, with both having ~ 11% passing. 

The 99.8 trench RBFR was 24.96, which falls in line with the findings for the 94.5 trenches, with 

a relatively low abrasion value corresponding with a relatively low to moderate RBFR value. The 

inclusion of 30 % to 40% basalt appeared to increase the abrasion resistance of both the mix and 

the in-situ trench compared to if the basalt was replaced in the mix by CGG. The fine grained 

crystal matrix of the basalt improved the abrasion resistance compared to coarser grained crystal 

matrix common to the CGG materials.  

Total abrasion loss characteristics for the 11 trench‟s LA abrasion test results showed that the 

RBFR value of a trench was not linked with the abrasion loss of a material. Near 100% limestone 

mixes with the highest RBFR values did not result in higher than average abrasion loss less than 

9.5mm. Limestone+CGG test mixes showed the highest resusltant abrasion loss values with 
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corresponding high RBFR values. Lastly, it was found that limestone mixed with basalt or 

primarily slag mixes yielded the least abrasion. This implied that the harder basalt and slag rock-

type constituents yield abraded material during testing, even when mixed moderately with 

limestone ballasts. 

4.4.2 Test Set 2: Investigatory Mixes 

4.4.2.1 Fresh and In-situ + Fresh mixes 

A total of 9 LA abrasion tests were conducted on „investigatory mixes‟, which were made up of a 

combination of fresh quarried ballast, pre-abraded fresh ballast, and in-situ trench material. 

Figure 4.21, on the next page, presents the results from the LA abrasion tests run with only fresh 

ballast and mixes of fresh and in-situ ballast.  

The LA abrasion tests of 100% freshly quarried basalt ballast are shown in Figure 4.21. Each of 

the 3 fresh ballast mixes were made up of 100% pillow basalt ballast with no observable variation 

between the mixes due to their common origin from the St. Cyrille, QC quarry. Evident from the 

grainsize distribution, there was a variance of ~ 2.5% at the 9.5 mm passing mark; with Fresh-1 

having 12.5%, Fresh-2 having 14%, and Fresh-3 having 15%.   

The two fresh + in-situ ballast tests aligned with the results that came from the pure in-situ test. 

For the 99.8+fresh test, 5.0 kg of fresh ballast was mixed with 5.0 kg of 60% limestone / 40% 

basalt from the 99.8 in-situ samples. The resulting abrasion quality (passing 9.5mm) was 15%, 

which was higher than the in-situ tests, where 99.8-1 and 99.8-2 abrasion tests came out to ~ 11% 

. This is a logical result because the fresh+in-situ test has a smaller proportion of limestone, yet a 

larger total proportion of ~70% hard basaltic ballast to aid in the breakdown of the 30% softer 

limestone. Similarly, the in-situ tests had ~60% limestone and 40% basalt, which helped reduce 

total abrasion due to the predominately of softer rocks within the mix.  
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Figure 4.21  GSD results of fresh ballast abrasion test and fresh/in-situ ballast mixes, full           

Y axis (top) and truncated plot to better show plot to 25% passing (bottom) 
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The 94.5(A+B) + fresh test was a combination of 5.0 kg of fresh basalt ballast and 5.0 kg of ~ 

80% slag and ~20% limestone. The resulting 9.5 mm passing of the test was ~10.5%, which was 

inline with the results gathered from the 94.5(A) and 94.5(B) in-situ tests showed 9.5 mm passing 

of ~12%. The results fall in line between both tests types due to the proportion of rock types and 

their relative hardness. The in-situ tests had 70% – 80% slag and 30% - 20% limestone, while the 

“fresh” + 94.5(A+B) test had 50% basalt + 35% slag compared to 15% limestone. The end result 

was that a high proportion (85%) of hard rock (basalt and silica slag) caused less abrasion to each 

other and also to the 15% limestone proportion of the sample. 

4.4.2.2 Multiple Abrasion Pyramid Test Set 

The abrasion investigation was conducted using pre-abraded ballast material from the fresh-1 

through 3 tests to create abrasion 1 and 2 test mixes. The data set discussed in this section along is 

included in Appendix C – LA Abrasion Data. The AB+Fresh mix was created by mixing 5 kg of 

equal parts abrasion 1 and 2 material and half freshly quarried ballast to test how round particles 

interact with fresh particles. This series of tests was conducted to follow the amount of abrasion 

that continues to occur on increasingly rounded particles. Figure 4.22 presents the results of the 

Fresh 1-3 mixes and the Abrasion 1-2 mixes. 

The results in Figure 4.22 (next page) show 3 fresh tests and 3 abrasion test mixes present 

interesting continual abrasion characteristics. The “fresh 1” through “3” tests show a consistent 

9.5 mm passing of ~13%, similar to the slag and basalt tests in the in-situ LA abrasion mix testing 

(~12%). The rounded material from the initial 3 tests were then mixed into “Abrasion-1” and 

“Abrasion-2” sample sets, both showed less breakdown than the initially angular fresh basalt 

basalt with ~ 6% passing, half of the “fresh 1-3” tests. This shows that more rounded and hard 

basalt ballast had a higher abrasion resistance compared to angular basalt ballast. This would be 

expected based on angular ballast having more readily breakable corner pieces during abrasion. 

Round particles, as previously stated in Chapter 2 may provide better abrasion resistance but do 
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not have the inter-locking that is required to provide a stiff and stable ballast layer (Indraratna et 

al, 2011a). 

On the next page, Figure 4.23 shows the progression of ballast for the discussed test set; from 

pre-LA abraded to after first abrasion and then to after second abrasion. Visible within the 

photographs, the ballast sized material becomes progressively rounder with abrasion, as expected. 

The material begins angular, transitions to approximately sub-rounded after the first abrasion and 

then to rounded by the third, with nearly all possible edge worn away.  

 

 

 

 

 

 



 

171 

 

 

 

Figure 4.22  Total (top) and to zoomed to 25% passing (bottom) GSD results for fresh1-3 and 

abrasion and abrasion+fresh mixes. 
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A)  Fresh before abrasion 

B)  After first abrasion 
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Figure 4.23  Progression of LA abrasion breakdown in three parts: A) Fresh ballast B) After 

first abrasion C) after second abrasion 

In conclusion, abrading pre-abraded material formed less material <9.5 mm compared to either 

fresh or in-situ LA abrasion mixes found in the 11 in-situ trench tests. The abrasion tests showed 

that pre-abraded material will create less fines during subsequent abrasion tests due to the angular 

edges of the material having been removed, allowing less fracturing of the rock to take place. 

Thus, rounder rocks within a ballast layer imply less total fouling material produced through 

degradation compared to angular rocks within the ballast layer. Though this would compromise 

the frictional strength within the ballast layer to perform optimally under train loading (Ionescu, 

2004)(Indraratna et al, 2011a). 

 

 

 

C)  after second abrasion 
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4.4.3 Test Set 3: Three Rock-Type Quarried Ballast Abrasion Testing 

The 18 LA abrasion mixes of limestone, gneiss, and basalt were compiled into a matrix to show 

the behaviour in ballast degradation with varied proportions of rock-type.  The full data set from 

the quarry ballast 3 rock-type LA abrasion testing suite is included in Appendix C – LA Abrasion 

Data. In summary, Table 4.16 shows the resulting % mass proportions of remaining ballast 

particles (which started at 100%), % fine gravel, % sand, and % silt/clay and the % passing 

9.5mm for the 100% rock-type mixes and each of the three types of rock-type mixes; Limestone-

Gneiss, Limestone-Basalt, or Gneiss-Basalt. 

Table 4.16  Proportional % mass of particle ranges for 3 rock-type LA test Suite 

Code 
% Ballast 
(≥25.4mm) 

% Fine Gravel 
(25.4mm-4.76mm) 

% Sand (4.76mm-
0.076mm) 

% Silt/Clay 
(<0.076mm) 

% Passing 
9.5mm 

L-100 A 26 56 12 1 17 

L-100 B 31 53 9 1 16 

L-80 G-20 31 52 9 2 16 

L-60 G-40 25 56 12 2 18 

L-40 G-60 25 55 14 1 19 

L-20 G-80 26 54 15 0 19 

G-100 A 11 62 20 0 25 

G-100 B 22 52 19 1 23 

G-80 B-20 26 56 12 1 17 

G-60 B-40 25 57 12 1 16 

G-40 B-60 30 53 13 1 15 

G-20 B-80  26 61 10 1 11 

B-100 A 34 52 12 0 13 

B-100 B 34 55 7 1 11 

B-80 L-20 27 59 9 1 12 

B-60 L-40 26 58 12 1 14 

B-40 L-60 24 62 10 1 13 

B-20 L-80 26 58 11 2 15 

Mean 26 56 12 1 16 

Min 11 52 7 0 11 

Max 34 62 20 2 25 
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The data in Table 4.16 indicates that the LA abrasion characteristics of the 3 mix types are 

relatively consistent with one another. The % passing data relating to the gneiss rocks showed the 

most obvious relationship, with the G-100 A having 23% and G-100 B having 25% passing 

9.5mm. Similarly, as the proportion of gneiss was raised relative to limestone, the % passing 9.5 

mm went from 16% in L-80 G-20 to 19% in L-20 G-80. Similarly, when mixed with basalt, the % 

passing 9.5 mm went from 11% in G-20 G-80 to 17% in G-80 B-20. This is in contrast to the 

100% limestone mixes with average 16% passing and the 100% basalt mixes with average 12% 

passing.  

The data indicate that higher proportions of foliated gneiss creates more fouling materials during 

LA abrasion testing. In comparison, adding higher proportions of basalt rock to a mix reduces the 

9.5 mm % passing, indicating that basalt had the best resistance to abrasion. Lastly, adding 

limestone to limestone-gneiss mixes reduced the % passing 9.5 mm, while adding limestone in 

the limestone-basalt mixes increased % passing 9.5 mm.  

Basalt met with expectations for its superior performance due to its relatively high average 

hardness of 6, and fine grained and structureless crystalline matrix. Limestone behaved according 

to expectations set by its relatively low hardness of 3.5. The limestone showed higher abrasion 

when its proportion was increased with the harder basalt for example. The stand out behavior was 

that of the granitic gneiss, which did not meet expectations with its Moh‟s hardness of 5.5 and 

fine grained crystalline matrix. Instead, the granitic gneiss rock showed the highest proportion of 

abrasion over both limestone and basalt, for both the 100% gneiss samples and when its 

proportion was increased in the limestone or basalt mixes. The most significant difference was 

the abrasion rates in the 100% homogenous rock-type mixes of limestone, gneiss, and basalt in 

comparison to the other rock-types. Figure 4.24 shows the 6 100% homogenous rock type mixes 

and their resulting LA abraded grain size distributions. 
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Figure 4.24  Grain size distribution for the 6 100% rock-type LA Abrasion mixes 

Seen in Figure 4.24, the clearest characteristic shown from testing was the effect of gneiss content 

on the amount of degradation. The 100% gneiss samples, limestone-gneiss mixes, and basalt-

gneiss mixes all had the greatest degradation and the highest resulting % degraded ballast content 

and % fine byproduct contents. In comparison, the 100% limestone mix, 100% basalt mix, and 

limestone-basalt showed a lower mean amount of both % degraded ballast content and % fine 

byproduct content.  

The foliation structure within the gneiss was the best possible reason for its underperformance 

during LA abrasion testing. The foliated mineral quartz, feldspar, and biotite mineral layers 

within the gneiss, while having a relatively high relative hardness of > 5, were the weakest points 

during abrasion force and would readily separate and break. This is evident from the 100% gneiss 

mixes having the most % passing 9.5 mm compared to either the softer but structureless 

limestone or the harder but structureless basalt.  
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In conclusion the foliated granitic gneiss appears to have extremely poor degradation resistance 

because of its structural weakness. As well, mixing increasing amounts of softer massive 

limestone with harder massive basalt also increased the amount of abrasion. Thus, increasing the 

presence of either gneiss or limestone ballast with basalt ballast increases the amount of fouling 

material produced through degradation of the rock. Thus, mixing new basalt ballast with older 

limestone ballast would likely cause more degradation over time within the ballast layer 

compared to if the ballast layer was completely replaced by only basalt ballast. 

4.4.4 Ballast LA Abrasion Tests Comparison and Summary 

For Test Set 1 (the in-situ tests of used and track worn ballast taken from in trench), LA abrasion 

values poorly correspond to fouling susceptibility of in-field track embankments. LA abrasion of 

4 100% limestone in-situ ballast mixes gave 3 high and 1 low 9.5 mm % passing values, showing 

inconsistency in the LA abrasion test results. In comparison, the 3 Limestone/CGG mixes that 

were tested showed consistently moderate % passing 9.5 mm values (~15%). However, the 

Limestone/CGG tests had correspondingly higher in-field RBFR values compared to the 

corresponding majority limestone trenches, yet their abrasion values (9.5mm passing) were lower. 

Thus, the comparison of LA abrasion values between 100% limestone mixes and limestone/CGG 

mixes was not advisable due to the inconsistent results and lack of correlation between RBFR (an 

objective measure of fouling) 

Also for Test Set 1, the 2 primarily slag in-situ mixes and 2 primarily basalt/limestone in-situ 

mixes showed a moderate connection between their abrasion ability and the ballast performance 

of the corresponding in-field trenches. Additionally, limestone-basalt quarry basalt mixes aligned 

with the in-situ results, having ~13.5% passing 9.5mm compared to ~ 11%, generally showing 

good abrasive resistance. Primary basalt mixes, both from on-site and latter quarry, also showed 

consistent abrasion resistance with ~12% passing 9.5mm for all the sample types. 
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In Test Set 2, it was shown that freshly quarried ballast creates the most fouling sized materials 

passing 9.5 mm, with the subsequently rounded particles producing less overall degradation 

materials when put through subsequent LA abrasion runs. This was expected due to rounded 

ballast particles having less edges and corners for fracturing and wear compared to primarily 

angular fresh ballast. Though a ballast layer of rounded particles decreases the frictional strength 

of the sub-structure to best support passing train loads. 

In Test Set 3, it was shown that foliated granitic gneiss was the worst performing ballast type with 

the most % passing 9.5mm either when mixed homogenously or with limestone or basalt. It was 

postulated that the increased degradation of the foliated granitic gneiss was due to increased 

breakdown along the weaker foliation planes, causing more fouling sized materials to occur. 

Similarly, the structureless basalt, the hardest of the ballast rock-types tested in test set 3, had the 

most abrasion resistance with the least fouling sized material created passing 9.5 mm.  

In Test Set 3, the softest and structureless ballast type, limestone, performed better than gneiss but 

worse than limestone, with an increase in degradation when mixed with basalt. Overall it was 

concluded that raising the proportion of either limestone or foliated gneiss ballast in a mix with 

hard and structureless ballast, such as basalt or slag, would cause an increase in degradation and 

the formation of fouling sized material. Overall, it would appear that fouling would be minimized 

if a ballast layer was composed entirely of a single hard, structureless ballast rock type compared 

to a mix of ballast types. 
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4.5 Trench Site and Ground Conditions Comparative Data 

Analysis 

This section compares both the trench and site conditions to a number of in-situ ballast metrics in 

order to determine if variables such as; ditch depth, land-use, underlying surficial geology, ballast 

layer, or track alignment have any correlation with ballast quality and fouling severity. The 

primary in-situ metrics for analysis will be RBFR, average sample hardness, ballast % mass 

content, fine gravel % mass content, and sand % mass content. The analysis will be able to 

indicate whether or not site or trench conditions had an effect on ballast layer degradation fouling. 

4.5.1 Site Variables 

For the analysis of the possible fouling effects of land use, surficial geology, and ditch depth, 

only the >50% limestone trench samples were used to keep the rock-type variable primarily 

constant throughout the analysis. Incorporating the non-limestone trenches would not have been 

statistically useful, due to the wide array of rock-types and possible characteristics that would 

affect the resulting calculations and analysis. 

4.5.1.1 Land Use 

As discussed in Section 3.1.1, the land use surrounding the Joliette main line track was assessed 

and recorded for each trenching location. This section presents the analysis of the land use data 

compared to the measured and calculated fouling indicators including; RBFR, % ballast content, 

% fine gravel content, and % sand content. The data for the in-situ samples was organized based 

on the 4 primary land use types encountered within the Joliette subdivision, the types being Cross 

(close to Road level crossings and Farmer‟s Crossing intersecting the track – all within farmland), 

Farmland, Forest, and Urban. In order to assess if there was a correlation between fouling severity 
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and the surrounding land use, RBFR values were plotted against % sand content, presented in 

Figure 4.25.  

 

Figure 4.25 Land use: RBFR versus % sand content from in-situ ballast comprising 

predominantly Limestone ballast  

The land use data represented visually in Figure 4.25 shows no obvious correlation between 

either RBFR or % sand content and the land use adjacent to the site. The only observation to note 

was the scattering of the crossing data, which show a higher degree of variability in RBFR 

compared to the other 3 land use types. Farmer‟s crossings had the wooden ties placed between 

and parallel to the steel rails on top of the ballast layer (this allowed tractors and trucks to drive 

safely over the track) were removed to undercut right through the zone. For level road crossings, 

the undercutter was stopped and started a distance away from the paved crossing surface. The 

scatter between the data could imply that the possibility for a higher degree of fouling than 

average can occur at track crossings (either road or farmers field crossings). Table 4.17 presents 
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the land use data in comparison to the average RBFR, standard deviation, ballast content %, fine 

gravel content %, sand content %, and the number of samples that fall within the land use 

category. 

Table 4.17  Land use compared to in-situ sample data 

Majority Limestone Trenches  

Land Use RBFR 
RBFR 

Std. Dev 
Ballast 

Content % 
Fine Gravel 
Content % 

Sand 
Content % 

Sample 
Count 

Farmland 29.9 12 37 49 12 18 

Forest 30.3 12 33 53 12 18 

Crossing 36.3 17 39 44 13 32 

Urban 25.5 11 36 50 11 12 

 

Table 4.17 displays the general lack of correlation with land use between Farmland, Forests, or 

Urban environments compared to any of the important fouling indicators (RBFR, % particle 

contents). Samples taken close to crossings, generally within 10 m, exhibited the highest average 

mean RBFR, 36.3, with a comparably high standard deviation, 17.4. This mean compared to 

either the Farmland or Forest means only yielded a confidence of 66%. Also notable was the 

higher ballast content % of crossing samples (39%) compared to the other 3 samples (~35%), 

however a student t-test showed that the difference in means was not statistically significant, with 

only 75% confidence calculated. A decrease in average fine gravel content of crossing samples 

(44%) was also observed compared to the other 3 land use types (~51%). A t-test did conclude 

that this difference was statistically significant to 97% confidence.  

Crossing samples also had increased average sand content (13%) versus the other 3 land use types 

(~ 11%). A t-test on these 2 sample populations concluded that this difference was in fact not 

statistically significant, with only a 64% confidence between the two means. The higher ballast 

contents (39%) and lower gravel content (44%) was the only statistically significant (>95% 
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confidence) between the data-sets, making any conclusions regarding the correlation of land-use 

to fouling unjustified. Thus, land use likely has little effect on fouling considering the statistical 

insignificance in the difference between the 4 land use data sets. 

4.5.1.2 Underlying Surficial Geology 

As discussed in Section 3.1.2.2, the surficial geology underneath the Joliette main line track at 

each sampling trench was determined based on maps created by the Canadian Geological Survey. 

This section compares the surficial geology data of each trench with calculated fouling indicators 

including; RBFR, % ballast content, % fine gravel content, and % sand content. The goal of this 

assessment was to determine whether or not the type of native subgrade underlying the track sub-

structure affects the severity of ballast fouling. The data for the in-situ samples was organized 

based on the 2 primary surficial geology types within the Joliette subdivision, i) Clay loam/ 

loamy clay or ii) sand. Clay geology was omitted because only one trench with 4 samples 

overlying clay subgrade material was excavated. In order to assess if there was a correlation 

between fouling severity of predominately limestone ballast and the surficial geology of the 

subgrade, RBFR values were plotted against % sand content, presented in Figure 4.26.  

The surficial geology of the subgrade data represented visually in Figure 4.26 shows mild 

correlation between the two subgrage soil types and the fouling indicators. The data shows 

considerable scatter but no discernable difference between the two data sets. There is, however, a 

higher density of clay loam points, located at higher RBFR values and sand content within the 

ballast samples. To better assess the data, Table 4.18 presents the surficial geology data in 

comparison to the average RBFR, standard deviation, ballast content %, fine gravel content %, 

sand content %, and the number of samples that fall within the land use category. 

 



 

183 

 

 

Figure 4.26   Surficial Geology of Subgrade: RBFR versus % Sand Content for predominately 

limestone in-situ ballast samples. 

Table 4.18  Surficial geology of subgrade underlying limestone trenches compared to in-situ 

sample data 

Majority Limestone Trenches  

Surficial 
Geology 

Mean 
RBFR 

RBFR Std. 
Dev 

Ballast 
Content % 

Fine Gravel 
Content % 

Sand 
Content % 

Sample 
Count 

Loamy Clay - 
Clay Loam 

38.3 16 34 49 13 22 

Sand 28.9 17 38 48 11 56 

 

Table 4.18 shows that trenches taken from site that overlay loamy clay – clay loam (henceforth 

known as LC – CL) exhibit a higher average RBFR (38.3) compared to sites that overlay sand 

(28.9). Both surficial geology data sets also had similarly high standard deviations of 15.8 for LC 
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– CL and 17.0 for sand. Through the use of the statistical t-test (for two samples assuming 

unequal variance) on both means, it was found that the RBFR means are different to a statistical 

significance of 97.5% confidence. Additionally, the LC–CL trench samples had 34% ballast 

compared to 38% ballast compared to sand samples, the t-test showing 97% confidence in their 

difference. The fine material contents of the two subgrade soil types fall within a very narrow 

range between 48% and 49%, their difference was not statistically significant, since the P(T<=t) 

was > 0.10. Lastly, the sand content of LC-CL trenches was ~2 % higher (13.3% vs 11.5%) than 

the sand subgrade trenches, which was statistically significant to 92.5% confidence. 

The lower average ballast content and higher average fine gravel and sand contents of the LC-CL 

samples implies increased ballast degradation within the trenches overlying these softer 

foundation soils. Without more samples controlled for both subgrade type and trench rock-type, it 

is difficult to conclusively state whether subgrades with a clay – loam mix cause more 

degradation or not. Thus, the research concludes that clay-loam subgrades may factor in the cause 

of greater ballast fouling, possibly through degradation, compared to sand subgrades. Further 

research and sampling would be required for more a conclusive analysis. 

4.5.1.3 Average Ditch Depth 

The average ditch depth at each trenching location was recorded based on the depth of the north 

and south ditches, measured from the top of the ballast layer to the bottom of the ditch. This 

section presents a brief analysis of the average effect of the ditch depth adjacent to the track 

embankment. Table 4.19 presents the average ditch depth data in comparison to the fouling 

indicators of RBFR, ballast content %, fine gravel content %, and sand content % with the 

predominately limestone trenches.  
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Table 4.19  Average Ditch Depth underlying limestone trenches compared to in-situ sample 

data 

Majority Limestone Trench 

Average Ditch 
Depth (m) RBFR 

RBFR 
Std. Dev 

Ballast 
Content (%) 

Fine Gravel 
Content (%) 

Sand 
Content (%) 

Sample 
Count 

0-1 39.0 14.8 31 55 11 11 

>1-1.75 30.3 11.0 37 49 11 30 

>1.75 - < 2.5 36.3 23.3 44 39 14 21 

2.5-2.75 42.4 17.7 32 54 12 17 

 

Presented in Table 4.19, the data shows no clear correlation between ditch depth and fouling 

severity indicators. Each of the four average ditch depth ranges has RBFR values between 30.0 to 

42.4 and high standard deviations ranging from 11 to 23. Statistical t-tests calculated between the 

various average ditch depth values yielded no results in which the means could be considered 

different with >90% confidence. Thus, any conclusions regarding the average ditch depth would 

be dubious. No further conclusions can be drawn without further research and larger sample set. 

4.5.1.4 Other Possible Geotechnical Factors for Future Consideration 

Due to the constraints put on the research in regard to the specific location of ballast investigation 

trenches, some track embankment factors had to be overlooked due to limited representation 

within the sample set. This section will briefly list the site and track characteristics that may 

affect fouling but were not addressed within the study. 

The alignment of the track, whether on a curving turn or a straightaway, could not be assessed 

due to the lack of trenches taken on curving sections. This is due to the difficulty with setting up 

the backhoe in these areas because of the embankment geometry. Only 1 trench on a curve, 85.3, 

was excavated, resulting in too small of a sample for analysis. 
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The proximity to bridges or culvert structures through the track embankment was another 

potential fouling factor that could not be assessed due to on the constraints to trenching locations. 

Trenching and sampling around these possible track structures would be beneficial to see if, 

statistically, their presence had an effect on the severity of fouling within the ballast layer. 

 

4.5.2 In-Situ Ballast Parameter Correlation Analysis 

This section presents the statistical analysis used to form an understanding of the relationship 

between ballast characteristics and ballast fouling. The primary means of analysis was the use of 

single variable regression analysis of the various sample data sets with Microsoft Excel®. The 

analysis focused on possible relationships between average sample hardness and the four primary 

fouling indicators of;  i) RBFR, ii) % ballast content, iii) % fine gravel content, and iv) % sand 

content. Standard numerical analyses were also conducted on the sample set to determine sand 

content versus depth of the ballast layer. Possible correlations of these variables are important 

indicators whether the ballast fouling is linked to average hardness, which would imply ballast 

degradation for fouling over other factors. No correlation of ballast degradation with either depth 

or average sample hardness would suggest that fouling was caused independent of the ballast 

rock-type. 

4.5.2.1 Average Sample Hardness versus Fouling Indicators 

To determine the possible correlation between the average sample hardness and the four primary 

fouling indicators (RBFR, % Ballast content, % Fine Gravel content, and % Sand content), 

regression analyses were conducted on the data set. The LSBT and RSBT data were omitted due 

to the potential that their rock-types and wear characteristics were distinct from the CLUT, 

CLBT, URUT, and URBT because of previous shoulder cleaning maintenance.  

Three groups of regression tests were completed on the following data; the total data set, the 

limestone trench data set, and the non-limestone trench data set. The limestone and non-limestone 
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data-sets were run separately in order to characterize the effect of limestone versus non-limestone 

material on correlating fouling with average sample hardness. Each of the three sample sets had 

the following regression analyses conducted with average Moh‟s hardness of sample as the X-

axis. For the Y-axis, 4 different correlations were run: RBFR, % Ballast content, % Fine Gravel 

content, and % Sand content. Table 4.20 presents the results of the regression analysis for the 

three data sets. 

Table 4.20  Regression Analysis Results of Avg. Moh's Hardness vs Fouling Indicator 

Variables for total, limestone, and non-limestone data sets 

  Set: 
X-axis: Average 
Moh’s Hardness 

b-
coefficient df 

t-
value p-value 

Confidence 
>95% ? R2 

Y
-a

xi
s 

V
ar

ia
b

le
s 

To
ta

l D
at

a 
se

t:
   

   
   

RBFR -3.89 88 -3.18 2.01E-03 Yes 0.103 

% Ballast Content 7.23 88 4.72 8.82E-06 Yes 0.202 

% Fine Gravel -5.37 88 -4.02 1.23E-04 Yes 0.155 

% Sand Content -1.49 88 -3.28 1.50E-03 Yes 0.109 

Li
m

e
st

o
n

e
 D

at
a 

se
t:

   
   

   
   

   
   

RBFR 4.10 66 1.46 1.48E-01 No 0.179 

% Ballast Content -3.65 66 -1.13 2.62E-01 No 0.019 

% Fine Gravel 2.59 66 0.87 1.48E-01 No 0.011 

% Sand Content 0.75 66 0.72 4.74E-01 No 0.008 

N
o

n
-L

im
e

st
o

n
e

 

D
at

a 
se

t:
  RBFR -12.85 22 -2.95 7.58E-03 Yes 0.294 

% Ballast Content 10.05 22 1.36 1.89E-01 No 0.081 

% Fine Gravel -3.80 22 -0.65 5.24E-01 No 0.020 

% Sand Content -5.33 22 -2.83 9.94E-03 Yes 0.277 

 

Using standard linear regression analysis, a total of 12 scatter plots with Average Moh‟s hardness 

as the x-axis independent variable were assessed. The standard calculated regression values are 

reported in Table 4.20, these were:  

 b-coefficient – Slope of modeled regression line, units corresponding to x-axis 
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 Upper 95% and lower 95% intercepts – the upper and lower points on the y-intercept that 

the 95% confidence interval ranges. 

 df – degrees of freedom for sample set (# of samples – 2 for this analysis) 

 t-value – Computed by dividing the estimated value of a parameter by its standard error. 

A measure of the likelihood that the real value of a parameter is non zero. Larger 

absolute t-values correspond to the less likely real value being zero 

 p-value – The confidence interval of the regression line used to represent the data points. 

p-values < 0.05 correspond to a confidence interval >95%. For the purpose of this 

analysis, p-values < 0.10 implies correlation of the 2 variables with the regression line. 

 R2 – coefficient of determination, the square of the sample correlation coefficients 

between the calculated and real predicted values, ranging from 0 to 1. The values 

represent the fit of the regression line to data, with 1 denoting perfect fit of the regression 

line and 0 denoting no fit. 

 

The complete statistical values and regression graphs for each of the analysis are included in 

Appendix D – Statistical Calculation Results. The values in Table 4.20 indicate the statistical 

correlation between the given two variables, which depends on; the confidence of this conclusion 

(p-value < 0.05 being a pass) and R2 for the estimation of the regression line‟s quality of fit to the 

data. An example of a linear regression line run through the total sample set, between the RBFR 

and average Moh‟s sample hardness, is included in Figure 4.27.  This plot is different than Figure 

4.3, which showed the distribution % total of the samples compared to average Moh‟s sample 

hardness, where as Figure 4.25 is a scatter plot for RBFR vs. average hardness for regression 

analysis. 
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Figure 4.27  Total data set: regression line through RBFR vs. avg. Moh's sample hardness 

data 

As seen in Figure 4.27, this specific regression test of the RBFR versus average Moh‟s sample 

hardness of the total data set shows a correlation between the 2 variables with > 95% confidence; 

b = -3.89, t(88) = -3.18, p < .002. The analysis showed a negative correlation between the data, 

with the RBFR of the samples decreasing with the increase of the average hardness of the ballast 

rock within the sample. The strength of the regression fit was poor, with R2 = 0.103 and a 

substantial amount of data scatter. This shows that actual prediction of the plotted data was not 

practical despite a strong negative data correlation. 

Total Data set 

Regression analysis of the 4 data plots using the total data set showed a statistically significant (p 

< 0.05) correlation between all 4 fouling indicators and the average sample hardness. The 
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regression analysis shows a statistically significant negative correlation between average sample 

hardness and RBFR, % fine gravel content, and % sand content and a significant positive 

correlation with % ballast correlation.  

The analysis shows that the total track ballast layer will respond better, statistically, using ballast 

with a higher average sample hardness compared to lower sample hardness. This was shown, as 

sample hardness increases the RBFR decreases (fouling severity) with a tandem increase in the 

proportion of ballast sized rock and a decrease in both fine gravel and sand content (degradation 

resistance). Implying that mixes of harder non-limestone ballast rock compared to either 

limestone ballast rock or mixes of limestone and non-limestone will ultimately experience less 

fouling severity and less breakdown of ballast and consequent formation of fine gravel and sand 

particles. Thus, there was a statistically significant (> 95%) correlation between the quality of the 

ballast mix compared to the severity of fouling and the potential for degradation. 

The combination of statistical correlation between RBFR and % sand content to average sample 

hardness implies that fouling is primarily occurring through degradation. If the sand content of 

the ballast was primarily derived from sub-ballast migration, it would be expected that both 

RBFR and % sand content would be independent of the average sample hardness and have no 

statistical correlation. Thus, statistical analysis concludes that fouling through ballast layer 

degradation is likely the primary fouling mechanism to create the sand sized fouling material 

compared to sub-ballast, subgrade, or surface migration. 

Limestone Data set 

Regression analysis of the 4 fouling indicators and the average sample hardness showed no weak 

correlation with any significant confidence. Thus, in regards to ballast layers with a majority of 

limestone, there was no statistically significant correlation between the average sample hardness 

and the 4 fouling indicators. This implied that other factors aside from the average ballast 
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hardness were causing the difference in fouling severity and occurrence of both fine gravel and 

sand within the ballast layer. 

Non-Limestone Data set 

Regression analysis of the 4 different types of data plots using the non-limestone trench data (24 

samples) set showed only a statistically significant (p < 0.05) correlation between RBFR vs. 

average Moh‟s sample hardness and the % sand content vs. average hardness. Similarly, no 

statistically significant correlation was found between either % ballast content or % fines content 

vs. average sample hardness for the non-limestone trench data set. This implies that the relatively 

constrained range of average sample hardness for the non-limestone trenches, 5.28 – 6.83, cannot 

be reasonably used to estimate the degradation potential of ballast.  

The non-limestone hardness range still has a statistically significant negative correlation between 

the RBFR of a ballast sample and its average ballast hardness. Likewise, there was a strong 

negative correlation (p < 0.001) between the ballast sand content and average sample hardness. 

This result implies that there was a reliable creation of sand sized grains through ballast layer 

degradation compared to the rock type mix of the ballast. This concludes that harder slag ballast 

will, with a statistical confidence of 95%, generate less sand compared to basalt ballast. However, 

correlation of average  sample hardness between the ballast size rock degradation and fine gravel 

content production was not found to a statistically significant degree, implying that other factors 

than rock type contribute to the degradation and fouling of ballast. 

4.5.2.2 Statistical Analysis of Fouling Factors by Sampling Depth 

A series of statistical student t-tests were conducted on the total sample set, limestone sample set, 

and non-limestone sample set to determine the possible relationship between sampling depth and 

RBFR, % ballast content, % fine gravel content, and % sand content. Table 4.21 includes the full 
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results for significance tests of mean fouling indicators by depth for the total trench data set, 

limestone trenches data set, and non-limestone trenches data set. 

Table 4.21  Results for sample depth versus mean values for ballast parameters and their 

statistical significance 

Total Trenches  Parameter Means 

Sample 
Depth RBFR 

Ballast 
Content % 

Fine Gravel 
Content % 

Sand 
Content % 

Sample 
Count 

15 22.2 41 50 7 14 

30 27.9 43 44 11 57 

40 30.0 43 42 13 40 

Total Data set % Statistical Confidence Between Respective Means 

 
Sample 
Depth 

Confidence % 

RBFR 
% Ballast 
Content  

% Fine Gravel 
Content 

% Sand 
Content 

 15-30 69.0 21.1 72.2 96.0 

 30-45 50.0 4.0 58.4 96.0 

 Predominant Limestone Trenches Parameter Means 

Sample 
Depth RBFR 

Ballast 
Content % 

Fine Gravel 
Content % 

Sand 
Content % 

Sample 
Count 

15 23.7 37 53 8 13 

30 34.0 34 51 13 38 

45 46.5 41 44 13 31 

Limestone Data set % Statistical Confidence Between Means 

 Sample 
Depth RBFR 

% Ballast 
Content  

% Fine Gravel 
Content 

% Sand 
Content 

 15-30 91.2 48.1 47.7 99.3 

 30-45 63.5 95.5 97.8 19.2 

 Predominant Non-Limestone Trenches Parameter Means 

Sample 
Depth RBFR 

Ballast 
Content % 

Fine Gravel 
Content % 

 Sand 
Content % 

Sample 
Count 

15 1.8 94 5 1 1 

30 15.7 61 31 7 19 

45 28.3 49 36 13 9 
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Non-Limestone Trenches %Statistical Confidence Between Means 

 Sample 
Depth RBFR 

% Ballast 
Content  

% Fine Gravel 
Content 

% Sand 
Content 

 30-45 98.9% 97.6 81.8 98.8 

 
 

4.5.2.2.1 Total Data Set  

In regards to the total data set shown in Table 4.21, the 15 cm, 30 cm, and 45 cm mean % sand 

content were the only values that were statistically significant (>95% confidence). The rest of the 

means at the 3 sample depths for RBFR, % ballast content, and % fine gravel were not 

significantly different (confidence < 95%).  The mean sand values at 15 cm, 30 cm, and 45 cm, 

show that the % sand content of the ballast layer increases with depth. This fact can indicate 

multiple possible mechanisms however; including increased degradation generating sand size 

particles at various depths, or rainout of sand sized particles into the lower layers. This possibility 

is discussed further in Chapter 5. 

4.5.2.2.2 Limestone Data Set 

The limestone data set was evaluated by its mean parameters at the various depths, with 13 

samples at 15 cm, 38 samples at 30 cm, and 31 samples at 45 cm. The mean parameters of the 

limestone trench data set showed that the difference between mean values of % ballast content 

and % fine gravel content between 30 cm and 45 cm were statistically significant to > 95% 

confidence.  Similarly, the ~ 10% difference between the mean RBFR values between 15 cm and 

30 cm sampling depths was also statistically significant to >95% confidence, where the difference 

in means between 30 cm and 45 cm was not. Lastly, the difference in mean values of % sand 

content between 15 cm and 30 cm was statistically significant > 95% confidence, where the 

change between 30 cm and 45 cm was not.  
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These results conclude that there was statistically more % ballast content and less % fine gravel 

content to a >95% confidence between the 30 cm and 45 cm layers. This shows that there was 

more ballast degradation within the 15 cm and 30 cm layer compared to the 45 cm on average. 

The statistically significant (95% confidence) difference in % sand content and RBFR between 

the 15 cm and 30 cm depth suggests that the % sand content increases with time, likely due to 

rainout based on the high % gravel content. These factors are discussed further in Chapter 5 

4.5.2.2.3 Non-Limestone Data Set 

Only one ballast sample was taken in non-limestone trenches at the 15 cm, so the mean fouling 

parameter values were not evaluated for this depth. Analysis for samples in the 30 cm and 45 cm 

depths was conducted because of an adequate sample set; 19 samples were taken at 30 cm, and 9 

taken at 45 cm. 

From the student t-test analysis on the non-limestone trench data, it was found that the difference 

in mean values between 30 cm and 45 cm for the RBFR, % ballast content, and % sand content 

were statistically significant to 95%. Likewise, while not classically statistically significant, the 

difference in fine gravel % content between 30 cm and 45 cm had a confidence of 80%, a 

relatively high probability that its difference in mean was significant. Based on the statistical 

significance of the other 3 parameters, it will be assumed that there was a reasonable difference in 

the % fine gravel content mean, significant to only 80% confidence. 

This data indicates that the mean RBFR, % fine gravel content (likely), and % sand content 

increases with depth between 30 cm and 45 cm. Similarly, the % ballast content decreases with 

depth as the average mass proportion of fine gravel and sand increases between the 30 cm and 45 

cm zone. This shows that ballast degradation was either greater with depth for harder non-

limestone ballast or that there was migration of fine gravel and sand particles from shallower to 

deeper depths in the ballast layer. The analysis of these results is discussed in Chapter 5. 
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4.5.2.2.4 Comparison of Results 

The limestone and non-limestone data sets show two clearly different styles of ballast fouling in 

relation to depth. The limestone data shows that ballast degradation and fine gravel production 

was favoured within the top 30 cm compared to non-limestone trenches favouring higher mean % 

ballast content in the 45 cm zone compared to the 0 cm – 30 cm zone. This difference in fouling 

styles suggests a number of possible factors and hypotheses that are discussed in Chapter 5. 

4.6 Chapter Summary 

4.6.1 Mineralogical analysis 

It was found, using 111 processed in-situ ballast samples, that the average ballast sample 

contained ~ 60% limestone ballast by mass. Of the total sample set, 70% had > 50% proportion 

limestone ballast and 36% of total samples had > 90% limestone. Thus, limestone was the 

primary ballast type of the CN Joliette site and was likely an important factor in the fouling 

characteristics that arose within the ballast layers. Similarly, the average sample had 11% basalt, 

13% gneiss, 10% slag, and 5% fine grain igneous/metamorphic rock as ballast rock-types. This 

also shows that the presence of other rock-types with different characteristics than limestone also 

likely had an effect on the fouling mechanics and rates that were measured at the CN Joliette 

study site. 

Using the mineralogical proportions measured from the thin-section analysis along with scratch 

testing of ballast hand samples, average ballast type hardness were estimated as: Limestone-3.5, 

Gneiss-5.5, Slag-7, Basalt-6, CGG-5.5. An average sample hardness was then calculated through 

averaging the rock type proportion within a sample with the ballast hardness data. This forms a 

quantitative value representing a samples resistance to degradation based on its mineral hardness.  
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A total of 45 X-Ray Diffraction tests were conducted on in-situ ballast, sub-ballast, native 

samples, and LA abrasion samples to assess whether foreign minerals were infiltrating into the 

ballast layer. The sub-ballast and subgrade samples were found to all contain orthoclase feldspar 

minerals where as no in-situ ballast samples contained orthoclase feldspar minerals. Similarly, all 

minerals identified within the in-situ ballast samples were concluded to have been accounted for 

through degradation of the parent ballast within the trench based on the same mineral constituents 

between samples. Thus, it was concluded that the XRD results showed no evidence that either 

subgrade or sub-ballast silt/clay sized particles had intruded into the ballast layer. The assumption 

that very fine grained material would also intrude with sand sized particles from the sub-ballast to 

the ballast layer also indicates that no coarser material likely intruded into the ballast layer from 

the sub-ballast layer as well. 

4.6.2 Grain Size Distribution Analysis 

The Relative Ballast Fouling Ratio created by Indraratna et al (2011b) was concluded to be a 

useful objective indicator of ballast fouling severity. For this reason, the RBFR values was 

decided to be used extensively for the study of ballast analysis as a parameter that represents the 

fouling severity within a given sample or trench. 

Analysis was completely by comparing and averaging the proportion of ballast (>25.4 mm), fine 

gravel (< 25.4 mm - 4.76 mm), sand (< 4.76 mm - 0.076 mm), and silt/clay sized material (< 

0.076 mm) between samples types from trenches with similar predominant ballast rock types. 

This was the most effective way of assessing the data to reduce the effects of the different ballast 

characteristics on possible grain size distributions.. 

For the 13 limestone trenches, it was found that the URUT location had the highest degree of 

fouling compared to the other 4 locations, with CLUT showing the least. However, the amount of 

fouling material was still substantial across all locations, and the URUT and CLUT were only 

small deviations from the general fouling content of the trench ballast layers. 
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The 2 gneiss trenches showed considerable difference, with one not considered fouled and the 

other moderately fouled based on the RBFR designations. Both trenches did exhibit fouling 

material concentrated under the tie compared to the other locations within the ballast layer. 

The 2 slag trenches both showed low fouling, with the fouling material concentrating within the 

UR portion compared to the CL portion of the track. Overall both sampling trenches showed that 

slag exhibits only moderate fouling material within the ballast layer. 

The 2 CGG+gneiss showed the most fouling material accumulating within the URBT and URUT 

portion of the ballast layer compared to the CLUT and CLBT sections. The 2 mixed trenches 

showed similar fouling characteristics to the 13 limestone trenches with the degree of fouling and 

similar areas of fouling material concentration.  

 

4.6.3 LA Abrasion Analysis 

LA abrasion testing was conducted in 3 sets of testing. LA Test Set 1 showed that the 9.5 mm 

passing values of 25.4 mm and 36.4 mm in-situ ballast material sent through LA abrasion testing 

corresponded poorly to the in field RBFR value of a given sample or trench. The LA abrasion 

mixes of in-situ ballast consisting of limestone and CGG showed moderate % passing 9.5 mm 

values compared to their high in-field RBFR values. In comparison, slag and limestone/basalt 

mix samples showed the least abrasion loss of in-situ samples and also relatively low in-field 

RBFR values. Overall, LA abrasion has a poor ability to relate to the fouling susceptibility of 

trenches with softer rock (limestone and CGG), while LA tests have a moderate ability to relate 

abrasion loss to trenches with harder rocks (slag and basalt). 

LA Test Set 2 was conducted using freshly quarried with additional testing of the byproduct 

ballast. Results showed that the pre-abraded ballast mixes created less abrasion loss than the fresh 

material. This was proposed to be controlled by the amount of angular edges common to fresh 

ballast pieces compared to the sub-rounded to round ballast particles of pre-abraded material.  
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LA Test Set 3 processed 18 samples of 3 types of freshly quarried ballast (Limestone, foliated 

granitic Gneiss, and Basalt) and mixed together in controlled steps of 20%. Results showed that 

mixes with the granitic gneiss showed the highest formation of fouling sized materials passing 9.5 

mm. Similarly, as the gneiss content within the limestone-gneiss or basalt-gneiss mixes was 

increased, the % passing 9.5 mm value increased. This was postulated as due to the structural 

weakness of the foliations present within the granitic gneiss, allowing more breakdown and 

abrasion of the rock during testing. 

For LA Test Set 3, it was also found that as hard basalt ballast was increased within either the 

gneiss-basalt or limestone-basalt mix, less % passing 9.5 mm material was formed during 

abrasion. Thus, adding either softer limestone ballast or weaker foliated granitic gneiss ballast to 

hard basalt ballast only increases the amount of fouling material created as the poorer rock‟s 

proportion is increased. Thus, mixing poor rock with harder, competent, structureless ballast rock 

types only caused in increase in the amount of fouling sized material produced from degradation. 

 

4.6.4 Statistical Analysis of Data Sets 

The statistical analysis of the total dataset, limestone trench data set, and non-limestone trench 

data set resulted in a number of interesting observations and conclusions regarding the 

relationship between fouling and the characteristics of the fouling layer. 

For the total sample set, regression analysis between 4 factors on the Y-axis; RBFR, % ballast 

content, % fine gravel content, and % sand content and the average sample hardness on the X-

axis, showed a number of statistically significant correlations. Statistically significant negative 

correlations were found between RBFR, % fine gravel content, and % sand content compared to 

the average sample hardness. Similarly, a positive correlation was found between % ballast 

content versus average sample hardness. Each of the regression analysis had relatively poor R2 

values to fit the data, but showed statistically significant trends regardless. This suggests that 
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ballast layers with higher average sample hardness, such as slag or basalt, have significantly less 

fouling occur compared to lower average sample hardness, such as those made up of limestone 

and gneiss. However, the correlations also imply that mixing limestone with much harder 

material, such as basalt or slag, will provide a net benefit to reducing the severity of ballast layer 

fouling. 

No statistically significant correlations were found with just limestone data and the average 

sample hardness versus the fouling indicators. In comparison, statistically significant negative 

correlations were found between samples RBFR / % sand content versus average sample 

hardness, implying that as the rock-type hardness and competence increases, less total sand and 

fouling was found within the ballast layer. This finding also suggests, deductively, that sub-

ballast intrusion of sand into the ballast layer was likely not occurring due to statistically 

significant correlations between % sand content and average sample hardness. If significant sub-

ballast intrusion was occurring, it would be expected that the sample hardness would be 

completely independent of average sample hardness. Thus, the regression analysis shows strong 

evidence for degradation, against sub-ballast migration, and for the proficiency of harder ballast 

rock-types and harder ballast rock-type mixes to reduce the severity of fouling. 

Statistical student t-tests were used to compare the mean values of parameters such as RBFR, % 

ballast content, % fine gravel content, and % sand content with depth. By understanding how the 

data varies with statistical confidence by depth, the nature of ballast fouling can be developed. It 

was found that the only statistically significant difference in parameter means for the total sample 

data set was the increase in sand content with depth. For the limestone data set, it was shown that 

there was a statistically significant increase in the mean RBFR, % ballast content, % fine gravel 

content and % sand content parameters with depth. Likewise, in the non-limestone data set, there 

was a statistically significant increase in both RBFR and % sand content with depth, with a 

decrease in % ballast content. This analysis indicates that limestone trenches have ballast fouling 
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occurring primarily near the top of the ballast layer and decreasing towards the bottom, with sand 

particle mass increasing with depth. In comparison, the non-limestone trenches showed fouling 

occurring from the bottom up, with a statistically significant decrease in ballast content and an 

increase in fouling materials with depth. 
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Chapter 5.  Investigation of Possible Fouling 

Modes for Joliette Subdivision 
 

5.1 Introduction 

This section gathers the information, data, analysis, and observations regarding the Joliette rail 

track study samples to assess the possibility of the 3 primary fouling modes. The section will 

present the evidence and findings for each of the 4 trench types grouped by their majority rock-

type, limestone, gneiss, slag, and coarse grained granite + gneiss (CGG). An assessment of the 

possible occurrence of the three primary fouling modes was conducted based on the test results 

for each of the rock types. Each of the trenches will be evaluated with respect to influence by 

surface intrusion, in-place degradation of ballast, or sub-ballast/subgrade upwelling. 

Mechanisms to explain the data were hypothesized based on the best evidence available. Where 

phenomena could not be readily explained, tentative hypotheses for their possible cause are put 

forward. The logic of the analysis methods is described in the next section of this chapter, 

followed by analysis of the Joliette data.  

 

5.1.1 Ballast Degradation Analysis Methods 

5.1.2 Analysis with In-Situ Ballast Grain Size Distribution Data  

The primary indicator of ballast degradation within the ballast layer, as previously outlined, was 

the presence of fine gravel material between 25.4 mm and 4.76 mm, which follows the „fine 

gravel‟ designation. Material of this size would have most likely been derived from in-place 

degradation of the ballast rock.In the following analysis two new mass proportions are proposed 

for the purpose of analyzing ballast degradation. 
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 The first proportion is termed as „degraded ballast particles‟; these particles span the size range 

between <25.4mm and 12.7mm. This proportion was chosen as a means for analysis based on the 

high likelihood any particle of this size found within the ballast layer was derived from the 

degradation of a normal sized ballast rock. Figure 5.1 presents the „degraded ballast particles‟ 

sized between 25.4 mm to 12.7 m, which is constructed based on the proportion of material sized 

25.4 mm and 19.3 mm versus material sized 19.3 mm to 12.7 mm.  

 

Figure 5.2  Grain size distribution for CN Spec, mean degraded ballast particles of all in-situ 

ballast samples and mean byproduct fines of all in-situ ballast samples. 

Figure 5.3 compares the degraded ballast particles proportion graph to the CN specification for 

filter analysis between the two materials. Mobilizing particles within this size range through the 

ballast void spaces from elsewhere into the ballast layer would be highly unlikely due to the size 

of pore spaces relative to the degraded ballast particles. The 12.7 mm lower end was chosen 

because of its availability as a sieve size used in both LA and in-situ sieving analysis. 12.7mm 

was also chosen as an approximation for the smallest particle size would have a significantly low 

probability to have been transported into the ballast layer based on filter criteria (Craig, 2004). 
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The 25.4 mm size was logically chosen as the maximum of degraded particle size because of its 

use as a minimum limit for the size of ballast particles as stated by CN specifications (CN, 1996) 

A simple filter assessment was conducted using equations [1] and [2] between the CN specified 

ballast and both the degraded ballast particles and byproduct fines mean grain size curve derived 

from the total data set. 

                                     [1] 

           

              
                      [2] 

According to the American Corps of Engineers (2000), Equation [1] estimates the stability 

criteria of a filter for use with „sands and gravels with less than 15 percent finer than 0.076 mm. 

From [1], D15(filter) represents the 15% passing grain size of the CN specified ballast, similarly 

the d85(formation) is the 85% passing point of either the degraded ballast particles or byproduct 

fines. Equation [2] assesses the permeability criteria of the filter material (ballast in this case) 

using the 15% passing for both the ballast and fouling particles. To compare whether CN 

specified ballast would act as a filter for the degraded ballast particle, a grain size curve was 

constructed based on the mean proportion of 25.4 mm, 19.35 mm, and 12.7 mm % passing values 

of the entire in-situ data set.  

Using equation [1], It is clear that the D15(filter) value of 23 is much less than 76 (4  x 

d85(formation)) from the degraded ballast particle graph. As well, using equation [2], the ratio 

between D15(filter) of 23 and D15(formation) of 18  was 1.27, which indicates that the ballast 

material creates a near impermeable barrier for the fine gravel sized fouling material. Thus, the 

filter criteria calculation shows that the CN spec would likely prevent any migration of material 

between 25.4 mm to 12.7 mm into the ballast layer. The only manner for this material to be 

present within the ballast was if it had been degraded from prior ballast.   
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The second proportion is termed „byproduct fines‟ and is the % passing value at < 12.7 mm. The 

12.7 mm value was chosen because of the possibility that material smaller than the 12.7 mm size 

was derived as a byproduct through the degradation of ballast (63 mm - 25.4 mm) into degraded 

ballast particles (25.4 mm - 12.7 mm). As well, the < 12.7 mm size was chosen as the cut off 

because the majority of the material less than 12.7 mm cannot have its migration into the 

specified ballast stopped (with 4 x 4.76 mm (19) particles being than 23 mm). Thus there was the 

possibility that material < 12.7 mm was transported into the void spaces of the ballast layer 

through sub-ballast/subgrade/surface intrusion.  

5.1.2.1 Analysis with LA Abrasion Grain Size Distribution Data 

Another analytical tool to assess fouling through ballast degradation was based on information 

derived from the LA Abrasion tests. The LA abrasion test results for each of the trench types 

were used to calculate a ratio between the mass of by-product fines (< 12.7 mm) formed, versus 

the mass of degraded ballast particles formed (< 25.4 mm – 12.7 mm). This ratio indicates a 

tested and possible amount of fines that could feasibly be produced within the ballast layer based 

on a given amount of degraded ballast particles within the layer. The ratio is termed as the By-

product Production Ratio (BPR) and provides a rough approximation to determine if the mean 

proportion of by-product particles within a trench data-set could not be accounted for based on 

the mean proportion of degraded ballast particles also found within the trench data-set. Using this 

approach, sample depths and locations for each trench type were evaluated to determine if there 

was more byproduct fines than expected solely from the degradation of ballast particles. This 

would then indicate the migration of (< 12.7 mm) particles into the ballast layer from elsewhere 

as a source of fouling material, such as the surface, subgrade, or sub-ballast.  
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5.1.2.2 Analysis of Site Photographs 

An additional method of evaluation used to determine the possible source zone of fouled ballast 

material was through the use of trench photographs taken during sampling. Each trench had both 

the CLUT and URUT sections photographed with a scale for later interpretation and reference.  

As shown in Figure 5.4, the scale for depth is placed alongside the trench face and a photograph 

including a portion of the tie, the ballast layer, and the start of the sub-ballast layer was taken. 

The fouling was then estimated based on the SFI discussed in Section 3.2.1.2, where the 

proliferation of fouling within the ballast layer is used to estimate the relative fouling. The 

material layers are then assessed for sub-ballast migration by looking at any noticeable beige to 

rust coloured sand plumes or staining appearing within the ballast layer. 

 

Figure 5.4  Example of CLUT trench photographs from 92.8 (left) and 98.7( right) 

5.1.2.3 Fouling through Ballast Layer Intrusion Analysis Methods 

Evaluation of whether a trenched ballast layer had experienced fouling through the migration of 

fouling material through surface, sub-ballast, or subgrade intrusion was based on a number of 

factors.  

The first factor assessed was the type of minerals present within the XRD results of both the sub-

ballast and native subgrade sample fines (silt/clay) compared to the fine grained material from the 
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in-situ ballast. As discussed in Section 4.2.2, if minerals were found within the ballast fines that 

could not be accounted for by the degradation of the ballast rock type, it would indicate that the 

silt/clay sized particles material had been affected by other possible intrusion sources.  

If an in-situ ballast sample did exhibit an excessive amount of fine material <12.7 mm, especially 

in the sand range (4.75 mm to 0.076 mm) or silt/clay range (<0.076 mm), trench photographs 

were examined to determine the possibility of sub-ballast or subgrade intrusion. The photograph 

was assessed based on the colour of the fine material within the ballast layer compared to sub-

ballast material, which had a distinct rusty beige colour. The general grain size and texture of the 

fouling material within the ballast voids was also estimated using the ruled scale located in each 

photograph.  

The influence of surface migration of fouling material was the most difficult possible fouling 

mode to assess. The presence of surface migration was based XRD analysis of any of the foreign 

minerals or minerals of close by native material within the in-situ ballast that were inconsistent 

with the ballast mineralogy. Other possible indicators for intrusion of fouling materials from the 

surface would be an inordinately high very fine sand or silt/clay content, which was not witnessed 

within any of the in-situ samples. Material common to surface migration would have to be 

relatively small and light to be mobilized by the air. There are no known sources of freight borne 

contaminants; for example in other parts of the world, coal dust dropping from rail cars is a 

significant source of fouling (Budiono et al, 2004). 

If none of these criteria were met, the trench was assumed to have been fouled primarily through 

in-place degradation as opposed to intrusion of fine material from the surface, sub-ballast, or 

subgrade. 
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5.2 >50% Limestone Trenches 

Three possible fouling modes were assessed for the 18 majority limestone trenches, these modes  

were; in-place degradation, intrusion from surface, and intrusion of sub-ballast. Since all three 

fouling modes can work concurrently, the possible ballast fouling contributions for each were 

assessed with the available data. 

5.2.1 Ballast Degradation 

Regression analysis of the limestone data set, presented in Section 4.5.2.2, showed that there was 

no statistically significant correlation between average Moh‟s rock hardness of the samples and 

either the RBFR, % Ballast content, % Fine Gravel content, or % sand content. This suggests that 

even with an interpretation of the relative rock-type proportions of a ballast layer, there was no 

reliable way to correlate or predict the possible severity of fouling within the layer. This indicates 

that other factors besides or along with rock-type was causing the difference in fouling severity 

observed along the Joliette study track. Thus, the style of fouling degradation was interpreted 

directly from grain-size distribution data. 

Within the limestone trench data set, it was shown that there was a significant portion of particles 

by mass between 25.4 mm and 12.7 mm in size. Table 5.1 lays out the average proportions by 

mass of the 5 sampling locations (CLUT, URUT, CLBT, URBT, and RS/LSBT).  

In Table 5.1, the degraded particles ranging between 25.4 mm and 12.7 mm were the most 

important particles to assess the amount of ballast mass that underwent degradation. The % 

degraded particles within the limestone trenches ranged from 36% to 40% between the 5 sections. 

The fines production ratio was calculated as 1.17 from the 100% limestone LA abrasion samples 

results of in-situ material; the ratio being the degraded ballast particle % divided by the produced 

% fine byproducts.  
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Table 5.1  Mean % grain size proportions by mass of Limestone trench samples 

 

% Proportion by Mass 

Grain Size (mm) CLUT URUT CLBT URBT RS/LSBT 
Combined 
Average 

Ballast Range     
(76mm to 25.8mm) 

43 32 37 37 34 37 

Degraded Particles 
(25.8mm to 12.7mm) 

36 40 36 37 39 37 

Byproduct Fines 

(< 12.7 mm) 
21 28 26 27 26 25 

Possible Calculated 
Fine By-Product 

(<12.7mm) 

(BPR = 1.17) 

42 47 42 43 46 44 

This observation indicates that ballast directly under the centerline of the rail ties undergoes 

moderately less breakdown and fouling as compared to the 4 other locations. To better understand 

this information, the CLUT data was split up based on its sampling depth, 11 samples from the 

15cm - 30 cm depth and 11 samples from the 30cm to 55cm depth, all presented in Table 5.2 . 

The data shown in Table 5.2 indicates that the ballast sizes particles are more degraded near 

surface, producing significantly more degraded particles in the 15-30cm depth versus the 30 cm 

to 45 cm depth. In contrast, there is a greater sand sized component at 45 cm depth (13%) 

compared to the 30 cm depth (9%). From this assessment, it was concluded that the CLUT-45 

zone underwent less mechanical breakdown of the ballast compared to the other 4 locations and 

CLUT-30.  
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Table 5.2  Average % Mass Retained for CLUT 30 and CLUT 45 Limestone Trench 

Sample Locations 

Particle Size Range 
(mm) 

Mean CLUT % Mass Retained 

30 cm 45 cm 

# of Samples 11 11 

Ballast Range  

(76mm to 25.8mm) 
43 42 

Degraded Particles 
(25.8mm to 12.7mm) 

39 33 

Byproduct Fines     

(< 12.7 mm) 
18 24 

% Sand Content  

(4.76 mm to 0.076 mm) 
9 13 

Possible calculated fine 
byproduct < 12.7 mm 

(BPR = 1.17) 

45 39 

 

Through applying the limestone trench BPR number of 1.17 to the mean proportion of degraded 

ballast particles, the calculated possible fine by-products ranged between 42% and 47%. The BPR 

was calculated as an average of the 3 100% limestone LA abrasion test results. The estimated 

possible fine by-products showed that based on the mean proportion degraded ballast particles 

found within the limestone trenches, the proportion of mean by-product fines measured within the 

trench were easily accounted for as formed through the in-place abrasion of ballast. This indicates 

that there was not a significant possibility of < 12.7mm particles infiltrating from the surface, 

sub-ballast, or subgrade into the ballast layer and causing additional fouling. 

In conclusion, the limestone trench data showed that abrasion and breakdown of the ballast 

occurred consistently across all 5 sampling zones. The production of degraded ballast and the 

byproduct sand/clay particles favoured the URUT zone predominantly, with ~4% more 

proportion of degraded particle mass within the zone compared to CLUT, CLBT, and URBT. The 

RS/LSBT zone also exhibited 40% degraded ballast by mass, showing a high amount of degraded 
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material within the track shoulder. Furthermore, CLUT, CLBT, and URBT sampling locations 

showed a regular ~ 36% proportion of degraded ballast with material < 12.7 mm making up 

21.2% to 27.5% proportion by total mass. Thus, the data indicates that limestone fouling was 

primarily caused through in-place degradation of the ballast layer, common across the entire zone 

with slightly increased degradation of ballast and <12.7 mm particle production potential directly 

within the URUT, URBT, and LS/RSBT shoulder zones. 

5.2.2 Sub-Ballast, Subgrade and Surface Intrusion 

There was no direct evidence for intrusion of fine grained < 12.7 mm material either from the 

sub-ballast, subgrade, or from the surface into the ballast layer of the Limestone trenches. XRD 

results of the in-situ limestone ballast and sub-ballast samples from trenches 86.92, 101.2, and 

99.8 showed no evidence of cross-contamination. No orthoclase feldspar indicator minerals found 

within the sub-ballast or the native subgrade were found in either of the 7 total limestone trench 

samples that underwent XRD analysis. Similarly, all the in-situ sample contained minerals such 

as calcite, quartz, anorthite, and others that would be expected from the degradation of the host 

trench‟s ballast rock. 

To assess the possibility of sub-ballast intrusion further, trench photographs were inspected for 

indication that sub-ballast sand was pluming into the overlying ballast layer. For instance, Figure 

5.5 shows an example of the URUT zone of 101.2 trench, RBFR of 25, designated as „fouled‟, 

showing no observable sub-ballast intrusion into the overlying ballast layer. 
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Figure 5.5  Picture of URUT Zone for Limestone 101.2 Trench 

Shown in Figure 5.5, while the ballast was considered fouled using the RBFR indicator, with 

54% fine gravel in the URUT sample, there was no visual indication that sub-ballast was the 

source of the fouling material. 

In regards to native subgrade intrusion, there was absolutely no indication or evidence for fouling 

through subgrade intrusion through the sub-ballast layer and into the ballast layer. The amount of 

very fine grained (< 0.076 mm) material for surrounding native material was ~ 18%. In 

comparison, the mean < 0.076 mm % fines content in the trench by mass was 3%. Therefore, the 

likelihood that subgrade pluming was a major source of fouling material was minimal. This is 

corroborated by the observations that there were no instances observed of fine grained subgrade 

material that had plumed through the ballast. 
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There was also no evidence for the intrusion of fouling particles through surface migration. No 

distinct differences between the fine sand or silt/clay content was observed between the top 0-

15cm or 15-30cm, the average % silt/clay fines content of the limestone trenches was ~2.5% at 

the 15cm, 30cm, and 45cm sample depths. The fines content and average sand content that were 

present within all in-situ limestone samples could also be accounted for based on the amount of 

degraded ballast within the 25.4mm to 12.7mm range that would have created sand/silt/clay 

byproduct. Thus, there was no evidence that the surface intrusion of fouling material was a major 

or moderate cause of fouling, and any actual effect on fouling severity through surface intrusion 

would be minimal due to the material being practically undetectable without close petrographic 

inspection. 

5.2.3 Summary of Limestone Trench Fouling Characteristics 

The general fouling characteristics for limestone trench ballast layers was shown to favour 

degradation of ballast into fine gravel in the top 15-30cm, with a mean ballast content of~ 35% 

and a fine gravel content of ~51%. In comparison, the 45cm depth showed a statistically 

significant difference in the mean ballast (41%) and fine gravel content (44%) from the 15-30cm 

zone. This data implies that fouling within the limestone trenches was generally the most severe 

throughout the under rail zone within the top 15-30cm of the ballast layer, with a minor decrease 

in fouling severity at the 45cm depth. There was also a consistent amount of fouling throughout 

the center line portion of the track, with a minor decrease of proportion in degraded ballast at 

45cm depth compared to the top 15-30cm zone.  

The average RBFR of all the limestone trench samples was 29.2, which is within the „fouled‟ 

designation as stated by Indraratna et al (2011a). This RBFR value shows that the average 

limestone trench ballast layer had fouling material packed between the void spaces of the ballast. 

The generally fouled ballast layer seemed to favour overall degradation within the UR zone 

overall, implying the most dynamic forces are occurring in this zone to aid in the degradation and 
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abrasion of the ballast particles. This can be explained by the proximity of the rail transferring 

dynamic locomotive forces directly into the underlying UR zone, causing higher track forces 

within the more solidly fouled and inelastic ballast layer. However, since the other zones of the 

track ballast have similar amounts of fouling, it appears that the likely increased forces within the 

UR only provide marginally more degradation and fouling particles < 12.7mm. Thus, based on 

the field and laboratory data, limestone ballast layers appear to undergo consistent degradation 

throughout the zone, with a minor increase in degradation within the UR zone, likely due to 

increased track forces within the zone. 

 

5.3 Non-Limestone Trenches 

Sixballast trenches were assessed that had <50% limestone by ballast content. This section details 

the possible fouling modes based on the available data for the 2 slag trenches, 2 gneiss trenches, 

and 2 coarse grained granite+gneiss (CGG) trenches. The three possible fouling modes for the 6 

trenches were assessed as possible means of fouling; these were in-place degradation, intrusion 

from surface, and intrusion from subgrade/sub-ballast. Due to the limited data set available for the 

non-limestone trenches, the conclusions are tentative and based only on the available field and 

laboratory data at hand. 

5.3.1 Non-Limestone Ballast Degradation  

It was found that there was a statistically significant negative correlation (p < 0.05) between the 

non-limestone trenches‟ in-situ ballast RBFR versus the average Moh‟s hardness of sample based 

on its proportion of rock type. This strong correlation suggests that, with non-limestone ballasts, 

less fouling material was produced through degradation. If fouling were primarily caused by 

either subgrade, sub-ballast, or surface intrusion the probability for a statistically significant 

correlation between the RBFR and average sample hardness would be low. Thus, based on 
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observations, degradation was the most likely mechanism for the production and occurrence of 

fouling particles < 25.4 mm within non-limestone samples. 

The actual character of the fouling degradation was differed among the 3 different trench types 

based on the in-situ ballast sample‟s grain size distribution data. The fouling character describes 

the variance fouling material content between the CLUT, CLBT, URUT, URBT, and RS/LSBT 

sampling locations along with the 15 cm, 30 cm, and 45 cm sampling depth intervals. The 

following sections present the observed fouling characteristics of degradation for the slag 

trenches, gneiss trenches, and CGG+gneiss mixed trenches. 

5.3.1.1 Gneiss 

The 2 trenches that were part of the gneiss data set showed a distinct fouling character compared 

to the other trench types. Table 5.3 presents the proportion of masses within the gneiss trenches in 

the CLUT, URUT, CLBT, and RS/LSBT zones. No URBT samples were available for these 2 

trenches.  

 

Table 5.3 Mean % Grain Size Proportions by Mass of Gneiss Trench Samples 

  % Proportion by Mass 

Grain Size (mm) CLUT URUT CLBT URBT RS/LSBT 
Combined 
Average 

Sample Number 3 3 2 0 2 10 

Ballast Range     
(76mm to 25.8mm) 

53 67 62 0 59 
 

Degraded Particles 
(25.8mm to 

12.7mm) 
30 22 25 0 22 25 

Fine By-Product 

(<12.7 mm) 
17 10 13 0 19 15 
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Possible Calculated 
Fine By-Product 

(<12.7mm) 

(BPR = 1.22) 

46 34 37 0 33 37 

 

Presented in Table 5.3, within the 2 gneiss trenches, the highest mean concentration of 

degradation occurred within both the CLUT, CLBT, and URUT zones. The RS/LSBT ballast and 

degraded particle proportions were similarly high to the CLUT and URUT zones due to the 

90.53-LSBT-45 sample having an inordinately high fine gravel (39%) and sand content (25), 

likely due to contamination of sub-ballast based on sampling depth. In comparison, the 92.8-

RSBT-30 sample had little degradation, with only 14.3% fine gravel and 0.6% sand. Using the 

LA abrasion results from 90.53 trench, the predicted byproduct ratio (BPR) was 1.22. Applying 

this ratio to the degraded ballast particle proportions of the gneiss trenches, a possible fine 

byproduct proportion range of 33% to 46% was calculated. This range of possible by-products 

easily explained the actual mean fine by-product material <12.7mm found within the gneiss 

trench sample. 

The difference in the URUT mean mass degradation proportions to the CLUT and CLBT data 

suggests that within the primary gneiss trenches, degradation was concentrated within the CLUT 

zone compared to the URUT. Figure 5.6 shows the 90.53 trench cross-section pictures of both the 

CLUT and URUT zones. 
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Figure 5.6  90.53 Trench photographs of CLUT section (top) and URUT section (bottom) 

Shown in Figure 5.6, the CLUT section shows a noticeably finer particle matrix between the 

smaller ballast particles compared to the URUT section. There was no visual evidence of inter-

mixing of the sub-ballast into the CLUT section, with the no observable rust coloured sub-ballast 

within the ballast matrix. In comparison, the URUT section does appear to have some sub-ballast 
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inter-mixing based on the photograph, with a darkish sand matrix appearing to rise from the sub-

ballast layer and intermix with the ballast. This is not reflected in the URUT sample data 

however, with only 3% material < 4.76 mm within the 90.53-URUT-30 sample. This may be due 

to the backhoe staining the ballast layer with sub-ballast sand as it rose from the trench. The 

URUT zone would then have had the first ~5 cm slice removed from the trench cross-section 

before sampling was conducted. Table 5.4 the mean mass distribution % of the total gneiss trench 

data set by depth. 

Table 5.4 Mean % Grain Size Proportions by Depth of the 2 Gneiss Trenches 

Majority Gneiss Trenches Parameter Means 

Sample 
Depth 

Ballast 
Content % 

Degraded Ballast 
Particles% 

Fine Byproduct 
Content % 

Sample 
Count 

30 72 20 7 6 

45 42 32 26 4 

 

Table 5.4 indicates that the majority of ballast degradation was occurring within the 45cm sample 

zone compared to the 30 cm zone. This was also observed within the gneiss trench photos, likely 

due to increased rainout of fine byproduct particles into the underlying layers and the possibility 

of minor sub-ballast intrusion as seen in Figure 5.6. Intrusion of the sub-ballast may have also 

occurred before significant ballast degradation, causing an abundance of fine byproduct sized 

materials within the ballast pore spaces. 

In conclusion, breakdown of the ballast and the formation of fines were concentrated within the 

CL area of the track compared to UR portion. The average RBFR of the total samples taken from 

the 2 gneiss trenches was 14.5, which is within the lowest fouling designation „moderately 

fouled‟ as stated by Indraratna et al (2011a). The low average RBFR values denote there was less 

overall fouling material between the voids of the ballast compared to those of the limestone 

trenches. This may be the reason of degradation appearing to favour the CL portion of the track 



 

218 

 

compared to the UR portion that characterizes fouling degradation within the limestone ballast 

layers. Tentatively, the data suggests that trenches with primarily gneiss ballast degradation occur 

primarily within the CL section of the ballast layer.  

Additionally, the highest degree of fouling within the 2 gneiss trenches occurred within the 

CLUT location. The concentration of degradation fouling within the CL section was possibly due 

to a decrease in the fouling material within the voids changing the dynamic forces on the ballast 

within the embankment. For a more definitive conclusion on how degradation fouling occurs 

within less fouled gneiss ballast trenches, further grain size distribution data would be required to 

construct a more consistent and statistically significant data set.  

5.3.1.2 Slag 

The 2 primary slag trenches, 94.5(A) and 94.5(B), showed a fouling character distinct from the 

other trench types. Table 5.5 presents the proportions of particle masses sampled in the slag 

trenches within the CLUT, URUT, CLBT, URBT, and RS/LSBT zones.  

Table 5.5 shows that the CLUT, URUT, and CLBT zones all had similar ballast degradation; with 

similar resulting ballast contents (62%), degraded ballast particle content (26%), and degraded 

byproducts (11%). The data showed that the single 94.5(A)-URBT-30 sample had the highest 

occurrence of both degraded ballast particles (39%) and byproducts (15%).  

 

 

 

Table 5.5 Mean % Grain Size Proportions by Mass of Slag Trench Samples 

  % Proportion by Mass 

Grain Size (mm) CLUT URUT CLBT URBT RS/LSBT 
Combined 
Average 
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# of Samples 2 2 2 1 2 
 

Ballast Range     
(76mm to 25.8mm) 

62 60 67 37 68 42 

Degraded Particles 
(25.8mm to 12.7mm) 

28 27 24 39 16 34 

Fine By-Product 

(<12.7 mm) 
10 13 9 24 15 23 

Possible calculated 
Fine By-Product 

(<12.7mm) 

(Ratio = 0.80) 

23 22 20 32 13 28 

 

All samples in both slag trenches were taken at a constant depth of 30cm below the track surface, 

leaving no ability to assess the influence of the sampling depth on the total slag data-set. The 

amount of degraded particles within the 94.5(A)-URBT-30 makes severe fouling through means 

of intrusion improbable. The 94.5(A)-URUT-30 sample had 33% degraded ballast particles and 

20.6% byproduct particles. This suggested that the degradation within the 94.5(A) UR zone was 

more severe compared to the 94.5(B) UR zone, which had 20% particle degradation. Only a 

single URBT and URUT sample were taken, so concluding that URBT samples do in fact 

produce more degraded fouling material compared to URUT zones was statistically insignificant. 

Based on the data, the 94.5(A) has the greatest fouling degradation within the UR zone compared 

to the CL zone.  

The possible calculated fine by-product ratio was 0.8 for the slag LA Abrasion results. Applying 

this ratio to the degraded particle proportion shows a possible by-product proportion range 

between 13.4% and 22.7%, which encompasses the in-situ by-product range of 10% to 24%. The 

only discrepancy was the actual LS/RSB by-product or 15% versus the calculated possibility of 

13%, this can be accounted for as likely having a higher than average particle degradation or 

migration of by-product fines from the URBT and URUT sections into the shoulders. Thus, no 
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major discrepancy in the amount of by-product fines was encountered within the slag trenches 

that were not accounted for by the mechanism of particle degradation. 

In the 94.5(B) trench, the highest portion of degraded ballast particles was located within the 

CLUT zone (33.8%) versus the URUT zone (20.8%). Likewise the CLBT sample had 23% 

degraded ballast particles and 14% byproduct, aligning with higher CLUT. This fouling character 

was in contrast to that found within 94.5(A). There was no indication as to why 94.5(A) had more 

UR concentrated degradation compared to 94.5(B)‟s more CL concentrated concentration. Figure 

5.7 presents photographs from 94.5(A) trench of the CLUT zone (top) and URUT zone (bottom). 

As shown in Figure 5.7 (next page), the URUT ballast layer (bottom) appears packed with wet 

fouling particles between the ballast void spaces due to rainfall during the day prior to sampling. 

Increased force from the rail likely may have caused a higher ballast breakdown rate within the 

region. However, to go beyond speculation, more ballast data from majority slag trenches would 

be required to form conclusions with statistical confidence.  

In conclusion, from the available data, it was shown that slag trenches typically have a 

concentration of fouling within either within the CL zone (94.5A) or UR zone (94.5B) of the 

ballast layer. Overall, the slag trenches objectively underwent less fouling through degradation 

compared to all other trench types, with an average slag trench RBFR of 14.11, which was 

considered moderately fouled (10 to 20), the lowest fouling designation other than clean. The 

deficiency in fouling material within predominately slag ballast layers, appear to affect the 

consistency of where degradation and fouling were concentrating within the ballast layer ballast. 

The presence of relatively low fouled void spaces within the ballast layer seemed to affect the 

degradation characteristics of the ballast layer as a whole, making predicting where the 

degradation would concentrate difficult without more data and analysis. 
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Figure 5.7 94.5(A) Trench Photographs of CLUT section (top) and URUT section (bottom) 
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5.3.1.3 CGG+Gneiss 

The 2 CGG+gneiss trenches, 96.8 and 97.0, that were part of the CGG+gneiss data set showed a 

fouling character more similar to the limestone trenches. Table 5.6 presents the proportions of 

particle masses sampled in the slag trenches within the CLUT, URUT, CLBT, URBT, and 

RS/LSBT zones.  

Table 5.6  Mean % Grain Size Proportions by Mass of Slag Trench Samples 

% Mean Proportion by Mass 

Grain Size (mm) CLUT URUT CLBT URBT RS/LSBT 

Combined 
Average 

# of Samples  1 2 3 2 2 

 Ballast Range     
(76mm to 25.8mm) 

57 55 54 47 49 43 

Degraded Particles 
(25.8mm to 

12.7mm) 
17 23 23 31 31 35 

Total Material 
(<12.7 mm) 

26 22 23 23 20 22 

Possible calculated 
Fine By-Product 

(<12.7mm) 

(Ratio = 1.11) 

18 26 25 34 34 38 

 

Through applying the CGG+gneiss trench BPR number of 1.11 to the mean proportion of 

degraded ballast particles, the calculated possible fine by-products ranged between 18% and 34%. 

The BPR was calculated from the two LA abrasion tests run on the 97.0 and 96.8 in-situ samples. 

The estimated BPR s shows that, based on the mean proportion degraded ballast particles found 

within the gneiss trenches, the amount of by-product fines were easily accounted for as the by-

product of in-place ballast layer abrasion for the URUT, CLBT, URBT, and RS/LSBT Sampling 

locations. This indicates that there was not a significant possibility of by-product material 
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infiltrating from the surface, sub-ballast, or subgrade as a source of fouling material for these 

sampling locations.  

The 97.0-CLUT sample showed a discrepancy between the possible calculated Fine By-Product 

(18%) compared to the fine by-product material that occurs in-situ (26%). There was no evidence 

of sub-ballast pluming into the ballast layer within 97.0-CLUT, shown in Figure 5.8. 

 

Figure 5.8  Trench Photograph of 97.0 CLUT Cross-Section 

Based on the photograph in Figure 5.8, there was no visible mixing between the sub-ballast and 

ballast layers to cause an excess of <12.7 mm particles based on the colour and texture of the 

fouling material. The ballast layer does appear to have a hard pack of fouling material within the 

ballast matrix, supported by a calculated RBFR value of 29.3. The presence of excess <12.7mm 
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material was thus likely due to above average degradation within the trench as opposed to 

migration of fouling particles from an outside source. 

Table 5.6 also shows that the CLUT, CLBT, and URUT zones all had similar ballast degradation; 

with similar resulting ballast contents (~55%), degraded ballast particle content (~20%), and 

degraded byproducts (~24%). In comparison, the URBT and RS/LSBT samples had the highest 

degraded ballast particle content at ~30% and fine byproduct of ~21%. The data showed that the 

UR and shoulder section underwent the most ballast degradation based on the higher 

concentration of degraded ballast particles content and fine byproduct content measured within 

the zones. Figure 5.9, on the next page, shows pictures from the 92.8 CGG+gneiss trench of both 

the CLUT zone and URUT zone. 

Observed in Figure 5.9, the CLUT section shows noticeably less fine byproduct material between 

the ballast matrix compared to the URUT section. Concentration of the fouling sized material 

within the URUT section appears of higher density and moisture content, allowing for the means 

of packing of more fouling material between the ballast void spaces. Each section also showed 

how the fouling was commencing from the bottom up through the probable rainout of degraded 

particles from the in place ballast. Table 5.7, on the next page, presents the mean mass 

distributions of the CGG+gneiss trenches by depth. 
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Figure 5.9 96.8 Trench Photographs of CLUT section (top) and URUT section (bottom) 

Table 5.7 Mean % Grain Size Proportions by Depth of CGG+gneiss Trenches 

Sample 
Depth 

Ballast 
Content % 

Degraded Ballast 
Particles% 

Fine Byproduct 
Content % 

Sample 
Count 

30 52.16 26.18 21.66 4 

45 52.04 24.91 23.05 6 
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Table 5.7 shows that there was no significant difference between the content of degraded ballast 

particles or fine byproduct within either the 30cm or 45cm sampling zones. This data indicates 

that the degree of fouling was generally consistent throughout the depth of the ballast layer.  

In conclusion, trenches with mixes of CGG and gneiss underwent the most degradation within the 

UR zone, with slightly less degradation occurring throughout the CL zone. This result was similar 

to the limestone trench degradation observed, which also favoured degradation within the UR 

portion. The average RBFR of the CGG+gneiss trenches was 25.7, which is on the lower end of 

the „fouled‟ range according to Indraratna et al. (2011a). The higher prevalence of fouling 

material within the ballast layer appears to cause higher degradation within the UR layer the void 

spaces fill, compared to the inconsistent degradation within the 2 slag trenches with their less 

fouled void spaces. The general increase in concentration of fouling materials within the ballast 

layer indicatesdegradation within the UR layer, likely due to the increases of shear and 

compressive stress transferred from the passing locomotives through the rail. However only 2 

CGG+gneiss trenches were available, this makes conclusions specific to CGG+gneiss mixes 

trenches tentative due to the lack of statistical confidence within the data-set. 

5.3.2 Sub-Ballast, Subgrade and Surface Intrusion 

Evidence for the primary fouling mechanism from sub-ballast, subgrade, or surface intrusion was 

minimal compared to that of degradation.  

5.3.2.1 Case for Sub-Ballast Intrusion 

For sub-ballast, the XRD analysis results presented in Section 4.2.2 showed that no minerals, 

such as orthoclase feldspars, indicative of an outside fouling source were found within any of the 

in-situ ballast samples. XRD analysis were run on 12 in-situ ballast samples, 4 LA abrasion 

samples,  and 2 sub-ballast samples derived from the non-limestone trenches. All mineral 

constituents found within the in-situ ballast samples were expected based on mineral contents of 
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the LA abrasion samples of the same material, indicating that degradation was the likely cause of 

the formation of the very fine grained material as opposed to sub-ballast intrusion. 

No obvious sub-ballast plumes or heavy mixing between the ballast and sub-ballast layers were 

observed during the field investigation. When the beige to grey coloured sub-ballast was spotted 

within the ballast layer, scraping off the first ~5cm layer of ballast would show that the sub-

ballast sand was pressed into the ballast layer from the backhoe bucket.  

The grain size distribution of in-situ ballast samples all had their proportions of sand and fine 

gravel particle mass accounted for through the prevalence of degraded ballast particles within the 

ballast layer and also through the results shown from the LA abrasion test results. There were no 

ballast samples taken that had an inordinate amount of fine gravel, sand or very fine particle that 

could not be explained by the amount of abraded ballast particles. Additionally, the extremely 

common prevalence of sub-round to round ballast particles and degraded ballast particles assumes 

a similar production of fine gravel, sand, and very fine grained material during ballast abrasion. 

While it was likely that a minor amount of sub-ballast would have mixed with the ballast material 

at the contact, there was no evidence that the sub-ballast had any role in the degree or progression 

of ballast fouling for non-limestone majority ballast layers within the mainline track of the CN 

Joliette Subdivision. 

5.3.2.2 Case for Subgrade Intrusion 

The evaluation of possible fouling through subgrade intrusion with the XRD analysis in section 

4.2.2 showed no indicators between the native subgrade material and in-situ ballast sample 

material that would suggest any contamination of subgrade into the ballast layers. As well, within 

the in-situ ballast sample grain-size distribution, no evidence of increased very fine grained 

silt/clay/very fine sand was witnessed that would have indicated fouling had occurred by the 

intrusion of subgrade. The very fine particle portions measured within the in-situ ballast samples 
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were easily accounted for based on the amount of fines produced from fresh ballast during LA 

abrasion testing and the degraded ballast particles found in-situ within every trench. The lack of 

evidence leads to the conclusion that subgrade migration had little to no impact on the layer in the 

mainline track of the CN Joliette Subdivision. 

5.3.2.3 Case for Surface Intrusion 

Similar to the XRD analysis and results of the sub-ballast and subgrade materials, no 

mineralogical indicators of foreign agents were found within the in-situ ballast samples that could 

not be accounted for by the abrasion of the ballast types. Similarly, the grain size distribution data 

showed that the presence of clay, silt, and very fine sand within the ballast layer could be 

accounted for through abrasion due to the presence of abraded ballast particles between 25.4mm 

to 12.7mm. There was no instance of unexplained fine grained content within any of the in-situ 

ballast content either by depth or sampling location that could be explained by the presence of 

intruded surface materials.  

Analysis of in-situ ballast samples taken from near farm-field crossings did show a higher than 

average RBFR and sand content%, however the higher mean sand content was not found to be 

significantly different from the mean sand contents of either farmland, forest, or urban track 

environments. Thus, there was a possibility that crossings (either farmer crossings or road 

crossings) had been marginally more fouled due to surface intrusion of passing vehicles, however 

no statistically significant relationship was found to provide any statistical confidence for the 

data. Thus, analysis and observations show that surface intrusion was not a significant source 

source of fouling material into the ballast layer of the CN Joliette Subdivision mainline track. 
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Chapter 6. Conclusions and Recommendations 
 

6.1 Summary of Findings and Conclusions 

This section presents the conclusions and pertinent results that were formed throughout the track 

ballast study, pertaining to; field investigation methods, laboratory investigation methods, and the 

likely ballast fouling sources found within the Joliette data set. 

6.1.1 Field Investigation 

It was concluded from the review of literature that field investigations on railway ballast can 

encompass a broad array of geotechnical and geophysical tests. One of the notable areas for 

improvement in ballast field investigation was the incorporation of larger scale sampling to 

generate a data set more easily tested for statistical confidence. It was concluded that a field 

investigation with wide scale trenching and multiple samples per trench, at specific locations and 

depths, would be the most effective means of approaching ballast analysis from an aggregated 

statistical perspective.  

It was concluded that taking ballast samples at specific depths and locations within operating rail 

track provided a valuable base for the analysis of how fouling material was distributed throughout 

the ballast layer. Taking samples from both between the rail ties (BT) and directly underneath the 

rail ties (UT) at specific locations (CL, UR) and depths (15 cm, 30 cm, 45 cm) was judged as an 

effective sampling strategy to balance the speed of sampling and trenching with sampling 

consistency and the amount of samples taken per trench. Likewise, collecting BT samples from 

the backhoe bucket while hand excavating UT samples was deemed as the fastest way to collect 

uncontaminated ballast samples in the 15kg quantities that were required for ASTM approved 

grain size distribution testing. It was also concluded that taking subgrade, sub-ballast, 
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returned/recycled undercutter samples, and freshly quarried ballast would provide the best 

foundation for the CN Joliette ballast study data set for a thorough comparative and statistical 

analysis. This ballast sampling method was chosen over either hand excavated test pits or 

borehole drilling based on the more rapid speed of trenching through the rail sub-structure and 

larger ballast samples that could be consistently taken at specified locations and depths. 

Comparatively, small test pits and boreholes do not afford the amount of material for such a 

detailed ballast analysis. However, this sampling approach was only possible because the 

equipment, track access, and subsequent track repair were integrated into the undercutter 

maintenance operations, without these factors this ballast sampling regime could not be 

conducted. 

It was also concluded that recording the following data was important for analysis; track 

geometry (ditch depths, track width), weather conditions, land use, unique track conditions 

(culverts, bridges, crossings, curves, etc.), subjective ballast fouling (high, medium, low, none), 

and sub-structure layer thicknesses. These variables were all valuable analytical tools to 

determine the possible factors for increasing fouling severity. 

Ideally, information about past track history, problem areas and maintenance activities should be 

collected. This was unfortunately not available for the Joliette Sub. In particulat, the history of 

repairs, using different ballast rock types, at different times would have been very useful 

information. It is unknown when the different ballast rock types were introduced into the track 

substructure, or whether the original ballast was in fact limestone. Furthermore, it is unknown 

when and if either previous undercutter or shoulder cleaning campaigns were conducted. 

6.1.2 Laboratory Investigation 

For the laboratory investigation of the ballast study, the following tests were concluded to be 

useful: sieving for grain size distribution data, hydrometer testing, LA abrasion analysis, rock-
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type characterization, XRD analysis, and thin-section analysis. The measurement of the grain size 

distribution of the ballast material between 76 mm and 0.076 mm was concluded to be the most 

useful laboratory test because of its ability to directly measure the amount of fouling material 

(fine gravel, sand, and silt/clay) within a ballast sample. Although they were conducted, it was 

concluded that hydrometer testing and Atterberg limits should only be conducted when the fine 

grained portion < 0.076 mm of the ballast sample exceeds 5%, which wasn‟t the case for all 

samples collected in the Joliette subdivision.  

It was also concluded with Test Set 1 that LA abrasion tests for mixes of both freshly quarried 

ballast along and in-situ ballast samples from the same trench were only useful as a metric on the 

possible amount of fine gravel and sand that could be created from ballast sample. The test data 

was not able to predict the severity of fouling in-situ within a trench on a consistent basis.  

In LA Abrasion Test Set 2, it was shown that fresh angular ballast creates half as much fouling 

sized materials during abrasion compared to the abrasion testing of sub-rounded to rounded 

particles that were pre-abraded. This indicates that rounder particles in-situ would actually cause 

less total degradation due to the deficiency of sharp corners and edges that are easily fractured 

and abraded. However, it was also concluded based on prior studies that a ballast layer of more 

rounded particles may compromise the internal friction and stability of the layer in regards to 

passing train loads. 

In LA Abrasion Test Set 3, it was shown that foliated granitic gneiss was the poorest performing 

ballast either by itself or within a mix with limestone or basalt. As the proportion of foliated 

granitic gneiss was raised within the mix, more fouling sized particles were formed during 

abrasion. In comparison, the hard and structureless basalt ballast type showed the least 

degradation, however when either gneiss or limestone were mixed the tests would show a higher 

formation of fine grained materials as the proportion of poorer ballast rock increased. In 

conclusion, foliated gneiss is a poor choice for a ballast based on its degradation resistance, 
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limestone is a better choice but still shows a moderate amount of abrasion by itself or when 

mixed with better quality rock. It was concluded that hard, structure less, fine grained crystalline 

rock such as basalt makes the best ballast by itself, and mixing such rock with poorer ballast 

varieties causes the formation of more fine grained particles through abrasion. 

It was concluded that the rock type identification of the 76 mm to 4.76 mm portion the ballast 

rock was necessary testing to conduct for a fuller understanding of the ballast type‟s rock types, 

proportions, and roundness characteristics. With patience, examples of ballast rock-types, and 

figures to aid in estimating proportion, a researcher can inventory the ballast rock type and its 

relative proportion within a given in-situ sample. This was important data to collect because it 

allowed for the analysis of grain size distribution with similar rock-types to reduce the possible 

variables that occur between test results for different rock-types.  

It was also concluded that X-Ray Diffraction and thin-section analysis are both important 

procedures to conduct on fouled ballast samples. XRD analysis gives direct indication of the 

mineral types found within the very fine grained particle portion of a ballast, sub-ballast, or 

subgrade sample. This was concluded as important information in determining whether a ballast 

sample‟s ballast fouling was more likely due to degradation or intrusion from the sub-ballast, 

subgrade, or surface. Likewise, thin-section analysis by an experienced petrographer gives direct 

results as to the rock types of ballast, mineral constituents, possible fabric and foliation, 

inclusions, and can be used to estimate Moh‟s hardness. 

6.1.3 Fouling through Material Intrusion 

It was concluded that ballast fouling through either intrusion through sub-ballast upwelling, 

subgrade upwelling, or surface material intrusion into the ballast layer was unlikely as the 

primary fouling mechanism at this site. X-Ray Diffraction analysis showed that the mineral 

indicator of orthoclase feldspar, identified within each of the very fine grained particles in the 
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sub-ballast and subgrade sample, was not found within any of the very fine grained material 

within any of the in-situ ballast samples. It was assumed that any intrusion of foreign materials 

would also include a portion of very fine grained material.  

Intrusion was also discounted as a fouling mode due to no observations of its occurrence either 

during field work and trenching or through review of site photographs. The fouling material 

within the ballast layer exhibited specific characteristics, with separate colours and grain texture 

compared to the sub-ballast or subgrade material. Lastly, regression analysis showed a 

statistically significant correlation between the RBFR and average sample hardness within the 

total sample set. If material intrusion was the primary form of ballast fouling, the RBFR would be 

independent of the rock type characteristics of the ballast, which the average sample hardness 

represents.  

Additionally, the presence of high proportions of fine gravel, mean of 39.5%, implies that ballast 

degradation is a significant fact, since intrusion of material of this size (25.4mm to 4.76mm) into 

the ballast pore was physically improbable. Thus, based on the field, laboratory, and analytical 

evidence, it is concluded that fouling of the ballast layer of the mainline track within the CN 

Joliette subdivision was not due to either sub-ballast, subgrade, or surface material intrusion. 

6.1.4 Fouling through Ballast Degradation 

It was concluded that in-situ ballast degradation was the most likely source and mechanism 

generating fouling particles found within the ballast layer voids. Evidence for this process was the 

exceptional amount of fine gravel (25.4mm – 4.76mm) found within every in-situ ballast sample. 

It was physically improbable for fine gravel in the proportions found within the in-situ ballast to 

infiltrate into the ballast voids. The filter criteria between the specified CN ballast and the 

degraded ballast size confirmed this fact. LA abrasion tests conducted on various ballast mixes 

also showed how adequate amount of fine gravel, sand, and very fine grained particles could be 
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produced through degradation. Additionally, the relative roundness measured of ballast particles 

within each in-situ ballast sample with any form of fouling material also suggested degradation 

was at work, since all the ballast began as angular to sub-angular particles.  

A statistically significant negative correlation between fouling indicators and the average sample 

hardness using the total data set also strongly suggested that fouling was controlled by the 

strength characteristics of the ballast rock and its susceptibility to degradation.  Trenches 

containing predominantly harder rock types such as basalt or slag showed a statistically 

significant lower RBFR values compared to softer rock types such as limestone or rock with 

weak structures such as the granitic gneiss. This implies that the degradation resistance of a 

ballast material was a factor in the expected severity of fouling. Similarly, statistically significant 

decreases in the mean proportion of fine gravel material with sample depth also implies that the 

force of the passing trains likely cause degradation preferentially within the top layer of the 

ballast, with a decrease in the severity of degradation with depth.  

Thus, degradation was concluded as the most likely mechanism that was causing the occurrence 

of fouling material within the ballast layer voids in the CN Joliette mainline track. There was no 

evidence or indication that significant fouling was caused by any other means. The inclusion of 

fine grained material either infiltrating from the surface or from the sub-ballast/subgrade into the 

ballast layer was minimal. 

6.1.5 Fouling in Limestone Ballast versus Non-Limestone Ballast within CN 

Joliette Subdivision 

The general fouling characteristics for limestone trench ballast layers was shown to favour 

degradation of ballast into fine gravel in the top 15 cm to 30 cm of the ballast layer. Fouling 

within the limestone trenches were generally the most severe throughout the under rail (UR) zone 

within the top 15cm to 30 cm of the ballast layer, with a minor decrease in fouling severity at the 

45cm depth. There was a consistent amount of fouling throughout the center line portion of the 
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track as well, with a minor decrease in the proportion of degraded ballast at 45 cm depth 

compared to the top 15 cm to 30 cm zone. It was concluded that the force from passing trains was 

concentrated directly under the steel rail within the top portion of ballast, causing the most 

degradation and formation of fouling materials. Overall, fouling was found to be prevalent 

through the entirety of the Limestone ballast layers, with only a minor favouring of the top 15 cm 

of ballast and the under rail portion for increased ballast degradation and fouling. 

For the non-limestone ballast layers, it was concluded that trenches with predominantly slag 

ballast underwent the least amount of fouling, having the lowest RBFR of any trenches. The 

deficiency in fouling material within slag ballast layers appears to affect the consistency of where 

degradation was concentrated within the ballast layer. One trench showed higher degradation 

within the CL portion where as the other showed higher degradation within the UR portion. Since 

only 2 slag trenches were available for study, more data was concluded to be needed for a better 

assessment. 

The 2 trenches made up of predominately gneiss material were concluded as only moderately 

fouled with the concentration of fouling material and degradation within the CL portion. Similar 

to the moderate fouling of the slag trenches, it was concluded that the gneiss trenches also 

showed a discrepancy between where the concentration of fouling material compared to the 18 

limestone trenches. However, since the there were not enough majority slag or majority gneiss 

trenches excavated, no statistically significant observations could be made. Ultimately, it was 

concluded there was no available interpretation as to why either the slag or gneiss trenches had 

fouling concentrated within the CL zone compared to the UR zone with the available study and 

data. Having the track records for the duration the ballast has been within the track would have 

been useful for evaluating this different. Without this track data, there was no way to factor in 

how long a ballast type had been in use compared to another, which would affect the bulk 

degradation over time for various sampling locations.  
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Of the non-limestone trenches, the 2 trenches with a mix of coarse grained igneous/metamorphic 

and gneiss showed that degradation was most concentrated within the UR zone, with slightly less 

degradation occurring throughout the CL zone. This result was similar to the limestone trench 

degradation observed, which also favoured degradation within the UR portion. In conclusion, 

fouling characteristics within CGG + gneiss trenches appear to behave similarly to primarily 

limestone trenches. 

6.2 Recommendations 

The following are a list of recommendations for the future study of ballast fouling using the 

aggregate sampling methods along with comparative statistical analysis. 

6.2.1 Field Investigation 

1. Collect a full set of historical data for the track, including: 

a. Prior maintenance such as ballast cleaning, under cutting, shoulder cleaning, and 

track reconstruction. 

b. Traffic characteristics for the track, frequency of passing trains, train types, train 

weights. 

c. Historical weather records for the track area, including yearly rainfall, snow fall, 

temperature (mean, min, and max), and any other pertinent data. 

2. During daylight, conduct a survey of the track that will be undercut in the next shift and 

mark off the trench locations of interest, which would include: clearly fouled and clearly 

unfouled areas, ballast layers with clear representation of the majority of the primary 

ballast types found on site, portions overlying culverts or in proximity to rail bridges, 

track embankments located along rail curves. Due to constraints imposed on the research 

group as to the placement of trenching locations, these various factors were not controlled 

in the most effective manner. 
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3. Collection of a consistent set of data and observations prior to trenching including all 

those outlined within the research along with the following new parameters: occurrence 

of voids and their measurements and depths, the occurrence of mud boil and their 

measurements of thickness and area estimate. While voids and mud boils were noted 

during this study, there was not a consistent measurement of their geometry for future 

comparison and analysis with the resulting total data set. 

4. If any mud boils are located on surface, take samples of only the plumed fine material for 

geotechnical and petrographic analysis. Excavation of a trench in the immediate vicinity 

of the mud boil for direct comparative analysis between the ballast material and the mud 

boil material. While trenches were excavated over heavily fouled track portions, samples 

of the mud boil material were not collected in favour of collecting only in-situ samples. 

5. During trenching, a consistent set of samples controlled by both location and depth 

should be taken. Sampling locations and depths were inconsistent with the initial study 

due to positioning of the backhoe for trenching and difficulty in communication with the 

hoe operator. A suggested sample set for each trench would include the following: 

CLBT-15, CLBT -30, CLBT -45, URBT-15, URBT-30, URBT-45, CLUT-30, CLUT-45, 

URUT-30, URUT-45, RSBT-15, RSBT-30, RSBT-45, sub-ballast. This sampling regime 

would result in a consistent set of 14 samples per trench and allow for consistent cross-

analysis and comparison between trenching locations and depths.  

6. Conduct post trench geotechnical survey with photographs and layer measurements as 

outlined within this study. No other actions were deemed necessary in this stage. 

6.2.2 Laboratory Investigation 

1. Micro-Deval testing would be a valuable test to determine the % loss parameter for the 

various ballast types that comprise the track study area. Similarly, LA abrasion testing 

should also be conducted on the similar mixes and proportions of ballast rock-type as the 
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Micro-Deval for comparison purposes. Prior literature and study on the tests lauded the 

Micro-Deval test‟s consistency and repeatability. Comparing the % loss characteristics of 

the ballast between both Micro-Deval and LA abrasion with the in-situ RBFR of 

similarly mixed ballast would allow for a conclusion on whether one of the LA abrasion 

tests were suitable in their ability to predict potential fouling susceptibility. The 

researchers did not have access to a Micro-Deval test setup during research. 

2. Conducting Atterberg limits, hydrometer tests, XRD analysis, thin-section analysis, and 

scanning electron microscope work on samples of mud boil material would allow for the 

its direct characterization. The material could then be compared to the very fine grained 

portion of both in-situ and degraded material to compare and assess their properties and 

determine if the mud boil material truly do derive from the very fine grained portion of 

the degraded ballast.  This avenue was an oversight within this research study, which 

focused on aggregated in-situ ballast samples instead. 

3. Petrographic analysis of the sand portions (4.76mm to 0.076mm) of both the sub-ballast 

in-situ ballast, and LA or Micro-Deval abraded ballast samples would be valuable to help 

characterize whether there was a prevalence of sub-ballast material sand intruding into 

the ballast layer. Unfortunately, there was limited time and expertise to conduct this 

testing on the scale required to extract conclusive results on whether or not the ballast and 

sub-ballast layer were truly mixing.  

6.2.3 Analysis 

1. Conducting both sampling and laboratory testing to produce as many discrete data points 

as possible to increase the confidence of statistical analyses of the data. 

2. Further exploration into methods for statistical analysis in relation to assessing the 

characteristics and behavior of ballast and its fouling material.  
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3. Detailed probabilistic numerical modeling of mechanisms for ballast fouling using the 

aggregated results and ballast parameters outlined within this research. An increase in the 

evidence base for analysis of the type of mechanisms responsible for fouling would be 

valuable to create a thorough scientific and engineering understanding of the ballast 

fouling problem. 

4. A study into the chemical degradation of various ballast types and their possible effect on 

fouling would also be an important step for assessing the possible factors of fouling. 

Having a better theoretical or empirical base of understanding for the chemical 

weathering characteristics for various ballast rock types would allow for the better 

specification of ballast for track use. Ballast tests including soundness to test for 

susceptibility to magnesium sulfate or absorption tests for ballast water uptake would 

prove useful data for chemical weathering analysis of ballast rock. 
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Appendix A– Geotechnical Ballast Data and Photographs 
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A.1 Predominately Limestone Trenches 

A.1.1  86.92 Trench 

86.92 Trench Code Depth Mile
Subjective 

Fouling Index

 RBFR 

(9.5mm)

RBFR Fouling 

Category

Surrounding 

Conditions

Underlying 

Geology

Avg Ditch 

Depth (m)

Predominant 

Rock Type

CLBT - 60cm - 86.92 CLBT 60 86.82 high 19.46 Fouled Road Crossing Clay Loam 1.5 Limestone

CLBT - 15cm - 86.92 CLBT 15 86.92 high 33.52 Fouled Road Crossing Clay Loam 1.5 Limestone

URBT - 30cm - 86.92 URBT 30 86.92 high 30.05 Fouled Road Crossing Clay Loam 1.5 Limestone

URBT - 30cm - 86.92 URBT 30 86.92 high 28.83 Fouled Road Crossing Clay Loam 1.5 Limestone

RSBT - 30cm - 86.92 RSBT 30 86.92 high 24.96 Fouled Road Crossing Clay Loam 1.5 Limestone

LSBT - 30cm - 86.92 LSBT 30 86.92 high 42.84 Fouled Road Crossing Clay Loam 1.5 Limestone

URBT - 45cm - 86.92 URBT 45 86.92 high 20.24 Fouled Road Crossing Clay Loam 1.5 Limestone  

HARDNESS

86.92 Trench
LIMESTONE 

H=3.5

BASALT 

H=6

GNEISS 

H=6

SLAG 

H=7

CGG 

H=5.5

Majority Trench 

Ballast Type

Average Sample 

MOH's Hardness

CLBT - 60cm - 86.92 100 0 0 0 0 LIMESTONE 3.5

CLBT - 15cm - 86.92 50 35 10 0 5 LIMESTONE 4.7

URBT - 30cm - 86.92 70 15 10 0 5 LIMESTONE 4.2

URBT - 30cm - 86.92 70 15 10 0 5 LIMESTONE 4.2

RSBT - 30cm - 86.92 85 5 5 5 0 LIMESTONE 3.9

LSBT - 30cm - 86.92 70 10 10 0 10 LIMESTONE 4.2

URBT - 45cm - 86.92 70 15 10 0 5 LIMESTONE 4.2

ROCK TYPE
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4
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86.92 Trench
Weight 

% Ballast

Weight % 

Fine Gravel

Weight 

% Sand

Weight 

% Fines

 % Degraded 

(25.4 - 12.7)

% by-product 

(< 12.7mm)

CLBT - 60cm - 86.92 40.1 51.5 6.4 1.9 41.0 18.9

CLBT - 15cm - 86.92 24.1 60.2 11.5 4.2 47.7 28.1

URBT - 30cm - 86.92 27.9 59.0 10.0 3.2 45.8 26.3

URBT - 30cm - 86.92 35.1 51.8 10.1 3.0 39.6 25.4

RSBT - 30cm - 86.92 45.7 40.1 11.8 2.5 32.5 21.8

LSBT - 30cm - 86.92 28.7 50.9 15.2 5.2 38.2 33.1

URBT - 45cm - 86.92 51.5 36.9 10.6 1.0 30.0 18.5

Weight % of Various Particle Groups

 

86.92 Trench
76 50.8 38.4 25.4 19.35 12.7

9.5 

(calc) 4.76 2 0.6 0.425 0.25 0.15 0.075

CLBT - 60cm - 86.92 100.0 97.3 59.9 59.9 37.9 18.9 16.3 8.4 6.8 5.7 5.3 4.4 3.4 1.9

CLBT - 15cm - 86.92 100.0 100.0 75.9 75.9 49.0 28.1 25.1 15.6 13.2 10.3 9.5 8.0 6.4 4.2

URBT - 30cm - 86.92 100.0 100.0 72.1 72.1 49.0 26.3 23.1 13.2 9.3 7.2 6.7 5.8 4.9 3.2

URBT - 30cm - 86.92 100.0 100.0 64.9 64.9 42.6 25.4 22.4 13.1 9.3 7.1 6.5 5.5 4.4 3.0

RSBT - 30cm - 86.92 100.0 95.3 54.3 54.3 37.2 21.8 20.0 14.2 11.2 7.8 6.8 5.2 3.9 2.5

LSBT - 30cm - 86.92 100.0 100.0 71.3 71.3 54.1 33.1 30.0 20.4 15.8 11.9 11.0 9.5 8.0 5.2

URBT - 45cm - 86.92 100.0 94.0 48.5 48.5 31.7 18.5 16.8 11.6 8.5 5.4 4.7 3.5 2.2 1.0

% Passing at Grain Size Points (mm)

 

 

 

 



 

 

 

2
4

7
 

 

86.92 Trench – Top down view of Left Rail (left), Center Track (center), and Right Rail (right) 

 

86.92 Trench- Cross-section view of trench (no ruler available for scale in picture)

15 cm 
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A.1.2 87.0 Trench 

87.0 Trench Code Depth Mile

Subjective 

Fouling Index

 RBFR 

(9.5mm)

RBFR Fouling 

Category

Surrounding 

Conditions

Underlying 

Geology

Avg Ditch 

Depth (m)

Predominant 

Rock Type

LSBT- 60cm - 87.0 LSBT 60 87 high 24.16 Fouled Forest Clay Loam 0.5 Limestone

URBT - 60cm - 87.0 URBT 60 87 high 40.50 Highly Fouled Forest Clay Loam 0.5 Limestone

URUT - 15cm - 87.0 URUT 15 87 high 52.44 Highly Fouled Forest Clay Loam 0.5 Limestone

CLUT - 15cm - 87.0 CLUT 30 87 high 18.86 Fouled Forest Clay Loam 0.5 Limestone

URBT - 30cm - 87.0 URBT 30 87 high 33.90 Fouled Forest Clay Loam 0.5 Limestone

CLBT - 120cm -SB - 87.0CLBT SB 87 Forest Clay Loam 0.5 Limestone

 

HARDNESS

87.0 Trench
LIMESTONE 

H=3.5

BASALT 

H=6

GNEISS 

H=6

SLAG 

H=7

CGG 

H=5.5

Majority Trench 

Ballast Type

Average Sample 

MOH's Hardness

LSBT- 60cm - 87.0 95 0 0 0 5 LIMESTONE 3.6

URBT - 60cm - 87.0 100 0 0 0 0 LIMESTONE 3.5

URUT - 15cm - 87.0 70 0 0 30 0 LIMESTONE 4.6

CLUT - 15cm - 87.0 100 0 0 0 0 LIMESTONE 3.5

URBT - 30cm - 87.0 95 0 0 0 5 LIMESTONE 3.6

CLBT - 120cm -SB - 87.0 LIMESTONE

ROCK TYPE
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87.0 Trench
Weight 

% Ballast

Weight % 

Fine Gravel

Weight 

% Sand

Weight 

% Fines

 % Degraded 

(25.4 - 12.7)

% by-product 

(< 12.7mm)

LSBT- 60cm - 87.0 36.0 53.8 8.8 1.4 41.6 22.4

URBT - 60cm - 87.0 34.5 51.9 12.3 1.4 31.8 33.7

URUT - 15cm - 87.0 17.5 65.0 15.1 2.4 42.6 39.9

CLUT - 15cm - 87.0 30.3 61.1 7.4 1.2 51.5 18.2

URBT - 30cm - 87.0 30.8 54.6 12.8 1.8 40.4 28.8

CLBT - 120cm -SB - 87.0 11.7 25.5 62.8 0.0 10.2 78.1

Weight % of Various Particle Groups

 

87.0 Trench
76 50.8 38.4 25.4 19.35 12.7

9.5 

(calc) 4.76 2 0.6 0.425 0.25 0.15 0.075

LSBT- 60cm - 87.0 100.0 97.0 75.0 64.0 37.6 22.4 19.5 10.2 8.2 5.8 4.9 3.8 2.6 1.4

URBT - 60cm - 87.0 100.0 100.0 65.6 65.6 47.9 33.7 28.8 13.7 10.3 6.8 5.8 4.3 2.9 1.4

URUT - 15cm - 87.0 100.0 97.6 82.5 82.5 64.2 39.9 34.4 17.5 11.9 7.8 6.7 5.1 3.8 2.4

CLUT - 15cm - 87.0 100.0 100.0 69.7 69.7 36.8 18.2 15.9 8.6 6.5 4.4 3.9 3.0 2.2 1.2

URBT - 30cm - 87.0 100.0 100.0 69.2 69.2 47.7 28.8 25.3 14.6 10.8 7.1 6.2 4.7 3.2 1.8

CLBT - 120cm -SB - 87.0 100.0 100.0 100.0 88.3 85.3 78.1 62.8

% Passing at Grain Size Points (mm)
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87.0 Trench – Cross-section view of trench, CLUT (left) and URUT (right) 
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A.1.3 92.0 Trench 

92.0 Trench Code Depth Mile
Subjective 

Fouling Index

 RBFR 

(9.5mm)

RBFR Fouling 

Category

Surrounding 

Conditions

Underlying 

Geology

Avg Ditch 

Depth (m)

Predominant 

Rock Type

URBT - 15cm - 92.0 URBT 15 92 high 25.83 Fouled Farmland Sand 2.5 2.75

CLUT - 15cm - 92.0 CLUT 30 92 high 18.98 Fouled Farmland Sand 2.5 2.75

URUT - 30cm - 92.0 URUT 30 92 high 29.62 Fouled Farmland Sand 2.5 2.75

URBT - 30cm - 92.0 URBT 30 92 high 105.14 Highly Fouled Farmland Sand 2.5 2.75

URUT - 45cm - 92.0 URUT 45 92 high 43.84 Highly Fouled Farmland Sand 2.5 2.75

CLUT - 45cm - 92.0 CLUT 45 92 high 29.56 Fouled Farmland Sand 2.5 2.75

URBT - 80cm - SB -  92.0 URBT SB 92 Farmland Sand 2.5  

HARDNESS

92.0 Trench
LIMESTONE 

H=3.5

BASALT 

H=6

GNEISS 

H=6

SLAG 

H=7

CGG 

H=5.5

Majority Trench 

Ballast Type

Average Sample 

MOH's Hardness

URBT - 15cm - 92.0 70 0 25 5 0 LIMESTONE 4.3

CLUT - 15cm - 92.0 30 30 40 0 0 LIMESTONE 5.3

URUT - 30cm - 92.0 100 0 0 0 0 LIMESTONE 3.5

URBT - 30cm - 92.0 100 0 0 0 0 LIMESTONE 3.5

URUT - 45cm - 92.0 100 0 0 0 0 LIMESTONE 3.5

CLUT - 45cm - 92.0 100 0 0 0 0 LIMESTONE 3.5

URBT - 80cm - SB -  92.0 LIMESTONE

ROCK TYPE
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92.0 Trench
Weight 

% Ballast

Weight % 

Fine Gravel

Weight % 

Sand

Weight 

% Fines

 % Degraded 

(25.4 - 12.7)

% by-product 

(< 12.7mm)

URBT - 15cm - 92.0 28.9 60.0 9.2 1.9 47.5 23.6

CLUT - 15cm - 92.0 36.2 54.9 7.8 1.1 45.6 18.2

URUT - 30cm - 92.0 32.0 54.5 12.1 1.4 42.1 25.9

URBT - 30cm - 92.0 9.5 59.1 30.5 1.0 32.9 57.6

URUT - 45cm - 92.0 29.8 57.4 11.5 1.4 34.1 36.2

CLUT - 45cm - 92.0 36.1 50.1 12.0 1.7 38.1 25.7

URBT - 80cm - SB -  92.0 32.0 57.9 8.2 2.0 43.3 24.7

Weight % of Various Particle Groups

 

92.0 Trench
76 50.8 38.4 25.4 19.35 12.7

9.5 

(calc) 4.76 2 0.6 0.425 0.25 0.15 0.075

URBT - 15cm - 92.0 100.0 100.0 71.1 71.1 45.1 23.6 20.5 11.0 7.9 5.6 5.1 4.0 3.0 1.9

CLUT - 15cm - 92.0 100.0 100.0 63.8 63.8 33.3 18.2 16.0 8.9 6.5 4.3 3.7 2.8 2.0 1.1

URUT - 30cm - 92.0 100.0 100.0 68.0 68.0 44.2 25.9 22.9 13.5 9.8 5.9 5.0 3.6 2.5 1.4

URBT - 30cm - 92.0 100.0 100.0 97.4 90.6 75.8 57.6 51.3 31.5 23.0 9.5 6.9 3.7 2.2 1.0

URUT - 45cm - 92.0 100.0 100.0 70.2 70.2 50.7 36.2 30.5 12.8 9.1 5.8 5.1 4.0 2.8 1.4

CLUT - 45cm - 92.0 100.0 100.0 63.9 63.9 41.6 25.7 22.8 13.7 10.2 7.2 6.3 4.8 3.1 1.7

URBT - 80cm - SB -  92.0 100.0 98.7 98.7 68.0 46.6 24.7 10.2 7.9 5.7 5.2 4.2 3.2 2.0

% Passing at Grain Size Points (mm)
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92.0 Trench – Top down view of Left Rail (left), Center Track (center), and Right Rail (right) 

  

92.0 Trench – Cross-section view of trench, CLUT (left) and URUT (right) 
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A.1.4 92.7 Trench 

92.7 Trench Code Depth Mile
Subjective 

Fouling Index

 RBFR 

(9.5mm)

RBFR Fouling 

Category

Surrounding 

Conditions

Underlying 

Geology

Avg Ditch 

Depth (m)

Predominant 

Rock Type

CLBT - 15cm - 92.7 CLBT 15 92.7 high 8.36 Moderately Fouled Farmland Sand 2 Limestone

RSBT - 20cm - 92.7 RSBT 15 92.7 high 22.92 Fouled Farmland Sand 2 Limestone

CLUT - 30cm - 92.7 CLUT 30 92.7 high 32.53 Fouled Farmland Sand 2 Limestone

CLUT - 30cm - 92.7 CLUT 30 92.7 high 20.04 Fouled Farmland Sand 2 Limestone

CLBT - 35cm - 92.7 CLBT 30 92.7 high 22.88 Fouled Farmland Sand 2 Limestone

URBT - 30cm - 92.7 URBT 30 92.7 high 22.02 Fouled Farmland Sand 2 Limestone

URUT - 30cm - 92.7 URUT 30 92.7 high 57.34 Highly Fouled Farmland Sand 2 Limestone

CLUT - 45cm - 92.7 CLUT 45 92.7 high 42.85 Fouled Farmland Sand 2 Limestone

CLBT - 50cm - SB - 

92.7 CLBT SB 92.7 Farmland Sand Limestone  

HARDNESS

92.7 Trench LIMESTONE 

H=3.5

BASALT 

H=6

GNEISS 

H=6

SLAG 

H=7

CGG 

H=5.5

Majority Trench 

Ballast Type

Average Sample 

MOH's Hardness

CLBT - 15cm - 92.7 70 25 0 5 0 LIMESTONE 4.3

RSBT - 20cm - 92.7 60 5 30 5 0 LIMESTONE 4.6

CLUT - 30cm - 92.7 80 20 0 0 0 LIMESTONE 4.0

CLUT - 30cm - 92.7 70 30 0 0 0 LIMESTONE 4.3

CLBT - 35cm - 92.7 70 30 0 0 0 LIMESTONE 4.3

URBT - 30cm - 92.7 97 0 3 0 0 LIMESTONE 3.6

URUT - 30cm - 92.7 0 100 0 0 0 LIMESTONE 6.0

CLUT - 45cm - 92.7 90 0 10 0 0 LIMESTONE 3.8

CLBT - 50cm - SB - 92.7 LIMESTONE

ROCK TYPE
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92.7 Trench Weight 

% Ballast

Weight % 

Fine Gravel

Weight 

% Sand

Weight 

% Fines

 % Degraded 

(25.4 - 12.7)

% by-product 

(< 12.7mm)

CLBT - 15cm - 92.7 41.3 57.1 1.0 0.6 49.0 9.7

RSBT - 20cm - 92.7 27.9 62.6 7.7 1.7 50.5 21.6

CLUT - 30cm - 92.7 31.1 51.7 15.1 2.1 42.0 26.9

CLUT - 30cm - 92.7 63.6 23.7 12.0 0.7 18.4 18.0

CLBT - 35cm - 92.7 37.8 50.8 9.1 2.4 41.3 20.9

URBT - 30cm - 92.7 50.7 38.3 9.4 1.6 29.0 20.3

URUT - 30cm - 92.7 24.6 50.0 22.9 2.5 35.4 40.0

CLUT - 45cm - 92.7 27.1 50.3 19.1 3.5 40.5 32.4

CLBT - 50cm - SB - 92.7 20.4 34.0 45.0 0.7 13.2 66.5

Weight % of Various Particle Groups

 

92.7 Trench 76 50.8 38.4 25.4 19.35 12.7

9.5 

(calc) 4.76 2 0.6 0.425 0.25 0.15 0.075

CLBT - 15cm - 92.7 100.0 100.0 58.7 58.7 29.9 9.7 7.7 1.6 1.1 1.0 1.0 0.9 0.8 0.6

RSBT - 20cm - 92.7 100.0 100.0 72.1 72.1 46.0 21.6 18.6 9.4 6.8 4.6 4.0 3.1 2.5 1.7

CLUT - 30cm - 92.7 100.0 100.0 68.9 68.9 46.7 26.9 24.5 17.2 11.7 7.1 6.3 5.1 3.1 2.1

CLUT - 30cm - 92.7 100.0 97.2 36.4 36.4 22.4 18.0 16.7 12.7 8.3 5.9 5.0 3.3 1.9 0.7

CLBT - 35cm - 92.7 100.0 100.0 62.2 62.2 37.8 20.9 18.6 11.4 9.3 6.9 6.1 4.8 3.7 2.4

URBT - 30cm - 92.7 100.0 98.3 49.3 49.3 31.2 20.3 18.0 11.0 7.6 5.3 4.8 4.1 3.1 1.6

URUT - 30cm - 92.7 100.0 100.0 75.4 75.4 58.8 40.0 36.4 25.3 19.5 12.2 10.3 7.3 4.6 2.5

CLUT - 45cm - 92.7 100.0 100.0 72.9 72.9 48.2 32.4 30.0 22.6 17.9 11.0 9.1 6.7 5.0 3.5

CLBT - 50cm - SB - 92.7 100.0 100.0 79.6 79.6 72.9 66.5 45.6 29.0 12.8 10.0 2.0 1.4 0.7

% Passing at Grain Size Points (mm)
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92.7 Trench – Top down view of Left Rail (left), Center Track (center), and Right Rail (right) 

  

92.7 Trench – Cross-section view of trench, CLUT (left) and URUT (right)
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A.1.5 97.3 Trench 

97.3 Trench Code Depth Mile
Subjective 

Fouling Index

 RBFR 

(9.5mm)

RBFR Fouling 

Category

Surrounding 

Conditions

Underlying 

Geology

Avg Ditch 

Depth (m)

Predominant 

Rock Type

URBT - 15cm - 97.3 URBT 15 97.3 high 17.82 Moderately Fouled Farmland Clay 1.5 Limestone

CLUT - 30cm - 97.3 CLUT 30 97.3 high 18.44 Moderately Fouled Farmland Clay 1.5 Limestone

RSBT - 30cm - 97.3 RSBT 30 97.3 high 26.87 Fouled Farmland Clay 1.5 Limestone

CLUT - 50cm - 97.3 CLUT 45 97.3 high 21.44 Fouled Farmland Clay 1.5 Limestone  

HARDNESS

97.3 Trench
LIMESTONE 

H=3.5

BASALT 

H=6

GNEISS 

H=6

SLAG 

H=7

CGG 

H=5.5

Majority Trench 

Ballast Type

Average Sample 

MOH's Hardness

URBT - 15cm - 97.3 60 30 0 5 5 LIMESTONE 4.5

CLUT - 30cm - 97.3 100 0 0 0 0 LIMESTONE 3.5

RSBT - 30cm - 97.3 55 35 0 5 5 LIMESTONE 4.7

CLUT - 50cm - 97.3 95 0 0 0 5 LIMESTONE 3.6

ROCK TYPE
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97.3 Trench
Weight 

% Ballast

Weight % 

Fine Gravel

Weight 

% Sand

Weight 

% Fines

 % Degraded 

(25.4 - 12.7)

% by-product 

(< 12.7mm)

URBT - 15cm - 97.3 42.8 46.7 8.1 2.3 40.6 16.6

CLUT - 30cm - 97.3 47.2 40.0 10.2 2.6 36.3 16.5

RSBT - 30cm - 97.3 32.0 57.9 8.2 2.0 43.3 24.7

CLUT - 50cm - 97.3 69.8 16.7 11.9 1.6 11.2 19.0

Weight % of Various Particle Groups

 

97.3 Trench
76 50.8 38.4 25.4 19.35 12.7

9.5 

(calc) 4.76 2 0.6 0.425 0.25 0.15 0.075

URBT - 15cm - 97.3 100.0 100.0 57.2 57.2 30.9 16.6 15.1 10.5 7.6 5.5 5.1 4.4 3.5 2.3

CLUT - 30cm - 97.3 100.0 100.0 52.8 52.8 27.3 16.5 15.6 12.8 9.6 6.4 5.7 4.7 3.7 2.6

RSBT - 30cm - 97.3 100.0 98.7 68.0 68.0 46.6 24.7 21.2 10.2 7.9 5.7 5.2 4.2 3.2 2.0

CLUT - 50cm - 97.3 100.0 97.6 30.2 30.2 29.3 19.0 17.7 13.5 9.7 5.9 5.3 4.2 2.8 1.6

% Passing at Grain Size Points (mm)
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97.3 Trench – Top down view of Left Rail (left), Center Track (center), and Right Rail (right) 

  

97.3 Trench – Cross-section view of trench, CLUT (left) and URUT (right)



 

 

 

2
6

0
 

A.1.6 98.1 Trench 

98.1 Trench Code Depth Mile
Subjective 

Fouling Index

 RBFR 

(9.5mm)

RBFR Fouling 

Category

Surrounding 

Conditions

Underlying 

Geology

Avg Ditch 

Depth (m)

Predominant 

Rock Type

URBT - 15cm - 98.1 URBT 15 98.1 high 37.63 Fouled Farmer Cross ing Sand 2.5 Limestone

CLBT - 30cm - 98.1 CLBT 30 98.1 high 36.94 Fouled Farmer Cross ing Sand 2.5 Limestone

LSBT - 30cm - 98.1 LSBT 30 98.1 high 65.97 Highly Fouled Farmer Cross ing Sand 2.5 Limestone

CLBT - 45cm - 98.1 CLBT 45 98.1 high 19.10 Fouled Farmer Cross ing Sand 2.5 Limestone

URUT - 55cm - 98.1 URUT 45 98.1 high 25.07 Fouled Farmer Cross ing Sand 2.5 Limestone

URUT - 40cm - 98.1 URUT 45 98.1 high 32.58 Fouled Farmer Cross ing Sand 2.5 Limestone

CLUT - 55cm - 98.1 CLUT 45 98.1 high 16.14 Moderately Fouled Farmer Cross ing Sand 2.5 Limestone

CLUT - 40cm - 98.1 CLUT 45 98.1 high 45.63 Highly Fouled Farmer Cross ing Sand 2.5 Limestone

CLUT - 55cm - 98.1 CLUT SB 98.1 Farmer Cross ing Sand Limestone  

HARDNESS

98.1 Trench LIMESTO

NE H=3.5

BASALT 

H=6

GNEISS 

H=6 SLAG H=7

CGG 

H=5.5

Majority Trench 

Ballast Type

Average Sample 

MOH's Hardness

URBT - 15cm - 98.1 50 0 35 15 0 LIMESTONE 4.9

CLBT - 30cm - 98.1 50 35 5 5 5 LIMESTONE 4.8

LSBT - 30cm - 98.1 50 10 0 40 0 LIMESTONE 5.2

CLBT - 45cm - 98.1 90 10 0 0 0 LIMESTONE 3.8

URUT - 55cm - 98.1 90 5 5 0 0 LIMESTONE 3.8

URUT - 40cm - 98.1 60 40 0 0 0 LIMESTONE 4.5

CLUT - 55cm - 98.1 100 0 0 0 0 LIMESTONE 3.5

CLUT - 40cm - 98.1 95 0 5 0 0 LIMESTONE 3.6

CLUT - 55cm - SG - 98.1 LIMESTONE

ROCK TYPE
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98.1 Trench Weight 

% Ballast

Weight % 

Fine Gravel

Weight 

% Sand

Weight 

% Fines

 % Degraded 

(25.4 - 12.7)

% by-product 

(< 12.7mm)

URBT - 15cm - 98.1 25.2 60.4 11.5 2.9 43.3 31.5

CLBT - 30cm - 98.1 24.5 63.5 10.2 1.8 43.7 31.8

LSBT - 30cm - 98.1 17.5 62.5 16.2 3.8 36.4 46.1

CLBT - 45cm - 98.1 32.2 56.9 9.2 1.7 50.1 17.7

URUT - 55cm - 98.1 57.9 28.0 13.2 0.9 20.2 21.9

URUT - 40cm - 98.1 35.2 49.1 13.6 2.1 37.4 27.4

CLUT - 55cm - 98.1 53.1 35.5 9.6 1.7 32.1 14.7

CLUT - 40cm - 98.1 26.9 52.4 16.3 4.4 38.3 34.8

CLUT - 55cm - SG - 98.1 53.1 35.5 9.6 1.7 32.1 14.7

Weight % of Various Particle Groups

 

98.1 Trench
76 50.8 38.4 25.4 19.35 12.7

9.5 

(calc) 4.76 2 0.6 0.425 0.25 0.15 0.075

URBT - 15cm - 98.1 100.0 100.0 74.8 74.8 54.8 31.5 27.3 14.4 10.2 7.2 6.3 5.1 4.1 2.9

CLBT - 30cm - 98.1 100.0 100.0 75.5 75.5 54.5 31.8 27.0 12.0 9.8 7.6 7.0 3.5 2.7 1.8

LSBT - 30cm - 98.1 100.0 100.0 82.5 82.5 67.0 46.1 39.7 20.0 13.9 9.5 8.3 6.7 5.4 3.8

CLBT - 45cm - 98.1 100.0 100.0 67.8 67.8 34.9 17.7 16.0 10.8 8.5 5.9 5.0 3.8 2.7 1.7

URUT - 55cm - 98.1 100.0 90.2 42.1 42.1 30.9 21.9 20.0 14.1 10.1 6.0 5.0 3.6 2.2 0.9

URUT - 40cm - 98.1 100.0 100.0 64.8 64.8 45.2 27.4 24.6 15.7 10.9 7.0 6.1 4.7 3.3 2.1

CLUT - 55cm - 98.1 100.0 100.0 46.9 46.9 25.7 14.7 13.9 11.4 8.8 5.9 5.2 4.2 3.0 1.7

CLUT - 40cm - 98.1 100.0 100.0 73.1 73.1 56.2 34.8 31.3 20.7 15.3 9.7 8.6 7.2 6.0 4.4

CLUT - 55cm - SG - 98.1 100.0 100.0 100.0 46.9 25.7 14.7 11.4 8.8 5.9 5.2 4.2 3.0 1.7

% Passing at Grain Size Points (mm)

 

(No pictures available for 98.1 trench) 
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A.1.7 98.7 Trench 

98.7 Trench Code Depth Mile
Subjective 

Fouling Index

 RBFR 

(9.5mm)

RBFR Fouling 

Category

Surrounding 

Conditions

Underlying 

Geology

Avg Ditch 

Depth (m)

Predominant 

Rock Type

CLBT - 15cm - 98.7 CLBT 15 98.7 high 32.80 Fouled Farmer Crossing Loamy Clay 2.5 Limestone

LSBT - 30cm - 98.7 LSBT 30 98.7 high 52.24 Highly Fouled Farmer Crossing Loamy Clay 2.5 Limestone

URUT - 45cm - 98.7 URUT 45 98.7 high 33.07 Fouled Farmer Crossing Loamy Clay 2.5 Limestone

CLBT - 45cm - 98.7 CLBT 45 98.7 high 50.07 Highly Fouled Farmer Crossing Loamy Clay 2.5 Limestone  

HARDNESS

98.7 Trench
LIMESTONE 

H=3.5

BASALT 

H=6

GNEISS 

H=6

SLAG 

H=7

CGG 

H=5.5

Majority Trench 

Ballast Type

Average Sample 

MOH's Hardness

CLBT - 15cm - 98.7 90 0 0 10 0 LIMESTONE 3.9

LSBT - 30cm - 98.7 60 0 0 40 0 LIMESTONE 4.9

URUT - 45cm - 98.7 50 50 0 0 0 LIMESTONE 4.8

CLBT - 45cm - 98.7 70 0 30 0 0 LIMESTONE 4.3

ROCK TYPE
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98.7 Trench
Weight 

% Ballast

Weight % 

Fine Gravel

Weight 

% Sand

Weight 

% Fines

 % Degraded 

(25.4 - 12.7)

% by-product 

(< 12.7mm)

CLBT - 15cm - 98.7 29.2 58.7 9.6 2.5 42.1 28.7

LSBT - 30cm - 98.7 16.4 65.2 14.4 4.0 44.1 39.5

URUT - 45cm - 98.7 31.6 52.6 14.3 1.5 40.6 27.8

CLBT - 45cm - 98.7 23.0 56.6 17.1 3.3 39.4 37.6

Weight % of Various Particle Groups

 

98.7 Trench
76 50.8 38.4 25.4 19.35 12.7

9.5 

(calc) 4.76 2 0.6 0.425 0.25 0.15 0.075

CLBT - 15cm - 98.7 100.0 100.0 70.8 70.8 46.9 28.7 24.7 12.1 8.3 5.9 5.3 4.4 3.6 2.5

LSBT - 30cm - 98.7 100.0 100.0 83.6 83.6 63.4 39.5 34.3 18.3 12.2 8.4 7.5 6.4 5.4 4.0

URUT - 45cm - 98.7 100.0 100.0 68.4 68.4 43.4 27.8 24.9 15.8 9.4 5.9 5.3 4.2 3.0 1.5

CLBT - 45cm - 98.7 100.0 100.0 77.0 77.0 57.7 37.6 33.4 20.4 14.0 8.9 7.8 6.4 5.0 3.3

% Passing at Grain Size Points (mm)
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98.7 Trench – Top down view of Left Rail (left), Center Track (center), and Right Rail (right) 

  

98.7 Trench – Cross-section view of trench, CLUT (left) and URUT (right)
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A.1.8 98.9 Trench 

98.9 Trench Code Depth Mile
Subjective 

Fouling Index

 RBFR 

(9.5mm)

RBFR Fouling 

Category

Surrounding 

Conditions

Underlying 

Geology

Avg Ditch 

Depth (m)

Predominant 

Rock Type

URBT - 15cm - 98.9 URBT 15 98.9 high 52.04 Highly Fouled Farmer Crossing Loamy Clay 2 Limestone

CLBT - 30cm - 98.9 CLBT 30 98.9 high 33.33 Fouled Farmer Crossing Loamy Clay 2 Limestone

RSBT - 30cm - 98.9 RSBT 30 98.9 high 84.99 Highly Fouled Farmer Crossing Loamy Clay 2 Limestone

CLUT - 30cm - 98.9 CLUT 30 98.9 high 27.35 Fouled Farmer Crossing Loamy Clay 2 Limestone

RSBT - 45cm - 98.9 RSBT 45 98.9 high 55.91 Highly Fouled Farmer Crossing Loamy Clay 2 Limestone

CLUT - 45cm - 98.9 CLUT 45 98.9 high 51.90 Highly Fouled Farmer Crossing Loamy Clay 2 Limestone

RSBT - 50cm -SB- 98.9 RSBT SB 98.9 Farmer Crossing Loamy Clay Limestone  

HARDNESS

98.9 Trench
LIMESTONE 

H=3.5

BASALT 

H=6

GNEISS 

H=6

SLAG 

H=7

CGG 

H=5.5

Majority Trench 

Ballast Type

Average Sample 

MOH's Hardness

URBT - 15cm - 98.9 60 10 25 5 0 LIMESTONE 4.6

CLBT - 30cm - 98.9 75 20 0 0 5 LIMESTONE 4.1

RSBT - 30cm - 98.9 40 0 10 50 0 LIMESTONE 5.5

CLUT - 30cm - 98.9 100 0 0 0 0 LIMESTONE 3.5

RSBT - 45cm - 98.9 35 0 5 55 0 LIMESTONE 5.4

CLUT - 45cm - 98.9 95 0 0 0 5 LIMESTONE 3.6

RSBT - 50cm -SB- 98.9 LIMESTONE

ROCK TYPE
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98.9 Trench
Weight 

% Ballast

Weight % 

Fine Gravel

Weight 

% Sand

Weight 

% Fines

 % Degraded 

(25.4 - 12.7)

% by-product 

(< 12.7mm)

URBT - 15cm - 98.9 31.5 44.1 16.4 7.9 31.1 37.4

CLBT - 30cm - 98.9 34.9 48.2 12.8 4.1 37.5 27.6

RSBT - 30cm - 98.9 18.4 47.9 26.2 7.5 31.7 49.9

CLUT - 30cm - 98.9 41.8 41.2 14.7 2.3 35.3 22.9

RSBT - 45cm - 98.9 37.0 34.3 25.8 2.9 24.9 38.2

CLUT - 45cm - 98.9 38.8 32.9 24.4 3.9 25.1 36.1

RSBT - 50cm -SB- 98.9 5.6 20.9 71.5 2.0 7.2 87.2

Weight % of Various Particle Groups

 

98.9 Trench
76 50.8 38.4 25.4 19.35 12.7

9.5 

(calc) 4.76 2 0.6 0.425 0.25 0.15 0.075

URBT - 15cm - 98.9 100.0 100.0 68.5 68.5 54.6 37.4 34.2 24.4 18.3 14.3 13.3 11.9 10.5 7.9

CLBT - 30cm - 98.9 100.0 100.0 65.1 65.1 41.9 27.6 25.0 16.9 13.5 9.7 8.7 7.3 5.8 4.1

RSBT - 30cm - 98.9 100.0 100.0 81.6 81.6 66.1 49.9 45.9 33.7 25.5 17.2 15.5 13.4 11.4 7.5

CLUT - 30cm - 98.9 100.0 100.0 58.2 58.2 37.2 22.9 21.5 17.0 14.2 9.5 7.7 5.5 3.9 2.3

RSBT - 45cm - 98.9 100.0 100.0 63.0 63.0 48.3 38.2 35.9 28.7 21.0 11.2 9.1 6.8 5.1 2.9

CLUT - 45cm - 98.9 100.0 100.0 61.2 61.2 45.0 36.1 34.2 28.2 20.9 12.2 10.2 7.8 6.1 3.9

RSBT - 50cm -SB- 98.9 100.0 100.0 100.0 94.4 90.8 87.2 73.5 56.1 23.0 15.6 8.2 4.4 2.0

% Passing at Grain Size Points (mm)
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98.9 Trench – Top down view of Left Rail (left), Center Track (center), and Right Rail (right) 

  

98.9 Trench – Cross-section view of trench, CLUT (left) and URUT (right)
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A.1.9 99.8 Trench 

99.8 Trench Code Depth Mile
Subjective 

Fouling Index

 RBFR 

(9.5mm)

RBFR Fouling 

Category

Surrounding 

Conditions

Underlying 

Geology

Avg Ditch 

Depth (m)

Predominant 

Rock Type

RSBT - 15cm - 99.8 RSBT 15 99.8 medium 4.60 Moderately Clean Farmer Crossing Sand 2 Limestone

CLBT - 30cm - 99.8 CLBT 30 99.8 medium 11.66 Moderately Fouled Farmer Crossing Sand 2 Limestone

URUT - 30cm - 99.8 URUT 30 99.8 medium 42.45 Fouled Farmer Crossing Sand 2 Limestone

CLUT - 30cm - 99.8 CLUT 30 99.8 medium 2.84 Moderately Clean Farmer Crossing Sand 2 Limestone

URBT - 40cm - 99.8 URBT 45 99.8 medium 19.49 Fouled Farmer Crossing Sand 2 Limestone

CLBT - 50cm - 99.8 CLBT 45 99.8 medium 37.11 Fouled Farmer Crossing Sand 2 Limestone

CLUT - 40cm - 99.8 CLUT 45 99.8 medium 36.22 Fouled Farmer Crossing Sand 2 Limestone

URBT - 60cm -SB- 99.8 URBT SB 99.8 Farmer Crossing Sand Limestone

 

HARDNESS

99.8 Trench LIMESTONE 

H=3.5

BASALT 

H=6

GNEISS 

H=6

SLAG 

H=7

CGG 

H=5.5

Majority Trench 

Ballast Type

Average Sample 

MOH's Hardness

RSBT - 15cm - 99.8 25 70 0 5 0 LIMESTONE 5.4

CLBT - 30cm - 99.8 60 20 5 5 10 LIMESTONE 4.5

URUT - 30cm - 99.8 70 20 0 5 5 LIMESTONE 4.3

CLUT - 30cm - 99.8 85 10 0 5 0 LIMESTONE 3.9

URBT - 40cm - 99.8 70 20 0 5 5 LIMESTONE 4.3

CLBT - 50cm - 99.8 80 10 0 10 0 LIMESTONE 4.1

CLUT - 40cm - 99.8 80 10 0 10 0 LIMESTONE 4.1

URBT - 60cm -SB- 99.8 LIMESTONE

ROCK TYPE
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99.8 Trench
76 50.8 38.4 25.4 19.35 12.7

9.5 

(calc) 4.76 2 0.6 0.425 0.25 0.15 0.075

RSBT - 15cm - 99.8 100.0 96.3 31.0 31.0 17.2 5.0 4.4 2.5 2.2 2.0 1.9 1.8 1.6 1.2

CLBT - 30cm - 99.8 100.0 90.1 25.8 25.8 16.3 11.0 10.4 8.7 7.3 5.2 4.8 4.1 3.6 2.4

URUT - 30cm - 99.8 100.0 100.0 64.6 64.6 46.0 32.9 29.8 20.2 14.2 9.6 8.5 7.0 5.7 3.4

CLUT - 30cm - 99.8 100.0 83.7 9.1 9.1 4.4 2.9 2.8 2.2 2.1 1.9 1.8 1.5 1.3 0.9

URBT - 40cm - 99.8 100.0 94.3 34.3 34.3 26.1 17.5 16.3 12.7 9.6 6.4 6.4 6.4 3.9 2.5

CLBT - 50cm - 99.8 100.0 100.0 49.5 49.5 37.8 28.3 27.1 23.1 18.0 12.6 11.4 9.8 8.4 5.4

CLUT - 40cm - 99.8 100.0 97.7 58.1 58.1 39.8 28.2 26.6 21.6 17.2 11.7 10.7 9.6 8.7 6.4

URBT - 60cm -SB- 99.8 100.0 93.5 93.5 93.5 92.6 87.4 77.1 54.0 23.4 18.7 13.6 9.0 4.6

% Passing at Grain Size Points (mm)

 

 

(No pictures available for 99.8 trench) 

 

99.8 Trench Weight 

% Ballast

Weight % 

Fine Gravel

Weight 

% Sand

Weight 

% Fines

 % Degraded 

(25.4 - 12.7)

% by-product 

(< 12.7mm)

RSBT - 15cm - 99.8 69.0 28.5 1.3 1.2 26.0 5.0

CLBT - 30cm - 99.8 74.2 17.1 6.3 2.4 14.8 11.0

URUT - 30cm - 99.8 35.4 44.4 16.8 3.4 31.7 32.9

CLUT - 30cm - 99.8 90.9 6.9 1.3 0.9 6.2 2.9

URBT - 40cm - 99.8 65.7 21.6 10.2 2.5 16.8 17.5

CLBT - 50cm - 99.8 50.5 26.4 17.7 5.4 21.1 28.3

CLUT - 40cm - 99.8 41.9 36.5 15.2 6.4 29.9 28.2

URBT - 60cm -SB- 99.8 6.5 16.4 72.5 4.6 6.2 87.4

Weight % of Various Particle Groups
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A.1.10 100.0 Trench 

100.0 Trench Code Depth Mile
Subjective 

Fouling Index

 RBFR 

(9.5mm)

RBFR Fouling 

Category

Surrounding 

Conditions

Underlying 

Geology

Avg Ditch 

Depth (m)

Predominant 

Rock Type

RSBT - 15cm - 100.0 RSBT 15 100 medium 3.31 Moderately Clean Forest Sand 1.75 Limestone

CLUT - 30cm - 100.0 CLUT 30 100 medium 15.54 Moderately Fouled Forest Sand 1.75 Limestone

URUT - 30cm - 100.0 URUT 30 100 medium 21.96 Fouled Forest Sand 1.75 Limestone

URBT - 30cm - 100.0 URBT 30 100 medium 40.03 Fouled Forest Sand 1.75 Limestone

URUT - 55cm - 100.0 URUT 45 100 medium 32.89 Fouled Forest Sand 1.75 Limestone

URBT - 45cm - 100.0 URBT 45 100 medium 37.16 Fouled Forest Sand 1.75 Limestone

CLUT - 55cm - 100.0 CLUT 45 100 medium 31.49 Fouled Forest Sand 1.75 Limestone

RSBT - 60cm -SB- 100.0 RSBT SB 100 Forest Sand Limestone  

 

 

 

 

 

 

 

 

HARDNESS

100.0 Trench
LIMESTONE 

H=3.5

BASALT 

H=6

GNEISS 

H=6

SLAG 

H=7

CGG 

H=5.5

Majority Trench 

Ballast Type

Average Sample 

MOH's Hardness

RSBT - 15cm - 100.0 80 5 10 0 5 LIMESTONE 4.0

CLUT - 30cm - 100.0 100 0 0 0 0 LIMESTONE 3.5

URUT - 30cm - 100.0 60 10 25 5 0 LIMESTONE 4.6

URBT - 30cm - 100.0 100 0 0 0 0 LIMESTONE 3.5

URUT - 55cm - 100.0 95 5 0 0 0 LIMESTONE 3.6

URBT - 45cm - 100.0 95 0 5 0 0 LIMESTONE 3.6

CLUT - 55cm - 100.0 95 0 0 5 0 LIMESTONE 3.7

RSBT - 60cm -SB- 100.0 LIMESTONE

ROCK TYPE
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100.0 Trench
Weight 

% Ballast

Weight % 

Fine Gravel

Weight 

% Sand

Weight 

% Fines

 % Degraded 

(25.4 - 12.7)

% by-product 

(< 12.7mm)

RSBT - 15cm - 100.0 47.2 51.3 0.8 0.7 49.1 3.7

CLUT - 30cm - 100.0 33.1 60.3 5.7 0.9 51.3 15.7

URUT - 30cm - 100.0 30.7 57.2 9.8 2.3 49.4 19.9

URBT - 30cm - 100.0 29.3 48.9 19.8 2.0 40.0 30.8

URUT - 55cm - 100.0 27.9 53.5 15.9 2.7 45.3 26.7

URBT - 45cm - 100.0 44.9 35.8 17.0 2.3 25.5 29.6

CLUT - 55cm - 100.0 40.0 42.3 15.2 2.5 34.1 25.9

RSBT - 60cm -SB- 100.0 3.5 14.4 76.8 5.3 5.0 91.5

Weight % of Various Particle Groups

 

100.0 Trench
76 50.8 38.4 25.4 19.35 12.7

9.5 

(calc) 4.76 2 0.6 0.425 0.25 0.15 0.075

RSBT - 15cm - 100.0 100.0 98.0 52.8 52.8 20.9 3.7 3.2 1.6 1.4 1.3 1.3 1.2 1.0 0.7

CLUT - 30cm - 100.0 100.0 100.0 66.9 66.9 36.3 15.7 13.4 6.6 4.9 3.6 3.1 2.4 1.7 0.9

URUT - 30cm - 100.0 100.0 100.0 69.3 69.3 39.7 19.9 18.0 12.1 9.8 7.2 6.3 4.9 3.6 2.3

URBT - 30cm - 100.0 100.0 100.0 70.7 70.7 45.0 30.8 28.6 21.8 14.2 8.1 6.7 4.9 3.5 2.0

URUT - 55cm - 100.0 100.0 100.0 72.1 72.1 46.7 26.7 24.7 18.6 13.7 8.6 7.4 5.6 4.2 2.7

URBT - 45cm - 100.0 100.0 100.0 55.1 55.1 50.7 29.6 27.1 19.3 14.2 9.5 8.2 6.1 4.2 2.3

CLUT - 55cm - 100.0 100.0 100.0 60.0 60.0 34.9 25.9 23.9 17.7 12.9 8.4 7.3 5.4 4.0 2.5

RSBT - 60cm -SB- 100.0 100.0 100.0 100.0 96.5 94.4 91.5 82.1 65.6 34.7 25.3 14.8 9.6 5.3

% Passing at Grain Size Points (mm)
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100.0 Trench – Top down view of Left Rail (left), Center Track (center), and Right Rail (right) 

  

100.0 Trench – Cross-section view of trench, CLUT (left) and URUT (right)
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A.1.11 100.2 Trench 

100.2 Trench Code Depth Mile
Subjective 

Fouling Index

 RBFR 

(9.5mm)

RBFR Fouling 

Category

Surrounding 

Conditions

Underlying 

Geology

Avg Ditch 

Depth (m)

Predominant 

Rock Type

LSBT - 30cm - 100.2 LSBT 30 100.2 medium 37.93 Fouled Forest Sand 0.5 Limestone

CLBT - 30cm - 100.2 CLBT 30 100.2 medium 36.49 Fouled Forest Sand 0.5 Limestone

URBT - 30cm - 100.2 URBT 30 100.2 medium 46.10 Highly Fouled Forest Sand 0.5 Limestone

CLBT - 50cm - 100.2 CLBT 45 100.2 medium 20.97 Fouled Forest Sand 0.5 Limestone

URUT - 45cm - 100.2 URUT 45 100.2 medium 25.05 Fouled Forest Sand 0.5 Limestone

CLUT - 45cm - 100.2 CLUT 45 100.2 medium 19.52 Fouled Forest Sand 0.5 Limestone

 CLBT - 70cm -SB- 100.2 CLBT SB 100.2 Forest Sand Limestone  

HARDNESS

100.2 Trench
LIMESTONE 

H=3.5

BASALT 

H=6

GNEISS 

H=6

SLAG 

H=7

CGG 

H=5.5

Majority Trench 

Ballast Type

Average Sample 

MOH's Hardness

LSBT - 30cm - 100.2 95 0 5 0 0 LIMESTONE 3.6

CLBT - 30cm - 100.2 100 0 0 0 0 LIMESTONE 3.5

URBT - 30cm - 100.2 90 5 0 5 0 LIMESTONE 3.8

CLBT - 50cm - 100.2 95 0 5 0 0 LIMESTONE 3.6

URUT - 45cm - 100.2 95 0 0 5 0 LIMESTONE 3.7

CLUT - 45cm - 100.2 95 5 0 0 0 LIMESTONE 3.6

 CLBT - 70cm -SB- 100.2 LIMESTONE

ROCK TYPE
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100.2 Trench
Weight 

% Ballast

Weight % 

Fine Gravel

Weight 

% Sand

Weight 

% Fines

 % Degraded 

(25.4 - 12.7)

% by-product 

(< 12.7mm)

LSBT - 30cm - 100.2 26.6 57.3 13.9 2.3 42.3 31.1

CLBT - 30cm - 100.2 31.5 51.1 14.0 3.4 38.7 29.7

URBT - 30cm - 100.2 22.6 60.0 14.8 2.6 41.2 36.1

CLBT - 50cm - 100.2 36.0 56.3 6.6 1.1 43.5 20.4

URUT - 45cm - 100.2 38.7 48.5 10.9 1.9 38.9 22.4

CLUT - 45cm - 100.2 40.9 48.0 8.6 2.6 41.1 18.0

 CLBT - 70cm -SB- 100.2 4.6 17.0 77.4 1.0 6.0 89.4

Weight % of Various Particle Groups

 

100.2 Trench
76 50.8 38.4 25.4 19.35 12.7

9.5 

(calc) 4.76 2 0.6 0.425 0.25 0.15 0.075

LSBT - 30cm - 100.2 100.0 100.0 73.4 73.4 51.2 31.1 27.5 16.2 10.5 6.1 5.2 4.2 3.4 2.3

CLBT - 30cm - 100.2 100.0 100.0 68.5 68.5 43.9 29.7 26.7 17.4 13.1 8.7 7.6 6.1 4.9 3.4

URBT - 30cm - 100.2 100.0 100.0 77.4 77.4 57.1 36.1 31.6 17.4 13.4 9.3 8.0 6.1 4.4 2.6

CLBT - 50cm - 100.2 100.0 100.0 64.0 64.0 40.7 20.4 17.3 7.7 5.9 4.2 3.6 2.7 1.9 1.1

URUT - 45cm - 100.2 100.0 100.0 61.3 61.3 38.7 22.4 20.0 12.8 9.1 5.7 5.0 4.1 3.1 1.9

CLUT - 45cm - 100.2 100.0 100.0 59.1 59.1 30.0 18.0 16.3 11.1 8.8 5.9 5.2 4.2 3.5 2.6

 CLBT - 70cm -SB- 100.2 100.0 100.0 100.0 95.4 92.0 89.4 78.4 62.6 34.9 24.6 10.2 3.7 1.0

% Passing at Grain Size Points (mm)
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100.2 Trench – Top down view of Left Rail (left), Center Track (center), and Right Rail (right) 

  

100.2 Trench – Cross-section view of trench, CLUT (left) and URUT (right)
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A.1.12 101.2 Trench 

101.2 Trench Code Depth Mile
Subjective 

Fouling Index

 RBFR 

(9.5mm)

RBFR Fouling 

Category

Surrounding 

Conditions

Underlying 

Geology

Avg Ditch 

Depth (m)

Predominant 

Rock Type

LSBT - 15cm - 101.2 LSBT 15 101.2 high 1.88 Moderately Clean Urban Sand 1.5 Limestone

CLBT - 15cm - 101.2 CLBT 15 101.2 high 15.13 Moderately Fouled Urban Sand 1.5 Limestone

CLUT - 35cm - 101.2 CLUT 30 101.2 high 25.27 Fouled Urban Sand 1.5 Limestone

URUT - 35cm - 101.2 URUT 30 101.2 high 25.04 Fouled Urban Sand 1.5 Limestone

URBT - 30cm - 101.2 URBT 30 101.2 high 50.47 Highly Fouled Urban Sand 1.5 Limestone

URUT - 55cm - 101.2 URUT 45 101.2 high 19.92 Fouled Urban Sand 1.5 Limestone

CLBT -40cm - 101.2 CLBT 45 101.2 high 15.68 Moderately Fouled Urban Sand 1.5 Limestone

CLUT - 55cm - 101.2 CLUT 45 101.2 high 14.48 Moderately Fouled Urban Sand 1.5 Limestone

LSBT - 60cm -SB- 101.2 LSBT SB 101.2 Urban Sand Limestone

 

HARDNESS

101.2 Trench
LIMESTONE 

H=3.5

BASALT 

H=6

GNEISS 

H=6

SLAG 

H=7

CGG 

H=5.5

Majority Trench 

Ballast Type

Average Sample 

MOH's Hardness

LSBT - 15cm - 101.2 80 5 5 5 5 LIMESTONE 4.0

CLBT - 15cm - 101.2 100 0 0 0 0 LIMESTONE 3.5

CLUT - 35cm - 101.2 100 0 0 0 0 LIMESTONE 3.5

URUT - 35cm - 101.2 95 5 0 0 0 LIMESTONE 3.6

URBT - 30cm - 101.2 95 5 0 0 0 LIMESTONE 3.6

URUT - 55cm - 101.2 100 0 0 0 0 LIMESTONE 3.5

CLBT -40cm - 101.2 100 0 0 0 0 LIMESTONE 3.5

CLUT - 55cm - 101.2 100 0 0 0 0 LIMESTONE 3.5

LSBT - 60cm -SB- 101.2 LIMESTONE

ROCK TYPE
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101.2 Trench
Weight 

% Ballast

Weight % 

Fine Gravel

Weight 

% Sand

Weight 

% Fines

 % Degraded 

(25.4 - 12.7)

% by-product 

(< 12.7mm)

LSBT - 15cm - 101.2 59.0 40.1 0.7 0.1 38.8 2.2

CLBT - 15cm - 101.2 39.8 53.5 5.2 1.5 45.0 15.2

CLUT - 35cm - 101.2 25.4 61.9 10.3 2.4 52.0 22.6

URUT - 35cm - 101.2 32.2 54.5 10.9 2.4 45.6 22.2

URBT - 30cm - 101.2 20.5 56.6 17.6 5.3 42.5 37.0

URUT - 55cm - 101.2 26.9 60.5 10.9 1.6 55.2 17.9

CLBT -40cm - 101.2 56.1 33.9 8.4 1.6 29.2 14.7

CLUT - 55cm - 101.2 58.1 32.8 6.9 2.1 28.1 13.8

LSBT - 60cm -SB- 101.2 3.5 16.4 73.5 6.6 8.4 88.2

Weight % of Various Particle Groups

 

101.2 Trench
76 50.8 38.4 25.4 19.35 12.7

9.5 

(calc) 4.76 2 0.6 0.425 0.25 0.15 0.075

LSBT - 15cm - 101.2 100.0 100.0 41.0 41.0 14.1 2.2 1.8 0.9 0.7 0.6 0.4 0.3 0.2 0.1

CLBT - 15cm - 101.2 100.0 100.0 60.2 60.2 31.9 15.2 13.1 6.7 4.9 3.8 3.5 2.9 2.4 1.5

CLUT - 35cm - 101.2 100.0 100.0 74.6 74.6 40.1 22.6 20.2 12.7 8.6 5.9 5.5 4.6 3.6 2.4

URUT - 35cm - 101.2 100.0 100.0 67.8 67.8 44.0 22.2 20.0 13.3 10.5 7.5 6.6 5.0 3.7 2.4

URBT - 30cm - 101.2 100.0 100.0 79.5 79.5 56.0 37.0 33.5 22.9 16.1 11.4 10.6 9.2 7.8 5.3

URUT - 55cm - 101.2 100.0 100.0 73.1 73.1 36.2 17.9 16.6 12.6 10.9 7.8 6.5 4.5 2.9 1.6

CLBT -40cm - 101.2 100.0 98.5 43.9 43.9 23.8 14.7 13.6 10.0 7.8 5.7 5.0 3.9 2.8 1.6

CLUT - 55cm - 101.2 100.0 100.0 41.9 41.9 22.7 13.8 12.7 9.1 7.2 5.4 4.9 4.1 3.2 2.1

LSBT - 60cm -SB- 101.2 100.0 100.0 100.0 96.5 91.8 88.2 80.1 71.7 54.3 47.9 35.9 21.4 6.6

% Passing at Grain Size Points (mm)
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101.2 Trench – Top down view of Left Rail (left), Center Track (center), and Right Rail (right) 

  

101.2 Trench – Cross-section view of trench, CLUT (left) and URUT (right)
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A.1.13 101.3 Trench 

101.3 Trench Code Depth Mile
Subjective 

Fouling Index

 RBFR 

(9.5mm)

RBFR Fouling 

Category

Surrounding 

Conditions

Underlying 

Geology

Avg Ditch 

Depth (m)

Predominant 

Rock Type

CLUT - 30cm - 101.3 CLUT 30 101.3 high 22.11 Fouled Urban Sand 1.5 Limestone

URUT - 30cm - 101.3 URUT 30 101.3 high 19.79 Fouled Urban Sand 1.5 Limestone

URBT - 30cm - 101.3 URBT 30 101.3 high 28.34 Fouled Urban Sand 1.5 Limestone

LSBT - 35cm - 101.3 LSBT 30 101.3 high 31.01 Fouled Urban Sand 1.5 Limestone

CLUT - 45cm - 101.3 CLUT 45 101.3 high 20.74 Fouled Urban Sand 1.5 Limestone

URUT - 45cm - 101.3 URUT 45 101.3 high 43.19 Highly Fouled Urban Sand 1.5 Limestone  

HARDNESS

101.3 Trench
LIMESTONE 

H=3.5

BASALT 

H=6

GNEISS 

H=6

SLAG 

H=7

CGG 

H=5.5

Majority Trench 

Ballast Type

Average Sample 

MOH's Hardness

CLUT - 30cm - 101.3 70 30 0 0 0 LIMESTONE 4.3

URUT - 30cm - 101.3 50 25 20 0 5 LIMESTONE 4.7

URBT - 30cm - 101.3 70 30 0 0 0 LIMESTONE 4.3

LSBT - 35cm - 101.3 55 35 10 0 0 LIMESTONE 4.6

CLUT - 45cm - 101.3 95 0 0 0 5 LIMESTONE 3.6

URUT - 45cm - 101.3 100 0 0 0 0 LIMESTONE 3.5

ROCK TYPE
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101.3 Trench
Weight % 

Ballast

Weight % 

Fine Gravel

Weight % 

Sand

Weight % 

Fines

 % Degraded 

(25.4 - 12.7)

% by-product 

(< 12.7mm)

CLUT - 30cm - 101.3 32.8 55.5 9.5 2.2 47.0 20.2

URUT - 30cm - 101.3 29.3 58.9 9.7 2.1 52.6 18.1

URBT - 30cm - 101.3 40.8 42.4 14.1 2.7 35.5 23.8

LSBT - 35cm - 101.3 22.1 64.2 11.6 2.1 51.0 26.9

CLUT - 45cm - 101.3 44.7 42.3 10.8 2.1 36.7 18.6

URUT - 45cm - 101.3 31.1 50.6 14.5 3.7 34.8 34.0

Weight % of Various Particle Groups

 

101.3 Trench
76 50.8 38.4 25.4 19.35 12.7

9.5 

(calc) 4.76 2 0.6 0.425 0.25 0.15 0.075

CLUT - 30cm - 101.3 100.0 100.0 67.2 67.2 38.0 20.2 18.1 11.6 9.3 7.3 6.6 5.1 3.5 2.2

URUT - 30cm - 101.3 100.0 100.0 70.7 70.7 41.2 18.1 16.5 11.8 9.0 6.2 5.4 4.2 3.2 2.1

URBT - 30cm - 101.3 100.0 98.8 59.2 59.2 36.8 23.8 22.1 16.8 14.1 9.5 8.1 5.9 4.1 2.7

LSBT - 35cm - 101.3 100.0 100.0 77.9 77.9 53.0 26.9 23.7 13.7 9.4 6.2 5.2 4.1 3.3 2.1

CLUT - 45cm - 101.3 100.0 100.0 55.3 55.3 30.6 18.6 17.2 12.9 10.3 6.3 5.3 4.1 3.1 2.1

URUT - 45cm - 101.3 100.0 100.0 68.9 68.9 52.3 34.0 30.2 18.2 11.9 8.3 7.6 6.3 5.0 3.7

% Passing at Grain Size Points (mm)
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101.3 Trench – Top down view of Left Rail (left), Center Track (center), and Right Rail (right) 

  

101.3 Trench – Cross-section view of trench, CLUT (left) and URUT (right)
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A.2 Predominately Gneiss Trenches 

A.2.1 90.53 Trench 

90.53 Trench Code Depth Mile
Subjective 

Fouling Index

 RBFR 

(9.5mm)

RBFR Fouling 

Category

Surrounding 

Conditions

Underlying 

Geology

Avg Ditch 

Depth (m)

Predominant 

Rock Type

URUT - 30cm - 90.53 URUT 30 90.53 medium 6.85 Moderately Clean Farmland Clay Loam 1.75 Gneiss

CLUT - 32cm - 90.53 CLUT 30 90.53 medium 31.27 Fouled Farmland Clay Loam 1.75 Gneiss

CLBT - 40cm - 90.53 CLBT 45 90.53 medium 23.54 Fouled Farmland Clay Loam 1.75 Gneiss

LSBT - 40cm - 90.53 LSBT 45 90.53 medium 52.53 Highly Fouled Farmland Clay Loam 1.75 Gneiss  

HARDNESS

90.53 Trench
LIMESTON

E H=3.5

BASALT 

H=6

GNEISS 

H=6

SLAG 

H=7

CGG 

H=5.5

Majority Trench 

Ballast Type

Average Sample 

MOH's Hardness

URUT - 30cm - 90.53 5.00 0.00 60.00 0.00 35.00 Gneiss 5.70

CLUT - 32cm - 90.53 25.00 0.00 55.00 0.00 20.00 Gneiss 5.28

CLBT - 40cm - 90.53 10.00 0.00 80.00 0.00 10.00 Gneiss 5.70

LSBT - 40cm - 90.53 80.00 0.00 6.00 4.00 10.00 Gneiss 3.99

ROCK TYPE

 

 

 

 

 



 

 

 

2
8

3
 

90.53 Trench
Weight 

% Ballast

Weight % 

Fine Gravel

Weight 

% Sand

Weight 

% Fines

 % Degraded 

(25.4 - 12.7)

% by-product 

(< 12.7mm)

URUT - 30cm - 90.53 66.1 30.1 3.0 0.8 26.7 7.2

CLUT - 32cm - 90.53 36.0 51.1 11.3 1.6 36.6 27.3

CLBT - 40cm - 90.53 39.7 48.3 10.0 2.0 39.0 21.3

LSBT - 40cm - 90.53 33.2 39.0 25.6 2.2 30.2 36.6

Weight % of Various Particle Groups

 

90.53 Trench
76 50.8 38.4 25.4 19.35 12.7

9.5 

(calc) 4.76 2 0.6 0.425 0.25 0.15 0.075

URUT - 30cm - 90.53 100.0 95.0 33.9 33.9 15.6 7.2 6.4 3.9 3.1 2.4 2.1 1.7 1.3 0.8

CLUT - 32cm - 90.53 100.0 97.9 64.0 64.0 40.6 27.3 23.8 12.9 8.6 5.7 5.0 3.9 2.8 1.6

CLBT - 40cm - 90.53 100.0 100.0 60.3 34.7 21.3 19.1 12.0 9.1 6.8 6.0 4.6 3.5 2.0

LSBT - 40cm - 90.53 100.0 100.0 66.8 66.8 46.7 36.6 34.4 27.8 22.9 13.8 10.4 6.5 4.3 2.2

% Passing at Grain Size Points (mm)
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90.53 Trench – Top down view of Left Rail (left), Center Track (center), and Right Rail (right) 

  

90.53 Trench – Cross-section view of trench, CLUT (left) and URUT (right) 
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A.2.2 92.8 Trench 

92.8 Trench Code Depth Mile
Subjective 

Fouling Index

 RBFR 

(9.5mm)

RBFR Fouling 

Category

Surrounding 

Conditions

Underlying 

Geology

Avg Ditch 

Depth (m)

Predominant 

Rock Type

CLUT - 15cm - 92.8 CLUT 15 92.8 low 1.75 Clean Farmland Sand 1.5 Gneiss

RSBT - 30cm - 92.8 RSBT 30 92.8 low 0.93 Clean Farmland Sand 1.5 Gneiss

URUT - 30cm - 92.8 URUT 30 92.8 low 5.96 Moderately Clean Farmland Sand 1.5 Gneiss

CLBT - 30cm - 92.8 CLBT 30 92.8 low 5.19 Moderately Clean Farmland Sand 1.5 Gneiss

CLUT - 30cm - 92.8 CLUT 30 92.8 low 23.36 Fouled Farmland Sand 1.5 Gneiss

URUT - 45cm - 92.8 URUT 45 92.8 low 18.81 Fouled Farmland Sand 1.5 Gneiss

URBT-50- SB - 92.8 URBT SB 92.8 Farmland Sand 1.5 Gneiss  

HARDNESS

92.8 Trench
LIMESTONE 

H=3.5

BASALT 

H=6

GNEISS 

H=6

SLAG 

H=7

CGG 

H=5.5

Majority Trench 

Ballast Type

Average Sample 

MOH's Hardness

CLUT - 15cm - 92.8 0 0 100 0 0 Gneiss 6.0

RSBT - 30cm - 92.8 20 20 60 0 0 Gneiss 5.5

URUT - 30cm  - 92.8 0 5 95 0 0 Gneiss 6.0

CLBT - 30cm - 92.8 0 0 100 0 0 Gneiss 6.0

CLUT - 30cm - 92.8 0 0 100 0 0 Gneiss 6.0

URUT - 45cm - 92.8 0 5 95 0 0 Gneiss 6.0

URBT - 50cm -SB- 92.8 Gneiss

ROCK TYPE
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92.8 Trench
Weight 

% Ballast

Weight % 

Fine Gravel

Weight 

% Sand

Weight 

% Fines

 % Degraded 

(25.4 - 12.7)

% by-product 

(< 12.7mm)

CLUT - 15cm - 92.8 93.5 5.1 1.2 0.3 4.7 1.8

RSBT - 30cm - 92.8 84.9 14.4 0.7 0.1 14.2 1.0

URUT - 30cm - 92.8 77.0 19.5 3.0 0.6 16.7 6.3

CLBT - 30cm - 92.8 84.3 11.7 3.4 0.6 10.4 5.2

CLUT - 30cm - 92.8 42.4 46.0 10.1 1.6 36.4 21.3

URUT - 45cm - 92.8 58.9 30.0 9.5 1.6 23.7 17.4

URBT-50- SB - 92.8 0.0 11.0 86.4 2.6 0.0 0.0

Weight % of Various Particle Groups

 

92.8 Trench
76 50.8 38.4 25.4 19.35 12.7

9.5 

(calc) 4.76 2 0.6 0.425 0.25 0.15 0.075

CLUT - 15cm - 92.8 100.0 84.0 20.8 6.5 2.7 1.8 1.7 1.5 1.2 0.9 0.7 0.5 0.3 0.3

RSBT - 30cm - 92.8 100.0 87.3 15.1 15.1 3.5 1.0 0.9 0.8 0.6 0.5 0.4 0.3 0.2 0.1

URUT - 30cm - 92.8 100.0 92.0 23.0 23.0 11.2 6.3 5.6 3.6 3.3 1.6 1.5 1.3 1.0 0.6

CLBT - 30cm - 92.8 100.0 82.5 15.7 15.7 8.0 5.2 4.9 4.0 3.3 2.3 1.9 1.4 1.0 0.6

CLUT - 30cm - 92.8 100.0 98.3 57.7 57.7 36.3 21.3 18.9 11.7 8.9 6.3 5.4 4.2 3.1 1.6

URUT - 45cm - 92.8 100.0 95.0 41.1 41.1 26.0 17.4 15.8 11.1 8.3 5.4 4.9 4.0 2.9 1.6

URBT-50- SB - 92.8 100.0 96.1 92.1 89.0 68.6 57.8 39.1 16.2 8.5 2.6

% Passing at Grain Size Points (mm)
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92.8 Trench – Top down view of Left Rail (left), Center Track (center), and Right Rail (right) 

  

92.8 Trench – Cross-section view of trench, CLUT (left) and URUT (right) 
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A.3 Predominately Slag Trenches 

A.3.1 94.5(A) Trench 

94.5(A) Trench Code Depth Mile
Subjective 

Fouling Index

 RBFR 

(9.5mm)

RBFR Fouling 

Category

Surrounding 

Conditions

Underlying 

Geology

Avg Ditch 

Depth (m)

Predominant 

Rock Type

CLUT - 30cm - 94.5(A) CLUT 30 94.5 (A) low 6.38 Moderately Clean Farmland Loam 1.5 Slag

LSBT - 30cm - 94.5(A) LSBT 30 94.5 (A) low 6.85 Moderately Clean Farmland Loam 1.5 Slag

URUT - 30cm - 94.5(A) URUT 30 94.5 (A) low 22.89 Fouled Farmland Loam 1.5 Slag

URBT - 30cm - 94.5(A) URBT 30 94.5 (A) low 27.07 Fouled Farmland Loam 1.5 Slag

CLBT - 30cm - 94.5(A) CLBT 30 94.5 (A) low 3.79 Moderately Clean Farmland Loam 1.5 Slag

URBT - 50cm - SB - 94.5(A) URBT SB 94.5 (A) low Clean Farmland Loam Slag  

HARDNESS

94.5(A) Trench
LIMESTONE 

H=3.5

BASALT 

H=6

GNEISS 

H=6

SLAG 

H=7

CGG 

H=5.5

Majority Trench 

Ballast Type

Average Sample 

MOH's Hardness

CLUT - 30cm - 94.5(A) 5 0 0 95 0 SLAG 6.8

LSBT - 30cm - 94.5(A) 10 10 0 80 0 SLAG 6.6

URUT - 30cm - 94.5(A) 20 0 10 70 0 SLAG 6.2

URBT - 30cm - 94.5(A) 5 5 0 85 5 SLAG 6.7

CLBT - 30cm - 94.5(A) 5 5 0 85 5 SLAG 6.7

URBT - 50cm -SB- 94.5(A) SLAG

ROCK TYPE
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94.5(A) Trench
Weight 

% Ballast

Weight % 

Fine Gravel

Weight 

% Sand

Weight 

% Fines

 % Degraded 

(25.4 - 12.7)

% by-product 

(< 12.7mm)

CLUT - 30cm - 94.5(A) 70.7 26.1 2.6 0.6 22.4 6.9

LSBT - 30cm - 94.5(A) 75.0 20.0 3.4 1.6 18.1 6.9

URUT - 30cm - 94.5(A) 46.4 41.0 10.5 2.1 33.0 20.6

URBT - 30cm - 94.5(A) 36.7 50.4 10.9 2.0 39.2 24.0

CLBT - 30cm - 94.5(A) 71.0 27.4 1.2 0.4 24.7 4.3

URBT - 50cm - SB - 94.5(A) 2.5 24.7 71.7 1.1 8.2 89.3

Weight % of Various Particle Groups

 

94.5(A) Trench
76 50.8 38.4 25.4 19.35 12.7

9.5 

(calc) 4.76 2 0.6 0.425 0.25 0.15 0.075

CLUT - 30cm - 94.5(A) 100.0 80.3 29.3 29.3 14.5 6.9 6.0 3.2 2.4 1.8 1.6 1.3 1.0 0.6

LSBT - 30cm - 94.5(A) 100.0 86.2 25.0 25.0 12.2 6.9 6.4 5.0 5.0 5.0 4.4 3.5 2.6 1.6

URUT - 30cm - 94.5(A) 100.0 90.9 53.6 53.6 35.6 20.6 18.6 12.6 10.1 6.6 5.7 4.4 3.2 2.1

URBT - 30cm - 94.5(A) 100.0 98.4 63.3 63.3 42.6 24.0 21.3 12.9 9.5 6.6 5.8 4.5 3.2 2.0

CLBT - 30cm - 94.5(A) 100.0 73.6 29.0 29.0 13.2 4.3 3.7 1.6 1.3 1.0 1.0 0.8 0.6 0.4

URBT - 50cm -SB- 94.5(A) 100.0 100.0 100.0 97.5 95.7 89.3 72.8 54.8 25.4 16.2 6.3 2.6 1.1

% Passing at Grain Size Points (mm)

 

 

 

 

 



 

 

 

2
9

0
 

 

94.5(A) Trench – Top down view of Left Rail (left), Center Track (center), and Right Rail (right) 

  

94.5(A) Trench – Cross-section view of trench, CLUT (left) and URUT (right) 
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A.3.2 94.5(B) Trench 

94.5(B) TrenchCode Depth Mile

Subjective 

Fouling 

Index

 RBFR 

(9.5mm)

RBFR 

Fouling 

Category

Surroundin

g 

Conditions

Underlying 

Geology

Avg Ditch 

Depth (m)

Predomina

nt Rock 

Type

URUT - 30cm - 94.5(B)URUT 30 94.5 (B) low 6.16 Moderately CleanFarmland Loam 1.5 Slag

CLUT - 35cm - 95.4(B)CLUT 30 94.5 (B) low 11.72 Moderately FouledFarmland Loam 1.5 Slag

CLBT - 30cm - 94.5(B)CLBT 30 94.5 (B) low 14.75 Moderately FouledFarmland Loam 1.5 Slag

RSBT - 30cm - 94.5(B)RSBT 30 94.5 (B) low 27.36 Fouled Farmland Loam 1.5 Slag  

HARDNESS

94.5(B) Trench
LIMESTONE 

H=3.5

BASALT 

H=6

GNEISS 

H=6

SLAG 

H=7

CGG 

H=5.5

Majority Trench 

Ballast Type

Average Sample 

MOH's Hardness

URUT - 30cm - 94.5(B) 10 20 10 60 0 SLAG 6.4

CLUT - 35cm - 95.4(B) 5 0 0 90 5 SLAG 6.8

CLBT - 30cm - 94.5(B) 10 10 10 70 0 SLAG 6.5

RSBT - 30cm - 94.5(B) 15 15 0 70 0 SLAG 6.3

ROCK TYPE
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94.5(B) Trench
Weight 

% Ballast

Weight % 

Fine Gravel

Weight 

% Sand

Weight 

% Fines

 % Degraded 

(25.4 - 12.7)

% by-product 

(< 12.7mm)

URUT - 30cm - 94.5(B) 73.0 22.5 3.9 0.6 20.8 6.2

CLUT - 35cm - 95.4(B) 54.1 40.6 4.8 0.5 33.8 12.2

CLBT - 30cm - 94.5(B) 62.2 29.8 7.1 1.0 23.4 14.4

RSBT - 30cm - 94.5(B) 61.2 24.4 11.7 2.7 15.0 23.8

Weight % of Various Particle Groups

 

94.5(B) Trench
76 50.8 38.4 25.4 19.35 12.7

9.5 

(calc) 4.76 2 0.6 0.425 0.25 0.15 0.075

URUT - 30cm - 94.5(B) 100.0 70.9 27.0 27.0 14.5 6.2 5.8 4.5 4.0 3.1 2.1 1.5 1.0 0.6

CLUT - 35cm - 95.4(B) 100.0 84.7 45.9 45.9 26.5 12.2 10.5 5.3 3.9 2.3 1.8 1.2 0.8 0.5

CLBT - 30cm - 94.5(B) 100.0 83.1 37.8 37.8 23.7 14.4 12.9 8.0 5.1 3.3 2.9 2.2 1.6 1.0

RSBT - 30cm - 94.5(B) 100.0 69.7 38.8 38.8 30.1 23.8 21.5 14.4 11.1 8.1 7.1 5.5 4.1 2.7

% Passing at Grain Size Points (mm)
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94.5(B) Trench – Top down view of Left Rail (left), Center Track (center), and Right Rail (right) 

  

94.5(B) Trench – Cross-section view of trench, CLUT (left) and URUT (right) 
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A.4 Predominately CGG Trenches 

A.4.1 96.8 Trench 

96.8 Trench Code Depth Mile
Subjective 

Fouling Index

 RBFR 

(9.5mm)

RBFR Fouling 

Category

Surrounding 

Conditions

Underlying 

Geology

Avg Ditch 

Depth (m)

Predominant 

Rock Type

CLBT - 80cm - SB - 96.8 CLBT SB 96.8 medium Clean Farmland Clay Gneiss

CLBT - 30cm - 96.8 CLBT 30 96.8 medium 25.97 Fouled Farmland Clay 1 Gneiss

URBT - 30cm - 96.8 URBT 30 96.8 medium 26.92 Fouled Farmland Clay 1 Gneiss

URUT - 45cm - 96.8 URUT 45 96.8 medium 32.16 Fouled Farmland Clay 1 Gneiss

LSBT - 40cm - 96.8 LSBT 45 96.8 medium 30.33 Fouled Farmland Clay 1 Gneiss

CLBT - 45cm - 96.8 CLBT 45 96.8 medium 32.76 Fouled Farmland Clay 1 Gneiss  

HARDNESS

96.8 Trench
LIMESTONE 

H=3.5

BASALT 

H=6

GNEISS 

H=6

SLAG 

H=7

CGGC 

H=5.5

Majority Trench 

Ballast Type

Average Sample 

MOH's Hardness

CLBT - 80cm - SB - 96.8 CGG

CLBT - 30cm - 96.8 10 55 5 0 30 CGG 5.6

URBT - 30cm - 96.8 10 50 10 0 30 CGG 5.6

URUT - 45cm - 96.8 10 50 10 0 30 CGG 5.6

LSBT - 40cm - 96.8 5 55 10 0 30 CGG 5.7

CLBT - 45cm - 96.8 10 0 90 0 0 CGG 5.8

ROCK TYPE
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96.8 Trench
Weight 

% Ballast

Weight % 

Fine Gravel

Weight 

% Sand

Weight 

% Fines

 % Degraded 

(25.4 - 12.7)

% by-product 

(< 12.7mm)

CLBT - 80cm - SB - 96.8 2.7 18.4 76.8 2.4 9.1 88.2

CLBT - 30cm - 96.8 53.5 32.0 11.2 2.7 23.9 22.6

URBT - 30cm - 96.8 45.3 41.0 11.8 1.9 31.0 23.6

URUT - 45cm - 96.8 48.3 35.0 14.1 1.0 25.0 26.8

LSBT - 40cm - 96.8 45.9 37.6 14.5 2.0 28.7 25.4

CLBT - 45cm - 96.8 48.2 34.8 17.1 1.4 24.7 27.1

Weight % of Various Particle Groups

 

96.8 Trench
76 50.8 38.4 25.4 19.35 12.7

9.5 

(calc) 4.76 2 0.6 0.425 0.25 0.15 0.075

CLBT - 80cm - SB - 96.8 100.0 100.0 100.0 97.3 92.5 88.2 78.9 64.2 33.6 24.3 12.5 5.9 2.1

CLBT - 30cm - 96.8 100.0 97.2 46.5 46.5 31.4 22.6 20.6 14.5 10.4 8.4 7.7 6.4 5.1 3.3

URBT - 30cm - 96.8 100.0 98.6 54.7 54.7 33.6 23.6 21.2 13.7 11.6 8.7 7.6 5.6 3.7 1.9

URUT - 45cm - 96.8 100.0 90.2 51.7 51.7 38.0 26.8 24.3 16.8 12.1 8.5 7.6 6.1 4.4 2.6

LSBT - 40cm - 96.8 100.0 100.0 54.1 54.1 36.5 25.4 23.3 16.5 12.1 8.0 6.8 5.1 3.6 2.0

CLBT - 45cm - 96.8 100.0 76.8 51.8 51.8 40.2 27.1 24.7 17.1 12.2 10.8 8.4 6.0 3.6 2.6

% Passing at Grain Size Points (mm)
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96.8 Trench – Top down view of Left Rail (left), Center Track (center), and Right Rail (right) 

  

96.8 Trench – Cross-section view of trench, CLUT (left) and URUT (right)
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A.4.2 97.0 Trench 

97.0 Trench Code Depth Mile
Subjective 

Fouling Index

 RBFR 

(9.5mm)

RBFR Fouling 

Category

Surrounding 

Conditions

Underlying 

Geology

Avg Ditch 

Depth (m)

Predominant 

Rock Type

URBT - 30cm - 97.0 URBT 30 97 low 23.43 Fouled Farmland Clay 1.25 Gneiss

CLBT - 30cm - 97.0 CLBT 30 97 low 21.59 Fouled Farmland Clay 1.25 Gneiss

LSBT - 40cm - 97.0 LSBT 45 97 low 16.24 Moderately Fouled Farmland Clay 1.25 Gneiss

URUT - 45cm - 97.0 URUT 45 97 low 18.76 Moderately Fouled Farmland Clay 1.25 Gneiss

CLUT - 45cm - 97.0 CLUT 45 97 low 29.28 Fouled Farmland Clay 1.25 Gneiss

LSBT - 65cm - SB - 97.0 LSBT SB 97 low Farmland Clay Gneiss  

97.0 Trench
LIMESTONE 

H=3.5

BASALT 

H=6

GNEISS 

H=6

SLAG 

H=7

CGG 

H=5.5

Majority Trench 

Ballast Type

Average Sample 

MOH's Hardness

URBT - 30cm - 97.0 5 20 45 0 30 CGG 5.7

CLBT - 30cm - 97.0 5 20 45 0 30 CGG 5.7

LSBT - 40cm - 97.0 5 0 0 0 95 CGG 5.4

URUT - 45cm - 97.0 5 5 20 40 30 CGG 6.1

CLUT - 45cm - 97.0 10 10 40 10 30 CGG 5.7

LSBT -  65cm - SG - 97.0 CGG
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97.0 Trench
Weight 

% Ballast

Weight % 

Fine Gravel

Weight 

% Sand

Weight 

% Fines

 % Degraded 

(25.4 - 12.7)

% by-product 

(< 12.7mm)

URBT - 30cm - 97.0 48.1 40.3 9.2 2.4 30.5 21.4

CLBT - 30cm - 97.0 61.7 24.5 11.1 2.7 19.3 19.0

LSBT - 40cm - 97.0 51.8 39.1 7.3 1.9 32.7 15.5

URUT - 45cm - 97.0 61.0 27.8 9.2 2.0 21.8 17.3

CLUT - 45cm - 97.0 57.2 31.0 10.4 1.4 16.7 26.1

LSBT - 65cm - SB - 97.0 1.8 34.0 63.2 1.0 10.8 87.4

Weight % of Various Particle Groups

 

 

97.0 Trench
76 50.8 38.4 25.4 19.35 12.7

9.5 

(calc) 4.76 2 0.6 0.425 0.25 0.15 0.075

URBT - 30cm - 97.0 100.0 97.8 51.9 51.9 38.5 21.4 19.0 11.6 9.0 6.9 6.3 5.1 3.8 2.4

CLBT - 30cm - 97.0 100.0 92.2 38.3 38.3 25.4 19.0 17.8 13.8 10.6 7.8 7.1 5.9 4.6 2.7

LSBT - 40cm - 97.0 100.0 98.7 48.2 48.2 29.6 15.5 14.0 9.1 6.5 4.6 4.2 3.5 2.8 1.9

URUT - 45cm - 97.0 100.0 97.7 39.0 39.0 26.2 17.3 15.8 11.2 7.6 5.7 5.2 4.3 3.2 2.0

CLUT - 45cm - 97.0 100.0 70.5 42.8 42.8 31.9 26.1 22.6 11.8 8.6 5.4 4.7 3.6 2.6 1.4

LSBT - 65cm - SB - 97.0 100.0 100.0 100.0 98.2 96.7 87.4 64.2 42.2 16.6 10.8 5.4 2.8 1.0

% Passing at Grain Size Points (mm)

 



 

 

 

2
9

9
 

 

97.0 Trench – Top down view of Left Rail (left), Center Track (center), and Right Rail (right) 

  

97.0 Trench – Cross-section view of trench, CLUT (left) and URUT (right) 
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A.5 Non-Processed Trenches 

These trenches were not processed due to time constraints. 
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A.5.1  83.85 Trench 

 

83.85 Trench – Top down view of Center Track (left), and Right Rail (right) 
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A.5.2 84.33 Trench 

 

84.33 Trench – Top down view of Left Rail (left), Center Track (centre), and Right Rail (right) 

 

84.33 Trench- Cross-section view of trench for Center Line (left) and Under Rail (right) (no ruler available for scale in picture 
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A.5.3 84.45 Trench 

 

84.45 Trench – Top down view of Left Rail (left), Center Track (centre), and Right Rail (right) 

 

84.45 Trench- Cross-section view of trench for Center Line  (no ruler available for scale in picture 
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A.5.4 84.95 Trench 

 

84.95 Trench – Top down view of Left Rail (left), Center Track (centre), and Right Rail (right) 

  

84.95 Trench- Cross-section view of trench for Center Line (left) and Under Rail (right) 
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A.5.5 85.25 Trench 

 

85.25 Trench – Top down view of Left Rail (left), Center Track (centre), and Right Rail (right) 

 

85.25 Trench- Cross-section view of trench for Center Line (left) and Under Rail (right) 
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A.5.6 88.25 Trench 

 

88.25 Trench – Top down view of Left Rail (left), Center Track (centre), and Right Rail (right) 

 

88.25 Trench- Cross-section view of trench for Center Line   



 

 

3
0

7
 

A.5.7 88.35 Trench 

 

88.35 Trench – Top down view of Left Rail (left), Center Track (centre), and Right Rail (right) 

 

88.35 Trench- Cross-section view of trench for Center Line (left) and Under Rail (right) 
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A.5.8 88.85 Trench 

 

88.85 Trench – Top down view of Left Rail (left), Center Track (centre), and Right Rail (right) 

 

88.85 Trench- Cross-section view of trench for Center Line (left) and Under Rail (right) 



 

 

3
0

9
 

A.5.9 89.0 Trench 

 

89.0 Trench – Top down view of Left Rail (left), Center Track (centre), and Right Rail (right) 

 

89.0 Trench- Cross-section view of trench for Center Line (left) and Under Rail (right) 
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A.5.10 89.7 Trench 

 

89.7 Trench – Top down view of Left Rail (left), Center Track (centre), and Right Rail (right) 

 

89.7 Trench- Cross-section view of trench for Center Line (left) and Under Rail (right) 
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A.5.11 89.8 Trench 

 

89.8 Trench – Top down view of Left Rail (left), Center Track (centre), and Right Rail (right) 

 

89.8 Trench- Cross-section view of trench for Center Line (left) and Under Rail (right) 
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A.5.12 90.5 Trench 

 

90.5 Trench – Top down view of Left Rail (left), Center Track (centre), and Right Rail (right) 

 

90.5 Trench- Cross-section view of trench for Center Line (left) and Under Rail (right) 
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A.5.13 91.0 Trench 

 

91.0 Trench – Top down view of Left Rail (left), Center Track (centre), and Right Rail (right) 

 

91.0 Trench- Cross-section view of trench for Center Line (left) and Under Rail (right) 
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A.5.14 91.15 Trench 

 

91.15 Trench – Top down view of Left Rail (left), Center Track (centre), and Right Rail (right) 

 

91.15 Trench- Cross-section view of trench for Center Line (left) and Under Rail (right) 
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A.5.15 92.1 Trench 

 

92.1 Trench – Top down view of Left Rail (left), Center Track (centre), and Right Rail (right) 

 

92.1 Trench- Cross-section view of trench for Center Line (left) and Under Rail (right) 
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A.5.16 95.0 Trench 

 

95.0 Trench – Top down view of Left Rail (left), Center Track (centre), and Right Rail (right) 

 

95.0 Trench- Cross-section view of trench for Center Line (left) and Under Rail (right) 
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APPENDIX B - Ballast Rock Mineralogy Petrography 

Report 

 
 

Taken from Day et al (2011),  
Petrographic analysis conducted by Greg Lester, PhD candidate at 

Queen’s University 
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Limestone:  Fossiliferous grainstone (Samples 3, 11, 12) 

Hand Sample Description: 

 
Figure B-1:  Limestone ballast hand sample 

The ballast pieces show very smooth abraded surfaces with powdered calcite debris.  The 

rockmass appears very homogenous, with very fine grained matrix.  Up to 5 mm echinoderm 

fossils are visible on fresh surfaces.   

Thin Section Description: 

Mineralogy:  

Calcite replaced fossils (70 – 85%) 

 Crinoids (25 – 65%) - 0.05 – 5 mm in size 

 Bivalves (25 -35%) - 0.05 – 5 mm in size 

Matrix (15 – 30 %) 

Crystalline calcite (1 -10%) – anhedral, showing twinning, 0.01 – 1 mm in size 

Micrite (5 – 10%) – microcrystalline 

Comments:  

The grainstone is well-cemented with no significant porosity.  The burial cement is pure 

carbonate with no evidence of mud infiltration.  Some minor bedding planes are visible 

(grading?) and are completely healed, presenting no internal weakness planes.  Stylolites are 

present, suggesting the rockmass was very well lithified and subjected to moderate pressures. 
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Figure B-2:  Plane Polarized light view of limestone, field of view is 7.5 mm x 5.25 mm 

 

Figure B-3:  Cross Polarized light view of limestone, field of view is 7.5 mm x 5.25 mm 

 

Crinoid 

Calcite 

Micrite 

Stylolite 

Bivalve piece 

Crinoid 

Micrite 
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Basalt:  Carbonate Amygdaloidal Alkali Basalt (Samples 7, 8) 

Hand Sample Description: 

 
Figure B-4:  Basalt ballast hand sample 

The ballast pieces show little evidence of abrasion and loading with relatively angular edges.  The 

matrix is mostly ultrafine, with some evidence of bleaching alteration.  The amygdules are 

rounded and infilled by larger grained carbonate.   

Thin Section Description: 

Mineralogy:   

Plagioclase (45 - 65%) - very fine grained matrix with euhedral laths of 0.05 – 0.5 mm in size 

Pyroxene (5 -10%) – 0.25 mm – 2 mm, rounded, equant phenocrysts 

Sodic Amphibole (1 – 3%) – altered, anhedral crystals of 0.5 – 2 mm in size 

Iron oxides (magnetite and ilmenite) (5 - 20%) – euhedral, 0.1 – 0.5 mm crystals 

Zircon (trace) – 0.1 mm inclusions 

Amygdules and veins (20 - 35%): 

 Dolomite (10 - 15%) – subhedral grains of 0.2 – 3 mm in size 

 Calcite (8 - 15%) – subhedral grains of 0.2 – 3 mm in size 

 Chlorite (3 - 10%) – subhedral grains of 0.05 – 0.5 mm 

 Ankerite and siderite (trace) – subhedral with grains of 0.2 – 1 mm in size 
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Comments:  

The basalt is mainly a plagioclase-rich felted matrix material, with phenocrysts of pyroxene and 

amphibole with some zircon and iron oxides.  Felting refers to the interlocking texture of the 

plagioclase laths.  The amygdules are rounded with alteration at edges.  The basalt has undergone 

retrograde metamorphism, as evidenced by the presence of greenschist phase minerals (biotite 

and chlorite).  The calcite and dolomite show twinning.  There is both carbonate and chlorite 

alteration present.  The chlorite alteration, and thus the retrograde metamorphism, appears to 

overprint the carbonate alteration, suggesting that the metamorphism occurred after the carbonate 

overprinting.  The calcite would have altered to dolomite during the metamorphism. 

 

 

Figure B-5:  Amygdaloidal alkali basalt in plane polarized light (field of view is 7.5 mm x 5.25 

mm)  

Calcite 

Iron Oxides 

Plagioclase 

Pyroxene 
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Figure B-6:  Amygdaloidal alkali basalt in cross polarized light (field of view is 7.5 mm x 5.25 

mm) 

  

Dolomite 

Chlorite 

Plagioclase 
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Coarse Gained Igneous:  Carbonate Overprinted Alkali Gabbro (Samples 1, 

13a, 13b) 

Hand Sample Description:  

 
Figure B-7:  Hand sample of a coarse grained igneous ballast piece 

The ballast shows low levels of abrasion and chemical weathering.  The sample is very angular 

with medium sized crystals.  Plagioclase, Pyroxene, Amphibole, and carbonates are visible. 

Thin Section Description: 

Mineralogy: 

Plagioclase (50 – 85%) – 0.25 – 1.5 mm euhedral matrix laths with small vesicle inclusions and 

twinning  

Carbonates (calcite and dolomite) (10 – 20%):  0.25 – 2 mm subhedral, equant crystals with 

twinning and cleavage 

Pyroxene (5 – 10%):  euhedral, equant grains of 0.1 – 2 mm size 

Chlorite (3 – 10%): subhedral 0.05 – 1 mm crystals showing cleavage  

Amphibole (2 – 5%):  subhedral 0.1 – 2 mm crystals 

Opaques (magnetite and ilmenite) (1 – 5%):  euhedral 0.05 – 1 mm equant grains 

Apatite (trace) – subhedral 0.1 – 2 mm pseudo-hexagonal phenocrysts 
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Figure B-8:  Carbonate overprinted alkali gabbro in plane polarized light (7.5 mm x 5.25 mm field of view) 

 

Figure B-9:  Carbonate overprinted alkali gabbro in cross polarized light (7.5 mm x 5.25 mm field of view) 
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Comments:  

The alkali gabbro has a felted texture, referring to the interlocking plagioclase laths.  Carbonate 

and chlorite alteration are present and interspersed in the matrix of the rockmass rather than being 

concentrated in amygdules or veins.  The carbonate overprinting appears to have occurred prior to 

the retrograde metamorphism because the calcite and dolomite crystals appear to be overprinted 

by the chlorite crystals.  The dolomite may be altered calcite from the low grade greenschist 

facies metamorphism.  
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Gneiss:  Amphibolite to Biotite Amphibolite Gneiss (Samples 4, 5, 6) 

Hand Sample Description: 

 
Figure B-10:  Hand sample of a gneiss ballast piece 

Low abrasion levels with some shear planes visible in samples containing higher proportions of 

biotite.  The foliation defined by mineral banding is apparent with lenses of feldspars. 

Thin Section Description: 

Mineralogy:   

Quartz (15 - 55%) – subhedral grains 0.1 – 3 mm 

Mica (Biotite and Phlogopite with trace Muscovite) (15 - 30%) – 0.05 – 1 mm laths, subhedral 

Pyroxene (15 - 25%) – 0.1 – 2 mm equant euhedral grains 

Potassium Feldspar (5 - 20%) – euhedral 0.1 – 5 mm grains  

Amphibolite (5 - 15%) – 0.1 – 3 mm euhedral grains showing cleavage 

Plagioclase (5 – 15%) – 0.1 – 1 mm laths showing twinning 

Iron Oxides (magnetite and ilmenite) (1 – 3 %) – 0.1 – 0.5 mm euhedral grains 

Comments:  

The high grade metamorphic rock shows low to moderate alignment of micas, depending on the 

amount present in the samples.  The gneissic foliation is defined by light banding.  The crystalline 

ground mass is made up of interlocking clasts with well-defined grain boundaries.  The presence 

of amphibole and pyroxenes suggests a possible mafic igneous protolith. 
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Figure B-11:  gneiss in plane polarized light (7.5 x 5.25 mm field of view) 

 
Figure B-12:  gneiss in cross polarized light (7.5 x 5.25 mm field of view) 
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Slag:  (Samples 9 , 10) 

Hand Sample Description: 

 
Figure B-13:  Hand sample of a slag ballast piece 

In hand sample, the slag is vesicular with a quenched matrix and some immiscible metallic 

inclusions.  The vesicular texture does not appear to weaken the dense material, which has 

angular edges and shows low impact of abrasion.   

Thin Section Description: 

Mineralogy:  

Quenched Matrix (90 – 95%):  Structureless, opaque matrix 

Immiscible Metallic Inclusions (trace) – 0.1 – 0.5 mm round particles 

Exsolution minerals (1 – 5%) – 0.1 – 3 mm cubic minerals with some evidence of pale brown 

iron staining 

 

Comments:  

The dense nature and the limited abrasion evidence suggest that the slag is siliceous.  Further 

conclusions cannot be made about the matrix because the process of origin is unknown.   
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Figure B-14:  Slag in plane polarized light (7.5 mm x 5.25 mm field of view) showing exsolution minerals 

Figure B-15:  Slag in plane polarized light (7.5 mm x 5.25 mm field of view) showing iron staining 
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Appendix C – LA Abrasion Data  

Test Set 1: In-Situ Ballast LA Abrasion Tests 

Sample Weight % 

Ballast

Weight % 

Gravel

Weight 

% Sand

Weight 

% Fines

 % Degraded 

(25.4 - 12.7)

% Possible 

by-product 

(< 12.7mm)

86.92 - LA 75 15 6 4 12 13

90.53- LA 71 16 8 5 13 16

96.8 - LA 65 21 9 4 18 17

97.0 - LA 72 15 9 4 13 16

97.3 - LA 65 19 9 7 16 19

98.1 - LA 67 16 10 7 13 20

99.8-2-LA 77 13 6 4 11 12

99.8-1-LA 75 15 6 4 12 13

101.2 + 

101.3 - LA
65 21 8 6 18 17

94.5(A+B) 73 18 6 3 15 12

94.5(A) - LA 68 21 8 3 17 15

94.5(B) - LA 71 19 7 3 16 13  

Sample 76 50.8 38.4 25.4 19.35 12.7
9.5 

(calc)
4.76 2 0.6 0.425 0.25 0.15 0.075

86.92 - LA 100 100 73 25 17 13 12 10 10 9 9 8 7 4

90.53- LA 100 100 80 29 21 16 16 13 13 12 12 10 8 5

96.8 - LA 100 100 78 35 23 17 16 14 12 11 10 9 7 4

97.0 - LA 100 100 78 28 20 16 15 13 13 12 11 10 8 4

97.3 - LA 100 100 88 35 23 19 18 16 15 14 13 12 10 7

98.1 - LA 100 100 92 33 24 20 19 17 16 14 14 12 10 7

99.8-2-LA 100 100 66 23 14 12 11 10 9 9 8 7 6 4

99.8-1-LA 100 100 72 25 16 13 12 10 10 9 9 8 6 4

101.2 + 

101.3 - LA
100 100 86 35 21 17 16 14 13 12 12 11 9 6

94.5(A+B) 100 100 79 27 18 12 11 9 7 6 6 5 4 3

94.5(A) - LA 100 100 98 32 21 15 14 11 10 8 8 6 5 3

94.5(B) - LA 100 100 78 29 19 13 12 9 8 7 6 5 4 3
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LIMESTONE 

H=3.5

BASALT 

H=6

GNEISS 

H=6

SLAG 

H=7

CGG 

H=5.5

86.92 - LA 89 6 5 0 0

90.53- LA 73 0 26 1 0

96.8 - LA 56 0 0 0 44

97.0 - LA 40 0 0 1 59

97.3 - LA 99 0 0 1 0

98.1 - LA 99 0 0 1 0

99.8-2-LA 59 40 0 1 0

99.8-1-LA 66 31 0 3 0

101.2 + 101.3 - LA 99 0 0 1 0

94.5(A+B) 6 0 0 94 0

94.5(A) - LA 31 0 0 69 0

94.5(B) - LA 20 0 0 82 0

ROCK TYPE
Sample
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Test Set 2: Freshly Quarried and Pre-Abraded Ballast LA Abrasion 

Tests 

Sample Weight % 

Ballast

Weight % 

Gravel

Weight 

% Sand

Weight 

% Fines

 % Degraded 

(25.4-12.7)

% Possible 

by-product 

(< 12.7mm)

99.8+Fresh-3-LA 72 14 9 5 12 16

Abrasion - 2 88 7 3 2 6 6

Abrasion - 1 86 8 4 2 7 7

AB+Fresh - LA 82 10 4 3 9 9

Abrasion - 3 81 6 12 2 5 14

Fresh-3 74 15 7 4 12 14

Fresh-2 73 14 9 3 12 15

Fresh-1 71 16 9 4 14 16  

Sample 76.
0 

50.
8 

38.
4 

25.
4 

19.
4 

12.
7 

9.5 
(calc

) 
4.7
6 

2.0
0 

0.6
0 

0.4
3 

0.2
5 

0.1
5 

0.07
5 

99.8+Fresh-
3-LA 100 100 70 28 19 16 15 13 12 12 11 10 8 5 

Abrasion - 2 100 100 62 12 8 6 6 5 5 5 5 5 4 2 

Abrasion - 1 100 100 61 14 9 7 7 6 6 5 5 5 4 2 

AB+Fresh - 
LA 100 100 68 18 11 9 9 8 7 7 6 6 5 3 

Abrasion - 3 100 100 67 19 15 14 14 14 4 4 4 4 3 2 

Fresh-3 100 100 65 26 19 14 13 11 10 9 9 8 7 4 

Fresh-2 100 100 69 27 20 15 14 12 11 10 9 8 6 3 

Fresh-1 100 100 72 29 22 16 15 13 12 10 9 8 6 4 

 

LIMESTONE 

H=3.5

BASALT 

H=6

GNEISS 

H=6

SLAG 

H=7

CGG 

H=5.5

99.8+Fresh-3-LA 81 16 1 2 0

Abrasion - 2 16 76 9 0 0

Abrasion - 1 11 85 5 0 0

AB+Fresh - LA 11 87 2 0 0

Fresh-3 5 92 3 0 0

Fresh-2 4 95 0 0 0

Fresh-1 13 83 2 0 0

ROCK TYPE
Sample
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Test Set 3: Freshly Quarried LA Abrasion Test Matrix 

Sample 

Code % Ballast 

(≥25.4mm)

% Fine Gravel 

(25.4mm-

4.76mm)

% Sand 

(4.76mm-

0.076mm)

% Silt/Clay 

(<0.076mm)

Degraded 

Ballast             

(25.4mm - 

12.7mm)

Byproduct       

(< 12.7 

mm)

L-100 A 26 56 12 1 52 21

L-100 B 31 53 9 1 51 19

L-80 G-20 31 52 9 2 49 21

L-60 G-40 25 56 12 2 53 22

L-40 G-60 25 55 14 1 51 24

L-20 G-80 26 54 15 0 50 25

G-100 A 11 62 20 0 55 34

G-100 B 22 52 19 1 47 31

G-80 B-20 26 56 12 1 51 23

G-60 B-40 25 57 12 1 54 21

G-40 B-60 30 53 13 1 49 21

G-20 B-80 26 61 10 1 56 18

B-100 A 34 52 12 0 48 19

B-100 B 34 55 7 1 52 14

B-80 L-20 28 59 9 1 56 17

B-60 L-40 26 58 12 1 54 20

B-40 L-60 24 62 10 1 59 17

B-20 L-80 26 58 11 2 55 20

Mean 26 56 12 1 52 21

Min 11 52 7 0 47 14

Max 34 62 20 2 59 34

 

L designates limestone, G-gneiss, and B-Basalt. The number beside the letter designating the 

proportion of the rock type in the sample mix, e.g. L-80 G-20 was 80% limestone ballast and 

20% gneiss ballast distributed evenly between 5kg of 25.4mm ballast and 5kg of 38.4mm 

ballast. 

 

 

 

 



 

 

 

3
3

4
 

Sample 
Code 

% Passing Sample Data 
2" 

(56mm) 
1.5" 

(36mm) 
1" 

(25.4mm) 
3/4"  

(19mm) 
1/2" 

(12.7mm) 
3/8" 

(9.51) 
No.4 

(4.76mm) 
No. 10 
(2mm) 

No. 20 
(0.84mm) 

No. 40 
(0.42mm) 

No. 60 
(0.25mm) 

No. 100 
(0.149mm) 

No. 200 
(0.076mm) 

L-100 A 100 74 29 21 18 17 16 14 12 9 7 4 1 

L-100 B 100 69 24 19 16 16 15 14 12 10 7 4 1 

L-80 G-20 100 69 28 21 17 16 15 14 13 11 8 5 2 

L-60 G-40 100 75 31 22 19 18 17 15 12 10 7 4 2 

L-40 G-60 100 75 32 24 20 19 17 16 13 10 6 3 1 

L-20 G-80 100 74 33 25 20 19 17 15 12 9 6 2 0 

G-100 A 100 89 46 34 27 25 23 20 16 12 7 2 0 

G-100 B 100 78 36 31 25 23 21 18 14 10 6 3 1 

G-80 B-20 100 74 30 23 18 17 15 14 11 9 6 3 1 

G-60 B-40 100 75 28 21 18 16 15 13 11 9 6 3 1 

G-40 B-60 100 70 29 21 17 15 13 11 9 6 4 2 1 

G-20 B-80  100 74 28 18 13 11 10 9 6 5 3 2 1 

B-100 A 100 66 26 19 14 13 12 9 6 4 2 1 0 

B-100 B 100 66 23 14 12 11 10 9 8 6 4 3 1 

B-80 L-20 100 73 27 17 13 12 11 10 8 6 4 2 1 

B-60 L-40 100 74 27 20 16 14 13 11 8 6 4 2 1 

B-40 L-60 100 76 26 17 14 13 12 11 9 7 4 3 1 

B-20 L-80 100 74 27 20 16 15 14 13 10 8 5 3 2 
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Appendix D – Statistical Calculation Results and 

Graphs 

Explanation of Variables 

 b-coefficient – Slope of modeled regression line, units corresponding to x-axis 

 Upper 95% and lower 95% intercepts – the upper and lower points on the y-intercept that 

the 95% confidence interval ranges. 

 df – degrees of freedom for sample set (# of samples – 2 for this analysis) 

 t-value – Computed by dividing the estimated value of a parameter by its standard error. 

A measure of the likelihood that the real value of a parameter is non zero. Larger 

absolute t-values correspond to the less likely real value being zero 

 p-value – The confidence interval of the regression line used to represent the data points. 

p-values < 0.05 correspond to a confidence interval >95%. For the purpose of this 

analysis, p-values < 0.10 implies correlation of the 2 variables with the regression line. 

 R2 – coefficient of determination, the square of the sample correlation coefficients 

between the calculated and real predicted values, ranging from 0 to 1. The values 

represent the fit of the regression line to data, with 1 denoting perfect fit of the regression 

line and 0 denoting no fit. 

 



 

 

 

3
3

6
 

Summary Table of Regression Analysis Results and Values 

  
Set: 

X-axis: Average 
MoH Hardness 

β-
coefficient 

Upper 95% 
intercept 

Lower 95% 
intercept 

df t-value p-value R2 
95% 

Confidence 
Y

-A
xi

s 
V

ar
ia

b
le

s To
ta

l D
at

a 
Se

t:
   

   
   

RBFR -3.89 55.1 32.7 88 -3.18 2.01E-03 0.103 Yes 

% Ballast Content 7.23 24.7 -3.4 88 4.72 8.82E-06 0.202 Yes 

% Fine Gravel -5.37 80.2 55.7 88 -4.02 1.23E-04 0.155 Yes 

% Sand Content -1.49 21.8 13.4 88 -3.28 1.50E-03 0.109 Yes 

Li
m

e
st

o
n

e
 

D
at

a 
Se

t:
   

   
   

   
   

   

RBFR 4.10 35.4 -9.4 66 1.46 1.48E-01 0.179 No 

% Ballast Content -3.65 78.3 26.7 66 -1.13 2.62E-01 0.019 No 

% Fine Gravel 2.59 61.3 13.5 66 0.87 1.48E-01 0.011 No 

% Sand Content 0.75 17.2 0.6 66 0.72 4.74E-01 0.008 No 

N
o

n
-L

im
e

st
o

n
e

 

D
at

a 
Se

t:
  

RBFR -12.85 150.2 41.0 22 -2.95 7.58E-03 0.294 Yes 

% Ballast Content 10.05 90.4 -95.3 22 1.36 1.89E-01 0.081 No 

% Fine Gravel -3.80 129.0 -18.3 22 -0.65 5.24E-01 0.020 No 

% Sand Content -5.33 63.8 16.6 22 -2.83 9.94E-03 0.277 Yes 
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Total Data Set Regression Analysis Graphs 
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Limestone Data Set Regression Analysis Graphs
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Non-Limestone Data Set Regression Analysis Graphs 

(Note: Confidence intervals were outside graph range) 
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