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Abstract 
 

Maintaining rail track in good condition is essential for ensuring the overall performance and 

safety of railway operations. Track support, structural integrity, and effectiveness of the 

foundation structure depend on the characteristics and performance of the ballast and sub-ballast 

layers. The ballast of the rail track may be fouled due to intrusion of fine particles from outside 

the ballast as well as particles produced within the layer due to breakage over time. This fouling 

can cause track support degradation and permanent settlement. Studies show that about one third 

of the total freight operation cost is invested for the track maintenance. Therefore, methods for 

locating and characterizing fouling that are faster, more effective, and less expensive would be 

valuable to the industry.  Since there are limited methods for fouling detection and these methods 

are time consuming, tedious and require significant manpower; a simple approach of 

identification of ballast fouling within a few minutes at low cost is discussed in this report. 

Stone dust from ballast degradation caused by wear and tear of the ballast; intrusion of coal dust 

due to spillage from train cars; and extrusion of fine particles from the subgrade are the major 

contributors to ballast fouling. These particles have the capability to retain moisture and hence 

reduce the friction between ballast particles. Previous studies show that the fouled ballast 

electrical resistivity and hydraulic conductivity have certain relationships that can be used to 

define the amount of fouling of the ballast. The fouling agents retain moisture which acts as the 

medium of electrical conductivity, since there is almost no flow of electricity through the air 

voids or solid ballast particles of the ballast layer. So, it is proposed that ballast fouling be 

estimated by measuring the resistivity of the ballast. Static modulus, resilient modulus and 

California bearing ratio (CBR) were also investigated to determine the impact of the ballast 

fouling on strength properties.  

ii 
 



A vertical probe was designed at the University of Kansas (KU); Civil, Environmental and 

Architectural Engineering department to measure the resistivity of the fouled ballast. The probe 

was tested using both horizontal and vertical configurations and worked well for estimating 

resistivity using the fall of potential method. Forty-eight test samples of fouled ballast were 

prepared in a box of almost 11 cubic feet size with different degrees of fouling and with various 

moisture contents. Resistivity tests using a Wenner 4 probe array in horizontal alignment and fall 

of potential method with a vertical probe and vertical alignment were carried out. Also, the light 

weight deflectometer (LWD) test for the measurement of resilient modulus, static plate loading 

test for determination of static modulus, and dynamic cone penetration (DCP) test for California 

bearing ratio (CBR) estimation were carried out.  

 The results from the vertical probe were consistent on most of the test samples when the Wenner 

4 point array method.  A boundary moisture content – termed as optimum moisture content for 

resistivity (OMCR) was determined. The OMCR values were 6% for subgrade soil fouled 

ballast, 5% for Gardner track ballast dust fouled ballast, and 5.5% of coal dust fouled ballast. The 

resistivity of the fouled ballast can be estimated for moisture contents greater than OMCR. The 

resilient modulus, static modulus and the CBR of the ballast decreased significantly for moisture 

contents greater than OMCR. Static and resilient moduli peaked near the OMCR for all types of 

fouling while the CBR was constant to slightly increasing with moisture content up to the 

OMCR.           
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Chapter One: Introduction 

1.1.  Background 

The United States freight rail system operates throughout the 48 continuous states and is the 

safest, most affordable, and most reliable rail system in the world. The freight rail networks work 

together on their nearly 140,000–mile system to deliver economic growth, support job creation, 

and to provide huge environmental benefits by reducing highway gridlock and providing clearer 

air (AAR, Overview of America's Freight Railroads, 2014). About 70% of the railroad network 

is used by both freight and passenger trains. Maintaining tracks in good condition is a critical 

need, as good track conditions are the only sustainable means for ensuring the overall 

performance and safety of railway operations. Track conditions are governed by the rate of 

deterioration of geometry, track buckling potential, and overall track support degradation and 

integrity. Among these, track support, structural integrity, and performance of the overall 

structure depend on the characteristics and performance of the ballast and sub-ballast layers. 

Excessive ballast fouling in the railroad substructure is detrimental to the operation of the 

railroad track and its structural capacity. The early detection of ballast fouling is of great 

importance to the safety of the rail system and its life-cycle cost-effectiveness (Leng & Al-Qadi, 

2010). Track instabilities caused by track support degradation and settlement as a result of 

progressive fouling of ballast can be temporarily addressed by keeping the track geometry at an 

acceptable level through a ballast tamping maintenance action, or more permanently by cleaning 

the ballast and removing the fines. Studies in Australia have shown that track maintenance costs 

comprise about 25-35% of total freight train operation costs (Majidzadeh, 2010).  
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There are currently three common ways to assess ballast fouling conditions, each falling into 

either the destructive or non-destructive category.   

Destructive method     Non-destructive method 

a) Visual Inspection    c)   Ground Penetrative Radar Method 

b) Selective drilling / digging 

The easiest way to detect ballast fouling is with visual inspection—however, it is difficult to 

quantify the amount of fouling through inspection. The remaining two methods involve tedious 

and time-consuming field and lab work and are expensive. A portion of this thesis describes the 

development of a new device with the ability to determine the degree of fouling of ballast within 

a few minutes and with much lower cost.   

1.2.  Problem Statement 

The speed and freight capacity of train locomotives are both continually increasing due to new 

innovations. However, these cost- and time-saving innovations are limited in the railroad system 

by existing track condition/design and maintenance costs associated with degradation of track. 

So, increased weight of locomotives and railcars could result in functional and/or structural 

failure of track. In 2010, track defects caused 32.2% of the 2079 rail accidents in the U.S. and 

caused $113 million in damage. Out of these track defect accidents, 622 (93%) involved the 

derailment of the train (FRA Annual Report, 2012). Broken rails or welds (15.3%), track 

geometry (7.3%), and bearing failure (5.9%) are some of the main causes of train derailments 

(Liu, Saat, & Barkan, 2012). A broken rail is most likely caused by the differential settlement of 

the track bed. Also, the geometry of the track can be distorted due to instability of the supporting 

base of the rail.  
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To prevent functional failure due to fouled substructure materials, costly ballast maintenance is 

routinely performed, especially on track serving heavy–axle–load unit trains – which includes 

the investment of millions of dollars that may also include the removal and replacement of 

fouled railway ballast (Ebrahimi, 2011). The Association of American Railroads (AAR) found 

that America’s freight railroads spent $1 billion (11.0%) out of their $9.2 billion maintenance 

budgets for track and property in 2012, including the addition of 12.7 million cubic yards of 

ballast to build and maintain a rail network that is safe, reliable, efficient, and affordable (AAR, 

Total Annual Spending - 2012 Data, 2013). Cleaning ballast to remove fine particles and/or 

replacing fouled ballast are the major actions taken to correct track foundations of the railroad 

network.  

 Accumulation of fine particles within the ballast due to intrusion from the exposed surface, 

extrusion from subgrade soil, and wearing of ballast is the major factor that reduces the shear 

strength and the stability of the ballast. Water promotes soil migration by washing surface 

particles down into the ballast, and by softening subgrade soils that can migrate upward under 

the dynamic loading from passing trains.  Since fine particles tend to retain moisture, addition of 

water to them in railroad ballast can create slurry, which can flow through the ballast layer and 

may accumulate. This migration fills voids within the coarse aggregates and decreases drainage, 

which leads to further reduction in stability due to a decrease in frictional force, subgrade 

attrition, and ballast deterioration, caused by the delay in dissipation of excess pore water 

pressure (Indraratna, Khabbaz, Salim, & Christie, 2006). Failure to quickly dissipate excess pore 

water pressure prevents the ballast from performing properly, safely, and effectively.  

Early detection of fouling is important for maintaining track alignments to prevent slow orders 

and eventually rail accidents. Railroad civil engineers / geotechnical engineers are facing the 
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challenge of detecting and quantifying the degree of ballast fouling so that a recommended 

action for correction can be developed in a timely manner. The established testing methods are 

time consuming and costly.  A new, non-destructive approach to ballast fouling detection is 

needed by railroad civil engineers, an approach that can compute the degree of fouling quickly in 

the field with limited investment and provided guidance for more detailed investigation and 

maintenance and rehabilitation actions.  

1.3.  Research Objective 

The objectives of this research are discussed as follows: 

• To evaluate the resistivity of fouled ballast with different fouling agents for unsaturated 

states (at different moisture contents).  

• To propose a fouled ballast resistance measurement probe and to verify the accuracy of 

this probe with existing approved methods of soil resistance measurement. 

• To evaluate the shear strength and modulus of fouled ballast and to study the impact of 

water content on fouled ballast. 

• To characterize the correlation of strength parameters of fouled ballast at different fouling 

levels.    

1.4. (Fukue, Minatoa, Horibe, & Taya, 1999) Research Methodology 

The research methodology adopted for this research included the following steps: 

a. Literature review of the fouling mechanisms of ballast and soil resistivity methods.   

b. Testing carried out to determine the engineering properties of major fouling agents of 

fouled ballast, including resistivity. 
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c. Determination in the lab of fouled ballast resistivity using the Wenner 4-probe method 

with horizontal probe alignments on samples with controlled moisture content.  

d. Strength testing that included dynamic cone penetration (DCP), light weight 

deflectometer (LWD), and plate loading tests for determination of California Bearing 

Ratio (CBR), resilient modulus, and static modulus of fouled ballast.  

e. The vertical probe designed and constructed at the University of Kansas (KU), which can 

measure the soil resistivity by fall of potential method, was evaluated in lab.  

f. Fouling detection at filed by resistivity method as well as strength determination by 

above mentioned test.  

1.5.  Thesis Organization 

Following are the details of the report organization of this thesis. 

Chapter One introduces the topic, including the background, problem statement, research 

objective, and research methodology.  

Chapter Two contains a detailed literature review on the cause and effect of ballast fouling, 

resistivity measurement methods of fouled ballast, factors affecting the soil resistivity, static and 

resilient moduli of ballast, and CBR of ballast.  

Chapter Three describes the gradation and other engineering properties of clean ballast as well as 

other fouling materials used in this research.  This chapter includes the quantification of the 

properties of the ballast and fouling materials used in this research.  

Chapter Four discusses the detailed methodology of measurement in this study. This includes the 

method of preparation of samples. Measurement of resistivity by the four probe and fall of 
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potential methods are also discussed. The details about the Dynamic Cone Penetration (DCP) 

test, Light Weight Deflectometer (LWD) test, and Plate Loading Test are discussed.   

Chapter Five discusses the results obtained after data analysis. It also compares results of 

different samples prepared in different proportions of various types of fouling materials. 

Chapter Six contains a discussion of the conclusions reached based on the findings of this 

research and recommendations for the direction of further study on this subject.  
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Chapter Two: Literature Review 

2.1. Introduction of Fouled Ballast 

Ballast is a free draining granular material that plays a crucial role in transmitting and distribut ing 

the induced cyclic train loading to the underlying sub-ballast and subgrade at a reduced and 

acceptable stress level (Selig & Waters, 1994). The recommended gradations of the railroad ballast 

should have 100% passing through the 3” (76 mm) sieve and no more than 5% passing Sieve no 8 

(2.36 mm) as recommended by American Railway Engineering and Maintenance-of-way 

Association (AREMA) (AREMA manual for railway engineering, 2010). The detail of the ballast 

gradation is given in table 2.1. 

Table 2-1: Recommended Ballast Gradation (Manual for Railway Engineering, AREMA 2010) 

Size 
No 

Nominal 
Sieve size  

Percent Passing 

3” 2.5” 2” 1.5” 1” 0.75” 0.5” 0.375” No. 4 No. 
8 

24 2.5” – 0.75” 100 90-100 - 25-60 - 0-10 0-5 - - - 

25 2.5” – d ” 100 80-100 60-85 50-70 25-50  5-20 0-10 0-3  

3 2” – 1” - 100 95-100 35-70 0-15 - 0-5 - - - 

4A 2.0” – 0.75” - 100 90-100 60-90 10-35 0-10 - 0-3 - - 

4 1.5” – 0.75” - - 100 90-100 20-55 0-15 - 0-5 - - 

5 1” – d ” - - - 100 90-
100 

40-
75 15-35 0-15 0-5 - 

57 1” – No 4 - - - 100 95-
100 - 25-60 - 0-10 0-5 

Note: Gradation Numbers 24, 25, 3, 4A and 4 are main line ballast materials. Gradation 
Numbers 5 and 57 are yard ballast materials.  

Good ballast is characterized by strength, toughness, durability, stability, drainability, cleanability, 

workability, availability, least purchase price, resistance to deformation and overall economy 

(Hay, 1982). A strong, well-drained ballast layer is an important factor in the reliability and 

efficiency of rail track performance. The typical railroad section is given in figure 2.1. 
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Figure 2-1: Schematic Diagram of the Track Substructure (Modified after Selig & Waters, 1994) 

The load bearing strength of the ballast is determined by frictional interlocking. Drainage is 

provided by the void spaces between the interlocking particles, and ballast particles with hard, 

durable and angular shapes and rough surface texture are necessary for strength.  The major 

benefits of the ballast are its drainage properties and resilient behavior for repeated load 

applications. It is also commonly used due to its relatively low cost of construction and 

maintenance.    

As the applied ballast ages, it fouls progressively and the fouling material fills the voids between 

coarse particles. Based on a study carried out at the University of Massachusetts; about 76% of 

ballast fouling is caused by ballast breakdown, 13% by infiltration from sub-ballast, 7% by 

infiltration from the ballast surface, 3% from subgrade intrusion and 1% is related to the tie wear 

(Selig & Waters, 1994).  

2.2. Effects of Fouled Ballast 

The fine particles have the capability to retain moisture and may prevent it from passing through. 

Ultimately, the fine particles from the broken ballast, intruded coal dust, and extruded subgrade 

soil particles can become slurry fines when mixed with a sufficient amount of water. This slurry 

can flow throughout the ballast layer. This migration can fill voids within the coarse aggregates 
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and decrease drainage, which can lead to further accumulation of particles to hinder drainage and 

reduction in stability due to loss of friction, subgrade attrition, and ballast deterioration due to 

delay in dissipation of excess pore water pressure (Indraratna, Khabbaz, Salim, & Christie, 2006). 

This creates serviceability problems in the superstructure.   

Wallace (Wallace, 2003) and Rahman (Rahman, Parsons, Han, & Glavinich, 2014) found that an 

increase in the percentage of fines resulted in a decrease in hydraulic conductivity and thus, the 

drainage capacity of the ballast, with silt and clay particles having much more effect than sand 

particles. Due to continuous wear and tear of ties with ballast, a pocket of very fine dust forms 

beneath the tie. These fines may be added with coal dust intrusion from the surface or/and the fine 

subgrade soil extrusion from subgrade. Viscous slurry beneath the ties is created due to the 

combination of water and fine particles. As a result, a mud spot forms when the slurry is pushed 

up around the ties at the time of loading. Read et.al (Read, Hyslip, McDaniel, & Lees, 2010) 

investigated the substructure of track at Norfolk Southern mainline sites to determine the root 

causes of localized mud–fouled ballast deterioration and associated track roughness due to 

degradation of track geometry - and concluded that the middle layer fouled ballast is denser than 

the top layer fouled ballast with mud slurry. There was a bottom layer composed of medium stiff 

moist clay. The subgrade was the most plastic clay, being moderately stiff at the surface and with 

increasing stiffness below the surface. The finding of Read et al (2010) is described on figure 2.2 

and corresponding finding is given in figure 2.3. 
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Figure 2-2 Sketch of Fouled Ballast Layer after Pit Investigation (Read et al, 2010) 

 
Figure 2-3 Fouled Ballast Layer after Pit Investigation (a) plan (b) section (Read et al. 2010) 

Read et al (2010) concluded that external drainage at the sites appeared to be adequate to remove 

water from the right-of-way; however, the internal drainage of the ballast section was inadequate 

to drain water laterally to the ditches. Furthermore, the ballast particles had become rounded due 

to abrasion that lessened the interlocking strength of the ballast layer and allowed increased track 

deflection, which caused increased rail and tie bending stresses and fatigue and may compromise 

track stability.  

 

a b 
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Track stability related failures vary from rapid deterioration with little warning to slow and 

progressive deterioration. Visual evidence that fouling is present can often be seen during required 

maintenance. In summary, blocked drainage caused by fouling of ballast can result in a saturated 

roadbed that is not stable and can rapidly deteriorate to an unsafe condition with little warning 

(Sussmann, Ruel, & Chrismer, 2012).  

 

2.3. Resistivity of Fouling Agents 

Soil and rock minerals - either in dust or chunk (ballast) form - are insulators and possess good 

electrical resistance unless they have sufficient moisture. The electrical conductance in sufficient ly 

moist soils is primarily via the electrolytes (salts) contained in the water occupying the larger pores 

(Rhoades, Corwin, & Lesch, 1999). Though some types of soil minerals also contribute to current 

transfer through surface conduction in moist soil – this is primarily via the exchangeable cation 

associated with soil minerals - the amount of such types of conduction is relatively very small. 

Any fouling agents - crushed stone dust, coal, or clay - are a heterogeneous medium of liquid, 

solid, and gaseous phases. For spontaneous electrical phenomena and the behavior of the electrical 

field, the solid and liquid phases play an important role. The air entrapped within the fouling agent 

or void without water is considered a poor conductor of electricity.  The above mentioned two 

mediums provide the three pathways of current flow namely (A) a solid pathway via soil particles 

that are in direct and continuous contact with one another (B) a liquid phase pathway via dissolved 

solids contained in the soil water occupying the large pores, and (C) the solid-liquid phase pathway 

primarily via exchangeable cations associated with clay minerals (Rhoades, Corwin, & Lesch, 

1999). 
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Figure 2-4: pathways on Soil Electrical Conductance (Rhoades et al., 1989) 

Soil resistance is the resistance of soil to the passage of electric current. A material with high 

resistivity is considered to be a poor conductor. Sand, loam and crushed stone aggregate are 

considered to be poor conductors if they are dry. When water is present, these materials turn into 

a conductor, though still possessing poor conductivity as compared to copper. Therefore, the 

conductivity of the soil is a function of the water retained within it. Examples of the resistivit ies 

determined by Tagg (1964) of selected soil and rock materials are presented in Table 2-2.  

Table 2-2: Typical Resistivity Values of Some Soils (G.F. Tagg, 1964) 

Types of Soil Resistivity in ohm-cm 

Loam, Garden Soil etc. 500-5,000 

Clays 800-5,000 

Sand and Gravel 6,000-10,000 

Slates, Shale, Sandstone, etc, 1,000-50,000 

Crystalline rocks 20,000-1,000,000 

While the type of fouling agent is very important in determining the resistivity of the soil, it is 

difficult to classify the fouling agents clearly because fouling material may contain different 
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constituents at different site. Water content is another major factor that governs the conductivity 

of the fouling agent. The exact value of electrical resistivity of fouling agents or fouled ballasts 

will almost certainly vary as the water content changes.  

A.J Rahman (Rahman, Parsons, Han, & Glavinich, 2014) prepared a test box at the University of 

Kansas for testing the hydraulic conductivity and the electrical resistivity of the fouled ballast. The 

test set up is shown in figure 2.6.   

 

Figure 2-5 Resistivity Measurement Test Set up by Wenner 4 Point Method (Rahman, 2014)   

Rahman measured the resistivity of the fouled ballast with different agents using the Wenner 4 

point method. He conducted a series of laboratory test of fouled ballast with three different fouling 

agents and measured the permeability and resistivity. After filling the test box with ballast and 

water he drained the water and took readings from 0 minutes (fully saturated condition) to 24 hours 

(partial saturation condition) at 5 minute intervals for the first 80 minutes and 40 minute to 6 hour 

intervals for up to 24 hours.  He further observed that the resistivity increases as the fouled ballast 

goes from saturation to a partially saturated state. For his timeline of 24 hours, he presented the 
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ranges of resistivity of fouled ballast for different degrees of fouling. His results are presented in 

the Table 2.3.  

Table 2-3 Resistivity Chart for 0 - 24 Hours for Different Fouled Ballast (Rahman, 2014) 

Fouling Ratio (%) 
Resistivity Range (Ohms – cm) of Ballast Fouling with 

Crushed Stone Dust Subgrade Soil Coal Dust 

10 NA NA 27,000 - 46,000 

20 42,000 – 80,000 20,000 – 24,000 16,000 - 26,000 

30 32,000 – 42,000 15,000 – 20,000 12,000 – 16,700 

40 12,000 – 20,000 11,000 – 15,000 7,800 - 12,000 

50 8,000 – 12,000 8,000 – 9,000 6,000 - 8,000 

2.4. Measurement Module of Electrical Resistance of Fouled Ballast 

Soil electrical resistance is measured between probes or electrodes inserted into the ground far 

enough to make adequate contact. A soil may be defined as a “semi-infinite medium” for electrical 

conductance with only one boundary, which is the surface. The current passing from one probe to 

another is unconfined and follows the easiest path and spreads deeply into the ground due to the 

repelling action of charged ions. A simple ground resistance measurement circuit is shown in 

figure 2-7.  

Determination of the earth resistance by the common multi-meter can be done, where one electrode 

is attached to a driven probe and the other probe acts as ground. Datta et al. (Datta, Basu, & Roy 

Chowdhury, 1967) assumed that the earth surrounding the electrode is isotropic and homogeneous; 

having constant resistivity and the direct current (DC) resistance along the probe is evaluated 

though the measurements are made with alternating current (AC). 
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Figure 2-6 Schematic Diagram of Simple Ground Resistance Measurement 

Datta et.al (Datta, Basu, & Roy Chowdhury, 1967) and Blattner (Blattner, 1982)  analyzed the 

equation for the measurement of the earth resistance with a single rod, and the equation is given 

by the following 

𝑅𝑅 =
𝜌𝜌

2𝜋𝜋𝜋𝜋
�ln�

8𝜋𝜋
𝑑𝑑
� − 1�… … … … … … … … … … … … … … … … … … … … … … … … …  2.𝐼𝐼 

Where,  

 R = Soil Resistance in Ω 

 ρ = Soil Resistivity in Ωm 

 L = Length of rod driven in m 

 d = Diameter of the electrode in m  
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Figure 2-7 Simplified Diagram of Ground Resistance Measurement with Single Pole (Datta et al) 

However, this measurement on ground presents problems because the electrodes have less contact 

area in relation to the overall volume of ground traversed by the current and the soil is a 

comparatively poor conductor – especially at the surface, where it tends to be relatively dry - as 

compared to metal.  These effects create much higher resistance immediately around the probes 

than is encountered by the current in the deeper ground and may lead to an inaccurate result 

(Anthony, 1996).  

The four electrode method with equidistance separation was introduced by Frank Wenner, which 

considers the effect of ground surface and contact area. If the contact conditions are poor and the 

current drops, then the potential measurement also drops but the ratio – the resistance – remains 

the same.  

If the probes are inserted at the depth ‘L’ and are equal spacing to each other at ‘a’, then the soil 

resistance is given by; 

𝑅𝑅 =
𝜌𝜌

4𝜋𝜋𝜋𝜋
�1 +

2a
√𝑎𝑎2 + 4𝜋𝜋2

−
a

√𝑎𝑎2 + 𝜋𝜋2
�… … … … … … … … … … … … … … … … … … … .2. 𝐼𝐼𝐼𝐼 

If L<< a, then the formula reduced to the following; 

𝑅𝑅 =
𝜌𝜌

2𝜋𝜋𝜋𝜋
… … … … … … … … … … … … … … … … … … … … … … … … … … … … … … … … … … .2. 𝐼𝐼𝐼𝐼𝐼𝐼 
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Where, ‘ρ’ is the soil resistivity.  

 

Figure 2-8 Conceptual Diagram of 4 Electrode Method (After Frank Wenner) 

Fall of potential method is another well-known method for determination of soil resistivity. The 

relation 2.I is valid for fall of potential method. The diagrammatical representation for fall of 

potential method is as shown in figure 2.9.  

 
Figure 2-9 Resistance Measurement by Fall of Potential (User Manual-4620, AEMC 

Instruments) 
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2.5. Resistance Measurement of Fouled Ballast at Lab and Field 

For determination of the degree of fouling of large scale sample ballast, the Wenner 4 point 

method was applied by Rahman (2014). Rahman measured the resistivity for thicknesses of six 

inches, eighteen inches, and twelve inches of fouled ballast. A wooden board with pre-drilled 

holes at a measured spacing was used to hold the rods during the test. Figure 2.10 illustrates the 

electrical resistance measurement set up done by Rahman.  

The resistivity of the sample was measured using an AEMC 4620 digital ground resistance 

tester.  As the depth of the rods was increased, the resistivity of the sample increased. The higher 

resistivity at greater depths was interpreted to be representative of drier materials, while the near 

surface materials had a lower resistivity due to the addition of water to the surface at the process 

of sample preparation.  

 

Figure 2-10: Schematic Diagram of Large Scale Resistivity Test (After Rahman Setup) 

The relationship between permeability, resistivity and percentage fouling by weight was 

identified by AJ Rahman (2014). The test was carried out on fouled ballast obtained from 
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Gardner, Kansas and coal dust from Wyoming provided by Burlington Northern and Santa Fe 

(BNSF) Railway. During the test, permeability and resistivity were measured for materials with 

different fouling indices. The sample fouled materials having different fouling indices were 

prepared by mixing with coal dust, crushed ballast fines, or clay with clean aggregates. A 

relation of resistivity of the fouled ballast with the percentage fouling by weight of the fouled 

aggregate in is given in figure 2.11.  

 

Figure 2-11: Resistivity of Fouled Ballast at the 18th Hour versus Fouling Index (AJ Rahman) 

 

2.6. Factors Affecting Soil Resistivity 

Tagg (Tagg, 1964) listed the type of soil, chemical composition of salt dissolved in the contained 

water, moisture content, temperature, grain size of material, grain size distribution and closeness 

of packing and pressure as major factors that determine the resistivity of soil. These parameters 

are controlled by (a) moisture content (b) temperature (c) soil type and (d) electrolyte. 
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Presence of water in the soil controls the electrical current flow due to the presence of 

electrolytic particles on the soil.  Therefore, for higher water content, the electrical resistivity 

will be reduced. It has been reported that for water contents less than 15%, the electrical 

resistivity rapidly decreases with increasing water content (Samouelian, Cousin, Tabbagh, 

Bruand, & Richard, 2005). Tagg (Tagg, 1964) reported that the soil resistivity at first falls 

rapidly as the moisture content is increased, but after a value of 14 to 18% the rate of decrease 

becomes much less.  Archie (Archie, January 1942) developed an empirical relationship between 

water content and electrical resistivity based on laboratory measurement of clean sandstone 

samples. His equation was modified to be valid for medium to coarse – grained soils. Later, 

Goyal et al. (Goyan, Gupta, Seth, & Singh, 1996) developed a liner relationship between the 

resistivity and the water content. Water content of the soil is a variable quantity and depends on 

weather, season of a year, nature of subsoil, and depth of water table. Soil will seldom be dry 

except for desert sand and rarely has a water content of more than 40% (Tagg, 1964). Since the 

moisture content is variable for fouled ballast layers because the moisture absorption by the 

fouling agent may be governed by the amount of fouling, the relationships between moisture 

content, resistivity and fouling and were examined as a part of this study.  

Ion agitation increases with temperature when the viscosity of a fluid decreases. Thus the 

electrical resistivity decreases when the temperature increases (Samouelian, Cousin, Tabbagh, 

Bruand, & Richard, 2005). For temperatures below freezing the resistivity of the soil increases 

due to formation of ice (Tagg, 1964). Campbell et al. (Campbell, Bower, & Richards, 1948) 

found that the conductivity increased by 2.02% per degree centigrade between 15 to 35oC. 

Therefore comparisons of electrical resistivity should be done at one standard temperature.  
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The major role of electrical conductivity on soil is due to presence of electrolytes or dissolved 

salts. Since the electrical conductivity is different for different salts, the same soil at different 

locations may have a different electrical resistivity if different salts are present. The salts are not 

conductive by themselves and need a medium of water. Since the rail track is fouled by coal 

dust, subgrade soil or crushed stone dust ballast, the properties of the fouled ballast are the same 

throughout the track for a given fouling agent unless the subgrade soil changes.  

Soil types describe the nature and arrangement of solid constituents. The electrical conductivity 

is a function of soil particle size and the electrical charge density at the surface of the soil solids. 

Fukue et al. (Fukue, Minatoa, Horibe, & Taya, 1999) found that the electrical charges located at 

the surface of clay particles lead to greater electrical conductivity than in coarse textured soils 

because of the higher specific surface area. Pore geometry and void distribution generally 

governs the amount of air and water in the voids based on water potential. Tagg (Tagg, 1964) 

stated that the same general type of soil occurring in various localities is often found to have 

different resistivities. Therefore, soil types describe in a general way the chemical composition, 

grain size of material and its distribution, closeness of packing and applied pressure.  

2.7. Resilient Modulus of Ballast  

The resilient modulus (MR) is the elastic modulus based on the recoverable strain under repeated 

loads. As ballast exhibits a nonlinear and time dependent elasto-plastic response under repeated 

loading, the resilient modulus is often of more interest than the elastic modulus. The resilient 

modulus is equal to the deviator stress (σd) divided by recoverable elastic strain (εr). The resilient 

modulus of railroad ballast is influenced by several parameters including stress history, load 

cycles and stress level; load duration, frequency and load sequence; density; grading, fines 

content and maximum grain size; aggregate type and particle shape; and moisture content. 
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Among these factors, only the influence of stress and moisture content are consistent (Lekarp, 

Isacsson, & Dawson, 2000) . The resilient modulus is generally taken to characterize the cyclic 

densification of granular aggregates commonly used in pavements and rail lines. The resilient 

behavior of railway track bed is complex as the properties of subgrade soil underlying the track 

also affect the rate of settlement and partial ballast degradation.  

The magnitude of the resilient modulus is very much stress-state dependent. The resilient 

response of unbound granular materials greatly increases as the confining pressure increases and 

the magnitude of the repeated deviator stress has little effect (Selig & Waters, 1994).   

2.8. California Bearing Ratio (CBR) of Ballast 

Evaluation of California Bearing Ratio (CBR) value by the dynamic cone penetrometer (DCP) is 

useful for the determination of the bearing value of crushed stone ballast when subjected to 

intense repeated loading. A cone tipped rod is driven with repeated blows with a weight falling 

from certain height.  The rate of penetration per blow is the dynamic penetration index (DPI) or 

penetration index (PI) and is an indicator of the type and strength of the soil. There has been little 

success on numerically relating dynamic PI to dry density and other parameters. Salgado and 

Yoon (Salgado & Yoon, 2003) found that the CBR increases while dry unit weight increases. 

However he proposed no exact numerical relationship.  The DCP index is plotted against total 

depth and is correlated with CBR. The US Army Corps of Engineers recommended numerical 

relations that can relate the value of CBR to PI (Webster, Brown, & Porter, 1994).  

Harison (Harison, 1987) describes the penetration index (PI) as a function of moisture content 

and dry unit weight. He found that if the moisture content increased, the penetration index first 

decreased and then increased after optimum moisture content of compaction curve. However, 
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Salgado and Yoon (Salgado & Yoon, 2003) found that the PI from DCP is very sensitive to 

moisture conditions and PI for a given material slightly increases with increasing moisture 

content.  Sayers et al. (Ayers, Thompson, & Uzarski, 1989) developed a correlation between PI 

and the shear strength of the granular soil. He ran the test for different materials including 

crushed dolomitic ballast and other ballast having non plastic fines of 7.5%, 15% and 22.5% and 

correlated the shear strength with PI at different confining stress. The PI for granular soil, 

especially soils with gravel, can cause unrealistic PI measurements due to contact with the large 

aggregate.  

2.9. Shear Strength Properties of Ballast  

Ballast loses strength as the amount of fouling increases. Strength can be determined by the Large 

Direct Shear Test in the laboratory. Huang et.al (Huang, Tutumluer, & Dombrow, 2009) conducted 

a study of the strength properties of clean and fouled ballast samples fouled with coal dust, plastic 

clay, and mineral fillers at various percentages by weight. The result of the study showed that coal 

dust is the worst fouling agent based on its impact on track substructures, though all types of 

fouling agents cause decreasing trends in shear strength properties. Because of the increasing 

cohesive nature with increasing fouling percentages, plastic clay fouled samples exhibit slight 

increases in shear strength under both dry and wet conditions. Coal dust caused the most drastic 

decreases in shear strength especially for highly fouled levels. Fifteen percent of dry coal dust by 

weight was sufficient to cause critical fouling and decreased the ballast strength considerably 

(Huang, Tutumluer, & Dombrow, 2009). Rahman (Rahman, Parsons, Han, & Glavinich, 2014) 

conducted shear strength tests on fouled ballast samples in the large direct shear test box and 

modified large direct shear box at the University of Kansas and concluded that coal dust and 

subgrade soil caused a significant decrease in strength as compare to crushed stone dust. The 
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modified direct shear box test presented a clearer pattern of decreasing strength as fouling agent 

content increased. Also, the Modified Direct Shear test results showed lower friction angles for 

the same sample as compared with the Large Direct Shear Test (Rahman, Parsons, Han, & 

Glavinich, 2014).     
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Chapter Three: Determination of Material Properties 

3.1. Engineering Properties of Clean Ballast 

3.1.1. General Information about Ballast 

The clean ballast was obtained by washing the fouled ballast from the Gardner, Kansas BNSF 

rail track. The schematic diagram of recycling of ballast is given in figure 3.1.  

 

Figure 3-1 Schematic Diagram of Ballast Cleaning Arrangement 

A wire mesh of 6.42 mm (C – C of the mesh) with a mesh wire diameter of 0.55 mm was used 

for wet sieving the materials. The clear spacing of the mesh was 5.87 mm. A mesh of 4 ft. width 

and 6 ft. length was constructed on a rebar frame as shown in the following figure.  The 6 mil 

polyethylene sheeting was used for making impervious layers which were laid just above the 

non-woven geotextile which served as a cushion for the plastic sheet. Wooden boards of 

approximately 5.5 inch height (2 x 6) were placed all around the pond to make the levee for 

collected wash water. At the end of the pond, the outlet hose pipe was connected to the 5 ft. long 

and 2 inch diameter PVC pipe, which had rows of holes in one side and was wrapped with 

geotextile and acted as the mouth of the water outlet. The wire mesh was designed to be placed 

at the middle of the pond at the same height as the pond levee.  

25 
 



 

Figure 3-2 Ballast Recycling (a) Wire Sieve and Pond for Sieving (b) Sieving Procedure 

The fouled ballast was spread over the wire mesh as shown in figure 3.2. Water was sprayed via 

hose directly on the ballast over the sieve and the sieve was shaken by hand to obtain clean 

ballast. Water was applied continuously until the clean water came from the bottom of the mesh. 

This water after washing went to the bell mouth and the outlet hose while the soil particles larger 

than 5.87 mm were retained in the pond.  

a 

b 
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The ballast obtained from washing was dried and the gradation of the ballast was determined. 

The gradation of the fouled ballast before washing and the clean ballast after washing are shown 

in the following figure: 

 

Figure 3-3 Gradation Curve of Ballast before Washing (without Cleaning) and after Washing 

3.1.2. Gradation of Clean Ballast 

The distribution of particle size was determined by sieve analysis in accordance with ASTM 

D6913-04. The result of the distribution is plotted in figures 3.3 and 3.4. A total of 61.65 lb 

(27.97 kg which is greater than 25 kg for maximum particle size of 50 mm) of sample was taken 

for the sieve analysis. The maximum size, mean size, coefficient of curvature and coefficient of 

uniformity of the coal dust were found to be 50 mm, 24.14 mm, 1.25 and 2.77 respectively.  
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Figure 3-4  Gradation Curve of Test Ballast and AREMA Specified Ballast 

3.1.3.  Other Engineering Properties 

The bulk specific gravity, saturated surface dry (SSD) bulk specific gravity and water absorption 

were measured based on ASTM C127 – 12. The results are listed in the following table.  

Table 3-1 Engineering Properties of Clean Ballast 

Bulk Specific 
Gravity 

Saturated Surface Dry (SSD) 
Bulk Specific Gravity  

Apparent Specific 
Gravity  

Water 
Absorption 

2.69 2.71 2.74 0.67% 

The lab set up for determination of the different specific gravities of the ballast is as shown in 

below figure.  
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Figure 3-5 Specific Gravity Determination of Ballast (a) Soaking of Different Sizes of Ballast (b) 
& (c) Finding Saturated Weight of Ballast (d) Finding Submerged Weight of Ballast 

Four samples of 1.5 inches retained, 1 inches retained, 3/8 inches retained and ½ inches retained 

ballast were used for specific gravity determination. Four different test of specific gravity of the 

a 

b 

c 

d 
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ballast were conducted. The ballast samples with sizes of 1.5 inches, 1 inch, ¾ inches, and ½ 

inches diameter were present in percentages of 20.9%, 32.8%, 17.9% and 14.6%. Since the 

majority of the ballast fell in these four categories, these samples were considered for finding the 

average specific gravity of the ballast. The average relative densities of the ballast was found by 

𝐺𝐺 =
1

𝑃𝑃1
𝐺𝐺1

+ 𝑃𝑃2
𝐺𝐺2

+ 𝑃𝑃3
𝐺𝐺3

+ 𝑃𝑃4
𝐺𝐺4

… … … … … … … … … … … … … … … … … .4. 𝐼𝐼𝐼𝐼 

Where, G1, G2, G3, G4 are the specific gravity of each size fraction 

P1, P2, P3 and P4 are the mass percentage of each size fraction in original sample. The 

individual specific gravities and water absorptions are listed in the following table: 

Table 3-2 Specific Gravity and water absorptions of Different Graded Samples 

Descriptions of Items Sample 1 
1.5 in retained 

Sample 2 
1 in retained 

Sample 3 
3/4 in retained 

Sample 4 
1/2 in retained 

Bulk Specific Gravity 2.71 2.69 2.69 2.67 

SSD Specific Gravity 2.73 2.71 2.71 2.69 

Apparent Specific Gravity 2.76 2.74 2.74 2.73 

Water Absorption 0.57% 0.65% 0.63% 0.84% 

3.2. Engineering Properties of Subgrade Soil 

3.2.1.  General Information about Subgrade Soil 

The subgrade soil was obtained by digging a pit on northwest of the soil lab at west campus. The 

top 1 foot of soil was removed first in order to minimize the organic materials in the soil. The 

excavation was carried out with a skid loader. The photograph of the pit excavation for the 

subgrade soil is shown below:  
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Figure 3-6 Removal of Top Soil for Extracting Subgrade Soil as Fouling Agent 

3.2.2. Gradation of Subgrade Soil 

The distribution of particle size was determined by hydrometer analysis in accordance with 

ASTM D422. The result is plotted in figure 3.7. The maximum size, mean size, coefficient of 

curvature and coefficient of uniformity of the subgrade soil were found to be 0.075 mm, 0.031 

mm, 0.563 and 9.286 respectively.  

 
Figure 3-7 Particle Size Distribution of Subgrade Soil 
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3.2.3. Other Engineering Properties of Subgrade Soil 

The specific gravity of the subgrade soil was determined by the water pycnometer test in 

accordance with ASTM D854-06. The liquid limit and plastic limit were obtained using ASTM 

D4318-10 and the optimum moisture content and the maximum dry density were measured using 

ASTM D1557-12. The results are summarized in the following table: 

Table 3-3 Engineering Properties of Subgrade Soil 

Specific 
Gravity 

Liquid 
Limit (%) 

Plastic 
Limit (%) 

Optimum Moisture 
Content (%) 

Maximum Dry 
Density (lb/ft3) 

2.66 43 21 19.3% 101.2 

The proctor curve for the subgrade soil used as a fouling agent in ballast was found as follows: 

 

Figure 3-8 Proctor Curve of Subgrade Soil 

3.3. Engineering properties of Coal Dust 

3.3.1.  General Information about Coal Dust 

Coal consists of the remains of plant materials. Commonly measured properties of coal include 

heating value, ash melting temperature, sulfur and other impurities content, mechanical strength, 
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and other physical properties. Coal is classified as anthracite, bituminous, subbituminous and 

lignite based on its properties. For this research purpose, subbituminous coal was sampled 

because of its large application for industry - primarily to generate electricity and make coke for 

the steel industry. It is mostly hauled via rail. This type of coal has a carbon content ranging from 

45 to 86%.   

The coal used in this research was Subbituminous – C type coal.  This coal originated from 

Wyoming’s Powder River basin. This is insoluble black solid chunk coal rock up to 3 inch size 

and has a pH of 7. The composition of the coal is given in Table 3.4.  

The chunk of coal was ground in the Los 

Angeles Abrasion test machine.  

Photographs in figure 3.9 depict the 

status of the coal at the yard, the 

grinding procedure and the coal dust 

obtained after grinding.  The larger 

particles – which were not ground 

properly – were separated from the 

mix manually and the dust particles 

were collected.  

S.N. Ingredients  % by Weight 

1. Carbon – Fixed 32 – 41 % 

2. Carbon – Volatiles 28 – 35 % 

3. Moisture 24 – 40 % 

4. Ash 3 – 9 % 

5. Sulfur 0.1 – 1.1 % 

6. Silica 1 – 3 % 

Table 3-4 Composition of Test Coal Dust 
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Figure 3-9 Collection and Grinding of Coal (a) Coal Store Yards and Collection (b) Grinding 

Arrangement of Coal at the Laboratories of the University of Kansas 

3.3.2. Gradation of Coal Dust 

The distribution of particle size was determined by sieve analysis in accordance with ASTM 

D6913-04. The result of the distribution is tabulated in table 3.5 and plotted in figure 3.10. The 

maximum size, mean size, coefficient of curvature and coefficient of uniformity of the coal dust 

were found to be 4.5 mm, 0.554 mm, 1.993 and 12.131 respectively.   

Table 3-5  Gradation Calculation Table for Coal Dust 

Sieve Descriptions Sie
ve 

Nos 

Mass 
Retained on 
Sieve (lb) 

Cumulative 
Mass Retained 
in Sieve (lb) 

Cumulative 
Mass Passing 

from Sieve (lb) 

% Passing 
from 
Sieve 

4.75 mm (0.187 in) 4 0.000 0.000 2.822 100.00% 
2.36 mm (0.0937 in) 8 0.007 0.007 2.815 99.74% 
1.18 mm (0.0469 in) 16 0.659 0.667 2.155 76.38% 
0.85 mm ( 0.0331 in) 20 0.351 1.018 1.804 63.94% 
0.60 mm (0.0234 in) 30 0.368 1.386 1.436 50.88% 
0.30 mm (0.0117 in) 50 0.583 1.969 0.853 30.22% 
0.15 mm (0.0059 in) 100 0.343 2.313 0.509 18.05% 
0.075 mm (0.0029 in) 200 0.170 2.482 0.340 12.04% 
Pan Pan 0.340 2.822 0.000 0.00% 
Total  2.822    

a b 
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Figure 3-10 Gradation Curve of Coal Dust 

3.3.3.  Other Engineering Properties of Coal Dust 

The specific gravity of the coal dust was determined by the water pycnometer test in accordance 

with ASTM D854-06. The liquid limit and plastic limit were obtained using ASTM D4318-10 

and the optimum moisture content and the maximum dry density were measured using ASTM 

D1557-12. The results are summarized in the following table: 

Table 3-6 Engineering Properties of Coal Dust 

Specific 
Gravity 

Liquid 
Limit (%) 

Plastic 
Limit (%) 

Optimum Moisture 
Content (%) 

Maximum Dry 
Density (lb/ft3) 

1.30 85 59 29.30 58.20 

 

The proctor curve for the subbituminous coal dust used as a fouling agent in ballast was found as 

follows: 
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Figure 3-11 Proctor Curve for Coal Dust 

This coal dust sample nearly matched to the coal sample collected from Power River Basin 

(PRB) Orin Line, Milepost 62.4 by Huang et.al. (2009). His sample has the specific gravity of 

1.28, liquid limit of 91, plastic limit of 50, optimum moisture content of 35%, maximum dry 

density of 55 lb/ft3, and percentage passing from 75 micron sieve of about 24%.  

3.4. Engineering Properties of Gardner Track Ballast Dust 

3.4.1.  General Information about Gardner Track Ballast Dust 

The Gardner track ballast dust was collected from the residuals of the ballast wash in the process 

of cleaning. The ballast residual that passed the 5.87 mm size wire mesh was washed with 

flowing water in a containment area of 10 ft. width and 16 ft. length as shown in figure 3.1 (a).  

The siphon was constructed at the end of pond to remove the washed water. The bell mouth of 

the siphon was covered with a geotextile with a 0.10 mm filtration opening size (FOS) – 

equivalent to 0.21 mm apparent opening size (AOS). This FOS was selected to remove most of 

the clay and silt particles from the mix such that the residuals contain only the Gardner track 

ballast dust to eliminate as much of the non-ballast source particles from the sample to compared 
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with the crushed stone ballast dust.  A photograph and sketch of the ballast cleaning arrangement 

and the collection of Gardner track ballast dust are given in Figure 3-12: 

 

Figure 3-12 Water Drain out Arrangement after Washing Gardner Track Ballast Dust 

3.4.2. Gradation of Gardner Track Ballast Dust 

The particle size distribution was determined by sieve analysis in accordance with ASTM 

D6913-04. The distribution is plotted in figure 3-13. The maximum size, mean size, coefficient 

of curvature and coefficient of uniformity of the Gardner track ballast dust were found to be 5.87 

mm, 0.958 mm, 2.206 and 13.70 respectively.  

The percentage of particles smaller than 75 micron was found to be only about 14.5% of the total 

mass of the fouling. The corresponding gradation curve is shown in the following figure. 

Bell mount wrapped with non-
woven geotextile  
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Figure 3-13 Gradation Curve for Gardner Track Ballast Dust 

3.4.3. Other Engineering Properties of Gardner Track Ballast Dust 

The specific gravity of the Gardner track ballast dust was determined by the water pycnometer 

test in accordance with ASTM D854-06. The liquid limit and plastic limit were obtained using 

ASTM D4318-10 and the optimum moisture content and the maximum dry density were found 

using ASTM D1557-12. The results are summarized here in the following table: 

Table 3-7 Engineering Properties of Gardner Track Ballast Dust 

Specific 
Gravity 

Liquid 
Limit (%) 

Plastic 
Limit (%) 

Optimum 
Moisture Content 

(%) 

Maximum Dry 
Density (lb/ft3) 

2.70 31 14 11.3 121.1 
 

 

The proctor curve for the Gardner track ballast dust used as a ballast fouling agent was found as 

follows: 
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Figure 3-14 Proctor Curve of Gardner Track Ballast Dust 

3.5. Comparison of Basic Engineering Properties of Fouling Agents 

Table 3.8 depicts the comparison of all basic engineering properties of the fouling agents 

Table 3-8 Comparison of Engineering Properties of Fouling Agents 

S.N. Descriptions of Properties Units Subgrade 
Soil 

Gardner Track 
Ballast Dust 

Coal Dust 

1 Fine content (Less than 75 micron) % 95.1 14.50 10.5 

2 Maximum size of particles mm 1.50 5.87 4.50 

3 Average mean size of particles mm 0.031 0.958 0.554 

4 Coefficient of curvature (Cc)  0.563 2.206 1.993 

5 Coefficient of uniformity (Cu)  9.286 13.70 12.131 

6 Specific gravity  2.66 2.70 1.30 

7 Liquid limit % 43 31 85 

8 Plastic limit % 21 14 59 

9 Optimum moisture content % 19.3 11.3 29.30 

10 Maximum dry density lb/cu.ft. 101.2 121.1 58.20 
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The comparative graph of particle size distribution is given below in Figure 3-15. Here, the 

distribution shows that the particle size for Gardner track ballast dust and the coal dust are almost 

equal and the subgrade soil has a large percentage of very fine particles as compared to other two 

fouling agents.  

Gardner track ballast dust had the highest maximum dry density followed by the subgrade soil 

and coal dust. However the optimum moisture content is just the reverse. Coal dust had a very 

high optimum moisture content as compared to the Gardner track ballast dust. Figure 3-16 shows 

the optimum moisture content versus maximum dry density graphs for these types of fouling 

agents.  

 

Figure 3-15 Comparison of Particle Size Distribution of Fouling Agents 
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Figure 3-16 Comparison of Optimum Moisture Content of Fouling Agents 

3.6. Electrical Resistivity of Fouling Agents 

3.6.1. Small Box Resistivity Test of Fouling Materials 

A plastic box 18 inches in length, 6 inches in width, and with a depth of 8 inches was constructed 

at the University of Kansas to measure the resistivity of the fouling agents in order to define their 

resistivity properties. The box was designed based on the four probe method of measuring the 

resistivity. A prototype of a larger size of the test box was constructed according to ASTM G57 

and its standard test box. Copper plates 6 inch x 6 inch square were placed at the two ends of the 

test box. Two middle probes of diameter 0.4 inches were inserted horizontally for the length of 

4.25 inches from the inner side of the wall. The schematic diagram of the box is presented in 

figure 3-17 and figure 3-18 shows the test box prepared at KU. The four probes of the test box 

were connected to the 4 probes of the ground resistance tester as directed by the manual for the 

ground resistivity testing meter.  
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Figure 3-17 Schematic Diagram of Small Test Box for Resistivity 

 

 
Figure 3-18 Test Box Constructed at KU 
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3.6.2. Sample Preparation and Testing 

Three fouling agents: subgrade soil; Gardner track ballast dust; and coal dust, were dried and 

then crushed with a 4.9 lb (2.21 kg) compactor. The large, dried chunks were crushed into their 

small particle constituents. Specific amounts of water were added to these samples and then the 

samples were mixed uniformly. The fouling agents were placed in the designed box in three 

layers and compacted with the 4.9 lb (2.21 kg) compactor manually. The average depth of all the 

samples was 7.2 inches. Figure 3-19a illustrates the construction of the samples. 

The resistivity values of the samples were measured with the AEMC ground tester. 4 point 

resistivity measurements were carried out. The total depths of the samples were used to calculate 

the densities of the samples in each test. The moisture contents of the samples were obtained 

using two samples for each test. The test was repeated for moisture contents representing an 

almost dry condition to almost the state of field capacity. Figure 3.19.b demonstrates the testing 

procedure of the resistivity of fouling agents in the lab.   

 

(a) (b) 

Figure 3-19 Sample Preparation and Testing for Resistivity Determination 
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3.6.3. Resistivity Test Results 

The resistivity values of the fouling materials are plotted in figure 3-20.  This figure shows the 

resistivity of the coal dust is higher for similar water contents as compared to both subgrade soil 

and the Gardner track fouling dust. The subgrade soil had the lowest resistivity when the water 

content was at its field capacity. The coal dust had the highest resistivity at its field capacity. 

Minimum resistivity values for the sampled subgrade soil, the Gardner track ballast dust, and the 

coal dust measurements were approximately 1,800 ohm – cm, 3,400 ohm – cm, and 6,600 ohm – 

cm, respectively.  

 

Figure 3-20 Resistivity of Fouling Agents 

3.7. Engineering Properties of Field Ballast 

3.7.1. General 

Field testing was conducted on Midland Railway track near Baldwin, Kansas on October 21, 

2013. The test field trip location and the test are discussed further in Chapter 4. The general 
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properties of the field ballast are discussed in this chapter. Two sites (Location A - near the 

crossing of Montana Road and Location B – near the crossing of US 59) were identified for 

sample collection and testing. At each site, two locations – the center and shoulder of the track - 

were chosen for collecting the samples. The following field properties are discussed hereafter in 

this chapter.     

3.7.2. Gradation of the Ballast and Fouling Index 

The ballast gradation curve for site A (near the crossing of Montana Road with rail track) is 

presented in figure 3.21.  

 

Figure 3-21 Particle Size Distribution at Site A of Midland Railway Track, Kansas 

The percentage of fines was 24.1% in the center of track and 10.3% at the shoulder. The average 

size of the ballast, coefficient of curvature and the coefficient of uniformity of the ballast are 

tabulated as follows. 
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Table 3-9 Field Ballast Distribution Properties at Site A of Midland Railway Track, Kansas 

Descriptions of Items At the center of the track At the shoulder of the track 

Average size of the ballast (mm) 2.27 4.45 

Coefficient of curvature (Cc) 4.8 7.5 

Coefficient of uniformity (Cu) 467 94 

 Gradation curve of site B (near the crossing of US 59 with rail track) is presented in figure 3.22.  

 

Figure 3-22 Particle Size Distribution at Site B of Midland Railway Track, Kansas 

The percentage of fines was 21.8% in the center of track and 14.9% at the shoulder. The average 

size of the ballast, coefficient of curvature and the coefficient of uniformity of the ballast are 

presented in Table 3-10. 
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Table 3-10 Field Ballast Distribution Properties at Site B of Midland Railway Track, Kansas 

Descriptions of Items At the center of the track At the shoulder of the track 

Average size of the ballast (mm) 3.41 5.53 

Coefficient of curvature (Cc) 26.4 29.7 

Coefficient of uniformity (Cu) 1520 460 

 

3.7.3. Field Moisture Content 

The field moisture content was determined in accordance with ASTM D2216. Three samples of 

each sampling location were taken and average moisture content was calculated. The field 

moisture contents of the samples are presented in Table 3-11. 

Table 3-11 Field Moisture Content of Ballast at Midland Railway Track, Kansas 

Descriptions or Location Site A Site B 

Central of Track 11.8% 7.5% 

Shoulder of Track 10.6% 6.3% 

Location A had the higher moisture content than location B and the middle part of the track had 

higher moisture content than the shoulder, based on these results.   

3.8. Quantification of Fouled Ballast 

There are several widely used methods to quantify ballast fouling level.  Fouling Index, Percentage 

Void Contaminant, and Void Contaminant Index are three such methods. In this report, the Fouling 

Index proposed by Selig and Waters (1994) is used. Fouling Index (FI) is the summation of 

percentage by weight of material passing the 4.75 mm sieve and material passing the 0.075 mm 

sieve. The classification of the ballast fouling is carried out as follows: 
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Table 3-12 Ballast Fouling Classification Based on FI 

Clean Ballast  FI < 1 

Moderately Clean Ballast 1 < FI < 10 

Moderately Fouled Ballast 10 < FI < 20 

Fouled Ballast 20 < FI < 40 

Highly Fouled Ballast FI > 40 

From the sieve analysis of the clean test ballast, the fouling index was found to be 0.2 which is 

almost equal to zero.  

In this study, a separate term of “Percentage Fouling by Weight or Percentage Fouling” is used for 

ease of sample preparation. The percentage fouling by weight is the ratio of the mass of fouling 

agent to the ratio of the mass of the clean ballast in dry condition. The corresponding fouling index 

was also calculated.   
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Chapter Four: Test Setup and Data Collection 

4.1. Lab Test Set up for Moisture Variation Sample 

4.1.1 Sample Descriptions 

The clean ballast obtained from washing the Gardner, Kansas fouled ballast by the wet sieving 

method was uniformly mixed with the different percentages by weight of the fouling agents 

using a skid loader. The following diagram shows the test specimen composition based on 

addition of fouling agents.  

Coal dust fouled 
ballast

10% coal dust fouled ballast 3 samples with different M/C

20% coal dust fouled ballast 4 samples with different M/C

30% coal dust fouled ballast 4 samples with different M/C

Subgrade soil 
fouled ballast

10% Subgrade soil fouled ballast 4 samples with different M/C

20% Subgrade soil fouled ballast 4 samples with different M/C

30% Subgrade soil fouled ballast 5 samples with different M/C

40% Subgrade soil fouled ballast 5 samples with different M/C

Gardner track 
ballast dust fouled 

ballast

10% Track dust fouled ballast 4 samples with different M/C

20% Track dust fouled ballast 5 samples with different M/C

30% Track dust fouled ballast 4 samples with different M/C

40% Track dust fouled ballast 4 samples with different M/C

Clean Ballast Clean ballast (without fouling) 2 Samples

Figure 4-1 Types of Samples for Test 

49 
 



4.1.2 Calculation of Fouling Index of ballast samples 

The ballast samples were artificially fouled by adding fouling agents for a range of proportions 

as mentioned in Figure 4.1. The sieve analysis of the fouling agents gave the necessary fouling 

index (FI) calculation coefficients as shown in the following table 4.1. 

Table 4-1 Coefficient of Fouling Index Calculation Based on Sieve Analysis 

Fouling Agents 
Material Passing No 4 
Sieve (4.75 mm) (A) 

Material Passing No 200 
Sieve (0.075 mm) (B) 

FI Coefficient 
(Sum of A +B) 

Coal Dust 100.00% 12.04% 1.120 

Subgrade Soil 100.00% 95.14% 1.951 

Gardner track Dust 91.26% 14.49% 1.058 
 

Based on the fouling index coefficients listed in table 4.1, the fouling index (FI) of each sample 

is calculated and listed in Table 4.2.   

Table 4-2 Fouling Index Calculation for Different Samples 

Fouling 
Agent Type of Fouling 

Clean 
ballast dry 

wt. (lb.) 

Fouling Agent 
by % of Clean 

Ballast 

Added Fouled 
Material dry 

Wt.(lb.) 
FI 

Coal dust 
fouled  
Ballast 

Moderately clean ballast 1206 10% 121 10 

Moderately fouled ballast 1204 20% 141 19 

Fouled ballast 1214 30% 364 26 

Subgrade 
soil 
fouled 
ballast 

Moderately fouled ballast 1312 10% 131 18 

Fouled ballast 1214 20% 243 33 

Highly fouled ballast 1390 30% 417 45 

Highly fouled ballast 1380 40% 559 56 

Gardner 
track 
Ballast 
dust 

Moderately clean ballast 1224 10% 122 10 

Moderately fouled ballast 1290 20% 258 18 

Fouled ballast 1287 30% 386 24 

Highly fouled ballast 1278 40% 511 31 
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4.1.3 Mixing Procedure 

Mixing of the fouled materials with the clean ballast was carried out using a skid loader. The 

fouled materials were spread at the top of the clean ballast and the skid loader was used to mix 

the materials. A suitable amount of water was sprinkled on the materials before mixing. The 

fouled materials mixing process is shown in Figure 4.2. 

 
Figure 4-2 Mixing Procedure Started from Top Left Corner Running Counterclockwise 

The close views of the mixed ballast with different fouling agents are shown in Figure 4.3.  

 
Figure 4-3 Artificially Fouled Ballast Ready to Go into Test Box (a) Crushed Stone Fouled (b) 

Subgrade Soil Fouled (c) Coal Dust Fouled 

b a c 
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4.1.4 Box Filling Procedure and Compaction 

The artificially fouled ballast was placed into a test box 31.75 in. (L) x 31.75 in. (B) and 20 in. 

(H) in four layers of approximately equal height. A total of about 18 in. of depth was filled for 

each test. The sample materials were weighed in a five gallon bucket before being poured into 

the test box and this bucket was used to transfer material from the skid loader to the test box. The 

attached photographs show different layers of the box filling from first layer to the fourth layer.  

   
Figure 4-4 Box Filling Procedure - Starts Top Left Corner Progresses Counterclockwise 

A load of 27.90 lb was applied for 50 drops from an average height of 20 inches for the 

compaction of the fouled ballast sample in each layer. The box was filled in four layers with 

almost equal weight in each layer and thicknesses of 3.5 to 5 inches depending up on the total 

height of the sample. Relevant photographs of the weighing arrangement before transferring the 

fouled ballast to the test box and the compaction procedure are shown below: 
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Figure 4-5 Filling Procedure (a) Compaction of Sample (b) Weighing before Pouring to Box 

4.1.5 Bulk Density Calculation 

The bulk density of the sample was calculated by weighing the sample from the five gallon bucket 

and measuring the sample height. The box volume (V) was calculated by: 

𝑉𝑉 = 𝜋𝜋(= 31.75 𝑖𝑖𝑖𝑖)𝑥𝑥𝑥𝑥(= 31.75 𝑖𝑖𝑖𝑖)𝑥𝑥𝑥𝑥(= 𝑣𝑣𝑎𝑎𝑣𝑣𝑖𝑖𝑣𝑣𝑣𝑣 𝑑𝑑𝑣𝑣𝑑𝑑𝑣𝑣𝑖𝑖𝑑𝑑𝑖𝑖𝑖𝑖𝑑𝑑  𝑜𝑜𝑖𝑖 𝑣𝑣𝑎𝑎𝑠𝑠𝑑𝑑𝑠𝑠𝑣𝑣 ℎ𝑣𝑣𝑖𝑖𝑑𝑑ℎ𝑡𝑡) … … … . . .4. 𝐼𝐼 

The wet mass of the sample (M) was recorded using a weighing scale while filling the box. The 

bulk density (𝜌𝜌) of the sample was calculated by the following relation: 

𝜌𝜌 =
𝑀𝑀
𝑉𝑉

… … … … … … … … … … … … … … … … … … … … … … … … … … … … … … … … … … … … . .4. 𝐼𝐼𝐼𝐼 

The bulk density calculation sheet for all the samples are attached in the appendix 8.B.I.  

4.1.6 Tests Sequence and Tests Location 

The following five types of tests were conducted on the box in the following order: 

I. Light weight deflectometer test 

II. Dynamic cone penetrometer test 

III. Horizontal probe resistance measurement 

IV. Vertical probe resistance measurement 

V. Plate loading test 

a b 
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The locations of the tests on the box are shown in the following two figures: 

 

Figure 4-6 Test Location for LWD Test, DCP Test and Plate Loading Test 

 

Figure 4-7: Test Locations for Horizontal and Vertical Aligned Probe Method (Figure not to 
scale) 
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4.2. Horizontal Probe Resistance Measurement 

4.2.1 Construction of Horizontal Probe 

The horizontal probe was constructed based on the Wenner four point method. Four probes of 

4.5 inch clear penetrating depth were constructed from Ultra-Machinable W1 Tool Steel rod of 

with a diameter of 0.3437 in. The engineering properties of this alloy steel are given as follows: 

Table 4-3 Engineering Properties of the W1 Tool Steel Used for Horizontal Probes 

Rockwell 
Hardness  

Yield 
Strength 

Density in 
lb/cu.in 

Type of 
Hardening 

Electrical Resistivity 
at 68o F 

Carbon Content 

B96 50,000 psi 0.283 Water 0.00018 Ω-cm  0.95% - 1.05% 
 

The rods were attached to a 1.25 inch thick high density polyethylene (HDPE) sheet of length 25 

inch to make a single tool. Rods one inch in lengths were extended from the top of the machined 

HDPE section as shown in Figures 4-8 and 4-9.  

 

Figure 4-8 Schematic Horizontal Probe Unit for Wenner Four Point Method 

 

55 
 



 
Figure 4-9 Horizontal Probe Unit for Wenner Four Point Method 

4.2.2 AEMC Ground Resistance Tester 

AEMC 4620 Model ground resistance tester was used for the measurement of the resistance of 

the ballast. The general features of the tester were as follows: 

Table 4-4 General Features of AEMC Ground Tester 

Measurement 
Range 

Resolution Test Current Resistance 
Frequency 

Accuracy Response 
time 

0 to 2000 10 mΩ to 1Ω 10mA to 0.1A 128 Hz 5% 4 to 8 sec 
                                                                                      

The schematic connection diagram of the AEMC ground tester is given as follows: 

  

Figure 4-10 Schematic Connection Diagram of AEMC Ground Tester (www.aemc.com) 

HDPE 
Levelling/Guiding Plate 

Handle for Driving 
on Ballast 

W1 Tool Steel Probe 

1. Battery Indicator 
2. Input Terminal (Z) 
3. Input Terminal (Y)  
4. Input Terminal (Xv) 
5. Input terminal (X) 
6. X-Z Fault Indicator 
7. Xv–Y High Resistance Indicator 
8. Xv-Y High Noise Indicator 
9. Display 
10. Fuse Holder 
11. Test Button 
12. Test Bottom 
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4.2.3 Horizontally Aligned Probe Resistance Measurement by Wenner Four Point Method 

These horizontally aligned probes were driven into the soil to their full depth. Due to the uneven 

ballast surface, 4 inches of penetration out of the 4.5 inch maximum was typically required for 

the fouled ballast to touch the leveling plate and was taken as the reference depth for calculation 

purposes.  

The wires were connected from each probe to the AEMC 4620 ground tester based on the above 

circuit diagram and a reading was taken over a 5 to 10 second period until the reading stabilized.   

Figure 4-11 illustrates the procedure for taking the horizontal probe resistance measurement by 

the Wenner Four Point Method using the AEMC ground tester.   

 

Figure 4-11 Resistance Measurement by Wenner Four Point Method with AMCE Tester 

4.2.4 Horizontally aligned Probe Resistance Measurement by Single Electrode Method 

A simple multimeter was used to measure the resistance between horizontally aligned single 

electrodes. Between two electrodes, one electrode is considered as a ground and the resistance 

was measured with the probe. Three measurements were taken between electrodes A and B; B 

and C; and C and D as shown in Figure 4-12.  
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Figure 4-12 Fouled Ballast Resistance Measurement by Single Probe Method  

For uniformity of reading, each measurement was taken either after 3 minutes of stabilization 

time or after the reading stabilized, whichever occurred earlier. This stabilization time was 

required due to the electrical noise produced in the soil at the time of measurement. The three 

minutes of data reading time was established as the criteria after several tests were carried out in 

the laboratory.  

The ground resistance of the soil was mostly determined using the AEMC ground tester with the 

Wenner four point method.  This test was carried out to provide a reference for validation of the 

single point method for fouled ballast resistance measurement.  

4.3. Vertical Probe Resistance Measurement 

4.3.1 Construction of Vertical Probe 

A vertical probe was constructed at the University of Kansas. The concept of fall of potential 

was applied for the design of the vertical probe. The average height of the ballast varied from 17 

to 19 inches with an average thickness of 18 inches. The concept of fall of potential was applied 

to reduce the length of probe required to penetrate the ballast layer. The conceptual drawing of 

the resistance measurement with a horizontal arrangement is given in Figure 4.13. Also, based on 
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this established concept, a model concept of effective resistance area was developed for the 

vertical probe and is presented in Figure 4.14.  

 

Figure 4-13 Concept of Resistance Measurement from Fall of Potential Method 
(www.aemc.com)    

 

Figure 4-14 Resistance Measurement Model of Fall of Potential Method for Vertical Probe  
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A conceptual drawing has been prepared based on this resistance measurement model and this 

drawing is presented in Figure 4.15. 

 
Figure 4-15 Conceptual Diagram of Vertical Probe 

Steel alloy pipe of 0.75 inches (19 mm) of outer diameter was used for the construction of 

sensors and the connecting rod of the vertical probe. This round tube had a wall thickness of 

0.035 inches (0.9 mm). The engineering properties of this alloy steel are given as follows: 

Table 4-5 Engineering Properties of the Steel Used for Sensor Probe 

Rockwell 
Hardness  

Yield 
Strength 

Internal 
Diameter 

Type of 
Hardening 

Electrical 
Resistivity 

Carbon 
Content 

C19 70,000 psi 0.68 inch Cold Drawn 0.0000271 Ω-cm 0.27% - 0.34% 

Glass Filled Black Polycarbonate (GFBP) rod of 0.75 inches (19 mm) diameter was used for 

creating the different zones in the probe. This black solid rod has -40o to 265o F for operating 

temperature. It has very good impact strength. This material is manufactured with 20% glass to 

provide better tensile strength such that it meets ASTM D3935 and ASTM D6098 requirements. 

The engineering properties of this insulation material are listed in the following table: 

Table 4-6 Engineering Properties of the Steel Used for Sensor Probe 

Tensile 
Strength  

Impact 
Strength 

Thermal Expansion Electrical 
Resistivity 

Density 

16,000 psi 2.06 1.5 x 10-5 in/in/oF >1013 Ω-cm 0.048 lbs./in3 
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Two high electrical resistance zones were created to separate the rod into three parts on the 

vertical probe as shown in the schematic diagram presented in Figure 4.15. GFBP rod was used 

to create the resistance zone that separated the three conductor zones from each other. These 

three parts act as three probes for the fall of potential method. Three wires were connected 

internally from different sensor zones to the output point as shown in the Figure 4.15. The 

diagrammatical representation of different parts of the vertical probe is given in Figure 4.15. 

For better connection at the point of impact or at joints between the sensor and the electrical 

resistance, the GFBP was machined and inserted into the metal part completely as shown in the 

Figure 4.16 (c).  

A load assembly of 17.6 lb was assembled with a fall height 22.6 inches to drive the probe into 

the ballast layer. The connection between the resistance probe and the load assembly was done 

with a screw system.  

A rod of 0.30 inch was inserted between the different parts to tighten each other and make it 

solid. The rod moves from the tip of the sensor probe to the end of the connecting rod just below 

the connection mechanism with the loading system. This stiffening rod (tighten rod) was 

separated from the outer metallic sensor pipe with one PVC flexible pipe.  
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Figure 4-16 Construction of Vertical Probe (a) Vertical Probe (b) Construction of Sensor Section 

(c) Joint Mechanism of Conductor and Insulator Materials 

4.3.2 Vertical Probe Resistance Measurement by Three Point Method 

This vertical probe resistance measurement device is based on the three point method or fall of 

potential method. In Figure 4.16 (b), the ground electrode ‘C’ acts as test electrode; and ‘B’ and 

‘A’ act as two probes – namely; potential probe and current probe - between which the resistance 

was measured. The AEMC ground resistance meter was used for the measurement of soil 

resistance by connecting the wires in the configuration mentioned in Figure 4.13. Here, the same 

4620 AEMC Ground Tester was used for measuring the ground resistance by shorting X and Xv 

terminals.   

Resistance 
Sensor Probe 

Connecting 
Rod 

Loading 
Mechanism 

Ground Electrode (C) 

Potential Electrode (B) 

a b c 

Current Electrode (A) 
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4.4. Resilient Modulus Measurement by LWD 

4.4.1 Light Weight Deflectometer 

A ZFG 3000 Light Weight Deflectometer (LWD) was used for determination of the resilient 

deformation modulus and the degree of compaction of the fouled ballast sample. This ZFG 3000 

LWD was manufactured by Zorn Instruments in Germany. The schematic diagram and the 

picture of the equipment are shown in the Figures 4.17 (a) and 4.17 (b).   

 
Figure 4-17 (a) Schematic Diagram of Zorn 3000 LWD (b) Actual photo of Zorn 3000 LWD 

Used in Lab (www.zorn-instruments.com) 

The Zorn 3000 satisfies ASTM E2835-11 and ASTM E2583-07 requirements. This instrument 

comes with three loading plates 6 in (15 cm), 8 in (20 cm) and 12 in (30 cm) in diameter – which 

are loaded with 22 lb. (10 kg) of dynamic load that free falls on the guiding rod from a height of 

2.4 ft. (0.73 m).  The size of the plate is generally chosen based on the type of material and the 

thickness and stiffness of the material that is going to be tested. Typically the granular material is 

a b 
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tested using the 6 in. diameter plate, and flat clay and sand are tested using the large diameter 

plate (12 in.).  

The resilient modulus is measured based on the settlement made on each drop. The relation of 

this modulus and the settlement after each pulse from the dynamic load is given by: 

 𝐸𝐸𝐻𝐻𝐻𝐻 = 𝑓𝑓 ∗ (1−𝜗𝜗) ∗ 𝜎𝜎 ∗ 𝑟𝑟
𝑠𝑠

… … … … … … … … … … … … … … … … … … … … . .4. 𝐼𝐼𝐼𝐼𝐼𝐼 

Where;  

f = shape factor = 2 

υ = Poisson’s ratio = 0.30 

σ = Pressure on plate due to dynamic loading = 𝑀𝑀.𝑎𝑎
𝐴𝐴

 

M = Free fall weight = 22 lb. 

a = acceleration of the drop 

A = plate area (28.27 in2 for 6 inches diameter plate) 

r = radius of the contact plate in inches = 6 inches  

s = Settlement on each drop in inches 

Since the samples were granular material fouled with different fouling agents and there was 

limited space for the test in the test box, a 6 in diameter plate was used. The setting was also 

adjusted based on the plate diameter selection.  
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4.4.2 Modulus Measurement by LWD Method 

The resilient modulus was measured in four places: E, F, G and H as shown Figure 4.6. Since the 

compaction on two sides of the box was manually done from two different sides; left and right 

(upper and lower side in the Figure 4.6), the four test locations were chosen for measurement of 

the resilient modulus for better accuracy.  

Three calibration drops were executed without taking recording a measurement.  The next three 

successive drops were completed and the settlement measured for each drop. The resilient 

modulus was automatically calculated based on the settlements by the display unit attached to the 

LWD.     

4.5. California Bearing Ratio (CBR) Measurement by DCP 

4.5.1 Dynamic Cone Penetrometer 

A schematic diagram of the Dynamic Cone Penetrometer (DCP) is shown in Figure 4.18. A mass 

of 17.6 lb. was allowed to freefall for 22.6 inches. A cone of 13/16 inches (20 mm) diameter was 

connected to a 39.4 inches (1000 mm) penetrating rod and driven into the sample with by the 

force of the falling mass. The penetrating rod was 5/8 inches (16 mm) diameter. The cone was of 

60 degree convergence.  

4.5.2 California Bearing Ratio (CBR) Estimation by DCP 

California bearing ratio (CBR) was estimated using the dynamic cone penetration (DCP) test at 

four locations as shown in Figure 4.6 in accordance with ASTM D6591-03. The load drop count 

and successive depth of penetration was measured from the top of the average 18 inch thick 

sample to the bottom of the box. The relationship between CBR value for any fouled ballast 

samples and the penetration per blow (inches/blow) was calculated based on the US Army Corps 

of Engineers recommendation (Webster, Brown, & Porter, 1994) : 
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• For all soil except CL below CBR 10 and CH Soils – Where DCPI in mm/blow 

CBR =
292

DCPI1.12 … … … … … … … … … … … … … … … … … … … … … … … … … … … . 4. 𝐼𝐼𝑉𝑉 

• For CL soils with CBR<10 – Where DCPI in mm/blow 

CBR =
1

(0.017019 x DCPI)2
… … … … … … … … … … … … … … … … … … … … … … … 4.𝑉𝑉  

• For CH Soils – Where DCPI in mm/blow 

CBR =
292

(0.002871 x DCPI)
… … … … … … … … … … … … … … … … … … … … … … … 4.𝑉𝑉𝐼𝐼 

Where; DCP index (DCPI) is the rate of penetration (penetration in mm/blow). 

 

 

 

 

 

 

 

 

Figure 4-18 Schematic Diagram of DCP 
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4.6. Stiffness Modulus Determination by Static Plate Loading Test 

4.6.1 Static Plate Loading Test 

The static plate loading test was carried out for the determination of the stiffness of the fouled 

ballast. The slope of the load - displacement curve is the stiffness modulus of the fouled ballast. 

The variation of stiffness of fouled ballast was studied based on the type and amount of fouling 

materials and the moisture content.  

Elastic theory explains the settlement (s) of a rigid surface plate of diameter (D) with uniform 

load of P applied on a semi-infinite isotropic soil characterized by Young’s modulus (Es) and 

Poisson’s ratio (ν) as shown in equation 4.VII.  

𝑣𝑣 =
𝜋𝜋
4
𝐷𝐷𝑃𝑃(1 − ν2)

𝐸𝐸𝑠𝑠
… … … … … … … … … … … … … … … … … … … … … … … … … … … … … … … .4.𝑉𝑉𝐼𝐼𝐼𝐼  

From the above relation, s/P, which represents the slope of the load displacement curve, is the 

coefficient of subgrade reaction and is given by 

𝑣𝑣
𝑃𝑃

=
𝜋𝜋
4
𝐷𝐷(1− ν2)

𝐸𝐸𝑠𝑠
… … … … … … … … … … … … … … … … … … … … … … … … … … … … … … … .4.𝑉𝑉𝐼𝐼𝐼𝐼𝐼𝐼  

The small size plate loading system was used for the plate loading test. The sample box and the 

plate loading apparatus was previously designed and fabricated at the geotechnical laboratory at 

the University of Kansas. The system had a 6 inch diameter air cylinder with a maximum 

pressure of 120 psi to apply the load. The loading plate was 6 inches in diameter and 0.4 inches 

thick. The air cylinder was mounted on a steel frame and connected to a metal base which 

supported the sample box. The whole system was placed on casters for easy movement. Figure 

4.19 shows the details of the test apparatus. A box of 31.75 inches x 31.75 inches x 20 inches 

effective size was constructed for preparation and containment of the sample materials.   
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Figures 4.7 and 4.20 show the plan and elevation of the test box used for plate loading tests. A 

detachable cross beam was fixed on the frame for mounting the displacement gauges that 

measured the displacement while loading the system. A tripartite flat steel plate was mounted on 

the exposed piston to measure the displacement recorded by the three displacement gauges.    

 

Figure 4-19 Plate Loading Test Set up 

4.6.2 Plate Loading Test Procedure 

The loading plate was attached to the piston of the air cylinder. The dial gauges were fixed on 

the cross beam attached to the loading frame and were set to zero when the loading plate just 

touched the sample. Loads of 5, 10, 15, 20, 30, 40, 50, 60, 70, 80 and 90 psi were applied 

through the regulator of the air cylinder that was connected to the air compressor, and the 

corresponding displacements shown by the dial gauges were recorded until the dial gauge 

showed the constant reading at least for 3 minutes. For each loading sequence, the displacement 

response time was different. For drier samples the displacement time period was shorter. For 
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higher loading, the displacement time period was longer. The test was stopped before it reached 

maximum load if the displacement exceeded 0.4 inch (10 mm).    

4.7. CBR Calculation by Vertical Probe after Correlation with DCP 

The vertical resistance probe was driven into the fouled ballast sample with a certain counted 

number of drops for standardizing the vertical probe with DCP. The dynamic load that drove the 

sensor rod into the fouled ballast samples was the same as that of the DCP with a dynamic mass 

of 17.6 lbs. and a free fall distance of 22.6 in. From the top of the sample, the number of drops 

required reaching depths of 3.2 inches (8.1 cm), 6.4 inches (16.3 cm), 9.6 inches (24.4 cm), 12.8 

inches (32.5 cm) and 16 inches (40.6 cm) were recorded. For easy recording purposes, the 

permanent markings were placed at the above mentioned heights of the vertical probe from the 

probe tip. Figure 4-20 shows the level of the penetration for CBR calibration of the vertical 

probe in the ballast.  

 

Figure 4-20 Layer Depth of Vertical Probe for Calibration with DCP (Section MM in Figure 4.7)  
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4.8. Moisture Content and Dry Density of the Mix 
The test box was unloaded after testing was complete. Two moisture samples were taken from 

the unloaded sample for determination of the moisture content of the sample. The first moisture 

sample was taken at a depth of 8 inches from the top of the sample layer and a second moisture 

sample was taken 16 inches below the surface of the sample layer. The average of these two 

moisture contents was considered the moisture content of the whole sample. For more accurate 

results for the large granular soil mix, all samples taken weighed more than 4.5 lb.  

The dry density of the soil samples were calculated based on moisture content and the bulk 

density as follows: 

𝐷𝐷𝑣𝑣𝐷𝐷 𝐷𝐷𝑣𝑣𝑖𝑖𝑣𝑣𝑖𝑖𝑡𝑡𝐷𝐷(𝜌𝜌𝐻𝐻) =
�𝑥𝑥𝐵𝐵𝑠𝑠𝐵𝐵 𝑑𝑑𝑣𝑣𝑖𝑖𝑣𝑣𝑖𝑖𝑡𝑡𝐷𝐷 (𝜌𝜌)�

�1 + 𝑊𝑊𝑎𝑎𝑡𝑡𝑣𝑣𝑣𝑣 𝑐𝑐𝑜𝑜𝑖𝑖𝑡𝑡𝑣𝑣𝑖𝑖𝑡𝑡 (𝑤𝑤)�
… … … … … … … … … … … … … … … … … 4.𝐼𝐼𝐼𝐼 

4.9. Optimum Moisture Content for Fouled Samples 

The optimum moisture content of the fouled ballast samples was determined using the standard 

proctor test using a 6-inch diameter mold. Fifty-six blows with a 5.5 lbf rammer were completed 

for compaction of each of the three layers of each sample. The proctor test was carried out based 

on ASTM D698. The compaction was carried out with an automatic rammer. The test was 

completed for 11 samples with varying fouling materials and percentages by weight. The test 

procedure is presented in the following figure. 

Due to the large particles within the ballast, it was difficult to level the top of the mold after 

compaction. Judgment was applied for estimating the appropriate volume of the ballast. Also, the 

elongated ballast samples with more than 2.5 inch were removed from the samples. The fouled 

samples were mixed by hand with a small shovel and transferred to the mold at the test set up.  
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Figure 4-21 Proctor Test Procedure at Lab 

4.10. Field Test Procedure 

4.10.1 General Comments about Field Testing 

The field tests were carried out on the track of Midland Railway operated from Baldwin City to 

Ottawa Junction, Kansas. The track was originally constructed in 1867. This vintage railway is 

operated by Midland Railway Historical Association as an excursion train through Eastern 

Kansas farmland and woods. The sites are approximately 17 miles south of the University of 

Kansas.  

The test locations are given in Figure 4-22, taken from Google Maps and Figure 4-23. The two 

test locations were marked in the field after a site visit of the track. These two locations 

represented the fouled section of the ballast. The first location (site A) was on the north side of 

the crossing of rail track with Montana road while the second site (site B) was on the north side 

of the crossing of US 59 and the railway.  

3 inch dia - 5.5 lbf 
rammer 

6 inch dia mold Automatic compaction 
set up  
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Figure 4-22 Location Map of the Test Sites (www.maps.google.com) 

Figure 4.23 represents the test locations on both of sites.  

 

Figure 4-23 Tests Location at Field Test (not to scale) 

N 

Railway Track 
“Site A” (Crossing of 

Montana Road and Railway 
Track) 

“Site B” (Crossing of 
US59 and Railway Track) 
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4.10.2 Resistance Measurement by Ground Tester 

The AEMC ground tester was used to measure the resistance of the ballast layer. Resistivity was 

measured based on a Wenner 4 probe array with probe spacing of 1 ft., 1.5 ft., 2 ft., 3 ft., and 4 ft.  

Because the ballast was assumed to have a depth of 2 feet, the resistivity data of 1 ft. and 1.5 ft. 

were taken for resistivity calculation proposes. For both sites (site A and site B), the resistivity of 

ballast between the rail track (middle of the track) parallel to rails and parallel to ties was 

measured. The resistivity of the east shoulder was measured for site A and west shoulder was 

measured for site B. The test locations are shown in figure 4.22 and 4.23.  

 
Figure 4-24 Field Procedure of Resistivity Measurement at Site B (Parallel to Track) 

4.10.3 Dynamic Cone Penetration Test 

Two dynamic cone penetration (DCP) tests were conducted at each site. The DCP described in 

chapter 4.5.1 was used for field testing. The test locations for site A were at the center of the 

railroad and the east side shoulder. The test locations for site B were at the center of the track and 

the west side shoulder.   

LWD Test 
Location 
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4.10.4 Light Weight Deflectometer Test 

Two light weight deflectometer (LWD) tests were conducted at each site. The LWD described in 

chapter 4.4.1 was used for field testing. The test locations for site A were at the center of the 

railroad and the east side shoulder. The test locations for site B were at the center of the track and 

the west side shoulder.   
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Chapter Five:Results and Discussion 

5.1. Assumptions of Analysis 

The following assumptions were made during test procedures and the data analyses: 

I. The fouling of the ballast is uniform.  

II. The clean ballast and the fouled ballast are both isotropic.  

III. The fouled ballast composition is a linearly elastic material.  

IV. Poisson’s Ratio of both the clean and the fouled ballast is 0.3.  

5.2. Test Results of Clean Ballast 

5.2.1. Moist and Dry Density 

Two samples were taken for moisture and maximum density determination.  Table 5.1 represents 

the test density of the clean ballast in the test box. The moisture contents of the two samples 

were 0.78% and 0.81%, respectively, and the corresponding wet densities were 110.3 lb/ft3 and 

111.8 lb/ft3, respectively. The average dry density of the clean ballast samples was 110.1 lb/ft3. 

Table 5-1 Moist and Dry Density of Clean Ballast 

Sample 
Descriptions Date Wet density in 

lb/ft3 
Moisture 

Content in % 
Dry Density in 

lb/ft3 
Sample One 6/11/2014 110.3 0.78% 109.4 

Sample Two 11/22/2014 111.8 0.81% 110.9 

Average    110.1 

The bulk specific gravity of the clean ballast was determined to be 2.69, and the height of the 

above-mentioned ballast samples were 18.67 inch and 18.66 inch, respectively. The average void 

ratios of the clean ballast were calculated as 0.55 and 0.53, respectively.  
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5.2.2. Resistivity of Clean Ballast 

The range of the AEMC ground tester was up to 2,000 Ω. The resistance of clean ballast was 

above the range of the ground tester for both samples. Hence, the resistivity values of the clean 

ballast samples were greater than 440,000 Ω-cm in the above mentioned two moisture content 

samples.  

5.2.3. CBR, Static Modulus, and Resilient Modulus of Clean Ballast 

The stiffness values (k) for the ballast samples were determined to be 319.2 psi/inch and 341.4 

psi/inch, which are the slopes of the load deflection curves of static plate loading test. The 

average stiffness of the clean ballast was 330.3 psi/inch. The following graph represents the load 

deflection curves for two samples of the ballast and corresponding stiffness calculations. 

 

Figure 5-1 Unit Load versus Deflection Curve by Static Plate Loading Test of Clean Ballast 
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The static modulus of the clean ballast was determined to be 1,368 psi and 1,464 psi from the 

plate loading tests. The average CBR from DCP tests and the average resilient modulus from the 

LWD tests of the ballast are listed in Table 5.2 for both samples.   

Table 5-2 CBR, Resilient Modulus, and Static Modulus of Clean Ballast 

Descriptions CBR Resilient Modulus in psi Static Modulus in psi 

Test Method DCP Test LWD Test Plate Loading Test 

Sample 1 11.9 2,821 1,369 

Sample 2 11.8 2,204 1,464 

Average 11.9 2,512 1,416 

Ratios of resilient modulus to static modulus are 2.06 for sample 1 and 1.50 for sample 2.  

5.2.4. Discussion of Test Results of Clean Ballast 

The average dry density of clean ballast was found to be 110.1 lb/ft3 and the corresponding void 

ratio was 0.54. The resistivity of the clean ballast sample was very high and was out of range of 

the equipment deployed for the test. The average stiffness of the clean ballast sample was 330.3 

psi. Between the above mentioned two samples, sample 1 showed slightly higher values of CBR, 

resilient and static moduli. The average values of CBR, resilient, and static moduli were 

determined to be 11.9, 2,512 psi and 1,115 psi.  

5.3. Dry Density of Fouled Ballast 

5.3.1. Test Result of Dry Densities of Fouled Ballast 

The dry densities of the fouled ballast samples were calculated from the wet densities and 

corresponding moisture contents. Table 5.3 shows the average dry densities of each type of 

fouled ballast. Figure 5.2 shows the corresponding average dry density based on type of fouling. 
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Here the average dry density represents the averages of different moisture content samples for 

the corresponding fouling category.  

  

Table 5-3 Fouled Ballast Dry Densities for Different Types of Fouled Ballast 

Descriptions Type of Fouling Average Dry Unit Weight in lb/ft3 

Subgrade soil fouled ballast 

10% 122.1 

20% 130.6 
30% 126.3 
40% 124.8 

Gardner track ballast dust fouled ballast 

10% 123.5 

20% 128.4 
30% 132.9 
40% 127.9 

Coal dust fouled ballast 
10% 120.5 
20% 118.9 
30% 116.6 
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Figure 5-2 Dry Density versus Percentage Fouling For Different Types of Fouled Ballast 

In Figure 5.2, the density of subgrade soil fouled ballast peaked at 20% fouling while the 

maximum value of the Gardner track ballast dust fouled ballast and coal dust fouled ballast 

peaked at 30% and 10% fouling, respectively.  

At 10% fouling, the three types of fouled ballast have almost equal unit weights while the 

maximum unit weight of fouled ballast is obtained with Gardner track ballast dust fouled ballast 

at  132.9 lb/ft3. The density of coal fouled ballast decreases with increasing fouling material by 

weight from 10% to 30%. A peak value was obtained for Gardner track ballast dust fouled 

ballast and the subgrade soil ballast while increasing the fouling materials from 10% and 40% 

for each mixture.  
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No relationship was observed between moisture content and dry density for clean or fouled 

ballast (Proctor curve). A cross check of ballast density was carried out separately with the 

smaller box shown in Figure 5.3.  Samples composed of three layers of equal height were 

uniformly compacted to a total height of almost 7.5 inch. The size of the box was 21 x 21 inches.    

 
Figure 5-3 Dry Density Determination from Small Box Test 

The dry density of samples fouled with 30% and 40% Gardner track ballast dust was determined 

for two samples and was observed to be 133.3 lb/ft3 and 128.4 lb/ft3, respectively. These 

densities are close to the previous densities obtained from the test box, 132.9 lb/ft3 and 127.9 

lb/ft3 respectively. 

5.3.2. Discussion of Test Results of Dry Densities of Fouled Samples 

Densities of the different moisture content samples for the same percentage fouling by weight 

were taken into consideration for determination of average density. Densities varied with 

moisture content and there was no clearly defined relationship observed between moisture 

content and dry density for any of the fouled ballast mixtures.   
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Gardner track ballast dust fouled ballast had the highest dry densities followed by the subgrade 

soil fouled ballast and coal fouled ballast for a particular percentage of fouling by weight. 

Densities of Gardner track ballast dust fouled ballast varied from 122.1 lb/ft3 to 130.6 lb/ft 

depending upon the amount of fouling. The maximum dry density of Gardner track ballast dust 

fouled ballast was 132.9 at 30% fouling by weight and the minimum value was 123.5 lb/ft3. The 

coal fouled ballast density decreased as the percentage of fouling increased from 10% to 30% 

fouling by weight. A cross check of densities from the small box test were valid for 30% and 

40% by weight of Gardner track ballast dust fouled ballast and were very near to the previous 

test results.  

5.4. Boundary Effect of Resistivity Test on Test Box 

5.4.1. Test Result of Boundary Effect of Resistivity on Test Box 

The resistivity of the fouled ballast was calculated using the relationship mentioned in equation 

2.II from the resistance obtained from the ground resistance tester.  Resistivity measurements for 

a series of fouled ballast moistures are shown in Figures 5.4 through 5.14. The resistivity 

calculated from the data obtained by the Wenner four point method shows that the resistivity 

changed substantially for measurements 1.5 inches and 4 inches from the boundary. However, 

the resistivity measured for 8 inches, 11 inches, and 15.88 inches experienced significantly less 

deviation.  
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Figure 5-4 Boundary Effect Study for Resistivity - 10% Fouled with Subgrade Soil 

Figure 5.4 shows the resistivity of 10% fouled ballast with subgrade soil. The resistivity 

measured at 1.5 in and 4 in from the boundary was substantially higher that values measured at 

distances of 8 in, 11 in and 16 in. 

The overall trends in Figures 5.5 through 5.7 are similar to Figure 5.4, however the resistivity 

measurements in Figure 5.5 at different distances from boundary at 2.34% MC are almost 

identical. This is due to inability of reading the resistance (out of limit of the resistance 

measurement of the AEMC 4620 Instrument).  
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Figure 5-5 Boundary Effect Study for Resistivity - 20% Fouled with Subgrade Soil 

In both figures, resistivity measurements for 1.5 inches and 4 inches deviated significantly from 

those for 8 inches, 11 inches, and 15.88 inches.  

 

Figure 5-6 Boundary Effect Study for Resistivity – 30% Fouled with Subgrade Soil 
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Figure 5-7 Boundary Effect Study for Resistivity – 40% Fouled with Subgrade Soil 

The resistivity of the Gardner track ballast dust fouled ballast was measured at different moisture 

contents and an analysis of boundary effects on soil resistance measurement was conducted. The 

corresponding results are shown in Figure 5-8 through 5.11.  

 

Figure 5-8  Boundary Effect Study for Resistivity - 10% Fouled with Track Dust 
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Figure 5-9 Boundary Effect Study for Resistivity - 20% Fouled with Track Dust 

 

Figure 5-10 Boundary Effect Study for Resistivity - 30% Fouled with Track Dust 
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Figure 5-11 Boundary Effect Study for Resistivity - 40% Fouled with Track Dust 

The test procedure was repeated for coal dust, and the effect of close boundaries on resistivity 

measurement was studied. The corresponding results are given in the figures 5-12 through 5.14.  

 

Figure 5-12 Boundary Effect Study for Resistivity - 10% Fouled with Coal Dust 
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Figure 5-13 Boundary Effect Study for Resistivity - 20% Fouled with Coal Dust 

 

 

Figure 5-14 Boundary Effect Study for Resistivity - 30% Fouled with Coal Dust 

5.4.2. Discussion on Boundary Effect of Resistivity on Test Box 

Since the test box was a poor conductor of electricity, the boundary of the test box caused an 
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greater than the probe spacing of 7 inches. The length of the probes may be the controlling 

distance for the boundary effect. If the probe spacing was lower, the boundary effect distance 

may be lower. Moreover, the penetration depth of the probe was 4 inches, and the effect was 

negligible at twice the penetration depth. Hence, the boundary effect is likely a function of the 

probe spacing and the penetration depth of probes.  

It was observed that the variations of resistivity for subgrade soil due to the boundary effect were 

lower as compared to Gardner track ballast dust fouled ballast and coal dust fouled ballast. This 

suggests that if the medium is a comparatively good conductor, there is less effect from the 

boundary.       

5.5. Result of Resistivity Testing by the Wenner Four Point Method 

5.5.1. Resistivity Test Result - Subgrade Soil Fouled Ballast  

Figure 5.15 and 5.16 presents the test results of resistivity of subgrade soil fouled ballast for 

different percentages of fouling by weight. Figure 5.16 is a close-up view of figure 5.15.  
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Figure 5-15 Resistivity of Subgrade Soil Fouled Ballast for Different Moisture Contents 

 

 

Figure 5-16 Resistivity of Subgrade Soil Fouled Ballast for Various MC (Zoom In View) 
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Here, the subgrade soil fouled ballast with 10% fouling material reached a near-constant 

resistivity at 8.5% moisture content, while the subgrade soil fouled ballast with 40% fouling 

material reached a near-constant resistivity at 10.5% moisture content. Based on these results, the 

subgrade soil fouled ballast was observed to have the following range of resistivity values: 

Table 5-4 Comparison of Resistivity for Various % Fouling of Subgrade Soil Fouled Ballast 

Type of 
Fouling 

Fouling 
Index 

Range of Resistivity from OMCR 
(6%) to field capacity state  [Ω-cm] 

Resistivity Range for Rahman 
(2014)  Ω-cm 

10% by weight 18 20,000 - 29,000 NA 

20% by weight 33 16,000 - 27,000 20,000 – 24,000 

30% by weight 45 10,000 - 23,000  15,000 – 20,0000 

40% by weight 56 8,000 - 20,000 11,000 – 15,000 
Note: NA = Not available. 

Hence, the resistivity of the fouled ballast with subgrade soil is very sensitive to moisture 

contents less than 6%. For more than 6% moisture up to the approximately field capacity state, 

where the field capacity is the amount of soil moisture (water content) after the excess water has 

drained away, was less sensitive; however the resistivity varied slightly depending upon the 

actual moisture content.  

5.5.2. Resistivity Test Results – Gardner Track Ballast Dust Fouled Ballast  

Figures 5.17 and 5.18 present the resistivity test results for Gardner track ballast dust fouled 

ballast for different percentages of fouling by weight. Figure 5.18 is the close-up view of figure 

5.17. Gardner track ballast dust fouled ballast reaches the field capacity state for a lower 

moisture content than the subgrade fouled ballast. For 10% fouling by weight, the resistivity 

dropped to the level of a saturated soil at about 6.5% of water content, while for 40% fouling by 
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weight, the resistivity of the fouled ballast almost dropped to the level of a saturated soil at about 

8.5% moisture content.   

 

Figure 5-17 Resistivity of Gardner Track Dust Fouled Ballast for Different Moisture Contents 

 

Figure 5-18 Resistivity of Gardner Track Dust Fouled Ballast for Various MC (Zoom In View) 

0

100,000

200,000

300,000

400,000

500,000

2.0% 4.0% 6.0% 8.0% 10.0%

R
es

is
tiv

ity
 in

 O
hm

-c
m

Moisture Content in %

0

10,000

20,000

30,000

40,000

50,000

4.0% 5.0% 6.0% 7.0% 8.0% 9.0%

R
es

is
tiv

ity
 in

 O
hm

-c
m

Moisture Content in %

91 
 



The Gardner track dust fouled ballast was observed to have the ranges of resistivity shown in 

Table 5-5. 

Table 5-5 Resistivity of Various % Fouling of Gardner Track Ballast Dust Fouled Ballast 

Type of 
Fouling 

Fouling 
Index 

Range of Resistivity from OMCR 
(5%) to field capacity state  [Ω-cm] 

Resistivity Range for A.J 
Rahman Test Set up                 

Ω-cm 

10% by weight 10 20,000 - 30,000 NA 

20% by weight 18 18,500 - 24,500 42,000 – 80,000 

30% by weight 24 17,000 - 23,000 32,000 – 42,0000 

40% by weight 30 13,000 - 23,000 12,000 – 20,000 
Note: NA = Not available. 

As shown in graphs 5.17 and 5.18, the resistivity of the fouled ballast with Gardner track ballast 

dust is very sensitive to moisture contents less than 5.5%. For 5.5% up to the saturated condition, 

the resistivity of the ballast is less sensitive and the graph is almost parallel to the x axis. 

However, the resistivity varies slightly depending upon the amount of moisture content.  

Present test results are considerably lower as compared to Rahman results, because of presence 

of finer particles significantly in Gardner track fouled ballast as compared to the ballast dust 

sampled in previous study.  

5.5.3. Resistivity Test Result – Coal Dust Fouled Ballast  

Figure 5.19 and 5.20 presents the test results for the resistivity of coal dust fouled ballast at 

different percentages of fouling by weight. Figure 5.20 is the close view of figure 5.19. 
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Figure 5-19 Resistivity of Coal Dust Fouled Ballast for Different Moisture Contents 

 

Figure 5-20 Resistivity of Coal Dust Fouled Ballast for Various MC (Zoom In View) 
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From the graphs 5.19 and 5. 20, the coal dust fouled ballast is shown to have the following 

ranges of resistivity: 

Table 5-6 Resistivity Comparison for Different % Fouling for Coal Dust Fouled Ballast 

Type of 
Fouling 

Fouling 
Index 

Range of Resistivity from OMCR 
(6%) to field capacity state  [Ω-cm] 

Resistivity Range for Rahman 
(2014) Ω-cm 

10% by weight 10 21,000 - 40,000 27,000 - 46,000 

20% by weight 19 20,000 - 34,000 16,000 - 26,000 

30% by weight 26 15,000 - 21,000 12,000 -16,700 

In the above graph, the resistivity of the coal dust fouled ballast is very sensitive to moisture 

contents less than 5%. For moisture contents of 5% up to the saturated condition, the resistivity 

of the ballast is less sensitive. However, the resistivity varies slightly depending on the amount 

of moisture content.  

5.5.4. Validity of Resistivity Data from 2 Point Method for Horizontal Probe  

The resistance of the fouled ballast measured by simple multimeter was plotted against moisture 

content of the fouled ballast along with the resistivity obtained from Wenner 4-point Method. 

The resistivity obtained from simple multimeter is higher than that of the resistivity obtained 

from Wenner 4-point Method. So, this method of measurement was discontinued for measuring 

the resistivity of the fouled ballast.  Figures 5.21, 5.22, and 5.23 show the resistivity versus 

moisture content obtained by the Wenner 4-point Method and the 2 point method by simple 

multimeter for subgrade soil fouled ballast, Gardner track ballast dust fouled ballast, and coal 

dust fouled ballast, respectively, for different percentages of fouling.     

94 
 



 
Figure 5-21 Resistivity by 2 & 4 Point Methods for Subgrade Soil Fouled Ballast 

 

 

Figure 5-22 Resistivity by 2 Point & Wenner Methods of Gardner Track Dust Fouled Ballast 
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Figure 5-23 Resistivity by 2 Point & 4 Point Methods for Coal Dust Fouled Ballast 

5.5.5. Comparison of Resistivity for Fouled Ballast with Different Fouling Agents 

Figures 5.24 to 5.27 show a comparison of resistivity of fouled ballast with different types of 

fouling materials for the same fouling percentages by weight.  

Figure 5-24 Comparison of Resistivity for Different Fouled Ballast at 10% Fouling by Weight 
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Figure 5-25 Comparison of Resistivity for Different Fouled Ballast at 20% Fouling by Weight 

 

Figure 5-26 Comparison of Resistivity for Different Fouled Ballast at 30% Fouling by Weight 
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Figure 5-27 Comparison of Resistivity for Different Fouled Ballast at 40% Fouling by Weight 

The above four graphs show that the Gardner track ballast dust fouled ballast possesses lower 

resistance than both subgrade soil fouled ballast and coal dust fouled ballast for similar moisture 

contents and similar amounts of fouling by weight. However, for the moisture contents at 

approximately field capacity level, the resistivity of subgrade soil fouled ballast is lower than 

both Gardner track ballast dust fouled ballast and coal dust fouled ballast.   

5.5.6. Discussion of Resistivity by Wenner 4 Point Method of Fouled Ballast 

The resistivity of fouled ballast was recorded in the presence of moisture. The trend of resistivity 

was decreasing for increasing amount of fouling. There was a boundary value of moisture 

content, above which the resistivity of fouled ballast was almost constant.  This boundary value 

of moisture content was of 6% for subgrade soil fouled ballast, 5% for Gardner track ballast dust 

fouled ballast and 5.5% for coal dust fouled ballast. These boundary values moisture content are 

termed as “Optimum Moisture Content for Resistivity (OMCR)”.  These OMCRs were averages 
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of moisture content and a slight variation might occur depending upon the fouling amount. If the 

percentage fouling by weight was higher, the boundary values of moisture content were slightly 

higher as mentioned above and if the percentage fouling by weight was lower, the boundary 

values of moisture content were slightly lower as mentioned above.  

Resistivity data were compared for moisture content higher than OMCR. The tests showed that 

resistivity of subgrade soil fouled ballast was found to be 8,000 Ω-cm to 29,000 Ω-cm depending 

up on the amount of fouling and percentage of moisture content higher than OMCR. Similarly, 

the resistivity of Gardner track ballast fouled ballast was found to be 13,000 Ω-cm to 30,000 Ω-

cm depending up on the amount of fouling and percentage of moisture content higher than 

OMCR. The resistivity of coal fouled ballast was even higher as compared to previous two 

fouling agents and the values ranged from 15,000 Ω-cm to 40,000 Ω-cm. A clear range of 

resistivity was observed for each type of fouling and varied with the amount of fouling.  

The resistivity data obtained by the single point method with the help of a simple multimeter 

were not very accurate when compared with the actual resistivity data obtained from Wenner 4 

point method. These data were higher than the resistivity determined by the Wenner method.  

For the same amount of percentage fouling by weight, the coal dust fouled ballast experienced 

higher resistivity while subgrade soil fouled ballast experienced lower resistivity at moisture 

contents near field capacity. However, for moisture contents lower than field capacity, the 

Gardner track ballast fouled ballast for 10% fouling by weight had a lower value of resistivity as 

compared to subgrade soil fouled ballast, since it has lower value of OMCR and goes to the field 

capacity state at a lower moisture content.  
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5.6. Validity of Vertical Resistivity Tester by Fall of Potential Method 

5.6.1. Validity of Vertical Probe for Subgrade Material in Open Space 

The vertical probe designed at the University of Kansas was inserted into the ground at different 

depths and used to measure the resistance by fall of potential method with the AEMC resistance 

meter in the vertical arrangement. At the same time, fall of potential measurements were carried 

out horizontally for probe spacing D equal to 3 ft. and 4.5 ft. as shown in figures 5.28 and 5.29. 

The same probe was used for measuring the resistance for the horizontal alignment as well as 

vertical alignment. The resistance was measured for the subgrade soil at different depths of the 

probe. The results of the resistance measurements by vertical probe and horizontal probe were 

generally consistent, depending upon the depth. For shallow depths the resistance was very high 

due to insufficient contact between the measuring rod and the ground. Insufficient contact was 

observed to affect readings for depths up to 11.0 inches.  

 
Figure 5-28 Sketch of Vertical Probe Resistance Check by Fall of Potential Method 
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Figure 5-29 Field Setup of Horizontal versus Vertical Resistance Measurement 

 

Table 5-7 Resistance Measurement by Horizontal and Vertical Probe Arrangements 

Distance in Inches Reading of Resistance in Ω 

Distance from 
reference to GS 

Penetration depth of 
vertical probe (H) 

Vertical 
probe 

Fall of potential 
method, D = 3 ft. 

Fall of potential 
method, D = 4.5 

ft. 
25.0 4.0 253.0 284.0 280.0 
23.0 6.0 152.0 178.2 174.0 

21.0 8.0 102.1 126.3 121.8 
19.0 10.0 72.7 93.3 89.2 

18.0 11.0 61.3 76.2 76.4 
17.0 12.0 55.7 71.7 69.2 

15.0 14.0 48.7 63.5 59.0 
10.5 18.5 35.0 48.9 44.2 

 

Vertical Probe   

Horizontal Probes   
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Figure 5-30 Resistance vs Depth on Subgrade Soil by Vertical and Horizontal Probes 

The effective probe depth of penetration was 11 inches for the case of ballast resistance 

measurements at the box test. Therefore, the resistance for up to 11 inches of penetration was 

measured.  The apparent resistance at that point was nearly identical for the fall of potential 

method and the vertical probe. As shown in Figure 5-30, if the rod depth is small, the resistance 

seems to be very large; however this result is likely to be a function of poor contact between the 

rod and ground. The resistance measured below the 11 inch penetration depth varies slightly.  

5.6.2. Validity of Vertical Probe on Test Sample of Fouled Ballast 

Tables 5.8 to 5.11 show the resistivities obtained using the Wenner 4-point Method by horizontal 

probe and fall of potential method by vertical probe for different fouling amounts by weight for 

different moisture contents on the test sample.  Also, Figures 5.31 to 5.34 show comparisons of 

resistivity for different amounts of fouling using the Wenner 4-point Method with horizontally 

aligned probes and the fall of potential method measured with the vertical probe developed at 

KU.  
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Table 5-8 Comparison of Resistivity in Horizontal and Vertical Alignments at 10% Fouling 

Subgrade 
Soil Fouled 

Ballast 

Moisture Content 3.0% 5.3% 6.8% 8.7%  

Wenner 4-point Method 223,500 44,700 25,100 20,000  

Fall of Potential Method NA NA 37,100 16,900  
       

Gardner 
Track Ballast 
Dust Fouled 

Ballast 

Moisture Content 1.6% 3.0% 4.3% 6.0% 6.5% 

Wenner 4-point Method NA NA 48,900 20,900 20,300 
Fall of Potential Method NA NA NA NA 26,300 

       

Coal Dust 
Fouled 
Ballast 

Moisture Content 2.3% 5.3% 7.9%   
Wenner 4-point Method NA 65,200 24,000   

Fall of Potential Method NA 55,200 32,000   
 

 

 

Figure 5-31 Comparison of Resistivity using Horizontal and Vertical Alignments at 10% Fouling 
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Table 5-9 Comparison of Resistivity in Horizontal and Vertical Alignments at 20% Fouling 

 Subgrade 
Soil 

Fouled 
Ballast 

Moisture Content 2.3% 3.9% 6.3% 7.1% 8.5% 

Wenner 4-point Method 422,900  
           

79,300  
              

22,600  
   

19,600  
           

16,200  

Fall of Potential Method NA NA 
              

35,300  
   

16,200  
           

13,600  
              

Gardner 
Track 
Dust 

Fouled 
Ballast 

Moisture Content 2.5% 4.5% 5.7% 8.6%   

Wenner 4-point Method 
     

274,000  
           

33,900  
              

21,900  
   

17,200    

Fall of Potential Method  NA  
           

51,167  
              

42,080  
   

19,850    
              

Coal Dust 
Fouled 
Ballast 

Moisture Content 2.1% 5.3% 7.2% 9.2%   

Wenner 4-point Method 
     

285,700  
           

28,200  
              

16,800  
   

13,700    

Fall of Potential Method  NA  
           

93,500  
              

49,600  
   

27,800    
 

 

Figure 5-32 Comparison of Resistivity using Horizontal and Vertical Alignments at 20% Fouling 
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Table 5-10 Comparison of Resistivity in Horizontal and Vertical Alignments at 30% Fouling 

Subgrade Soil 
Fouled Ballast 

Moisture Content 2.8% 5.4% 7.2% 11.2% 

Wenner 4-pointMethod  237,800  
           

35,400  
              

20,500    10,100  

Fall of Potential Method NA 
           

33,100 
              

23,300     13,200  
            

Gardner Track 
Dust Fouled 

Ballast 

Moisture Content 2.3% 4.0% 5.7% 8.6% 

 Wenner 4-point Method 
     

141,900  
           

43,600  
              

19,900     17,200  

Fall of Potential Method  NA  
           

42,100  
              

23,400     11,200  
            

Coal Dust 
Fouled Ballast 

Moisture Content 2.7% 5.3% 7.2% 9.2% 

Wenner 4-point Method 
     

285,700  
           

28,200  
              

16,800     13,700  

Fall of Potential Method  NA  
           

93,500 
              

49,600     27,800  
 

 

Figure 5-33 Comparison of Resistivity using Horizontal and Vertical Alignments at 30% Fouling 
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Table 5-11 Comparison of Resistivity in Horizontal and Vertical Alignments at 40% Fouling 

Subgrade Soil 
Fouled Ballast 

Moisture Content 3.4% 6.1% 7.7% 10.5% 

Wenner 4-point Method 
     

199,800  
           

32,100  
              

16,000       8,200  

Fall of Potential Method NA 
           

36,800  
              

24,600     12,600  
            

Gardner Track 
Dust Fouled 

Ballast 

Moisture Content 2.2% 5.3% 6.2% 8.5% 

Wenner 4-point Method 
     1-

39,300  
           

22,500  
              

17,200     12,200  

Fall of Potential Method  NA  
           

33,600  
              

17,500     10,800  
 

 

Figure 5-34 Comparison of Resistivity by Horizontal and Vertical Alignments at 40% Fouling 

Most of the data on the above four graphs show that resistivity determined using the fall of 

potential method measured with the help of vertical probe constructed at the Geotechnical Lab at 
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KU is slightly higher than the resistivity measured by the Wenner 4-point Method. For coal dust 

fouled ballast, the resistivity is much higher compared to both the subgrade soil and Gardner 

track ballast dust fouled ballasts.  

5.6.3. Discussion of Validity of Vertical Resistivity Tester 

The resistance measured by the vertical resistivity probe (tester) constructed at KU showed 

almost same value for both the vertical and horizontal configuration in subgrade soil. Though it 

presented the apparent resistance due to its depth limitation, the resistance was reasonably 

consistent for both types of configuration at different penetration distances.  

The resistivity result obtained from fall of potential method was compared with the resistivity 

data acquired using the Wenner 4 point method. Most of the resistivity data from the vertical 

probe were higher than the corresponding resistivity data obtained using the Wenner 4 point 

method. This was likely caused by insufficient contact between the vertical probe and the soil.  

5.7. Variation of CBR of Ballast Due to Change in Moisture Content 

5.7.1. CBR for Different Percentages of Fouling for Various Fouling Agents 

Figures 5.35 to 5.37 present the trend of the CBR obtained from the DCP with various moisture 

contents for fouled ballast having different percentages of fouling by weight.  
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Figure 5-35 Moisture Content versus CBR for Subgrade Soil Fouled Ballast 

For ballast fouled with subgrade soil, the structure was approximately stable up to a moisture 

content of 6% for all amounts of fouling by weight, and is referred to as “optimum moisture 

content for CBR (OMCC)” of subgrade soil fouled ballast. It is approximately equal to OMCR. 

Above OMCC, the CBR value decreases dramatically. The highest value of CBR for samples 

with up to OMCC of subgrade soil was observed in the samples with 20% fouling. For samples 

with moisture content above OMCC, the CBR was highest for those with 30% fouling.  Samples 

with fouling of 30% or less experienced a dramatic reduction in strength for moisture contents 

above 6%. Subgrade soil fouled ballast with 40% fouling had a consistent reduction in strength 

with increasing moisture content and had the lowest value of the CBR among four percentages.  
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Figure 5-36 Moisture Content versus CBR for Gardner Track Dust Fouled Ballast 

Ballast fouled with Gardner track ballast dust was observed to have similar moisture-strength 

relationships as the ballast fouled with subgrade soil. However, the CBR versus moisture content 

curves show that ballast shear strength declined dramatically above 5% moisture content and is 

referred to as “optimum moisture content for CBR (OMCC)” of Gardner track ballast dust fouled 

ballast. It is approximately equal to OMCR. All Gardner track ballast dust fouled ballast samples 

possessed relatively high strength up to OMCC as compared with the corresponding degree of 

fouling of subgrade soil fouled ballast. The CBR of all types of Gardner track ballast dust fouled 

ballast was in the range of 10.3 to 12. For the case of Gardner track ballast dust fouled ballast, 

the CBR value decreased sharply above OMCC for all degrees of fouling, which was consistent 

with the subgrade fouled ballast except the critical moisture content was slightly lower.  The 

highest value of CBR was for 30% fouling and the CBR value was almost 13.  For Gardner track 

ballast dust fouled ballast, the CBR for 20% and 30% fouling was higher than for 10% and 40% 

fouling. For the case of Gardner track ballast dust fouled ballast, 10% and 40% fouling gave 
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almost same CBR for a definite amount of moisture content.  This was a different result from 

what was observed for the subgrade soil fouled ballast, because the 40% subgrade soil fouled 

ballast had a much lower CBR than the 10% subgrade soil fouled ballast.   

 

Figure 5-37 Moisture Content versus CBR for Coal Dust Fouled Ballast 

Ballast fouled with coal dust showed slightly different behavior than the subgrade soil fouled 

ballast and the Gardner track ballast dust ballast. The CBR value of coal dust fouled ballast was 

less than 10 for all samples tested. The shear strength decreased for moisture contents above 

5.5% and this boundary moisture content is referred to as OMCC for coal dust fouled ballast.  It 

is approximately equal to OMCR. However, the decline in strength with increasing moisture was 

not as steep as for that of the Gardner track ballast dust and the subgrade soil fouled ballast.  
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CBR for low moisture contents while ballast fouled with subgrade soil maintains a higher value 

of CBR for higher moisture contents. The ballast fouled with coal dust shows a lower value of 

CBR for all water contents and all ballast samples show reduced strength for higher moisture 

contents.  

 

Figure 5-38 Moisture Content versus CBR at 10% Fouling with Different Fouling Agents 
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Figure 5-39 Moisture Content versus CBR at 20% Fouling with Different Fouling Agents 

 

 

Figure 5-40 Moisture Content versus CBR at 30% Fouling with Different Fouling Agents 
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Figure 5-41 Moisture Content versus CBR at 40% Fouling with Different Fouling Agents 

5.7.3. Discussion of CBR of Fouled Ballast 

Fouled ballast lost a substantial percentage of its shear strength when the moisture content was 

higher than OMCC. For moisture contents lower than the OMCC the fouled ballast layer was 

relatively strong. This strength was highest for 20% fouling by subgrade soil, 30% fouling by 

Gardner track ballast dust and 10% fouling by coal dust fouled ballast. The rate of strength loss 

was highest for Gardner track ballast dust fouled ballast followed by subgrade soil fouled ballast 

and coal dust fouled ballast. Moreover, due to the lower value of OMCC of Gardner track ballast 

dust fouled ballast, it experiences earlier loss of strength with increasing the moisture content 

when compared with the other fouling agents.  

5.8. Resilient Modulus of Fouled Ballast Due to Variations of Moisture 

5.8.1. Resilient Modulus for Different Percentages of Fouling for Various Fouling Agents 

Figures 5.41 to 5.43 show the resilient modulus versus moisture content of fouled ballast with 
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subgrade soil fouled ballast, Gardner track ballast dust fouled ballast, and coal dust fouled ballast 

are approximately 6%, 5%, and 5.5%, and these moisture contents are referred to as “optimum 

moisture content for resilient modulus (OMCMR)” and are approximately equal to OMCR values. 

However, exact maximum resilient modulus depends on the amount of fouling present in ballast 

and varies from 5% to 7% for subgrade soil fouled ballast, 4.25% to 5.75% for Gardner track 

ballast dust fouled ballast, and 5.25% to 6.5% for coal dust fouled ballast. The slope before 

reaching the maximum resilient modulus is mild while the slope after this point is very steep. If 

the percentage of fouling materials increases, the maximum resilient modulus moves to the right. 

The magnitude of the resilient modulus varies with each type of fouling.   

 

Figure 5-42 Resilient Modulus vs MC for Subgrade Soil Fouled Ballast 

Figure 5.42 shows that for low moisture contents the maximum value of resilient modulus was 

measured at 20% fouling, successively followed by 10% fouling and 30% fouling by weight. The 

samples with 40% fouling by weight had the lowest maximum resilient modulus. Modulus 

values were similar at high moisture contents for all amounts of fouling present in the ballast. 
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Also, for the test of clean ballast, the resilient modulus was found to be very low (approximately 

2500 psi) when compared with the maximum resilient modulus for 20% fouling (around 4300 

psi). For Gardner track ballast dust fouled ballast and coal dust fouled ballast, moduli decreased 

with fouling for low moisture contents and were similar at high moisture contents.  

 
Figure 5-43 Resilient Modulus vs MC for Gardner Track Dust Fouled Ballast 

 

 
Figure 5-44 Resilient Modulus vs MC for Coal Dust Fouled Ballast 
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5.8.2. Resilient Modulus Comparison of Various Fouled Ballasts  

Figures 5.45 to 5.48 show trends in the resilient modulus versus moisture content for different 

fouling agents for the same amounts of fouling materials. For all types of fouling the Gardner 

track ballast dust fouled ballast showed the highest resilient modulus when compared to the other 

two types of fouling. Also, the maximum resilient modulus of subgrade soil fouled ballast was 

slightly lower than the resilient modulus of Gardner track ballast dust fouled ballast. However, 

the maximum modulus of coal dust fouled ballast was significantly lower than the other two 

types of fouled ballast.  

 

Figure 5-45 Resilient Modulus vs MC for 10% Fouling for Fouled Ballast with Different Agents 

Figures 5.45 to 5.48 show that the water content corresponding to the maximum resilient 

modulus varied depending on the type of fouling.  This specific value of water content 
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ballast decreased more quickly with increasing moisture content above the OMCMR than the 

moduli for the subgrade soil fouled ballast and coal dust fouled ballast. 

 

Figure 5-46 Resilient Modulus vs MC for 20% Fouling for Fouled Ballast with Different Agents 
 

 

Figure 5-47 Resilient Modulus vs MC for 30% Fouling for Fouled Ballast with Different Agents 
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Figure 5-48 Resilient Modulus vs MC for 40% Fouling for Fouled Ballast with Different Agents 

5.8.3. Discussion of Resilient Modulus versus Moisture Content 

The Resilient moduli behavior was similar to that for CBR for moisture contents greater than 

OMCMR.  Fouled ballast resilient modulus declined significantly when the moisture content was 

higher than OMCMR.  However, unlike CBR, the resilient moduli of fouled ballast with moisture 

contents lower than OMCMR were also low. So, there was a peak value of resilient modulus of 

fouled ballast at OMCMR. This maximum value of resilient modulus at OMCMR is termed as 

“Maximum Resilient Modulus of Fouled ballast (MR-max (FB))”. It varied depending on types of 

fouling and amount of fouling. The increasing slopes of the resilient modului versus moisture 

content graph were mild for lower moisture contents whereas the decreasing slopes on the same 

graph for higher moisture contents were steep.  

For subgrade soil fouled ballast, MRmax (FB) occurred at a maximum of 20% fouling by weight. 

MR-max (FB) was highest for 20% fouling by subgrade soil, 30% fouling by Gardner track ballast 

dust and 10% fouling by coal dust fouled ballast. The rate of resilient modulus loss was highest 
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for Gardner track ballast dust fouled ballast, followed by subgrade soil fouled ballast and coal 

dust fouled ballast.  

5.9. Static Modulus of Fouled Ballast Relationship with Moisture Content 

Unit load versus deflection results obtained from small box plate loading tests were plotted for 

different moisture contents for different amounts of fouling. The results show that the static 

modulus (Es) and hence the stiffness (k) peak at average values of 5% to 6% moisture content, 

depending on the amount of fouling agents and the type of fouling.  The moisture content at this 

peak is referred to as “optimum moisture content for static modulus (OMCMS) for fouled ballast” 

and is approximately equal to OMCR.  The Elastic modulus (and also the stiffness) for water 

contents lower than OMCMS is somewhat lower than the peak value but is much lower for 

moisture contents higher than OMCMS.   

5.9.1. Variation of Static Modulus with Moisture Content for Subgrade Soil 

Figures 5.49 to 5.52 show the unit load versus deflection curves for 10%, 20%, 30%, and 40% 

fouling, respectively.  

 
Figure 5-49 Unit Load versus Deflection Curve of 10% Fouled by Subgrade Soil at Various MC 
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Figure 5-50 Unit Load versus Deflection Curve of 20% Fouled by Subgrade Soil at Various MC 
 

 

Figure 5-51 Unit Load versus Deflection Curve of 30% Fouled by Subgrade Soil at Various MC 
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Figure 5-52 Unit Load versus Deflection Curve of 40% Fouled by Subgrade Soil at Various MC 

The subgrade reactions of the subgrade soil fouled ballast for different moisture contents are 

tabulated in Table 5.12, and the corresponding chart is plotted in Figure 5.53: 

Table 5-12 Stiffness of Subgrade Fouled Ballast with Various Moisture Contents 

Level of Fouling Items Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 

10% Fouling 
Moisture Content 3.0% 5.3% 6.8% 8.7%  

Stiffness (psi/in) 454 423 486 294  
        

20% Fouling 
Moisture Content 2.3% 3.9% 6.3% 7.1% 8.5% 

Stiffness (psi/in) 427 494 503 469 340 
        

30% Fouling 
Moisture Content 2.8% 5.4% 7.2% 11.2%  

Stiffness (psi/in) 428 473 466 42  

        

40% Fouling 
Moisture Content 3.4% 6.1% 7.7% 10.5%  

Stiffness (psi/in) 404 471 431 187  
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Figure 5-53 Stiffness of Subgrade Fouled Ballast with Various Moisture Contents 

The static modulus was calculated based on the initial slope of the load deflection curve. Figure 

5.54 depicts the static modulus at different moisture contents for subgrade soil fouled ballast.   

 

Figure 5-54 Static Modulus of Subgrade Fouled Ballast with Various Moisture Contents 
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For lower moisture contents the static modulus was slightly higher for 20% fouling with 

subgrade soil, followed by 10%, 30%, and 40% fouling.  For higher moisture contents the static 

modulus did not vary much for a given moisture content.  Also, the moisture content 

corresponding to the maximum value of the static modulus (OMCMS) was observed to increase 

slightly as the amount of fouling increased. The maximum values of the static modulus for 10%, 

20%, 30%, and 40% fouling by subgrade soil were estimated to be 2080, 2360, 2130 and 2035 

psi at moisture contents of 5.60%, 6.25%, 6.30% and 6.40%, respectively. So, the average value 

of moisture content corresponding to the maximum static modulus is considered to be 6% 

(between maximum and minimum) and represents the OMCMS. 

5.9.2. Variation of Static Modulus with Moisture Content for Gardner Track Ballast Dust 

Figures 5.55 to 5.58 present the load per unit area in psi versus the settlement for Gardner track 

ballast dust fouled ballast with different percentages of fouling material.  

 
Figure 5-55 Unit Load versus Deflection Curve of 10% Fouled by Gardner Track Dust  
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Figure 5-56 Unit Load versus Deflection Curve of 20% Fouled by Gardner Track Dust  
 

 

Figure 5-57 Load versus Deflection Curve of 30% Fouled by Gardner Track Dust  
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Figure 5-58 Unit Load versus Deflection Curve of 40% Fouled by Gardner Track Dust  

The subgrade reactions of the Gardner track ballast dust fouled ballast for different moisture 

contents are tabulated in Table 5.13, and the corresponding chart is plotted in Figure 5.59: 

Table 5-13 Stiffness of Gardner Track Dust Fouled Ballast with Various Moisture Contents 

Fouling Level  Items Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 

10% Fouling 
Moisture Content 1.6% 3.0% 4.3% 6.0% 6.5% 

subgrade reaction (psi/in) 478 522 558 498 435 

              

20% Fouling 
Moisture Content 2.5% 4.5% 5.7% 8.1%   

subgrade reaction (psi/in) 536 576 536 339   

             

30% Fouling 
Moisture Content 2.3% 4.0% 5.7% 8.6%   

subgrade reaction (psi/in) 452 519 553 314   

              

40% Fouling 
Moisture Content 2.2% 5.3% 6.2% 8.5%   

subgrade reaction (psi/in) 398 484 453 236   
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Figure 5-59 Stiffness of Gardner Track Dust Fouled Ballast with Various Moisture Contents 

Figure 5.60 represents the static modulus at different moisture contents for Gardner track ballast 

dust fouled ballast at different degrees of fouling.  

 

Figure 5-60 Static Modulus of Gardner Track Ballast Dust Fouled Ballast  
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For low moisture contents the static modulus for Gardner track ballast dust fouled ballast is 

highest for the samples with 20% fouling, followed by samples with 10%, 30%, and 40% 

fouling.  For higher moisture contents the moduli are closer and the order is changed, with the 

30% fouled samples having the highest modulus followed by samples with 20%, 10%, and 40% 

fouling.  Similar to the ballast fouled with subgrade soil, the optimum value of each ratio of 

fouling can be found for different moisture contents, and shifts from lower to higher with 

increasing moisture content. The optimum values of static modulus (OMCMS) for 10%, 20%, 

30% and 40% fouling by Gardner track ballast dust were found to be 2390, 2470, 2455, and 2080 

psi at 4.25%, 4.55%, 5.30% and 5.50% moisture contents, respectively. The average value of the 

moisture content for the maximum value of the static modulus is about 5%, and hence it is 

termed as OMCMS for Gardner track ballast dust fouled ballast.  

5.9.3. Variation of Static Modulus with Moisture Content for Coal Dust 

Figures 5.61 to 5.63 present the load per unit area in psi versus the settlement in inches for 

different percentages of coal dust fouled ballast. 
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Figure 5-61 Unit Load versus Deflection Curve of 10% Fouled Ballast by Coal Dust  

 

Figure 5-62 Unit Load versus Deflection Curve of 20% Fouled Ballast by Coal Dust  
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Figure 5-63 Unit Load versus Deflection Curve of 30% Fouled Ballast by Coal Dust  

The stiffness of the coal dust fouled ballast for different moisture contents are tabulated in Table 

5.14, and the corresponding chart is plotted in Figure 5.64: 

Table 5-14 Stiffness of Coal Dust Fouled Ballast with Various Moisture Contents 

Fouling Types Items Sample 1 Sample 2 Sample 3 Sample 4 

10% Fouling 
Moisture Content 2.3% 5.2% 7.9%   

subgrade reaction (psi/in) 421 464 327   

            

20% Fouling 
Moisture Content 2.1% 4.3% 6.6% 9.0% 

subgrade reaction (psi/in) 368 432 411 242 

           

30% Fouling 
Moisture Content 2.7% 5.3% 7.2% 9.2% 

subgrade reaction (psi/in) 346 416 366 192 
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Figure 5-64 Stiffness of Coal Dust Fouled Ballast with Various Moisture Contents 

Figure 5.65 represents the static modulus at different moisture contents for Gardner track ballast 

dust fouled ballast with different degrees of fouling.  
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Figure 5-65 Static Modulus of Coal Dust Fouled Ballast with Various Moisture Contents 

The highest value of the static modulus was obtained for 10% ballast fouled with coal dust.  The 

optimum moisture content for the static modulus increased as the fouling content increased from 

10% fouling toward 30% fouling. The optimum values of static modulus for 10%, 20% and 30% 

fouling by coal dust were found to be 2,005, 1,870, and 1790 psi at 4.70%, 5.0% and 5.50% 

moisture contents, respectively.  

5.9.4. Comparison of Static Modulus for Different Fouling Agents 

Figures 5.66 to 5.69 show the relationships between static modulus and water content for various 

fouling materials for the same percentages of fouled materials by weight.  Similar to the results 

for resilient modulus, the static modulus of Gardner track ballast dust fouled ballast had the 

highest static modulus when compared with subgrade soil fouled ballast and coal dust fouled 

ballast. The static modulus of coal dust fouled ballast is significantly lower than the moduli for 

the other two types of fouled ballast. The moisture content for the optimum value of static 
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modulus is the lowest for Gardner track ballast dust fouled ballast and is the highest for subgrade 

soil fouled ballast.  

 
Figure 5-66 Comparison of Static Modulus versus MC at 10% Fouling 

 
Figure 5-67 Comparison of Static Modulus versus MC at 20% Fouling  
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Figure 5-68 Comparison of Static Modulus versus MC at 30% Fouling  

 

 

Figure 5-69 Comparison of Static Modulus versus MC at 40% Fouling  
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5.9.5. Discussion of Static Modulus of Fouled Ballast 

The trend for the static modulus of fouled ballast is similar as that of the resilient modulus. The 

maximum value of static modulus occurred at the OMCMS and these OMCMS values were 

different for different fouling agents. There was a slight variation of OMCMS depending upon the 

amount of fouling materials for particular types of fouled ballast, however the average OMCMS 

were 6% for subgrade soil fouled ballast, 5% for Gardner track ballast dust fouled ballast and 

5.5% for coal dust fouled ballast. The variation in OMCMS of coal dust fouled ballast was higher 

when compared with subgrade soil fouled ballast and the Gardner track ballast dust fouled 

ballast.  

The Gardner track ballast dust fouled ballast had the highest static modulus followed by 

subgrade soil fouled ballast and coal dust fouled ballast. The maximum static modulus at 

optimum moisture content was approximately 2000 psi for all types of fouling ratios by weight 

in subgrade soil fouled ballast; 2400 psi for Gardner track ballast dust fouled ballast, and 

approximately 1700 psi in coal fouled dust ballast. 

5.10. Correlation of Strength Properties of Fouled Ballast 

5.10.1. Correlation of Resilient Modulus and Static Modulus of Fouled Ballast 

The relationship between resilient modulus and static modulus is plotted in Figure 5-70. Here, the 

trend lines of the static modulus versus resilient modulus are nearly parallel to each other for all 

types of fouling.  From the data, the variation range (ratio of resilient modulus to the static 

modulus) of resilient modulus with static modulus for subgrade soil fouled ballast, Gardner track 

ballast dust fouled ballast and the coal dust fouled ballast are 1.7 to 2.8, 1.7 to 2.1, and 1.3 to 1.9, 

respectively. The r-squared (r2) value of subgrade soil, Gardner track ballast dust and coal dust 
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fouled ballast are 0.88, 0.90 and 0.75, respectively. Hence, it can be inferred that a strong 

correlation exists between resilient and static moduli for Gardner track ballast dust fouled ballast 

and subgrade soil fouled ballast, and a moderately strong correlation exists for coal dust fouled 

ballast.   

 
Figure 5-70 Correlation of Resilient Modulus and Static Modulus of Fouled Ballast 

5.10.2. Correlation of Resilient Modulus and CBR for Fouled Ballast 

Figure 5.71 shows the correlation between resilient modulus and CBR determined using the DCP 

for different types of fouled ballast.  The correlation between CBR and resilient modulus is not 

as strong as that between static modulus and resilient modulus, as demonstrated by the r-squared 

(r2) values of 0.48 for subgrade soil fouled ballast, 0.58 for Gardner track ballast dust fouled 

ballast and 0.22 for coal dust fouled ballast.  
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Figure 5-71 Correlation of Resilient Modulus and CBR of Fouled Ballast 

5.10.3. Correlation of Static Modulus and CBR of Fouled Ballast 

The correlation between the static modulus and the CBR is also relatively weak. Figure 5.72 

shows the corresponding correlation data between the CBR and the static modulus. R-squared 

(r2) values were 0.51 for subgrade soil fouled ballast, 0.45 for Gardner track ballast dust fouled 

ballast and 0.55 for coal dust fouled ballast.  

 

Figure 5-72 Correlation of Static Modulus and CBR of Fouled Ballast 
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5.10.4.  Discussion of Correlation of Strength Properties 

The previously mentioned correlations suggested that the static and resilient moduli are well 

correlated to each other and one parameter can be inferred if another is known. The r-squared 

values are also near 1.0 for all types of fouled ballast. The slopes of the relationships are also 

very similar.  

The correlation of CBR with either static or resilient modulus was not strongly established as r-

squared values were around 0.6 or less.    

5.11. Result of Proctor Test 

The maximum dry density of the ballast fouled with subgrade soil was found to correspond to 

20% fouling by weight, which was higher than the optimum density of the 20% ballast fouling 

by the Gardner track dust. Ballast fouled with the Gardner track dust had a maximum density at 

30% fouling by weight. The coal dust fouled ballast had the maximum dry density at 10% 

fouling by weight. Figures 5.73 to 5.75 show the results of the optimum moisture contents for 

maximum dry densities of the test samples. 
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Figure 5-73 Dry Densities versus Moisture Content of Subgrade Soil Fouled Ballast 
 

 
Figure 5-74 Dry Densities versus Moisture Content of Gardner Track Dust Fouled Ballast 
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Figure 5-75 Dry Densities versus Moisture Content of Coal Dust Fouled Ballast 

From the above figures, the optimum densities for the subgrade fouled ballast, the Gardner track 
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Figure 5-76 Optimum Dry Densities versus Percentage Fouling by Weight 

The values reported in figure 5.2 (Average dry densities on text box versus percentage fouling by 

weight) are similar to the results obtained from the proctor tests (figure 5.76). So, the test 

samples were compacted almost in the same densities of the optimum dry densities.  

5.12. Field Test Results 

5.11.1.  Resistivity Test Results 

Table 5.15 shows the resistivity test results from the Midland Railway Track near Baldwin, 

Kansas. The tests were conducted at the middle of the track both perpendicular as well as parallel 

to the track.  
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Table 5-15 Field Resistivity Data of Midland Railroad Track 

Location Position at Location 

Probe Spacing 
(in) 

Resistivity 
Recorded Average 

Resistivity 
(Ω-cm) Test 1 Test 2 Test 1 Test 2 

Site A 

Perpendicular to track -middle 12 18 8,400 9,200 8,800 

Parallel to track - middle 12 18 8,200 9,800 9,000 

Parallel to track - shoulder 12 18 17,900 23,100 20,500 

Site B 

Perpendicular to track - 
middle 12 18 14,600 13,200 13,900 

Parallel to track - middle 12 18 17,600 16,700 17,150 

Parallel to track - shoulder 12 18 26,900 26,200 26,550 

 

For site A (near the crossing of Montana Road with rail track), the resistivity measurements 

parallel and perpendicular to the track were almost the same.  For site B (near the crossing of US 

59 with rail track), the two readings were quite different. Similarly, the resistivity readings of 

shoulder ballast for the two sites were higher than the corresponding center reading of the 

resistivity. The resistivity of site B was higher than the resistivity of site A.  

5.11.2.  Test Results of DCP 

Figure 5.77 and 5.78 represents the depth in inches versus penetration index in inches/blow of 

the DCP test for site locations A and B.  
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Figure 5-77 Depth versus Penetration Index for Site Location A 
 

0

5

10

15

20

25

30

35

40

0 2 4

D
ep

th
 b

el
ow

 s
ur

fa
ce

 in
  "

in
"

Penetraton Index "in" /blow

For Site Location A

Center of the track
East Shoulder of the Track

142 
 



 

Figure 5-78 Depth versus Penetration Index for Site Location B 
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Table 5-16 CBR of Sites from Field Test by DCP Method 

Descriptions of Position 
at a Location 

Penetration Index (mm/blow) CBR in % 

Site A Site B Site A Site B 

Center of the track 90.7 38.8 1.9 4.8 

Shoulder of the track 64.8 33.7 2.7 5.7 
 

So, Site A was very weak as compared to Site B and even Site B was not very strong. The 

penetration graphs shows that the subgrade soil had a higher CBR than the ballast layer.  

5.11.3. Test Result of LWD 

Table 5.17 shows the resilient modulus of the different test sites in the field.  

Table 5-17 Resilient Modulus of Field Sites from LWD Method 

     Descriptions of Position at a Location 
Resilient Modulus 

Site A Site B 

    Center of the Track 1,700 1,900 

    Shoulder of the Track 2,090 2,410 

As shown in Table 5-17, the resilient modulus data showed that Site A was not as stiff as Site B 

at the center or the shoulder.  

5.11.4. Discussion of Field Test 

Since the moisture content of site A was higher than site B (reported in chapter 3.7.5), the 

resistivity readings of site A were very low as compared to site B. The gradation of the ballast 

for the two sites shown in figures 3.17 and 3.18 shows that the central track ballast had a high 

amount of fouling material when compared with the shoulder ballast. Moreover, the gradation 
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and the resistivity results showed that more fouling was present at Site A when compared with 

Site B.  

The CBR of the track was very low. The subgrade soil of the rail track had a higher CBR than 

the ballast layer. It was reported that the track was laid on the top of an existing old blacktopped 

road, however this was not confirmed. During the field visit some chunks of bituminous road top 

were found at the side of the track. 

LWD results were consistent with CBR and resistivity in showing that Site A was comparatively 

weaker than B. For both sites, the center of track was weaker when compared with the shoulder, 

this was likely due to the higher percentage of fouling material.  

Field test results are comparable to the lab test samples. Field test resistivity data shows that the 

sample fouling fell between 30% and 40% by weight of subgrade soil fouled ballast for site A 

and is consistent with 30% fouled by subgrade soil fouled ballast for site B. Similarly, CBR 

values for both sites were very low due to the high amount of fouling as well as the high water 

contents. Also, the resilient modulus of the ballast was very low and was likely caused by the 

highly fouled ballast having higher amount of water content. Hence, it could be concluded from 

the non-destructive and rapid test methods that this ballast had in excess of 30% fouling.  This 

was confirmed by the soil samples excavated from the sites and the results are presented in 

chapter 3.7.     
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Chapter Six: Conclusions and Recommendations 

6.1 Introduction 

Forty-eight small box tests were carried out to relate resistivity with amount of ballast fouling 

based on different types of fouling materials. Among the 48 tests, 18 tests were conducted on 

sample ballast fouled with a series of percentages of subgrade soil, another 17 tests were 

conducted on sample ballast fouled with a series of percentages of Gardner track ballast dust, and 

11 tests were conducted on ballast fouled with a series of percentages of coal dust.    

Section 6.2 contains conclusions developed from the results of density tests of the ballast and 

section 6.3 contains conclusions developed from the resistivity testing with different fouling 

agents based on different moisture contents. Sections 6.4, 6.5, and 6.6 describe the conclusions 

of CBR tests carried out by DCP, resilient modulus tests carried out by LWD, and static modulus 

carried out by plate loading test, respectively. Section 6.7 describes the results from the field test. 

Section 6.8 contains recommendations for future work on this research topic.       

6.2 Dry Density Test of Fouled Ballast 

• The average dry density of the clean ballast was 110.1 lb/ft3. This density was lower than 

all types of fouled samples tested.  All of samples were compacted with the same 

compaction energy. The average void ratio of the clean ballast was 0.54. 

• The proctor test shows that the maximum dry density was for subgrade soil fouled ballast at 

20% fouling and is equal to 127.4 lb/ft3. The Gardner track dust fouled ballast had a 

maximum dry density of 30% having a value of 134.7 lb/ft3. However the coal dust fouled 

ballast has a maximum dry density of about 121.1 lb/ft3 for 10% fouling by weight.  
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• The proctor test sample densities and the average dry densities obtained from the test box 

were consistent.   

• For 10% fouling, all types of fouled samples had almost the same average unit weight. This 

indicates that all types fouling materials settle into the voids of the ballast for 10% fouling 

by weight.  

• The peak of the coal dust fouled ballast decreased as fouling by weight increased from 10% 

to 30%.  The density of the subgrade soil and Gardner track ballast dust increased as 

fouling by weight increased initially, and then decreased after their optimum values of 20% 

and 30% fouling by weight, respectively.   

• The relationship between moisture content and dry density (Proctor curve) with percentage 

of fouling was weak to very weak for all types of fouled ballast.  

6.3 Resistivity Analysis 

6.3.1. Horizontal Probe Resistivity 

• The resistivity of the clean ballast was higher than 440,000 Ω-cm for low water contents. 

• The resistivity of the fouling agents were very small when compared with the fouled ballast 

mix.   

• When using a test box of 32 inches square and a 7 inch Wenner probe spacing, the 

resistance should be measured at a distance of more than 8 inches from the boundary 

parallel to the horizontal probe alignment direction. The current paths are spread almost at 

equal distance to the probe spacing in the horizontal plane when the array is at least this far 

from the boundary. 

• The resistivity of subgrade soil fouled ballast was low and nearly constant for moisture 

content levels above 6%.  Resistivity values for ballast fouled with the Gardner track 
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ballast dust were low and nearly constant for moisture content levels above 5%, and for 

coal dust fouled ballast the resistivity was low and nearly constant for moisture content 

levels above 5.5%. This moisture content required for resistivity definition is referred to as 

“optimum moisture content for resistivity” (OMCR).  

• The exact value of OMCR varied slightly depending upon the amount of fouling agent 

present in the mix. The higher the amount of fouling materials, the higher the OMCR 

observed. OMCR varied most in coal dust fouled ballast, followed by subgrade soil fouled 

ballast.  The least variance was observed in the ballast fouled with Gardner track ballast 

dust.  

• The higher the amount of fouling, the lower the electrical resistance for moisture content 

levels near the field capacity state. The Gardner track ballast dust fouled ballast has a lower 

OMCR and hence has a lower resistance than ballast fouled with other fouling agents for 

moisture contents near its OMCR. For saturated conditions the coal dust has the highest 

resistance, followed by Gardner track ballast dust and then subgrade soil fouled ballast. 

Therefore, water content plays an important role for resistivity detection of fouled ballast 

along with the types and amount of fouling agents.  

• Resistivity of fouled ballast is much lower and more stable for soil samples with a moisture 

content above the OMCR.  

• Resistivity values generally decreased with increased fouling and water content and values 

were generally consistent with those reported by A.J. Rahman (Rahman, Parsons, Han, & 

Glavinich, 2014).  
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• Resistivities estimated by the single point method with a simple multimeter were higher 

than those measured using the Wenner method. Most of the time measurements with a 

multimeter were inconsistent, hence it was considered as less reliable test.  

6.3.2.  Vertical Probe Resistivity 

• The vertical probe designed and constructed at the KU CEAE department generated values 

similar to the horizontal array probe. The apparent resistance from both the methods gives 

almost the same value for similar vertical and horizontal distances, indicating that this 

probe is valid for measurement of the resistivity.   

• The vertical probe measures a higher resistance consistently when compared with the 

Wenner 4 point method in the box test.  This is likely because it also measures the apparent 

resistance caused by insufficient penetration depth.  

6.4 CBR Test 

• The highest CBR was found at 20% fouling by weight in subgrade soil fouled ballast, 30% 

fouling by weight in Gardner track ballast dust fouled ballast, and 10% fouling by weight 

in coal fouled ballast.  

• Strength dropped significantly when moisture content exceeded a threshold value. This 

threshold value was found at higher moisture content for the samples with more fouling. 

Samples with less fouling experienced strength loss at lower moisture contents. This 

threshold moisture was termed as “optimum moisture content for CBR (OMCC)” and this 

value was very similar to the threshold value of resistivity (OMCR).  

• Gardner track ballast dust fouled ballast lost strength quickly as moisture content increased 

above OMCC.  Subgrade soil fouled ballast and coal dust fouled ballast also lost strength 

with increasing moisture above the OMCC, but at a slower rate. 
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• As moisture contents decreased below the OMCC, CBR decreased slightly or 

approximately constant. However, the slope of the CBR versus moisture content below the 

OMCC is very gentle and constant.  

• Coal dust fouled ballast always has a smaller value of CBR when compared with subgrade 

soil fouled ballast and Gardner track ballast dust ballast. However, the coal dust fouled 

ballast CBR, while it decreases with increasing moisture, is not as sensitive to the moisture 

content as the other fouling agents.  

6.5 Resilient Modulus 

• The average maximum values for resilient modulus corresponded to approximately 6%, 

5%, and 5.5% for subgrade soil, Gardner track ballast dust, and coal dust fouled ballast, 

respectively.  Actual values varied slightly based on the percentage of fouling.  These 

moisture contents are represented by “optimum moisture content for resilient modulus 

(OMCMR)”. This value is similar to the OMCR.  

• The maximum resilient modulus of Gardner track ballast dust fouled ballast occurs in a 

narrower range when compared to the subgrade soil fouled ballast and the coal dust fouled 

ballast. 

• For moisture contents less than OMCMR, the resilient modulus has a positive mild slope 

(i.e. increasing modulus with increasing moisture). The resilient modulus at moisture 

contents greater than OMCMR has a steep negative slope (i.e. decreasing with increasing 

moisture).  

• The negative slope after reaching OMCMR of the resilient modulus versus moisture content 

curve is steeper for Gardner track ballast dust fouled ballast than it is for both subgrade soil 

fouled ballast and coal dust fouled ballast.  
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• The Gardner track ballast dust fouled ballast had the highest maximum resilient modulus, 

followed by subgrade soil fouled ballast and coal dust fouled ballast for the same 

percentages of fouling by weight.   

6.6 Static Modulus 

• The average maximum values for static modulus were approximately 6%, 5%, and 5.5% 

moisture content for subgrade soil, Gardner track ballast dust and coal dust fouled ballast, 

respectively and these moisture contents are termed as OMCMS. Actual values varied 

slightly depending on the percentage of fouling.  This is similar to the OMCR.  

• The maximum static modulus for Gardner track ballast dust fouled ballast varies less when 

compared with both the subgrade soil fouled ballast and the coal dust fouled ballast.  

• For the same percentage of fouling material by weight, the Gardner track ballast dust 

fouled ballast has the highest stiffness, followed by subgrade soil fouled ballast and then 

coal dust fouled ballast. 

6.7 Correlation of CBR, Static Modulus, and Resilient Modulus 

• The static and resilient moduli both showed a high degree of correlation for all types of 

fouling agents having r2 values of 0.88, 0.90 and 0.75 for subgrade soil, Gardner track 

ballast dust and coal dust fouled ballast. The slopes of all correlation lines were very 

similar.  

• There was limited correlation between CBR and either static or resilient moduli since r2 

values were around 0.6 or lower.     
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6.8 Field Test 

• Both field sites had more than 15% of fines and moisture contents greater than OMCR 

(10% at site A and 6% at site B). Therefore, these sites were suitable for fouling detection 

by the resistivity method.  

• Resistivity test were carried out and very low resistivity values were measured.  It was 

concluded that the sites were highly fouled. The center of the track was highly fouled as 

compared to the shoulder – which was also supported by the grain size distribution 

analysis. When comparing the two sites, site A had a higher amount of fouling material and 

a higher water content. 

• The CBR of the ballast layer was lower than the CBR of the subgrade at the test sites. It 

was reported that the track line was originally a roadway and had very strong subgrade soil, 

although this was not confirmed.    

• The CBR of Site A was very low when compared with Site B, although Site B also had a 

very low CBR.  

• The resilient modulus of Site B was higher than the resilient modulus of Site A.  

6.9 Recommendations 

The following recommendations are suggested for future research on this topic.  

• Since temperature is another major factor for governing the resistivity of fouled ballast, 

studies on temperature effects on resistivity are recommended. 

• The four probe method is recommended instead of fall of potential method for construction 

of vertical probe.  
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• A mechanical method of compaction with uniform load application throughout the section 

is recommended for the compaction of soil in box tests in future works since errors may 

occur in test results due to non-uniform compaction carried out with the manual rammer. 

•  It is recommended that extensive field testing be carried out to evaluate the validity of the 

resistivity method for practical applications. 
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