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Abstract: This paper presents the quantification of the impact of subgrade stiffness on the prevalence of track geometry defects and deg-
radation of track quality indices (TQIs). The data included in this study come from two high-traffic subdivisions [>50 million gross tonnes
(MGT)/year] in Canada with a total length of 800 km and consist of vertical track deflection (VTD) measurements and 3 years of track
geometry measurements. The VTDmeasurements were used to derive two indices that represent the magnitude and variability of the subgrade
stiffness. An analysis of the data shows that the locations at which defects occur correspond to locations with low modulus (higher VTD) and
high variability of track modulus. A similar correlation is shown with track roughness represented by a TQI. However, the correlation with the
spectrum of TQI calculated was found to be poor. This was attributed to maintenance activities carried out to improve track conditions. The
correlation with the TQI greatly improved when arbitrary thresholds were applied and TQI values above this were treated as geometry defects.
These results show that the locations that have a low modulus and high variability in the modulus are those that are the most difficult
to maintain and at which maintenance is not always able to keep up with the degradation of track geometry. Thus, VTD measurements
evaluate the underlying causes that result in the degradation of track conditions and allow for the identification of sections where poor
track conditions are most likely to develop. DOI: 10.1061/JTEPBS.0000043. This work is made available under the terms of the Creative
Commons Attribution 4.0 International license, http://creativecommons.org/licenses/by/4.0/.

Introduction

Low track modulus and large changes in track modulus have been
identified as causes of an increased rate of degradation of track
geometry and the subsequent development of track geometry
defects (Ebersöhn et al. 1993; Read et al. 1994; Cai et al. 1994;
Sussmann et al. 2001; Esveld 2001; Zarembski and Palese
2003; Davis et al. 2003). The rate of development of irregularities
in track geometry is important because track geometry defects are
the second leading cause of derailments in both the United States
and Canada (Liu et al. 2012; TSB 2013). The influence of subgrade
on track performance has been identified through localized field
measurements, observations, and extensive experience within the
industry. However, it is difficult to make the case to increase track
stiffness when there has not been a means to estimate the improve-
ment in performance or the reduction of the probability of devel-
oping unsafe track conditions. To date, there has been only a
limited quantification of the impact of the track modulus because
there has been no practical means to measure the modulus or as-
sociated vertical track deflection (VTD) under heavy axle loads
over long distances until recently.

The authors have completed extensive trials (over 12,000 km
of measurements) with a VTD measurement system that has
become commercially available (Roghani and Hendry 2016).

The VTD measurements were found to be highly impacted by
variations in the track surface condition; however, filtering out
wavelengths less than 20 m resulted in VTDsub, which is a measure
of the stiffness of the subgrade and the embankment construction
(Roghani and Hendry 2016). Obtaining VTDsub over extensive
lengths of track has presented the opportunity to further investigate
the impact of the track modulus and its variation on the perfor-
mance of track geometry. This paper presents an analysis of
VTDsub and track geometry records to quantify the impact
of VTD and changes in VTD, and thus track modulus and varia-
tions in track modulus, on the degradation of geometry and the
development of geometry defects. The 800 km of data used in this
analysis come from two high-traffic subdivisions separated
by thousands of kilometers in different physiographic regions
of Canada and with different subgrade types. The track structure
on both subdivisions predominantly consists of continuously
welded rail (CWR) and concrete ties. The first subdivision is lo-
cated within the interior plains (a.k.a. the Prairies) and the second
subdivision within the Canadian Shield. This results in a large
database with wide range of track quality and conditions for the
purpose of this analysis.

Measured Data Sets

Vertical Track Deflection Measurements

The VTD measurements were recorded using an MRail rolling de-
flection measurement system that was developed at the University
of Nebraska at Lincoln in collaboration with the Federal Railroad
Administration (FRA) (Norman 2004; Norman et al. 2004; McVey
et al. 2005; Farritor 2006; McVey 2006; Arnold et al. 2006, Lu
2008; Greisen 2010; Farritor and Fateh 2013). The system consists
of a laser and camera that measure the deflection of track at a
distance of 1.22 m toward the center of the car from an inboard
wheel, relative to a datum at the base of that wheel (Fig. 1).
VTD measurements were taken every 0.305 m (1 ft) along the track
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on both rails. This VTD system was used over the two subdivisions
between May and July of 2015. The collected VTD measurements
were processed to calculate VTDsub using the methodology
presented in Roghani and Hendry (2016). In both measurement
runs, the MRail system was installed on a ballast car loaded to
117.7 t and axle load of 29� 1.6 t. The measurement system
was operated within revenue service and, as a result, the weight
of the axles of the adjacent car or locomotive could not be specified,
only measured. The variations in loading of the car or locomotive
adjacent to the measurement system may change VTD measure-
ments and the resulting VTDsub (Roghani and Hendry 2016).
For the Prairie subdivision, the instrumented car was adjacent to
a six-axle locomotive with axle loads of 31.3� 0.7 t, and for
the Shield subdivision, it was adjacent to a freight car with axle
loads of 27.7� 1.4 t.

Track Geometry Measurements

Track geometry measurements are used by the railway industry to
ensure that the shape of the rail allows for the safe passage of trains
at the designated maximum speed of the track (AREMA 2012). The

ability to maintain operable track geometry is the primary function
of the infrastructure beneath the track; thus, the ability of these
structures to maintain this geometry is the metric by which the sub-
sequent analyses defines performance.

Track Geometry Measurements
The geometry measurements used in this analysis included gauge,
alignment, and the surface parameters, including profile, crosslevel,
and warp. These geometry measurements are standardized and
regulated (AREMA 2012; FRA 2007; TC 2011). The gauge is
the distance between two rails measured 16 mm below the top
of rail with a standard gauge equal to 1,435.1 mm (56.5 in.),
the alignment is the horizontal deviation of the gauge side (inside)
of the rail from a line subtended from two points 18.9 m apart on
this surface measured at the midpoint of that line (a.k.a. a mid-
chord offset), the profile is the midchord offset measured verti-
cally on the surface of the rail, the crosslevel is the elevation
difference between both rails on a tangent track, and the warp is
the difference in crosslevel values between two points located
18.9 m (62 ft) or 9.5 m (31 ft) apart along the track. Geometry mea-
surements were also taken every 0.305 m (1 ft) along the track.

Track Geometry Defects
A track geometry defect exists when the measured values of track
geometry exceed threshold values set within regulations (FRA
2007; TC 2011; Table 1). These threshold values are defined based
on an assigned class of track, where the class of track is defined
to limit the speed of trains to match the condition of the track.
According to both Transport Canada and the FRA, Class 1 has
the lowest maximum track speed of 16 km=h (10 mph) and the
highest geometry thresholds, and Class 5 has the highest of
129 km=h (80 mph) and the lowest geometry thresholds. A section
of track is maintained to meet the requirements of its assigned class
and thus the maximum allowable speed. Both subdivisions in-
cluded within this study consisted primarily of Class 3 and 4 tracks.
Short sections of Class 2 track exist within these subdivisions, but
were excluded from this study.

Railway operators often refer to regulated defects as urgent de-
fects. Priority defects are a second category, with stringent thresh-
olds defined by the operator. The threshold values used for priority
defects in this study are presented in Table 2. The list of defects
provided from the track geometry measurements consisted of
3 years of both priority and urgent defects from 15 different runs
of a track geometry car for each study subdivision. The data set for
urgent defects was too sparse (few and far between) for the analyses
presented within this paper; thus, the priority defects and urgent
defects were combined into a single data set and are subsequently
referred to collectively as defects.

A major focus of maintenance activities is to maintain the geom-
etry of the tracks such that defects do not develop. Thus, the devel-
opment of defects is a result of both the track conditions and the
maintenance of the site. The locations of defects are locations at

Deflected rail profile

VTD 
1.22 m

Line extrapolated 
from base of both wheels

Camera

Laser

(a)

(b)

Fig. 1. (Color) (a) Configuration of the MRail system and the defini-
tion of VTD measurement (reprinted from Roghani and Hendry 2016,
© ASCE); (b) photograph of the MRail system installed on a car used
to collect the VTD measurements for this study (image by Alireza
Roghani)

Table 1. Regulated Threshold Values for Defining Geometry Defects for Freight Service Tracks (Data from TC 2011)

Track
classification

Maximum allowable
speed [km=h

(mph)]

Gauge not
less than
[mm (in.)]

Gauge not
more than
[mm (in.)]

Profile
(surface)
[mm (in.)]

Crosslevel
(tangents and curves)

[mm (in.)]

Warp [over 18.9 m
(62 ft) distance]

[mm (in.)]

Alignment
(tangent)
[mm (in.)]

Class 1 16 (10) 1,416.1 (55.75) 1,473.2 (58) 76.2 (3) 76.2 (3) 76.2 (3) 127.0 (5.0)
Class 2 40 (25) 1,416.1 (55.75) 1,466.9 (57.75) 69.9 (2.75) 50.8 (2) 57.2 (2.25) 76.2 (3)
Class 3 64 (40) 1,422.4 (56) 1,466.9 (57.75) 57.2 (2.25) 44.5 (1.75) 50.8 (2.0) 44.5 (1.75)
Class 4 97 (60) 1,422.4 (56) 1,460.5 (57.5) 50.8 (2) 31.8 (1.25) 44.5 (1.75) 38.1 (1.5)
Class 5 129 (80) 1,422.4 (56) 1,460.5 (57.5) 31.8 (1.25) 25.4 (1) 38.1 (1.5) 19.1 (0.75)

Note: The regulations provide these values in imperial units (mph, in., and ft).
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which the maintenance was not sufficient to maintain the track con-
ditions to the standards of the railway operator.

Track Quality Index
Track quality indices (TQIs) are a common metric for track quality,
and they are used to describe the variance, or roughness, of the
available measures of geometry (Hyslip 2002; El-Sibaie and Zhang
2004; FRA 2005; Berawi et al. 2010; Sadeghi and Askarinejad
2010). These indices are useful in that they can be evaluated along
the length of the track and provide a range of values, as opposed to
defects that occur at discrete locations. TQI is not regulated within
the North American railway industry, but it has been suggested that
it should be limited to reduce dynamic forces and thus the rate at
which track components and rolling stock deteriorate (Zarembaski
and Bonaventura 2010). It is used within the following analysis to
provide a representation of the roughness and conditions along the
length of the track.

The standard deviation of the geometric measures evaluated for a
section of track provides a simple TQI that is as representative of
track roughness as more complex formulations for TQI (ORE
1981). A running standard deviation was used to calculate the
TQI for the track profile (TQIPR), gauge (TQIGA), crosslevel
(TQICR), and alignment (TQIAL) [Eq. (1)], where a higher TQI
(standard deviation) shows the track to be rougher and implies that
it is in poorer condition. These TQIs were evaluated over 20 m run-
ning lengths of track to match the filter of the measured VTD data to
which they will be compared (Roghani and Hendry 2016)

TQI ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

N
i¼1 ðxi − x̄Þ2

N

r
ð1Þ

where xi = deviation of geometry parameter measured at point i;
N = number of sequential measurement datum; and x̄ = average
of the data within the sample.

The assessment of performance based on the TQI is complex
because the geometry of the track at any time is as much of a result
of maintenance activities as it is of the performance of the infra-
structure. Poorly performing structures that have undergone recent
maintenance may have close to optimal geometry conditions,
whereas very competent track that has not required recent mainte-
nance may have higher variations in geometry. The impact of main-
tenance is thus expected to obscure the trends in geometry that
develop due to poorer-performing infrastructure.

Evaluation of VTD-Based Measurements

Development of Threshold Values for VTDsub from
AREMA Standards

The published works and research regarding soft subgrades have
quantified the condition of track using a track modulus (u), not
VTD, where u is defined as the ratio of VTD and the pressure

between base of the rail and the underlying ties and foundation
and is a measure of the stiffness of the structure (Cai et al.
1994). Parametric studies have shown u to be primarily influenced
by the subgrade conditions (Stewart and Selig 1982; Stewart 1985;
Selig and Li 1994; Shahu et al. 1999; Shahin and Indraratna 2006;
Rose and Konduri 2006). The numerical analysis conducted by
Selig and Li (1994) concluded that changes in track modulus,
where the modulus is < 28 MPa (4,000 psi), results in substantial
increase in track deflection, rail and tie bending stress, and sub-
grade stresses. Hay (1982) and the American Railway Engineering
and Maintenance of Way Association (AREMA 2012) manual sug-
gested that 14 MPa (2,000 psi) is the minimum value of u required
for satisfactory performance of the track. Similarly, Ahlf (1975)
found through field observations that a track modulus <14 MPa
resulted in track that required an exceptional amount of mainte-
nance to maintain, a track modulus between 14 and 28 MPa
was average, and a track modulus greater than 28 MPa was good.
The terms satisfactory, poor, average, and good used by AREMA
(2012) and Ahlf (1975) are qualitative and describe the amount of
maintenance that is required to maintain the track in an operational
condition. Poorer performance requires more maintenance and
monitoring to ensure operational conditions.

The analyses presented within this paper are conducted with
VTD measurements, and the thresholds for u are converted to
VTDsub because VTDsub can be measured and evaluated. This con-
version was based on Fallah et al. (2016), which showed that the
average u over a 20-m section of track with continuously welded
rail (CWR) could be determined with the Winkler model and the
VTDsub measurement from the MRail system and axle loads. Thus,
conversions for u to VTDsub were developed for both loading con-
ditions (adjacent car or locomotive) using the Winkler model; these
modeled relationships between VTDsub and u are compared in
Fig. 2. It is evident from Fig. 2 that there is very little difference
(< 2%) between the VTDsub values obtained when a locomotive is
adjacent to the instrumented car as opposed to when a loaded rail
car is adjacent. Thus, a single equation was developed to provide a
conversion between u and VTDsub for both of these loading con-
ditions [Eq. (2)]

u ¼ 348.8 × VTD−2.2
sub ð2Þ

where u = track modulus (MPa) and VTDsub (mm). From Fig. 2 and
Eq. (2), VTDsub > 4.4 mm is equivalent to the lower threshold of
u < 14 MPa, and VTDsub < 3.1 mm is equivalent to upper thresh-
old of u > 28 MPa.

The distribution of VTDsub from both study subdivisions is pre-
sented in Fig. 3(a), along with the threshold values for VTDsub de-
rived from the AREMA thresholds for u. Overall, VTDsub has a
normal distribution, where the mean (and median) of VTDsub is
3.7 mm, and the standard deviation (σ) is 0.5 mm. From Fig. 3(a),
the AREMA thresholds provide a reasonable agreement with the
measured distributions, with 12% of the track classified as good

Table 2. Operator Threshold Values That Define Priority Geometry Defects for Freight Service Tracks

Track
classification

Maximum allowable
speed [km=h

(mph)]

Gauge not
less than
[mm (in.)]

Gauge not
more than
[mm (in.)]

Profile
(surface)
[mm (in.)]

Crosslevel
(tangents and curves)

[mm (in.)]

Warp [over 18.9 m
(62 ft) distance]

[mm (in.)]

Alignment
(tangent)
[mm (in.)]

Class 1 16 (10) 1,416.1 (55.75) 1,463.7 (57.625) 50.8 (2) 25.4 (1) 57.2 (2.25) 95.3 (3.75)
Class 2 40 (25) 1,416.1 (55.75) 1,454.2 (57.25) 38.1 (1.5) 25.4 (1) 44.5 (1.75) 57.2 (2.25)
Class 3 64 (40) 1,422.4 (56) 1,454.2 (57.25) 32.7 (1.25) 25.4 (1) 38.1 (1.5) 34.9 (1.375)
Class 4 97 (60) 1,422.4 (56) 1,454.2 (57.25) 25.4 (1) 25.4 (1) 34.9 (1.375) 28.6 (1.125)
Class 5 129 (80) 1,422.4 (56) 1,454.2 (57.25) 19.1 (0.75) 17.5 (0.6875) 28.6 (1.125) 9.5 (0.375)

Note: The thresholds are defined by the operators in imperial units (mph, in., and ft).
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and the threshold 1.2σ below the mean, 78% as average, and 10%
as poor, with the threshold 1.4σ above the mean. The Prairie sub-
division shows a higher prevalence of poor track than the Canadian
Shield subdivision, and thus softer subgrade conditions. The aver-
age range was subdivided at the mean to result in four categories
and increased resolution.

Quantifying the Change of VTDsub

There is no precedent for the quantifying the change in modulus or
the corresponding change in VTD; thus, a metric was devised for
this study. The slope of VTDsub versus distance plot was adopted as
a simple and transparent metric to quantify change of track deflec-
tion (ΔVTDsub) over a distance, where ΔVTDsub is calculated as
the absolute value of secant slope of VTDsub, and distance (d) is the
length of track over which this slope is evaluated [Eq. (3)]. For this
analysis, d was set equal to 20 m to be consistent with the other
metrics and filtering used for the analysis of VTD measurements

ΔVTDsubðxÞ ¼ jVTDsubðxþ d=2Þ − VTDsubðx − d=2Þj=d ð3Þ

The meaning of ΔVTDsub is demonstrated in Fig. 4, which
shows the stratigraphy of an 800-m section of track. Fig. 4(b) plots
the VTDsub measured over this track, and Fig. 4(c) plots the
ΔVTDsub calculated from the VTDsub. An increase in ΔVTDsub
is the result of an increase in slope in the VTDsub plot and corre-
sponds to a higher spatial change of VTDsub and thus u.

The distribution of ΔVTDsub from both study subdivisions
is presented in Fig. 3(b). Fig. 3(b) shows that the 99% of
ΔVTDsub values vary between 0 and 0.05 mm=m within the two
subdivisions evaluated. The folded-normal distribution of ΔVTDsub
is a result of the use of an absolute value within Eq. (3), and results in
a mode of 0 and a mean value of 0.009 mm=m. The Prairie subdi-
vision shows a higher prevalence of high ΔVTDsub. There are no
thresholds that can be adopted to quantify the track conditions based
onΔVTDsub; thus, arbitrary values are imposed that divide the track
into four sections that comprise equal lengths of track (quartiles).
This division is based on the cumulative distribution of ΔVTDsub
presented in Fig. 3(c), where the 25, 50, and 75% quartile thresholds
correspond to ΔVTDsub values of 0.003, 0.008, and 0.013 mm=m.

Impact of VTD on Track Geometry

This section presents the quantification of the impact of the track
deflection parameters VTDsub and ΔVTDsub on the prevalence
of defects and high values of the TQI that imply poor-performing
track with an increased probability of developing unsafe track
conditions.

VTDsub , ΔVTDsub, and the Development of Geometry
Defects

The defect data are composed of discrete locations at which priority
and urgent threshold values were exceeded. The comparison of the
location of defects and the VTD measurements was based on
the coordinates from the global positioning systems (GPS) used
for the measurements. Both the GPS used for the track geometry
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malized number such that the area under the curve is equal to 1

© ASCE 04017029-4 J. Transp. Eng., Part A: Syst.

 J. Transp. Eng., Part A: Systems, 2017, 143(7): 04017029 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

U
N

IV
E

R
SI

T
Y

 O
F 

A
L

B
E

R
T

A
 L

IB
R

A
R

Y
 o

n 
06

/2
8/

17
. C

op
yr

ig
ht

 A
SC

E
. F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

ri
gh

ts
 r

es
er

ve
d.



and the VTD measurements had a specified R95 (the radius of a
circle centered at the true position, containing the position estimate
with probability of 95%) of 3.7 m. Thus, the VTDsub andΔVTDsub

evaluated at the location of each identified defect were the average
of the values measured within 7.4 m of the defect. These results
were found to be insensitive to the variation of this 7.4-m window
from 1 to 10 m; this insensitivity is attributed to the 20-m filtering
applied to generate the VTDsub.

This defect data were analyzed to determine the prevalence of
defects per kilometer of track within the different categories defined
by the divisions of VTDsub and ΔVTDsub. Thus, the combined de-
fects from both subdivisions were sorted into one of 16 categories
based on the four divisions of VTDsub and ΔVTDsub. The number
of defects within each of these categories was divided by the num-
ber of kilometers of track within each category to allow for a com-
parison of the intensity of the occurrence of defects generated by
each classification of track. The results of this categorization are
presented in Fig. 5 for Class 4 track and Fig. 6 for Class 3 track.
There were too few alignment defects to include in this analysis,
with no Class 4 alignment defects and only 50 Class 3 alignment
defects (or 3% of total number of defects).

Surface defects and gauge defects make up 30 and 70% of
the total number of Class 4 defects, respectively. Figs. 5(a)
and 6(a) show a strong relationship between gauge defects and
ΔVTDsub, but not with VTDsub, with the highest number of
defects occurring with high ΔVTDsub and over the stiffest track
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(good VTDsub). The authors hypothesize this is the result of higher
dynamic loads that occur at transitions between differing track
moduli, a mechanism suggested in Li et al. (2015), with the stiffest
track providing less attenuation for impacts. The number of defects
over the track with the most consistent VTDsub (low ΔVTDsub)
suggests that there is only a very small contribution by factors not
represented within this comparison. Figs. 5(b) and 6(b) show a
strong relationship between surface defects and both VTDsub and
ΔVTDsub, with the highest number of defects occurring with high
ΔVTDsub and poor VTDsub. These surface defects appear to be the
result of both high deflections (low stiffness) and dynamic loads
resulting from the changes in stiffness. The very small number of
defects occurring where there are good VTDsub and low ΔVTDsub
suggests that these two metrics describe the primary conditions that
result in surface defects. These trends between gauge, surface de-
fects, VTDsub, and ΔVTDsub were found to be consistent between
the two subdivisions, with only slight variations in the magnitudes.

The surface defects [Fig. 5(b)] can be further divided into warp
[Fig. 7(a)], crosslevel [Fig. 7(b)], and profile [Fig. 7(c)] defects,
each with a distribution within the VTDsub and ΔVTDsub classifi-
cations. These plots show that the highest frequency of warp, cross-
level, and profile defects occur with poor VTDsub and high
ΔVTDsub. Both VTDsub andΔVTDsub contribute to the generation
of defects, though warp and profile defects show a greater impact of
ΔVTDsub [Figs. 7(a and c)]. Similar correlations were found be-
tween Class 3 warp, crosslevel, profile defects, and VTDsub and
ΔVTDsub from both subdivisions (Fig. S1).

The significance of poor VTDsub and high ΔVTDsub on the de-
velopment of surface defects is evident from all the plots presented
in Fig. 7. The number of Class 4 warp, crosslevel, and profile de-
fects per km generated at locations withΔVTDsub from the highest
25% was 2.6, 1.2, and 2.8 times that from the remaining 75% of the
track, respectively [Figs. 7(a–c)]. Similarly, the number of Class 4
warp, crosslevel, and profile defects per km generated at locations
with poor VTDsub was 1.0, 1.7, and 1.7 times that from the remain-
ing 82% of the track [Figs. 7(a–c)].

VTDsub, ΔVTDsub, and Track Geometry Roughness

An examination of the VTD and TQI data was conducted to observe
whether locations with higher VTDsub and ΔVTDsub correspond to
higher local TQI values obtained from one measurement of track
geometry. This examination showed that elevated TQI coincided
with two cases of VTD: the first are locations with elevated
VTDsub and ΔVTDsub, and the second are locations with elevated
ΔVTDsub but lower VTDsub. An example of the first condition is pre-
sented in Fig. 8, which shows a 2-km section of track of poor track
conditions (VTDsub ≥ 4.4 mm) with more competent track on both
ends [Fig. 8(a)], with high ΔVTDsub at transitions and variations
of stiffness [Fig. 8(b)]. TQI measures, excluding TQIGA, increase
within the section of poor VTDsub [Figs. 8(c and d)]. Local peaks
in TQI, including TQIGA, are coincident with peaks in ΔVTDsub
[Figs. 8(c and d)]. An example of the second condition is presented
in Fig. 9, which shows an 800-m section of track of average to good
track conditions based on VTDsub [Fig. 9(a)], with a 270-m section of
track with high ΔVTDsub [Fig. 9(b)]. TQI measures increase within
the section of high ΔVTDsub [Figs. 9(c and d)], though the VTDsub
alone would suggest this to be a relatively competent structure.

Plots of TQICR versus VTDsub are presented in Fig. 10(a) and
TQICR versus ΔVTDsub in Fig. 10(b). The plots in Fig. 10
show that at any given VTDsub or ΔVTDsub, there is a spectrum
of TQICR values that result in a poor correlation, with a coefficient
of determination (R2) of 0.38 and 0.40 from the linear regression.
Plots for TQIPR, TQIGA, and TQIAL show very similar plots, with

R2 values ranging from 0.35 to 0.56. Because these regressions are
developed from 2,235,328 data points, there is a >99.9% proba-
bility that an underlying correlation between increasing TQI,
VTDsub, and ΔVTDsub exists (Smith 2015). Nonlinear correlations
and further data processing to match the peaks of TQI and
ΔVTDsub that are offset from one another (Fig. 8) to account for
the accuracy of the GPS locations and selection of TQI from differ-
ing track geometry measurements did not result in a stronger rela-
tionship between TQI, VTDsub, and ΔVTDsub. This relationship is
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obscured by the impact of maintenance. The authors have not
included the equations so they are not used to predict track
conditions.

A simpler comparison between TQI, VTDsub, andΔVTDsub can
be shown with the distribution of TQI values within the differing
catagories of VTDsub and ΔVTDsub (Fig. 11). Fig. 11(a) presents
the skewed, but similar, distributions of TQIPR values from both the

Prairies and Canadian Shield subdivisions from a single measure-
ment of track geometry; similar plots of the distributions of TQICR,
TQIGA, and TQIAL are presented in Fig. S2. The range of values for
the TQI is between 0.5 and 5.0 mm, with the exception of TQIAL,
which has a narrower range of 0.5 and 3.0 mm. Fig. 11(b) presents
the distributions of the TQIPR for track divided into subsets of good
and poor VTDsub, and Fig. 11(c) presents the distributions of the
TQIPR for track divided into subsets of high and lowΔVTDsub. It is
clear from the distributions presented in Figs. 11(b and c) that the
trend of higher VTD metrics resulting in higher TQIPR values does
exist within the data. There is a significant amount of overlap in the
distributions of TQIPR for the different catagories of VTDsub and
ΔVTDsub; this was also evident in this data as plotted in Fig. 8,
and again shows the inability to predict TQIPR from VTDsub and
ΔVTDsub. The poor and high categories show a wider distribution
[Figs. 11(b and c)], whereas the good and low categories show a
more concentrated distribution. From Figs. 11(b and c), the catego-
ries of VTDsub are a slightly better discriminator of expected TQIPR
than the categories of ΔVTDsub because the difference between
the peaks (modes) in Fig. 11(b) is greater than those in
Fig. 11(c). However, the categories ofΔVTDsub appear to be better
indicators of high TQIPR because they show very similar densities
for the differing categories of VTDsub for TQIPR > 4 mm
[Fig. 11(b)], in contrast to the large difference between the densities
between the differing ΔVTDsub categories [Fig. 11(c)]. Similar ob-
servations can be made for the distributions of TQICR, TQIGA, and
TQIAL, which are presented in Fig. S3. The exceptions are the re-
lationship between the alignment and crosslevel with the VTDsub,
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for which the distributions for good and poor VTDsub were nearly
identical, suggesting that VTDsub does not impact the roughness of
the alignment and crosslevel.

The contrast between the strength of the relationship between
defects and VTD but not between TQI and VTD led to further
examination of the TQI distributions to determine why this differ-
ence exists. The authors suggest that this difference is a result of the
use of threshold values for geometry in the evaluation of defects
versus analyses of the full spectrum of possible TQI values. Addi-
tionally, poor VTDsub and high ΔVTDsub have a much higher rep-
resentation at higher values of TQI (Fig. 11). Thus, an arbitrary
threshold of 3.0 mm was applied to the TQI, and the locations that
exceeded this value were given the same treatment as the geometry
defects. The sections of track from both subdivisions were divided
into 16 categories based on VTDsub andΔVTDsub. Figs. 12(a and b)
show the percentage of total amount of track with TQIGA and
surface-related TQI (TQIPR and TQICR) that exceed the 3.0-mm
threshold. The correlation between TQIGA and surface-related TQI
was strong withΔVTDsub and showed no correlation with VTDsub.
This shows the significance of ΔVTDsub in development of poor
track roughness, with the average percentage of track with
TQIGA > 3.0 mm increasing from 9.4 to 19.6% when ΔVTDsub
changes from low (<25%) to high (>75%). This impact is even
more pronounced for the surface-related TQIs, where a change
in ΔVTDsub from low to high increases the average percentage
of track with TQI > 3.0 mm from 21.0 to 47.2%.

The surface-related TQIs [Fig. 12(b)] could be further divided
into TQIPR [Fig. 13(a)] and TQICR [Fig. 13(b)]. TQICR shows a
strong correlation with ΔVTDsub, whereas for TQIPR, both

VTDsub and ΔVTDsub contribute. A sensitivity analysis was also
conducted on the threshold value for TQI. It was found that these
trends become obscure if the threshold is reduced below 2.5 mm,
and remain strong with increasing thresholds until the data set
above the threshold becomes too small to trend.

Conclusions

More than 800 km of VTD and track geometry measurements from
two subdivisions from different physiographic regions of Canada
were processed to evaluate the impact of substructure condition on
track performance. The substructure condition was quantified by
both VTD and track geometry measurements. The VTD measure-
ments were filtered for a VTDsub that is representative of the sub-
grade conditions and was put into context with AREMA suggested
track modulus values. The slope of the VTDsub versus distance,
ΔVTDsub, was used to quantify changes in track stiffness as they
appear within VTD measurements. The geometry measurement
data consisted of 3 years and 15 measurements of priority and ur-
gent defects and track quality indices from the two subdivisions.

From the analysis of VTDsub andΔVTDsub, and the comparison
to generation of priority and urgent defects and TQI, the following
conclusions were developed. The geometry of the track, represented
as the geometry measurements or as TQI, does have an underlying
relationship with the subgrade conditions, more so with changes in
VTD (ΔVTDsub), and thus variation of modulus, than the magni-
tude of VTDsub. This relationship is obscured in the data due to the
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effects of maintenance that is regularly carried out to minimize the
development of poor track conditions. The use of threshold values
for both the track geometry measurements to obtain defects and for
the TQI shows a strong correlation with VTDsub and ΔVTDsub.
These results show that the locations that have a low modulus
(higher VTD) and a high variability in the modulus are those that
are difficult to maintain and at whichmaintenance is not always able
to keep up with the degradation of the track geometry. These VTD
measurements evaluate the dominant causes of degradation of track
conditions and allow for the identification of sections where it is
most likely that maintenance will not always be able to keep up
with degradation even if maintenance has done so recently.

The two subdivisions showed similar distributions of VTDsub,
ΔVTDsub, TQI, and defects per kilometer despite being in different
physiographic regions. This similarity provides some confidence
that these results and relationships are more widely applicable.

All the threshold values, with the exception of those in regula-
tions, should be optimized for the specific conditions and goals of a
railway operator and the class of track before adopting them for the
assessment of track.
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