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1 INTRODUCTION 
 
Combining the unprecedented advancement of tech-
nologies with the new era of big data and data ana-
lytics, the railroad industry is presented with a novel 
tool to improve operational efficiency and safety. By 
identifying the correlations and anomalies from the 
data collected by various technologies, railways can 
make targeted and timely decisions for operation, in-
spection and maintenance (Zarembski 2020). 

A variety of sensors installed on rolling stock 
have been used to identify unfavourable conditions 
of vehicle and track interaction. For example, by us-
ing data collected from the accelerometer sensors in-
stalled on a locomotive wheel axle, bogie frame and 
carbody, a Vehicle/Track Interaction (V/TI) moni-
toring system has been developed and applied to 
both freight and passenger railways. Based on the 
pre-set thresholds for different type of conditions, 
daily exception lists are sent to railways after a vali-
dation process to remove false positives. A cluster 
algorithm has been developed to identify high de-
railment risk locations where repeated low V/TI ex-
ceptions happen (Clark et al. 2015). Another system, 
Instrumented Revenue Vehicle (IRV), uses accel-

erometers, stain gauges and displacement sensors 
mounted on the wheelset, bogie, coupler and car-
body. It has been used by heavy haul freight rail-
ways especially in iron ore operations (Thompson et 
al. 2016). A web-based reporting system is used to 
communicate the exception and other results to rail-
ways.  The use of data visualization provides a use-
ful tool to prioritize track maintenance. Besides us-
ing acceleration responses of rolling stock, another 
method to monitor vehicle / track interaction more 
directly is to measure the wheel / rail forces using 
the Instrumented Wheelset (IWS).  The IWS tech-
nology turns a regular wheelset into a dynamic load 
measurement device for recording real time forces 
during operation along the entire track length. It has 
been widely applied by the industry since the 1980’s 
to assess the operational safety of newly designed 
rail vehicles in short-term field tests and under spec-
ified conditions (Association of American Railroads 
2015, International Union of Railways, 2019). A re-
cent review paper (Bernal et al. 2019) has summa-
rized a number of other application cases by IWS or 
an alternative force sensor.   

Two demonstrations of using IWS technology in 
revenue operation have recently been reported 
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(MTA/New York City Transit et al. 2019, Liu et al. 
2019, Liu et al. 2020). These demonstrations, of the 
longest reported duration to date, show that IWS 
technology has sufficient durability for continuously 
monitoring track conditions during long-term reve-
nue service. Deploying IWS in revenue operation 
opens some new opportunities to uncover the previ-
ously unknown issues that are closely associated 
with operational safety (MTA/New York City 
Transit et al. 2019).  It also poses some challenges. 
First, an efficient tool is required to manage, clean, 
and align large volumes of time series data collected 
by IWS in the long term operation. In order to iden-
tify track locations of high risk, development of ef-
fective algorithms is needed. It is essential to over-
come the difficulty associated with the large scatter 
due to varying speed, car loads, weather and other 
uncontrolled conditions.  

A rail data integration and analytics system 
(RDIAS) developed to address these challenges is 
presented in this paper. The system has been suc-
cessfully applied to the data collected during a one-
year period of track monitoring using an instrument-
ed iron ore car in a mountainous area with heavy 
grades and sharp curves. A number of successful 
case studies will be presented to demonstrate how 
RDIAS has assisted the railway to improve the sys-
tem operational performance and safety.  
 
 
2 TEST OF INSTRUMENETED CAR IN 

REVENUE SERVICE  
 

2.1 Heavy Haul Railway QNS&L 

The data used in the present study was collected by 
an instrumented iron ore car equipped with IWS and 
other sensors. The test car as shown in Figure 1 was 
used in revenue operation for approximately one 
year on the Quebec North Shore and Labrador 
(QNS&L) railway. Canada’s largest iron producer, 
Iron Ore of Canada (IOC) relies on QNS&L for 
maintaining an efficient and safe railway service be-
tween its mining and processing facilities, located 
near Labrador City (in the province of Newfound-
land and Labrador), and the company’s shipping 
port in Sept-Îles, Quebec. The QNS&L is a heavy 
haul railway, running 10 trains per day over 260 
miles (418 km) of track in a mountainous area with 
45% being in curves. Among 542 curves 18% are 
higher than 5 degrees. The highest grade is about 
1.32%. A regular QNS&L unit train hauls up to 
25,200 tonnes of iron ore with 240 cars and spans 
four kilometres. Operating in a mountain territory 
with heavy grades and many sharp curves, QNS&L 
has been facing challenges of gauge widening and 
plate cutting in recent years. 

 
 

 

 
 

Figure 1 Ore Car Instrumented by IWS 

 

2.2 Test using Instrumented Wheelset (IWS) 

Two instrumented wheelsets, as well as other sensor 
technologies to measure acceleration, weight, dis-
placement and coupler forces were installed on an 
ore car in long-term revenue operation. The instru-
mentation hardware design and implementation were 
proved to be sufficiently durable to tolerate harsh 
operating conditions on track and when unloading 
by car dumper at the port. The instrumented ore car 
was deployed intermittently by QNS&L in operation 
between November 2018 and November 2019. 
Overall, 41 round trips of good quality data were ac-
quired. A detailed description about the instrumenta-
tion and test can be found in a previous paper (Liu et 
al. 2020). 

An IWS is a standard railway wheelset that is in-
strumented with sensors. A special algorithm, com-
bined with an on-board data acquisition unit, make 
the wheelset as a dynamic load measurement device. 
When placed under a railcar it provides continuous 
measurement of vertical, longitudinal, and lateral 
forces acting at the wheel/rail contact point. In its 
current state of development, the IWS is a powerful 
research and certification tool that is typically used 
for limited durations and during manned operations 
in freight and passenger systems. Implementing the 
IWS in long-term revenue service will bring tremen-
dous benefits to the railway industry as demonstrat-
ed in the present and previous studies.  
 
 
3 RAIL DATA INTEGRATION AND 

ANALYTICS SYSTEM (RDIAS) 
 

3.1 Traditional data processing method 

The traditional method for processing IWS data is a 
manual one, where data files are collected and stored 
in a directory or ftp site. Engineers scan and review 
the files using various analysis and plotting tools. 
Procedures are developed in various software plat-
forms, such as Excel, MatLab, Datasp, imc Studio 
and LabView. Manual processes are applied to re-



move bad data, align files according to their track 
location, apply filters and calculate relevant perfor-
mance indices. The analysis process can take from a 
few days to a few weeks, dependent on data volume. 
A report with the obtained results is then prepared 
and delivered to railway operators to support their 
business processes.  

Manual manipulation and review of large datasets 
is cumbersome, slow and subject to human error. 
Although various functions and procedures can be 
developed in the software packages for processing 
multiple data files, there exist no autonomous infor-
mation flow from IWS sensor to the railway opera-
tors.  The timely information such as high risk loca-
tions or previously unknown issues is essential for 
railway managers to make prompt operation and 
maintenance decisions. Although the manual ap-
proach is sufficient for the design assessment and re-
search purpose, it cannot provide the information in 
a timely manner. 

3.2 Automatic data processing method 

The RDIAS, a data management, processing and an-
alytics system, has been developed based on Mi-
crosoft’s SQL Server Integration Services (SSIS) 
which is an enterprise-level data integration and data 
transformation solution. The RDIAS is consisting of 
data pipeline ETL (extraction, transformation and 
loading), multi-dimension database, data analytics 
and result dashboard (Figure 1Figure 2). The data 
pipeline uses the SSIS solution to extract and trans-
form information from IWS raw data and other data 
sources, then perform raw data cleaning, location 
aligning and data filtering. RDIAS integrates raw 
data in a variety of formats and consolidates data 
from an IWS instrumented car, track geometry car, 
infrastructure data, maintenance information and 
weather stations. The load process then packs the 
processed data into a multidimensional database 
(MDB). Various analytics processes are applied to 
transform the raw data into result database where the 
performance indicators are aligned with various di-
mensions (or conditions).  The data in the result da-
tabase gets queried and retrieved with data report 
and visualization tools such as Tableau. The report 
in plot or tabular format can be readily retrieved 
from a number of interactive dashboards that are re-
freshed on a weekly, daily, or even hourly basis.  
  

 
Figure 2 RDIAS Data Pipeline 

 

3.3 RDIAS Application in revenue service 

In the one year of revenue service on QNS&L track, 
a big dataset of more than 640 million rows with 38 
columns has been recorded by the IWS instrumented 
car. A hybrid method that stores data in database and 
file system are used to efficiently handle such large 
datasets. The metadata for the IWS and other sensors 
is first extracted from raw data in the data pipeline 
(Figure 1Figure 2). The different runs over the same 
track segment are then aligned by the track milepost 
which is converted from GPS coordinates using a 
fast geography algorithm developed for RDIAS. 

A segmentation process is important to identify 
the track conditions associated with the measured 
IWS and other exceptions. The applied segmentation 
method in the present study is mainly based on track 
curvature. The other track features such as track fas-
tener type, maintenance status and track geometry 
have been also taken into account. Although not in-
cluded in the following case studies, two IWS force 
based parameters, truck side lateral force (TSLF) 
and peak to peak vertical force (PPVF), have been 
proposed and applied to identify high force curves 
for the targeted track maintenance (Liu et al. 2020). 
These parameters, together with lateral to vertical 
force ratios are calculated for all track segments and 
stored in a multidimensional SQL database. An im-
portant feature of the RDIAS is its flexibility for 
adding data from other sources such as maintenance 
records, the latest track geometry measurement and 
weather stations. The available data reflecting vari-
ous track and operation conditions can be easily in-
tegrated into the multidimensional database for the 
better analytics.  

The analytics is done by querying and correlating 
the result in the database with various dimensions 
(conditions). An important method used in RDIAS is 
to design multiple dashboards for querying and ex-
ploring relationships. A modern analytics and visual-
ization platform, Tableau (Tableau Software 2021), 
is used in RDIAS for this purpose. Well-designed 
Tableau dashboards allow the analytics being per-
formed graphically and interactively by a few mouse 
clicks. The Tableau is also used as reporting tool for 
QNS&L managers to filter and retrieve results di-
rectly from web dashboards.  

As an example, Figure 3 shows a dashboard used 
in RDIAS. Each point in the figure represents a 
force value measured from a separate run over the 
same track location. It is designed to trend the force 
changes for assessing the effectiveness of mainte-
nance. In the prior remote monitoring study for a 
subway system (MTA/New York City Transit et al. 
2019), it has been found that such trending method 
has been very effective to monitor some unexpected 
changes in the railway system. In the present exam-
ple, Figure 3 illustrates the lateral force reduction af-
ter a tamping activity. The user first selects what 



force parameter as performance indicator. The truck 
side lateral force, or TSLF, is selected in Figure 3. 
Then the interested track segment (curve 46B in the 
example) and time period (21 June – 28 November) 
are selected. It can be seen that the lateral force 
TSLF has been reduced after the maintenance. One 
particularly high force point after tamping is shown 
on October 13. After checking the raw data it is de-
termined that the instrumented car has been over-
loaded in operation that day. Using the bigger and 
smaller circles to represent, respectively, loaded and 
empty trains, the dashboard in Figure 3 indicates that 
the tamping activity has helped to reduce the lateral 
force of the loaded trains more than the empty trains. 
 

 
 

Figure 3 A Sample RDIAS Dashboard 

 
In addition to the analytics conducted by using 

the Tableau dashboards, comprehensive correlation 
and comparison analyses have been performed for 
the time history force data. The large scope analysis 
for the big time series datasets (more than 640 mil-
lion rows) have been empowered by the integrated 
database and a number of RDIAS tools developed in 
Python, Excel and C#. Most case studies in the fol-
lowing section have been conducted by using these 
tools. By applying the RDIAS system, timely analy-
sis has been performed and some important findings 
have been reported to QNS&L for making mainte-
nance decisions during the in-service test period. 
 
 
4 CASE STUDIES  

4.1 Mitigation of high L/V risk on multiple curves 

The lateral to vertical force ratio (L/V) measured by 
IWS can be used to identify curves that have higher 
risk of wheel climbing. The leading high wheel L/V 
is widely applied by the railway industry as an 
important indicator of wheel climbing risk. A 
threshold of L/V ≥ 1.0 is used to identify sites with 
excessive L/V, which is considered as the condition 
for high risk of wheel climbing (Association of 
American Railroads 2015).  

For empty train operation, 22 curves have been 
identified by RDIAS system that poses higher wheel 

climbing risk. The L/V ratio recorded on these 
curves has been found to be higher than 1.0 as 
shown in Figure 4.  The large scatter in L/V ratios 
shown in the figure at the same location has been 
discussed in previous studies (Huang et al. 2011, Stock 

et al. 2015). It has been found that the friction condi-
tion and wheel / rail profile are the dominant factors, 
while car weight and speed also play important 
roles. A method to classify the curves (as shown in 
Figure 4) based on 95th percentile of L/V values has 
been employed in RDIAS in order to overcome the 
difficulty related with large variance.  

The 2019 maintenance plan of QNS&L has been 
developed from the previous track geometry data 
and field inspections. By comparison, it is found that 
only 9 of these curves (as marked by yellow circles) 
have been included in the 2019 tamping plan. It is 
therefore recommended that other 13 curves be in-
cluded in the 2020 maintenance plan in order to re-
duce wheel climb risk for empty trains.  

For the loaded trains, only one curve (C93E) has 
been found to have L/V ratio values close to 1.0 at 
the leading high wheel. This curve has not been 
identified by manual and track geometry car inspec-
tion. In order to mitigate the risk, QNS&L has de-
cided to add the curve in the 2019 tamping plan. 
This case study indicates that, using data collected 
from the in-service test by IWS instrumenetd car, 
RDIAS can help identify high L/V curves with 
potential risk of derailment that are unknown to the 
railway. With this information the railway can apply 
a predictive maintenance activity to reduce the risk 
in its operation. 

 
 

 
 

Figure 4 High L/V Sites (22 curves)  

 



4.2 Lubrication and High L/V Ratio 

To further examine curves where high L/V has oc-
curred, the measured L/V are plotted against mile-
post in Figure 5 and Figure 6 for two curves. In 
these figures, one or two high L/V zones or “bumps” 
can be seen on the high rail side where the L/V has 
risen above the quasi-static level to a value greater 
than 1.0. The length of the high L/V zones are typi-
cally 20 to 80 feet.  

L/V versus milepost relationships collected from 

different runs are also shown in Figure 5 and Figure 

6. The consistent curves confirm good alignment of 

test data integrated in RDIAS and also demonstrate 

the excellent repeatability of the IWS technology. 

The repeat high L/V events have validated the con-

cerns regarding wheel climb risk.  Most of the high 

L/V runs have occurred during the middle of sum-

mer where dry and therefore high friction on the rail 

surface is expected. Previous studies (Roney et al. 

2009, Stock et al. 2015) have concluded that high rail 

surface friction is one of the main causes for high 

lateral force and L/V ratio.  
 

 
 

Figure 5 L/V vs Milepost on Curve C20B 

 

 
 

Figure 6 L/V vs Milepost on Curve C30C 

 
With the L/V information, QNS&L conducted a 

number of thorough inspections to these curves. It 
has found that all the high L/V curves, except curve 
C20B, have experienced some track geometry is-
sues. However, these track geometry variations have 
not been categorized as high priority defects. The 

L/V results have therefore provided the previously 
unknown information for inclusion of these curves 
in QNS&L’s planning process.   

Consider Curve C20B (Figure 5) where three 
IWS measurements conducted on 15th, 17th and 
19th August 2019, repeatedly have identified a high 
L/V peak at the south end of curve body on the 6-
degree curve. However, a review of track geometry 
data collected on July 11 July 2019 has not found 
any noticeable track geometry issue. Two walking 
track inspections on the track segment conducted 
since then have found more grease in this area on the 
high rail side. The L/V ratio on high rail in curves 
can be higher for the lubricated than the dry gauge 
face, especially when the top of low rail is under a 
dry (high friction) condition. This could be the case 
at C20B as QNS&L inspectors have observed the 
evidence of grease contamination at the rail base of 
the curve. They also observe that track sites with ex-
cessive wide gauge and plate cutting often have 
more grease on high rails.  
 

 
 

Figure 7 L/V of Dry and Wet Rails on Curve C20B  

 

 
 

Figure 8 L/V of Dry and Wet Rails on Curve C30C 

 
According to the industry’s best practices, high 

lateral forces and L/V ratios on curves can be re-
duced by managing friction level on top of low rail 
to a proper value (0.3 – 0.35) (International Heavy 

Haul Association 2015). Figure 7 and Figure 8 show 
the comparison of the measured L/V ratios under dry 
(no rain) and wet (with rain) conditions, for curve 
C20B and C30C respectively. It can be seen that 
L/V values under the wet condition are much lower 



than under the dry condition. The results clearly 
demonstrated the impact of friction condition on 
wheel / rail forces. When the top of rails is “lubricat-
ed” by rain the high L/V peak under the dry condi-
tion disappeared. 

The dry and wet conditions have been identified 
by the weather station data integrated in the RDIAS 
system. By aligning the train passing date and time 
with weather station records, it has been found that 
the three August trains have been under dry condi-
tions as the recorded precipitation values being all 
zero from the morning to the afternoon. On the other 
hand, the empty train pass on September 14 has been 
clearly under wet rail condition because of rain 
(non-zero precipitation) recorded continuously in the 
last 6 hours including the time when the train run-
ning over the curve. This suggests a lower friction 
on the top of rails. 

Based on IWS data measured under wet and dry 
conditions, the present case study suggests the need 
to apply the best industry practise to manage the 
friction on top of rail in order to reduce high L/V ra-
tio. The IWS measurements during rain condition 
shows that the reduced friction can result in a signif-
icant reduction in the forces on curves and will allow 
the railway to extend the life of rail assets. QNS&L 
is considering the implementation of Top-of-Rail 
friction management program.  

 

4.3 Effects of Track Geometry and Maintenance 

A special track geometry survey has been conducted 
by QNS&L to support the present study. The meas-
ured track geometry variations, such as curvature, 
gauge, crosslevel, super-elevation, surface and 
alignment have been integrated into the RDIAS sys-
tem. The correlation between IWS force and track 
geometry is an important topic for the industry. 
While this correlation is not the focus of this paper, 
an example is shown in Figure 9 for a 6-degree 
curve (C46B). Clearly, the 5 repeated track align-
ment waves starting from about mile 46.67 induced 
some dynamic responses of lateral forces on both 
high and low rails.  The peak to peak value of the 
dynamic lateral force on high rail is about 19 kips 
and results in the peak lateral force being more than 
50% higher than its quasi-static level. A good exam-
ple demonstrating how the measured IWS forces can 
be used to assess the effectiveness of maintenance is 
shown in Figure 10, which compares the lateral 
forces before and after tamping. It can be seen that 
the high peak to peak value of the dynamic lateral 
forces have been reduced to quasi-static levels after 
an effective tamping program.  

 

 
 

Figure 9 Lateral Force and Track Alignment  

 
 

 
 

Figure 10. Lateral Forces Before and After Tamping 

 

4.4 Monitoring Truck Warping  

In the normal curving case the freight railcar truck 
keeps the bolster and two sideframes oriented ap-
proximately 90 degrees, or a “rectangle” shape. The 
shape is maintained by a stiff wedge connection be-
tween the bolster and two sideframes. In this case, 
the high lateral force only occurs at the leading axle. 
Truck “warping” could happen if the wedge connec-
tion is not rigid enough to prevent the rectangle 
shape (blue line) of truck being forced into a lozenge 
shape (red line), as illustrated in Figure 11. Under 
the warping condition, the truck can generate high 
lateral force also on trailing axle (Wolf 2015) be-
cause the warping shape increases the angle of at-
tack of the trailing axle.  

As shown in Figure 11, the lozenge shape (red 
line) of a warping truck is produced by a relative ro-
tation between the bolster and two sideframes. By 
assuming that angle of attack on the leading axle 
remains the same before and after warping, a move-
ment of the trailing axle toward high rail is required 
when the original rectangle shape (blue line) is 
warped into the lozenge shape (red line) as illustrat-
ed in Figure 11. 
 



 
 

Figure 11. Illustration of Truck Warping (Wolf 2015; the blue 
and red lines have been added by the present authors) 

 

 
 

Figure 12. Increased Lateral Force on Trailing Axle 

 
By monitoring lateral forces on both leading and 

trailing axles under loaded condition, it is found that 
high lateral forces on the trailing axle have occurred 
on many curves. An example is shown in Figure 12 
for curve C13. The lateral force on the trailing axle 
of the IWS truck can be seen to be much lower than 
the leading axle. This represents a normally steering 
truck without warping behaviour. However, the 
force on trailing axle increases dramatically in the 
middle of the curve and reaches the same level as 
the leading axle. Therefore it is suspected that truck 
warping has occurred when negotiating the curve. 
Leveraging the established data integration in the 
RDIAS system, records from multiple trains passing 
the same curve have been examined. The similar in-
creases of the lateral force on trailing axle have been 
observed.  

The contact position recorded by the IWS sensor 
are further reviewed by using the analysis tool for 
time series data in the RDIAS system. As shown in 
Figure 13, it is found that the high wheel contact 
points of all the 6 loaded runs move toward gauge 
side in the middle of the curve. The milepost where 
the contact points make the move in Figure 13 corre-
sponds well with the milepost where the force on the 
trailing axle reaches the same level as the leading 

axle in Figure 12. As illustrated in Figure 11, this re-
sult is a convincing evidence that the truck has expe-
rienced a warping change when negotiating the 
curve. To the authors’ best knowledge, this is the 
first time that the warping process and the accompa-
nying axle moving feature of a freight truck have 
been recorded in service. The data accumulated in 
the RDIAS system can be used for the future study 
on the complicated mechanism of truck warping and 
its triggers. This could help to reduce the unfavoura-
ble curving forces caused by the warping behaviour.  

 

 
 

Figure 13. Trailing Axle Movement 

 
Since the warping behaviour can increase the lat-

eral force on the trailing axle considerably, it can 
lead a high ratio for gauge widening and place cut-
ting. The IWS truck has been equipped with the 
same elastomeric pads used in QNS&L’s iron ore 
car fleet. The pad allows some flexibility between 
axlebox and sideframe, enabling the two axles a lim-
ited ability to “self-steer”, in theory reducing rolling 
resistance and decreasing wheel and rail wear. To 
maintain a high-warping stiffness, the elastomeric 
pad is normally installed on freight trucks equipped 
with a stiff wedge system such as Motion Control, 
Super Service Ride and Split Wedge (Schorr 2015).  
The wedge system used in QNS&L’s fleet is not par-
ticularly stiff, and so it has been suggested to test the 
performance of the IWS truck without elastomeric 
pads. If the warping stiffness is improved by remov-
ing those pads, it would be a simple and cost-
effective solution to the truck warp and high force 
problem. More studies are required to evaluate the 
truck warping performance under a controlled condi-
tion to understand the impact of elastomeric pads. A 
potential penalty of increased wheel wear and fuel 
consumption after removing the pad also need to be 
assessed. 

 
 
5 CONCLUSIONS 
 
A rail data integration and analytics system (RDIAS) 
has been developed. It has been applied to wheel / 
rail force data collected by an IWS and other sensors 



over a one-year in-service test for a heavy haul rail-
way. Based on the advanced data management, 
alignment and analytics technology, RDIAS can 
timely and accurately transform the collected data 
into the actionable information. By using such in-
formation the railway can make maintenance and 
other business decisions in a timely manner.  

Wheel climbing and other risks can be directly 
and timely identified by applying the RDIAS analyt-
ics to big data collected by IWS technology. The 
case studies have demonstrated that the system can 
help heavy haul railways to accurately identify the 
high L/V force locations so as to address the related 
track issues, therefore reducing the derailment risk.   

Trending high force data collected continuously 
during revenue service provides an effective method 
to monitor the stress on track in heavy haul rail sys-
tems. Adding maintenance efforts focusing on the 
high stress track segments can help to extend the life 
of the rail asset. In order to make sure the high stress 
condition is eased or removed, trending force before 
and after the maintenance is necessary.  

The desired correlation between track geometry 
and wheel / rail forces, when established, can help 
the industry shift to a performance-based track 
maintenance strategy for higher efficiency and safe-
ty. The force and track geometry data integrated in 
the RDIAS database can be used to explore and im-
prove the correlation in the future. 

The characteristics of truck warping process rec-
orded in the middle of curves for a rail freight car, 
probably unidentified in previous tests, has been re-
vealed by the RDIAS based analytics. The accumu-
lated data can be used in the future study to under-
stand the vehicle, track and operation conditions that 
trigger such a warping process. Future efforts are al-
so needed to study the effect of the elastomeric pad 
on the truck warping process. 
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