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INTRODUCTION
Description of Occurrence

On 06 July 2013, shortly before 0100 Eastern Daylight Time, eastward Montreal,
Maine & Atlantic Railway freight train No. 2, which had been parked unattended
for the night at Nantes, Quebec, started to roll uncontrolled. The train travelled a
distance of about 7.2 miles, reaching a speed of 65 mph. At about 0115, while
approaching the centre of the town of Lac-Mégantic, Quebec, 63 tank cars
carrying petroleum crude oil, UN 1267, and 1 box car derailed. As a result of the
derailment, about 6 million litres of petroleum crude oil spilled. There were fires
and explosions, which destroyed 40 buildings, 50 vehicles and the railway tracks
at the west end of Megantic Yard. A total of 47 people were fatally injured.

Preliminary examination of the derailment site determined that buffer box car
CIBX 172032, immediately behind the locomotive consist, and the following 63
loaded tank cars derailed on the main track of a 4.25° right-hand curve in the
direction of travel (eastward), covering a No. 11 turnout. The locomotive consist
separated from the derailed cars and split into 2 portions, with each travelling
different distances before they came to a stop. After a significant time, the front
portion of the locomotive consist moved backward (westward) and collided with
the second portion, both moving a short distance further (westward) and coming
to a final stop together.

The derailed buffer box car struck a stationary cut of cars on the siding track. The
following 8 tank cars were scattered in separated jackknifed positions. The next 2
tank cars lay in the direction of the turnout siding, ahead of the main jackknifed
pile-up of the rest of the derailed tank cars among which the fire and explosions
occurred. The last 9 tank cars in the train did not derail. They were disconnected
and removed back and away from the derailment and fire by the locomotive
engineer and emergency responders. An aerial-view photograph of the accident
site is shown in Figure 1.

Background

Train MMA-002 consisted of 5 locomotives, 1 operation control car VB-1, 1
loaded buffer box car, and 72 tank cars loaded with petroleum crude oil. The train
weighed 10 287 tons and was 4701 feet long. The train weight profile is shown in
Figure 2.

The train was operated by a 1-person crew. Before midnight, it came to a stop on
the main track of Station Nantes with an automatic application of the air brakes.
The locomotive engineer applied hand brakes on the locomotive consist and the
buffer car, and then released the automatic brake, but kept the independent brake
(IND) of the locomotive consist in the applied position. The engine of the lead
locomotive, MMA 5017, was kept running at idle to maintain the air brake
supply. The locomotive engineer left the train and went to a hotel for rest, as
indicated in his schedule.
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A fire was detected on the lead locomotive sometime after the locomotive
engineer left (LP181/2013). Local firefighters came and put out the fire. A local
MMA engineering employee was called to attend to the fire site. The engine of
the locomotive was shut down, and the train was left unattended again.
Approximately 59 minutes later, the train started to move down the descending
grades, and accelerated all the way until it reached the town of Lac-Mégantic,
where it derailed.

The lead locomotive, MMA 5017, was equipped with a Quantum Engineering
Incorporated (QEI) locomotive event recorder (LER) version no. S45E, serial no.
0204100033. The recorded data in the “extend log” was downloaded from MMA
5017 by a MMA staff member soon after the accident and provided to the TSB.

The train was also equipped with an end-of-train (EOT) sense and brake unit
(SBU). The SBU was sent to the TSB Engineering Laboratory for examination
(LP 132/2013). The records in the DataFlash were extracted and converted into
Excel spreadsheets. The EOT SBU download data were provided for a
comprehensive analysis of LER and SBU data together.

The TSB investigation team also obtained a copy of the standard report of the
public crossing at Mile 117.11, Moosehead Subdivision, that indicated the
activation of the crossing signal and protection. The time record was calibrated by
an independent crossing company. This record was used as a reference in the
synchronization and calibration of the downloaded LER time records. The
comprehensive analysis of the downloaded LER records, SBU data and the
standard report of the public crossing at Mile 117.11was conducted and a number
of significant events of interest were identified to assist the investigation
(LP136/2013).

Engineering Services Requested

The preliminary investigation found that the train experienced a number of events,
including unattended parking, fire, engine shutdown, runaway, derailment, and
explosion. There were several broken knuckles, including those between the
second and third locomotives, indicating that the locomotive consist had separated
and rejoined. The derailed cars were scattered in several small, jackknifed groups
as well as in a main pile-up. The final positions of the derailed cars and the LER
data analysis suggested that the point of derailment (POD) was likely located
around the west end switch on the 4.25° right hand curve. The excessive
centrifugal force due to the high speed (65 mph at the derailment) may have
caused or contributed to the derailment.

A laboratory project was opened for calculation of the lateral force and the
rollover speed at the POD curve. The preliminary calculation indicated that the
derailment speed was lower than the rollover speed due to the pure centrifugal
force on the curve for the derailed tank cars. A further simulation was conducted
to obtain the longitudinal in-train force at the derailment moment and the
corresponding transformed lateral force. The combination of the centrifugal force
and the transformed lateral force of the in-train buff force could cause the
derailment if the couplers and the tank car were in jackknifed position.

TSB Engineering Branch Final Report



R13D0054 -3- LP188/2013

1.3.3

1.34

1.35

2.0
2.1

211

212

Subsequently, the investigation team obtained the latest track geometry car test
records in form of brush charts dated 21 August, 2012 which showed some
significant geometry irregularities near the switch. These track geometry defects
might generate significant dynamic forces and contribute to the derailment.
However, the digital data of the track geometry record charts was not available
and the track geometry state on the day of occurrence was not known as the track
was destroyed in the accident. It is not possible to determine the exact effect of
the track geometry condition and the resulting dynamic force quantitatively.

The TUV Rheinland Mobility Inc. Rail Sciences Division (TRRSI) was
contracted to conduct a Vampire vehicle/track dynamic simulation to evaluate the
effect of the track geometry. A generalized tank car model developed by TRRSI
was used. As the track and derailed cars were destroyed, it was not possible to
obtain the actual wheel and rail profiles of the first derailed car at the POD.
Standard AAR wheel and rail profiles were used in the simulation.

This LP report describes the calculation of the centrifugal force on the curve
caused by the high speed, the simulated in-train force at the derailment moment,
the available track geometry records and Vampire simulated dynamic response.
The analysis of the combination of the centrifugal force, the dynamic forces
generated by the track geometry and the in-train force helps to identify and
explain the most likely derailment scenario and the contributions of the factors.

CENTRIFUGAL FORCE AND ROLLOVER SPEED AT POD CURVE
Equilibrium Speed and Superelevation

Curved tracks are normally elevated by an amount (superelevation) depending on
curvature to provide a lateral force balance at a given speed. The superelevation is
the height, in inches, that the outer (high) rail of a curve is elevated above the
inner (low) rail. It is intended to balance the effect of centrifugal force.

The weight of the vehicle, acting downward vertically from the vehicle’s center of
gravity (CG), is added to centrifugal force to create a resultant force as shown in
Figure 3:

e A resultant force F that passes through the track centerline indicates balanced
elevation and the weight of the vehicle will be distributed equally between the
high and low rails.

e A resultant that passes to the inside of track centerline indicates over-balanced
elevation.

e A resultant that passes to the outside of the track centerline indicates under-
balanced elevation.

TSB Engineering Branch Final Report
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The equilibrium speed on a curve is the speed at which the resultant of the weight
and the centrifugal force is perpendicular to the plane of the track. The
relationship is

h, = 0.0007DV?

where hy is balance superelevation , inches
D is degree of curvature (100-foot chord)
V is train speed, mph

The MMA requires that the maximum allowable operating speed for each curve
must not produce an underbalance in excess of 1 % inches unless authorized by
the System Office of Engineering. The maximum speed will be computed using
the following formula:

Vmax= sqrt [(ha + u)/ (0.0007D)]

Where Vmax Is maximum allowable operating speed, mph
h, is actual elevation of the outer rail, inches
u is underbalance, inches
D is degree of curvature

The average superelevation in the 4.25° curve located from Mile 0.05 to Mile
0.28 was about 1 % inches, corresponding to a balanced speed of 22 mph.
Typically, for freight trains negotiating this degree of curvature with the
superelevation that existed, train speed should not exceed 32 mph (assuming a
maximum of 1 %2 inches of underbalance).

Lateral Forces on Curve

A rail vehicle travelling on a curved track at a speed generates a centrifugal force,
as shown in Figure 3. The centrifugal force F¢q can be calculated as:

Feg= (W/Q)* V?/R
R=5730/D

where W is the gravity force or weight, in Ibs
g is the gravity acceleration or gravitational constant, 32.16 ft/s/s
V is the speed at curve, feet/sec
R is the radius of curve, in feet
D is the degrees of curve

The centrifugal force F¢q acts at the center of gravity of the vehicle in the lateral
outward direction and transmits to the wheel/rail interface. The elevation h on the
curve transforms a portion of the vehicle weight into a lateral inward force L.

Lo = W* tan (as) = W*h/B

where o is the elevation angle, rad

TSB Engineering Branch Final Report
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h is the superelevation, inches
B is the track width between rail centers, approximately 59 inches.

The net lateral force on the entire car L. is the balance of the centrifugal force and
the lateral portion of weight due to elevation.

Le=Fg-Le
The vertical forces on the outer rail Vo and the inner rail Vi, are respectively
Vour = W/2+ Feg *H/B
Vin = W/2- Fog*H/B
where H is the height of center of gravity of vehicle above rail top, in inches
The lateral force of the entire vehicle on the outer rail is
Lowt=Lc-Vip*f
where fis coefficient of friction between wheel tread and rail top

The lateral forces of a truck side, a wheel on the outer rail and an axle are
approximately,

truck side Lis = Lout/2
wheel Lw = Louw/4
axle ax = Lc/4
Rollover Speeds at POD Curve

Vehicles may roll over outward on curves at high speeds because of excessive
centrifugal force, as shown in Figure 3. The critical condition occurs when the
compound force F resulting from the centrifugal force F.yand the gravity force W
points to the high (outer) rail so the low (inner) wheel will be lifted from the low
rail. Under the critical condition, the following equation exists:

tan (o) =tan (o +o ) = Feg/ W
a; = tan(h /B)
o, = tan™(B/2/H)

where h is the elevation on curve, in inches
B is the track width between rail centers, inches
H is the height of center of gravity of vehicle above rail top, in inches

TSB Engineering Branch Final Report
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The critical rollover speed V, can be calculated as
Feo/ W=(W/g)* V4 /R/W=V?/(gR) = tan (o)
V2= (g R) tan (o)

Vi =sart [(g R) tan (a)]

SIMULATION OF IN-TRAIN FORCE
Train Dynamic Model and Parameters

A longitudinal dynamic model of a train consists of any combination of a number
of different locomotives and a large number of different cars. Only one
locomotive (normally the lead one) takes operational control, while the other
locomotives, which can be located anywhere within the train, will act according to
the control orders from the control locomotive. Cars are passive bodies subject to
dynamic rules and application of traction, dynamic brake (DB) and air brake
forces according to the response output of their air brake systems with respect to
trigger times and air pressures.

Every vehicle, including the locomotives and cars, is modeled as a rigid body
with a mass and length that is supported vertically by trucks and wheel axles, with
a draft gear at each end of the body, and connected by a pair of couplers between
the draft gears of the adjoining vehicles according to the train consist.

The parameters for each vehicle include:

e order number (from the front to the rear of the train),

mass (or weight),

tare weight (light weight, for calculation of brake force),

length,

longitudinal location X0 of the front end at simulation start time,

air brake system type and parameters (braking ratio, friction coefficient etc.),
for each car,

e front draft gear type/initial position,

e rear draft gear type/initial position, and

e ratio of air pipeline length to vehicle length.

Additional parameters for locomotives include:

e traction force chart by throttle levels and speed,
e dynamic braking force chart by DBN and speed, and
e independent braking force state (bail on/off).

Conditions and parameters for the whole train include:

e operation activities in time or mileage series (throttle levels, dynamic braking,
emergency braking, brake air pressure, bail independent brake etc.).
e track grades in mileage series.

TSB Engineering Branch Final Report
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e track curvatures in mileage series.
e initial speed and acceleration (time history as a reference), and
e other initial and boundary conditions.

Dynamic Equilibrium Equations and Solution

A model of a sample vehicle in the train with all applying forces is shown in
Figure 4, and its dynamic equilibrium equations are established according to
mathematics and dynamics rules.

Forces acting on each vehicle include:

e inertia forces (acceleration times mass) F,,

e air brake forces (on each vehicle as a whole, the output of its air brake system
with a trigger time and propagation distance) Fy,

e drawbar forces or in-train force (function of relative displacement and velocity
of the adjoining vehicles) Fps or Fip,

e drag resistance including air resistance (function of speed) and adjust
resistance Fygr,

e curve resistance (function of speed, curvature) F, and

e grade resistance (function of grade) Fy.

Among the above forces, air brake forces and drawbar forces are the most
complex functions involving multiple non-linear parameters. It is conventional
and more convenient to model them as black box subsystems, and to establish
their detailed models in respective libraries of air brake systems and draft gear
systems. For each type of air brake subsystem, or pair of draft gears, a sub model
is used to establish a nonlinear input-output function.

Additional forces on locomotives include:

e DB forces (function of speed and DB level, given by locomotive
manufacturers, or from LER records), and

e traction forces (function of speed and throttle levels, given by manufacturers,
or from LER records).

Dynamic equilibrium condition: The dynamic equilibrium of all forces was
established for each vehicle and assembled for the whole train by setting the draft
gear force between the adjoining vehicles the same.

Friction limit condition: All braking or traction forces on a vehicle could not
exceed the maximum friction force determined by the friction between wheel and
rail, F, <= f *W,, where f is friction coefficient and W, is the tare weight.

Boundary conditions: The drawbar force of the front draft gear of the lead
locomotive, and that of the rear draft gear of the last vehicle were zero, Fy; (0) =
Fur (N) = 0, where N is the total number of vehicles in the train including
locomotives.

Initial condition: A set of designated values were set up at the start moment for
the system variable vectors to run a designated procedure.

TSB Engineering Branch Final Report
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Dynamic differential equations for the longitudinal location X(t) of the front end
(or center) of each vehicle at time t were established. The equations are nonlinear
second order differential equations.

A number of direct time integration algorithms were available to solve the
nonlinear differential equations. The integration time step is an important
parameter that requires careful selection in order to reach a stable and accurate
solution.

Other associated variables that can be calculated and outputted from the solved
basic variables are:

dynamic displacement, velocity, and acceleration/deceleration of each vehicle,
drawbar force at each draft gear (distribution along the train),

maximum drawbar force in the train,

brake distance,

energy consumption, and

propagation of air braking along the train line

Coupler/Draft Gear Elements

The coupler/draft gear elements between adjoining vehicles are one of the two
most complex nonlinear elements (the other is the air brake elements) in train
dynamics models. Adjoining vehicles are connected by the coupler/draft gear
elements that consist of a coupler and a draft gear from each of the two adjoining
vehicles. The coupler is regarded as a rigid body and its mass is ignored, while
the draft gear possesses a nonlinear relationship between the draft gear relative
movement and its reaction force.

As the couplers are connected and the forces on each of them are equal, the
coupler/draft gear elements between two adjoining cars can be modeled separately
or as a whole system converted into a black box with a compound nonlinear
relationship between the inputs (relative movement of the adjoining vehicles) and
the output (the equal drawbar force or coupler force), Fupe=f1 (Xi, X i+1, Vi, Vis1)
as shown in Figure 5.

These black box elements can be established according to the actual pair of draft
gears that are involved in the coupler/draft gear subsystem between the adjoining
vehicles. The pair of draft gears from the adjoining vehicles might be identical or
of different types. The conventional and most efficient method for modeling of
black box elements is to establish a library of black box models corresponding to
the commonly used draft gears.

Air Brake Systems

Air brake elements are another type of nonlinear, complex elements in train
dynamics models. Similarly we can model them by nonlinear black box elements.
The relationship between the input and output is also compound nonlinear, but
could be simplified as a series of linear sections.

Air brake application or in-train initiated emergency (UDE) air braking are
initiated and the brake signal propagates along the train. In the UDE case, after

TSB Engineering Branch Final Report
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the UDE signal arrives in the locomotives, the train information and braking
system (TIBS), if equipped, initiates the end of train (EOT) emergency braking
with an approximate 2 second delay.

At each vehicle in the train, once the air brake signal arrives, the brake pipe
pressure (BP) starts to drop and reaches zero. Then brake cylinder pressure (BC)
starts to build up and reaches the maximum level in a time T,. The BC pressure
pushes the brake shoes to apply a brake shoe force on the wheel. The retarding
braking force Fy can be expressed as:

Fb = Rb*W*f*BC/BCmaX

Where Ry, is the braking ratio
W is the weight
f is the coefficient of friction
BC is the brake cylinder air pressure

The BC pressures at the vehicles in the train are calculated based on the locations
of the vehicles, initiation origin and mechanism, braking signal propagation rate
along the train and BC build up time, T,. With the TIBS system and activation
delay, the emergency braking could be initiated from both the locomotives and
the EOT to reduce the propagation time and build up BC along the train in a
shorter time. This also helps reduce braking force differences and in-train forces
due to the propagation delay.

Drag Resistance

Drag resistance force on a train includes air resistance, which is a function of
speed, and friction resistance, such as that of roller bearings and wheel/track
interface. Experiments have shown that drag resistance force is proportional to
the weight of vehicles or train.

Far = Rar * W

The drag resistance coefficient Ry, is expressed as resistance per unit weight.
Several tests have resulted in experimental formulas to calculate the unit drag
resistance, among which the Davis equation [1][2] is most commonly used:

Rp = 1.3 + 29/w +B*V+C*A*V4/W
Rgr= K*Rp

Where Rpis the drag resistance coefficient by the Davis equation
w is weight per axle in tons
W is weight of the vehicle in tons
V is train speed in mph
A is the cross section area in square feet of the vehicle
B, C are experimental coefficients in Table 6.2 in [1]
K is an adjustment factor
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Curve and Grade Resistance

Extra resistance occurs on curves and applies forces to the train. Curve resistance
force F is also a function of the weight of the vehicles.

The curve resistance coefficient f. is about 0.8 Ib/ton/degree based on tests.

Extra forces are applied to a train when it runs on a grade slope. In the travel
direction, a descent grade will add a grade force forward, and an uphill grade will
add additional resistance force. The grade force Fy is proportional to the weight
of the vehicles and the grade.

Fgr = sign (grade) f o * G *W

The grade force, Fy is assumed to be a resistance so sign (grade) takes a positive
value for an uphill grade and a negative value for a descent grade in the travel
direction. The coefficient fy is 20 Ibs/ton/percent grade.

Special Conditions

The simulation focused on the runaway of Train MMA-002 up to the derailment
moment. Only residual independent (IND) air brake was applied on the
locomotives and hand brakes were applied on the locomotive consist and the
buffer box car. This condition simplified the simulation.

The LER system recorded the runaway started when the IND dropped to 27 psi
and the derailment occurred when the IND dropped to 16 psi and the train speed
reached 65 mph. The track grades and curvatures were estimated from the track
profile diagram in Figures 6 and 7. The difference between the model and the
actual train was expressed by the adjustment factor to the drag resistance K,
which was determined by comparison of the simulated speed and the LER records
in the most likely case, and this adjustment factor was applied to all simulation
cases.

The simulated in-train force distribution along the train at the derailment moment
is plotted in Figure 8. The maximum in-train force appeared at car No. 10 from
the train head end which located at the transition from grade 1.2% to the nearly
flat terrain. The front tank cars (No. 3 to N0.10 in train consist) at the highest in-
train forces were located at the vulnerable section of the switch on the curve
where the POD and main pile-up were observed.

Transformed Lateral Force and L/V Ratio

Longitudinal in-train force, Fi, is transformed into lateral force at the drawbar Lpg
whenever the couplers take an angle against the longitudinal central line of the car
body, called coupler angle or drawbar angle. The transformed lateral force Ly, is
proportional to the sine of the drawbar angle a.

Lbar = Fin * Sln o
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When a train is in compression or buff state, particularly in a zigzag or jackknifed
position, the drawbar angle can reach its maximum with the couplers pushing
against the side of the housing. Longitudinal forces can be transformed into large
lateral forces which can impact the truck and be transmitted to the rail. Excessive
transformed lateral force can cause different types of derailments [3][4]
depending on the positions of the involved cars and couplers and the track
resistance. If the lateral ballast resistance against tie movement (panel shift) is
stronger than the fastening constrain against rail rollover, the transformed lateral
force can cause a car rollover, wheel climb or rail rollover derailment. Otherwise,
it can cause track panel shift and lead to a different type of derailment.

If the car is in a horizontal alignment position as shown in Figure 9, the
transformed lateral force Ly, at the drawbars of the car ends produce lateral force
acting on the truck Ly,

Lt = Lpar

If the car is in a horizontal zigzag or jack-knifed position shown in Figure 10, the
transformed lateral force Ly, at the drawbars of the car ends produce lateral force
acting on the truck Ly, which is Ly, times a ratio of car length I; over truck centre
lec.

Lir = Lpar * lc / ke

The transformed lateral force Ly, at the truck can change the vertical forces on the
rails. As the transformed lateral force acts at the coupler height above the rail top,
the truck side vertical forces are changed into:

Voutts = W/4+ Ltr *HclB
Vints = W/4‘ Ltr *HclB

In a case that a truck rolls over the rail or a wheel climbs the rail, the wheels on
the truck side rolling over the rail push the rail with the flanges while the wheels
on the other side sit on top of rail without flange contact. The truck side lateral
force L that causes rail roll over equals Ly minus the friction force on the top of
the rail on the other side,

Lis = Lir — Vines *f

Where V is the truck side vertical load
f is the friction coefficient between the wheel tread and the rail top

With the simulated in-train buff force F;,, the transformed truck side lateral force
L and L/V ratio can be calculated by the above formulas. A friction coefficient
of 0.315 was used in the calculations to cover the speed range of simulation.

Under high centrifugal force and buff in-train force, the two wheels of a truck side
are more likely pushed against the rail evenly by the transformed lateral force
from the truck center. Therefore, the transformed wheel L/V ratio and truck side
L/V ratio are likely equal and the wheel lateral force L, is likely half of the truck
side lateral force L.
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VAMPIRE VEHICLE/TRACK DYNAMIC SIMULATION
Track Geometry Irregularities

As prescribed by the Track Safety Rules (TSR), the main track was last visually
inspected by a track maintenance employee in a hi-rail vehicle on 05 July 2013.
During that inspection, no exceptions were noted in the area of the derailment.

The track was tested annually for rail flaws and geometry defects. The last
continuous testing for internal rail defects was performed on 19 September 2012.
No results were obtained between Mile 46.00 and Mile 0.00, including the
derailment area.

A track evaluation car performed a track geometry inspection on 21 August 2012.
The inspection car generated a brush chart as shown in Figure 11. In the
immediate area of the Frontenac public grade crossing and the Megantic West
main-track turnout, the inspection identified several urgent defects related to
spiral cross-level, alignment/rate of change, wide gauge, misalignment and design
speed (see Appendix A). The photo of the track section approaching the switch in
Figure 12 also showed a depressed rail joint and corresponding geometry defects.
Minor repairs were made to improve track conditions; however, no permanent
repairs were made, and a temporary slow order was put in place.

The historic Transport Canada inspection records of the curve and turnout section
and the TSB post derailment examination of the track sections over approximately
30 miles on either side of the town of Lac-Mégantic observed excessive rail wear,
loose track components and other defects. For example, on 24 July 2012, a TC
Safety Officer inspected the main track between Mile 0.00 and Mile 42.00 of the
Sherbrooke Subdivision and the Officer observed that the frog, guard rail and heel
bolts were loose for the turnout at Megantic West. On 14 May 2013, a TC Safety
Officer observed that the fastenings at the same turnout were not intact or
maintained. Other recurring defects that were noted included corrugated, battered
rail joints, crushed head rail (deformation) and ballast missing at various
locations.

The track at the POD was destroyed in the accident and its condition on the day of
the occurrence could not be determined. There was no digital data file available
corresponding to the track inspection brush charts. No track geometry data was
available to allow a detailed and accurate vehicle/track dynamic simulation to
quantitatively evaluate the effect of the track geometry. However, it is reasonable
to assume that the recurring defects corresponding to the battered rail joint in
front of the switch very likely existed on the day of occurrence. As the speed limit
around the curve was very low, the track geometry condition could have been at
low level.

Based on the railway dynamics knowledge and industrial experience, track
geometry defects at urgent or priority level could generate significant dynamic
forces and a derailment risk. If the track geometry defects around the POD as
shown in Figure 11 recurred, they could generate high transient dynamic forces.
On the day of occurrence, the dynamic effects of the track geometry defects were
added to the lateral force and unloading from the centrifugal force and the in-train
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force, contributing to the derailment. There is no doubt that the combination of
the three factors induced the high lateral force and unloading that caused the
derailment.

The previous sections have accurately calculated the contributions of the
centrifugal force and in-train force. The centrifugal force or the in-train force
alone was not sufficient to cause the derailment, and the combination of the
centrifugal force and the in-train force under the all alignment train condition was
still not enough to cause the derailment. But the combination of the centrifugal
force and in-train force under coupler jack-knifing condition could generate high
lateral force and unloading that would impose a derailment risk.

Though the track geometry data on the day of occurrence was not available, the
brush chart from the latest track geometry inspection on 21 August 2012 could be
used as a reference data to estimate the possible effect of track geometry in a
nominal Vampire vehicle/track dynamic simulation.

Vehicle/Track Dynamic Model

The VAMPIRE vehicle dynamics simulations were conducted to investigate the
effects of track geometry and in-train force at coupler action on vehicle/track
interaction of a model of a tank car similar to those involved in the Lac-Megantic
derailment.

The vehicle and track were modeled based upon the information collected by the
TSB investigation team. The coupler forces were applied to the car body of the
tank car model in accordance to the force magnitudes and coupler angles
determined in the previous sections.

The tank car model was created based upon the UMLER, center of gravity and
weight data collected from the sample tank cars TILX0000316547 and
WF1X0000130608. The UMLER files are included in Appendix B.

The following summarizes some of the pertinent features for the tank car model:
e Car body center of gravity height above top of rail = 91”

e Total vehicle weight = 128 tons

e Truck center distance = 45’ 10”

e Axle spacing = 70”

e Wheel diameter = 36”

e Long travel constant contact side bearings

e AAR 1B WF wheel profile

e AREA 115 rail profile

The coupler forces of 100 kips buff force at the two different coupler angles were
broken down into equivalent lateral forces and roll moments and applied to the
car body CG in simulations involving coupler forces as in Figure 13. This
resultant lateral force L is negative and the roll moment M is positive with respect
to the VAMPIRE coordinate system when traversing a right hand curve.

TSB Engineering Branch Final Report



R13D0054

-14- LP188/2013
L=2F,*sina

M=2F,*sina *H

4.2.6 The resultant lateral force and roll moment applied to the car body center of
gravity are calculated and listed in Table 1 at two coupler angles, 1.26 degrees
and 9 degrees, the minimum and maximum on the curve, corresponding to the
aligned and jack-knifed coupler position. But the car body was assumed in
aligned position.

Table 1: Equivalent Lateral Force and Roll Moment on Car Model
Coupler | Coupler Car Car Body | Coupler | Total Lateral Total Roll
Force Height Body CG Height Angle Force Moment
Fin (in) CG above (degrees) Applied at Applied at CG
(Kip) Height Couplers CG (Ib-in)
(in) (in) (Ib)
100 345 91 56.5 9 31287 1767708
1.26 4398 248480
Note | All forces and moments were constantly applied onto the car body CG

4.2.7 The vehicles were traveling in the direction of descending milepost with respect
to the provided brush chart images in Figure 11. The point of derailment occurred
at the location indicated on a right hand curve, approximately 4.25 degrees, in the
direction of travel. Points were read off the charts in the direction of descending
milepost at increments of approximately 16.5 feet (0.1 mile divided by 32).

4.2.8 The following data was read at each increment:

e Curvature

e Super Elevation
o (auge

e Left Alignment
e Right Alignment
e Left Surface

e Right Surface

4.2.9 The read points were processed into channels of a VAMPIRE Irregularity file

using the following relationships:
e Distance = Distance
e Cross Level = Superelevation
e Curvature = Curvature
e Lateral Irregularity = Average of Left Alignment and Right Alignment
e Vertical Irregularity = Average of Left Surface and Right Surface
e Gauge = Gauge
4.2.10 Positive and negative was reversed for the curvature and superelevation data

points with respect to the datum lines of the brush chart as the direction of travel
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was in descending mileposts and a right hand VAMPIRE sign convention was

used.

4.2.11 Other measurements’ sign convention were unchanged relative to the zero line on
the charts provided. The values above the datum were considered positive while
values below the datum were considered negative.

4.2.12 The simulations started through a 1000 feet tangent track with no track geometry
irregularities to minimize the transient effect of the applied constant in-train force,
then went into the curved track section approaching to the POD. The POD is at
distance 2189 for the VAMPIRE track files created from the brush charts.

4.3  Simulation Case Design

4.3.1 Seven simulation cases were designed and performed to investigate the effects of
the three contribution factors and their combinations. An additional case was
conducted to assess a low speed at which the resultant forces would not cause
derailment. The simulation results were compared with the previous calculations
of steady state centrifugal force and transformed lateral force from the in-train
force. The analysis of the results and differences between the cases identified the
effects and roles of the factors on the derailment. The conditions and parameters

of the 8 simulation cases are listed in Table 2.

Table 2: Simulation Cases and Parameters

Case | Speed Track Condition In-train Coupler
Force Angle
1 65 | As Measured from the Brush Charts 100 kips 9 degrees
Buff
2 65 | As Measured from the Brush Charts 100 kips 1.26
Buff degrees
3 65 | As Measured from the Brush Charts None NA
4 30 | As Measured from the Brush Charts 100 kips 9 degrees
Buff
5 65 | Ideal 4.25 Degree RH Curve with 1.5" | 100 Kkips 9 degrees
Superelevation Buff
6 65 | ldeal 4.25 Degree RH Curve with 1.5" | 100 kips 1.26
Superelevation Buff degrees
7 65 | Ideal 4.25 Degree RH Curve with 1.5" | None NA
Superelevation
8 65 | As Measured from Brush Charts but None NA
No Curvature

4.3.2 Case 1to 3 would identify the most likely derailment scenarios of three factors
and the effect of the in-train force and coupler angle. Case 4 would show the
comprehensive effect of the speed compared with Case 1. Case 5 to 7 would show
the effect of the in-train force and coupler angle on the ideal 4.25 degree curve.
Comparison between Case 1 to 3 and Case 5 to 7 respectively would show the
difference caused by the measured track geometry on the curve. Case 8 would
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demonstrate the dynamic response of the track geometry irregularities solely on
tangent track.

The lateral and vertical dynamic forces from all wheels were output and the
derailment related indicators such as wheel L/V ratios, unloading percentage, axle
sum L/V ratios and truck side L/V ratios were output in statistic form. Spread
sheet files for the basic statistic outputs for each of the simulations shown above
are included in Appendix C. Reported results were filtered with a 15 Hz 4 pole
low pass filter. These statistic outputs are centered around the reported POD and
will be analyzed in next section.

ANALYSIS
Rollover Speeds

The LER data analysis and derailment site survey indicated that the suspected first
derailed cars were the loaded tank cars among cars No. 3 to N0.10 in the train
consist. If the train speed exceeded or was close to the rollover speed of the
vehicle on the curve, the first derailment might be caused purely by the
centrifugal force in the form of car rollover at the POD on 4.25° right hand curve
(R = 1348 feet) with an average elevation of 1 1/2 inches (a maximum local
elevation of 3 5/8 inches was detected in the track geometry inspection on 21
August, 2012). The heights of the center of gravity of the loaded tank cars were
between 88.8 inches and 91 inches, as recorded in the UMLER data. The height
of the center of gravity of the involved locomotives was approximately 72 inches.
The rollover speeds for the tank car with the low and high center of gravity and
the locomotives are calculated and listed in Table 3.

Table 3: Calculated Rollover Speeds Due to Centrifugal Force

Parameters\Vehicle Tank Car A | Tank Car B | Locomotives
Curvature D degrees 4.25" 4.25" 4.25"
Radius R feet 1348 1348 1348
Superelevation h inches 1Y% 1% 1%
Track width B inches 59 59 59
Elevation angle o4 rad 0.0254 0.0254 0.0254
CG height H inches 88.8 91 72
CG angle a; rad 0.3207 0.3135 0.3889
Total angle o - oy +op rad 0.3461 0.3389 0.4143
Rollover V, ft/s 123.10 121.69 135.92
Rollover V, mph 83.9 83.0 92.7
Note V: =sgrt [(g R) tan (o]

Gravity acceleration g = 31.16 ft/s/s

The calculated rollover speeds due to centrifugal force on the curve for the
involved tank cars and locomotives are significantly higher than the derailment
speed of 65 mph. This difference indicates that the centrifugal force on the curve
at 65 mph alone could not roll over the vehicles as long as the track was intact.

Lateral Forces from Centrifugal Force

TSB Engineering Branch Final Report



R13D0054 -17- LP188/2013

5.2.1 Though the centrifugal force alone was insufficient to roll over the vehicles on the
curve at the derailment moment, it induced a large lateral force on the vehicles
that caused vertical load shift to unbalance and increased lateral force onto the
outer rail side while the vertical load on the inner rail was reduced. It is essential
to calculate and examine the lateral forces from the centrifugal force against the

track resistance.

5.2.2 The calculated lateral forces from the centrifugal force are listed in Table 4. Tank
Car A represents the lowest CG height and Tank car B represents the highest CG
height. The induced truck side, wheel and axle lateral force were within the track
strength, and the unloading AV/V, percentages (65%-67% for the tank cars and
53% for the locomotives) were in the acceptable range. The L/V ratio was very
low as the lateral force and vertical force increased simultaneously. This further
indicated that the centrifugal force alone would not cause the derailment if the
track was intact.

Table 4: Lateral Forces and Unloading Induced by Centrifugal Force

Parameters\Vehicle | Tank Car A | Tank Car B | Locomotive Comment

CG height H in 88.8 91 72 | entire car
Feg Ib 55382 55382 84371

L. Ib 6508 6508 9915

L. Ib 48873 48873 74455

Vin Ib 44646 42581 92039

Vout Ib 211354 213419 297961

Lout Ib 34810 35460 45463

Lis Ib 17405 17730 22731 | truck

Ly Ib 8702 8865 7577

Lax Ib 12218 12218 12409

L/Vou 0.16 0.17 0.15 | entire car
L/W 0.19 0.19 0.19

AV Ib 83354 85419 102961

AV1/V, % 65 67 53

5.3  Simulated In-train Force

5.3.1 The vehicles in the runaway train were subjected to the similar centrifugal forces
at the same speed at the derailment moment, but the front portion of the train
including the locomotive consist and a few cars passed the POD without
derailing. This observation confirmed that the centrifugal force alone was not
sufficient to roll over the vehicles. There must have been some other factors
contributing to the derailment. In-train force was a very likely factor. The train
had the residual independent brake and hand brake on the locomotive consist and
the buffer box car applied and ran on a descending grade approaching the POD
curve which was located on a near flat track section. A significant in-train buff
force was inevitable at the track section at the derailment moment.

5.3.2 The measured residual IND and hand brake force (LP187/2013) were used in the

simulation and calculations. The train dynamics simulation obtained the
distribution of in-train buff force along the train at the derailment moment as
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shown in Figure 8. The highest in-train forces appeared among car No.3 to No. 10
that were located around the POD section at the LER recorded derailment
moment. The simulated in-train buff forces at these vehicles of interest are listed
in Table 5. The simulated in-train forces were approximately 100 to 110 kips at
the cars of interest. The in-train force in this range was not unusual.

Table 5: Simulated In-train Buff Force and Transformed Lateral Forces

Vehicle Fin Lir AV AVIVy Lir AV AV/IVy
Ib Ib Ib % Ib Ib %
Position a: aligned coupler Position b: aligned coupler
and aligned carbody and jack-knifed carbody
Last 86983 1913 4666 2.4 3027 7383 3.8
Loco
Car #3 96373 2119 5168 4.1 2747 6700 5.3
Car #4 98136 2158 5263 4.1 2798 6824 54
Car #5 99899 2197 5359 4.2 2848 6946 55
Car #6 101662 | 2235 5451 4.3 2897 7066 5.6
Car #7 103436 | 2275 5549 4.3 2949 7193 5.6
Car #8 105199 | 2313 5641 4.4 2998 7312 5.8
Car #9 106950 | 2352 5737 4.6 3049 7437 5.9
Car#10 | 108713 | 2391 5832 4.6 3100 7561 6
Position c: jackknifed Position d: jack-knifed
coupler and aligned carbody coupler and carbody
Last 86983 | 13607 | 33188 16.9 21531 52515 26.8
Loco
Car #3 96373 | 15076 | 36771 29 19544 47668 37.5
Car #4 08136 | 15352 | 37444 29.5 19902 48541 38.2
Car #5 99899 | 15628 | 38117 30 20260 49415 38.9
Car #6 101662 | 15903 | 38788 30.5 20616 50283 39.6
Car #7 103436 | 16181 | 39466 30.8 20976 51161 40
Car #8 105199 | 16457 | 40139 31.6 21334 52034 41
Car #9 106950 | 16731 | 40807 324 21689 52900 42
Car #10 | 108713 | 17006 | 41478 32.7 22046 53771 42.3

Note 1. Coupler angle takes 1.26° for aligned position and 9° for jack-
knifed position

2. Tank cars: length 713 inches, truck center distance 550 inches

3. Locomotive: length 826 inches, truck center distance 522
inches

5.4 Transformed Lateral Forces from In-train Force

5.4.1 The transformed lateral force from the in-train force depends on the positions of
the couplers and car-body. If the train was in theoretical alignment, all the
couplers and car bodies would be in aligned position, the coupler angles would be
the minimum and the transformed lateral force would be the minimum. However,
as recent studies (Ref 3, 4) and investigation experiences showed that, under
coupler jackknifing condition, the coupler angle could reach its maximum limit
under the buff force due to the positive feedback mechanism, and in-train buff
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force can be transformed into significant lateral force and contribute to
derailment.

There could be four different combinations of coupler and car-body positions: a)
both coupler and car-body in alignment position, b) coupler in alignment but car-
body in jackknifed position, c) coupler in jack-knifed position but car-body in
alignment position, and d) both coupler and car-body in jack-knifed position.
Scenario a) generates the minimum coupler angle and transformed lateral force,
and scenario d) generates the maximum coupler angle and transformed lateral
force.

On the derailment curve of 4.25°, the equal length of the tank cars, 59 feet 5
inches, would cover a circle angle of approximately 2.52°. I the couplers were in
alignment position, the coupler angle would be half of the circle angle, i.e. 1.26°.
If the couplers were in a jack-knifed position under buff in-train force, the
positive feed-back mechanism could push the coupler angle to the maximum
anglg. For the E type couplers on the tank cars, the maximum coupler angle would
be 9°.

If the car-body was in aligned position, the transformed lateral force at each truck
center would be equal to that at the coupler. But if the car was in a jack-knifed
position, the transformed lateral force at the truck center would be amplified by a
ratio of the car length over the truck center distance. The transformed lateral
forces at truck center Ly and the unloading AV on the inner rail under the four
position scenarios are calculated and also listed in Table 5.

The transformed lateral forces acted at the coupler height above the rail top,
different from the centrifugal force that acted at the center of gravity. The
transformed lateral force also induced a vertical load shift that led to an unloading
on one side while overloading on the other rail. The unloading percentages from
the in-train force alone were far below the safety limit.

Combination of Centrifugal Force and In-train Force

The runaway train was subjected to the combination of the centrifugal force and
the in-train buff force at the derailment moment. The resulting combined lateral
forces and unloading are calculated and listed in Table 6.

The combined lateral force and unloading closely depend on the coupler and car-
body positions. If no coupler was jack-knifed, the coupler angle would be very
small on the curve (approximate 1.26 degrees). The transformed lateral force
would be minor. The combined lateral force and unloading would still be in the
relatively safe range. Therefore the additional dynamic force generated from the
track geometry would be the necessary to cause the derailment.

If any coupler went into jack-knifed position under the buff in-train force in
Position ¢ and d as per paragraph 5.4.2, the combination of the centrifugal force
and in-train force would induce extremely high lateral forces that exceed the track
resistance and the inner wheels could be lifted. The cars could derail no matter if
the car-body was in aligned or jack-knifed position, as in both positions extremely
high lateral forces at the outer (high) rail and unloading at the inner (low) could
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be generated. Comparatively the jack-knifed car-body position produced higher
transformed lateral forces than the aligned car-body position. Under such high
lateral forces and unloading percentage, the possible derailment scenarios could
be in the form of widening gauge, breaking/deflecting high rail, wheel lift from
the low rail and possibly striking the switch point rail.

Table 6: Combined Lateral Forces and Unloading

Parameters\VVehicle | Tank Car A | Tank Car B | Locomotive | Comment
AV, Ib 5168 5832 4666 Position a:
AV1, Ib 88522 91251 107627 aligned
AV14/Vo % 69 71 55 co_upler and
Vminta Ib 39478 36749 g7373 | aligned
La Ib 2119 2391 1913 | carbody
Lisa Ib 1060 1196 057
Lisia Ib 18465 18926 23688
AVp Ib 6700 7561 7383 Position b:
AV Ib 90054 92980 110344 | aligned
AV1p/Vo % 70 73 57 POUpler_and
Vminib Ib 37946 35020 17656 jack-knifed
Lub b 2747 3100 3027 carbody
Liso Ib 1374 1550 1514
List Ib 18779 19280 24245
AV b 36771 41478 33188 Position c:
AV b 120125 126897 136149 | Jack-knifed
AV1/Vo % 94 99 70 coupler and
Vminic Ib 7875 1103 7875 aligned
Luc b 15076 17006 13607 carbody,
Lisc b 12595 16659 6804 wheel lift risk
Lisic Ib 30000 34389 29535 on tank cars
AV4 b 47668 53771 52515 Position d:
AVig b 131022 139190 155476 | Jack-knifed
AV14/Vo % 100 100 100 coupler and
Vmin1d Ib -3022 211190 27476 | Jack-knifed
Lirg b 19544 22046 21531 carbody,
Lisg Ib 19544 22046 21531 | Wheel lifton
Lisid Ib 36949 39776 44262 all vehicles
Note Negative values for Vmin1g indicated wheel lift for the vehicles.
Subscript 1 for centrifugal force, a-d for in-train force at positions.

Vampire Simulation Results

The first derailed cars were traveling at 65 mph, much higher than the balance
speed of the curve at the superelevation and the speed limit of the section. The
cars were inclined to the high rail. The in-train buff force also pushed the cars
toward the outside of the curve. The track geometry irregularities generated
bouncing and rocking. The most critical derailment related indicators were lateral
force and wheel L/V ratios on the high rail, and the unloading on the low (inside)
rail. According to AAR Chapter XI, the limit of wheel L/V ratio is 1.0, and the
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limit of unloading is 90% (or 10% vertical load relative to static load is left). The
industry experience takes 20 kips as the risk threshold of the wheel lateral force
against the track strength. The truck side L/V and axle sum L/V ratio are the
indicators of a similar nature to evaluate the risk of rail rollover and track
breaking through. In the following analysis, the discussions focus on the wheel
lateral force and wheel L/V ratios on the high rail, and the unloading on the low
(inside) rail.

5.6.2 It must be noted that the Vampire vehicle track dynamic simulations were
performed on a generalized car model with nominal wheel/ rail profiles, which are
sensitive to the results, and the track geometry data was recorded 11 months
before the occurrence. The simulation results were qualitative references for
estimating the effects of the contribution factors rather than an accurate
quantitative reflection of the state on the day of the occurrence. However, these
qualitative references were helpful in demonstrating the relative contributions and
roles of the three factors in the derailment.

5.6.3 The output derailment indicators around the POD are plotted in Figures 14 to 28
and the statistic results of the 40 foot section centered by the POD are
summarized and listed in Table 7. More detailed data are attached in Appendix C.
Reported results were filtered with a 15 Hz 4 pole low pass filter. Vampire uses
the dynamic loading percentage V/V, as the unloading index.

Table 7: Simulated Derailment Indicators around the POD

Case Condition Wheel L/V Loading Lateral Force L
VIV, (%) (Ib)
mean | max | mean | min | mean max
1 MeasuredTrack_9DegF100V65 0.44 | 0.74 149 | -1.8 | 23,163 | 47,965
2 MeasuredTrack 1p26DegF100V65 0.33 | 051 6.7 | -05| 17,464 | 36,081
3 MeasuredTrack NoForceV65 0.31 | 045 86| -0.9 | 15862 | 29,871
4 MeasuredTrack_9DegF100V30 0.23 | 0.34 63.6 | 55.2 9,735 | 15,345
5 IdealCurve_9DegF100V65 0.39 | 0.40 48| -0.0 | 23,769 | 24,541
6 IdealCurve_1p26DegF100V65 0.28 | 0.31 19.0 | 9.8 | 15537 | 17,662
7 IdealCurve_NoForceV65 0.25 | 0.29 27.0 | 16.8 | 13,505 | 16,602
8 TrackGeomOnly NoCurve NoFV65 0.25 | 0.39 78.0 | 21.6 5672 | 12,610
Note 1. V,is the static load.
2. The maximum wheel L/V and lateral force are on the high rail
3. The minimum loading (max unloading) is on the low (inside) rail, negative value
means wheel lift
4. Derailment thresholds: wheel L/V 1.0, V/V, 10%, L 20,000 Ibs

5.6.4 The mean and max/min values in the ideal curve cases are relatively close to each
other respectively, indicating the nature of ideal track geometry that produces
small oscillations, as in Figures 22 to 25 (including some effect of the theoretical
transition from spiral to curve on the unloading approaching the POD). The
measured track geometry produced significant dynamic response, being reflected
by the large differences between the mean and the max/min values and shown in
the plotted figures. The left wheel L/V ratios in all the cases were below the
derailment criterion as the lateral force increased simultaneously as the vertical
force did on the high rail from the centrifugal force and in-train force. The
derailment unlikely occurred in the form of wheel climbing.
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5.6.5

5.6.6

5.6.7

5.6.8

5.6.9

5.6.10

5.6.11

5.6.12

Case 7 on ideal curve with no in-train force at speed 65 mph is the dynamic
simulation of the centrifugal force on the ideal curve of 4.25 degrees. Compared
with the steady state calculated results in Table 4, the simulated dynamic lateral
force, wheel/L/V ratio and unloading percentage are higher than the steady state
calculated results showing the dynamic vibration of the vehicle on even ideal
track geometry. All those indicators are below the derailment thresholds,
indicating that the centrifugal force alone is not sufficient to roll over the car.

Case 5 and 6 shows the effect of the coupler angle in the combination scenarios of
centrifugal force and in-train force. If the couplers were aligned (Case 6, at the
minimum angle of 1.26 degrees, equivalent to scenario a in Table 6), the
contribution of the in-train force would be minor. If the couplers were jack-knifed
to the maximum angle of 9 degrees, the in-train force would significantly
contribute to the derailment indicators. The maximum lateral force would exceed
the threshold while the loading percentage would reach the criterion (Case 5,
equivalent to the position ¢ scenario in Table 6). It is interesting that the simulated
unloading around the POD in dynamic Case 5 is very close to the steady state one
in Table 6. However, the simulated dynamic lateral force around the POD is much
higher than the steady state calculated results. The simulation Case 5 and 6
confirmed that the combination of the centrifugal force and the in-train force
might be safe if the couplers and the cars were aligned, but could impose severe
derailment risk if the couplers were jackknifed.

All Case 1, 2, 3 and 5 generated negative loading percentages, which indicated
complete wheel lift, and excessive lateral forces. The actual derailment scenario
must be between Case 1 and 2 with the combination of the three contribution
factors. Case 3 shows that even without the contribution of in-train force, the
combination of the centrifugal force and the dynamic bouncing/rocking generated
by the track geometry at the high speed could be sufficient to cause derailment.

Case 4 clearly shows the critical effect of the speed. If the speed were 30 mph, the
contribution from the three factors together would produce the derailment
indicators well below the derailment thresholds, and no derailment would occur.

Case 8 demonstrates the contribution from the track geometry irregularities
solely. All the simulated derailment indicators in Case 8 are below the derailment
thresholds, indicating that the track geometry irregularities alone would not be
sufficient to derail the cars even at the high speed of 65 mph.

Comprehensive analysis of the combinations of the three factors determined that
the derailment was caused by the combination of the centrifugal force, the
dynamic bouncing/rocking generated by the track geometry irregularities and the
in-train force. The derailment was inevitable due to the high speed of 65 mph.

Any one of the following factors, centrifugal force, the track geometry
irregularities or the in-train force would not be sufficient to cause the derailment.

The centrifugal force due to the high speed at the curve contributed most to the
derailment, while the track geometry irregularities and the in-train force were the
secondary contributors.
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5.6.13 The contribution of the in-train force depends on the positions of the couplers and
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the cars. If the couplers and cars were aligned, the contribution of the in-train
force would be minor. If the couplers were jack-knifed to the maximum angle, the
contribution of the in-train force could be significant. The combination of the
centrifugal force and the in-train force under coupler jack-knifed position could
impose severe derailment risk.

CONCLUSIONS

The derailment was caused by the combination of the centrifugal force, the
dynamic force generated by the track geometry conditions and the in-train buff
force. In consideration of these factors, the derailment was inevitable due to the
high speed of 65 mph.

Any one of the following factors, centrifugal force, track geometry irregularities
or in-train forces, would not be sufficient to cause the derailment.

The centrifugal force due to the high speed at the curve contributed most to the
derailment, while track geometry irregularities and in-train forces were secondary
contributors.

The rollover speeds due to the centrifugal force on the 4.25° curve were calculated
to be approximately 83.0 to 83.9 mph for the derailed loaded tank cars and 92.7
mph for the involved locomotives, at a superelevation of 1 %2 inches.

The train speed at the derailment moment was significantly below the rollover
speeds of the vehicles on the curve, and the lateral forces and unloading from the
centrifugal force were within the acceptable range. The centrifugal force alone
would not rollover the vehicles to cause the derailment as long as the track was
intact.

The track geometry condition at the POD on the day of occurrence could not be
determined quantitatively. If the track geometry defects recurred to the levels
noted in the previous inspection, they could generate significantly high dynamic
forces, contributing to the derailment.

The track geometry irregularities alone would not be sufficient to derail the cars
even at the high speed of 65 mph.

Combination of the centrifugal force and the dynamic forces generated by the
track geometry at speed of 65 mph could be sufficient to cause derailment.

The speed is critical to the centrifugal force and the dynamic force generated by
the track geometry. At 30 mph, the contribution from the three factors would
result in derailment indicators well below the derailment thresholds.

The simulated in-train buff forces at the derailed tank cars were approximately
100 to 110 kips, which alone would not cause derailment of the loaded vehicles in
the occurrence.

The transformed lateral force and unloading from the in-train force closely
depend on the coupler and car-body position. The coupler angle would be small if
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all couplers and car-bodies were in aligned positions. If any coupler went into
jackknifed position under the buff in-train force, the coupler angle could reach the
maximum limit allowed by the car’s striker housing.

If all the couplers and car-bodies were in aligned position and the track conditions
were ideal, the contribution of the in-train force would be minor, and the
combination of the centrifugal force and the in-train buff force would not be
sufficient to cause derailment.

If any of the couplers was jack-knifed to the maximum angle, the combination of
the centrifugal force and the in-train force under coupler jack-knifed position
could impose severe derailment risk.
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Figure 1: Aerial View of Derailment Site
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Figure 2: Train Weight Profile
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Figure 3: Centrifugal Force and Rollover Condition on Curve (diagram not to scale)
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Figure 4: Longitudinal Forces on Sample Vehicle Model
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Figure 6: Grades and Curves in the Simulation Section
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Figure 8: Simulated In-Train Force Distribution at the Derailment Moment
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Figure 10: Forces on a Jack-knifed Car

LP188/2013

TSB Engineering Branch Final Report



R13D0054 -30- LP188/2013

Mile 0 File: SHR1-SHERBROOKE (MMA)210820121-125-0.geo Date Recorded: 21082012 Division: Track ID: E Mile 0

0.1 2 03 0.4 05 0. 0.7 08 0.9

Midfost B AX

: E Point of é : 5 : .

= = Derailment Z = = = =
Mt a < A AL Tk BT ek i T AN e s o oo g = e RC/31 (0.50 in)

,J hd ‘: v = ~ W| :f - -y :u'h' AL f: ’* ¥ :'l‘l' LA " = =

- - g - p - - - - P
Y\ S Aoyt S AT AL T et REB5 050

(A AR \.f\,,\l, T fp\.cww g LARAEAR | Y (] Iy :v o

g
g

E ,__,Eh E E E E E Curve (1.00 de
I I 5 z : - 2 ]
g g A EM : : sy = g - é (0.5
iy : : = | 2

e Gauge (0.25 in
T =T 'nn rvww.;;r'«“«?wg?‘ " Ll B - AT
A P n = 1lml'\ ks s A oo A ks ap o h) axdl xa N LAlign 79'SC (|
anul_w,.,—\.-.-..w | 1 e R A e T e o i WA v s
= - - = = = - =
""'y"‘" A5 pb jl\ "A.q A L‘;M’j WP "\M‘n;.,l'ﬂ\. splpang 3 A RAlign 79'SC (
- . o e e WY s o
= =l v = = T: = = =
PISPRRE-TIR W T Juﬁ O T R it don S smet el St an‘h‘.'.-\iu!'\.nFi--l.& AeowtanZin A abaad AL Pt o sn s s dLSUM 79'SC (0
v V," Yr’ v V . i‘v' Rk Aiad By (LR W,U]ﬂ '?fv? T'__T"'Jv'[' Wy IF"? v 4 “I— | b B AL B ™ " v
= | = = =l = = = e
= = = z = = = )
5 ]l b L aadd M | I u’.mm Boetp B b bontoall SR e R e )| 3 42, JRSUT TE'SC (0
PRI e w+l|1 P L(vr Attty CANRARAAL: iy Rkt A an A2 e T e Y
2 = o' = = = =
= = = z = = - - = ALD (0.20 volts

Figure 11: Track Geometry Brush Chart on 21 August 2012

Figure 12: Curve and Switch Track Section with Depressed Rail Joint Defects
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Figure 13: Breakdown of In-train Force on Vampire Vehicle Model
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Figure 14: Wheel L/V Ratios in Case 1: MeasuredTrack_9DegF100V65
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Figure 15: Wheel Loading Percentage in Case 1. MeasuredTrack_9DegF100V65
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Figure 16: Wheel L/V Ratios in Case 2: MeasuredTrack 1p26DegF100V65
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Figure 17: Wheel Loading Percentage in Case 2: MeasuredTrack_1p26DegF100V65
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Figure 18: Wheel L/V Ratios in Case 3: MeasuredTrack_NoForceV65
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Figure 19: Wheel Loading Percentage in Case 3: MeasuredTrack_NoForceV65
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Figure 20: Wheel L/V Ratios in Case 4: MeasuredTrack_9DegF100V30
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Figure 21: Wheel Loading Percentage in Case 4. MeasuredTrack_9DegF100V30
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Figure 22: Wheel L/V Ratios in Case 5: IdealCurve_9DegF100V65
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Figure 23: Wheel Loading Percentage in Case 5:

IdealCurve_9DegF100V65

L/V Ratio of High Rail Wheels
03}

01

~—— 2N
S A

+ Ideal Curve

+ 1.26 degree coupler
angle

* 65 mph

0.0

2140 2150 2160 2170 2180 Z

190 2200 2210 2220

ft

File:
File:
File:
File:

.ipBuff_f 65.0 mph Profile=..AR-1B-WF Ch1 Axle 1 left wheel LB%lFoJ
..ipBuff_f 65.0 mph Profile=..AR-1B-WF Ch3 Axle 2 left wheel L/V ratio
.IpBuff_f 65.0 mph Profile=..AR-1B-WF Ch5 Axle 3 left wheel L/V ratio
.ipBuff_f 65.0 mph Profile=..AR-1B-WF Ch7 Axle 4 left wheel L/V ratio

ILP@ 15.0]
LP@ 15.0]
[LP@ 15.0]
[LP@ 15.0]

Figure 24: Wheel L/V Ratios in Case 6: IdealCurve_1p26DegF100V65
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Figure 25: Wheel Loading Percentage in Case 6: IdealCurve_1p26DegF100V65
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Figure 26: Wheel L/V Ratios in Case 8: TrackGeomOnly _NoCurve NoFV65
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Figure 27: Wheel Loading Percentage in Case 8: TrackGeomOnly _NoCurve_NoFV65
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Figure 28: Sample Lateral Force of Left Lead Wheel in Case 1, 2 and 4
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Appendix A: Track Geometry Defects around the POD Section

TRACK EVALUATION CAR
Priority Defect Report

CANADIAN PACIFIC RAILWAY

Date Tested: August 21, 2012

Subdivision Number: SHR1

Subdivision Name: SHERBROOKE  (MM&A) Engineering Services
DEF DEF T/B FROM TO LENGTH SPEED
NO. P/U NAME C/E MLGE/FT MLG/FT MAX VAL FRT/PAS
2396 P W GA c 45.0 + 72 45.0 + 66 5 0 3/4"
2397 P W GA [+ 44.9 + 440 44.9 + 424 15 o 7/8"
2398 P W GA C 44.9 + 403 44.9 + 390 12 o 7/8"
2399 P W GA (e] 44.9 + 173 44.9 + 170 2 0 3/a"
2400 P W GA c 44.9 + 28 44.9 + 25 2 0 3/4"
2401 P W GA c 44.8 + 516  44.8 + 511 4 0 3/4"
2402 P W GA c 44.8 + 48B3 44.8 + 473 11 0 7/8"
2403 P W GA c 44.8 + 440  44.8B + 431 8 0 7/8"
2404 P W GA B 44.5 + 29  44.5 + 27 2 0 3/4"
2405 P W GA B 43.5 + 152  43.5 + 115 36 1 "
2406 P W GA B 43.5 + 90 43.5 + 81 9 0 7/8"
2407 U AL/31 c 42.3 + 317 42.3 + 300 7 1 3/8" 25 30
2408 P*AL/31 c 42.3 + 318 42.3 + 255 19 1 1/4n
2409 P W GA (e} 41.8 + 161 41.8 + 158 3 0 3/4"
2410 P W GA c 41.8 + 16  41.8 + 8 7 o 7/8"
2411 P W GA (= 41.7 + 518  41.7 + 507 10 0 7/8"
2412 P W GA C 41.7 + 382 41.7 + 379 3 0 3/4"
2413 P W GA e 41.7 + 305  41.7 + 296 10 0 3/4"
2414 P W GA (& 41.7 + 179  41.7 + 171 7 0 3/4"
2415 P*W GA C 41.6 + 238 41.6 + 212 24 11/8"
2416 P RC/20 (a- 41.6 + 206 41.6 + 201 5 1 1/8"
2417 P R31 NR C 41.6 + 190 41.6 + 184 7 1 5/8"
2418 P WGA c 41.6 + 198 41.6 + 187 6 o 7/8"
2419 P W GA c 41.6 + 161 41.6 + 155 7 o 7/8"
2420 P W GA c 40.7 + 373 40.7 + 370 2 0 3/4"
2421 P*SPXLV E 40.4 + 375 40.4 + 366 9 1 1/4"
2422 P RC/20 E 40.4 + 350  40.4 + 349 2 1 1/8"
2423 P*SPXLV E 40.4 + 353 40.4 + 349 4 11/8"
2424 P*SPXLV E 40.4 + 346 40.4 + 338 7 1 1/8"
2425 P RC/20 E 40.4 + 324 40.4 + 321 3 1 "
2426 P SPXLV E 40.4 + 330 40.4 + 321 8 1 1/8"
2427 P*SPXLV B 40.4 + 20 40.4 + 0 20 1 1/8"
2428 P W GA T 39.3 + 442 39.3 + 425 16 1 "
2429  P*SPXLV E 38.3 + 272 38.3 + 269 3 1 1/4n
2430 P RC/20 E 38.3 + 272 38.3 + 257 15 1 3/8"
2431 P*SPXLV E 38.3 + 255 38.3 + 247 8 1 1/4"
2432 Not Vvalid

2433 P*AL/31 E 38.2 + 333 38.2 + 328 5 1 1/4"
2434 P*W GA E 38.2 + 334 38.2 + 322 12 11/8"
2435 P RC/GA E 38.2 + 322 38.2 + 310 11 1 3/4"
2436 Not Valid

2437 P RC/GA E 38.2 + 305 38.2 + 302 3 1 1/8"
2438 P AL/62 E 38.2 + 333 38.2 + 310 9 1 3/4m
2439  Not Valid

2440 Not Valid

2441 P RC/GA E 38.2 + 299 38.2 + 297 2 11/8"
2444 Not Valid

2442 P RC/20 E 38.2 + 310 38.2 + 291 20 1 7/8"
Page 52
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"
DEF DEF T/B FROM TO LENGTH SPEED
I NO. P/U NAME C/E MLGE/FT MLG/FT FT MAX VAL FRT/PAS
2886 U RC/55 T 3.5 + 32 3.5 + 28 5 2 " 10 15
2887 P*RC/55 T 3.5 + 28 3.5 + 21 6 2 "
. 2885 P RC/62 T 3.5 + 24 3.5 + 20 5 2 U
2888 P RC/E2 T 3.5 + 13 3.5 + 7 6 2 U
. 2889 U RC/62 7 3.5 + 20 3.4 + 522 19 2 1/4" 10 15
2890 P RV ELV E 3.4 + 499 3.4 + 498 2 1 5/8"
. 2891 P RC/62 E 3.4 + 499 3.4 + 498 2 1 7/8"
2892 P RV ELV E 3.4 + 482 3.4 + 477 5 1 3/8"
2893 P RV ELV E 3.4 + 451 3.4 + 443 8 1 3/4n
2894 P RC/20 E 3.4 + 442 3.4 + 440 2 1 "
. 2895 P*SPXLV E 3.4 + 442 3.4 + 434 8 11/8"
2896 P RV ELV E 3.4 + 431 3.4 + 423 8 1 3/4"
I 2897 U RV ELV E 3.4 + 443 3.4 + 431 13 2 " 25 30
2898 P RC/20 E 3.4 + 418 3.4 + 4186 2 1 "
2899  P*SPXLV E 3.4 + 418 3.4 + 407 11 1 1/8"
. 2900 P*SPXLV E 3.4 + 400 3.4 + 395 3 1 1/8"
2901 P RV ELV E 3.4 + 379 3.4 + 378 2 1 1/an
2902 P SPXLV E 3.1 + 448 3.1 + 446 2 1 1/8"
2903 P*SPXLV E 3.1 + 430 3.1 + 422 7 1 1/4"
2904 P*SPXLV E 3.1 + 421 3.1 + 416 4 1 1/4"
2905 P SPXLV E 3.1 + 413 3.1 + 403 9 1 1/8"
. 2906 U SPXLV E 3.1 + 422 3.1 + 413 6 1 1/4n 25 30
2907 P RC/62 E 3.1 + 419 3.1 + 392 27 2 "
. 2908 P W GA B 2.8 + 422 2.8 + 409 11 0 7/8"
2909 P RC/20 B 2.8 + 356 2.8 + 353 3 11/8"
2910 P SPXLV B 2.8 + 358 2.8 + 353 4 11/8"
2911 P SPXLV B 2.8 + 347 2.8 + 345 2 1 "
. 2912 P R31 SR B 2.8 + 342 2.8 + 340 3 1 7/8"
2913 P RC/20 B 2.8 + 337 2.8 + 334 3 1 1/8"
2914 P SPXLV B 2.8 + 340 2.8 + 332 8 11/8"
2915 P RC/20 B 2.8 + 332 2.8 + 319 12 1 5/8"
. 2916  P*SPXLV B 2.8 + 316 2.8 + 311 4 1 1/4"
. 2917 U SPXLV B 2.B + 332 2.8 + 316 16 1 3/4" 10 15
2918 P W GA E 2.3 + 84 2.3 + 81 2 0 3/4"
2919 P W GA E 2.3 + 42 2.3 + 39 2 o 7/8"
2920 P W GA c 2.2 + 210 2.2 + 197 12 1 .
2921 P SPXLV E 1.8 + 321 1.8 + 320 2 1 "
2922 P 822 NR E 1.3 + 418 1.3 + 414 3 11/8"
2923 P 522 NR E 0.2 + 402 0.2 + 400 2 1 "
. 2924 P*SPXLV E 0.2 + 399 0.2 + 397 2 1 1/4n
2925 U SPXLV E 0.2 + 402 0.2 + 399 3 1 1/2n 25 30
. 2926 P*SPXLV E 0.2 + 384 0.2 + 380 4 1 1/4"
. 2927 U SPXLV E 0.2 + 380 0.2 + 376 4 1 3/8" 25 30
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DEF DEF T/B FROM TO LENGTH SPEED
NO. P/U NAME C/E MLGE/FT MLG/FT FT MAX VAL FRT/PAS
2928 P W GA E 0.2 + 244 0.2 + 241 3 0 3/4"

2929 P RC/62 c 0.2 + 175 0.2 + 173 2 1 3/4"

2930 P RC/62 c 0.2 + 168 0.2 + 163 5 2 N

2931 P RC/20 c 0.2 + 181 0.2 + 162 19 1 3/8"

2932 P R31 NR 22 0.2 + 157 0.2 + 154 3 1 7/8"

2933 P RC/62 c 0.2 + 156 0.2 + 152 4 2 I

2934 P*R31 SR g 0.2 + 153 0.2 + 151 2 2 "

2935 P AL/62 c 0.2 + 162 0.2 + 159 3 1 12"

2936 U AL/RC T 0.2 + 156 0.2 + 152 4 1 s 25 30
2937 P R31 NR 5 0.2 + 150 0.2 + 147 2 2 i

2938 U R31 NR c 0.2 + 154 0.2 + 150 4 2 1/4" 25 30
2939 U R31 SR c 0.2 + 151 0.2 + 148 3 2 1/4" 25 30
2940 P RC/62 3, 0.2 + 138 0.2 + 130 7 2 L

2941 U RC/62 c 0.2 + 163 0.2 + 136 16 Zu3En 10 15
2942 P*W GA c 0.2 + 105 0.2 + 92 13 11/4"

2943 U W GA o4 0.2 + 94 0.2 + B8 5 1 3/8" 10 15
2944  P*W GA c 0.2 + 88 0.2 + 86 2 11/4n

2945 P RC/GA ¢ 0.2 + 78 0.2 + 71 7 1 5/8"

2946 P AL/31 c 0.2 + 75 0.2 + 72 3 11/8"

2947 U AL/62 c 0.2 + 76 0.2 + 68 8 Ry 25 30
2948 P*AL/62 c 0.2 + 77 0.2 + 866 3 1 3/4"

2949 P RC/GA C 0.2 + 58 0.2 + 51 5 1 1/2"

2950 P W GA c 0.2 + 64 0.2 + 33 22 1 "

2951 U DS SFD c 0.1 + 466 0.1 + 458 418 38 38
Subdivision: SHERBROOKE (MM&A) End of Split Split 0 totals

From Mp: 45.00 To Mp: 0.01

Priority defects for this Split

W GA = 166 SPXLV = 99 RC/20 = 79 D ELV 10

822 SR = 9 RC/GA = 11 R31 SR = 14 RC/62 = 32

522 NR = 16 RC/5S = 6 R31 NR = 14 AL/31 = 8

AL/62 = 3 RV ELV = 5 OV ELV - 1 AE = 8

Total Priority defects for this Split: 481

Urgent defects for this Split

W GA = 3 SPXLV = 23 D ELV = 1 N GA 2

R31 SR = 3 RC/62 = 10 RC/55 = 4 R31 NR = 4

DS SPD = 2 AL/31 = 2 AL/62 = 1 RV ELV = 2

RRXL = 1 862 NR 1 AL/RC 1

Total Urgent defects for this Split: 60

H EE S FEE EHEE S EEEEESEESEESRBSREH®S
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1
1
DEF DEF T/B FROM TO LENGTH ~ SPEED
NO. P/U NAME C/E MLGE/FT MLG/FT FT MAX VAL FRT/PAS
Total Defects({ PRIORITY and URGENT ) for this Split:
Total Defects = 541 Average Defects per Mile = 12.03
Gauge OVER 1/2 inch: 19734 FT
Gauge PRIORITY Defect Total: 3106 FT/ 177
Gauge URGENT Defect Total: 63 FT/ 5
Gauge RELATED Defects U and P (TOTAL) : = 182
Surface RELATED Defects U and P (TOTAL): = 61
¥X-level RELATED Defects U and P (TOTAL): = 284
Split Index Surf Rough: 47
Split Index Crosslevel: 12

Page 64
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Appendix B: UMLER Data of Sample Tank Cars

E RAFLINEG Ymler Equipment Management Information System

Display Unit Report
Equipment ID:
Equipment Group:
Date and Time:

General

Element Name
Status Code
Equipment Type Code
Built Date

Tank Built Date

Orig Cert of Constr Nor
Rebuilt / ILS Date
Rebuilt Flag

Owner

Lessee

Maintenance Party
Mark Owner Category
Prior Equipment ID
Last Update Date
Equipment Add Date
Status Change Reason
Status Change Date
Extended Service

End of Service Date
Equipment Identification
EIN Duplication Flag
Info Conflict Status
Conflict Status

Date of Original Conflict
Next Conflict Status
Notice Indicator
Conflict Status Next Date
Rate indicator
Private Zero Rate

First Movement Date
Equipment Add Company
Registration Reason
Restencil Program Ind

Weight

Element Name

Gross Rail Load/Weight
Tare Weight

Load Limit

Weighing Status
Weighing Date
Gallonage Capacity
Star Code

Qual for Inc GRL
Commodity Load Restrict

Dimension

Element Name

Piate Code

Outside Length

Outside Exireme Width
Outside Extreme Height
Ouiside Height Exir Width
Truck Center Length

Specification
Element Name

Flags Legend

TILXD000316547 Mandatory Value L4
TANK ETC-Gen | &
0732013 - 11:17:21 AMEDT Rating -
(1] Flags DB Value Formatted Value Conflict
o @ A |A-ACTIVE
o (@4 T T- Tank
ET T108 Ti08
BOT @ U confidential Confidential
AS8 Confidential Confidential
A @ Confidential Confidential
RBOT Confidential | Confidential
ReR Confidential Confidential
wow | @ TILX TiLX
LESE
L TILX TILX
201 B B - US Private
B122 20120318 031972012
Boe2 20110628 06/28/2011
uscR M | M - Movement
uscT 20120103 010372012
L E E - Built new from July 1,1974, Qualified for 50

Years Service
B078 Confidential Confidential
ENN 0009686431 0009686431
BO74
B3ss
BOSD
BOE3
B13s
8137
BOE2
e =2 2 - Private Mieage Rate
B150 |
UsAT 20120102 010272012
B083
B174 N N - New
8177
0] Flags | DB Value Formatted Value | Conflict
a6 @ 1 263000 263000 b
s @ 66400 66400 b
T @ 196600 196600 b
am @ A A - Actual
e 20111230 1213002011
AzaT A 30200 30200 usgl
AT i
B3sa
BM3
D Flags DB Value Formatted Value Confilict
we @ c |C-Plate Code C
osie @ U 73 59MftSin
e @ 128 10R8iIn
aes @ U 186 1516in
me @ 98 8ft2in
AZIS | 550 45ft10in
D Flags | DB Value Formatted Value Conflict
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Truck Count

Axle Count

Wheel Bearing Type
Bearing Shielded from HBD
Brake Shoe Type

CC Side Bearing Type
Empty/Load Device Eqpd
High Speed Design
Remote Monitoring Device
AF1 High Temperature Tag
Compartment Count
Connected Unit Count
Intermediate Conn Style
Operating Brakes

ECP Brake Type

ECP Brake Builder
Equipment Builder
Builder Lot Code

Built Country

Rebuilt Country

FRA Reflectorization
Tank Major Class
Design Shipping Cont Spec
Stenciled Shipping Spec
Stub Sill Design Type
Tank Lining Material
Tank Head Thickness
Tank Head Mat Spec
Tank Head Matesial Norm
Tank Sheil Mat Spec
Tank Shell Thickness
TankShell Material Norm
Coil Material

Head Protection Thickness
Head Protection Type
Tank Jacket Material
Insulation Type
Insulation Thickness
Bottom Outiet/Fitting Typ
Bottom Outlet Count
Botiom Fitting Protection
Top Fittings Protection
Safety Relief Device Cnt
Safety Relief Device Type
Safety Vent w/Surge Prot
PWHT Not Reworked
PWHT Re-siress Refieved
Year Tank Qualified
Tank Qualification Due
Thickness Qualified Year
Thickness Quaiified Due
Service Equip Qualified
Service Equipment Due
Pressure Relief Qualified
Pressure Relief Due

Cost

Element Name
Original Cost
Ledger Value
Total ALB

.‘IMIUNG Umler Equipment Management Information System

e 2 2
A (@ 4 4
el | @ R R - Roller
BO21 Y Y-Yes
B | @ H H - High Friction Composite
Alae LC LC - Long Travel Constant Contact
B07s Y Y -Yes
B1O%
B176
BODE
a2 (@ Oy 1
A0
B115
AlE2
Baz7
B328
A5 TRIN TRIN - Trinity
8030 Confidential Confidential
BO31 Confidential Confidential
B170
oA 10 10 - General Service Carbon Steel Tank Welded or
| Riveted Includes Rubber Lined
A2 111A100W1 T11A100W1 - DOT 111A100W1
AZST L 111A100W1 111A100W1 - Major Class 10/18 - DOT
111A100W1
- | TRNO23 TRNO23 - TRN0O23 Stub Sill Design
A31S
s 0.4375 0.4375 9.9999 in
s @ 51670 51670 - ASTM AS16, Gr. 70
e N N - No
st @ 1268 1288 - AAR TC128, Gr. B
Az | 0.4375 0.43759.9999 in
6208 N N - No
X111
X108
B105
Al18 u U - Unequipped
B204
Ale2
B259
A | @ B B- Outlet
i 1 1
153 A A - Level A > 1™ Protrusion
A | @ Y Y - Equipped
Als1 1 1
AN @ v V - Vaive
| @ N N - No
B280
6279
B220
B241
B246
B247
B282
B243
B4
B2aS
ID  |Flags DB Value Formatted Value
Atsa Confidential Confidential
A150 Confidential Confidential
A Confidential Confidential
Page 2 of 4
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-
% RAJLINGC Ymler Equipment Management Information System

Ind for Pos/Neg Total A&B

CarManagement

Element Name
Pool Number
Pool Control

User Routing Instructions.

Umier Transportation Code
Transportafion Cond Code
) ical Restricti

Mech Restriction Reason

Sys Gen Routing Inst

Train Service
Element Name

286K Aprvd COCIFRA Waiver

Restricted Speed Empty
Restricted Speed Loaded

Shove car to rest

Shove adj. car to rest
Train Position Sensifive

End of Train Only

Check frailing tonnage

Curve Negofiate Exceptn

Miscellaneous
Element Name

Commercial Owner CIF

Commercial Lessee CIF

Umier Effective Date

Inspection Due Dates

Element Name

ABT 12-Month Due Date

ABT 5/8-Year Due Date

Inspection Air Brake Test (ABT)

Element Name

Inspection Date Done
Inspection Performer
Inspection Reporter

Location/SPLC

D

GEIF

>

120 Confidential

D Flags |DB Value
| 0000000

D |Flags | DB Value

1D Flags | DB Value

20110701

ID_ |Flags | DB Value
| 20121130
o 20191230

Flags

Inspection Reflectorization Event (REF)

Element Name

Inspection Date Done
Inspection Performer
Inspection Reporter

Location/SPLC

D

£8id

Component Flat View

Element Name
Axles Spacing
Distance

Axles Spacing
Truck Axie Count
Truck Axie Count
Joumnal Sze
Joumnal Size
Wheel Diameter
Wheel Diameter
Stabiiity Device
Equipped

Stability Device
Equipped

Flags

Flags

Confidential

Formatted Value
0000000

Formatted Value

Formatted Value

0710172011

Formatted Value

11302012

121302019
| DB Value Formatted Value
120111130 1132011
|TILX TILX
TILX TILX
921942000 921942000
| DB Value | Formatted Value
20111130 113012011
TILX TILX
TiLX TILX
921342000 921942000
| DB Value | Formatted Value | Conflict
i 70 - 70 Inches in
70 70-70 Inches in
2 2
12 2
K K-6-12X9
K K-6-1/2X9
36 36 - 36 Inches
|38 36 - 36 Inches

Page 3 of 4
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Confllict

Confllict

Confllict

Conflict

_ Conflict

Comp.
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.; RAFLINEC Umler Equipment Management Information System

Coupler Code

Coupler Code

Coupler Style
Coupler Style
Inches of Travel
Inches of Travel
Draft Gear Type
Draft Gear Type

>»@ > @ > @

AsT

BO73
6073

¢®

SEGDEE

SBEBOEE

Page 4 of 4

SEGOEE - Type E
gRule 16) -
EGOEE
SBESOEE - Type
E (Rule 16) -
‘SBEGDEE
D - Double Shelf
D - Double Shelf
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TSB Engineering Branch Final Report



R13D0054 Page B-5 of 8

EBA’L’”G Umler Equipment Management Information System

Display Unit Report Flags Legend
Equipment ID: WFIX0000130608 Mandatory Value @
Equipment Group: TANK ETC-Gen a
Date and Time: 071322013 - 11:18:11 AM EDT Rating d
General
Element Name ID Flags DB Value Formatted Value Conflict
Status Code usco | @ A A - ACTIVE
Mechanical Designation umo (@A T T - Tank
Equipment Type Code Ll Ti08 T108
Built Date et @ 4 confidential Confidential
Tank Built Date Az Confidential Confidential
Orig Cert of Consir Nbr ams @ Confidential Confidential
Rebuilt / ILS Date ReOT Confidential Confidential
Rebuill Flag RBFL Confidential Confidential
Owner uow | @ FURX FURX
Lessee LESE
Maintenance Party Lt FURX FURX
Mark Owner Category 8201 B B - US Private
Prior Equipment ID PO TILX0000316400 TILX0000316400
Last Update Date B122 20130614 06/14/2013
Equipment Add Date Bos2 20120830 08/30/2012
Stalus Change Reason USCR M M - Movement
Status Change Date user 20120019 09/18/2012
Extended Service ame @ E E - Buill new from July 1,1674, Qualified for 50
Years Service
End of Service Date Bare Confidential Confidential
Equipment Identification BN 0009686284 0006686284
EIN Duplication Flag 8074
Info Conflict Status 8356
Conflict Status 6050 o
Date of Original Conflict 8053
Next Conflict Status Lo
Notice Indicator B137
Conflict Status Next Date Bo62
Ralte indicator ADTO Bk 2 - Private Mileage Rate
Private Zero Rate Ll 4
First Movement Date USAT 20120819 09/18/2012
Equipment Add Company Boa3
Registration Reason Bi74 P P - Pending Restencil
Restencil Program Ind BiTY
Weight
Element Name [[+] Flags DB Value Formatted Value Conflict
Gross Rail Load/Weight AZ88 @ 1 263000 263000 Ib
Tare Weight s @ 66400 66400 Ib
Load Limit o @ 198600 186600 Ib
Weighing Status e @ A A - Actual
Weighing Date 288 20111114 1111472011
Gallonage Capacity a7 & 30140 30140 usgl
Star Code T 4
Qual for Inc GRL B34
Commodity Load Restrict 5343
Dimension
Element Name D Flags DB Value Formatted Value Conflict
Plale Code e @ W c C - Plate Code C
Outside Length osc @ U 113 5915 in
Outside Exireme Width aes @ U 128 10ft8in
QOutside Extreme Height A185 @ o 186 15ft6in
Qutside Height Extr Width AtB7 @ o8 BR2in
Truck Center Length e 4 |550 45 ft 10 in
Specification
Element Name [+ Flags DB Value Formatted Value Conflict
Page 10f 4
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Truck Count

Axie Count

Wheel Bearing Type
Bearing Shieided from HBD
Brake Shoe Type

CC Side Bearing Type
Empty/Load Device Eqpd
High Speed Design
Remote Monitoring Device
AE] High Temperature Tag
Compartment Count
Connected Unit Count
Intermediate Conn Style
Operating Brakes

ECP Brake Type

ECP Brake Builder
Equipment Builder
Builder Lot Code

Built Country

Rebuilt Country

FRA Reflectorization
Tank Major Class

Design Shipping Cont Spec
Stenciled Shipping Spec

Stub Sill Design Type
Tank Lining Material
Tank Head Thickness
Tank Head Mat Spec
Tank Head Material Norm
Tank Shell Mat Spec
Tank Shell Thickness
TankShell Material Norm
Coil Material

Coils Exteriorfinterior
Head Protection Thickness
Head Protection Type
Tank Jacket Material
Insulation Type
Insulation Thickness
Bottom Outiet/Fitting Typ
Bottom Outiet Count
Bottom Fitting Protection
Top Fittings Protection
Safety Relief Device Cnt
Salety Relief Device Type
Safety Vent w/Surge Prot
PWHT Not Reworked
PWHT Re-stress Refieved
‘Year Tank Qualified
Tank Qualification Due
Thickness Qualified Year
Thickness Quaiified Due
Service Equip Qualified
Service Equipment Due
Pressure Rediel Qualified
Pressure Relief Due

Cosr
Element Name
Original Cost
Ledger Value
Total ASB

E RAJFLINEC Umler Equipment Management Information System

B2se |2 2

A (@ 4 g 4

o | @ R R - Roller

Py Y Y- Yes

oo | @ H H - High Friction Composite
e Lc LC - Long Travel Constant Contact
Bazs Y Y- Yes

B1m9

BI76

BODE

sz | @ 1 1

A0

B115

Alg2

8327

Bxs

AmS | | TRIN TRIN - Trinity

6030 Confidential Confidential

BO31 Confidential Confidential

*h 10 10 - General Service Carbon Steel Tank Welded or

Riveted Includes Rubber Lined

ADT2 111A100W1 111A100W1 - DOT 111A100W1
A @ 111A100W1 111A100W1 - Major Class 10/18 - DOT
111A100W1
A1 TRNO23 TRN023 - TRNO23 Stub Sill Design
A3E
Ams | |0.4375 0.43759.9999 in
=@ 51670 51670 - ASTM A516, Gr. 70
e N N-No
AT @ 1288 1288 - AARTC128, Gr. B
azse 0.4375 10.43759.9999 in
Bens N N - No
xi
x109
B10s
A u U - Unequipped
6204
AL
8259
A8 9 B B - Bottom Outiet
B1s2 1 1
A153 A A-Level A = 1™ Protrusion
As | @ ¥ 'Y - Equipped
A8t 1 1
@ v V - Vaive
a9 N N-No
8280
B279
B240 2011 2011
6241 2021 2021
B246 2011 2011
T 2021 2021
B2 2011 2011
B2e3 12021 2021
B244 2011 2011
B2¢5 2021 2021
ID  |Flags | DB Value | Formatted Value
AlBs Confidential Confidential
A150 Confidential Confidential
Aco3 Confidential Confidential
Page 2 of 4
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‘I RAFLING Umler Equipment Management Information System

Ind for Pos/Neg Total ASB

CarManagement

Element Name

Pool Number

Pool Control

User Routing Instructions

Umler Transportation Code

Transportation Cond Code
scal Restrich

Mech Restriction Reason

Sys Gen Routing Inst

Train Service

Element Name

286K Aprvd COC/FRA Waiver
Restricted Speed Emply
Restricted Speed Loaded
Shove car to rest

Shove adj. car to rest
Train Position Sensitive
End of Train Only

Check trailing tonnage
Curve Negotiate Excepin
Miscellaneous
Element Name
Commercial Owner CIF
Commercial Lessee CIF
Umier Effective Date
Inspection Due Dates
Element Name

ABT 12-Month Due Date
ABT 5/8-Year Due Date

Inspection Air Brake Test (ABT)
Element Name
Inspection Date Done
Inspection Performer
Inspection Reporier
Location/SPLC

LS

178°

HHE

M2 Confidential

Flags DB Value
0000000

|ID_ |Flags |DB Value

|Flags DB Value

20120801

|Flags DB Value
20121108
20191114

Flags

Inspection Reflectorization Event (REF)

Element Name
Inspection Date Done
Inspection Performer
Inspection Reporter
Locafion/SPLC

HEEEL

Component Flat View
Element Name Loc

Axles Spacing o
Distance

A -3
Axles Spacing
Truck Axie Count
Truck Axie Count
Joumal Size
Joumnal Size
Wheel Diameter
Wheel Diameter
Stability Device
Equipped

> @ >0 >0

Devi A
Stability Device:

| Flags

Flags

D
020 e

Confidential

| Formatted Value
| 0000000

| Formatted Value

| Formatted Value

|osm172012

| Formatted Value

11082012

111142018
DB Value Formatted Value
20111108 11/08/2011
TILX X
TiLX TLX
665393000 665393000
| DB Value Formatted Value
20111108 11/08/2011
TILX TILX
TILX TILX
665393000 665393000
| DB Value | Formatted Value  Conflict
70 70 - 70 Inches in
70 70 - 70 Inches in
|12 2
2 2
K K-6-1/2X89
K K-6-1/2X9
|38 36 - 36 Inches
36 36 - 36 Inches
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Conflict

Conflict

Conflict

Conflict

Conflict

Conflict
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TSB Engineering Branch Final Report



R13D0054

B,

|==neny

RAFLING VYmler Equipment Management Information System

Coupler Code

Coupler Code

Coupler Style
Coupler Style
Inches of Travel

Inches of Travel
Draft Gear Type
Draft Gear Type

» o> o »a

ADST

LI

BO73

¢ e

SEGOEE

SBEBOEE

()

Page 4 of 4

SEBOEE - Type E
gﬁd: 16) -
EGOEE
SBEGDEE - Type
E (Rule 16) -
SBEGOEE
D - Double Shelf
D - Double Shelf
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Appendix C: Summary of Vampire Simulation Results

Vampire Simulation Results for Lac-Megantic Investigation R13D0054 LP188_2013

Summarised from the statistic data files by TRRSI enclosed in the report

Statistics between 2180 and 2200 feet centered around the POD at 2189 feet

Wheel Dynamic Vertical Force excludes the static load /Wheel Total Vertical Force includes the static load

Case Simulation Condition Wheel L/V Ratio
left right

Mean Min Max Mean Min Max
1 MeasuredTrack_9DegF100V65 0.443 -0.011 0.744 0.031 -0.264 0.202
2 MeasuredTrack_1p26DegF100V65 0.325 0.034 0.509 0.041 -0.255 0.143
3 MeasuredTrack_NoForceV65 0.305 0.046 0.454 0.043 -0.265 0.17
4 MeasuredTrack_9DegF100V30 0.227 0.087 0.34 0.053 -0.221 0.231
5 IdealCurve_9DegF100V65 0.394 0.261 0.4 0.056 -0.247 0.156
6 IdealCurve_1p26DegF100V65 0.28 0.173 0.307 0.127 -0.246 0.141
7 IdealCurve_NoForceV65 0.248 0.156 0.289 0.136 -0.234 0.163
8 TrackGeomOnly_NoCurve_NoFV65 0.246 -0.22 0.393 0.18 -0.071 0.347

Wheel Loading Percentage

left right
Mean Min Max Mean Min Max
1 MeasuredTrack_9DegF100V65 158.503 76.878 290.572 14.908 -1.778 53.349
2 MeasuredTrack_1p26DegF100V65 161.284  51.589 380.029 6.747 -0.546 35.077
3 MeasuredTrack_NoForceV65 157.755 54.577 369.397 8.605 -0.886 37.482
4 MeasuredTrack_9DegF100V30 122.976  95.499 148.346  63.562 55.215 95.68
5 IdealCurve_9DegF100V65 184.191 177.482 198.663 4.796 -0.006 25.552
6 IdealCurve_1p26DegF100V65 170.086 154.565 191.782 19.047 9.754 43.905
7 IdealCurve_NoForceV65 161.768 147.092 184.261 26.968 16.821 52.898
8 TrackGeomOnly_NoCurve_NoFV65 61.518  26.489 129.754 77.98  21.633 151.34

Wheel Lateral Force (lb)

left right
Mean Min Max Mean Min Max
1 MeasuredTrack_9DegF100V65 23163.21 -100 47965.25 463.734 -3200.24 2632.418
2 MeasuredTrack_1p26DegF100V65 17463.58 1673.737 36081.43 181.313 -2220.86 1061.283
3 MeasuredTrack_NoForceV65 15862.15 2305.581 29870.83 147.365 -2554.59 1161.585
4 MeasuredTrack_9DegF100V30 9734.616 3431.621 15345.09 1100.113 -5006.37  4492.36
5 IdealCurve_9DegF100V65 23769.11 14832.61 24541.44 212.118 -1487.6 692.12
6 IdealCurve_1p26DegF100V65 15536.5 8564.287 17662.48 756.386 -2666.28 1410.841
7 IdealCurve_NoForceV65 13505.47 7356.717 16601.94 1203.131 -2861.18 2103.874
8 TrackGeomOnly_NoCurve_NoFV65  5671.599 -4500.8 12609.63 4665.714 -2311.09 14740.124

Wheel Dynamic Vertical Force (Ib)

left right
Mean Min Max Mean Min Max
1 MeasuredTrack_9DegF100V65 -18721.1 -60983.1 7399.071 27229.35 14928.22 32569.002
2 MeasuredTrack_1p26DegF100V65 -19611 -89609.2 15491.37 29840.9 20775.43 32174.758
3 MeasuredTrack_NoForceV65 -18481.6 -86207 14535.39 29246.42 20005.74 32283.424
4 MeasuredTrack_9DegF100V30 -7370.56 -15470.8 1440.268 11660.07 1382.376 14331.324
5 IdealCurve_9DegF100V65 -26941.2 -31572.2 -24794.4 30465.19 23823.52 32001.982
6 IdealCurve_1p26DegF100V65 -22427.6 -29370.4 -17460.7 25904.97 17950.31 28878.672
7 IdealCurve_NoForceV65 -19765.8 -26963.6 -15069.3 23370.1 15072.71 26617.145
8 TrackGeomOnly_NoCurve_NoFV65  12314.31 -9521.43 23523.48 7046.523 -16428.8 25077.584
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MeasuredTrack_9DegF100V65
MeasuredTrack_1p26DegF100V65
MeasuredTrack_NoForceV65
MeasuredTrack_9DegF100V30
IdealCurve_9DegF100V65
IdealCurve_1p26DegF100V65
IdealCurve_NoForceV65
TrackGeomOnly_NoCurve_NoFV65

MeasuredTrack_9DegF100V65
MeasuredTrack_1p26DegF100V65
MeasuredTrack_NoForceV65
MeasuredTrack_9DegF100V30
IdealCurve_9DegF100V65
IdealCurve_1p26DegF100V65
IdealCurve_NoForceV65
TrackGeomOnly_NoCurve_NoFV65

MeasuredTrack_9DegF100V65
MeasuredTrack_1p26DegF100V65
MeasuredTrack_NoForceV65
MeasuredTrack_9DegF100V30
IdealCurve_9DegF100V65
IdealCurve_1p26DegF100V65
IdealCurve_NoForceV65
TrackGeomOnly_NoCurve_NoFV65

Mean
56592.61
56597.05
55188.41

41960.6
62422.59
57662.44
55067.66
23957.33

Mean
0.454
0.352
0.323
0.377
0.417
0.388
0.383
0.434

Mean
0.705
0.607
0.896
0.331
0.465
0.356
0.329
-0.097

left

Min
24600.93
16508.63
17464.61
30559.73
56794.39
49460.73
47069.29
8476.52

front

Min
0.018
0.041
0.045
0.122
0.287
0.211
0.226
0.014

left

Min

0.038
0.079
0.095
0.169
0.434
0.308
0.275
-2.328
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Wheel Total Vertical Force (Ib)

Max
92983.15
121609.2

118207
47470.81
63572.18
61370.38
58963.64
41521.43

Mean
10778.7
6397.035
6547.427
24300.85
5610.481
9158.891
11702.36
31824.79

Axle Sum L/V Ratio

Max
0.729
0.451
0.419
0.556
0.495
0.406
0.406
0.644

Mean
0.509
0.373
0.406

0.41
0.621

0.51
0.449
0.171

Truck Side L/V Ratio

Max
1.123

1.98
3.734
0.447
0.483
0.369
0.351
1.381

Mean
0.448
0.058
0.074
-0.175
0.056
0.192
0.157
0.263

right
Min
-569
-174.757
-283.424
17668.68
-1.982
3121.328
5382.856
6922.417

rear
Min

0.158
0.132
0.202
0.213
0.319
0.296
0.313
0.017

right

Min

-2.81
-0.091
-0.037
-0.663
-0.026
-0.202
-1.339
-0.286

Max
17071.785
11224.57
11994.26
30617.623
8176.481
14049.687
16927.291
48428.82

Max
0.742
0.565
0.578

0.47
0.646
0.552
0.523
0.373

Max
1.714
0.201
0.271
0.218
0.123

1.95
0.998

1.67
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