BURLINGTON NORTHERN'S ASSESSMENT OF THE ECONOMICS
OF HIGH CAPACITY/HEAVY AXLE LOAD CARS

By: R. R. Newman®, A. M. Zarembski**, and R. R. Resor**

Introduction and Background

North American freight cars and trains have been growing heavier for
many Yyears. For the most part this has been a response to competitive
pressures, the inflexible nature of train crew costs, and the changing mix of
traffic. The shift in traffic towards bulk commodities and unit trains (grain,
coal, ore, and aggregates) was one manifestation of this change in traffic mix
and its consequent movement toward heavier cars. Figure | shows graphically
the near doubling of average car capacity since 1929.

This trend to heavier cars has been accompanied by considerable
research into the costs and benefits of larger cars and heavier trains. In
particular, the issue of increasing car size, and consequently increasing axle
loads, has been the subject of much examination and discussion. There s also
the related issue of increasing the loading of existing cars.

This issue was raised in 1986 at the Third International Heavy Haul
Railways Conference (1) attended by representatives of Burlington Northern's
Research & Development Department. In the opening paper of the
conference, representatives of Mt. Newman Mining Co. and BHP Melbourne
Research Laboratories stated that heavier axle loads were not only technically
feasible but were also economically feasible under the conditions as
experienced, tested, and applied in Australian heavy haul operations.

This paper emphasized that since existing ore cars were only loaded
to about 75% capacity, axle loads could be further increased. Following the
First International Heavy Haul Railways Conference in 1978, axle loads were
increased by the Australians to 33 tonnes (36.3 tons) and this axle load was
adopted as a system wide standard. The successful gain led to adoption of an
additional axle load increase to 35 tonnes (38.5 tons). Even higher axle loads
appeared economically justifiable; however, the 35 tonnes provided an
additional margin of comfort below the 37 tonnes (40.7 tons) level at which
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the Australian road's studies indicated that major, cost-impacting bridge
upgradings would be required. As illustrated in Figure 2, the main point of the
Australian findings was that axle loads between 33 and 37 tonnes (36 and 41
tons) were expected to reduce total railway maintenance and replacement
costs. Costs were reduced 1-4% by increasing axle loads from 36 to 40 tons
but began increasing beyond that point.

In many ways, BN's Northern Coal Route is similar to the Mt.
Newman Railway. It is composed almost entirely of welded rail, the bulk of it
being 132 1b. section. Locomotive-borne lubrication is used and profile
grinding of the rail is carried out twice per year. The vast majority of the
traffic on the line is unit coal traffic. However, since BN's Northern Coal
route is not an isolated captive railway, maintenance standards for both track
and structures may be less rigorous. Mixed traffic and bridges of varying age
and capacity present problems not encountered by the Australian railways.
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Figure 2. Influence of Axle Load on Total Railway Costs

Heavy Axle Load Coal Study

Recognizing the sensitive issues being raised by the conference paper
and historical questions raised by the industry. BN's management decided to
formally investigate the possible economic opportunities offered by a policy
of increased axle loadings. These economies could be especially significant to
BN since it is the largest coal-hauling railroad in the US. A formal,
proprietary study of the economic benefits and drawbacks of heavier axle
loads was commissioned at BN for bulk commodity coal in the spring of
1987. The objective of the coal study was to determine whether cost
savings could be achieved by increasing loads in "existing' equipment
and by increasing train size for a specific movement over BN's Northern
Coal Route.

To effectively carry out this study an inter-departmental Heavy Axle
Load Coal Task Force was assembled at BN with representatives of various
departments: Coal Marketing, Costs and Financial Analysis, Transportation,
Engineering-Bridges and Structures, Engineering-Maintenance, Operations
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Research, Mechanical, Research & Development, and Region and Division
Operations. BN's Research and Development Department was charged with managing
the study and contracted with ZETA-TECH Associates, Inc. of Cherry Hill, New
Jersey to provide detailed engineering and economic analyses. ZETA-TECH was
selected because of its expertise in rail and track structure technology and experience
with industry engineering and economic analysis models.

Heavy Axle Load Intermodal Study

In September of 1987, following the bulk commaodity study, BN's Research
& Development Department was additionally requested by Intermodal Marketing to
carry out a similar study to assess the implications of "Heavy Axle Load Intermodal
Equipment™ (3). While 100-ton "twinstack" container carrying equipment had already
proven successful in service, its articulated design was known to allow for very high
axle loads. The continuing increase in container sizes and payload weights raised
significant questions about profitability. BN's Intermodal Marketing department
requested that BN's primary Seattle-Chicago intermodal container lane be
selected for the study or the costs and benefits of four different types or
intermodal carrying equipment, (See Figure 3).

Conventional TTX flat cars (baseline)

Bulkhead "Twinstack" cars

High Capacity Well-Type Twinstack Car with 125-ton Trucks
""Stand-alone" non-articulated double-stack

Fixed tonnage and fixed train lengths were both studied to determine the
costs and benefits of operating longer and heavier trains.

ZETA-TECH Associates, Inc. was again selected by BN's R&D Department
as the contractor to perform technical assessments and a similar but separate Task
Force was assembled to carry out the study. The Intermodal Marketing Department
supplied key personnel to the Task Force. In addition to System staff officers, Seattle
International Gateway (SIG) and Chicago (Cicero) Terminal were contributors to the
study. Trailer train, Transit America, and Gunderson, Inc. provided technical support.

Methodology

From an engineering standpoint, there is no question that heavy axle loads shorten
track component lives, increase the rate of degradation of the track structure, and
increase the cost of derailments. Likewise, equipment maintenance costs per car will
increase with increased car loadings. However, the operating savings that can be
achieved by operating fewer but larger cars offer several benefits, including:

= improving the net to tare ratio
reducing fuel consumption per net ton of coal
allowing heavier trains to operate without the need to lengthen sidings
reducing car and locomotive miles operated
allowing a given quantity of freight to be moved in fewer trains

The key question in evaluating the overall costs and benefits of heavy axle
loading equipment is whether these operating savings do, in fact, off-set the increased
track and equipment costs from increasing axle loads.

The answer to this question is both service-specific and route-specific. That
is because many of the key variables that can affect the outcome of such an analysis
are both service and route specific. Therefore, any such detailed study must confine
itself to particular routes and services with particular commaodity characteristics.
Thus, train weight and length are determined by grades and siding lengths (as
applicable), maximum feasible wheel loads by the load limit on bridges (which
likewise enters into
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the economic analysis). Commodity characteristics determine product density,
and thus car capacity and weight, as well as loading/unloading restraints.
Track maintenance costs are determined by the weight and type of rail, the
age and condition of the ties, ballast quality, and the quantity of lubrication on
curves. Conclusions about the optimum train weight, car weight, and train
length for one route commodity and service, are not necessarily applicable to
another.

This paper presents the results of two economic studies carried out on
specific routes on the Burlington Northern Railroad. These studies addressed
distinctly different types of service: bulk commodity-unit coal service and
high-speed intermodal service. Specifically these studies were:

1. An annual movement of a fixed volume of coal from a mine in
the Powder River Basin (Wyoming) to a Power Plant in Minnesota. This
movement currently moves in unit trains of 100-ton capacity cars.
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2. An annual movement of a fixed volume of containers from port
(Seattle, WA) to major transfer point (Chicago). These containers currently
move in conventional double-stack equipment.

The intermodal analysis was different from the coal study in that coal
costs and benefits could be expressed on a per ton basis, whereas intermodal
costs must be expressed on a per container (per box) basis.

In carrying out this analysis, a methodology was developed to analyze
the overall systems costs of a specific move or set of moves, taking into
account all of the operating, capital, and maintenance costs of that move. This
methodology included a sensitivity-to-axle load, which allowed for its direct
application to the two studies noted above.

The methodology presented in this paper is intended to analyze a
specific movement(s) of commodities by taking into account all of the direct
operating, capital, and maintenance costs of that move(s). Given the overall
emphasis of increasing train size and/or increasing car capacity, this
methodology has a major focus on the effects of axle load (and specifically
increases in axle load) on these costs. Therefore, by carrying out a
comparative overall analysis of this movement and examining various
combinations of train and car sizes and configurations, it is possible to
determine the optimum axle load (car net load), train size, and train
configuration (to include car type) for specific commodity movement over a
particular route.

As noted above, two different sets of moves were analyzed: a contract
coal movement from Rochelle Mine, in Wyoming's Powder River Basin, to a
power plant at Becker, Minnesota, and a movement of ocean containers from
Seattle International Gateway to Cicero yard in Chicago over Burlington
Northern's "high line" route. These routes are shown in Figure 4.

Only the direct costs of movement were considered; corporate
overhead and those costs (such as snow removal) that logically do not vary
with train size or wheel load were excluded.
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Direct costs of movement considered in the analysis included:

= crew wages

= fuel cost

= equipment maintenance expense (direct cost only, on a per-mile basis)

= equipment ownership expense (weighted average purchase price amortized
over the economic life of the equipment)

= track maintenance expense (a composite of expensed items, including
maintenance performed by divisional forces and capital expenditures)

= an annualized cost of required bridge upgrading or replacement to carry the
heavier loads

= increased operating costs as a result of any bridge slow orders made
necessary by the heavier wheel loads

= an estimated annual cost of derailments and delays due to heavier loads,
principally from additional wear and tear on the equipment

Use of Economic Models

A key analysis tool used in the study was the RECAP (Rail Energy Cost
Analysis Package) model developed by the Association of American Railroads (4).
RECAP is a complex and sophisticated simulation program, which allows detailed
development of the costs of operating a particular consist over a particular route.

The RECAP model [and its operations simulator. the Train Energy Model
(TEM)] was used to calculate fuel consumption, crew cost, overall running time, and
operating speed for a defined consist operating over a particular route. RECAP was
also used to estimate track and equipment maintenance costs for existing equipment;
however, the model was not able to evaluate the effect on either track or equipment of
incremental increases in car weight. It also could not estimate the specific costs of
bridge maintenance and rehabilitation, and it could not quantify the effect of
derailment cost.

Development of "Damage Factors"

Where RECAP does not possess the sensitivity to produce cost estimates,
external engineering analyses were performed. RECAP's track cost estimation
procedures [which are based on an earlier track maintenance costing model
(TMCOST)] have been the starting point for the development of engineering-based
"damage factors" that specifically relate wheel loads and track component lives. A
similar methodology was used for equipment; the anticipated effect of heavier loading
on each car component category (wheels. brakes, bearings, car body, couplers) has
also been quantified. Anticipated increases in bridge maintenance and rehabilitation
costs were estimated with the assistance of Burlington Northern's structural
engineering group. The expected increase in derailment costs was calculated from
historical data by applying the damage factors developed in the track and structural
analyses. The study made use of specific Burlington Northern actual costs or
calculated costs, which have been adjusted to reflect BN costs.

With the aid of this and other computer simulation techniques, the operation
of a range of car weights, train weights, and motive power assignments were
examined on the two study routes. For each simulated consist, cost estimates were
made for crew wages, fuel, equipment maintenance, track maintenance, and the
ownership cost of the equipment. In addition, a supplemental engineering analysis
was carried out for the increase in track, bridge, and equipment maintenance costs to
be expected with heavier car loading. Expected increases in derailment costs were
also estimated. A special assessment was also made, in the Coal Study, of options for
wheel sizes (diameters 36" to 40"). The analysis indicated that the retrofit of new
trucks and larger wheels could not be justified on economic terms. Finally, all costs
were annualized for ease of comparison.
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Analysis Assumptions and Bounds

It is necessary in undertaking any quantitative engineering analysis to
document the assumptions made, the factors held constant, and the bounds of the
analysis. This study has confined itself to following current BN practice. Crew
agreements, equipment maintenance, and track maintenance follow present
Burlington Northern practice. Guidelines on maximum train weight and length are
those the railroad uses in assigning motive power.

For the two specific studies presented in this paper the following constraints
were imposed:

Unit Coal Train Movement

The coal move being studied involved the shipment of more than 3 million
tons of coal per year from the Powder River Basin to Minnesota.

Existing equipment was used in the analysis, since the Burlington Northern
had a surplus of both hopper cars and high-side gondolas during that period of the
study. Two "typical” car classes were used in the analysis: the H450 hopper and the
J401 gondola. Both are fitted with rotary couplers and are rotary-dumped, even
though the H450 has bottom-dump gates. The cars are identical in length and very
close in weight. The principal difference between them was per mile maintenance
expense. The H450 was a bit more expensive to operate; presumably this difference
results from the presence of the bottom discharge gates.

Purchase price data was more readily available on the H450 so it was used in
all the analyses.

Since the objective of the study was to determine the costs and benefits of
heavier axle load limits in existing equipment, a critical concern was volume of coal
that could be physically accommodated in the H450 hopper. The manufacturer was
contacted to determine the interior volume, which was found to be 4008 cubic feet. A
literature search indicated the angle of repose for coal to lie between 25 and 35
degrees.

The volume of a pyramid with a base the size of the top of the coal car was
calculated for any assumed angle of repose by use of the formula:

V = ((BL - W) / 12)>W tan (&)

where V = volume, W = width of car, L = length, and & is the assumed angle of

repose (see Figure 5).
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Since coal cars are subject to vibration while moving, the lower angle of
repose was chosen. The volume of a pyramid with a base the size of the top of the car,
and a slope of 25 degrees, was calculated to be 492 cubic feet.

Coal from Rochelle Mine and from other mines in the same area, loaded into
hopper cars, has an average density of 50 Ibs. per cubic foot, yielding a maximum
feasible load of 112.5 tons of coal in each car. (In some parts of the Powder River
Basin, coal density ranges up to 57 Ibs. per cubic foot. With this heavier coal,
maximum carload could reach as high as 128.25 tons. See Table | for volume and
weight calculations.)

Table I: Calculation of Car Volume and Load

Car cubic capacity: 4008 cubic ft. (mfr. measurement)
Coal angle of repose: 25° - 35°

Volume of coal heap at 25°: 492 cu. ft. (see Figure 5)
Total available volume: 4500 cu. ft.

Powder River coal density: 50-Ibs./cu. ft.

Effective maximum load = 4500 x 50 or 112.5 tons

Modifying the car sides was also evaluated during the course of the study but
dropped from consideration due to loading tipple height restrictions and related costs
for modifications.

Motive power was assumed to consist entirely of SD 40-2 locomotives. These
are in fact the primary coal train power and are 'typical' locomotives in price,
performance, and per-mile maintenance cost.

Approximately 300 round trips per year are required for coal moving in BN's
existing "100-ton™ cars (actually carrying 101.5 tons of coal). By increasing car
capacity (through increasing the net load in existing equipment) and/or increasing train
weight fewer round trips will be required to move a fixed annual tonnage. Table 2
shows the configurations and gross trailing tonnage of all consists successfully
simulated.

Table 2: Train Weights and Annual Trips Required

Case | Car Weight | Cars/Train Trailing Trips/Year
(Tons) Weight (Tons)

A 100 115 15,000 296
B 105 109 14,769 296
C 110 104 14,528 296
D 125 92 14,306 296
E 105 115 15,582 282
F 110 115 16,157 269
G 101.5 115 15,180 292
H 112.5 115 16,444 263
| 101.5 129 17,028 260
L 112.5 120 17,160 252
M 112.5 118 16,874 256
) 125 111 17,260 245

Baseline costs were calculated for current operating practice, a 115-car train
of approximately 15,000 gross tons. Maximum train length was set at 120 cars, which
required siding lengths of 7300 feet.
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Weight, rather than length, was found to be the limit on train size. Thus, total
train weight was defined by the power, train weight, and helper configurations required
to maintain the BN's drawbar force limits of a maximum of 375,000 Ib. Simulation
showed that grade, curvature and rolling and bearing resistance limited train size to
approximately 17,100 tons.

A complete set of TEM and RECAP runs were carried out for each of these
configurations, and the corresponding fuel, crew, and operating costs, calculated.

Intermodal Container Movement

The Intermodal study examined the movement of a fixed annual volume of
containers between Seattle International Gateway and BN's Cicero Yard in Chicago. In
this analysis, four different types of equipment were evaluated and compared:

= conventional TTX 89' flatcars

= 100 Ton bulkhead twinstack equipment
= 125 Ton IBC twinstacks

= new design "stand-alone™ twinstack car

To perform a comparative analysis of equipment types, it was necessary to
define an average trainload of containers based on the operating characteristics of BN's
container trains. In this analysis initially all spaces on eastbound trains were assumed
to be filled with loaded containers and westbound trains assumed to carry only empty
containers. (This assumption was subsequently modified to reflect rapid growth of
loaded westbound containers.)

A critical assumption in this analysis was the weight of the containers-and
thus the carloads-simulated. Using actual container weight data, average container
weights were calculated together with the distribution of the container weight. This
distribution, based on actual weighed container samples, follows:

Container Type Mean Std. Deviation
20 foot 32,360 13,730
40 foot 34,284 13,076
full sample 33,863 13,245

Noting that both twinstack cars and TTX flats can carry combinations of 20-
foot and containers 40-foot, and that, with some exceptions, the loading process was
random, a Monte Carlo simulation was used to evaluate the distribution of car loads.
Using three pools of containers, the containers were "loaded"” onto a car as one of two
combinations; two 40-foot containers or two 20-foot containers and a 40-foot
container. Varying mixes of containers were set by changing the probability of a 20-
foot pick. Figure 6 presents one such distribution of car loadings.

[Note; Car weights were converted to axle loads by adding to the carload the light
weight of each platform.] The data shows the potential for a large percentage of current
equipment to be overloaded.

The actual train operations were simulated in accordance with current BN
operating rules on the Northern Region, which restrict TTX trains to a maximum of 70
cars, and twinstack trains to 21 five-unit cars. Although no stand-alone twinstack cars
were then in service, the length, weight, and carrying capacity of the cars suggested a
maximum train length of 90 cars, and this was used in the study. In addition, trains
operating on the 2.2% grades of the Cascade Tunnel route were held to a maximum
trailing tonnage without helpers. If helpers are added, the maximum train weight can be
increased accordingly. Alternately, if the trains are operated via Pasco and Vancouver
(see Figure 4), the severe grade limitation is avoided and train weight can likewise be
increased.
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In this study, multiple combinations of train length and weight were simulated for the
four different car types and three different route/operation combinations (Cascade
Tunnel route with and without helpers and the Pasco Route without helpers.)

Track and Structures Analysis

Track costs were generated within the RECAP program by reference to a cost
matrix generated from a series of TMCOST model runs (4). Although several of these
matrices were developed for use in RECAP, these did not permit analysis of the cost
impacts of incremental changes in axle loads. In addition, the 125-ton car costs
(UNITH matrix) appear to indicate a linear increase from the 100-ton level, while
published research strongly supports an assumption of non-linearity. Since one
objective of this study was to determine an optimum axle load rather than estimate the
costs of one or two specified axle loads, it was necessary to develop an alternative
costing methodology.

Track Costing Methodology

The 100-ton cost matrix within RECAP appeared to be a reasonably accurate
predictor of the track maintenance costs associated with 100-ton cars, and thus served
as a starting point for developing an alternative methodology. The approach used was
that of developing an axle load dependent "damage factor" that increased the relative
damage (and consequently cost) associated with increasing axle loads. This damage
factor was then used as a "multiplier” to the 100-ton axle load costs to determine the
costs associated with higher axle load traffic.

To determine such a damage factor, the sensitivity of each of the three major
track components-rail, ties, and the ballast/sub-grade-was examined. Each of these
components is affected by several different degradation (damage) mechanisms, which
are in turn related to axle load.

A literature search and supplemental analysis was undertaken to identify the
range of variation in the damage relationships between the component damage
categories and wheel loads. These damage factors were of the form:

F = (P/33,000)"
where, for each deterioration mechanism:
F = calculated damage factor
P = actual wheel load
n = damage exponent
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For rail, the three primary degradation mechanisms are surface fatigue,
internal fatigue, and wear. Surface fatigue and internal fatigue will increase
exponentially with axle load. Wear, which is life-limiting principally on curves, is also
dependent on axle load. A separate damage factor must be developed for each to
quantify the impact of heavier axle loads.

Each of these three mechanisms was examined individually. For internal rail
fatigue, the "worst" exponential value was that estimated by D. H. Stone of the AAR
(5), who predicted a fourth power relationship between defect development and axle
load. March (1) estimated a range from 2.0 to 3.3. The higher value was found on
standard carbon steel rails installed before Mt. Newman Railway began a program of
profile grinding. With the use of “clean" steels in more recent rail installations, a
program of profile grinding, and the installation of premium rail on curves, the value
for the damage factor is now believed to lie near the lower 2.0 figure. Other estimates
have ranged from 3.3 to 4.0 for standard (non-premium) rail steels. Thus, for this study,
the range for internal fatigue factor was assumed to lie in the range of 3.3 to 4.0 with an
"expected" value of 3.3.

The literature shows an exponent of 3.0 to relate wheel load to fatigue on
rolling contact surfaces. However, Clayton and Hill (6) identified a lower limit of 1.8
under certain conditions of load and lubrication. The range is thus from 1.8 to 3.0, with
a value of 2.5 defined as the expected value for surface fatigue.

Wear has historically been treated as primarily linear with load. However,
March (1), the Canadian Institute of Guided Ground Transport (7), and Reiner and
Staplin (8) all have found a more-than-linear relationship. Thus, while the range of
values lies between 1.0 and 2.0, on the basis of this recent research the expected value
has been determined to be 2.0.

The distribution of these three mechanisms is generally related to the
distribution of curvature and traffic on the track under study. Thus, internal fatigue is
traditionally considered to be dominant failure or replacement mechanism on heavy-
tonnage tangent track while wear dominates on curved track and on medium-tonnage,
high-speed trackage (such as that used primarily by passenger trains or intermodal
trains). However, a review of Burlington Northern rail defect data suggested a larger
role for wear and a much smaller one for internal fatigue in determining the
replacement of rail, BN personnel credited their aggressive rail grinding program for
reducing the incidence of TDs, which appears consistent with recent research into
profile grinding (9). They also felt that, between the grinding and the heavy traffic,
metal loss from the rail head (wear) was the primary cause for rail removal from track.
Based on this information, the relative weighting of the three failure modes were wear
accounting for 65% of rail removals, surface fatigue (such as spalling and corrugation)
for 10%, and internal fatigue only 25%.

Mechanical wear was the primary life-limiting mechanism for wood ties on
the heavy-tonnage routes analyzed. Both Talbot (10) and Hay (11) consider tie life to
be linearly related to load. However, Reiner (12) and CIGGT (7) indicated a non-linear
relationship with exponent values ranging from 1.0 to 2.0. Noting North American
experience with severe crushing of ties on curves in unit-train territory, a conservative
exponent value of 2.0 was defined for wood ties.

For ballast/sub-grade deterioration and the corresponding degradation of track
geometry, traditional beam-on-elastic foundation analysis, consider loading (and
deflection) to be linear with axle load (I1). There are, however, two exceptions. CIGGT
(7) finds a square relationship, even with a good sub-grade. Selig (13) and others agree
on a grossly non-linear relationship between load and sub-grade defornlation on
"poor" sub-grades. The definition of poor sub-grade is less than rigorous, however.
While track supervisors know where their geometry problems are, the size and severity
of the problem is extremely difficult to quantify.

Interviews with Burlington Northern Assistant Superintendents - Maintenance
resulted in the following quantifications. Poor sub-grades tend to deteriorate quite
rapidly. Based on available evidence, 10% of the route being studied was assumed to
have lesser sub-grades, with an n value in the
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range of 3 to 7. The rest of the route, with good sub-grade conditions, was
assumed to fall in the range of n = 1 to n = 2. Expected values for poor and
good sub-grades are, respectively, n=6andn=1

Table 3 shows the resulting damage exponents using the best, expected and
worst-case values.

Table 3: Ranges for Damage Factor Exponents

Best Expected Worst
* Rail
o Wear 1.0 2.0 2.0
0 Surface Fatigue 1.8 2.5 3.0
o0 Internal Fatigue 3.33 3.33 4.0
= Ties 1.0 2.0 2.0
= Ballast/Sub-grade
0 good ballast 1.0 1.0 2.0
0 poor ballast 3.0 6.0 7.0
= Composite Totals 1.54 2.2 3.06

These values were combined in a logarithmically weighted aver3ge to
derive a single n value that related track maintenance cost and axle load. Table
4 presents weightings and n values for the various subcomponents from which
expected value for the composite track damage factor was produced.

Table 4: Final Track Maintenance Exponents

Component % of Total Load Ratio
Maint. Costs Exponent n
*  Rail .70
0 wear (65%) 2.0
o0 surface fatigue (10%) 2.5
o internal fatigue (25%) 3.33
= Ties .10 2.0
= Ballast/Sub-grade .20
0 good sub-grade (90%) 1.0
0 poor-sub-grade (10%) 6.0
= Logarithmically Weighted Average n 2.20

Application of the weighted average best expected and worst n values through
the wheel load equation for "damage" yields the damage factors shown in Figure 7.

These damage factors were then used to weigh the base 100-ton RECAP
deternlined costs of track maintenance. However, the track maintenance costs
calculated by RECAP using the 100-ton car matrix are built up from engineering
models of track damage. Estimated track damage is turned into expenditures by
calculating the cost - at industry-average prices - of the labor and materials required to
perform the work the models indicate is necessary. Thus, these models calculate what
work the railroad hypothetically should be doing. These levels of expenditure,
however, do not bear any necessary resemblance to a railroad's actual expenditures.
This is a common criticism of engineering-based models.

In this analysis, to insure that the calculated track maintenance costs were close to
correct, the costs produced by the base 100-ton car were compared to Burlington
Northern’s actual average annual expenditures over a three-year period for the line
segments involved in the study (and the allocation of
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costs for the specific traffic analyzed). For the case of the coal movement, the
RECAP calculated costs were found to be 86.5% of BN actual costs. Therefore,
in order to relate the RECAP costs with BN actual costs, each of the individual
RECAP cost elements was inflated by a factor of 1.156. A similar analysis was
performed for the intermodal movement. In that case, a factor of 1.964 was
required to match RECAP calculated costs with BN actual costs.

Bridge Maintenance and Repair

An area of major concern in this analysis was the cost of upgrading
bridges to carry heavier loads. RECAP does not include a methodology for
costing bridge maintenance and rehabilitation, but it was felt based upon the
Australian experience that bridges represented a potentially major area of
expense.

The operation of heavier trains can be expected to affect bridge costs in
three ways. First and most directly, ties on open-deck bridges may have to be
replaced more frequently. Since the same degradation mechanism applies to
bridge timbers as to wood cross ties in ballast, and since bridge tie replacement
is included in the previously detailed maintenance costs, any additional bridge
timber maintenance expense has been captured in the inflation of track costs
previously described.

Second, heavier loads may necessitate structural repairs to strengthen
bridges and Increase their load ratings. Alternatively, impact loads can be
lowered by reducing speeds. Burlington Northern's Structural Engineering
Department was asked to evaluate the impact of increased wheel loadings on
bridges on the two study routes. They calculated that most bridges would be
able to sustain the heavier loadings without quantifiable damage. Two groups
of bridges were identified as problems, however, The first group consisted of
bridges with load limits so close to the proposed maximum wheel loads that
slow orders would be required to limit dynamic impacts. These slow orders
were
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incorporated into the simulation track tiles, and all heavy car simulations were run with
the slow orders. No operating problems were encountered.

The second groups of bridges has riveted rather than bolted floor beam
hangers. Replacement of the riveted hangers with bolted fasteners - a desirable upgrade
in any case - was essential for the proposed heavier loads. The discounted cost of this
bridge upgrade was introduced as an additional bridge maintenance cost for the heavy
axle load cars.

The third concern is the reduction in bridge fatigue life that might occur with
heavier loadings. Bridge life can be measured in number of load cycles; the heavier the
load, the fewer the cycles until the bridge fails and must be replaced. A greatly over-
designed bridge may never fail, since the cyclic loading may be below the endurance
limit for the bridge steel. However over designed the Burlington Northern's bridges
may have been, many are more than seventy-five years old and almost certainly subject
to fatigue.

Noting the standard relationship between stress (s) and cycles to failure (N)
for structural steels:

log (S) = —a(log (N)) +b

where a is the slope of the stress/cycles (S/N) curve, as shown in Figure 8. (Note that a
= .33 (I/a = 3) for standard structural steels, as used in railway bridges [13]). The stress
value S, in turn, is directly related to the loading P. For linear elastic structures, such as
steel bridges, the stress can be assumed to be linear with load. Noting these equations,
the relationship between the loading and life (in cycles to failure) for the different car
types (and axle loadings) was taken to be:

(P/P er) M = (N o1 / N)
where:

a = the slope of the AREA bridge steel S-N curve
(a=.33; see Figure 8)

Pef = 33,000 (100-ton car)
P = actual load [i.e., 35,750 (112.5 ton car)]
and Ny = the expected life of the bridges at reference axle loads

A recent survey of one of the specific bridges (on the coal study route)
showed that certain structural members had only 25% of their fatigue life remaining
(15). Most or all fatigue damage was assumed to have occurred since 1970, when 100-
ton cars first became common. From this data, a reference life of 24 years was inferred
for those bridges close to their load limits under existing traffic.

Using this 24-year reference life for current traffic, S/N analysis was used to
calculate the remaining life of these bridges, at the various axle load levels.

For those bridges that had E-ratings that exceeded the loading imposed by
112.5-ton cars by only a moderate amount, a 40-year reference life was assumed
because of their substantial excess capacity under current loadings. S/N analysis again
was used to estimate lives under the proposed heavier loadings.

To estimate the cost impacts of this reduction in life, an average replacement
cost per foot for each of the major types of bridges was obtained from Burlington
Northern's System Bridge Engineering Section.
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SRr-N Curves for Bridge Steel

A complete list of bridges on the study routes was prepared which divided the
bridges into four categories. These were:

=  Bridges felt to he adequate to accommaodate the heavier loads

= Bridges with E-ratings below the loadings imposed by the heavier cars, and
requiring either replacement or slow orders. (Bridges in this category were
assumed to have only 25% of their fatigue lives remaining, and, as a result, a
24-year reference life).

= Bridges requiring replacement of riveted with bolted hangers in order to
accommodate the heavier cars.

=  Bridges with E-ratings less than 5% above the level required to accommodate
112.5-ton cars

= (Bridges in this category were assumed to have a 40-year reference life).

It is assumed that when a bridge reaches the end of its fatigue life, it will be
completely replaced. This is a conservative assumption. Replacement bridges, which
will be designed for 125-ton (or heavier) loads, are assumed to have an eighty-year life.

Using the projected cost of the bridge replacement and the calculated life of
the bridge, for each axle load category an annual cost of bridge replacement was
calculated together with the incremental cost of operating heavier cars (which is the
difference between the annual costs between present loading and increased load levels).
Note: the only cost properly chargeable to heavier cars in this comparative analysis was
the incremental cost due to the shortening of bridge life from current levels. It is this
incremental annual bridge cost which was charged to the heavy axle load vehicles.

For the case of the intermodal equipment, which had a distribution of axle
loads, as noted previously; bridge costs were calculated for each of five axle load
categories (33,36,39,42, and 45 tons) and combined in accordance with the actual
percentage distribution of these axle loads in the movements (as detemlined by the
statistical analysis of container weights and distribution). Once again, the incremental
annual bridge cost was then charged to each set of equipment as a function of its
capacity and axle loading.
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Equipment and Car Maintenance Costs

Car equipment and maintenance costs were calculated using the RECAP
Economic Routine. The ownership cost per hour was calculated using the purchase
price, discount rate, and economic life of each type of equipment. This cost was then
applied to the simulated hours of operation to obtain the ownership costs. The
maintenance cost was calculated for the number of miles operated by each piece of
equipment through the use of a per-mile maintenance charge.

To account for the effect of increasing loadings of existing cars (where there
will be a significant increase in maintenance costs as the design loadings are
exceeded) a damage factor approach was used. These damage factors increase the
per-mile car maintenance cost to reflect the stresses imposed by heavier loads.

The equation takes the: same form as the equation used to increase track
costs:

F = (P/33,000)"

where, for each deterioration mechanism:
F = calculated damage factor
P = actual wheel load

m = damage factor

Damage factors have been calculated for major car components and
subcomponents in the same manner as track costs and are presented in Table 5.

Table 5: Car Maintenance Cost Factors [15]

Component % of Total Load Ratio
Maint. Costs  Exponent n
Wheels and Axles .58
—wear (50%.) 1.0
—shelling (20%) 3.33
—discolor (20%) 1.0
—thermal damage (9%) 2.0
—journal fatigue (1%) 9.0
Air Brakes .03 "
—shoes (80%) 2.0
—system (20%) 1.0
Trucks 15 2.0
Bearings A3 3.33
Couplers .04 4.1
Car Body .07 3.33
Logarithmically Weighted Average m 2.19

During the course of this study, an economic assessment was also made from the
addition of bearing adapter pads to the intermodal double-stack cars for enhanced
vertical ride performance.

Derailment Costs

Derailments, while infrequent, can be very expensive. In order to introduce
the cost of derailments into this study, an annual cost of derailments on the routes
under study was obtained from BN data and allocated to the movement under study as
a percentage of traffic. These derailment costs were then
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increased to reflect axle load increases in a manner similar to the methodology of
increasing track and equipment costs. The equation takes the form:

Derailment cost [heavy axle load] = derailment cost [base] x F

where F is the inflation factor derived from the track and structural analyses
through the equation;

F = (P/33,000)"
and N is the appropriate exponent for either track or equipment costs.

Since previous estimates of increased track and c4uipment maintenance
costs assumed a shortening of component lives and an increase in maintenance
activity, this estimation of derailment costs may represent double counting. A railroad
may, for example, increase inspection frequency to avoid additional derailments due
to broken rails, or institute a bearing inspection and change out program. These
procedures are part of the increase in costs already assigned to the operation of
heavier cars; however, they will help to limit derailments.

Implications from the Heavy Axle Load Studies

Given the distinctly different nature of these two studies, the results and
inferences will be presented separately.

Coal Movement

For the coal movement, three areas of savings were identified. The first was
the result of operating heavier trains (as opposed to heavier cars). The second area of
savings results from the increase in car weight. Although both car and track
maintenance costs increase as car weight increases, net savings can result simply from
an increase in car weight. The third area of savings comes from optimizing motive
power assignments.

The substantial economics available from increased train size suggested that
the optimum train consist would be one of the heaviest trains simulated and that was
determined to be the case.

Figure 9 combines several different simulation runs on one graph to show
the process by which the minimum-cost consist was reached. Several factors are at
work. The first two data points show the effect of increasing car (and thus train)
weight while holding train length constant. This would be the preferred strategy if
siding length placed a constraint on train length. If siding length is not a constraint,
the third point shows the cost of a maximum-tonnage train of 101.5-ton cars. Note
that it is less costly to operate than any of the fixed train length cases. But holding
train weight at or near the maximum of approximately 17,100 tons while increasing
car load continues to produce economies up to the maximum feasible load of 112.5
tons (fourth and fifth points). Note, however, that at the 125-ton car loading on this
route, the costs start to move back up. [This is partially due to a large bridge cost that
is incurred at the 125-ton axle load level.]

The total cost curve decreases to a minimum for the 120-car, 112.5-ton per
car train. This is the optimum (least cost) alternative for the route studied. The 112.5-
ton load is also the practical maximum determined by coal density and car volume.
The curve then turns up to the 125-ton cars. The overall transportation benefit
amounts to a projected annual savings of 5.2 %. However, the total cost at 125 tons
per car is still less than for the base case consist. Train length/car weight
combinations less than the optimum consist, such as the 115-car, 110-ton per car
consist, will still produce significant savings over the base case although not as large
as those for the optimum case. [It should be noted here that equipment purchased
new, and designed for greater-than-100-tons loads, would certainly not be subject to
the extreme increases in car equipment maintenance costs produced in this analysis.]

Table 6 lists all consist/motive power combinations simulated and their
overall relative costs. Figures 10, 11 and 12 present the relative costs for Track
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Maintenance, Equipment and Operations. The trends can be clearly seen; track costs
(Figure 10) always increase with axle loads, while equipment (car and locomotive)
costs (Figure 11) decline with increasing train weight in most cases. While total car
maintenance costs must increase as axle loads increase, since savings in car mileage
are linear while car maintenance costs increase exponentially, the saving in
locomotive miles resulting from the smaller number of annual train trips is sufficient
to offset the increase and lower total annual equipment maintenance and ownership
costs.

UNIT COAL MOVEMENT
EFFECT OF AXLE LOAD & TRAIN SIZE

Annualized Cost-Normalized to Base Case

1.00
5.2% Savings
$935,767
0.95 o '
0.90 . Optimum
Axle Load/
Train Length)
0.85
0.80
0.75
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Lading (Tons), No. of Cars
Figure 9
Table 6
Results
No. of Car Weight Loco Relative
Consist* Cars (Tons) Assign Costs Savings
Gl 115 101.5 BASE 1.000 —_
Hi 15 112.5 BASE 0.967 3.3%
11 129 101.5 BASE 0.961 3.9%
Li# 120 112.5 BASE 0,948 5.2%
Mi 118 112.5 BASE 0.959 4.1%
01 11 125.0 BASE 0.958 4.2%

# Represents optimum “least cost” case.

As expected, operating costs (Figure 12) decrease with increasing axle load
and/or train size.

Intermodal Container Movement
The results of the heavy axle load intermodal container movement study are
represented in Figure 13 for one of the studies
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UNIT COAL MOVEMENT
ANNUALIZED TRACK COSTS
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UNIT COAL MOVEMENT
ANNUALIZED EQUIPMENT COSTS
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UNIT COAL MOVEMENT
ANNUALIZED OPERATING COSTS
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double-stack cars, while relatively expensive per car mile, are by far the least
expensive cars to operate on a per-container basis. Only at very heavy average car
loadings does the lesser cost per container for the double-stack equipment approach
that for the stand-alone car.

At a theoretical difference of $200 per box for double-stack versus
conventional equipment and 150,000 containers handled per year, a projected $30
million can be saved each year. The 125-ton IBC car, which incurs no car
maintenance penalty at car loads of up to 60 tons, is less costly to operate than the
stand-alone car at all car loads simulated. It must be noted here that given the mix of
container weights, and the current loading process, 100-ton twinstack equipment can
experience almost identical loadings to the 125-ton equipment, but without the benefit
of increased car body strength and larger wheels and axles. Furthermore, it was noted
that even with 125-ton equipment, overloading was still possible, given the
distribution of containers that are carried.

Closing Observations

There is an economic benefit to increasing axle loads beyond the generally
accepted 100-ton (33 ton axle load) maximum at BN. There are some very specific
benefits to be realized from increasing net road by increasing car weight. They
include:

= Areduction in car miles and car ownership requirements

= A reduction in train resistance due to the smaller number of axles required
for an equivalent train weight

= Animproved net-to-tare ratio, which reduces fuel costs

= An increase in train weight without adverse operational impacts resulting
from inadequate siding capacity

However, while in general heavier axle load trains are more economical,
general conclusions should not be drawn about optimum car weight or optimum train
size without evaluating route characteristics. The results reported apply
predominantly to the two routes studied. Specific route characteristics, such as grade,
curvature, siding lengths, and bridge conditions will determine the actual optimal
train size and weight.

New equipment designed for heavier loads will also avoid the severe
exponential increase in car maintenance costs and derailment costs assumed in these
analyses, and may produce savings at car load levels higher than 112.5 tons payload
(36-ton axle loads). Quantification of the savings available with the operation of coal
equipment in newly purchased 125-ton cars was beyond the scope of this study and is
being developed in BN’s ongoing research studies.

In summary, Burlington Northern Railroad believes that a thorough, yet
conservative analysis of the implications of increased axle loadings has been
accomplished weighing all of the critical elements with the following findings:

= Significant savings can be attained by increasing the axle loads of existing
coal cars to the 35 to 36 ton axle load limit (on the order of 5% reduction in
annual operating costs).

= Significant savings can be attained through the use of 125-ton double stack
container cars versus conventional flat cars (on the order of $100 to $200 per
container on long route movements, depending upon route characteristics
and $15-30 million total savings).
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