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Application of Life-Cycle Costing and

Demand-Responsive Maintenance to

Rail Maintenance of Way

MICHAEL J. MARKOW

The rehabilitation and renovation of existing, ma=-

ABSTRACT

Although rehabilitation and renovation are becoming an increasingly important
aspect of construction activity, comparatively little work has been devoted to
the development of planning and management tools to evaluate different mainte-
nance policies. In contrast with the design of new construction, the planning
and management of maintenance (including routine maintenance, rehabilitation,
and renovation) are more concerned with the long-term performance of an exist-
ing facility and associated life-cycle costs. Performance and costs are influ-
enced not only by the quality of initial design and construction but also by
the magnitudes and frequencies of the actual loads imposed, the actual environ-
mental conditions encountered during service, aging, and the maintenance actu-
ally performed on the facility through its life. Because the interactions among
these factors are complex, most managers extrapolate maintenance trends and
costs from past experience and fail to investigate useful alternatives in main-
tenance policy through life-cycle costing. In work with the Red Nacional de los
Ferrocariles Espanoles (RENFE) (Spanish National Railroad), some new concepts
in maintenance management (referred to as a demand-responsive approach) were
applied to study several different track maintenance policies. For each alter-
native not only total program costs, but also the impacts on future system con-
dition, were computed. As a result of this research, a number of key findings
emerged for RENFE top management. The analytical concepts of the demand-respon-
sive approach and their application to the Spanish rail network are described.

think the

struction to maintenance, engineers may have to re-

ture facilities are becoming increasingly important
components of construction activity. However, com-
paratively little work has been devoted to the de-
velopment of planning and management tools intended
specifically for maintenance programs, particularly
life-cycle costing of facilities. [For brevity, the
term "maintenance" will be used in this paper in a
broad sense, encompassing routine maintenance, reha-
bilitation (i.e., major repair), and renovation
(i.e., substantial replacement of ballast, ties, and
rail).] Yet, decisions regarding the planning, fi-
nancing, budgeting, implementation, monitoring, con-
trol, and evaluation of maintenance are different
from corresponding actions for new construction, in
several ways:

1. Mature facilities require an understanding of
the concepts underlying their performance, as op-
posed to their design. Good performance models,
which can predict the behavior of a facility and its
deterioration as a function of loading history, op-
erating environment (temperature, moisture, soil
conditions, etc.), aging, and past maintenance per-
formed are scarce and have not been the focus of
much research (in relation to design). Properly de-
veloped performance models could be used for design;
design procedures cannot always be used for perfor-
mance.

2, Because rail 1links rarely fail catastrophi-
cally, it is difficult to define the point of fail-
ure. This, in turn, complicates the specification of
standards governing track performance, safety, and
cost. In shifting industry emphasis from new con-

by which routine maintenance,
rehabilitation, and renovation standards are now
developed and enforced. This also holds for those
facilities that do fail catastrophically (i.e.,
suddenly and with potentially large loss of 1life),
but the ways in which specific technical and safety
issues are addressed analytically will differ.

3. There is a need to understand the role of
maintenance itself in influencing track performance.
In virtually all performance studies, emphasis is
placed on the effects of loads, environment, and
aging; in contrast, there is 1little information
about the influence of preventive or corrective
maintenance on the subsequent rate of track deterio-
ration.

4., Decisions to repair existing track are com-
plicated by the wide range of activities possible
(ranging from minor routine maintenance to major
rehabilitation or reconstruction), problems in spa=-
tial and temporal allocation of resources throughout
a network, and choices between investment and non-
investment policies (e.g., strengthening of track
versus imposition of load limits).

5. As a result of Items 1-4, the optimization of
maintenance policy is difficult. New concepts and
analytic approaches need to be introduced among
those responsible for transportation infrastructure,
together with complementary support activities
(e.g., inspection and monitoring, collection of rel-
evant data, revisions to existing management systems
and procedures, introduction of new technology).

6. The management of mature infrastructure im-
plies an ability to evaluate life-cycle performance

process



and costs. Trade-offs must be measured in economic
as well as technical terms to account for impacts to
facility owners, users, and nonusers and to provide
a consistent basis of measurement for decisions made
at different points in a (possibly extremely long)
life span.

In addressing these issues, the concepts needed
to address facility maintenance itself will be sum-
marized. Then analytic approaches that have been
used to implement these concepts within workable
procedures will be described. Finally, the applica-
tion of these procedures to the rehabilitation of
the Spanioh National Railway will be illuotrated.

CONCEPTS OF LIFE-CYCLE COSTING

Analysis of Track Maintenance Alternatives

This work is based on the premise that planning and
managing facility maintenance requires a life-cycle
approach; that is, consideration of the total costs
of construction, routine maintenance, rehabilita-
tion, and use of the facility throughout its service
life. There are several reasons for this.

First, as the key component of a rail facility,
the track embodies critical trade-offs among the
economic costs of construction, maintenance, and
rehabilitation (all engineering issues) and of train
operation, travel time, accidents, and smoothness of
ride (operational and marketing considerations).
Furthermore, because these costs accrue in a time
span that typically covers several decades, life-
cycle costing is a natural and appropriate method-
ology for analyzing track investment strategies.

Second, for those facilities (such as track) that
do not fail catastrophically, it is difficult to
define the points at which the facilities require
repair or renewal. This, in turn, complicates the
specification of design, maintenance, and rehabili-
tation standards governing track performance,
safety, and cost. Life-cycle cost analyses can be
used, however, to estimate both the total and the
marginal benefits and costs of alternative stan-
dards, thereby providing economic as well as engi-
neering guidance on the selection of the appropriate
track investment strategy.

Third, life-cycle cost analyses, if properly
formulated, help in the understanding of the role of
routine maintenance and rehabilitation in influenc-
ing track performance. This capability contrasts
with, for example, conventional analyses of track
design and construction, which emphasize the effects
of train loads, environment, soils, and aging but
which offer no information relating routine mainte-
nance or rehabilitation policy to the subsequent
rate of track deterioration. Where this gap in in-
formation exists, policy makers cannot analyze well
the impacts of deferred maintenance, nor can they
assess effectively potential trade-offs among ini=-
tial design standards, construction quality, and
future maintenance regquirements. Such studies are
feasible, however, using life-cycle cost analyses.

Fourth, decisions to repair or rebuild track are
complicated by the wide range of activities possible
(ranging from minor routine maintenance to major
rehabilitation or reconstruction), problems in spa-
tial and temporal allocation of resources throughout
a network, and choices between investment and nonin-
vestment policies (e.g., strengthening of track ver-
sus adjustments in train load or speed limits).
Life-cycle analyses can illuminate the long-term
costs and benefits of these different courses of
action.
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Demand-Responsive Approach

The implementation of life-cycle analyses of track
required a new approach to looking at track perfor-
mance and the factors that inflnence costs throuah-
out its service life. This approach is referred to
as "demand-responsive" because routine maintenance,
rehabilitation, or reconstruction are viewed as re-
sponses to the demand for repair or renewal of the
facility. This demand for work arises through both a
physical dimension (the condition of the facility,
which reflects the quality of initial design and
construction; the accumulation of wear and damage
from the combined effects of traffic loads, environ-
ment, and age; and corrections due to past repairs)
and a policy dimension (standards of initial design
and construction and the level of maintenance, reha-
bilitation, or reconstruction to be performed, ex-
pressed through quality standards). Furthermore,
because the prediction of facility condition is cen-
tral to the demand-responsive approach, the impacts,
as well as the costs, of alternative investment
policies can be computed.

Treating routine maintenance, rehabilitation, and
reconstruction as demand-recponsive activities re-
quires that three additional elements be introduced
within existing planning and management models. The
first is that estimates of future resource require-
ments and costs cannot be extrapolated from past
trends; they must instead be based on predictions of
structural and operational deficiencies caused by
use, environment, and age. The second is that, in
designing models to be sensitive to the implications
of different policies, there must be unambiguous
statements of maintenance, rehabilitation, or recon-
struction policies that define the types of preven-
tive or corrective actions to be taken and when and
where they are to commence. The third is that new
relationships must be identified between the as-
maintained state of the transportation facility and
the impacts to both the transport agency and the
traveling public to provide a measure of the bene-
fits or liabilities of each policy at the costs com-
puted. Organization of these ideas within a unified
structure is shown in Figure 1; additional details
on the demand-responsive approach and its applica-
tions may be found elsewhere (1-6).

Analytical Procedures

North American Experience

Many studies of track performance, track life, or
track maintenance have been conducted by or for
North American railroads. Although the models differ
in thelr scope and approach, in general they attempt
to predict the deterioration of one or more track
characteristics as functions of several variables,
such as annual tonnage (or traffic density), degree
of curvature, weight of rail, and velocity of
trains. Other factors, recognized on a more limited
basis in selected models, include axle or wheel
loads, rail age, ballast and tie condition, hardness
of rail steel, distinction between jointed and
welded rail, superelevation of track, and weight of
ties.

Many North American models predict the expected
lives of specific track components. Included here
are predictions of rail head wear (7-9), rail life
due to fatigue (10), overall rail life (1l1), and tie
life (8,12). However, these models do not predict
the actual performance of these track components
(they predict only the time of useful or safe ser-
vice), do not include costs, and are not sensitive
to changes in maintenance policy. More general
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FIGURE 1 Demand-responsive approach to track
investment.

models of track performance represent track deterio-
ration or condition using a composite index (13,14).
Other models (15) use a profitability criterion to
analyze track costs. Although certain models (14,15)
do include track maintenance costs within their for-
mulations, these costs are treated as expenditures
rather than as responses to demand for repair.
Incorporating the concepts in Figure 1 within
analytical models requires an economic as well as an

engineering approach. A brief description of how
this is done is provided next.

Model Employed in Study

The analytical procedures needed to implement the
management structure in Figure 1 are organized
within a simulation model, the MIT Intercity Trans-
portation Model (6). Each maintenance policy to be
considered is tested by the model, which simulates
the performance of the rail network; computes costs
of routine maintenance, rehabilitation, and renova-
tion; and predicts policy impacts on preservation of
investment and rail operations through a given anal-~
ysis period. This process is then repeated for sev-
eral policy options to compare relative costs and
impacts, to identify any additional policies that
should be investigated, and to decide on a single
policy that will form the basis for programming and
budgeting future activities. Some examples of typi-
cal (but simplified) simulation results follow.

The prediction of track performance for two dif-
ferent policies of maintenance and rehabilitation or
renovation is shown in Figure 2, (Track condition is
identified in the accompanying figures as Q, a com-
posite measure of several categories of track geo-
metric deviation from the norm. A Q-value of about
100 denotes track in very good condition, whereas Q
in excess of 300 reflects poor condition.) Note
that, for Policy 1, both the quality standard (Q)
and the quality of routine maintenance (denoted by

Rehabilitation

Track Condition

Time

FIGURE 2 Effects of two different routine
maintenance and rehabilitation policies on
track condition.

the Maintenance Quality Index or MQI) are higher
than for Policy 2. As a result, the average system
condition is also higher for Policy 1. Predictions
of system performance (i.e., histories of track con-
dition) are accomplished using deterioration func-
tions and specifications of routine maintenance,
rehabilitation, and renovation policy. Whereas Fig-
ure 2 shows only two policies as examples, several
policies may be simulated for comparison.

Costs for each policy are computed. The resulting
cost histories for the two policies in Figure 2 are
shown schematically in Fiqure 3. Routine maintenance

Costs of Rehabilitation or Renovation

n/ n

e———

Annual |
Costs P,

o~

Costs of Maintenance

Time

FIGURE 3 Agency costs for two track maintenance policies.

is costed on an annual basis with the better policy
costing slightly more. Major repairs are represented
by sudden peaks or spikes in the cost history. (Note
that, under an inferior rehabilitation or renovation
policy, both the magnitude of costs and the time
intervals between successive performances of an
activity may differ from those of better policies.)

Associated with the condition histories in Figure
2 are changes in impacts on the system, as shown in
Figure 4. For simplicity a general benefits measure
is shown. In reality several such functions could be
developed for trip time and reliability, safety,
comfort, and so on. The important thing to note is
that the impact bears a direct relationship to the
as-maintained condition of the track and is there-
fore sensitive to maintenance policy.

Results of the simulations in-Figures 2-4 can be
compared to identify the best policy, with or with-
out budget constraints. To illustrate how this is
done, assume that the benefits in Figure 4 can be
reduced to monetary terms and thus compared directly
to costs. Furthermore, it is assumed that instead of
only two policies, as shown in Figures 2-4, several
policies have been tested using the simulation model.

The results of each policy may be organized in
terms of ascending costs to the transport agency.
Because impacts are also in monetary terms (in this
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FIGURE 4 Impacts of two track
maintenance policies.

example), they can be plotted on the same graph with
costs for each policy. If maintenance policies are
sensibly defined, more expensive policies (to the
agency) should yield more advantageous impacts
(i.e., greater reductions in costs associated, for
example, with safety, travel time, or trip reliabil-
ity), leading to the diagram that is Figure 5.

X

Total Costs
Costs
to
— 0
g @ RENFE
o
O
1
: 1 Impacts
< ; : (Reductions
i 4 : | in Costs)
P> P p* P4
(Low) (High)
Policy (P)

FIGURE 5 Optimization of track maintenance
policies or strategies.

Identification of the most advantageous policy
now becomes a question of minimizing total trans-
port-related costs for the network configurations
and traffic specified. In the absence of budget con-
straints, the appropriate policy is shown in Figure
5 as P*, because total costs (routine maintenance,
rehabilitation, and renovation costs to the agency,
plus costs associated with impacts of maintenance)
are minimized at this point. If a budget constraint
is imposed, the best policy that can be funded lies
to the left of P*, perhaps at P'.

APPLICATIONS TO RENFE

The concepts illustrated in Figures 1-5 were applied
to analyzing current condition and future mainte-
nance policy on RENFE's track network, using the MIT
Intercity Transportation Model. This work was done
within the context of a multibillion dollar program
proposed by RENFE, extending through the next de-
cade, to upgrade its infrastructure and fleet and to
expand and improve the level of transportation ser-
vice provided.

Several categories of data were collected and
analyzed to construct the case:

Transportation Research Record 1030

* Descriptions of the track network, including
structural characteristics of each link, daily traf-
fic levels, track classification, and so on;

* Deterioration relationshipsa. Aevelaned from
statistics on existing track condition provided by
RENFE; and

* Routine maintenance, rehabilitation, and ren-
ovation policies to be tested, with unit costs to
perform work under each policy.

The development of these data, and their relevance
to the case, is explained in detail elsewhere (5).

Track Deterioration

In discussion with RENFE engineers, it was concluded
that neither the North American models discussed
earlier nor European practice reviewed by RENFE ap-
plied well to Spanish conditions governing track
deterioration; therefore, deterioration models were
estimated from data on track condition over time
supplied by RENFE. These data were in the form of
Q-values, representing composite indices of geo-
metric deviations measured by an instrumental car in
several dimensions (e.g., gauge, vertical profiles
of both rails, superelevation, warp). At that time,
RENFE had insufficient historical data from which to
estimate deterioration curves; as an interim mea-
sure, cross-sectional data tor each track class were
used.

Examples of the analysis are shown in Figures 6
and 7 for high-standard and low-standard track, re-
spectively. The change in track geometry (where
greater deviations, implying worsening track condi-
tion, are denoted by higher Q-values) was found to
be correlated with a statistic comprising the age of
the track in years (A), traffic in gross tons per
day (T), and weight of the steel rail in kilograms
per meter (W). A function corresponding to the
curves in Figures 6 and 7 was estimated for each of
the track classes identified in Table 1 and sepa-~
rately for welded and for jointed rail. It was
clearly stipulated, however, that these functions
were preliminary and that further research by RENFE
would be needed to develop more accurate models
based on historical data and including the effects
of routine maintenance policy.

Maintenance Policy

Four maintenance policies were tested (Table 2).
These policies were sensitive to both Q-value (rep-
resenting amounts of damage resulting in geometric
deviations achieving a certain limit) and track age
(to account for damage not correlated with geometric
deviations). Note that different quality standards
were defined not only for each policy but also for
different classes of track. Policy 1 was regarded as
the lowest standard and Policy 4 the highest.

The duration of this research project did not al-
low sufficient time to identify the relationship be-
tween maintenance policy and specific operational
impacts (e.g., number of derailments, other safety
considerations, line-haul travel times, etc.). 1In
lieu of the types of impacts envisioned in Figure 4,
the average measure of track condition throughout
the network was predicted as an indication of the
quality of service, safety, comfort, and speed that
would be afforded passengers and freight. (The de-
velopment of valid impact models relating mainte-
nance policy to safety, operational efficiency,
level of service provided, potential market share to
be attracted and retained, and preservation of the
track investment has been identified as a possible
area of future research with RENFE.)
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FIGURE 6 Deterioration relationship for arterial track (welded rail).
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FIGURE 7 Deterioration relationship for secondary track (jointed rail).

TABLE 1 Operational Classes in RENFE Track System

Class Kilometers Explanation

Arterial 5534
Principal 6426
Potential 2000
Secondary 1137

Main or trunk lines

Remaining lines serving primary traffic
Backup system for primary network
Secondary lines

TABLE 2 Rehabilitation Thresholds for Four

Track Policies
Policy
Track Class 1 2 3 4
Arterial - 03225 03> 190 0> 160
Principal — 03> 250 0> 210 0> 170
Potential — 0>2500r300 0>2100r275 0> 275
Age > 30 Age > 25
Secondary — 03>338 0> 300 0> 300
Age > 40 Age > 30

RESULTS

Each of the maintenance policies defined earlier was
simulated on the RENFE track network for the period
1982-1995. Results were computed in terms of both
the costs of each policy to RENFE and the impacts,
measured as track condition. This information was
obtained (a) for each policy, (b) for each 1link, (c)
for each class of track, (d) for each of seven main-
tenance zones, and (e) for the entire network. A
summary of these results follows.

Figure B shows the distribution of costs for each
policy for each track classification. The major por-
tion of the budget for each policy is spent on the
arterial and principal track classes. The allocation
of a greater share of rehabilitation and renovation
funds to the principal network does not imply that
it is of greater importance. It is a reflection of
the higher existing condition of the arterial net-
work and the magnitude of expenditure required to
restore the principal network to standard (i.e., to
make up for the effects of deferred maintenance).

An analysis was also done of the cost of capital
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repair of track (rehabilitation and renovation) as a
percentage of total costs (capital repair plus rou-
tine maintenance). The highest such percentages were
for Policy 4, which specified the highest standards
for the RENFE system. Fifty-three percent of total
costs were for rehabilitation and renovation under
Policy 4, whereas only 31 percent of total costs
were estimated for rehabilitation and renovation
under Policy 2. Policy 1, which called for only rou-
tine maintenance and no track improvement, had a
zero percentage.

Capital expenditures during the first year of the
analysis were interpreted as the elimination of
backlogged work. Taking the cost of work backlog by
policy as a percentage of the overall cost of capi-
tal repair (renovation and rehabilitation), the per-
centage was found to be relatively low for arterial
track, from about 20 to 40 percent depending on the
policy chosen, indicating that arterial track is
currently in good condition. (Track improvement here
must be performed later in the l4-year analysis pe-
riod as the track deteriorates.) Secondary track im-
provement, in contrast, was totally involved with
the elimination of the backlog. When this work is

completed, the track will deteriorate slowly due to
light traffic volume. Only routine maintenance will
be required later in the l4-vear analysis period.

Figure 9 shows systemwide values of track condi-
tion (Q) averaged over the analysis period for each
track class and policy tested., These results support
the contention that a better maintenance policy sub-
stantially improves track condition. Policy 4 pro-
duces relative parity between the arterial and prin-
cipal networks and provides approximately 12 000 km
of premium track. Another significant factor is that
Policy 4 is the only one of the four policies inves-
tigated that can transform the potential network
into another 2 000 km of high-quality track to back
up the other two primary networks.

Compared to Policy 4, Policy 3 results in a lower
track condition on the arterial and principal net-
works. However, the harshest penalty in shifting
from Policy 4 to Policy 3 is suffered by the poten-
tial network, which can no longer (from the stand-
point of track condition) fulfill its intended role
as a viable substitute for the arterial and princi-
pal networks.

A change from Policy 4 to Policy 3 will greatly
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FIGURE 9 Average Q values versus track class.
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affect the performance of the two major track
classes, arterial and principal. The potential and
secondary track classes remain relatively the same,

Policy 1 leaves the entire network in poor condi-
tion. The nonarterial classes each exhibit signifi-
cant rates of deterioration. The only reason the
arterial network does not itself exhibit worse con-
ditions 1is, apparently, its current adherence to
standards and that it has not suffered as much de-
ferred maintenance as have the other networks in the
past.

IMPLICATIONS FOR RENFE

As a result of this research a number of key find-
ings emerged for the top management of RENFE:

1. For the best policy tested, the average
Q-value is still being reduced with reasonable in-
crements of cost., This means that it may be worth-
while to investigate even better maintenance pol-
icies.

2. As a measure of track condition, the Q-value
is only an approximation of the benefits derivead
from maintenance. To determine the optimal policy
requires at least an economic analysis of costs and
benefits. Thus it will be necessary in the future to
relate the Q-value of each link to factors such as
operational efficiency and reliability, train
safety, ride comfort, and so forth. These relation-
ships form a potential topic for future research.

3. The elimination of backlogged work to bring
the system up to standard will constitute a substan-
tial percentage of all capital repairs to track dur-
ing the next 15 years. This significant volume of
work to correct deferred maintenance must therefore
be accounted for in the definition and scheduling of
track renewal projects.

4, The long-term benefits of the renewal program
can be protected only if the rail system is main-
tained adequately and correctly in the future. Past
policies of deferred maintenance cannot be continued.

5. The selection of maintenance policy also has
strong implications for the operational roles that
can be fulfilled by the different classes of track.
In light of these considerations, RENFE managers are
encouraged to define and test different maintenance
policies in their planning of the long-term mainte-
nance program and to include maintenance considera-
tion in their capital budgeting.

CONCLUSION

This project has demonstrated the feasibility of ap-
plying demand-responsive concepts of maintenance
planning and management to national transport net-
works. In addition to the case study presented in
this paper, the approach has been used extensively
in the analysis and evaluation of various surface
transportation problems (1-6) and is, in general,
applicable to other systems of infrastructure char-
acterized by noncatastrophic failure. Furthermore,
the approach addresses analytically many of the fun-
damental technical, economic, and financial differ-
ences between maintenance programs and new construc-
tion. This will take on added significance as
several segments of the construction industry shift
from the building of new facilities to the mainte-
nance and preservation of existing mature infra-
structure.
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ABSTRACT

The optimum scheduling of maintenance for transportation facilities is ad-
dressed. The problem is described as a multiple-period resource allocation
problem with constraints on both resource availability and state and decision
variables. The problem is formulated as a nonlinear optimization problem and
solved by using the generalized reduced gradient method. The model uses recur-
sive formulas similar to those used in dynamic programming in order to calcu-
late the partial derivatives of the objective function. The model is applied to
an example based, in part, on actual data provided by the Japanese WNational
Railways. Several tests are made to show the performance of the model, and the
results are compared with those of two alternative solutions. The results show
the usefulness of the model in a wide variety of applications and its superi-

ority to the alternative solutions examined.

Maintenance of facilities is important in all trans-
portation modes. Maintenance consumes a sizable, and
increasing, fraction of total operating expendi-
tures,. For example, the 1982 Highway Cost Allocation
Study (1) estimated 39 percent of all highway expen-
ditures in 1985 would be for resurfacing, restoring,
rehabilitating, and reconstructing (4R) work com-
pared to 25 percent in 1978. In 1982 U.S. railroads
spent $5.2 billion on maintenance of way and struc-
tures (19.7 percent of total operating costs), up
from $3.5 billion (17.7 percent of total operating
costs) 5 years earlier (2).

An important characteristic of many transporta-
tion facilities is that their condition declines
nonlinearly over time. Figure 1 shows this point,

5.0 4

4.0 4

3.0 4

PSI value

2.0+

1.0 1

using as an example the pavement present service-
ability index (PSI) described by AASHTO (3) . Because
of this characteristic, the timing of maintenance
expenditures is important. The marginal effective-
ness of an additional dollar spent for maintaining a
given facility depends greatly on the condition of
that facility when the maintenance is performed.
This characteristic is important not only for high-

way systems but for railroad and waterway facilities
as well.

In this paper a general method for planning main-
tenance expenditures over multiple time periods is
developed. The model includes the deterioration
characteristics of the facilities under study, the
dependence of maintenance effectiveness on current

2 3 4

~

Standard Axle Loadings (millions)

FIGURE 1 Decline of condition over time.
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system state, and the potential variation in avail-
able maintenance resources across time periods.

The model is formulated as a nonlinear optimiza-
tion problem that is readily solvable by standard
nonlinear programming (NLP) computer codes. The
model determines the allocation of available main-
tenance resources to each of several facilities (or
sections of a single facility) in each time period,
which maximizes an overall measure of system con-
dition.

In the following section of the paper the struc-
ture of the model is described in greater detail.
The third section presents an example application in
railroad track maintenance and develops the mathe-
matical formulation. The fourth section describes a
solution method. 1Illustrative calculations for an
example problem emphasize the relative advantages of
the method. The last section presents conclusions
and emphasizes the potential applicability of the
model to highway and waterway problems, as well as
to railroads.

MODEL DESCRIPTION

A basic premise of this model is that maintenance is
a regular periodic activity and that the decisions
that must be made are the amount of resources to be
allocated to maintenance of a particular facility
(or section of a facility) in each of a number of

periods. Suppose that at the beginning of period j
the state (or condition) of a specific section is
given. In the absence of maintenance, that state

will deteriorate during period j as a result of use
and weather. The rate of deterioration is a basic
element in this model.

This deterioration can be overcome by assigning
maintenance resources to the section. The effective-
ness of a particular set of resources in upgrading
facility condition will depend on the current state
of the facility, its structural characteristics
(which determine "maintenance effectiveness"), and
the available working time during the period (deter-
mined by traffic levels and climate).

All of these basic elements of the problem are
combined in what is denoted the transition function,
which specifies the facility state or condition at
the beginning of period j+1 as a function of the
state at the beginning of period j, the deteriora-
tion rate during period j, the maintenance resources
allocated during period j, the available working
hours during period j, and parameters determining
the effectiveness of those resources. These elements
are shown in Figure 2.

The assignment of maintenance resources 1is sub-

ject to the following constraints:

1. The available resources are limited;

2. The facility state for each section must stay
above certain minimum standards; and

3. The resources to be assigned to a certain
section may be bounded both from below and from
above because of availability of facilities or oper-
ators or because of management policy.

One of the most important aspects of resource
assignment is that it must be treated as a dynamic
problem. In general, the three major parameters
(deterioration rate, maintenance effectiveness, and
available working hours) are not constant with loca-
tion or time. For example, in track maintenance
planning for railroads, available tamping hours vary
from location to location and time to time because
the actual work is performed during train intervals
that are longer than a certain number of minutes.
Therefore, in sections where the train frequency is
high, the available tamping hours are extremely lim-
ited so the effectiveness of each tamping machine is
reduced. Moreover, it is physically impossible to
perform the work in heavy rain or when there is snow
on the track. Because of the danger of rail buckle,
the work is also restricted when the rail tempera-
ture is high.

In addition to the parameters, the constraints
may be dependent on location or time. The bound on
the facility state and the upper and lower bounds on
the decision variables may differ from location to
location, although they are usually considered con-
stant with time. The total available resources also
will frequently vary from one time period to another.

In this study the facilities are divided into
several sections and the time into several periods
such that the facility state within a section can be
considered homogeneous. Thus the problem is how many
resources should be assigned to each section in each
period in order to achieve some overall objectives,
subject to a set of constraints.

EXAMPLE APPLICATION

As an example of the general ideas expressed in the
previous section, a specific application to railroad
track maintenance planning is considered.

The track irreqgularity index (denoted the P-
index) is used by Japanese National Railways (JNR)
for the purpose of track state control. It shows the
percentage of track irregularities within a certain

Deterioration Maintenance Avallgble
Rate Effectiveness Working
Hours
Current - New
State S Transition Function S State
of of Facility State of
Facility Facility

Maintenance
Resources

FIGURE 2 Elements of a maintenance model.
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length of track (e.g., 10 m in the case of JNR) that
exceed a predetermined critical value (e.g., 3 mm).

Each section of track has a length (f24) and a
measure of importance, or weight (w;), that gener-
ally reflects the volume and character of traffic
over that section. Using these values, the objective
of the problem may be formulated as follows:

N n

Minimize T = z z wik ipi,j+l (1)
= i

where

T = total weighted P-index over n sections
and N periods,

N = number of periods in the study period,

n = total number of track sections,

W; = relative importance weight of section i,
2; = track length of section i,

Pj,4+1 = P-index of section i at the beginning of
- period j+1l.

Changes in the P-index of section i are deter-
mined by usage of that section, its structural char-
acteristics, climate, and maintenance resources
allocated to it. In this case, the maintenance re-
source of interest is a tie-tamping machine that is
used to level and align the track. To represent the
dependence of the P-index on the decisions with re-
spect to machine assignment, the transition function
must be introduced. The transition function may be
written as follows:

Pi,5+1 = £13(Piyr Xi51d55. hiqe e49)
where

fij = transition function of track state for sec-
tion i, period 3j;

Xi§ = number of machines to be assigned to section
i for period j;

dij = deterioration rate of section i during pe-
riod j;

hij = available tamping hours in section i during
period j; and

ej4 = an index that specifies the determinants of
the tamping effectiveness of section i dur-
ing period j.

The first two arguments are independent variables
and the last three are parameters. For ease of nota-
tion, this function will be written as

Pi, 541 = £i§(Pi5r Xi9)
for i =1,...,n; j =1,...,N (2)

Note, however, that in general the deterioration
rate (dij) may be dependent on the current state
(Py35) in which case this notation is a slight over-~
simplification. Also, there may be several different
types of resources (such as machines with different
production rates). In this case, Xj3 to Xjsx could be
generalized and the resources of class k assigned to
section i for period j could be denoted. This makes
the problem 1larger (more variables) but does not
alter the basic structure of the problem or the so-
lution method. Thus Expression 1 may be rewritten as

N n
minT = ] | Wil €44(Pi4r Xi4) (3)
j=1 i=1

This minimization is subject to certain constraints:

1. The total number of machines is limited in
each period:
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Xiq £ Mj for § = 1,.0.44N (4)
i=1
where M; is the total number of machines available
in period j.

2. The track state of each section must satisfy
a safety standard specified for the section:
Pi,j i UBPi for i = 1w« w5 j = 1,...,N (5)
where UBP; is the upper bound P-index prescribed
for section i.

3., There may be upper or lower bounds, or bhoth,
on the number of machines to be assigned:
LBX; < X;

3 < UBXj

for 1= Yymenang 3 = LiewssN (6)

4. Track states at the beginning of period 1
(Pj1) are given.

Physically, the decision variables Xj4 must be
integers. However, they will be defined as real in
this study. This means that some of the machines can
be transferred in the middle of a period, or some of
the machines are shared among two or more sections.
Whether or not this assumption is totally appropri-
ate depends on the system under study. Wevertheless,
they are defined as real for three reasons: First,
this assumption provides a lower bound on the inte-
ger solution. Second, the real solution may be con-
verted to an integer solution relatively easily.
Third, the solution provided by the mathematical
technique is not always the final decision because
there are still some elements that cannot be formu-
lated correctly or cannot be formulated at all. Hu-
man judgment is still important in the final de-
cision.

Expressions 3-6 define an optimization problem
that is, in general, nonlinear because of nonlinear-
ities in the transition functions (fj4).

The formulation presented here implies the need
for a model of a multiple-period decision process.
However, it may be asked why all periods need to be
considered simultaneously instead of optimizing the
problem period by period. Because the decision in-
volves only maintenance, it might appear that the
smaller the value of the objective function up to a
certain period, the easier it would be for the value
of the objective function to be minimized for the
remaining periods. To see whether this is true, the
following hypothesis will be examined. Let the sys-
tem state in period j be the vector with n elements:
Pj = (Plj, sz,..., Pnj).

Hypothesis: If there are two system states in pe-
riod j, Ps;! and P:?, such that the total weighted P-
index up go periog j is smaller when the system state
is in Pj‘, then the minimum total weighted P-index
through period j+l1 derived from the system state P.'
is smaller than that from the Pj2 when all the possi-
ble decisions in period j+l1 are considered.

If this hypothesis holds, the problem can be de-
composed into N (the number of periods) problems of
one period each. The optimum solution (the best pol-
icy) would be obtained by the sequence of the N
short-run optimum decisions. Unfortunately, this
does not hold in general. Consider the following
small example, in which two sections are considered.
The track length, weight, upper bound P-index, ini-
tial P-index, deterioration rate for each section,
and available tamping hours for each period and each
section are as given in Table 1. Suppose that the
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TABLE 1 List of Data and Parameters

Section 1 Section 2

Track length (km) 100.0 100.0
Weight 1.0 1.0
Upper bound P-index 30.0 40.0
Initial P-index 20.0 30.0
Deterioration rate (dj;) (P-index points/period)

Period 1 10.0 10.0

Period 2 10.0 10.0
Tamping hours (h;;)

Period 1 100.0 100.0

Period 2 50.0 100.0

total number of available machines is two for each
period. Assume that both track structure and topo-
graphical conditions are the same for both sections
and that there are no lower or upper bounds on the
number of machines to be assigned.

The transition functions f£j4 (i = 1,2,; j = 1,2)
are given according to the two parameters, deteriora-
tion rate and available tamping hours. They are shown
in Figure 3. The result of computation is given in
Table 2. This example shows that while the total
weighted P-index by decision 3 up to period 1 has
the minimum value (5,300), the minimum total
weighted P-index (11,900) derived from the best
decision in the second period is greater than the
total weighted P-index from decision 1 in period 1
(11,500) and from decision 2 (11,300). An intuitive
interpretation of this example is that because the
number of available tamping hours of section 2 in
period 2 is smaller, it is advantageous to assign

PiLs1
m=0
40 4
m=1
30 A1
m=2
20 A
10
0 - . > — Py
10 20 30 40
fi1, fa1, f22
(for dij =10, hij = 100)
PiLi+l m=0
m=1
40
=2
30
20 A
10
0 J T T T —P1J
10 20 30 40
f12
(for d,.J = 10, h'lJ = 50)

FIGURE 3 Example transition functions.
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TABLE 2 Computed Results for Example Problem

Period 1 Resulting Total Period 2 Resulting Total
Decision® Weighted P-Index  Decision® Weighted P-Index
| 6,000 1 Infeasible

2 12,100

3 11,500
2 5,400 1 12,000

2 11,300

3 Infeasible
3 5,300 1 11,900

2 Infeasible

3 Infeasible

@ Decision 1 = assign both machines to Section 1, degision 2 = assign one
machine to each section, and decision 3 = assign both machines to
Section 2.

machines to section 2 in period 1 rather than in
period 2.

Hence the hypothesis is rejected. This simple
example illustrates the need for a model of multiple
periods, in which the dynamic aspects of the problem
are represented properly.

SOLUTION OF THE PROBLEM

The model represented by Expressions 3-6 in the pre-
vious section is a nonlinear programming problem. In
general, both the objective function and some of the
constraints are nonlinear functions of the decision
variables. In this section a procedure for obtaining
solutions to the problem, using the generalized re-
duced gradient (GRG) method, is described.

The main idea of the GRG method is similar to
that of the simplex method for linear programming.
Using constraints, the vector of variables is parti-
tioned into two subvectors: the vector of basic var-
iables and the vector of nonbasic variables. The GRG
method uses a gradient only in terms of the nonbasic
vector, referred to as a reduced gradient, in order
to improve the value of the objective function. For
additional discussion of the GRG method, the inter-
ested reader is referred to Avriel (4).

To use the GRG method, it must be possible to
compute partial derivatives of the objective func-
tion and all constraint expressions with respect to
each of the decision variables. This can be done
numerically, but, by using analytic expressions for
the partial derivatives, both the speed and the ac-
curacy of the algorithm can be improved. A discus-
sion of the derivation of expressions for the
required partial derivatives, using efficient recur-
sive formulas, follows.

If {x } is defined as the set of Xy4 for
is= 1,...,n (i.e., the allocations of machines to
sections in period j), then v4 ({P }, {X3}) can be de-
fined as the value of the welghted P—g dex achieved
in period j:

n

vy ({P3}, (X5 = ‘21 wit j£19(Piqe Xi4) (7)
1=

Note that v-({Pj}, {Xj}) is simply a subset of the

terms in the objective function 1, corresponding to
a specific period j.
Also

n
Tj=i

vi ({Pg}, {Xg}) (8)

can be defined as the value of the objective func-
tion starting with period j and summed over the re-
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maining periods, j, Jj+l,..., N. Note that a simple
recursive equation can then be developed:

Tj = V({Pj}, (Xj)) + Tj-‘-l (9)
The partial derivatives of the objective function
(T) in Expression 3 with respect to xij's can be com-
puted as aT/axi {(for i = lyeaesny J = 1,004,N). Be-
cause a change gn xij does not affect the value of T
in stage 1 through State j-1, it is immediately ap-
parent that the following is true:

9T/3Xij = BTj/BXij

Taking the partial derivative with respect to xii
in Expression 9 yields ’

n
g

aTj/'xij = (BV]-/XJ_]) + gil (3Tj+1/PQ,j+1)
(3Pg, 3+1/%i4) (10)

bstitution €for apk'j+1/axij in Expression 10

n
AT3/3K14 = (3v4/0Xy4) + 221 (3T541/9Py , 441)
(3E¢4/3%45) (11)

Both 3v4/8Xj4 and 3fp4/3Xiy can be computed; thus
BTj/axij can be computed if aTj+l/apllj+1 is known.

Expression 9 will again be used to compute this.
Taking the partial derivatives with respect to Ppg in
Expression 9:

n
AT4/3Pp4 = (3v4/3Pg4) + kzl (3T§+1/3Pk, j+1)

(afkj/aplj) (12)

Equation 12 shows the rule to compute 3T/3P at a cer-
tain stage by using 237/9P at the next stage. The
boundary condition at state N+l is
aTN+l/aPi,N+l =0 for i = 1ljeseall (13)
Then, starting from stage N+1 and computing back-
wards by using Equations 11 and 12, aTj/BXij
can be computed for all i's and j's.

In the case of the present problem, Equations 11
and 12 can be simplified by using the independence
of state variables with respect to space; that is,

9P, 4+1/3%y4 = .
0 (if 1 # ?) (14)
3f1j/3Pij (if 1 = )

3Py, 3+1/8P14 = .
0 (if 1 # 2) (15)

Using Expressions 14 and 15 in Equations 11 and 12,
respectively,

IT/0Xy4 = (Avy/3Ky4) + [(T4,1/2P; 547)
(9€;4/0%45)] (16)

AT4/3P34 = (3v3/0P43) + [(3T441/3P; 549)
(3f34/9P3 )1 (17)
Next, the partial derivatives of the constraints

are computed with respect to X;4 (for i = 1,...,n;
j =1l,...,N). The first set of constraints, given by
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Expression 4, can be differentiated easily. For the
second set of constraints, given by Expression 5,

Pi,5 = £i5(Pi1s Xins Xi2reeesXi, §-1) (18)

Equation 18 shows that Pj 4 1is a function of the
initial state (P;;) and the sequence of the deci-
sions that have been made in the section up to pe-
riod j-1.

Taking partial derivatives of Pjy in Equation 18
with respect to Xg (k =1,ee.,n and 2 =1,...,N)
yields

n n n
T T ... T W@PyOPn 1) (8P i1/0Pn, i0)]
ng=1 mp=1 =1

aPﬁ/ang = e
S [(aan-l,SZ+2/aPn2,Q+l) (aan,QH/aku)l (ifj= 2

0 (otherwise) (19)
Again using Equations 14 and 15,
[(OPy/0P; j.1) (BP;;.1/0P;5.2)] . . . [(OP;,0+2/0P5,041)

9Py/0Xye = { ¥fin/0Xig)]  (fi=kandj>9)

0  (otherwise) (20)

Now all the partial derivatives required for the
computation of the reduced gradient can be computed.
Then, starting with an initial trial point and com-
puting iteratively, the optimum solution can be ob-
tained. The actual computations for the examples in
this paper were done using the GRG2 package devel-
oped by Lasdon, Warren, and Ratnor (5).

ILLUSTRATIVE CALCULATIONS

Suppose that there are three track sections of in-
terest with relative importance weights of 3.0, 2.0,
and 1.0, respectively; these three sections may be
assumed to be a main line, a sub-main line, and a
local line, respectively. Considered will be the ma-
chine assignment planning for 1 year, divided into
four periods; these four periods may be assumed to
be four seasons (spring, summer, autumn, and winter).

Because of heavy snowfall during winter, avail-
able tamping hours are extremely limited in sections
2 and 3; on the other hand, tamping work is re=
stricted during summer in section 1 because of the
danger of rail buckling due to high temperature.

There are a total of 10 machines available per
period. The management policy is to do tamping work
no more than once within a period; that is, tamping
distance executed in a certain section within a pe-
riod is not to be more than the track length of the
section.

Table 3 gives data for these three sections over
the four periods. These data are based on values
provided by JNR but do not necessarily correspond
exactly with any specific sections of their system.

When X;; machines are assigned to section i in
period j, the distance tamped is computed as follows:

Ly = chijxij (21)

where

c machine performance (distance/hour) and

hij = available tamping hours (hours/period).

The transition function Pi,j+1 = fij(Pijv xij) is
given as
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Pi,j+1 = (ChjjXj3/%3)
{-1 + [1 + 4aj(Pj§ + d35/2)11/%/2a5}
+ [1 - (chyqX33/84)] [P35 + (dj3/2)]
+dj5/2 (22)

The derivation of this function is described in de-
tail by Murakami (6).

TABLE 3 Data and Parameters for the

Test Case
Section
1 b 3
wi 3.0 2.0 1.0
£ 225.3 241.4 217.3
a) 0.05 0.025 0.015
UBP, 35.0 37.0 39.0
IP;(=P;;) 33.0 345 36.5
UBXj min(TM, Qi/C h,j)
LBX; 0 0
Period
1 dj 4.0 3.5 3.5
2 3.5 2.4 2.0
3 3.3 2.5 2.0
4 4.0 4.0 2.5
Avg 37 31 25
1 hy 50.0 60.0 60.0
2 40.0 80.0 100.0
3 50.0 60.0 80.0
4 40.0 30.0 20.0
Avg 45.0 57.5 65.0

Note: TM = total number of machines available per
period, ¢ = machine performance (= 0,32 km/hr), wj =
relative importance of section 1, 2; = track length of sec-
tion | (km), a; = tamping effect coofficient for section i,
UBPj = upper bound P-index for section i, IPi(=Pj;) =
initial P-index in section i, UBX/LBX; = upper/lower
bound number of machines to be assigned to section i,
dy; = deterioration rate of section i in period j, and hy =
available tamping hours in section i during period j.

The optimal solution found for this problem is
given in Table 4, and the best integer solution is
given in Table 5. Note that the final P-index values
for the integer and noninteger solutions are identi-
cal (to three significant figures). This indicates

that the approximation involved in treating the
problem with continuous variables is a reasonable
one.
TABLE 4 Optimal Solution to Example
Problem (machines assigned)
Period
Section 1 2 3 4
1 8.04 0.00 6.80 10.00
2 0.94 8.86 0.00 0.00
8 1.02 1.14 3.20 0.00
Note: Weighted average P-index after four periods = 29.1.
TABLE 5 Optimal Integer Solution to
Example Problem (machines assigned)
Period
Section 1 2 3 4
1 7 0 7 10
2 1 9 0 0
3 2 1 3 0

Note: Weighted average P-index after four periods = 29.1.
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As a further illustration of the effectiveness of
the formulation described in this paper, the result
of the optimization (as given in Table 4) has been
compared with two alternative solutions:

* Assignment of a constant number of machines
to each section for all periods (static solution) and

* Sequence of period-by-period optimal assign-~
ments (myopic solution).

Tables 6 and 7 show the results of these alternative
solutions.

TABLE 6 Best Static Solution (machines

assigned)

Period
Section 1 2 3 4
1 S 5 ) 5
2 3 3 3 3
3 2 P 2 2

Note: Weighted average P-index after four periods = 33.0.

TABLE 7 Best Myopic Solution (machines

assigned )

Period
Section 1 2 2 4
1 8.04 0.0 8.58 2.96
2 0.94 8.86 0.0 0.0
3 1.02 1.14 1.42 7.04

Noted: Weighted average P-index after four periods = 31.5.

The static solution yields a value of the
weighted P-index at the end of the fourth period
that is 10.8 percent worse than the optimal dynamic
solution. The myopic solution is the same as the
optimal solution in the first two periods and then
differs over the last two periods. The myopic solu-
tion overallocates resources to section 1 in period
3, and then in period 4 it is forced to allocate
most of the machines to section 3 in order to avoid
violating the minimum standards in that section.

In contrast, the optimal solution looks at pe-
riods 3 and 4 together, recognizing that the ma-
chines can be used more effectively in section 1 in
period 4 than in section 3. Thus it is seen that
these two solutions are diverging, and, at the end
of four periods, the myopic solution is about 6 per-
cent worse than the optimal solution.

To illustrate the differences between the myopic
period-by-period optimization and the dynamic opti-
mization more completely, this test case was ex-
tended to 12 periods. The four-period seasonal cycle
described in Table 3 was assumed to hold over two
additional cycles, representing, in total, a 3-year
planning horizon for the dynamic model.

Table 8 gives the machine assignments and result-
ing P-index values for the three sections over all
12 periods, allowing comparison of the myopic solu-
tion and the optimal solution. Note that the myopic
solution follows a pattern of allocating just enough
machine time to section 3 in each period to maintain
the minimum required quality (maximum allowable P-
index) with all remaining resources allocated to
section 1 in the first, third, and fourth quarters
of the year and to section 2 in the second quarter.

The optimal solution concentrates most mainte-
nance in section 3 in two periods (2 and 7) and gen-
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TABLE 8 Comparison of Myopic and Optimal
Solutions

Myopic Solution Optimal Solution

Machines Resulting Machines Resulting
Period Section Assigned P-Index Assigned  P-Index

1 | 8.04 27.4 8.04 27.4
2 0.94 37.0 0.94 37.0

3 1.02 39.0 1.02 39.0

2 1 0 309 ] 30.9
2 8.86 26.0 3.25 34.5

3 1,14 39.0 6,15 29.1

3 1 8.58 24.9 0 34.2
2 0 28.5 10.0 26.6

3 1.42 39.0 0 31.1

4 1 2.96 26.9 10.0 28.2
2 0 32.5 0 30.6

3 7.04 39.0 0 33.6

5 1 6.74 247 10.0 22.4
2 0 36.0 0 34.1

3 3.26 39.0 0 37.1

6 1 0 28.2 0 25,9
2 8.86 25.5 9.38 23.8

3 1.14 39.0 0.62 38.1

7 1 8.58 23.3 1.56 27.9
2 0 28.0 0 26.3

3 1.42 39.0 8.44 28.7

8 1 2.96 25.4 10.0 24.2
2 0 32.0 0 30.3

3 7.04 390 QO 322

9 1 6.74 28.7 10.0 20.2
2 0 34.5 0 33.8

3 3.26 39.0 0 34.7

10 1 0 27.2 0 23.7
2 8.86 24.1 9.38 23.6

3 1.14 39.0 0.62 35.7

11 1 8.58 22.7 9.0 20.1
2 0 27.2 0 26.1

3 1.42 39.0 1.0 36.5

12 1 2.96 25.0 10.0 19.1
2 0 31.2 0 30.1

3 7.04 39.0 0 39.0

Note: Final average weighted P-index is 29.4 for the myopic solution and
26.1 for the optimal solution.

erally shows the pattern of using most resources in
a single section in each period, rotating among the
sections and keeping them all below the maximum al-
lowable P-index. The weighted P-index achieved after
12 periods is 26.7, some 11 percent better than the
myopic solution.

CONCLUSIONS

The formulation of a dynamic model for allocating
maintenance resources across several facilities (or
facility sections) over multiple time periods has
been described. The basic structure of the model in-
cludes deterioration rates of the facilities over
time, capability to represent variable effectiveness
of maintenance resources in various sections over
time, and variable amounts of total resources avail-
able over time.

The model has been formulated as a nonlinear op-
timization problem, and a solution method using the
generalized reduced gradient approach has been de-
scribed. This solution method has modest computation
requirements and can be implemented using either
commercially available software packages or custom
software.
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The formulation described here is based on using
a single composite measure of facility condition (or
state). The PSI rating for pavements and the P-index
of track surface condition are examples of snch mea-
sures. However, it must be recognized that single
composite measures do not always represent all ele-
ments of a maintenance problem. They are simply an
overall guide to relative facility condition.

In some applications, the state variables (facil-
ity condition measures) may not be independent from
one section to another as assumed in the example in
the previous section. The model can handle this com-
plexity quite easily--the only change is that FRqua-
tions 11, 12, and 19 are used in place of 16, 17,
and 20 to compute the required derivatives.

An illustrative example based on data from Japa-
nese National Railways has shown how the solution
obtained from the optimization model compares to
alternative, simpler, solutions: a static solution
of doing the same thing each period and a myvopic
solution of optimizing one period at a time. The
differences shown, even in this small example, em-
phasize the value of considering the dynamic ele-
ments of the problem.

The model described here is applicable to the
analysis of maintenance planning problems in a vari-
ety of situations, including highway and waterway
maintenance as well as railroad applications. For
example, this model would be an effective complement
to the Highway Condition Projection Model (HCPM) de-
scribed by Hartgen (7) and used in New York State.
That model is descriptive in nature, a "what-if"
tool that predicts the effects of analyst-specified
maintenance strategies. The model described here is
an optimization model useful in designing those
strategies.

In summary, this research provides an important
new tool for the use of maintenance planners with
the potential of helping make more efficient use of
maintenance resources in many different applications.
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Development of U.S. Army Railroad Track

Maintenance Management System (RAILER)

M. Y. SHAHIN

ABSTRACT

U.S. Army Facilities Engineers are responsible for the maintenance of more than
3,000 mi of railroad track. The track is dispersed in small lots and is analo-
gous to industrial rather than commercial trackage. At present, there is no
standard method for gathering track inventory and condition data and no stan-
dard method of determining the track's condition. In this paper an overview of
the proposed U.S. Army Railroad Maintenance Management System (RAILER) and
track evaluation concepts are presented. RAILER is to consist of subsystems for
network definition, data collection including condition survey, data storage
and retrieval, network data analysis, and project data analysis. The develop-
ment of these subsystems is highly dependent on the track condition evaluation
procedures that are used. Two major evaluation categories have been identified:
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track structural condition and track operational condition.

Recommended proce-

dures for performing the evaluation are presented.

U.S. Army Facilities Engineers are responsible for
the maintenance of more than 3,000 mi of railroad

track. The track is dispersed in small lots and is
analogous to industrial rather than commercial
trackage. Because the track does not compete well

for maintenance funding, much of the maintenance and
repair it needs has been deferred. If this trend
continues, some of the track may deteriorate to a
point where it could no longer support its mobiliza-
tion mission. At present, there is no standard
method for gathering track inventory and condition
data and no standard method of determining the
track's condition.

An intensive search was performed (1) to define
maintenance problems and available maintenance man-
agement systems. The U.S. Army Major Command (MACOM)
engineers, Strategic Mobility personnel, and track
maintenance personnel were interviewed to obtain in-
put about Army track maintenance problems. Twenty-
seven large operating railroad firms, 14 firms
operating short-line railroad tracks, the Federal
Railroad Administration, and private railroad con-
sultants were surveyed to determine what system, if
any, they used for managing their track maintenance
operations.

The search showed that there is no complete track
maintenance management system that could be readily
adapted to Army use; it also showed that the most
efficient way of providing a track maintenance man-
agement system is to design one specifically tai-
lored to the Army system of operation.

The U.S. Army Construction Engineering Research
Laboratory (USA-CERL) was tasked with the develop-
ment of such a system. USA-CERL has successfully
developed an Army maintenance management system for
pavements (PAVER) (2,3). It was decided that the
generic concepts of maintenance management developed
for PAVER be adopted, but that special attention be
given to the technological differences between pave-
ments and railroads.

In this paper an overview of the proposed U.S.
Army RAILER and track evaluation concepts and recom-
mended procedures is presented.

OVERVIEW OF THE RAILER SYSTEM

The basic subsystems of any facility maintenance
management system consist of network definition,
data collection including condition survey, data
storage and retrieval, network data analysis, and
project data analysis. The relationship among these
subsystems is shown in Figure 1. The development of
each of these subsystems for a given facility should
be technologically based and cannot be blindly
adapted from another facility's management system.
The following is a brief description of each sub-
system as envisioned for the RAILER system.

NETWORK DEFINITION

DATA COLLECTION
INCLUDING CONDITION

K-—-

—
! SURVEY |
f |
| |
| |
| |
! DATA 1
i BASE |
! |
! |
i |
| | NETWORK PROJECT | |
"1 ANALYSIS [™=* ANALYSIS

FIGURE 1 Generic facility maintenance
management system.
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Network Definition

Before anything can be managed, what is to be man-~
aged must be defined; railroad tracks are no excep-
tion 2 track nebuwsrk could be defined in Lerms of
mileposts, switch 1locations, grade crossings, and
structures such as bridges. The network should be
divided into sections that are uniform in construc-~
tion and condition and that are subjected to similar
traffic loadings. These sections represent the
smallest management units in terms of major rehabil-
itation needs.

Data Collection

Data collection includes physical inventory of the
track structure as well as the condition of each of
its components. Data should also be gathered on the
traffic that uses the track, including load inten-
sity and number of repetitions. The details of the
data collection and condition survey are determined
on the basis of the needs of the condition evalu-
ation and analysis techniques developed for both the
project— and the network-level analysis. Exceeding
these needs will not be cost-effective and could
lead to failure of the entire management system.

Data Base

A data base can be manual (file cabinet) or auto-
mated (computer). In light of cost, expediency, and
convenience, a computer system is much preferred. An
inefficient or ill-designed data base will undoubt-
edly result in an inefficient overall system. The
objective of the data base is to provide expedient
and friendly data storage and retrieval. In the last
2 years, many "Data Base Manager" computer soft-
ware packages have become available for microcom-
puters with features that were only available on
large-frame computers before. Some of these packages
offer excellent support for screen-formatted data
entry, report generation using conversational lan-
guage, and the ability to interface engineering
analysis programs with the data base.

Network Analysis

The objectives of network analysis include budget
planning, budget optimization, project identifica-
tion and priority 1listing, and network inspection
scheduling. To avoid duplication of efforts, it is
best to coordinate the network inspection with the
agency railroad track maintenance standards inspec-
tion. The development of the network analysis pro-
grams is a difficult task that requires the cooper-
ation and involvement of the system's ultimate users.

Project Analysis

The primary objective of project-level analysis is
to determine the best track rehabilitation alterna-
tive. This requires more detailed condition data
than are needed for network analysis. One of the
major factors in selecting the best rehabilitation
alternative is life-cycle costing. Emphasis should
be placed not only on initial rehabilitation cost
but also on future maintenance costs associated with
the alternative. An economic analysis procedure that
can be used has been developed as part of the PAVER
system (2,3). Guidelines for providing track infor-
mation inputs to the analysis procedure still need
to be developed.
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The development of these subsystems is highly
dependent on the track condition evaluation proce-
dures used. This subject is addressed in the follow-
ing section.

RAILROAD TRACK CONDITION EVALUATION CONCEPTS
AND RECOMMENDED PROCEDURES

The railroad track and its support system have four
main components: the rail and ties, which make up
the basic track structure; and the ballast and sub-
grade, which make up the foundation. In addition to
providing direct support for train traffic loads,
each component, from the rail on down, distributes
these wheel loads over an increasingly large area,
thus minimizing pressure on the subgrade. For the
track and foundation (track system) to withstand the
loads imposed by train traffic, each component must
have sufficient structural integrity to carry out
its dual role of load support and load distribution.

In addition to providing structural support, the
track system must also maintain track geometry:
proper position and alignment of the two rails. A
deterioration of either track strength or track ge-
ometry can make track unsuitable for service.

At present, there is no standardized method for
evaluating track condition as a whole--a method that
considers both track strength and operational condi-
tion. Definitions of major track condition catego-
rics and how to evaluate them follow.

¢ Structural Condition. This 1is a measure of
the load-carrying capacity of the track structure.
It takes into account both the magnitude of the
wheel loads and the number of load repetitions the
track system can handle before failure occurs.
Structural condition is evaluated using a track
modeling technique and knowledge of the strength of
the individual components of the track system, in-
cluding rail, ties, ballast, and subgrade.

* QOperaticonal Condition. This is a measure of
maintenance and rehabilitation needs as well as of
the safety of the track system. Operational condi-
tion is evaluated on the basis of the condition of
the individual components of the track structure as
well as on the geometric condition of the track.

* Evaluation

1. Rail condition

a. Internal defects (such as cracks)
b. External defects (such as wear)
2. Tie condition
a. Number of defective ties
b. Severity of defects
c. Arrangement of defective ties
3. Ballast and subgrade
a. Degree of fouling and degradation
b. Drainage condition
4. Track geometry condition
a. Gauge
b. Crosslevel
c. Profile
d. Alignment

To achieve the objectives of this work, three
subcontracts were awarded to three recognized con-
sultants in the area of railroad engineering to per-
form preliminary studies and provide necessary back-
ground in the following three areas:

1. Tie condition evaluation (4),

2. Track geometry condition evaluation (4), and

3. Ballast and subgrade evaluation as well as
overall track strength condition evaluation (4).

Meetings were also held with the U.S. Army Pavement
and Railroad Maintenance Committee, which includes
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Army railroad Major Command engineers. During these
meetings, various track condition evaluation con-
cepts were presented and critiqued. The recommenda-
tions presented in this paper are based on the con-
sultants' reports, the author's views, and input
from the Army Committee. Two major evaluation cate-
gories have been identified: track structural condi-
tion and track operational condition. Recommenda-
tions for evaluating each of these categories are
presented in the following sections.

Structural Condition Evaluation

Two evaluation procedures are recommended. One pro-
cedure is to be approximate, but simple to use by
Facilities Engineers without need for sophisticated
testing or analysis. The other procedure is to pro-
vide in-depth analysis as a basis for determining
cost-effective maintenance and repair alternatives.
Both procedures are based, in principle, on mecha-
nistic analysis of track behavior and on relating
that behavior to track performance. The inputs for
the approximate procedure, however, do not have to
be based on direct measurements of material prop-
erties.

The overall structural evaluation of the track is
a function of its components, including subgrade,
ballast, tie, and rail, as well as the load to which
the track is subjected. The effect of each track
component on track structural condition indicators
was studied. The study was performed in cooperation
with Marshall Thompson of the University of Illi-
nois, using the ILLI-TRACK computer system (5).

Typical results obtained wusing ILLI-TRACK are
given in Table 1. By using subgrade strength, bal-
last thickness, tie spacing, rail size, and load as
inputs to ILLI-TRACK, the following track structural
condition indicators can be determined:

1. Tie reaction in kips ([ballast bearing pres-
sure can be computed as tie reaction divided by tie
width multiplied by effective length (24 in.)],

2. Tie deflection,

3. Subgrade stress ratio (stress/strength), and

4. Rail bending stress.
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TABLE 1 ILLI-TRACK Response Summary (4)
Maximum Subgrade Stress

Ballast Tie (psi) Relative
Thickness Reaction Tie A Subgrade
(in.) Subgrade® (kips) (mils) ol 03 oD d® (%)
12 Medium  18.5 153 26.7 16.9 9.8 43
18 Medium  20.7 138 243 154 8.9 39
24 Medium  22.4 133 22,1 142 7.9 34
12 Soft 16.6 299 23.6 16.6 7.0 54
18 Soft 19.3 266 213 153 64 49
24 Soft 21.5 248 20.0 142 5.8 45
12 Very soft 15.4 493 = — - 100
18 Very soft 17.4 479 17.1 130 4.1 66
24 Very soft 20.2 438 15.6 119 3.7 60

6 Medium  16.7 159 30.0 18.8 11.2 49

6 Soft 15.1 319 26.0 18.4 7.6 59

6 Very soft 18.2 553 342 280 6.2 100

ﬂSS\.ll:txrarle strengths: medium — qy = 23 psi; soft — qy = 13 psi; very soft - qy = 6.2 psi.
Relative subgrade stress = 100 (subgrade stress/subgrade strength) = 100 (op/ay).
CExtensive subgrade and ballast failure. Stress data are not valid.

Each of these indicators can be used to determine
the adequacy or inadequacy of the track to carry a
specific load for a given number of repetitions.

For the approximate procedure, it is recommended
that a parameter study be performed using ILLI-TRACK
(or a similar mechanistic model) from which a nomo-
graph, such as that shown in Figure 2, can be con-
structed. For the approximate procedure, a method-
ology needs to be developed for which all the inputs
can be obtained by the Facilities Engineer's staff
without the need for sophisticated testing or analy-
sis. If track strength is determined to be inade-
quate or questionable, the detailed structural eval-
uation can be requested.

For the in-depth evaluation procedure, similar
nomographs could be developed, but the input would
require more direct measurements and the output

should be in terms of allowable specific load value
and associated number of repetitions. An alternate
method for the in-depth evaluation is the direct use
of the selected mechanistic model on a project-by-
project basis,

A limited parameter

study was performed using

A A l 4 : A : A l o
| I ] | <
| | | I a
| | | l u
[ I I | ‘ Q
| | | I
| | |
| | |
| | | I ?
| | | | !
| | | |
| | | I
| | [ | tE
b | | ]
| | a)
| | | P
I | | =
SUBGRADE BALLAST BALLAST TIE RAIL LOAD
STRENGTH CONDITION ~ THICKNESS ~CONDITION ~ WEIGHT STRUCTURAL
STRENGTH

FIGURE 2 Conceptual nomograph recommended for U.S. Army railroad track structural evaluation.
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TABLE 2 ILLI-TRACK Comparisons (5)
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Tie Maximum Subgrade Stress (psi) Relative

Kail Spacing l'ie Reaction  lieA _— Subgrade Rail Bending
Size (in.) (kips) (mils) ol 03 oD o (%) Stress (ksi)
132 20 16.6 299 23.6 16.6 7.0 54 19.3

132 40 30.3 456 25.8 16.4 9.4 72 22.1

90 20 19.5 310 24.4 16.5 7.9 61 28.9

90 40 31.7 459 26.4 16.3 10.1 78 32.8

60 20 26.0 331 263 16.8 9.5 13 43.0

Note: Ballast thickness = 12 in.; soft subgrade; and tie size = 9 in, wide by 7 in. thick.

iy Subgrade strength: soft — q,, = 13 psi; relative cubgrade otreso ~ 100 (oubgrado stross/aubgrade strength) = 100

(op/qu)-

ILLI-TRACK to illustrate the relative effect of rail
size and tie spacing on the structural strength in-
dicators. The results of the study are given in
Table 2 and Figures 3-6. It should be noted that a
tie spacing of 40 in. was used to simulate a case in
which every other tie is bad, although further pa-
rameter studies should consider various arrangements
of bad ties. However, from this limited study, the
importance of both tie condition and rail size can-
not be overemphasized., The study was performed as-
suming a soft subgrade. The significance of the sub-
grade class is clearly demonstrated in Table 1.

Operational Condition Evaluation

In many cases the operational failure of a track
system may be caused by the gradual deterioration of
the system components, localized defects, or im-
proper track geometry. These conditions are often
correctable, before failure, with an effective main-
tenance management system. They represent the oper-
ational condition of the track.
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FIGURE 3 Effect of tie spacing and rail size on relative
subgrade stress.

The operational condition of a track segment can
be determined by measuring and inspecting

. Rail condition,

Tie condition,

Ballast drainage condition,
Subgrade drainage condition, and

Track geometry.

oW N
N .

Rail Condition

Rail condition is determined by inspecting both in-
ternal and external defects.

Internal defects must be detected with special
equipment. These defects are potentially hazardous
because they cannot be seen, and there are often no
external indications of their presence. If not de-
tected, an internal defect can grow until a rail
break occurs.

External defects include rail head wear (both top
and side), corrosion, cracks, and various surface
defects., Sometimes these occur in combination with
internal defects.
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FIGURE 4 Effect of tie spacing and rail size on rail bonding
stress.
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FIGURE 5 Effect of tie spacing and rail size on maximum tie
reaction.
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FIGURE 6 Effect of tie spacing and rail size on tie deflection.

In most cases, rail defects are corrected by re-
placing the defective section.

Tie Condition

Tie condition may be determined by combining a vis-
ual inspection procedure with calculations to pro-
duce a tie condition index. This index would indi-
cate the overall condition of ties in a given track
segment.

Tie defects may cause the loss of both vertical
and lateral rail support, which leads to poor track
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geometry and loss of track load-carrying capacity.
The need for tie replacement in a given track seg-
ment is determined by the number of defective ties,
the arrangement of defective ties (i.e., the pres-
ence of consecutive defective ties), and the sever-
ity of the defects. Figure 7 shows typical tie de-
fects,

Ballast Drainage Condition

The ballast section holds the track in vertical and
horizontal alignment. To properly perform this func-
tion, ballast must drain well and not suffer signif-
icant particle degradation.

Visual inspection can be used to detect drainage
problems and ballast deterioration. When such condi-
tions exist, remedial action is required.

Subgrade Drainage Condition

Like the ballast section, the subgrade provides ver-
tical track support. To do this, the subgrade must
have sufficient strength and be properly drained.
Visual inspection can be used to detect drainage
problems and signs of subgrade failure.

Track Geometry

Track geometry is usually described by four param-
eters: gauge, crosslevel, alignment, and profile
(Figure B8). For military railroads (or any other
low-speed trackage), the most important geometric
parameters are gauge and crosslevel., Ultimately, all
track system components hold the rails in proper
position; therefore, a track geometry defect usually
indicates the failure of one or more of these compo~
nents.

Track geometry measurements can be made with sim-
ple devices on unloaded track. However, without
full-scale loading, the results may not accurately
reflect what the position of the rails would be when
subjected to actual train traffic. This is espe-
cially the case for track that is of light construc-
tion, is rarely used, has had minimal maintenance
over the years, or has structural defects. A signif-
icant portion of Army track falls into at least one
of these categories. Therefore, it was recommended
that track geometry measurements be taken with
engine- or car-mounted devices.

Geometry-measuring devices that mount on the en-
gine or car are currently available. They allow mea-
surements to be made and recorded continuously along
the track under full-scale loads. In addition, this
equipment is easily installed and removed.

SUMMARY

The concepts developed for the U.S.
Track Maintenance Management System (RAILER) have
been presented. RAILER will consist of subsystems
for network definition, data collection including
condition survey, data storage and retrieval, net-
work data analysis, and project data analysis. Two
major track evaluation categories have been identi-
fied: track structural condition and track opera-
tional condition. Current work efforts include the
development of these elements.

Army Railroad



20

END BREAK
FIGURE 7 Typical bad ties.

CENTER BREAK
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FIGURE 8 Track geometry measurements (4).
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Use of Reinforced Earth® for Retained
Embankments in Railroad Applications

VICTOR ELIAS and PHILIP D. EGAN

ABSTRACT

Since its introduction in the United States in 1969,

Reinforced Earth® tech-

nology has been used in a variety of civil engineering projects, especially in
the field of highway construction. In the last 5 years several Reinforced Earth

structures have been built to provide direct support for railroad tracks,
and a foundation slab.

cluding retained fills,

bridge abutments,

in-
Although they

offer the economies normally associated with Reinforced Earth construction,
these structures have also been designed for the vibratory loads and higher

live loads associated with railroads.
the basis of both research and experience,
are responsive to these loading requirements.
nism of Reinforced Earth structures are discussed in this paper.

Design methods have been developed, on

to produce structural designs that
The behavior and failure mecha-
The normal

design procedure is described, followed by a detailed discussion of the dynamic

effects of rail loading.

Substantial research and field measurement of these

effects have led to modification of the normal design procedure for the case of

railroad-supporting structures.

Three completed projects the design of which

incorporates the results of this research are described. The economic impact of
these modified design procedures has been found to be minimal.
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Reinforced Earth is a composite material formed by
the association of 1linear metallic reinforcements
and granular soil. The principle behind Reinforced
Earth is analogous to that of reinforced concrete:
the mechanical properties of a basic material, in
this case soil, are improved by reinforeing it in
the direction parallel to the orientation of its
greatest tensile strains. In a Reinforced Earth
mass, frictional interaction between the soil and
the reinforcements allows the soil, which can with-
stand only compressive and shear stresses, to trans-
fer tensile stresses to the reinforcements.

BEHAVIOR OF REINFORCED EARTH

As a result of the continuous research and develop-
ment that have been conducted on this construction
system, the behavior of Reinforced Earth, under a
variety of loading conditions, can be predicted with
great accuracy. Research conducted to date includes
finite element analyses, bidimensional and tridimen-
sional model tests, and instrumentation of actual
structures, all under a variety of 1loading condi-
tions. Begun in 1969, this research effort has led
to the emergence of a well-understood and widely
accepted behavioral mode and failure mechanism. The
key elements are summarized in the fcllowing sub-
sections.

Failure Mechanism

The potential failure surface for Reinforced Earth,
shown in Figure 1, is a potential failure surface
for the reinforcements and a potential sliding sur-
face for the soil. The shape of this potential fail-
ure surface is distinctive. Bidimensional and tridi-
mensional model tests loaded to failure have shown
that, unlike the classical Coulomb or Rankine fail-
ure surface, the failure surface of a Reinforced
Earth wall is curvilinear. This difference in the
shape of the potential failure surface is due pri--
marily to the mechanics of movement. The reinforce-
ments in the soil-reinforcement matrix restrain hor-
izontal expansion within the active zone, especially
in the upper portion of the wall.

As is shown in Figure 1, the potential failure
surface with the soil-reinforcement matrix delin-
eates two zones within the mass:

* An active zone, between the facing and the

POTENTIAL REINFORCEN FARTH
FAILURE SURFACE
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potential failure surface, where the shear stresses
are directed toward the facing and

* A resistant zone, beyond the potential fail-
ure surface, where the shear stresses are directed
away from the facing.

The two possible modes of internal failure that
are assoclated with the curvilinear failure surface
are as follows:

* Excessive movement of the reinforcing strips
when the soil-reinforcement friction interaction is
insufficient to resist the mobilized pullout force.
Tu preclude such an occurrence, it must be ensured
that the reinforcements have sufficient adherence
length within the resistant zone. This is called the
"effective length."

* Tensile rupture in the reinforcements. To
prevent such failure, the reinforcements must be of
high-strength materials that have a well-known
stress-strain behavior and that do not yield exces-
sively during loading.

State of Stress

The essential calculation in designing Reinforced
Earth structures is the calculation determining the
lateral or tensile stresses that must be resisted by
the reinforcements. Overstress could promete tensile
failure of the reinforcements, which in turn would
produce a catastrophic structural collapse.

Schlosser (1) reports a summary of the variation
of earth pressure with depth calculated from strain
gauge measurements made at seven actual structures.
The data, shown in Figure 2, consistently demon-
strate that the horizontal earth pressure at the top
of the structure approaches the at-rest condition
(Ko); the reinforcements minimize horizontal defor-
mations particularly well near the top of a struc-
ture. The horizontal earth pressure decreases with
depth, approaching a constant value that is slightly
less than the active earth pressure condition (Ka)
at a depth of approximately 6 m (20 ft).

Adherence Between the Soil and Reinforcements

As observed during the bidimensional model testing,
one mode of failure of a Reinforced Earth structure
is slippage between the soil and the reinforcements,
caused by lack of adherence. To adequately design
the reinforcements for sufficient adherence, it is

CLASSICAL RANKINE
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FIGURE 1 Tensile forces distributed along reinforcements.
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necessary to predict the friction mobilized along
the soil-reinforcement interfaces. This sliding
shear resistance between the soil and the reinforce-
ments has been the subject of numerous research
studies (2). Figure 3 shows typical values of the
soil-reinforcement friction coefficient, also known
as the apparent coefficient of friction (£*), based

on pullout tests using ribbed reinforcements. Exami-
nation of the field results shows a clear trend to-
ward high values of the apparent coefficient of
friction (f*) near the top of the structure. Like
the coefficient of earth pressure, the frictional
coefficient decreases with depth until it reaches a
constant value at approximately 6 m (20 ft).

APPARENT COEFFICIENT OF FRICTION, f*
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DESIGN OF REINFORCED EARTH STRUCTURES

The state-of-the-art design procedure for Reinforced
Earth structures consists of a 1local equilibrium
analysis between the facing elements and the rein-
forcements, The analysis is predicated on the as-
sumption that the soil-reinforcement matrix is in a
state of limit equilibrium and that the principal
directions of the stresses within the mass are ver-
tical and horizontal. The reinforced volume is
treated as a composite material that displays both
frictional strength due to the granular backfill and
pseudocohesional strength due to the restraint im-
parted by the reinforcements. The Reinforced Earth
mass can thus be analyzed as a single gravity unit.
The Reinforced Earth gravity mass is designed to
withstand the horizontal earth pressures normally
associated with earth retaining structures including
forces developed by seismic or dynamic events. These
latter forces have been quantified on the basis of
extensive research, and a predictive model has been
developed to determine the additional tensile forces
associated with these events. This pseudostatic
method of dynamic analysis is based on data from
model tests and the results from an instrumented
test wall constructed at UCLA (3) to determine the
dynamic response of Reinforced Earth walls to har-
monic and random excitations. The application of
these dynamic loads for external and internal sta-

biiity considerations is shown in Figure 4,

EEEENEERENRNEE

b

W = WEIGHT OF REINFORCED EARTH VOLUME
Q = SURCHARGE LOAD

Fg= HORIZONTAL LOAD OUE TO SURCHARGE
Fa = HORIZONTAL LOAD DUE TO ACTIVE EARTH PRESSURE
Fp= HORIZONTAL LOAD DUE TO OYNAMIC EARTH PRESSURE

FIGURE 4 Application of loads associated with railroad
structures.

For all Reinforced Earth structures, the external
stability 1is checked wusing conventional methods
before internal stability design. The checks on ex-
ternal stability include sliding and overturning
calculations. For conventional Reinforced Earth
structures that are not subject to large surcharge
loads, the reinforcing strip length is generally 70
percent of the wall height. In addition, the contact
bearing pressure of the Reinforced Earth mass on its
foundation soil is determined using Meyerhof's sug-
gested distribution, It should be noted that, when
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the adequacy of the foundation is checked for bear-
ing capacity, the allowable bearing pressure deter-
mined is based on a reasonable factor of safety for
a flexible structure applied to the ultimate bearing
capacity of the foundation; an allowable bearing
pressure limited by differential settlement consid-
erations is not applicable to Reinforced Earth be-
cause the structure can settle differentially with-
out structural distress. This method of analysis is
contrary to that for a conventional rigid retaining
structure, which is sensitive to differential set-
tlement. For this latter type of structure, allow-
able bearing pressure is governed by the permissible
differential settlement.

The internal stability design of the Reinforced
Earth wall consists of checking each level of rein-
forcements for the two possibie modes of failure;
namely, lack of adherence or tensile rupture. This
is done by developing the appropriate horizontal
pressure distribution and designing the reinforcing
strips with sufficient cross-sectional area and ef-
fective length to resist the horizontal loads with
an adequate factor of safety. The horizontal pres-
sure distribution is developed on the basis of the
known variation of earth pressure with depth within
the Reinforced Earth mass. The variation used in
design is shown in Figure 2. The variation of the
apparent coefficient of friction (f*), which is used
in adherence calculations, has been defined through
numerous laboratory and fieid pullout tests. Al-
though the overall phenomenon is complex, in general
the density and dilatancy of the granular backfill
and the nature of the strip surface are the predomi-
nant factors. The variation used in the design of
Reinforced Earth structures is shown in Figure 3.

DYNAMIC EFFECTS INDUCED BY RAIL LOADING

The design of a rail-traffic support structure re-
quires an analysis of both the dynamic pressures
associated with rail vibration and the effect of
these pressures on the soil-structure interaction.
For a Reinforced Earth structure, this analysis ne-
cessitates a knowledge of the variation in dynamic
accelerations with depth and the effect of such ac-
celerations on the apparent coefficient of friction
(£%).

The variation of ground acceleration with depth
is a complex analytical phenomenon. However, through
field instrumentation, the level of vertical accel-
eration within a railroad embankment can be mea-
sured. One such study was performed by the French
National Railroad (SNCF) (4). The purpose of the
study was to define both the level and the limit of
significant vibrations.

The SNCF study consisted of instrumenting a rail-
road embankment on the heavily traveled line between
Paris and Marseilles. In cross section, the instru-
mented railroad embankment measured 8 m (26.25 ft)
across the top and 34 m (111.55 ft) across the toe.
The height of the embankment is approximately 8 m
(26.25 ft). The line carries 22 passenger trains and
60 freight trains per day, typically traveling at 40
to 50 mph for freight traffic and 60 to 70 mph for
passenger traffic. As shown in Figure 5, vertical
acceleration measurements were made at four loca-
tions along the embankment. Three such cross sec-
tions were instrumented along a 192-m (630-ft)
length of embankment. The average values of the ver-
tical accelerations at each accelerometer location
along the embankment cross section are shown in Fig-
ure 5., The measurements indicate that vertical ac-
celerations decrease from 1.2 g at the top of the
ballast to 0.28 g at a lateral location 4 m (13.1
ft) from the centerline of track, at the top of the
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FIGURE 5 Vertical accelerations at the surface of an instrumented SNCF railroad

embankment.

embankment. It appears that the magnitude of ver-
tical accelerations decreases with depth, but the
rate of decrease with depth through the embankment
is not well documented.

The research data obtained in the SNCF study are
not directly applicable to Reinforced Earth because
only vertical accelerations were measured. Research
conducted at UCLA (5) on dynamic behavior of Rein-
forced Earth conclusively demonstrated that vertical
accelerations alone have no practical effect on the
design and performance of the system; only horizon-
tal accelerations produce significant increases in
tensile forces and displacements within the struc-
ture. Therefore it is necessary to estimate the
level of horizontal accelerations consistent with
the vertical accelerations measured by SNCF.

In a recently completed research program, the
Reinforced Earth Company duplicated levels of verti-
cal acceleration and frequency of vibration consis-
tent with the SNCF tests. At the same time the cor-
responding horizontal accelerations were measured to
determine their influence on the apparent coeffi-
cient of friction (f*).

The frequency of vibrations transferred through
the soil of the instrumented railroad embankment and
measured by SNCF are generally in the 40- to 80-Hz
band. Reinforced Earth Company's tests duplicated
these frequencies and measured vertical accelera-
tions using a 10-ton vibratory roller atop a Rein-
forced Earth test wall. The vibratory roller was
placed in a concrete cradle close to the rear face
of the precast concrete panels. During the test the
measured frequency of vibration ranged from 50 to 70
Hz. When accelerometers were used at five vertical
locations along the wall face, the peak vertical ac-
celerations were generally in the range of 0.4 to
0.6 g. The horizontal accelerations measured during
the dynamic testing were in the range of 0.1 to 0.4
g. From these data it appears reasonable to estimate
that the anticipated horizontal accelerations are
approximately 2/3 of the vertical.

The effect of the horizontal accelerations on the
apparent coefficient of friction (f*) is shown in
Figure 6. The percentage decrease in the apparent
coefficient of friction was determined by measuring
the pullout resistance of reinforcing strips in the
test wall both before and during dynamic loading.
Both the SNCF and the Reinforced Earth Company data
strongly suggest that horizontal acceleration levels
are relatively constant, in the range of 0.25 to 0.4
g, in the upper 3 to 4 m. Below this critical depth
the level of horizontal acceleration decreases rap-
idly. Therefore, in the upper 3 to 4 m, the apparent
coefficient of friction (£f*) should be expected to
decrease approximately 10 to 20 percent from those
values normally associated with static loading. This

influence, although only transient, must be consid-
ered during the design of a Reinforced Earth struc-
ture that supports rail traffic.

The dynamic pressures associated with rail traf-
fic must be determined and their effects included in
the analysis. Two dynamic forces, inertial and dy-
namic earth pressures, are considered in the design
of earth retaining structures subject to earthquake-
induced vibrations. The inertial force develops be-
cause of the acceleration of the active zone of the
soil-reinforcement mass and occurs even if backfill
beyond the reinforcing strips is not present. This
force, internally generated, causes additional
stresses that must be resisted by the tensile rein-
forcements. The second force, a dynamic active earth
pressure, is caused by a potential sliding wedge of
soil behind the wall. This latter force, affecting
overall stability only, is not likely to develop be-
cause of the low total dynamic energy produced by
rail traffic vibrations and their limited area of
application on top of the retained embankment.

The inertial pressure can be estimated from data
developed during the original model tests performed
at UCLA (6) and subsequent Japanese prototype tests
(7). These tests have shown that dynamic horizontal
pressures increase with increasing input accelera-
tion. Furthermore, for vibrations at or near the
resonant frequency of the structure, a significant
magnification of the input acceleration, and thus of
the associated dynamic horizontal pressure, occurs.

On the basis of the aforementioned model and pro-
totype testing, it is known that the resonant fre-
quency of Reinforced Earth structures is in the
range of 5 to 15 Hz. This range is well below the
normal frequencies associated with wvibrations in-
duced by rail traffic. Therefore the design acceler-
ation (E) should not be subject to magnification.
The relationship between the design acceleration (E)
and the input acceleration (a/g), based on the cal-
culation method proposed by Richardson and Lee (§),
has been developed during prototype testing by the
Japanese. The relationship between design accelera-
tion and input acceleration is shown in Figure 7.
These data are valid for all frequencies except
those near resonance.

Dynamic inertial pressures are greatest at the
subballast level and decrease with depth, becoming
insignificant at depths greater than 6 to 8 m
because they are proportional to the level of hori-
zontal accelerations. From analysis of the data de-
veloped at the UCLA test site it appears that an
inverted triangular pressure distribution is an ap-
propriate model for calculation. The overall dynamic
inertial force (Fd) can be approximated as the prod-
uct of the weight of the active zone of the Rein-
forced Earth wall times the design horizontal accel-
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eration (E) within the mass. The application of the
dynamic inertial force is shown in Figure 4.

REINFORCED EARTH WALLS SUPPORTING RAIL TRAFFIC

To date, several Reinforced Earth walls have been
constructed in the United States to support railroad
traffic. These structures have been retaining walls,
bridge abutments, or foundation slabs that distrib-
ute heavy rail loadings to soft foundations. The
following discussions illustrate the use of
Reinforced Earth for support of railroad traffic.

Clinchfield Railroad Project

During the spring of 1979 heavy rain caused the
failure of an earth embankment supporting a line of
the Clinchfield Railroad Company on Blue Ridge Moun-
tain in North Carolina (8). After alternative repair
techniques had been evaluated, a Reinforced Earth
slide buttress was chosen. It was the first Rein-
forced Earth structure to be built to support live
railroad loading in the United States.

The Clinchfield line, which descends the south
side of the Blue Ridge Mountain, was constructed in
1906-1908 and is an engineering masterpiece, even by
today's standards. From an elevation of 2,628 ft at
Altapass, North Carolina, the line is on a 1.2 per-
cent compensated grade, unbroken for 20 mi. The max-
imum curve is 8 degrees. The development loops
require 18 mi of track to cover a straight-line dis-
tance of 2.3 mi, There are 17 tunnels in one partic-
ular 11-mi stretch.

The many high embankment fills were constructed
by methods typical of that era, such as dumping
without compaction. The native soil with which the
fills were built is a micaceous, sandy clay, which
becomes very unstable when wet. Each year from late
January through April, several of the high fills on
the Blue Ridge begin to settle, and it is an annual
ritual during this period to patrol the mountain and
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The month of March 1979 was very wet. There were
continuous rains for several days, climaxed by a
heavy deluge. The fill located at milepost 189.3
first slid away from the heads of the ties. Restora-
tion work was under way, with on-track ditching
equipment, when the heavy deluge hit the area. The
entire fill then gave way, sliding down the mountain
and leaving the track structure hanging in the air
like a suspension bridge. Studies were then made of
several alternative solutions. Reinforced Earth was
selected because of (a) permanence, (b) short in-
stallation time, and (c) favorable costs compared to
other methods. The design for repairing the line was
a reconstructed earth fill buttressed by a Rein-
forced Earth wall. Figure 8 shows a typical section.

Work began in late October 1979 with excavation
of the site and placement of filter media, subsur-
face drains, and the leveling pad. The first wall
panels were placed on December 5, and the wall was
completed on December 23. Construction required no
special skills and was accomplished by a Clinchfield
bridge and building force that had no previous expe-
rience with this type of construction. They were
assisted by a local contractor.

The roadway fill above the Reinforced Earth por-
tion was built with selected material and compacted.
Filter fabric was laid on the finished grade with no
subballast. The track was surfaced on an average of
8 in, of ballast and opened for traffic on January 7.

Joseph C. McNeil Generating Station, Burlington,
Vermont

This project used Reinforced Earth to support a
railroad unloading trestle at a 50-megawatt wood-
burning power plant. The trestle supports a rail
spur of the Central Vermont Railroad that is used to
deliver wood chips to the largest wood-burning power
plant in the world.

The ability of Reinforced Earth to withstand sig-
nificant postconstruction settlement was one of the
factors leading to its selection at the McNeil Sta-

correct the line and grade on the fills. tion. Before construction, borings indicated that
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the first 35 ft of soil consisted of loose silts and
fine sands to medium dense silts with some coarse
sand and traces of gravel. These foundation condi-
tions necessitated a deep foundation for any rigid
system of abutments. In fact, the preliminary design
of the structure included a reinforced concrete
abutment founded on 136 piles of 100-ton capacity.
Due to the prohibitive cost of such a system, the
flexible system of Reinforced Earth abutments was
chosen.,

The Reinforced Earth abutments support 50-ft sin-
gle span beams that impose a total load, including
impact, of 26 kips per linear foot. The beams were
placed on a 9-ft-wide bearing seat atop the Rein-
forced Earth volume. This design results in a bridge
seat bearing pressure of 2.9 ksf applied to the Re-
inforced Earth abutments, which is well below the 4
ksf allowable bearing pressure for the abutment
bearing seat.

The compressible soils at the McNeil site neces-
sitated the founding of the Reinforced Earth walls
on a 5-ft-thick mat of compacted gravel, Although
the maximum anticipated settlement was approximately
6 in., measured total settlement at one of the abut-
ments exceeded 16 in. The maximum differential set-
tlement along the wall face is 8 in. in approxi-
mately 100 ft, or 0.67 percent.

The construction of the Reinforced Earth abut-
ments was scheduled so that the abutments would be
allowed to settle before placement of the bearing
seat and superstructure. When 95 percent consoli-~
dation of the underlying foundation had occurred,
the transverse differential settlement was accounted
for by pouring the abutment bearing seat to the
final design elevations. One of the completed

Reinforced Earth abutments at this location is shown
in Figure 9.
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FIGURE 9 Reinforced Earth abutment at McNeil generating
station,

Power Authority of the State of New York,
Staten Island, New York

The project consists of a Reinforced Earth founda-
tion slab, used to spread the heavy railroad loading
to a stone column foundation below. The Reinforced
Barth slab is a mat structure constructed of alter-
nating layers of closely spaced horizontally bedded
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reinforcing strips and granular backfill. The mat
was designed to span the area between stone columns,
thereby bridging the existing soft foundation mate-
rial and transferring the railroad loads directly to
the stone columns. The project was built at an ac-
cess line to a 700-MW fossil power plant for the
Power Authority of the state of New York.

SUMMARY AND CONCLUSIONS

The completed projects demonstrate that Reinforced
Earth technology is wholly applicable to and econom-
ical in a railroad environment. A rational design
procedure has been developed to predict the effects
of vibratory loading on the soil-structure interac-
tion in a Reinforced Earth mass. From the experi-
mental data presented, the effects of railroad traf-
fic vibrations are manifested in (a) slightly lower
apparent coefficient of friction (f*), which is a
function of the horizontal acceleration imposed by
the rail traffic, and (b) higher stresses to be re-
sisted by the reinforcements caused by the dynamic
inertial forces developed by rolling rail traffic.
The additional material costs consistent with full
consideration of these design parameters are modest,
Additional research is necessary to fully define the
level of rail traffic-induced horizontal acceler-
ation and its variation with depth, speed of rolling
stock, and rolling weight.
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Tieback Wall Stabilization of Railroad Embankments

HUBERT DEATON III

ABSTRACT

Tieback walls are used to stabilize railroad embankments. Frequently, they can
be built without interrupting traffic or relocating the tracks. The walls elim-
inate the temporary excavation support that may be required to construct other
methods of stabilization. They may be built close to tracks or structures be-
cause they limit long-term soil movements. Tieback walls can stabilize embank-
ments with deep failure surface. The design of a tieback wall for a railroad
embankment is performed in a manner similar to that of other tieback walls. A
geotechnical investigation should provide the design properties including loca-
tion of the failure surface, unit weights of material, internal strength prop-
erties of material, strength properties along the failure surface, soil or rock
classification, and groundwater information. In addition, tests must be made to
determine the levels of corrosion protection that will be adequate to ensure
that the tieback and the wall components will not corrode. A railroad embank-
ment in the Blue Ridge Mountains was stabilized with a tieback, driven H-pile
wall 40 ft high. Track traffic was not interrupted and future maintenance was
reduced. Monitoring of the wall has indicated that it is performing as expected.

Grouted rock and soil anchors typically called tie-
backs were originally developed as an alternate to
bracing or massive cantilever sheeting for temporary
excavation support. Their good performance and the
ease with which their capacities may be verified has
led to their use as a permanent means of supporting
retaining walls. These walls are typically called
tieback walls or permanently anchored walls. Their
use is increasing throughout the United States both
on public and on private works (1).

Tieback walls have several structural members
(Figure 1). The tieback itself is a grouted anchor
that transmits force from the wall through a post-
tensioned tendon. The tendon force is developed in
the soil or rock by adhesion of the grouted anchor
over a zone called the anchor length. The portion of
the tendon that is between the anchor and the wall
is called the unbonded 1length, and it elongates
elastically during posttensioning (2). Tieback walls
may have horizontal support members called elements
(Figure 2) or vertical support members called sol-
dier beams. The space between support members may be
covered to further reduce soil movement or erosion.
This cover is called the facing and it is typically

ANCHORAGE
CONNECTION

T le—wWALL

Ia::ANCHORLENGTH
Iy = TIEBACK LENGTH
lys = UNBONDED LENGTH
d = SHAFT DIAMETER

FIGURE 1 Components of a tieback.

cast-in-place or precast concrete, shotcrete, or
treated timber.

APPLICATION

Tiebacks can offer significant advantages in the
stabilization of existing embankments that support
critical loads such as railroad traffic. Many rail-
road embankments have been constructed by dumping
with no special compaction or selection of materi-
als. Then fills are subject to slope failures that
are normally repaired by dumping additional mate-
rial. This may overload a marginally stable slope
and further movement can result. Construction of a
conventional retaining wall may require removal of a
large portion of the embankment. Temporary shoring
of the excavation may be required. Figure 3 shows a
comparison of a conventional retaining wall with
temporary shoring and a tieback wall. Alternately,
relocation of the tracks away from the wall con-
struction may be required. With the use of a tieback
wall, the temporary shoring can become a permanent
part of the wall, and relocation of the tracks is
not necessary. In many cases, train traffic can pro-
ceed uninterrupted while the wall is being con-
structed because construction proceeds from the top
down (Figure 4).

In cases in which embankment movement is gener-
ated by landslide conditions, tieback walls can be
even more advantageous. Whereas nontieback walls
must penetrate the landslide's failure surface, with
a tieback wall only the tieback anchors are required
to extend beyond the plane of movement. The wall it-
self may stop at whatever level produces stable
slopes above and below the wall (3).

Because tieback walls are pretested to overloads
in excess of anticipated service loads, their capac-
ities are verified and soil movements may be kept
small. By the use of instrumentation actual loads
taken by the wall may be compared with design as-
sumptions. The ease of verifying performance and the
small magnitude of movement allow tieback walls to
be located close to movement-sensitive facilities,
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Tieback walls may be desirable in any cut situation,
but they are particularly useful when traffic cannot
be interrupted, relocated, or where large deflec-
tions cannot be tolerated.

In evaluating the use of tiebacks for embankment
stabilization, there are important preliminary con-
siderations. It must be physically possible to in-
stall tiebacks and underground easements must exist
or be secured. It must be possible to develop tie-
back capacity in the anchor length, and the soil
must not be subject to excessive creep. Most fills
and some in situ soils are not suitable for anchors.
In rare cases the ground is so aggressive that tie-
backs cannot be adequately protected from corrosion.
If it appears to be feasible to use permanent an-
chors, their cost can then be compared with that of
other possible stabilization methods.

DESIGN

Obviously, the design of tieback walls requires a
thorough geotechnical investigation. It must be de-
termined if the wall will be loaded by conventional
lateral earth pressure or if the embankment is mov-
ing as a landslide. Among the information required
for estimating design forces is the angle of inter-
nal friction, cohesion, depth to groundwater sur-
face, and traffic surcharges., This geotechnical
investigation should be made early in the design
phase. To determine in situ properties of soil and
rock, borings should be taken in the areas where the
anchors will be made. PFor soils, standard penetra-
tion resistance, atterberg 1limits, and unconfined
compression tests should be made. Rock cores should
be taken with core recovery and rock quality desig-
nation (RQD) noted. The potential for corrosion in
the embankment must be investigated. Levels of re-
sistivity, soil and groundwater pH, soluble sulfate
content, and presence of sulfide must be known to
determine the degree of corrosion protection re-
quired for the work (4). A summary of some basic
permanent anchor criteria follows.

Criteria to be examined in the preliminary evalu-
ation of a tieback wall (1):

1. Geometry

* Overburden depth greater than 15 ft (above
anchor)

* Tieback no steeper than 45 degrees below
horizontal

2. Soil strength
* For coarse-grained soils: standard penetra-
tion resistance greater than 10 blows/ft.
* For fine-grained soils: unconfined compres-
sive strength greater than 1.0 ton/ft? and
consistency index (I.) greater than 0.8:

Ig = (Wp, = W) /(W - Wp)

where
W = natural water content,
Wy, = liquid limit, and
Wp = plastic limit.

If it is decided to anchor in £fills or soils that do
not satisfy these criteria, a precontract testing
program is recommended.

3. BAggressiveness of soil

* Encapsulation of the tendon will be neces-

sary if soil surrounding anchor has pH

< 4,5, resistivity < 2000 ohm-cm, and any
sulfides are present.

¢ If soluble sulfate content is greater than

2000 mg/kg use ASTM Type V cement. If nearby
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buried concrete structures show signs of
acid attack, portland cement grouts should
not be used.

If the wall is subject to conventional lateral
earth pressures, apparent earth pressure envelopes
similar to those proposed by Terzaghi and Peck and
discussed by Peck et al. (5) have been found to be
appropriate in most soils (6) (Figure 5). If the
wall is acting as a landslide restraint, the re-
straining force that will be supplied by the tieback
must be estimated. This is typically done by 1limit
equilibrium analysis. The location of the failure
surface and the strength properties along the fail-
ure must be known (7). If an embankment is failing
as a landslide, inclinometers may be necessary to
determine the sequence and rate of movement. It is
necessary to compare both sets of forces and design
the wall for the controlling loading. The engineer
must also determine what factors of safety are pres-
ent in the method used to estimate forces. The cal-
culated loads can then be adjusted to the desired
factor of safety dictated by proper comparison of
economics and risk. A final check must be made for
overall external mass stability. The unbonded length
of the tieback must extend behind the critical fail-
ure surface previously determined in the geotechni-
cal investigation. The length of anchor behind the
critical failure surface must result in the total
tieback length being such that the soil or rock mass
between the wall facing and the ends of the tiebacks
will be stable. Thus the factor of safety along any
potential failure surface behind the ends of the
tiebacks will be greater than or equal to the factor
of safety along the critical surface. The soil mass
will be both internally and externally stable (8)
(Figure 6).

TESTING

Although the capacity of tieback anchors may be es-
timated using empirical values, it is imperative
that each tieback be tested after installation to
verify the ability of the anchor to perform as ex-
pected. It is not economical to design tiebacks to
such low capacities that variations in soil proper-
ties, material qualities, or workmanship may be ig-
nored. There are three types of common tieback
tests: the creep test (Figures 7 and 8) that esti-
mates long-term load-carrying capacity, the perfor-
mance test (Figure 9) that determines residual move-
ment of the anchor at increments of load, and the
proof test that verifies proper tendon elongation
and ability of the anchor to carry the proof load
(Figure 10). Typically 90 to 95 percent of the tie-
backs may be proof tested only. A center-hole hy-
draulic jack and pump are used to apply the load in
such a way that the entire tieback tendon is loaded
simultaneously during testing. The tieback movement
is measured by a dial gauge or a vernier scale inde-
pendent of the tieback structure. Measuring the jack
ram travel is not an accurate way to monitor move-
ment.

The first few tiebacks and a selected percentage
of the remaining tiebacks should be performance
tested. The performance test is used to establish
the load-deformation behavior of the tiebacks at a
particular site. It also is used to separate and
identify the causes of tieback movement and to check
that the unbonded length has been established. The
movement patterns developed during the performance
test are used to interpret the results of the sim-~
pler proof test.

Performance testing is conducted by measuring the
load applied to the tieback and its movement during
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incremental loading and unloading. Figure 9 shows a
plot of a typical performance test. The upper graph
in the figure shows the total tieback movement as a
function of load, and the lower graph shows the re-
sidual movement of the anchor as a function of load.
The residual movement (permanent set) of the anchor
is the nonelastic or unrecoverable movement of the
anchor that is measured when the load is released
after each loading increment. The maximum load ap-
plied during the performance test is held constant
for 10 min, and the movements are measured and re-
corded at 1, 2, 3, 4, 5, 7, and 10 min. If the tie-
back is not creep susceptible, the elongation be-
tween 1 min and 10 min normally will be less than
0.04 in, If so, the test can be discontinued. If the
movements exceed 0.04 in., the maximum load should
be held for 60 min so a creep curve can be plotted.

Each production tieback that is not performance
tested should be proof tested. A proof test is a
simple test that is used to measure the total move-
ment of the tieback. Proof testing is conducted by
measuring the load applied to the tieback and its
movement during incremental loading. Figure 10 shows
a typical proof test plot.

The load increments are the same as those used in
the performance test, except that the maximum incre-
ment 1is normally equal to 1.20 times the design
load. The maximum load applied during a proof test
is held constant for 5 min and the tieback movement
is recorded. If the movement during the 5-min obser-
vation period is less than 0.03 in., the test is
discontinued. If the movement exceeds 0.03 in., the
load should be maintained until the creep rate can
be determined and compared to the creep behavior
observed during the performance or creep tests.

Creep tests are performed to evaluate the long-
term load-carrying capacity of tiebacks installed in
cohesive soils and soft shales. They normally are
made on the initial two performance-tested tiebacks.
During a creep test, each increment of load is held
constant for a certain time period and the elonga-
tions are recorded and plotted. Figure 7 shows a
typical plot of creep movement versus time on a
semilogarithmic graph, with each curve representing
the creep movement at each load increment. Figure 8
shows the three characteristic types of creep curves
observed during tieback testing. Curves (a) and (b)
indicate acceptable behavior, provided that the
creep movement estimated by projecting the creep
rate over the life of the structure is not exces-
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sive, A creep rate of 0.08 in. per log cycle would
produce a creep movement of approximately 0.5 in.
over a period of 50 years. Curve (c) indicates that
the tieback would continue to creep until it failed.

The primary purpose of any tieback test is to de-
termine whether the tieback will carry the required
load without unacceptable movement. Proper tieback
testing will include

* Testing of tieback to an overload, typically
120 to 150 percent,

* Comparison of actual elastic elongation ver-
sus theoretical,

* Determination that the rate of creep is ac-
ceptable,

* Examination of the residual anchor movement,
and

* Verification that all components of the tie-
back connections perform satisfactorily at an over-
load.

Any tieback that does not perform as designed must
be replaced or incorporated in the wall at a reduced
capacity.

CASE HISTORY: 4TH ROCKY FILL SLIDE STABILIZATION

Existing Conditions

A busy line of track of the Clinchfield Railroad (9)
crossed on an embankment of uncontrolled fill. This

9102030 4030 1,

9 10 1S meters

FIGURE 11 Fourth rocky fill slide profiles.
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fill blocked natural drainage paths and developed
seepage pressures. The resulting slides were re-
paired by dumping additional material that increased
embankment height and the potential for further
movement. This method of maintenance increased the
likelihood of a failure that would halt use of the
line (Figure 11).

Geotechnical Investigation

The railroad first had a comprehensive geotechnical
investigation performed. This investigation estab-
lished the bottom of the shear surface, shear
strength, and groundwater levels. It was verified
that the fill was failing in a landslide mode and
that movement was continuing.

The geotechnical consultant recommended use of a
tieback wall to stabilize the embankment on the
basis of the following project requirements:

1. The method of construction must not interrupt
rail traffic or increase slope instability,

2. Train surcharge must be supported with small
deflections,

3. Embankments above and below the wall must be
stable,

4. Drainage must not be obstructed,

5. Maintenance must be reduced,

6. Construction schedule must allow completion
during dry season, and

7. Costs must be competitive with other options.

Fine micaceous sand:

¢ = 200 psf (9.58kPa)
¢' = 275 deg

y » 100 pef (157 kN/m®)
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FIGURE 12 Active side hill embankment slide threatens main-line Clinchfield Railroad

tracks.

Design

Several contractors were invited to submit detailed
proposals for a design-build tieback wall under a
performance specification (Figure 12). The design
selected called for the following

1. Design height of 40 ft,

2. Driven H-piles to rock,

3. Tiebacks penetrating the failure surface,

4. Stability of the embankment below the wall
ignored,

5. Comparison of lateral earth pressure and
landslide forces,

6. Treated timber lagging,

7. Chimney drains with drainage fabric to pre-
vent loss of ground,

8. Regrading of embankments above and below the
wall to more stable slopes,

9, All tiebacks tested to overloads, and

10. Wall instrumented and its performance moni-
tored.

a. Stability Analysis

.

L0,
pst
ﬂﬁ%ﬂlﬁ = 1,200 psf

40° 47.9 kips

Lateral earth pressures were computed by a conven-
tional trapezoidal earth pressure diagram (Figure
13). The landslide stability analysis, which con-
trolled in this case, used Janbu's (10) method to
estimate the restraint force (Figure 14). This force
was then distributed into the tiebacks. Tieback
angles were selected and the capacity of soldier
piles to support the vertical loads was examined.
Tieback anchorage was required to be behind the
shear surface. Because a possibility existed that
the embankment below the wall could fail in some
later slide, no passive resistance or stability fac-
tors were allotted to the lower embankment.

Construction

Soldier piles were driven from a bench cut into the
embankment. Installation of wood lagging and drain-
age fabric proceeded concurrently with excavation
down to the first tieback level. Wood lagging was
not designed but was sized on the basis of judgment

b. Lateral Support
1ft =3.28m
1 kip = 4.45 kN

1 psf = 47.9 kN/n?

46.4 kips

| 'lp,:lsrﬂ .l

46,4 x 1,000 x 0.8

Dl X g BT - 1,450 psf

FIGURE 13 Design earth pressure envelopes for fourth rocky fill tieback slide

control wall.



1

36

LANDSLIDE CONTROL PROBLEMS

I::fjrrtrock
v — +Rail olle wall

0 10

Transportation Research Record 1030

+— Slida control wall

Q= 47.9 kips 1t

—Stability ignored

b7l
>

N\
fzf:'o\

)
E+AE P

T+AT

_.cil._

Slice Free Body

b

o

q Aw

ar

AE

Force Polygon

FIGURE 14 Model for stability analysis of fourth rocky fill.

for the soldier pile spacing used. The choice of a
timber facing was dictated by economics. Tiebacks
were installed, tested to an overload, and locked
off. Any tiebacks that failed were replaced.

This procedure was repeated for the lower rows of
tiebacks. Lagging and drainage were installed to the
top of rock. Horizontal drains were connected to the
chimney drains to conduct water down slope. By this
method the water surface is kept at the top of rock.
The lower slope was then regraded to approximately
half-way between the second and third levels of tie-
backs, burying the lagging, wales, and tiebacks. At
the same time the upper slope was graded from top of
pile to track elevation., All slopes were then seeded
to protect them from erosion.

Performance

Initially the piles moved into the f£fill when the
upper level of ties was tensioned. At the top of the
pile, movements of as much as 8 in. were recorded.
This is not unusual for tiebacks tensioned against
fill.

Reference tapes were installed at the top of the
piles and a reference line was established after all
tiebacks had been tensioned and excavation was com-
pleted. Total outward movement of the piles in the
first 7 months averaged 0.021 ft or approximately
1/4 in.

Two vertical rows of load cells were provided.
The six load cells were monitored for a year after
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lock-off. These load cells showed an average of 4
percent increase in load over a 1l2-month period,
most of which occurred in the first 3 months., Some
maintenance of the timber lagging has been required.
In general, performance of the wood facing has been
as expected.

CONCLUSIONS

Tieback walls can be an economical way to stabilize
railroad embankment.

Their construction usually does not
railroad traffic.

A thorough geotechnical study is required.

The machanism by which the wall will be loaded
must be known.

Tiebacks must be tested to verify design assump-
tion.

Evaluation of wood lagging facings must include
costs of periodic maintenance.

interrupt
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Methodology for Allocating Loss and

Damage to the Railroad Transport Cycle

PETER J. WONG

ABSTRACT

A methodology for allocating loss and damage costs to various parts of the

railroad transport cycle is presented.

Specific estimates of loss and damage

attributed to line-haul shock and vibration and flat and hump yard coupling
impacts are developed. In addition, loss and damage estimates are provided for
various levels of overspeed impacts in hump yards.

In calendar year 1983, Association of American Rail-
roads (AAR) statistics indicate that North American
railroads paid out a total of $162 million in
freight loss and damage (L&D) (from Information and
Public Affairs, AAR). Industry sources indicate that
the indirect costs to railroads and shippers of pro-
cessing and handling L&D claims may be as much as

eight times greater than the direct L&D payments
(). If this is true, the total costs of L&D to
railroads and shippers may be on the order of §1.3
billion per year.

Even though the railroad industry has been vi-

tally concerned with L&D for many years--the 1983
loss is the lowest since 1965--these fiqures indi-
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cate that the magnitude of the L&D problem is still
large enough to warrant new approaches. Any decrease
in the L&D payments translates directly to increases
in net income (i.e., "bottom-line") on a one-to-one
basis. Thus improvements to the L&D payment situ-
ation can significantly affect the health and via-
bility of the entire railroad industry.

There is a lack of information about and under-
standing of the L&D costs that can be attributed to
shock and vibration (rough handling) in the trans-
port cycle. In particular, it would be nice to know
how much L&D can be attributed to railroad yards
versus the line haul. In yards, the amount of L&D
that can be attributed to hump yards versus flat
yards and how L&D increases with impact speeds in
yards are unknown. Over the line haul, the contribu-
tion to L&D of longitudinal train slack action ver-
sus vertical vibration should be assessed,

This L&D transport cycle information is necessary
to assess the benefit-cost impact of any specific
proposed countermeasures to mitigate the effects of
shock and vibration., Also, this L&D transport cycle
information is important to assist in planning re-
search priorities for future L&D countermeasures.
Examples of potential areas for countermeasure de-—
velopment include

* Countermeasures to reduce L&D due ¢to train
slack action over the line haul,

®* Countermeasures to reduce L&D due to vertical
vibration over the line haul, and

* Countermeasures to reduce L&D due to over-
speed impacts in hump or flat yards.

This research presents a methodology for allocat-
ing L&D to shock and vibration in the transport
cycle. Although the data needed to perform this al-
location precisely are lacking, estimates are devel-
oped on the basis of available data that allocate
L&D to the following:

* Yards versus line haul,
* Hump versus flat yards, and
* Levels of overspeed impact in yards.

The approaches and procedures presented here rep-
resent a first approximate step in structuring a
methodology. The method can be useful in developing
L&D countermeasure technology.

METHODOLOGY OVERVIEW

The AAR each year provides aggregate statistics on
L&D (2) in the following 12 categories:

1. Shortage, package shipment;

2. Shortage, bulk shipment;

3. All damage not otherwise provided for;
4, Defective or unfit equipment;

5. Temperature failures;

6. Delay;

7. Robbery, theft, pilferage;

8. Concealed damage;

9. Train accident;
10. Fire, marine, and catastrophies;
11. Error of employee; and

12. Vandalism.

Unfortunately, these 12 categories do not indi-
cate the L&D due to shock and vibration (i.e., rough
handling), which is germane to this work. Freight
damage resulting from excessive shock and vibration
would probably be listed in Category 3, "all damage
not otherwise provided for," and Category 8, "con-
cealed damage." Almost $71.4 million or 44.1 percent
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of the total 1983 freight loss and damage payments
was classified in Category 3, and $0.5 million or
0.3 percent was classified in Category 8 (2). Other
major factors that affect L&D in Categories 3 and 8
are inadequate packaging, improper loading, and
claims incorrectly assigned to these categories.

The methodology consists essentially of allocat-
ing Categories 3 and 8 L&D to shock and vibration in
the transport cycle using the "tree-structured top-
down" approach shown in Figure 1. The steps can be
summarized as:

* Step l: Categories 3 and 8 L&D are allocated
between shock and vibration versus "others."”

* Step 2: Shock and vibration L&D is allocated
between line haul and yard.

* Step 3: Line-haul L&D 1is allocated between
shock (caused by the slack action of trains) and vi-
bration.

* Step 4: Yard L&D is allocated to hump yards
versus flat yards., (It is implicitly assumed that
yard-related L&D is due to shock, not vibration, be-
cause the distances that cars travel in a yard are
small and thus the exposure to vibration damage is
minimized.)

* Step 5: Hump yard shock L&D is allocated to
overspeed impact levels.

DETAILS OF METHODOLOGY

In this section the data and details for implement-
ing each step in the methodology are presented.

Allocation to Shock and Vibration Versus

Others (Step 1

Categories 3 and 8 L&D amounted to $71.9 million in
1983. How much of this amount can be attributed to
shock and vibration (i.e., rough handling) versus
other causes such as inadequate packaging, improper
loading, and claims incorrectly assigned?

The data to perform this allocation are scarce
and imprecise. In their corrugated container study,
Ostrem and Godshall (3) indicate that 80 percent of
the damage could be attributed to rough handling.
However, the Whirlpool appliance study (4) indicates
that, at a minimum, 43 percent of appliance L&D could
be attributed to shock and vibration. This leads to
the conjecture that the percentage of damage that
can be attributed to shock and vibration varies with
the type of commodity under consideration.

The obvious answer to the problem is to get more
data. However, in lieu of this possibility, an at-
tempt is made to estimate the percentage of Catego-
ries 3 and 8 L&D that can be allocated to shock and
vibration using a systematic procedure based on the
data that exist.

Table 1, obtained from Braddock et al. (5), gives
the gross claims paid by cause and commodity. Al-
though the "damage"™ category in Table 1 contains
damage causes in addition to Categories 3 and 8
(e.g., temperature failures, delay, fire, and train
accidents), let it be assumed that the percentage of
L&D for each commodity item under the "damage" cate-
gory in Table 1 applies to Categories 3 and 8 L&D
for each commodity group. It is known that 80 per-
cent of corrugated container L&D can be attributed
to rough handling and that a minimum of 43 percent
of appliance L&D can be attributed to shock and vi-
bration. The procedure will then be to associate
each commodity grouping in Table 1 with either an 80

percent or a 43 percent L&D due to shock and vibra-
tion.
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FIGURE 1 Methodology for allocating L&D in Categories 3 and 8 to the transport cycle.

TABLE 1 Gross Railroad Claims Paid by Cause and Commodity (5)

Shortage Theft Damage Total

Commodity Grouping Value ($) Percentage Value () Percentage Value ($) Percentage Value (§) Percentage
Food and food products 12,522,827 28.5 3,295,481 12.6 203,849,028 45.0 219,667,336 42.0
Alcoholic beverages 1,889,409 4.3 915,411 35 3,623,983 0.8 6,428,803 1.2
Tobacco products 659,096 1.5 1,909,287 7.3 1,358,994 0.3 3,927,377 0.8
Wood products and furniture 2,592,445 5.9 680,020 2.6 44,846,786 9.9 48,119,251 9.2
Chemicals, petroleum, rubber, and plastic 5,800,046 13.2 2,196,987 8.4 32,162,847 7:1 40,159,880 7.7
Metal products and hardware 3,734,878 8.5 1,987,750 7.6 22,196,894 4.9 27,919,522 5.3
Machinery (except electrical) 2,372,746 5.4 732,329 2.8 13,136,937 2.9 16,242,012 3.1
Electric machinery, including appliances 2,153,047 4.9 3,263,326 12.5 22,196,894 4.9 27,619,267 53
Transportation equipment, including

motor vehicles 8,304,612 18.9 10,331,071 39.5 45,299,784 10.0 63,935,467 12.2
Clothing and textiles 0 0 0 0 0 0 0 0
Jewelry and coins 0 0 0 0 0 0 0 0
Instruments 0 0 0 0 0 0 0 0
Medicines, drugs, and cosmetics 0 (] 0 0 0 0 0 0
Others 3,910,637 8.9 836,948 32 63,419,698 14.0 68,167,283 13.0
Total 43,939,744 100 26,154,610 100 452,997,840 100 523,092,195 100
Percentage of total loss 8.4 5.0 86.6 100
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TABLE 2 L&D in Categories 3 and 8 Attributed to Shock and Vibration

Percentage ot Loss

Percentage Attributed
to Shock and

Percentage of Total
L&D Due to Shock

Commodity Grouping Value (§) Due to Damage Vibration and Vibration
Food and food products 203,849,028 45.0 80 36.00
Alcoholic beverages 3,623,983 0.8 80 0.64
Tobacco products 1,358,994 0.3 80 0.24
Wood products and furniture 44,846,786 9.9 43 4.26
Chemicals, petroleum, rubber, and plastic 32,162,847 T 61.5 4.37
Metal products and hardware 22,196,894 4.9 43 2:11
Machinery (except electrical) 13,136,937 2.9 43 1.25
Electric machinery, including appliances 22,196,894 4.9 43 2.11
Iransportation equipment, including

motor vehicles 5,299,784 10.0 43 4.30
Clothing and textiles 0 0 — -
Jewelry and coins 0 0 — -
Instruments 0 0 - -
Medicines, drugs, and cosmetics 0 0 - -
Others 16,419,693 14.0 61.5 8.61
Total 452,997,840 100 63.89
Percentage of total loss 8.4

Table 2 gives percentages assigned to commodities
on the basis of whether the commodity group is
"closer to" corrugated containers or to appliances.
In difficult cases, it was assumed that the percent-
age of L&D attributed to shock and vibration is the
average of 43 percent and 80 percent (i.e., 61.5
percent). If this procedure is followed, and the
percentage of L&D is "weighted"™ by commodity group
by the percentage that the commodity contributes to
total L&D, then the following 1s obtained: approxi-
mately 64 percent (actually 63.9 percent) of Catego-
ries 3 and 8 L&D can be attributed to shock and
vibration. (It should be noted that if it is assumed
that the percentage allocation lies between 43 and
80 percent, and the arithmetic mean of these two
numbers is taken, the estimate is 61.5 percent,)

Using the 64 percent estimate,

Total 1983 Categories 3 and 8 L&D allocated to
shock and vibration = 0.64 ($71.9 million)
= $46.0 million (1)

If $46.0 million is divided by 18,800,172 revenue
car loadings for 1983 (6),

Average 1983 L&D payments per loaded trip
due to shock and vibration
= $46.0 million/18,800,172 car loadings
= $§2.45 (2)

A number of experienced railroad personnel he-
lieve that the 64 percent allocation is too low and
should be closer to 70 percent. On the other hand,
there are people who believe the allocation should
be closer to 50 percent.

Allocation to Line Haul Versus Yard (Step 2)

There exist few data that allow the allocation of
the $46.0 million L&D costs associated with rough
handling to line-haul train slack action and verti-
cal vibration versus coupling impacts in yards.

B. Gallacher, formerly assistant to the Chief
Engineer of the Southern Pacific Transportation Com-
pany, has recorded data on shifted loads of lumber
and pipes occurring in yards versus the line haul.
His data indicate that 55 percent of the shifted
loads occurred in yards versus 45 percent in the
line-haul movement. If it is assumed that there is a
correlation between the percentage of shifted loads
and the percentage of L&D, it can be assumed that 55

percent of the L&D occurs in yards. Using these per-
centages,

Total 1983 Categories 3 and 8 L&D allocated to
line-haul train slack action
and vertical vibration
= 0.45 ($46.0 million) = $20.7 million (3)

Total 1983 Categories 3 and 8 L&D allocated
to coupling impacts in yards
= 0.55 ($46.0 million) = $25.3 million (4)

If these numbers are divided by 18,800,172 reve-
nue car loadings for 1983 (6),

Average 1983 L&D payments per loaded trip
due to line-haul train slack
action and vertical vibration

= $20.7 million/18,800,172 car loadings
= $1.10 (5)

Average 1983 L&D payments per loaded trip
due to coupling impacts in yards
= $20.7 million/18,800,172 car loadings
= $1.35 (6)

Some industry personnel believe that the 55 per-
cent allocation of L&D to yards is too low and
should be closer to 60 percent.

Allocation to Line-Haul Shock Versus
Vibration (Step 3)

In the previous section, $20.7 million L&D has been
allocated to 1line-haul shock and vibration. The
shock is mainly due to train slack action; the vi-
bration is mainly the vertical component from the
wheel-rail interface. Currently, there do not exist
any data by which to allocate L&D between line-haul
shock and vibration. A number of industry personnel
believe that train slack action is the major cause,
whereas others feel that vertical vibration is the
main cause. Their viewpoints may depend on the com-
modity with which they are most closely associated.
The author suspects that the type of commodity being
transported has great bearing on whether line-haul
shock or vibration is the major L&D cause. Because
of the lack of data, this allocation cannot be made.
This is clearly an area where more data are required.
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Allocation to Flat Versus Hump Yards (Step 4)

The total Categories 3 and 8 L&D due to coupling im-
pacts in yards is $25.3 million; the average L&D per
loaded trip due to coupling impacts in yards is
$1.35 (see the previous section).

Petracek et al. (7) indicate that 80 percent of
total U.S. switching occurs in flat yards and 20
percent in hump yards. Therefore it will be assumed
that a car spends 80 percent of its yard time in
flat yards and 20 percent in hump yards.

However, simply allocating 80 percent of the L&D
costs to flat yards and 20 percent to hump yards
will not work because the relative L&D in hump and
flat yards is unequal. More specifically, the rela-
tive time spent in flat and hump yards should be
"weighted" by the relative damage occurring in flat
versus hump yards; this "weighted relative time"
should be used to apportion L&D to the time a loaded
car spends .n hump yards. In particular,

Total 1983 Category 3 and 8 L&D associated
with time spent in hump yards
= {0.2 (hump damage)/[0.8 (flat damage)
+ 0,2 (hump damage)]} $25.30 (7)
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Average L&D per loaded trip associated with
time spent in hump yards
= {0.2 (hump damage)/[0.8 (flat damage)
+ 0.2 (hump damage)]} $1.35 (8)

These equations could be solved if some idea could
be gotten of the relative damage occurring in flat
versus hump yards. An attempt to estimate the rela-
tive damage in flat versus hump yards is made in the
remainder of this discussion.

Simmons and Shackson (8) indicate that "the dam-
age impulse increases as the square of the speed."
Furthermore, in Figure 2, reproduced Simmons and
Shackson (8), acceleration in g's at the car floor
is plotted versus impact speed in miles per hour. It
appears that there is little if any damage at 4 mph
coupling and that the damage impulse increases with
the squared difference between 4 mph and the cou-
pling speed. Therefore the following relationship
between damage and speed will be assumed. Damage is
proportional to the squared difference between 4 mph
and coupling speed, i.e.,

Damage = (coupling speed - 4 mph)? (9)

TYPE QF DRAFT GEAR OR CUSHION

a. = Two conventional gears.
b. = Two high capacity gears.

c. = One conventional and ane {ong travel high

capacity gear.

HOHOHoWoB BN

One conventional and one cushion tube gear.
Two high capacity long travel gears.

One conventional and a piggy-back car.

One conventional and 7'' hydraulic gear.
One conventional and 10" sliding sill.

One conventional and 20" sliding sill.

One conventional and 30" sliding sill.

d
e
f.
g.
h
i
i.
I

L T T 1

12 = {Curves cover optimum conditions of cars and
Speeds shown represent R.R, impacts and not

11 |}—  dead stops.)

10 —

ACCELERATION IN “G* UNITS
»
I

lading weight within capacity of shock absorbers.

I a.

SEVERE
ROUGH
HANDLING

ROUGH
HANDLING

1 2 ) 4 5
!
SPEED — mph

] 1
CAREFUL HANDLING BORDERLINE ROUGH
ZONE 2

IMPACT REGISTER

S8~
sk
2%
E 2T
X0
823
=2
o
| SE
| T
w
I &2
7 8 9 10 <%
| O
SEVERE
ZONE 3 ZONE 4
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TABLE 3 National Careful Car-Handling Observation Day
Results
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Table 3 gives the frequency of occurrence of
overspeed impacts in flat versus hump vards for data
taken in 1969 and 1970 by the Association of Ameri-
can Railroads. The 1969 and 1970 AAR data have been
combined, and in Figures 3 and 4 these frequencies
of occurrence versus coupling speed and (couplin
speed - 4 mph)? for both flat and hump yards have
been plotted. [For each occurrence of coupling in an
interval (e.g., 5 mph to 6 mph), it is assumed that
the coupling speed is at the mean or midpoint of the
interval (e.g., 5.5 mph).] Using the assumption of
Equation 9, the relative damage in flat versus hump
yards is proportional to the areas under the curves
in Figures 3b and 4b, respectively. In particular,
the area under Figure 3b representing damage in flat
yards is 0.508, and the area under Figure 4b repre-
senting relative damage in hump yards is 1.718.
Therefore, substituting these values into Equations
7 and 8 gives

Total 1978 Categories 3 and 8 L&D associated
with the time spent in hump yards
= {0.2 (1.718)/[0.8 (0.508)
+ 0.2 (1.718)1} $25.3 million
= $11.6 million (10)

Average 1983 L&D per loaded trip associated
with time spent in hump yards
= {0.2 (1.718) /(0.8 (0.508)
+ 0.2 (1.718)]1} $1.35 = $0.62 (11)

The corresponding cost associated with flat yards
is simply found as follows:

Total 1983 Categories 3 and 8 L&D associated
with time spent in flat yards
= $25.3 million - $11.6 million
= $13.7 million (12)

Average 1983 L&D per loaded trip associated
with time spent in flat yards
= $1.35 - 0.62 = $0,73 (13)

Equations 11 and 13 indicate the average L&D per
loaded trip associated with time spent in hump and
flat yards, respectively. A more interesting statis-
tic would be the average L&D per hump yard coupling
or per flat yard coupling. The calculation is per-
formed as follows: Petracek et al. (7) indicate that
a loaded car, on the average, goes through six yards
on its loaded trip journey. Because a loaded car is
assumed to spend 20 percent of its yard time in hump
yards and 80 percent of its yard time in flat yards
(1), it is assumed that a loaded car on the average
goes through 1.2 hump yards (i.e., 1.2 = 0.2 x 6)
and 4.8 flat yards (i.e., 5.8 = 0.8 x 6), If it is
further assumed that a car has only one coupling per
hump yard or flat yard (i.e., it is assumed that the

Transportation Research Record 1030

number of rehumped or reswitched cars is small),
then using the results from Equations 11 and 13

M oevn s 1a0n T
AVEEAGT 1svuo o

= $0.62/.2(6

T per hump yaid coupling
) = $0.52 (14)
Average 1983 L&D per flat yard coupling

= $0.73/.8(6) = $0.15 (15)

Allocation to Hump Yard Overspeed Impact
Levels (Gtep 5)

In the previous section it was calculated that the
average L&D per hump yard coupling is $0.52. Using
this average value, the expected L&D associated with
various levels of coupling speed can be calculated
in the following manner.

Fiqure 4a shows the frequency of occurrence of
coupling impact speed for the following intervals:
less than 4 mph, 4 to 5 mph, 5 to 6 mph, ...,
greater than 10 mph. The percentages in Figure 4a
are interpreted as probabilities of occurrence. It
is also assumed that all couplings occurring between
4 and 5 mph take place at the mean interval value of
4.5 mph; similarly it is assumed that couplings in
the other intervals occur at the mean interval val-

ves cf 5.5 mph, 6.5 mph, «.., 10.5 mph. (It is as-

sumed that cars coupling at speeds greater than 10
mph all couple at 10.5 mph.) Let Dy 5, Ds 5/
cssy represent the unknown value of L&D due
to couélfngs at the mean interval values of 4.5 mph,
5.5 mph, ..., 10.5 mph. The definition of average
(or expected value) allows the following equation to
be written:

Average 1983 L&D per hump yard coupling
= $0.52 = .613(0) + .1564 5 + .127Dg 5
+ .04D7.5 + .OllDe.s + .01D9_5 + .003D10'5 (16)

where the probabilities are taken from Figure 4a,
and Dy s, «sey Djg,5 are the unknowns.
Note that the 61 3 percent of the cars that couple
at less than 4 mph are assumed to have "zero" L&D.

To aid in the solution of Equation 16, the as-
sumption stated in Equation 9, namely that damage is
proportional to the squared difference between cou-~
pling speed and 4 mph, is used again. Using this as-
sumption, the following relationships can be written:

Ds.5 = [(5.5 - 4)2/(4.5 - 4)2]Dy 5 = 9D4. 5 (L7
Dg.5 = [(6.5 - 4)/(4.5 - 4)%1Dg 5 = 25Dy 5 (18)
Dy,5= [(7.5 - 4)2/(4.5 -~ 4)*]Dy 5 = 49Dy 5 (19)
Dg.5 = [(8.5 - 4)?/(4.5 - 4)*]Dy 5 = 81Dy, 5 (20)
Dg,5= [(9.5 - 4)2/(4.5 - 4)?IDy 5 = 121D, 5 el

Dig.5 = [(10.5 - 4)2/(4.5 - 4)*ID4 5 = 169Dy ,5 (22)

Equations 17-22 can be substituted into Equation
16 yielding one equation and one unknown, Dg,5, as
follows:
$0.52 = .152D4.5 + .127(9)])4.5 + .04(25)[)4‘5
+ .04(49)Dy 5 + .011(B1l)Dy g5
+ .01(121)Dy 5 + .003(169)Dy 5
6.867D4 5 (23)

By solving Equation 23 for Dy 5 and using Equa-
tions 17-22, expected L&D can be calculated for var-
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TABLE 4 L&D Versus Overspeed
Impact

Expected 1978 L&D
Overspeed impact per Uccurrence (3)

4 mph 0.00
4-5 mph 0.08
5-6 mph 0.68
6-7 mph 1.90
7-8 mph 371
8-9 mph 6.14
9-10 mph 9.17
10 mph 12.81

ious levels of overspeed impacts; the results are
given in Table 4.

Figure 5 shows a summary of the findings about
allocation of payouts to the various causes shown in
Figure 1. The dollar amounts are obviously only as
good as the sketchy data used and are shown to il-
lustrate the method,
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CONCLUSIONS AND RECOMMENDATIONS

A methodology for allocating loss and damage costs
to shock and vibration (i.e., rough handling) in
various elements of the transport cycle has been
presented. Although the quantitative estimates are
important, the methodology itself, viewed as a "pro-
totype," is more important. It is 1likely that the
methodology can be refined to give more precise es-
timates with more definitive empirical data. In par-
ticular, the methodology presented here could form
the basis of an experimental plan to obtain more re-
fined estimates of L&D costs.

Because the magnitude of loss is large when both
direct and indirect costs are considered, it is
clear that the potential for improvement is great
and that continued effort should be made to develop
countermeasures to reduce the loss and damage due to
shock and vibration in line haul and in yards (es-
pecially hump yards).

Research is needed to obtain better data. Data
from other than National Car Handling Day should be
used. Frequency of impact today should be deter-

L&D IN CATEGORIES $71.9 million
3&8

{100%]

%

Y

ALLOCA-
TION

Y

L&D DUE TO SHOCK & $46.0 million
36% OTHER CAUSES VIBRATION (64%) $2.45/trip
\
$20.7 million $25.3 million
LINEHAUL L&D (45%) (55%)
$1.10/trip $1.35/trip

STEP 3

%
ALLOCA-
TION

5 A
SHOCK DUE TO
TRAIN SLACK-ACTION

VIBRATION

$13.7 million $11.6 million
$0.73/trip $0.62/trip
$0.15/coupling $0.52/trip

Y Y

SHOCK DUE TO HUMP
YARD IMPACT

SHOCK DUE TO FLAT
YARD IMPACT

SHOCK DUE TO SPE-
See Table 4 CIFIC OVERSPEED
IMPACT LEVELS

FIGURE 5 Summary of allocation of payments to causes shown in Figure 1.
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mined. Obviously the only data available may not
represent today's practices so up-to-date data are
needed to validate the procedure. Efforts should be
made to determine if shifted loads are more suscep-
tible to damage than loads that have not shifted.

An extensive bibliography on loss and damage is
presented elsewhere (9).
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Economic Design Methods for Automated Miniyards

ARTHUR W. MELHUISH

ABSTRACT

Changing traffic patterns and operating methods will continue to reduce the
number of cars to be classified in yards. This trend promotes a need for eco-
nomically designed, built, and operated miniyards. Such small-scale yards can
be designed in ladder track or balloon formation, both with minihumps and suit-~
able for 1,000 to 2,000 cars per day throughput. To attain low-cost, efficient
operation of these yards they will need to be automated in an economical manner
with automatic route setting and simple car speed control. The system described
in this paper could control the humping procedure to give continuous, discon-
tinuous, and manual modes of car throughput as appropriate to the measured
rollability category and track address for each car.
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The concept discussed here is that of an unpreten-
tious economic electronic system to both detect and
signal on the hump, and to interface with the auto-
matic route setting.

Significant cost savings in retarder control can
be made in the initial design stages by

* Using a minimum practical design rollability
value (1) and

* Adopting a double standard for car running
performance (i.e., accepting those cars that will
only reach clearance along with those that will sus-
tain separation).

To compensate in operation for the dilution of the
initial design criteria, supplementary operating
aids are proposed to

¢ Control car separation in ladder track yards
(in coordination with the route setting controls) by
determining car release interval periods according
to track destination and thus signal the release of
each car and

* Detect cars that have rollability values out-
side the design bandwidth and then signal appropri-
ate actions.

LADDER TRACK YARD
General

The throughput in ladder track yards depends on op-
erator experience and judgment in the cutting to
ascertain adequate separation.

Although some degree of performance is achieved
by operator knowledge of destination and by observa-
tion, it is thought that the operation, and thereby
throughput efficiency, could be enhanced by provid-
ing a suitable timing and signal aspect system to
control the cutting sequence.

The criteria for the use of the system would be

* Continuous retarder control imposed in the
yard to administer the speed of the cars and

* The movements of point switches supervised by
automatic route setting.

Such a system could not be applied in a yard where
the car speed would not be controlled, but, by im-
posing retarders to continuously control the speed
of all cars to a known value, it is possible to pre-
dict the initial separation period needed for the
various switch destinations. .

with the advent of small self-contained retarders
of the Dowty type, which can be installed through
the turnouts, it is now possible to impose such re-
tarder control in ladder track yards., The Dowty-type
retarder is a small, self-contained hydraulic unit
that is quite different in concept and application
from the large clasp retarders that have tradition-
ally been used in North American yards.

The purpose of the system would be to create a
controlled initial separation between cars at the
beginning of the run so that the last ladder track
switch, common to the routes for two consecutive
cars, could be operated,

The initial separation period would also be kept
to a minimum to promote a good throughput rate. In
addition, with the speed measurement facility within
the system, cars with rollability factors outside
the design parameters could be detected and appro-
prilate actions initiated.

Transportation Research Record 1030

Economic Design Parameters

The cost of the retarder equipment in a yard is pro-
portional to

* The car throughput rate, For this type of
yard, which is only intended to handle low through-
put rates, this value will be low, on the order of
1,000 to 2,000 cars per day.

* The maximum distance from hump crest to
clearance marker, This distance is exceptionally
high in ladder track formations but can be made ac-
ceptable by using continuous speed control and by
employing supplementary aids to signal the disoon-
tinuous humping moves dependent on car destination.

* Allowable car separation. This distance can
be kept to a minimum by employing car detection de-
vices in place of track circuits that are dependent
for length on the maximum distance between trucks.

* Maximum axle weight. This value is considered
standard for all vards.

* Maximum rollability value. This factor has a
prominent effect on yard cost and performance and
therefore needs to be kept as low as practicable in
the design stages. For the purposes of discussion,
the yard shown in Figure 1, with 2 1lb per ton mini-
mum rollability and dual maximum values of 5 1lb per
ton to sustain separation and 8 1lb per ton to reach
maximum clearance, is assumed. To enable a practical
operation to be hased on such a narrow degian roll-
ability bandwidth, a supplementary operating system
could be used to categorize rollability, determine
car address, and signal appropriate operating modes
and actions,
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FIGURE 1 Ladder track yard.

Description of Yard Design and Performance

Figure 1 shows a ladder track yard made up of 30

class tracks with an accelerating hump and a weigh-
scale track.

Cars would be cut loose at the apex to accelerate
down the hump and over the weigh scale to arrive at
the King switch with velocity Vy. The weigh-scale
track would have a gradient of 0.25 percent so that
a 5 1lb per ton rollability car would traverse it at
constant velocity.

Retarders would be installed on the hump and in
the King switch to control the maximum speed to
V1. This retarder control would continue throughout
the switches on the ladder lead tracks so that the
nominal velocity (Vj) is maintained throughout.

A profile would be selected to ensure that

* A 5 1lb per ton rollability car would acceler-
ate to V; and continue with constant velocity
along the ladder lead tracks and
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* An 8 1lb per ton rollability car would roll

past the farthest clearance marker.

After establishing a constant nominal velocity,
by applying continuous control, it is possible to
construct a time-distance curve, as shown in Figure
2, to establish the variable release interval peri-
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FIGURE 2 Time-distance curves.

ods (RIPs). RIPs can be established for every
switch, but for illustrative purposes a simplified
method has been adopted here that uses only three
different periods (i.e., RIP minimum, RIP mean, and
RIP maximum) compatible with the minimum, mean, and
maximum distances to run.

Conceptual Study of Supplementary Operating Aids

Suitable process control programs for the supplemen-
tary operating aids and the route progression system
would need accommodation within a minicomputer with
a suitable timer appended. An interface would be
needed to receive signals from three car detectors
and a manual switch and to transmit commands to a
two-aspect color light signal (Figure 3).

PUSHON
BUTTH
SWITCH t1 t2 |
1 2.ASPECT
SIGNAL
@y o -
DETECTORA DETECTOR B DETECTOR C
CREST
s1 s2
|

FIGURE 3 Signal and detection equipment—hump track.

Two consecutive timed sections of equal length
(S1 and S2), would be located between the hump and
the King switch. The measurement of the time taken
for a car to traverse the first section would be
stored and used as the base time (t;). The mea-
surement of the time taken (t2) for a car to tra-
verse the second section would be compared with the
recording from the first section to determine the
car rollability category.

If ty >ty the car

would be exhibiting a
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higher rollability tendency than that acceptable
within the design for sustaining separation. (Note
that the gradient of 0.25 percent on the weigh-scale
track is equal to the design rollability ratio of 5
1b per ton.) In this event the system would adopt
the manual mode and the operator would visually mon-
itor the car's progression through the yard.

The basic operation shown in Figure 3 is envis-
aged as follows:

1. Signal aspect at green. Leading car can be
released.

2. Detector A activated. Start first timing pe-
riod (tj) and the RIP signal aspect to red. Inter-
rogate route setting program to obtain addresses of
leading and following cars.

3. Determine last common ladder track switch
for both car destinations. If common switch is King,
select minimum RIP; if switches S1-S4, select mean
RIP; and if switches S5-S7, select maximum RIP (Fig-
ure 2).

4, Detector B activated. End first time period
(t7) and start second time period (tj).

5. Detector C activated. End second time period
(to) .

6. Compare t,
ability category.

7. If valid, go to Step 8.
Step 9.

8. At end of selected RIP,
green, Next car can be released.

9. Adopt manual mode. Activate flashing red
alarm signal aspect. Operator to monitor car clear
through system.

10. Operator activates manual push button
switch. System reverts to automatic mode with signal
aspect at green. Next car can be released.

with &; to ascertain roll-
If invalid go to

signal aspect to

Additional Facilities for Consideration

In this study the aim has been simplicity in the
system design. With an expanded design study, pref-
erably for a nominated project, it is believed that
a practical system could be attained. The need to
achieve a simple design with economy of costs is
fully recognized. But, on the other hand, it is also
recognized that in development the system could be
extended to provide additional refinements, such as

1. Radar speed measurement could be used to mea-
sure car velocities from which acceleration could be
determined and thus rollability factors for an en-
hanced number of categories.

2. Cars indicating a rollability value above 8
1b per ton could be detected and rejected from run-
ning through the yard by use of a reject track. The
reject track could be via S1 (Figure 2) or con-
structed by adopting a lap switch for the King
switch position.

3. The process control program would include an
RIP for each individual switch; this could be fur-
ther embellished by introducing a maximum rollabil-
ity value appropriate for the distance to run to
each switch and judging each car's compatibility
during operation.

4, The theoretical RIPs should be adjustable in
the commissioning stage in order to make allowance
for operator reaction time.

BALLOON FORMATION YARD
General

This type of yard layout was originally adopted to
overcome the large difference between maximum and
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minimum distances to the switches experienced in
ladder track yards. A balloon yard is designed for
higher car thoughput rates than is a ladder track
yard, and this throughput would be achieved by em-
pioying a constant humping velocity. Therefore the
RIP associated with discontinuous humping is not
needed. However, supplementary operating aids could
be usefully employed to determine rollability cate-
gories and thus accept or reject cars as applicable.

A suitable car retarder system would need to be
employed to ensure car separation in the switching
area and to control overall car performance, to-
gether with automatic route setting.

For normal operations the humping speed would be
constant and the separation sustained for cars hav-
ing average (R avg) rollability values. A maximum
design rollability factor (R max) could be deter-
mined to ensure that all cars within this 1limit
clear the switching area. By measuring the rollabil-
ity and categorizing at the hump, the following ap-
propriate actions could be signaled.

1. The majority of cars will have average roll-
ability values and the humping process will be con-
tinuous.

2. If the rollability value is above average but
below maximum the humping would stop for the oper-
ator to visually monitor the car's progress through
the switching area.

3. If the rollability value should be above max-
imum the car could automatically be switched to a

reject track to prevent congestion in the switching
area.

Predicted Economies

Example 1

Figure 4 shows the basic features of a small balloon
yard that should be capable, in approximate terms,
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FIGURE 4 Track diagram and switching area profiles.

of handling 180 cars per hour over the hump, which,
with an operating efficiency of 40 percent, should
result in a throughput of 1,700 cars per day.

By adopting a design rollability ratio of 28 1b
per ton maximum, it would be possible to cater to
the car performance of 100 percent of the fleet. To
cater to this maximum rollability ratio, and to sus-
tain separation for the car rollability bandwidth of
2 lb per ton to 28 1lb per ton, the hump crest would
need to be on the order of 13 ft above the clearance
markers (profile A in Figure 4). Approximately 12.2
ft of retardation energy head would be needed to
control the heavy, low rollability cars in the
switching area.

Transportation Research Record 1030

Example 2

By adopting rollability values of 2 1lb per ton mini-
mum and 10 1lb per ton to sustain separation, 90 per-
cent Oof the car population could be serviced. If a
14 1b per ton maximum, to reach clearance, were
adopted, an additional 6 percent of the car popula-
tion could be serviced. If supplementary operating
aids were applied to assist the humping process, 90
percent of the cars could be continuously humped at
2.0 mph and a cumulative 96 percent of all cars
would pass clearance. Four percent of the cars
(i.e., those with above 14 1lb per ton rollability)
could Le switched to a reject track to avoid stall-
ing in the switching area. Continuous humping would
be interrupted for 10 percent of the cars, when a
manual mode of operation would be adopted.

If it is assumed that a car would take 1 min to
clear the switching area, with the humping stopped,
the average throughput could be on the order of 168
cars per hour or 1,600 cars per day when operating
at 40 percent efficiency.

A hump height of only 6 ft above the clearance
markers would be needed to cater to the rollability
bandwidth of 2 1b per ton to 14 1lb per ton (profile
B in Figure 4). Approximately 5.2 ft of retardation
energy head would be required in the switching area
to control the heavy, low rollability cars.

A comparison of the examples reveals that the
diluted design criteria employed in Example 2, com—
pensated for by the application of the supplementary
operating aids, could achieve an estimated 43 per-
cent saving in the required switching area retarda-
tion energy (i.e., retarder costs) for only a 5.9
percent reduction in car throughput. Because of the
variations in different types of retarder system
performance and price, and also the international
variations in exchange rates and in labor and mate-
rial costs for supply, shipment, and installation,
no attempt has been made to convert the 43 percent
saving in retardation energy into a monetary value,.

CONCLUSION

In this paper the aim has been to describe the pro-
posed system in basic and simple terms. There is no
doubt that the system could be enhanced and expanded
to include more rollability categories, distances to
switches information, and car performance data.

Traditionally, ladder track yards and small hump
yards, where high throughputs are not required, have
been designed to rely heavily on manual operation.
In recent years, some automatic route setting sys-
tems have been employed in these types of yards, and
perhaps now, with the addition of a car retarder
speed control system, the way 1s open to employ new
methods to improve operating efficiency.

A system of supplementary operating aids as de-
scribed herein could be a way to reduce the initial
capital cost of miniyards and might thereby en-
courage both designers and operators to adopt full
automation for small, low-throughput yards and thus
reap the benefits of improved operating efficiency.
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