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Analysis of Pavement Damage Attributable to

Overweight Trucks in New Jersey

RICARDO T. BARROS

ABSTRACT

A study was undertaken to quantify the magnitude of the pavement damage done by
overweight trucks in New Jersey. This was accomplished using the AASHTO 18-kip
equivalent axle load parameter, established engineering-economic procedures, and
data obtained from the New Jersey State Police. Questions specifically addressed
include (a) How much pavement damage is attributable to overweight trucks? (b)
What are the costs associated with this damage? (c) Are these costs adequately
covered by the revenues collected from the overweight violators? (d) Is mandatory
off-loading (requiring violators to immediately lighten their loads at the tick-
eted location) justifiable? It was found that detected overweight trucks cause a
relatively small shortening of pavement life and, had they been successfully off-
loaded, a negligible savings would have resulted. However, there is serious con-
cern that the number of overweight trucks actually detected represents only a
small fraction of the total number of overweight violators. Attempts to estimate
the total overweight truck population suggest that the total pavement damage at-

tributable to all overweight trucks may approach $20 million per year. It was
therefore concluded that a substantial increase in the revenue generated by over-

weight trucks may be appropriate.

The consequences of operating overweight trucks are
a timely concern, particularly in light of the Sur-
face Transportation Assistance Act (STAA) of 1982
that standardized truck size and weight restrictions
across the nation. This analysis, requested by the
Office of the Attorney General of New Jersey, spe-
cifically addresses the engineering and economic
implications of excessive pavement loading in a
state where maximum weight 1limits already comply
with the federally mandated standards (1). Knowledge
of these implications should provide guidance 1in
making policy decisions pertinent to the mode and
level of truck weight enforcement. This required
that pavement damage be defined in terms of an es-
tablished parameter and that the extent of this
damage be quantified in a rational manner.

It is common knowledge to highway engineers that
pavement damage increases dramatically with increas-
ing vehicle weights. A legal, fully loaded tractor
trailer combination may cause approximately 10,000
times the pavement damage caused by the heaviest of
passenger cars. Intuitively, it might appear that
illegally loaded trucks would cause substantially
more damage than their legally loaded counterparts.
However, this inference is only partly correct.

Analysis of the comparative pavement damage re-
sulting from the myriad possible vehicle loadings is
conveniently accomplished with the AASHTO 18-kip
(18,000-1b) equivalent axle load (EAL) parameter (2,
pp. 162-167). This parameter was developed to pro-
vide a common basis against which to assess the ef-
fect of repetitive loads on pavement serviceability.
It permits information on vehicle configuration and
weight on each axle grouping to be transformed into
a single fundamental parameter, expressed as mul-
tiples of the pavement damage done by the standard
18-kip single axle load used in pavement design. A
28-kip load on a tandem axle on a 9-in. rigid pave-
ment, for example, will ordinarily cause only 85
percent of the damage that would be done were an
18-kip load on a single axle applied to the same

pavement. Thus the 28-kip tandem axle load may be
described as doing 0.85 EAL damage. Given a speci-
fied pavement, either flexible or rigid, a measure
of the pavement's strength, and a definition of the
condition beyond which the pavement's serviceability
is considered unsatisfactory, the EAL impact of any
vehicle is simply summed from the EALs of each con-
tributory axle group.

EAL analyses are straightforward and make it pos-
sible to quantify the relative damage sustained by a
pavement for any specified combination of axle type,
axle load, and pavement structure. Then, to predict
the wear and tear actually sustained by a pavement,
it is necessary to estimate the frequency with which
each type of loading will be applied. Thus the dis-
tribution of vehicle types, as well as the frequency
distribution for each vehicle type, must be con-
sidered in estimating the serviceability extracted
from a pavement by the traffic loading.

If the applied traffic loading is known, and if a
pavement's strength can be characterized, the EAL
parameter can be used to estimate both the pavement
damage and the economic loss resulting from over-
weight trucks. The following questions have been ad-
dressed in this analysis:

1. How much pavement damage is attributable to
detected overweight trucks?

2, How much pavement damage is attributable to
all overweight trucks?

3. What costs are associated with this damage?

4. Does the existing overweight fine structure
adequately cover the losses suffered by the highway
agency?

5. Is mandatory off-loading of excess weight
(requiring overweight violators to immediately
lighten their loads at the ticketed location) justi-
fiable?

6. Finally, from a broader perspective, what
toll would be exacted from the pavement system if



the enforcement program caused the same load to be
carried by a larger number of legally loaded trucks?

SOME BASIC ASSUMPTIONS

Despite the narrow focus of the five questions
posed, the scope of the analytical techniques used
in their resolution was exceptionally broad. Statis-
tical, engineering, and economic methods were used
to transform raw overweight violation data into a
meaningful indicator of marginal pavement damage in
order to determine the efficacy of selected enforce-
ment policies. This reguired that several assump-
tions be made. The most general of these were that

1. The AASHTO EAL parameter provides a rational
means by which to apportion the consumption of pave-
ment serviceability among the various vehicles using
a roadway, and an increased rate of EAL application
will proportionately reduce the life of a pavement.

2. Summonses issued by the state police for
truck weight violations represent genuine excess
loadings and culminate in the payment of legally
prescribed fines. Also, the nature and total number
of all overweight violators are approximately esti-
mable from the summonses issued.

3. The characteristics of the overweight truck
fleet observed in one year can be assumed to repre-
sent the characteristics of overweight truck fleets
in future years.

4, The net cost associated with rescheduling
planned overlays to earlier dates, plus the cost of
truck weight enforcement, plus the (unquantified)
cost in bridge damage, all expressed as their pres-
ent worth, constitute the total economic loss ex-
clusively attributable to overweight trucks.

OVERWEIGHT TRUCK DATA

The New Jersey State Police is the primary agency
responsible for truck weight enforcement in New Jer-
sey. Both portable and permanent weigh scales are
used in this effort. Trucks found to exceed statu-
tory weight limits are issued summonses for a viola-
tion of the Motor Vehicle Code and more than 9,000
summonses for overweight violations were issued in
FY 1981. A sample of 2,265 violators taken from this
population was used in this analysis, and the re-
sults were scaled upward to include the effect of
unsampled citations. The sampled information in-
cluded the distribution of actual and allowable
weights as well as the class of road on which the
violators were traveling. (Roads were classified as
Interstate, state, or local and county.)

There is some doubt that detected overweight vio-
lators provide a representative sample of the entire
overweight truck population because several poten-
tial biasing factors are readily apparent. First,
permanent weigh stations have generally established
hours of operation and known periods of inactivity.
For example, they may not operate on weekends. It is
reasonable to assume that an experienced driver who
knew he was operating an overweight vehicle would
choose an alternate route during those hours during
which permanent weigh stations were open. For pre-
cisely this reason, portable weigh scales are stra-
tegically deployed. Certainly, the first trucks
stopped at the permanent weigh stations may provide
an unbiased glimpse of the overall overweight truck
population, but the ubiquitous communication network
made possible by citizens' band radios quickly
alerts oncoming trucks to the weighing activity. It
is suspected that some trucks that do not choose an
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alternate route may simply pull to the side to out-
wait the scale's operation (3,p.69). Also, roving
enforcers selectively pull over individual trucks
that display signs of a weight violation, such as
slow speeds on inclines or an overly large tire im-
print. Because of the overweight indications them-
selves, these enforcers are much more 1likely to
detect a large weight violation than a small one.
Finally, the correspondence between the number of
detected violators and the total number of violators
is difficult to establish. Summonses issued depend
on several factors, including the size of the en-
forcement task force and the enforcement effort, so
that any attempt to estimate the total number of
violators as a multiple of the number of summonses
issued is approximate at best.

Despite these numerous obstacles, an attempt is
made to estimate the impact of all overweight trucks
(both detected and undetected) in a later section.
To take in this broader perspective, an admittedly
lower degree of precision must be tolerated. Never-
theless, it is believed that this analytical method-
ology provides the best information currently avail-
able.

TRUCK WEIGHT VIOLATIONS AND FINES

In New Jersey there are several types of possible
excess weight violations. A maximum load of 22.4
kips is allowed on any single axle, a maximum load
of 34.0 kips is allowed on any tandem axle, and the
maximum allowable gross weight is 80.0 kips for any
truck. In addition, trucks may register at a lesser
gross vehicle weight and pay a correspondingly re-
duced registration fee. This provision makes reg-
istered weight violations possible. That is, a truck
registered to carry 10,000 lb may be cited when it
transports an 11,000-1b load, even though this load
is well below the 22,400 lb allowed on any one axle.
Other violation types include triaxle violations and
other vehicle-specific limits, such as a limit spe-
cifically applicable to a solid waste truck with a
triaxle configuration. It should be noted that when-
ever a truck is found to be in violation of several
limits simultaneously, the statute (before September
1983) permitted a court to assess only the single
penalty associated with the largest fine. Thus only
a tandem axle violation would be charged if a truck
exceeded the tandem axle limit by a greater amount
than it did the maximum gross weight limit.

A summary of one year's violation data is given
in Table 1 and the frequency distributions for sev-
eral of these violation types are shown in Figure 1.
It can be seen that these distributions have a
strong tendency to skew away from their respective
limits and that only a small portion of the viola-
tions exceed their respective 1limits by more than
10,000 1b.

The overweight fine schedule used in New Jersey
before September 1983 is given in Table 2. Applica-

TABLE 1 Frequency of Known Weight Violators by Cited
Violation Type

Average Excess

Total Known Total Excess Weight per

Violation Type Violations Weight (kips) Violation (1b)
Single axle 816 3,036.6 3:7.21
Tandem axle 4,752 22,858.1 4,810

Gross weight 1,392 9,493.9 6,820
Registered 1,500 7,473.9 4,982

Other 600 _4,258.9 7,098

Total 9,060 47,120.5
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TABLE 2 New Jersey’s Fine Schedule for
Overweight Trucks Before September 1983

Excess Weight (Ib) Penatty ($)

0.0 to 2,500.0 50.00

2,500.1 to 10,000.0 0.02 per excess pound above
legal limit

10,000.1 and more 0.03 per excess pound above
legal limit

tion of this schedule to the truck fleet modeled in
this analysis results in an annual revenue of $1.1
million, a figure consistent with actual data
(source: Magistrates Fines Sections, New Jersey De-
partment of Transportation).

The relative frequency distribution of assessed
fines is shown in Figure 2. The distribution is dis-
continuous because of the abrupt increase in the
penalty rate whenever excess weights exceed 10,000
lb. It is interesting to note that 91 percent of the
violators would be charged less than $200 and that
the other 9 percent, who are charged more, account
for approximately 25 percent of the total revenue.

PAVEMENT DAMAGE MODEL

Pavements are designed and constructed with the
knowledge that they will ultimately wear out. In

practice, rehabilitation procedures are implemented
before complete failure occurs and, consequently, a
means by which to gauge the serviceability rendered
must be established. Two of the possible approaches
in modeling pavement serviceability would apply
either mechanistic or empirical analyses. Mechanis-
tic analyses are sophisticated, highly detailed in-
vestigations of the load distribution within a pave-
ment structure and of the associated stresses and
strains. They offer the advantage of isolating spe-
cific pavement failure modes, such as excessive rut-
ting or cracking, but may be criticized for an
overstated precision. Empirical analyses have an un-
abashedly straightforward derivation--materials,
design elements, and construction techniques are
correlated with service. Thus empirically based
models provide a coarser level of information, but
this information is more easily obtained and more
easily digested. The following analysis will make
use of the 18-kip equivalent axle load (EAL) param-~
eter that represents an empirical-type model.
According to the AASHTO design procedure (4),
pavements are designed to carry a specified number
of loads during a predetermined period of time.
Typically, for a rigid pavement, this may be 10 mil-
lion EALs over a 20-year life. Assuming, for the
sake of simplicity, a constant annual traffic flow,
this corresponds to a design value of 500,000 EALs
per year. If trucks operating over a pavement apply
loads equivalent to 50,000 EALs annually, it can be
stated that 10 percent of the pavement's service-
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ability is apportioned to this type of traffic. If
the pavement damage attributable to trucks were to
double; 20 percent of the design EALs would be ex-
hausted by trucks, and it is assumed that the pave-
ment would fail proportionately sooner.

The analytical model was based primarily on this
relationship. Although highway engineers do allow
for truck traffic in their pavement designs, usually
planning on 10 to 30 percent trucks in the traffic
mix, it is unlikely that they contemplate overweight
trucks on a regular basis. Thus all overweight
trucks are considered to be unplanned pavement load-
ings. These loadings reduce the predicted pavement
life from its design value, resulting in an associ-
ated cost that can be reasonably quantified.

The development of a pavement utilization model
required that several specific determinations be
made, and these will be summarized briefly. The
first of these was to develop a model truck fleet.
This was necessary because actual violation data
were not fully descriptive of the violating vehicle.
In the case of single-axle and tandem-axle viola-
tions, raw violation data pertained exclusively to
the violating axle group. In the cases of gross-
weight and registered-weight violations, raw viola-
tion data pertained to the overall weight and not to
axle-specific loadings. In all cases it was neces-
sary to describe each violation in terms of an ap-~
propriate hypothetical truck for which all axle
groups and axle loadings were known. Determination
of the possible truck configurations was based on an
auxiliary, detailed sample and resulted in a truck
fleet partially shown in Figure 3. These truck con~
figurations were used to estimate gross truck
weights from single~ and tandem-axle violation data,
which include unreported axle groups, and to reduce
gross- and registered-weight violations to axle-spe-
cific loadings.

The second preliminary determination involved the

development of a typical New Jersey road over which
the modeled trucks would travel. Approximately two-
thirds of New Jersey's state roads are of flexible
pavement, including composite pavement (rigid pave-
ment overlaid with bituminous material), and about
one-third is rigid pavement. 1t was assumed that all
flexible pavements have a structural number of 5.0,
reflecting a relatively strong section. New Jersey's
rigid pavements are commonly 9.0 in. thick. Inter-
state pavements were reasoned to be at least as
strong as state-owned pavements and, although local
and county roads are generally less strong and pre-
dominantly bituminous, local and county pavements
are also assigned a structural number of 5.0. (In
the aggregate, assigning local and county roads a
conservatively low structural number of 2.0 produced
a negligible effect on the cumulative damage esti-
mate.)

A typical mile of New Jersey pavement, therefore,
was modeled in two sections: one-third rigid pave-
ment, 9.0 in. thick, and two-thirds flexible pave-
ment with a structural number of 5.0. On the basis
of typical design considerations, 500,000 EALs are
apportioned to each year of the pavement's design
life. (This corresponds to roughly 10 million EALs
over 20 years for rigid pavements and to 5 million
EALs over 10 years for flexible pavements. Or, pool-
ing these values for New Jersey pavements, maximum
design values are 6.7 million EALs over a l13.3-year
life. A terminal serviceability index of 2.5 was as-
sumed.)

As the data given in Table 3 indicate, the 9,060
trucks ticketed annually for overweight violations
were estimated by the model to cause 38,146 EALs of
pavement damage. This corresponds to a 7.63 percent
loss in pavement life. That is, of the 500,000 EALs
designed to be exhausted in a l-year period, 7.63
percent were illegally consumed by overweight trucks.

It may reasonably be argued that important bene-
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FIGURE 3 Selected truck configuration and axle loadings by violation type.

TABLE 3 Annual Pavement Serviceability Consumed by Known
Overweight Trucks and by a Hypothetical Fleet of Legalized Trucks

Modeled 18-kip

Trucks in  Gross Fleet ~ Modeled EAL as a Percent-

Fleet Fleet Weight (kips) 18-kip EAL  age of Design
Actual 9,060 576,030 38,146 7.63
Legalized 10,190 607,560 30,869 6.17
Difference:

(legalized minus

actual) +1,130 +31,530 -7,277 -1.46

Note: Additional trucks dispatched for all but registered-weight violations.

fits were derived from the transportation of the
overweight cargos, although these cargos need not
have been transported illegally. Therefore, to model
the pavement damage that must be tolerated to main-
tain these same benefits, more trucks must be added
to the traffic mix. These trucks would carry the ex-
cess loads of the overweight trucks so that all

weights are reduced to the legal limits. The fleet.

of additional trucks was modeled as the required
number of legal, fully loaded rigs the axle config-

urations of which were the same as the configura-
tions of the trucks cited for being overweight.

The data in Table 3 indicate that an additional
1,130 trucks would be added to the traffic mix if
the same loads were to be carried legally. Because
each of these trucks would also introduce its tare
weight, the pavement would be required to carry an
additional 31,530 kips over a l-year period. But,
because each of the individual axle groupings would
now carry less weight, the overall EAL loss would be
only 6.17 percent per year of the intended design.
In other words, assuming that the same amount of
goods is hauled by either fleet, the net loss in
service 1life attributable to detected overweight
violations is 7.63 less 6.17 or approximately 1.5
percent.

ECONOMIC IMPACT MODEL

Although the quantified loss in pavement 1life is
relatively small, capital and operating expenses
associated with ownership of a pavement may be large
enough to inflate the associated dollar loss beyond
levels that should be reasonably tolerated. There-



fore it is necessary to estimate the economic impact
of this loss and determine whether the existing fine
structure will generate sufficient revenue to cover
it

Two basically different methods have been pro-
posed with which to estimate and apportion pavement-—
related costs. One computes the cost of the materi-
als required to produce a pavement with the minimum
structural number required to carry the designated
loads. This approach would be suitable for analyses
involving the capital expenditures associated with
the construction of a new pavement but is considered
inappropriate here. A second approach, which is more
directly related to pavement maintenance, was used
in this analysis. In this second approach, the cost
of the several generations of overlays implicitly
planned in a pavement's design is compared to the
larger costs that will be incurred as the conse-
quence of a premature loss of serviceability due to
overweight trucks. That is, for the same time span,
the overlay cost associated with the planned design
loadings is compared to the total overlay cost asso-
ciated with the unplanned, increased vehicle load-
ings. The present worth of the difference between
these two costs is one measure of the economic dam-
age done by overweight trucks. The basic concept
underlying this approach is discussed in a recent
paper (5) and is shown in Figure 4.

In New Jersey's overall roadway system, the popu-
lation of existing pavements includes a broad range
of ages. Some roads have been built recently, others
are older, and some are 20 years old and older. A
reasonable model of this roadway system must recog-
nize that pavement failure and repair are a con-
tinuous process. If it is assumed that those pave-
ments most needing attention receive it, it can be
inferred that an approximately constant distribution
of pavement ages exists and that the average of this
distribution approaches a steady-state value repre-
senting the average remaining life of typical pave-
ment. To simplify the model, all pavements are
assumed to have the same value of remaining 1life.
(Several numerical checks have shown that this pro-
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realistic but more complex model that uses a distri-
bution of expected remaining life.)

Other factors that must be considered include
interest and inflation rates, the average trip
length of an overweight truck, and the total cost of
a single overlay. At the time of this writing,
interest and inflation rates are receding from their
previous record levels and values of 8 and 5 percent,
respectively, appear to be reasonable estimates.
However, any attempt to project these levels into
the future is risky at best so the analysis was run
using both higher and lower values to determine the
sensitivity of the outcome to these parameters.

Because New Jersey is about 50 mi wide and 150 mi
long, trip lengths may range anywhere from short
hauls of 10 mi or so to the length of the state.
However, New Jersey has traditionally been regarded
as a "corridor" state, which tends to suggest that
longer trips are more common. Because the results
are directly affected by the average trip length,
values of 25, 50, and 100 mi have been used. And,
because the analysis deals with the economic impact
of rescheduling future overlays to an earlier date,
all costs normally associated with a resurfacing
contract must be accounted for.

These costs include engineering, traffic control,
patching, resetting manholes, and so forth. A review
of recent construction contracts in New Jersey indi-
cates that a typical cost is about $10.00 per square
yard. Also, in determining the number of square
yards to be overlaid, it will be assumed that the
typical pavement is two lanes (24 ft) wide.

The results of the analysis are given in Table 4.
Given an average remaining pavement 1life of 10
years, an assumed typical trip length of 50 miles,
and nominal interest and inflation rates of 8 per-
cent and 5 percent, respectively, the economic im-
pact of detected overweight violations is 946,549
per year. If additional trucks were dispatched to
carry the excess loads, and none of these trucks
were overweight, the annual cost in pavement ser-
viceability would be $37,661. The net difference in
this case 1s $8,888. Table 4 also yives the results

duces essentially the same results as the more of the sensitivity tests reflecting the uncertainty
EXPECTED SCHEDULE | ACTUAL OVERLAY
= OF OVERLAYS FOR | = SCHEDULE NECESSITATED
A PARTICULAR : BY OVERWEIGHT TRUCKS
PAVEMENT ' OPERATING IN PRESENT
YEAR
coSsT
COSTl COSTz s
~ —— ;—‘—\
| !
I ] I
| i I
1 ‘ 1 | ‘ 1 A
T T T I
1960 1990 2000 2010
COST{ = PRESENT WORTH OF COST RESULTING FROM THE

EARLIER SCHEDULING OF A PLANNED OVERLAY.

ECONOMIC IMPACT

s SUM OF ALL ADDITIONAL COSTS RESULTING FROM

PREMATURE FAILURE FOR ALL PAVEMENTS

IN SYSTEM.

FIGURE 4 Concept on which economic impact is based.
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TABLE 4 Annual Cost of Pavement Damage Attributable to Detected Overweight Trucks Under Steady-State
Condition, 1983 Dollars
Average Average [nterest and Inflation Rates (%)
Remaining Overweight Modeled Trucks
Life (yr) Trip (mi) Truck Fleet Modeled ;5 6,5 & 5 8,5 9,5 10,5
5 25 Actual 9,060 26,855 26,855 26,834 26,795 26,737 26,662
Legalized 10,190 21,732 21,730 21,712 21,679 21,630 21,568
50 Actual 9,060 53,710 53,709 53,669 53,590 53,474 53,323
Legalized 10,190 43,463 43,459 43,424 43357 43,261 43,136
100 Actual 9,060 107,420 107,418 107,338 107,180 106,949 106,646
Legalized 10,190 86,926 86,919 86,848 86,715 86,522 86,271
10 25 Actual 9,060 26,855 25,612 24,419 23,275 22,178 21,128
Legalized 10,190 21,732 20,724 19,757 18,830 17,942 17,092
50 Actual 9,060 53,710 51,223 48,837 46,549 44,357 42,257
Legalized 10,190 43463 41,448 39,515 37,661 35,885 34,184
100 Actual 9,060 107,420 102,446 97,674 93,099 88714 84,514
Legalized 10,190 86,926 82,896 79,029 75322 71,769 68,367
15 25 Actual 9,060 26,855 24,426 22,220 20,217 18,397 16,744
Legalized 10,190 21,732 19,765 17,979 16,356 14,883 13,545
50 Actual 9,060 53,710 48,852 44,440 40,433 36,794 33,487
Legalized 10,190 43,463 39,529 35,9517 32,713 29,766 27,090
100 Actual 9,060 107,420 97,704 88,881 80,867 73,588 66,975
Legalized 10,190 86,926 79,059 71,914 65,426 59,532 54,179
of selected input variables. According to these divided by the roughly 10,000 known overweight
tests, the previously calculated cost of $46,549 trucks to obtain a factor of 600. If a 10 percent

ranged from a low of $16,744 to a high of $107,420.

EXTRAPOLATION TO INCLUDE UNDETECTED VIOLATORS

If a considerable number of overweight violators
remain undetected, it is of limited value to know
the economic impact of only those that are detected.
The quantified costs may be severely underestimated.
Overweight trucks exact a toll in pavement life
regardless of whether or not a citation is issued.
But, as discussed in a previous section, it is dif-
ficult to obtain an unbiased glimpse of that partic-
ular segment of the overall truck population that
has a decided incentive to remain undetected. Thus,
if a glimpse of this segment is to be had, the price
to be paid is reduced precision.

Two distinct approaches were attempted to esti-
mate the magnitude of the factor used to multiply
the costs presented in Table 4 so that the resultant
product would also include the impact of undetected
overweight violators. One approach is based on the
ratios of summary statistics and the other on visual
inspection of weight violation histograms. These two
approaches produced similar results.

The estimation technique relying on ratios re-
quires that the total number of truck trips be
known. Recent loadometer studies in New Jersey sug-
gest that 30 million annual truck trips may be a
reasonable estimate. Three independent sources sug-
gest that roughly 20 percent of these may be over-
weight. The first source is a bridge on Interstate
80 in Pennsylvania, just west of the New Jersey bor-
der, that was calibrated with strain gauges to moni-
tor weights of five-axle trucks without driver
awareness (6). This study concluded that approxi-
mately 20 percent of these trucks exceeded Pennsyl-
vania's gross weight limits during the study period.
An independent check of this 20 percent figure may
be obtained by calculating the ratio of violators to
trucks weighed in New Jersey using portable weigh
scales. This ratio, for all violation types, is
0.174 or approximately 20 percent. And, finally,
FHWA sources contacted personally indicate that 10
to 20 percent overweight trucks is a reasonable
estimate on a national scale. Thus, to determine the
approximate ratio of total weight violators to known
weight violators, the estimated 30 million annual
truck trips may be multiplied by 20 percent and

violation rate were assumed rather than 20 percent,
the estimated factor would be 300.

A check on the reasonableness of this factor was
performed by visually comparing the frequency his-
tograms for weights on tandem axles as reported by
the loadometer study and by the model based on state
police data. In this comparison, the upper tails
should (a) reasonably fit the body of the histogram
and (b) be consistent with one another. Both of
these criteria are met if the number of detected
violators is multipled by a factor of approximately
400, as shown in Figure 5. Because the appropriate
factor is estimated to be approximately the same by
two independent criteria, the credibility of the
estimate is enhanced. The appropriate multiplying
factor was assumed to be 400 for the purposes of
this study.

Returning to Table 4, a reasonable estimate of
the total annual pavement damage done by all over-
weight violators is then 400 x $46,549 or approxi-
mately $19 million. This estimate could be as low as
$7 million and as high as $43 million depending on
the assumptions made regarding interest, inflation,
the average remaining life of a pavement, and the
average length of an overweight trip.

UNQUANTIFIED CONSIDERATIONS

One point estimate of the present worth of the pave-
ment damage done by all overweight trucks in New
Jersey is $19 million per year. The derivation lead-
ing to this estimate must be understood if a mean-
ingful assessment of the implications arising from
this figure is to be made. Pavement serviceability
losses attributable to overweight trucks were quan-
tified using the AASHTO EAL parameter and converted
to a dollar value through economic formulas that
calculate the cost of a premature maintenance expen-
diture at a future date. This procedure assumes that
the only effect overweight trucks have on pavement's
life is an increase in the utilization rate of the
pavement's latent EALs., Bridge damage is not in-
cluded in these costs. Unfortunately, at present
there is no convenient way to estimate the damage
done to bridges and there is concern that this might
add significantly to the total costs.

It is possible that, in an extreme case, a
single, excessively loaded truck may fracture a
pavement and thereby drastically shorten its life.
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FIGURE 5 Frequency distribution of weights on tandem axles.

This would be more 1likely to occur on secondary
roads where the pavement section is generally less
strong. Although at 1least some of the overweight
trucks must travel on secondary roads, it was judged
unlikely that they would travel their entire (50-mi
average length) trip on them. This would suggest
that smaller portions of these roads may require ex-
cess weight-induced maintenance and that this main-
tenance may be less costly than assumed in the eco-
nomic analysis. Nevertheless, this potential impact
must be treated as an important unknown that could
further increase the quantified costs.

The cost of enforcing the overweight statute can-
not be overlooked. With the present level of en-
forcement, this cost was estimated to be $1.7 mil-
lion per year (source: Division of State Police). It
will undoubtedly increase if an improvement in the
overweight detection rate is attempted.

This investigation focused on the primary econom-
ic considerations resulting from direct engineering
analyses. Secondary economic effects were not inves-
tigated. Thus no adjustment were made to the revenue
figures for the fuel taxes, toll road receipts, reg-
istration fees, and so forth that operators of over-
weight trucks pay. Similarly, overweight trucks were
not charged for time lost due to increased traffic
congestion, increased pollution, and other indirect
considerations.

It was judged unnecessary to make an adjustment
in the rate of pavement deterioration attributable
to environmental considerations because, theoreti-
cally, this is a cost that is logically apportioned

in full to all legitimate vehicles. Overweight
charges were calculated as a differential from the
established datum apportioned to all other vehicles.
Thus, in large part, the interaction between over-
weight trucks and those environmental factors that
affect cost considerations was screened from the
analysis.

SUMMARY AND CONCLUSIONS

This study was undertaken to analyze the physical
damage to pavements resulting from overweight
trucks. To this end, two large samples were drawn
from the population of known weight violators and,
from these, specific truck characteristics (typical
axle configurations, configuration frequencies, and
typical axle loadings) were determined. This infor-
mation was then coupled with characteristics of
typical New Jersey pavements and, using the AASHTO
EAL parameter, pavement serviceability was appor-
tioned in a reasonable manner. Principles of
engineering economics were then applied to quantify
the magnitude of the associated monetary impact.
These analyses led to- the following conclusions:

1. Available data indicate that the pavement
damage attributable to detected overweight trucks in
New Jersey is relatively small, shortening the re-
maining pavement life by about 7.6 percent. If the
same amount of goods was carried by an additional
number of legally loaded trucks, the shortening of
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life would be about 6.2 percent. The net shortening
of life resulting from the trucks known to be op-
erating in overweight is equal to the difference, or
roughly 1.5 percent.

2, An analysis was done to assess the economic
impact of these overweight violations. The shorten-
ing of average life results in an increased fre-
quency of resurfacing that raises the overall costs
of maintaining the pavement system at a serviceable
level. However, as with the change in the average
life expectancy, the increase in costs due to de-
tected overweight trucks is relatively small and is
overshadowed by the costs of the enforcement effort
as a whole.

3. Therefore, with the present level of enforce-
ment, mandatory off-loading may not be worthwhile
because it affects only those violators who are
caught. The most that would be gained were all of
these violators off-loaded, even if this occurred at
the trip origin, would be a savings in pavement life
of about 1.5 percent, which corresponds to a cost
savings of about $10,000 per year. In exchange, ad-
ditional manpower would almost certainly be required
and the highway agency would be exposed to a poten-
tially increased liability for the welfare of the
off~-loaded goods. Thus the question is raised as to
whether this enforcement practice is truly cost-ef-
fective. (An exception to this reasoning would be
the case in which off-loading is done to avoid ex-
ceeding posted bridge load limits. Also unaddressed
is the possible deterrent effect such a provision
might have on undetected violators.)

4. Extrapolation of data to include undetected
violators in New Jersey indicates that the total
pavement damage attributable to all overweight
trucks is considerable. One point estimate of the
cost of this pavement damage is $19 million per year.

5. At the present level of enforcement, the fine
structure that existed before September 1983 would
generate about $1.1 million in revenue each year.
This revenue, which is not sufficiently large to
cover the costs of enforcement alone, is dwarfed by
the extrapolated magnitude of total pavement damage.

The discrepancy would be further accentuated if
other, unquantified costs were also to be included.
6. On the basis of these findings, it is con-
cluded that a substantial increase in the revenue
generated by overweight trucks may be in order. This
may be accomplished by increasing the present fine
structure, the present level of enforcement, or both.
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Highway Cost Allocation Methodology for Pavement
Rehabilitation and Capacity-Related Costs
Occasioned by an Increment in Heavy Truck Traffic

B. G. BISSON, J. R. BRANDER, and J. D. INNES

ABSTRACT

A methodology is outlined for estimating incremental pavement rehabilitation and
capacity-related costs that would be occasioned by loading an increment of bulk

commodity traffic on a highway 1link.

The cost estimates are referred to as

"build-sooner costs" because they represent the financial impact of the increment
of traffic on the future timing of pavement rehabilitation and capacity improve-

ment projects.

The analysis encompasses eight bulk commodity truck movement

scenarios in the Province of New Brunswick, Canada. The build-sooner costs are
compared with incremental user fee revenues that would be generated by these
movements if they were to be captured by the truck mode.

The methodology described in this paper was devel-
oped as part of a much larger research project on
incremental costs and revenues occasioned by the
trucking of bulk commodities on selected highway
links in the Province of New Brunswick, Canada (1).
That study examined five broad categories of incre-
mental cost and three categories of incremental
revenues, with the objective of assessing whether
trucking firms enjoy an inherent advantage in com-
peting for the movement of bulk commodities in the
province. Such an advantage would exist if the in-
cremental public costs of these truck movements were
not fully recovered through highway user fccs,

The focus of this paper is on describing the
methodology developed to estimate one of the five
categories of incremental cost. The cost component
in question shall hereafter be referred to as
"build~sooner costs."

Build-sooner costs related to the hypothesis that
loading a large increment of heavy traffic on a link
will cause two conditions to evolve. First, pavement
life cycles are likely to become shorter, and, sec-
ond, future capacity improvements will be needed
sooner. Because both kinds of improvements require
substantial expenditures, the cost of investing the
capital "x" years sooner because of the increment of
heavy traffic can legitimately be assigned to that
traffic.

Before outlining the methodology used to estimate
these costs, a review of other highway cost
allocation studies from the perspective of their
treatment of pavement and capacity costs is instruc-
tive.

LITERATURE REVIEW

Growing interest in highway finance has given rise
in recent years to a significant research effort to
resolve the question of the cost responsibility of
various classes of highway users.

In Canada the recent work of Bunting (2) examined
highway expenditures and revenues at three different
levels--all of Canada, the Province of Ontario, and
Highway 401. At the national and provincial levels,
expenditures were allocated on the basis of highway
usage patterns, with 40 percent of construction and

maintenance costs and 30 percent of other
assigned to heavy trucks (2,p.23).

In the Highway 401 analysis, 45 percent of pave-
ment-related costs was assigned to trucks. This
estimation of pavement costs was based on the as-
sumption that 40 percent of highway construction
expenditures were pavement-related (2,p.29). The
remaining 55 percent of construction costs was allo-
cated according to the trucks' share of capacity
use, estimated at 50 percent.

Many of the cost estimation and cost allocation
formulas used in Bunting's work were drawn from the
most recent U.S. Highway Cost Allocation Study com-
pleted in 1982 (3). This study was concerned with
the allocation of U.S. federal program expenditures
to users of federal-aid roads. This research at-
tempted to correct often-cited deficiencies of two
previous U.S. investigations of highway costs, the
Section 210 study on highway cost allocation, con-
ducted between 1956 and 1965, and the AASHO Road
Test, conducted between 1958 and 1960.

The major criticism of the Section 210 study is
that it focused on capital expenditures for new
pavement. Although this may have been appropriate
for that period when the Interstate system was being
constructed, it had become anachronistic with the
current emphasis on rehabilitation of the system.

The AASHO Road Test, conducted in Illinois, at-
tempted to measure the relationship between pavement
deterioration and repetition of axle loadings. Al-
though the results of this test have been widely
used as a basis for pavement design, it has been
strongly criticized as a method for assigning cost
responsibility to classes of vehicles. One of the
major criticisms is that it does not account for the
effect of environmental conditions on pavement
deterioration.

The 1982 highway cost allocation study uses a so-
called "modified incremental cost allocation ap-
proach.” First, a distinction is made between new
pavement and pavement rehabilitation. In the case of
the former, costs are allocated as follows (3,p.IV-
43).

costs

New pavement costs are assigned based on
current pavement design practice. Ve-
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hicles from each class are hypothetically
removed in equal propor tions until
further removal would not reduce pavement
thickness requirements.

A major research effort was launched to develop
relationships to assign pavement deterioration cost
responsibilities. Pavement distress models were
developed for both flexible and rigid pavements to
measure distresses such as loss of serviceability,
alligator cracking, rutting, transverse cracking,
loss of skid resistance, faulting, pumping, joint
deterioration, depression, and swell (3,Appendix
D-24). Some of the distresses were found to be a
function of traffic, some a function of traffic and
other variables, and some independent of traffic.
Costs are assigned on the basis of the relative
importance of each type of distress in the decision
to rehabilitate a pavement.

Capacity-related costs such as steepness of
grades and roadway width again are assigned on an
incremental basis by hypothetically removing succes-
sive classes of vehicles (e.g., vehicles in various
weight-to~power ratios in the case of grade costs).
Within-group costs (i.e., different vehicle types
within a specific group) and residual costs (i.e.,
costs that cannot be attributed to a particular
class of vehicle) were arbitrarily allocated on the
basis of vehicle-miles traveled.

One of the criticisms of the most recent U.S.
highway cost allocation approach is that it is based
on expenditures, not costs. Any expenditures that
are incurred in a particular year are allocated to
the traffic of that year, even though the benefits
arising from the investments are realized over a
long period. Such an approach neglects the indivisi-
bilities that are necessarily involved in the provi-
sion of highway infrastructure and the resultant ex-
cess of capacity.

The major consequence of the existence of this
excess capacity is a residual of cost in the cost
allocation process, a residual that can only be al-
located among components of traffic by some arbi-
trary means. This is really an issue of cost alloca-
tion versus cost assignment. The difference between
the two is well presented by Wohl and Hendrickson
(4,p.223). They suggest that cost attribution in-
volves "the identification of valid cause-and-effect
relationships between highway cost and highway use.”

The focus of this research is on cost assignment
rather than on cost allocation. The difference be-
tween the two is explained by the existence of a
residual of costs that can only be allocated accord-
ing to some accounting rules.

In the remainder of this paper, the methodology
for assigning pavement rehabilitation and capacity-
related costs to bulk commodity truck traffic will
be described and the results of the analysis sum-
mar ized.

METHODOLOGY

Eight bulk commodity movement scenarios were anal-
yzed in this study; none of the commodities are
currently moved by truck. The objective was to esti-
mate the incremental public costs that would result
if these movements were to be captured by the truck
mode. The commodity movements, projected annual ton-
nages, and length of haul associated with each move-
ment are given in Table 1.

Build-Sooner Period: Pavement Rehabilitation

The objective of this analysis is to determine the
cycle time for pavement resurfacing with the commod-

11

TABLE 1 Commodity Movement Scenarios

Projected Annual Length of Haul
Commodity Movement Tonnage (mi)
Potash 1 700,000 50
Potash 2 1,400,000 35
Potash 3 2,100,000 4
Woodchips 1 100,000 =2
Woodchips 2 75,000 115
Coal 360,000 210
Concentrates 500,000 75
Petroleum 150,000 105

2Consists of two separate movements,

ity traffic moving on the highway compared with the
pavement life cycle that would occur under existing
traffic mix conditions and normal growth. In other
words, how much faster will the pavement condition
deteriorate to the threshold that triggers a resur-
facing requirement? This concept is illustrated
graphically in Figure 1. It should be noted that
Figure 1 shows only pavement life cycle after the
addition of the new commodity traffic.

Subsequent pavement cycles are important not only
because each cycle is set ahead by the build-sooner
period (BSP) but also because it is reasonable to
expect that successive pavement life cycles will get
shorter. If the rate of pavement deterioration is
due to the cumulative effect of truck traffic, the
slope of the deterioration function will increase
with each successive pavement life cycle until the
slope reaches some theoretical maximum. This is
shown in Figure 2.

After a review of the literature on pavement de-
terioration, it was decided that the Ontario flex-
ible pavement design method would be used to develop
a pavement deterioration function for the various
highway links and commodity movements under study
(5).

The mathematical relationship between the param-
eters included in the Ontario method are

RCIf = RCIj — (Py + Pg) (1)
where

RCI¢ = final road comfort index,

RCI; = initial road comfort index,

Py = loss of RCI due to traffic factors, and
P, = loss of RCI due to environmental factors.

P is further defined as

P = 2.4455X + 8.805X%° (2)
where
X = 100 WN,
W = Odemark subgrade deflection,
N = number of ESALs per year, and
ESAL = equivalent single 18,000-1b axle loads.
Note that the Odemark subgrade deflection is

derived from Dynaflect pavement deflection readings
using the following relationship:
D = 0.9W + 40W? (3)

where D is mean spring deflection and W is Odemark

subgrade deflection.
Pe is further defined as
Po = [RCI - (1 + BW)] (L - e”0-06Y (4)

where Y is number of years of loading and B is 60.
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FIGURE 1 Build-sooner period for pavement rehabilitation. F; is a function
that describes pavement deterioration under normal traffic conditions; Fy is a
function that describes pavement deterioration under the combined effect of
normal plus commodity traffic; Ty is the present time; T is the time at which
the commodity movement begins; Tyy, is the time at which the pavement requires
resurfacing under normal conditions; Tcg is the time at which the pavement
requires resurfacing under the combined effect of normal plus commodity traffic;
SLN is estimated pavement service life under normal conditions; SLC is estimated
pavement service life with commodity traffic added; BSP is the build-sooner
period (i.e., the life difference between SLN and SLC); (a) denotes the existing
pavement cycle; and (b) denotes the second cycle. Note: function is shown as
linear for simplicity of illustration.
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FIGURE 2 Pavement deterioration in successive life cycles. F';, Fy, and F3 are
the pavement deterioration functions for successive cycles.

A key feature of these relationships is the road
comfort index (RCI). The RCI is essentially a rating
scale from 0 to 10 that describes on a subjective
basis the comfort or rideability of a pavement sur-
face. As the pavement surface deteriorates, so does
the rideability. The mathematical relationship de-
scribed is in essence an algorithm for forecasting
future RCI values, which can be expected to decline
because of both traffic and environmental factors.
Before the relationship can be used, the values for
each of the parameters must be either measured or
calculated.

The initial RCI values were made available by the
New Brunswick Department of Transportation (NBDOT).
The NBDOT periodically conducts rideability assess-
ments of its highways. Each rating section (a rating
section is a section of highway that features rela-
tively homogeneous physical characteristics) is
assigned an RCI value following a field investiga-
tion.

The Odemark subgrade deflection factor is calcu-
lated using Dynaflect pavement deflection readings.
NBDOT periodically collects this data for each rat-
ing section with a Dynaflect that uses a nondestruc-
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tive testing method. The Dynaflect measurements are
then converted to an equivalent Benkleman beam value
using an appropriate regression equation.

A critical component of traffic impact on pave-
ment deterioration is the repetition of axle load-
ings. In both the AASHO and the Ontario tests, the
loading impact of a particular vehicle configuration

is expressed in terms of an equivalent single
18,000-1b axle load (ESAL). The gross vehicle
weight, the payload, the number of axles, and the

axle spacing all affect the number of ESALs per
vehicle. It is noteworthy that the ESAL conversion
factors that have been developed assume that a pas-
senger car is approximately equal to zero ESALs.
Because the purpose of this analysis was to
determine the build-sooner period, it was necessary
to first forecast future RCI values under normal
traffic conditions. The analysis was then repeated
with the commodity traffic added to the base 1load.
The first step in the analysis was to convert the
existing traffic stream into ESALs. This was done
using average annual daily traffic (AADT) volumes
and vehicle classification counts that permitted a
disaggregation of the traffic stream as follows:

1. Automobiles,

2. Two-axle trucks,

3. Three-axle trucks,

4, Three-axle tractor-trailers,

5. Four-axle tractor-trailers,

6. Five-axle tractor-trailers, and

7. Tractor-trailers with more than 5 axles.

The AADT for each of these configurations was
then converted into ESALs per day using the Asphalt
Institute (6) conversion factors and axle weight
data extracted from a 1981 truck vehicle weight,
configuration, and dimension survey conducted by the
NBDOT.

After the future RCI values were calculated under
normal traffic conditions it was necessary to trans-
late the commodity movement into ESALs. This re-
quired a forecast of the annual commodity tonnage
and selection of an optimal truck configuration or
handling the particular commodity. The ESALs pro-
duced by the commodity movement were then added to
the existing base traffic load and a new set of
future RCI values generated.

The next step in the analysis was to select a
minimum desirable RCI value (i.e., a threshold that
would theoretically trigger a decision to resurface
the highway 1link being evaluated). The appropriate
threshold for the New Brunswick situation was deter-
mined in consultation with NBDOT. For example, on
arterial highways the minimum desirable RCI value
was set at 5.5 whereas 4.5 was used on collector
highways. With the threshold established, the build-
sooner period would then be determined as shown in
Figure 1 and Table 2.

It must be stressed that the methodology de-
scribed presupposes that pavement resurfacing proj-

TABLE 2 Build-Sooner Period Hypothetical

Results
RCI Values with
RCI Values with Commodity Traffic
Year Normal Traffic Added
1983 7.0 7.0
1984 6.7 6.7
1985 6.4 6.1
1986 6.0 5.42
1987 5.1 4.4
1988 5.3 8.1

AThreshold is RCI 5.5; therefore BSP = 2 years.
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ects would be undertaken as soon as the minimum
desirable RCI threshold is reached. In reality the
actual timing of projects will depend on many fac-
tors other than pavement rideability, not the least
of which is the economic justification of each proj-
ect in comparison with other candidate projects com-
peting for limited funds in a given year.

To summarize, the build-sooner period for pave-
ment resurfacing was estimated using the Ontario
flexible pavement design method. This method essen-
tially produces a pavement deterioration function
that is affected by both traffic and environmental
factors. The procedure for converting build-sooner
periods to build-sooner costs will be described
later in this paper. The following section summa-
rizes the methodology used to determine the build-
sooner period for capacity improvements.

Build-Sooner Period: Capacity Improvements

The capacity analysis is similar in many respects to
the build-sooner analysis for pavement resurfacing.
In this case the build-sooner period is determined
by a traffic growth function (under normal condi-
tions and with the commodity traffic added). The
threshold that triggers a decision for a capacity
improvement is the capacity of the highway section
under study at a given level of service. The capac-
ity analysis methodology is shown graphically in
Figure 3.

The capacity analysis was completed using tech-
niques contained in the Highway Capacity Manual
(HCM) developed by the U.S. Highway Research Board
(1) . The HCM techniques are widely accepted by traf-
fic engineers in performing capacity analysis on
elements of a highway system.

The HCM methodology is based on the following
relationship:

C =CTx (V/C) x (W,) x (Tp)

where

C = practical capacity of a highway section at
a given level of service;
LOS = level of service A, B, C, D, or E as de-
scribed in the HCM;
CT = theoretical capacity;
V/C = volume-to-capacity ratio;
Wr, = capacity adjustment factor for lane width
and lateral obstructions; and
Tr, = capacity adjustment factor for trucks.

The objective of this analysis is to determine
the relative timing of capacity improvements under
normal traffic conditions with the commodity traffic
added to the existing traffic. The critical thresh-
old that triggers the need for an improvement is the
capacity of the section of highway under study. This
capacity threshold varies with the selected minimum
level of service desired. After consultations with
NBDOT planners it was decided that the boundary be-
tween level of service C and D as defined in the
Highway Capacity Manual would be used as the thresh-
old for capacity improvements. The rationale for
this choice is that when NBDOT plans and designs a
highway capacity improvement, the decision is made
that the highway should have sufficient capacity to
operate at level of service C or better through its
design life, given certain traffic growth assump-
tions. Again it must be recognized that no attempt
was made to examine the justification for or prior-
ity of each of the capacity projects. A simplifying
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FIGURE 3 Build-sooner period: capacity improvements. F; is the
traffic-versus-time function for normal growth (shown as linear for
simplicity of illustration); F3 is the traffic-versus-time function
following an inerement of commodity traffic; I is the level of
traffic at which a capacity improvement is required; I is the level
of traffic at which a capacity improvement is required following an
increment of commodity traffic; Ty is the present time; T is the
time when the commodity traffic is added; Tgc is the time when a
capacity improvement would be required under normal traffic
conditions; Tgy is the time when a capacity improvement would
be required when commodity traffic is added; and BSP is the
build-sooner period (i.e., the difference between Ty and Tpc).

assumption was made that each of the capacity proj-
ects identified will be implemented when the criti-
cal capacity threshold is reached. In reality some
of the projects will either not be undertaken or
will perhaps be delayed at the expense of level of
service. However, this approach was adopted because
it appeared to be the most rational and consistent
way to measure the impact of additional heavy truck
traffic on the timing of improvements.

The practical capacity of a roadway section was
calculated at the selected level of service using
the previously outlined relationship. This was done
by reducing the theoretical maximum capacity under
ideal conditions (2,000 vehicles per hour) through
the application of adjustment factors. These factors
attempt to quantify the impact of certain conditions
that tend to reduce the capacity of a roadway sec-
tion. The factors are taken from the Highway Capac-
ity Manual.

The T; factor (truck adjustment factor) was a
critical component of the capacity analysis in this
study. The truck adjustment factors in the HCM are
assumed to be valid for trucks within a certain
operating performance range (i.e., power-to-mass
ratio). A number of parameters affect the truck ad-
justment factor. Length of grade, magnitude of
grade, type of terrain (level, rolling, mountain-
ous), and percentage of trucks in the traffic flow
all affect the number of passenger car equivalents
(PCE) of trucks on any given section of highway. The
PCE is simply the equivalent number of passenger
cars of one truck under the existing physical and
traffic flow conditions.

Clearly, as the length and magnitude of a grade
increase, the number of PCEs per truck will also
increase. It is also important to note that as the
PCEs or percentage of trucks, or both, increase,
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the truck adjustment factor decreases. In other
words, the increment of truck traffic due to the
commodity movement not only increases the traffic,
it also reduces the capacity due to a lower Tp,
factor. This is shown in Figure 3 in which the ca-
pacity threshold for F; is lower than the thresh-
old F,.

With the capacity of each section of highway es-
tablished at a selected level of service, it was
possible to project the number of years required to
reach capacity under both traffic scenarios (normal
traffic growth and with commodity traffic added).
The growth rate assumptions applied to obtain fore-
casts of future traffic volumes were provided by
NBDOT planners. In accordance with instructions from
the client, the commodity tonnage projections assume
zero year-to-year growth and a uniform distribution
of truck traffic throughout each day.

When the build-sooner period had been estimated,
it was necessary to identify the type of capacity
improvement reguired. The range of alternatives in-
clude improvement of vertical and horizontal align-
ment, increased lane and shoulder width, provision
of climbing lanes, and twinning of the highway.
Again it must be recognized that, as in the case of
the build-sooner analysis for pavement resurfacing,
no attempt was made to examine the justification for
each capacity project. The methodology is based on
an assumption that each of the capacity projects
identified will be implemented when the critical
capacity threshold has been reached. It is conceiv-
able that some of the projects identified would
either not be undertaken or would perhaps be delayed
at the expense of level of service.

To summarize, the build-sooner period for capac-
ity improvements was determined using capacity
analysis techniques documented in the Highway Capac-
ity Manual. The effect of an increase in the pres-
ence of trucks due to the addition of an increment
of commodity traffic is a lowering of the capacity
of the highway at a given level of service. This in
turn gives rise to the need for capacity improve-
ments sooner than would be the case under normal
traffic conditions. When the cost of these improve-
ments is known, a build-sooner cost can be calcu-
lated. The methodology for estimating build-sooner
cost is outlined in the next section.

Build-Sooner Cost

The purpose of the build-sooner cost analysis is to
determine the financial impact of having to invest
in highway resurfacing and highway capacity improve-
ments sooner than would be the case if the commodity
were not transported by truck on public highways. In
other words, what is the cost of tying up the
capital required for the improvement over the build-
sooner period? Figure 4 shows a hypothetical example.

The example assumes that a hypothetical improve-
ment costing $1.0 million (1983 dollars) will be
required in 1993 under normal traffic conditions.
The same $1.0 million improvements will be required
in 1990 if the commodity traffic is added. The com-
modity traffic thus causes a build-sooner period of
3 years.

Because costs are in constant dollars, a real
discount rate (in this case 4 percent) is used to
determine the present value of each investment.
Clearly for Case 2 the present value is higher be-
cause the investment is of the same magnitude but
occurs 3 years sooner. The build-sooner cost in this
example is $84,353 representing the difference be-
tween the present values of the two investments.

This example calculated the build-sooner cost for
only one improvement cycle (e.g., one pavement life
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CASE 1:

Normal Traffic Conditions

15

1983
(o,

1993

$1.0 million
(51983)

Present Value: $1,000,000 ($1983); 10 years; 4%

PV= $675,564
CASE 2: With Commodity Traffic
1983 1930
o,
$1.0 million
($1983)

Present Value:

Pv="$759,917

$1,000,000 ($1983); 7 years; 4%

Build Sooner Cost= 759,917~ 675,564

= $84,353
FIGURE 4 Build-sooner costs.

cycle). It is necessary to calculate build-sooner
costs for each subsequent cycle within the study
period or until the effects of discounting render
the build-sooner cost insignificant.

The final step in the analysis involves convert-
ing the build-sooner cost into an equivalent annual
cost over the life cycle of the improvements using
the appropriate capital recovery factor. For each
link, sensitivity analysis was done using real dis-
count rates of 3, 4, and 5 percent. The assumption
underlying the choice of real discount rates of this
magnitude was that a spread of 3 to 5 percent be-
tween the yield on long-term government bonds and
the inflation rate would be representative of the
long-run cost of capital throughout the time horizon
of this study.

Summary

Two categories of build-sooner costs were hypothe=-
sized in this study. A large increment of commodity
traffic will theoretically cause pavement condition
to deteriorate faster and will cause a section of
highway to reach capacity earlier. To the extent
that these phenomena occur, investments in pavement
resurfacing and capacity improvements will also be
required earlier. The cost of having to commit
capital expenditures at an earlier date is the
build-sooner cost.

SUMMARY OF RESULTS

Table 3 gives a summary of the results of the build-
sooner cost analysis and compares annualized costs
to estimated incremental annual user fee revenue
that might be expected from each movement. The user
fee revenue consists of fuel taxes, registration

TABLE 3 Annualized Build-Sooner Costs on Incremental
Revenues (1983 dollars)

Build-Sooner Costs®

Incremental
Commodity Movement Pavement Capacity Revenues
Potash 1 110,000 39,000 201,250
Potash 2 195,000 7,000 307,800
Potash 3 292,000 42,000 509,100
Woodchips | 24,000 91,000 55,000
Woodchips 2 40,000 5,000 92,100
Coal 225,000 46,000 494,500
Concentrates 81,000 6,000 247,100
Petroleum 6,000 74,000 90,400

ADiscount rate is 4 percent,

fees, and license fees, of which fuel taxes repre-
sent the largest contribution.

Table 4 gives build-sooner costs as a percentage
of incremental revenue. It must be emphasized that
Tables 3 and 4 present only the build-sooner costs
that would result from the commodity movements.
Other cost categories were addressed in the overall
study but are not presented here.

Two major observations can be made from these
data. First, build-sooner costs exceeded incremental
revenues in only one case (Woodchips 1), (attribut-
able primarily to capacity-related costs). This can
be explained by the fact that the highway 1link in
question has numerous steep grades, many in excess
of 10 percent. Accordingly, the passenger car
equivalent of each woodchip truck is high, with the
result that capacity improvements that would not
normally be required for many years on this
relatively low-volume highway are advanced several
years, creating a high build-sooner cost.

The other noteworthy feature of the data is that
in all but two cases, pavement rehabilitation costs
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TABLE 4 Build-Sooner Costs as Percentage of Incremental
Revenues

Pavement Total Build-
Rehabilitation Capacity Sooner Costs
Commodity Movement (%) (%) (%)
Potash 1 54.6 19.4 74.0
Potash 2 63.4 2.3 65.7
Potash 3 57.4 8.2 65.6
Woodchips 1 43.6 165.5 209.1
Woodchips 2 43.4 5.4 48.9
Coal 48.5 9.3 54.8
Concentrates 32.8 2.4 35.2
Petroleum 6.6 81,9 88.5

exceed capacity-related costs by a substantial mar-
gin. This appears somewhat surprising given the
large expenditures normally associated with capacity
enhancements. The explanation lies in the fact that
the volume of commodity traffic (expressed in terms
of passenger car equivalents) is generally low in
comparison with existing passenger car and truck
traffic., Hence the impact of the commodity trucks on
capacity utilization is such that build-sooner
periods were consistently shorter (0 to 3 years).

The sensitivity of results to changes in the dis-
count rate was analyzed using real discount rates of
3, 4, and 5 percent. The higher discount rates do
produce higher build-sooner costs. Although this may
appear to be counterintuitive, it must be remembered
that all build-sooner costs are estimates from the
difference in present values of an investment made
at two different points in future time. The differ-
ence increases even though the absolute magnitudes
of the present values fall as the discount rate is
increased. Furthermore, the capital recovery factor
increases as does the discount rate resulting in
higher costs.

The build-sooner costs analysis indicates that
the bulk commodity movements studied would have a
significant impact on future pavement rehabilitation
and capacity-related costs, ranging from a low of
35.2 to a high of 209 percent of incremental reve-
nues that would result from each movement. These
costs arise from the need to advance the timing of
these kinds of highway improvements because of the
presence of the commodity traffic.

CONCLUSION

Previous highway cost allocation studies could, in
general, be characterized as attempts to allocate
highway expenditures to various classes of vehicles.
The allocations are based in part on cause and ef-
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fect relationships and in part on arbitrary account-
ing rules.

This study differs somewhat in that it assigns
costs, not expenditures, attributable to a hypothet-
ical increment of heavy truck traffic and then com-
pares these costs to the incremental revenues that
this same traffic would generate. The costs examined
in this paper are those related to the impact of the
incremental traffic on the timing of future pavement
rehabilitation and capacity enhancement projects.
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Another Viewpoint

ABSTRACT

There have been many studies that have attempted to ascertain any difference in
the safety of various large truck configurations. Special attention has been paid
to double trailer combinations (doubles) compared to tractor-semitrailer combina-

tions (singles).

Most researchers have found little if any difference in their

respective accident rates. The major exception is a large, widely quoted study
conducted by BioTechnology, Inc., for the Federal Highway Administration. It con-
cluded, among other things, that doubles have significantly higher accident rates
than do singles. The research reported in this paper consisted of a thorough re-
view of all aspects of that study, with particular emphasis on the structure and

contents of the three major data bases used.

These included data on 2,112 large

truck accident involvements, vehicle classification count data taken at 78 sites,
and driver and truck data (including size and weight) on more than 32,000 trucks.
It was found that the conclusions drawn by BioTechnology, Inc., regarding doubles
versus singles, as well as most of the other major conclusions, are not supported

by the data bases.

Although the accident data base may be useful to other re-

searchers, if used with care, the two data bases needed to estimate exposure are
totally inaccurate, and results derived therefrom are probably meaningless.

The passage of the 1982 Surface Transportation
Assistance Act (1) (STAA) by the U.S. Congress ac-
complished many things. Among these was a mandate
that the states not prohibit truck combinations in-
volving two trailers from using the Interstate high-
ways or other highways designated by the Secretary
of the U.S. Department of Transportation.

Although such truck combinations, often called
doubles or double bottoms, were already legal and
regularly operating in many states--notably in the
midwest and west--they were not legal in many of the
southeastern and eastern states. Their legalization
by the STAA raised many questions in the minds of
concerned officials and citizens, especially ques-
tions about the safety of doubles compared with that
of the more common tractor-semitrailers (singles).

The literature contains a number of original
studies of this issue (2-10) as well as several re-
views and summaries (11-13). Most of the studies
found 1little difference in accident involvement
rates of doubles and singles. The major exception to
this trend is a study by Vallette et al. (10), often
referred to as the BioTech study. It concluded that
"twin trailer combinations have a significantly
higher accident rate than single tractor-trailer
combinations." (Vallette et al. use the word "twin"
instead of "double"; however, "twin" is often taken
to be the more limited configuration of a tractor
plus twin van-type trailers. This distinction will
be addressed further at a later point in this
paper.) Their findings were met with much skepticism
and criticism (14). Nevertheless, they were ulti-
mately "accepted" and widely quoted (11-13).

Among those reviewing and criticizing the study
were members of the trucking industry. Subsequently,
Midwest Research Institute (MRI) was asked to con-
duct an in-depth, critical review of the work. This
paper covers some of the major findings of that re-
view.

THE BIOTECH STUDY

The work done by Vallette et al. (10) was a substan-
tial and ambitious research effort funded by FHWA.

It involved collection of massive amounts of data
covering the 18-month period from July 1976 to
‘December 1977, reduction and analysis of these data,
and preparation of a final report that was ultimate-
ly published by FHWA in late 1981.

The concept was to determine the effect of a num-
ber of factors on accident rates of large trucks.
The 1list of factors included highway type, truck
weight, truck configuration, truck 1length, cargo
type, and driver age and experience. To calculate an
accident rate for a specified set of factors (e.g.,
doubles on urban freeways) requires knowledge of (a)
the number of doubles involved in accidents on such
facilities during a stated time period; and (b) the
vehicle-miles of travel of doubles on those facili-
ties during the same time period. Mathematically, the
accident rate is calculated as

R = A/E (1)

where R is the accident rate (e.g., accident in-
volvements per million vehicle-miles), A is the num-
ber of accident involvements for trucks with the
specified characteristics, and E is the comparable
"exposure," wusually measured as vehicle-miles of
travel. To make the representation more explicit,
Vallette et al. (l0) expressed Equation 1 as

Rig = % Byqy)esk By (21

In this expression i is the roadway class of inter-
est (e.g., urban freeways), j is the variable or set
of variables of interest (e.g., doubles or doubles
weighing 50,000 to 60,000 1b), and k is a specific
site or section of highway.

The research plan envisioned using a stratified
random sample of sections of highway in a number of
states. Three types of data were to be collected for
each section to form data bases. The first type con-
sisted of accident data for all truck accidents, and
included information from the investigating offi-
cers' reports, plus more in-depth follow-up informa-
tion. These data provide values for the terms
(Ajj) k-
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A second type of data was derived from vehicle
classification counts (counts of the number of
vehicles of specified configuration such as singles
and doubles). The counts were to be made quarterly
over the 18-month period, with each count covering a
7-day period, day and night. The primary method used
to obtain these counts was a photographic sampling
process described 1later. From these counts the
vehicle-miles of travel could be calculated. The
latter, in turn, can be used as (Eij)k in Equa-
tion 2 for questions involving only the truck con-
figuration.

A third type of data base was required to apply
Equation 2 to more detailed questions, such as the
effect of truck weight or driver age. This data
base, referred to as the size and weight data base,
was to be obtained from weigh scales and truck
stops. This information was intended to provide the
appropriate values of (Eij)k needed to answer
the more specific qguestions.

Altogether the study included 2,112 truck acci-
dent involvements at 78 highway sections in six
states. A truck accident involvement is any truck
involved in an accident (an accident involving two
trucks yields two truck accident involvements). The
second data base was planned to include 7 days x 6
quarters x 78 sites = 3,276 site-days of classifica-
tion data. The third (size and weight) data base in-
cluded information on 32,102 trucks observed during
the study.

THE MRI REVIEW

The findings reported in this paper resulted from an
unusually detailed review of all aspects of the
BioTech study. Initially, the report (10) and its
various drafts, along with the contractor's letter
reports provided by FHWA, were reviewed. Internal
FHWA memoranda and a report by the U.S. Department
of Transportation Transportation Systems Center
(TSC) presenting an independent review of the study
(14) were also reviewed. Then, a number of the sites
used in the study were visited by the lead author.

A critical activity was the acgquisition and
analysis of the data bases. The accident reports as-
sembled by BioTech researchers were obtained and
studied. Four data tapes containing the summarized
data bases were used. More important, a fifth data
tape, heretofore unexamined by others, was obtained
from FHWA and decoded. It contained the "raw"
vehicle classification count data base. From this
data base it was possible to deduce the assumptions
made by BioTech in deriving the summary classifica-
tion count data tape that was later used by FHWA and
TSC (1l4) in their review of the study. Unfortunate-
ly, the rawest form of the data (films and recording

forms) no longer existed so they could not be ex-
amined.
Finally, comparative data (accident, exposure,

and weight) were obtained from the California De=-
partment of Transportation (Caltrans). These data
were then analyzed and compared, where feasible,
with like data obtained in the BioTech study.

Although the BioTech study dealt with a multitude
of truck-related issues, this review was directed
mainly to the doubles versus singles issue. However,
other issues that had a bearing on, or might help to
explain, the authors' findings on doubles and
singles were examined.

FINDINGS

The review process identified a number of research
areas that were investigated individually. These
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ranged from the research design and its implementa-
tion to the in-depth study of each of the data bases
and to the analytical and calculational procedures
used. These individual areas and findings relative
to them are described in this section. In general,
the discussion of each area includes what the study
intended, what the report states or implies was
done, and the present authors' determinations.

Research Design--Site Selection

Vallette et al. clearly indicate at the outset that
the research is not to be interpreted as nationally
representative. Indeed, they purposely selected six
states in which to collect data, each of which was
in some sense unusual in regard to truck operations.
The selected states tended to have unusual legal
limits, high truck accident histories, or high truck
volumes. One state allowed trucks up to 165,000 1b
GVW; and other allowed 105-ft-long combinations.
Thus, at best, the results obtained may only be ap-
plicable to the areas of the country from which the
data were obtained.

Of the six states, only three allowed doubles,
and the trucks in one of those three states (Michi-
gan) are unique to that state. Thus all comparisons
of doubles versus singles used data from just two
states-—California and Nevada. Indeed, 93 percent of
the 189 accident involvements of "normal," five-axle
doubles were from a single state-—-California. Thus
the findings regarding doubles versus singles are
perhaps valid only for that state. (As noted later,
many of the doubles in California are of quite dif-
ferent configuration than are those observed else-
where in the nation.)

A sophisticated, stratified random sampling
scheme was planned. Six roadway types (later reduced
to four) formed one level of stratification; truck
accident frequency within roadway type formed a
second level. However, final site selection proce-
dures apparently did not follow the plan-~high acci-
dent locations dominated. Further (as discussed sub-
sequently), because the final analysis ignored the
stratified design, the results largely reflect traf-
fic safety at a very few sites. The data given in
Table 1 illustrate this effect for the 31 sites in
California and Nevada.

Classification Data

Site Uniformity

It was the stated intent of Vallette et al. that the
sites would have "well-defined points of entrance
and egress: to gain some assurance that vehicles
(trucks and cars) entering one end of the site would
be exiting the other end." It is evident, on exami-
nation of the sites, that this intent was not re-
alized.

Examples are shown in Figures 1 and 2; many
others could be cited. Figure 1 shows a 4-mi section
of I-80 on the southern and eastern sides of Sacra-
mento, California. The data quoted are from Caltrans
vehicle classification counts obtained in 1976. Fig-
ure 2 shows a highway section in the agricultural
Imperial Valley near Indio, where about half the
truck traffic is generated within the section.
Another example is Site 141, a section of the San
Diego Freeway. The site is intersected by several
small interchanges and by a major interchange with
the Harbor Freeway, which experiences a heavy volume
of turning movements. The cross section varies from
three to five lanes northbound and from three to six
lanes southbound. These examples, and many others,
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TABLE 1 Dominant Sites

19

Stratum No. of Sites? Dominant Site Dominance (%)b Comments
Rural freeway 8 Site 114 56 Long, steep grade north of Los
I-5 (Grapevine) Angeles, eight-lanes, 26,500
AADT, 20 to 30 percent trucks,
heavy fog common
Urban freeway Z Site 145 47 Ten-lane toll bridge, 183,000
1-80 (San Fran- AADT, 9,500 trucks per day
cisco-Oakland
Bay Bridge)
Rural nonfreeway 11 Site 123 43 16-mi winding mountain road,
CA-152 (Pacheco partially two-lane, 12,000
Pass) AADT, 20 percent trucks, often
cloud obscured, posted for high,
gusty winds
Urban nonfreeway 5; Site 152 70 10-mi section of US-101 not yet

US-101 (just south

of San Jose)

up to Interstate standards, four
lanes, uncontrolled access,
40,000 to 46,000 AADT, 8 to
9 percent trucks

3Sites in California and Nevada from which the doubles versus singles data were obtained.

Percentage of all truck accident involvements for the stratum.
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FIGURE 1 Site 143 (I-80) showing 5+ axle truck
AADTs and major intersecting highways.
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FIGURE 2 Site 121 (CA-86) showing total truck AADTs and
intersecting roadways.

show that observations at one point in a site often
were not representative of the whole site.

Directional Split

Classification data were obtained by observing traf-
fic in only one direction. This would be acceptable
if it could be demonstrated that the volumes, clas-
sifications, and accidents in both directions were
about the same. However, such is not the case.

Table 2 gives, from the BioTech data, the differ-
ence in accident involvements, by direction, for
those sites with a reasonable number of accidents
during the study period (12 or more) and, for illus-
trative purposes, which did demonstrate a sizeable
directional effect. Note that all four of the domi-
nant sites of Table 1 demonstrate this difference.

Also shown in the table are the directions used
for the classification and size and weight data.
Note that these data were generally obtained from
the direction having the smaller number of accidents.

Vehicle Sampling Adjustments

The classification and, subsequently, the (Ejj)g
data were derived by adjustments to counts obtained

TABLE 2 Sites with Directional Imbalance in Accident
Numbers

Accident Involvements Direction Sampled

Directional Dominant Classification Size and Weight
Site Split Direction Data Data
112 14/8 South North Both
114 111/67 North North South
115 12/7 South South Unknown
123 36/20 West East East?
141 15/10 South North South
144 16/2 West Both® Both
145 64/39 East West West
152 17/13 North South South
3poth directions were eligible, but predominantly eastbound were interviewed,

bswitched directions part way through study,

through a photographic sampling process. A camera
was positioned at each site, typically for a week or
so at a time. The camera was triggered via an axle
detector and counting circuitry designed to take a
photograph after every Nth axie passage, where N
was site specific. It was then intended to adjust
these raw sample counts to arrive at estimates of
annual vehicle-miles of travel by site and vehicle
class.

State average annual daily traffic (AADT) data
for the various sites were the basis of the adjust-
ment. The state AADTs were first apportioned into
trucks and nontrucks; then the truck values were
further divided into numerous truck classes.

The researchers determined that their samples in-
dicated a far higher percentage of trucks than state
data showed. As a consequence, it was decided to use
the state truck-nontruck split instead of what was
directly observed on the films. This correction was
made for only 18 of the 31 sites in the two states:
inexplicably, no correction was made for the other
12, so their truck volumes remain greatly exagger-
ated. (At site 145, the Oakland Bay Bridge, Vallette
et al. used manual classification counts instead of
the photographic process, so no adjustment of this
type was needed.)

The reason for the discrepancy is that the sam-
pling scheme was of axles, not vehicles. As stated
by BioTech (10), "a five-axle truck would have five
chances of having its picture taken while a three-
axle truck would have only three chances of having
its picture taken." The report further stated that
the raw counts were adjusted to account for this
sampling bias.
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Although such an adjustment was clearly intended,
it was not made. As stated earlier, the BioTech data
tape, provided by FHWA and not previously reviewed,
was thoroughly analyzed. It contained the raw counts
of vehicles in 10 classification categories for each
site, observation period (one of six calendar quar-
ters), date, and time of day (day or night). It was
possible to mathematically reproduce the published
summaries from this tape without making any axle
count adjustments. Thus, many-axle vehicles are over-
represented, relative to passenger cars and other ve-
hicles with fewer axles, in the BioTech classifica-
tion data base.

Amount and Distribution of Data

The research plan called for classification data to
be collected day and night at each site for one week
during each of the six calendar quarters of the data
collection period, and the report indicates this was
done (10). However, the raw data tape does not con-
tain 6 gquarters x 31 sites = 186 data sets. There
are only 74 sets of data from the films, plus one
set from Site 145, where manual classification
counts were made just once for a portion of one day.
No data were obtained in the first quarter, and very
little was obtained in the sixth. The bulk of the
data (representing 25 of 31 sites) was obtained in
the fifth quarter (July-September 1977). About half
that amount was obtained in each of the second
through fourth quarters. Because no seasonal adjust-
ments were performed, the data base is biased toward
the summer and early fall.

There was also a bias in the amount of data by
site., Although some data were obtained at each site,
no site had more than four data sets; most had just
two. There were three sites for which only one data
set was obtained, including Site 145.

The data base distinquishes between daytime and
nighttime counts. All of the 74 photographic data
sets include daytime data, but only 26 contain any
nighttime data. Of these, three were of such ques-
tionable quality that BioTech discarded them. Review
of the data suggested that, relative to the doubles
versus slngles issue, an additional 16 nighttime
data sets could have been discarded either because
of their extremely small sample sizes (fewer than
five trucks in one of the two categories) or because
of poor quality (discussed further subsequently).
That would leave only seven sets of possibly useful
nighttime photographic data, not the 186 the report
implies were used.

When both day and night data existed in a given
data set, BioTech combined them in a reasonable
fashion to estimate the 24-hr distribution. Unfor-
tunately, when night data did not exist, which was
the case in 51 of the 74 data sets available, they
simply used the daytime data as representative of
the entire period.

This would be acceptable if, for example, the
doubles-singles relationship could be shown to be
the same both day and night. However, such is not
the case. The data in Table 3 indicate this clear-
ly. The data are from Caltrans classification counts
collected routinely as part of an FHWA-mandated
counting program and are for the six sites of the
BioTech study at which the state made such counts.
The doubles-to-singles ratio was greater at night
than during the day in every instance except one--
eastbound traffic at Site 122. Often the ratios dif-
fered by factors of three or more. By using only
daytime data the exposure of doubles was greatly
underestimated, relative to singles. Therefore, the
doubles accident rate was greatly inflated relative
to singles. Unfortunately, it is not possible to
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TABLE 3 Directional Differences in Truck

Volumes
Ratio of Doubles
Volume to Singles
Volume?
Site Direction Day Night
112 N 0.354 0.975
S 0.301 0.951
114 N 0.495 0.945
S 0.599 0.825
115 N 0.343 0.458
S 0.371 0.412
122 E 0.364 0.333
w 0.063 0.250
141 N 0.236 0.920
S 0.211 0.537
144 E 0.839 1.728
w 0.937 0.990

AFrom Caltrans classification counts, July-September 1977,

estimate how large an error was introduced overall
because Caltrans counts are available for only six
sites.

Quality of Data

The problems with the exposure data discussed so far
can be evaluated fairly objectively. They deal, es-
sentially, with how the data base was created and
what data are included. It is more difficult to
assess the quality of the data. For the most part
the truck classification counts are based on the
judgments of technicians who viewed the photographs
of vehicles. Because the photographs apparently have
since been destroyed or discarded, it is not pos-
sible to confirm the accuracy of the Jjudgments.
Nevertheless, it is possible to examine the data
base in great detail and note discrepancies that are
highly suggestive of reading errors.

The film readers attempted to «classify each
vehicle photographed into one of eight categories:

* Straight truck,

* Straight truck plus full trailer,
* Straight truck plus dolly,

* Single,

* Double,

*» Triple,

* Bobtail (tractor only), and

* Nontruck.

Figures 3 and 4 suggest how difficult the classifi-
cation process can be. These are photographs taken
under essentially optimum conditions by MRI at a
number of the sites in California.

The difficulty of distinguishing vehicle classi-
fications from photographs, particularly when they
are poorly exposed (as at night) was recognized by
BioTech (BioTechnology, Inc., unpublished progress
reports to FHWA, December 1975). To deal with this
difficulty, they established two additional vehicle
classifications, "unknown large truck" and "unknown
vehicle." The first was to be used when the film
reader could not make a clear distinction between
truck classifications; the second was to be used
when, obviously, a vehicle had triggered the camera
to take a photograph but, for whatever reason, it
was not possible to tell if the vehicle was a car or
a large truck. This might happen, for example, if
there were no illumination or if another vehicle or
object was between the lens and the target vehicle.

These difficulties were sometimes pervasive.
Table 4, for example, indicates that at a number of
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FIGURE 3 Similar-appearing tank trucks.

+ N A

Straight Truck with Full Trailer

FIGURE 4 Similar-appearing van-type trucks.

TABLE 4 Sites with a High Percentage of Unknown Large
Trucks

Percentage of All Large Trucks

Straight Unknown
Site Singles plus Trailer Doubles Large Truck
111 333 12.5 11.2 26.3
113 58.0 14.7 15.7 6.9
114 52:2 17.2 19.0 7.2
115 40.9 17.1 12.8 22.4
121 29.1 25.2 26.8 10.1
131 29.8 19.0 4.8 2.6
133 30.1 6.5 34.2 12.6
142 29.8 217 14.9 8.1
144 33.1 21.4 25.0 13.8
152 40.4 20.0 13:2 15.9
162 3.9 7.9 3.9 3.9
413 65.4 8.6 15.3 4.0
421 54.1 4.4 5.l 26.1
442 44,0 12.3 6.2 10.9

sites the category "unknown large truck" contained
the same magnitude of counts as the common truck
classifications, and sometimes many more. For ex-
ample, at Site 111 there were more unknown large
trucks than there were doubles and straight trucks
with trailers combined. After a review of much of
the detailed count data, it appears that these un-
knowns were most likely either doubles or straight
trucks with trailers. The net effect of this diffi-
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culty, then, is an underestimate of the exposure of
doubles and, therefore, an overestimate of their ac-
cident rate.

Many specific, "“unusual"™ data values were dis-
covered on the data tape that were further evidence
that data problems were encountered. A few brief ex-
amples follow:

1. site 123, fifth quarter, night

Day Nontrucks
Friday 23
Saturday 30
Sunday 57
Monday 3
Tuesday 28

2. Site 131, fourth quarter, day

Day Straight Trucks
Tuesday 18
Wednesday 19
Thursday 3
Friday 4
Saturday 42
Sunday 27

3. Site 111, fourth guarter, night

Day Unknown Large Trucks
Friday 5
Saturday 98
Sunday 0
Monday 1
Tuesday 4

4. Site 122, fourth quarter, day

Straight with

Day Trailer Singles
Monday 1 43
Tuesday 5 20
Wednesday 34 0
Thursday 0 18

5. Various sites, day versus night

Site 144 Site 421 Site 152
Truck Type Day Night Day Night Day Night
Singles 137 24 602 50 151 8
Doubles 65 0 63 0 73 0
Straight 42 0 27 0 30 0
Unknown large
trucks 29 87 4 253 6 36

The data in Table 5 suggest in a summary way the
combined effects of the several difficulties inher-
ent in the BioTech exposure data. The table covers
all the sites for which comparable classification
counts were available from Caltrans. Most of the
latter were obtained in 1976 and 1977 and represent
a complete count (100 percent sample) for a 24-hr
weekday. (A few were obtained in 1975.) All Caltrans
data are for both directions of travel except for
Sites 131 (eastbound only) and 152 (southbound
only). In every instance the BioTech data underesti-
mate doubles exposure relative to singles exposure,
compared with the Caltrans data. On the average,
BioTech's data appear to underestimate doubles by 36
percent.

Size and Weight Data

The size and weight data base does not figure di-
rectly in the doubles versus singles issue. It does,
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TABLE 5 Overall Underestimation of
Doubles in Exposure Data Base

Doubles-to-Singles
Ratio
Caltrans-to-

Site BioTech  Caltrans BioTech Ratio
111 0.336 0.428 1:29
112 0.316 0.476 1.51
114 0.364 0.694 1.91
115 0.316 0.391 1.24
122 0.054 0.133 2.46
123 0.487 0.840 1.72
131 0.161 0.176 1.09
141 0.250 0.298 1.19
144 0.756 0.861 1.14
152 0.327 0.438 1.34

however, affect peripheral conclusions asserted by
BioTech, such as that empty or nearly empty vehicles
(especially doubles) have substantially higher acci-
dent involvement rates than do loaded vehicles. It
is therefore enlightening to briefly review the size
and weight data base.

Data Collection Sites

The intent was to collect size and weight data at
the same sites that were used for accident and clas-
sification data collection. However, this was accom-
plished at only eight of the 31 sites. At these
eight locations, all in California, size and weight
data were obtained at state scales.,

Data were also obtained at state scales at five
other California locations, but not necessarily on
the same highway as a site. No scales were available
in Nevada, but one was used in Utah near the state
border. Additional data were obtained from inter-
views at truck stops. Altogether the data base
contains data on more than 27,000 trucks from Cali-
tornia and Nevada obtained at a total of 28 loca-
tions. That the locations did not always match the
study sites (that is, they did not sample the same
traffic stream) is perhaps moot, however, because no
site-specific analyses were performed. All analyses
performed, and conclusions drawn, were based on the
entire, pooled, data set.

Data were generally obtained for only one direc-
tion of travel, with the implicit assumption that
the two directions were equivalent. At many Cali-
fornia sites, however, that is simply not true.
Weight data obtained by Caltrans in both directions
at six of the BioTech sites illustrated this. The
Caltrans data were obtained routinely as part of an
FHWA-mandated truck size and weight monitoring pro-
gram. Table 6 gives the median weight of doubles for
the summer of 1977 (Site 123 data were obtained in
1975). There are logical reasons for these differ-
ences. For example, most of the doubles at Site 123
were flatbed trucks that carried agricultural pro-
duce from the fields to the canneries and returned

TABLE 6 Direction of Travel Versus

Truck Weight for Doubles
Median Weight

Site Directions of Travel (thousand 1lb)
112 North/South 38/59

114 North/South 54/76

115 North/South 64/66

123 East/West 28/74

141 North/South 34/78

144 East/West 50/76
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empty. Most of the doubles at Sites 114 and 141 were
tankers hauling petroleum products away from refin-
eries and returning empty.

Empty Bypass Effect

The truck scales in California employ a "bypass"
lane. Trucks that are empty are directed, by sign,
to use this lane and bypass the scales. Because
these trucks were not weighed, the BioTech data base
greatly underestimates the low end of the truck
weight distribution. This was recognized by the
authors, and a second set of calculations was per-
formed assuming 25 percent of all trucks (doubles
and singles alike) were empty.

The Caltrans weight data were obtained in surveys
in which the bypass lane was closed. The most common
truck configurations (e.g., 3S2) were sampled on a
25 percent basis and all others on a 100 percent
basis. Figures 5-7 show the comparative weight dis-
tributions based on data from the eight California
sites where BioTech obtained scale weight data.
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FIGURE 5 Weight distribution of singles.

Clearly, the discrepancies are sizable. The
BioTech undercounting of empties results in an ap-
parent overrepresentation of heavy trucks. Also, the
discrepancies are not the same for the different
truck classifications. Using 39,000 1b as an indica-
tor of empty or not empty, the data in Table 7 are
obtained. The data show that to correct the BioTech
data base for undercounting empty trucks would re-
quire increasing their counts for empty singles by
68 percent, doubles by 395 percent, and straight
plus trailer trucks by 614 percent. (Comparable
results are obtained with other "indicator" values
such as 33,000 1b.)

Missing Data

Of the entire California and Nevada size and weight
data base, 93 percent of the data were obtained in
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California. Nearly all (89 percent) were obtained
during the day; it is not clear what biases this
might have introduced. Presumably, for doubles,
agricultural products would be 1less likely to be
moved at night, and vans would be more likely then.
Overall, according to Caltrans data, day and night
truck volumes were comparable. However, doubles were
relatively more dominant at night, as the data in
Table 3 indicate.

In addition to truck weight, other data items
were collected and analyzed, and conclusions were
drawn. For example, one analysis compared accident
rates of singles with 40- and 45-ft trailers. But
this data element (length of first cargo unit) is
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TABLE 7 Undercounting of Empty Trucks

Percentage of Trucks Weighing
39,000 lb or Less

Classification Bio Tech Caltrans
Singles 26.3 44,3
Doubles 13 35.4
Straight plus trailer 4.4 31.4

missing for 86 percent of the trucks. A number of
analyses examined driver parameters such as age and
experience. These data are missing for 92 percent of
the trucks.

Accident Data

It was intended that all truck accident involvements
occurring on the study sites in the year-and-a-half
study period be investigated in depth. A total of
2,112 accident involvements are in the data base. A
review of those from California, in comparison with
the Caltrans computerized accident file, revealed a
fairly good match, considering the difficulty of
collecting such data. More than 90 percent of the
truck accidents in the Caltrans files were covered
by the BioTech data base. An independent review of
the accident data in the file from another of the
six states in the study, Michigan, and the state
police data files, indicated about 45 percent of the
accidents were missing (J. O'Day, University of
Michigan, unpublished data). However, the Michigan
data were not used in the analyses of doubles versus
singles, so any problems with the Michigan data do
not affect that aspect of the study.

The accident data base consists of data taken
from the police accident reports plus data obtained
by follow-up investigations by the researchers. The
files are reasonably complete (v 95 percent) with
respect to the police report data, but much of the
expected follow-up information is missing. Missing
data rates for these items range from about 30 per-
cent (cargo area configuration), to 59 percent
(truck weight), to 90 percent (truck weight distri-
bution). The reasons for the missing data, such as
difficulty in getting police reports in a timely
fashion; difficulty in tracking down the involved
drivers, trucks, or companies; and constraints of
time and funds, are well understood by those versed
in accident research.

The missing data of most importance, probably,
are the truck weight data. These data were analyzed
in comparison with other variables to determine if
biases may have been introduced. Table 8 gives the
differences in missing data rates as a function of
cargo type. The cargo type "empty" had a known
weight associated with it in more than 90 percent of
the cases=--that is, fewer than 10 percent were miss-
ing. Other cargo types had much more missing weight

TABLE 8 Likelihood of Knowing the
Weight of an Accident-Involved Truck

Versus Its Type of Cargo
Percentage with

Cargo Type Known Weight N
Lumber products 50.0 18
Farm products 57.1 49
Solids in bulk 58.3 24
General freight 81.4 59
Liquids in bulk 83.9 31
Empty 90.2 143
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information. More than 40 percent of the weights
were unknown for trucks carrying farm products, a
prevalent type of cargo in California. The effect of
missing weight data for all truck classifications is
evident in Table 9. The weight was more likely to be
known if the truck was empty than if it was not
empty (partly or completely loaded).

TABLE 9 Likelihood of Knowing the Weight
of an Accident-Involved Truck Versus Its
Empty/Not Empty Status

Percentage with Known

Weight
Truck Type Empty Not Empty
All trucks 90.0 70.1
Single 95.6 81.5
Doubles 91.2 62.5
Straight 90.5 69.3
Straight plus trailer 84.6 69.6

The net effect of using the weight data with so
much of it missing was to overstate the accident in-
volvement rate of lighter trucks relative to heavy
trucks, simply because the lighter (empty) ones were
more likely to have a known weight than were the
heavier (loaded) ones.

Data Analysis

The analyses presented in the BioTech report (10)
were reviewed and many problems were found. The ma-
jor problem, which affected all the computations,
was the failure to account for missing data.

For example, the weights of about half the acci-
dent-involved trucks were not known. The computations
of Ay used only the trucks with known weights,
Thus the calculated accident involvement role is ap-
parently low by a factor of 2 because all of the
vehicle-miles of travel were apportioned among only
half the accident-involved trucks. In actuality, the
situation is more complicated because the classifi-
cation data (and the size and weight data) are also
incomplete, and no corrections were made. Thus, for
example, with 92 percent of the drivers' ages miss-
ing from the size and weight file (and assuming com-
plete data on this item in the accident file), the
computed rates would be high by a factor of 12.5. In
summary, none of the computed accident involvement
rates are numerically correct.

As indicated, a number of other problems were
found in the analyses but need not be dwelled on.
They could be corrected; the data bases cannot.

Representativeness of Truck Configqurations

Even if there were no other problems with the
BioTech study (10), a question would still need to
be asked: "Are the results obtained likely to be ob-
served elsewhere; that is, are they representative?"
The authors clearly warn the reader not to extrapo-
late the data beyond the states in the study. How-
ever, many readers will be tempted to do so, and
many have already (11-13).

The doubles versus singles issue, in most
people's opinion, deals with the common van-type
semitrailers and the increasingly common "twins,"
which are tractors plus two 27-ft van trailers. The
latter, in particular, are becoming evermore popular
in the "less-than-truck-load" (LTL) trucking indus-
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try--carriers involved in general commodity freight.
Are these the types of trucks examined in the
BioTech study?

Table 10 gives, for accident-involved doubles,
the types of cargo configurations from the BioTech
study. Of these 196 trucks, fewer than one-third
(62) are of the common van or "twin" variety. There
were more platform (flatbed) doubles than vans; such
flatbed combinations are typically used to haul ag-
ricultural produce in California. Double tankers and
bulk commodity carriers are also common in Cali-
fornia.

TABLE 10 Cargo Area Configuration
of Accident-Involved Doubles

Configuration Number
Fully enclosed 62
Platform 74
Tank 30
Bulk commodity or dump 24
Other 6
Total 196

These nonvan doubles are frequently found in
intrastate use in California but are not expected to
become widely used elsewhere in the United States,
Because of a quirk in California size and weight

legislation before 1973, a double configuration
could 1legally carry about 3,000 1lb more +than a
single. This resulted from a kingpin-to-rear axle

limitation coupled with bridge formula axle load
limits. Thus, despite their greater capital invest-
ment requirements, there was an economic incentive
to employ doubles in many industries in California.
Although that particular economic incentive no
longer exists, most of these industries continue to
use such doubles within the state.

CONCLUSIONS

The MRI review of the BioTech study found that the
major conclusions of that study are not supported by
the project data base. The conclusion that doubles
have substantially higher accident involvement rates
than singles cannot be supported because

* Only one direction of traffic was sampled for
classification data, but accidents in both direc-
tions were used. This is important because Caltrans
data show that truck accidents and exposure differ
greatly by direction at many sites.

« Most of the classification data were obtained
during the daytime, even though about half of the
accidents occurred at night. This is important be-
cause Caltrans data show that truck exposure, by
type and configuration, differs greatly between day
and night,

*» Classification data were typically collected
during only two quarters, not six as reported. This
is important because both exposure and accidents
differ greatly from season to season.

* The photographic classification data were
based on a sample of axles, not vehicles, and no
correction was made for this.

e The photographic classification data col-

lected by BioTech differ greatly from manual classi=-
fication data collected by Caltrans, even when com-
parisons are made between data collected at the same
site in the same direction during the same quarter.
These differences apparently arise from difficulties
in interpreting the photographic data, which led to
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a large undercounting of doubles and thus an in-
flated doubles accident rate.

The conclusion that empty or nearly empty trucks
have high accident rates relative to loaded trucks
cannot be supported because

* The truck weight data collected by BioTech
differ greatly from those collected by Caltrans at
the same scales, mainly because California routinely
allows empty trucks to bypass the scales and these
bypassed trucks were not sampled by BioTech. This
problem resulted in a large undercounting of empty
trucks, especially doubles and straight plus
trailers, which led to inflated accident rates for
empty trucks. No adequate correction for the by-
passed trucks has been made.

* Most of the truck weight data were obtained
during the daytime, even though one-half of the
accidents occurred at night.

* Truck weights were missing from the accident
data more often for loaded trucks than for empty
trucks. This led to an inflated empty accident rate.

Many of the other conclusions of the study are
not supported because of similar problems in the ex-
posure and accident data bases.

Overall, the accident data base may be useful to
future researchers, if care is taken to handle miss-
ing data properly. The exposure data bases, includ-
ing both the classification data and the size and
weight data, are totally inaccurate and analysis
results derived from these data bases are probably
meaningless.
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Axle Load Limits in Ontario: Long-Term Analysis

A. O. ABDEL HALIM and F. F. SACCOMANNO

ABSTRACT

Overloaded axles contribute significantly to the deterioration of road struc-
tures. Protection against severe pavement deterioration is provided in most
jurisdictions by limiting permissible axle loads for commercial traffic. Within
most provincial jurisdictions in Canada, axle load limits have been set arbi-
trarily with little reference to economic viability. In practice, axle load
limits have been established from past experience based essentially on two
conditions: (a) the need to maintain a reasonable level of serviceability on
the road network and (b) available monies for annual rehabilitation and mainte-
nance programs. The financing of rehabilitation and maintenance programs 1is
supported from general revenues for each jurisdiction, and this allocation of
funds may have little relevance to the incidence of costs and benefits to users
of the road system or to the responsible transportation agency. In this study
two actual axle load distributions are investigated to assess the effects of
changing the axle load limits on transportation costs. These costs include
pavement rehabilitation and maintenance and commercial and noncommercial
vehicle operating expenditures. In Ontario the vehicle operating costs for
commercial traffic are the dominant cost component that influences the economic
viability of axle load limits. The increased operating costs of noncommercial
traffic from reduced pavement serviceability appear to mitigate against in-
creases in the maximum allowable axle load. Furthermore, long-term changes in
truck fleet composition, resulting in a more efficient distribution of axle
loads, may produce conditions under which higher axle load limits are economi-

cally justified.

Most jurisdictions provide protection against severe
road surface deterioration by enacting legislation
that limits permissible axle loads. These limits are
established in most cases with little reference to
general economic viability, and they remain both
arbitrary and inconsistent across jurisdictional
boundaries. A recent study by the Transportation
Research board (1) suggests that failure to adopt
consistent limits among states in the United Stated
has imposed additional costs on both trucking opera-
tions and road administration. As noted by Connor
(2) the situation is rendered difficult by divergent
jurisdictional requirements that may affect the
incidence of costs and benefits that result from
different axle load 1limits in different environ-
ments. For example, in northern regions where sub-
grade strength may be reduced by severe freeze-thaw
action, axle load limits are more critical in main-
taining road serviceability than 1in a southern
environment where seasonal variations are not as
extreme. In Canada jurisdictional requirements and
inconsistent economic guidelines have given rise to
a wide range of provincial axle load limits.

In Ontario load restrictions were first applied
in 1916 when single axle loads were limited to a
maximum of 9 kips. Since then various attempts have
been made by the Ontario Ministry of Transportation
and Communication (MTC) to study the benefits and
costs of various allowable load levels. In response
to these studies, year-round limits have been sys-
tematically increased throughout this period. 1In
1961 the single axle load limit was set at 18 kips.
A study conducted in 1966 by the Ontario Department
of Economics and Development, quoted by Armstrong et
al. (3), concluded that reduced vehicle operating
costs for trucks amount to less than 4 percent of
the cost of upgrading the road network to allow for

maximum axle loads of 20 kips. Despite this finding,
the maximum single axle load was again raised to
kips in 1968. In this paper an attempt is made to
assess the short-run and long-run economic conse-
quences of this increase.

In this study economically viable axle load limits
are established when the savings from reduced pave-
ment dcterioration and enhanced serviceability,
which are realized by the road administration and by
noncommercial traffic, are offset by additional
costs to truck operators from reduced vehicle utili-
zation. The basic objective of this paper is to
assess the economic viability of increasing axle
load limits from 18 kips (8.2 tons) to 20 kips (9.2
tons). Ontarioc axle load distributions for 1967 and
1981 are used to monitor the expected traffic re-
sponses to these changes.

The changes in axle loads before and after the
introduction of new axle limits are assessed in
terms of observed 1967 and 1981 load distributions.
This approach is a significant departure from pre-
vious work in this area. In most studies to date,
for example work by MacLeod et al. (4), observed
axle load distributions are obtained for the base
year conditions. Changes in these distributions for
the horizon year are based on the application of
exogenous elasticities to the base year profiles.
The horizon year axle load distributions remain
somewhat speculative because they depend on the
accuracy of the unobserved arc elasticities.

The 1967 axle load distribution in this study is
obtained from a random sample of 6,700 trucks weighed
at various points along the 401 expressway in On-
tario. Some of the results of this survey are docu-
mented in Armstrong et al. (3). The horizon year
1981 truck loadings are obtained from a sample of
vehicles that were monitored at the MTC weigh-in-
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motion scale located on the eastbound approach of
the 401 expressway near Whitby. Both surveys were
conducted during the summer.

In general, the framework introduced in this
paper should provide economically effective guide-
lines for establishing maximum single axle load
restrictions in most jurisdictions where traffic
composition and environmental factors are similar to
those in Ontario.

PROCEDURE FOR ESTIMATING AXLE LOAD RESPONSES

In 1967 a survey of 6,700 trucks was conducted in
Ontario to determine gross vehicle weights and axle
load distributions by vehicle type. Some of the
results of this survey are documented by Armstrong
et al. (3). Figure 1 shows the distribution of axle
weights from the 1967 truck sample for three types
of axles: single, tandem, and tri-axle combinations.
Given a single axle load limit of 18 kips, these
distributions suggest a significant number of over-
load axles or violators in the traffic stream. As
noted by Armstrong et al. (3):

Though certain instances of pavement dete-
rioration due to excess loads had occurred,
undue and widespread damage was not being
caused by the regime of vehicle axle and
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gross weights which was actually using the
highways. This confirmed other studies indi-
cating that pavements might tolerate greater
axle loads.

Table 1 gives a summary of the truck axle weight
distribution from Figure 1 for this 1967 sample. The
daily gross vehicle weight was estimated as 251,417
kips. All single, tandem, and tri-axle combinations
were assumed to carry empty vehicle weight components
of 2.5, 5.0, and 7.5 kips per combination, respec~
tively. This produced a daily empty loading for the
sample truck fleet of 46,209 kips and a payload of
205,208 kips per day (or approximately 72 x 10°
kips per year).

Load equivalency factors from Figure 2 were ap-
plied to the 1967 axle load distribution to yield
the equivalent single axle damage units for each
gross vehicle weight interval. These damage esti-
mates are summarized in Table 2. The 1967 sample
truck fleet produced 12,328 equivalent damage units
(DUs) per day or 4.5 x 10° DUs for the entire
year, neglecting seasonal load variations.

The DU is a standard unit that reflects the damage
caused by the passage of a standard 18-kip single
axle. One of the most common methods that relates
pavement life to standard axle passes or DUs is
provided by the AASHO Road Test (5) relationship.
This is shown in Figure 3. The structural number
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FIGURE 1 Selected data from 1967 truck survey.
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TABLE 1 Truck Axle Weight Distribution, 1967

Single Axles (50%)

Tandem Axles (47%)

Tridem Axles (3%)

Total Total Total
Percentage No. Weight Percentage No. Weight Percentage No. Weight
Axles Axles  (kips) Axles Axles  (kips) Axles Axles  (kips)
0-5 5.0 300 750.0 0.1 3 7.5 0.0 0 3]
5-10 25.5 1545 11587.5 4.4 250 1875.0 2.4 9 67.5
10-15 25.2 1527 19087.5 8.9 506 6325.0 13.3 48 600.0
15-20 24.9 1508  26390.0 8.3 472 8260.0 3.0 10 175.0
20-25 17.8 1077 242325 12.6 722 16245.0 3.3 12 270.0
25-30 1.2 73 2007.5 22.2 1270 34925.0 3.0 11 302.5
30-35 0.2 11 357.5 24.6 1410 45825.0 8.4 30 975.0
35-40 0.1 8 300.5 17.5 991 37162.5 21.2 77 2887.5
40-45 0.1 4 170.0 1.4 80 3400.0 35.6 129 5482.5
45+ 0.0 0 0.0 0.0 0 0.0 9.8 35 1750.0
100.0 6053  84882.5 100.0 5704  154024.5 100.0 361 12510.5
Note: Daily number of axles = 12,118 kips (payload plus vehicles); gross daily welght = 251,417 kips; vehicle weight (empty) =
46,209 kips (all truck types); daily payload = 205,208 kips; and annual payload = 72,000,000 kips,
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FIGURE 2 Load equivalency factors and axle load equivalents for
flexible pavements, after Armstrong et al. (3).
TABLE 2 Damage Units for 1967 Truck Axle Loads
Single Axles Tandem Axles Tridem Axles
Equivalent Equivalent Equivalent
Weight Load No. DU Load No. DU Load No. DU
(kips) Factor Axles (18 kips) Factor Axles (32 kips) Factor Axles (44 kips)
0-5 0.05 300 15 0.05 3 0 0.05 0 0
5-10 0.10 1545 155 0.05 250 13 0.05 9 1
10-15 0.15 1527 229 0.10 506 51 0.05 48 2
15-20 1.00 1508 1500 0.15 472 71 0.05 10 1
20-25 3.05 1077 3285 0.20 722 144 0.15 12 2
25-30 10.00 73 730 0.40 1270 508 0.20 101 2
30-35 25.00 11 275 1.00 1410 1410 0.30 30 10
35-40 40.00 8 320 2.80 991 2775 0.50 77 39
40-45 50.00 4 200 5.32 80 426 0.80 129 103
45+ 50.00 0 0 10.00 0 0 1.50 35 53
6053 6717 5704 5398 361 213

Note: Daily equivalent damage units = 12,328 and annual DUs = 4,449,686,
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FIGURE 3 Present serviceability index versus damage units for flexible

pavements.
(SN) in the Figure is an index that reflects the carried out before the PSI reaches the critical
composition of the layered pavement structure: value for rehabilitation. In general, routine main-
tenance represents a minor component of rehabilita-
SN = a;Dj + agDy + ajD3 tion expenditures and may be ignored for the purpose
of this analysis (6).
where The service life of the pavement, or the period
between rehabilitation, can be determined for 1967
D; = depth of pavement surface, using the annual damage units estimated in Table 2
Dy = depth of base course, and in conjunction with the AASHO serviceability rela-
D3 = depth of subbase course. tionship in Figure 3. Assuming a base year PSI value
of 3.5 and a critical PSI value of 2.0, a total of
Most common values for a), az, and a3 are 45 x 10° DUs can be tolerated between rehabilita-
0.44, ‘0.14, and 0.11, respectively. For the purpose tion programs for an SN value of 6. This suggests
of this analysis a structural number SN = & has been that 10 years can be allowed between rehabilitation
assumed. This is characteristic of a high-standard expenditures on the basis of the 1967 sample truck
pavement structure capable of accepting significant loadings.
load applications. The 1981 truck load profile was obtained for a
The present serviceability index (PSI) in Figure sample of vehicles that were monitored at the MTC
3 is a rating, established by AASHO, that reflects weigh-in-motion scale located on the eastbound ap-
the ability of the pavement to serve specific traf- proach of the 401 expressway near Whitby. These
fic requirements. When PSI drops below a critical trucks were weighed between July 21 and August 3,
value (e.g., PSI = 2.0), the pavement requires major 1981.
rehabilitation of the entire layered structure so as The axle load distribution for the 1981 truck
to restore serviceability to its original level. sample is summarized in Table 3. The total weight
This differs from routine maintenance and may be carried within each weight interval and the number
TABLE 3 Truck Axle Weight Distribution, 1981
Single Axles (62.6%) Tandem Axles (36.9%) Tridem Axles (0.5%)
Total Total Total
Weight Percentage No. Weight Percentage No. Weight Percentage No. Weight
(kips) Axles Axles (kips) Axles Axles (kips) Axles Axles  (kips)
0-5 17.8 10627 26567 — - - & = 5
5-10 33.4 6647 49850 10.6 1243 9326 7.0 11 83
10-15 34.0 4060 50745 11.5 809 10117 7.0 7 83
15-20 75 640 11194 11.6 583 10205 5.0 3 60
20-25 5.0 332 7463 11.0 430 9677 1.0 1 12
25-30 2.3 125 3433 10.4 333 9150 1.0 1 12
30-35 - = o 16.6 449 14604 39 1 44
35-40 = = = 11.3 265 9941 4.0 1 48
40-45 = “ = 8.6 178 7566 5.0 1 60
45-50 = . = 6.5 120 5719 18.6 5 222
50-55 — o = 1.4 23 1231 41.4 9 494
55-60 = = = 0.5 8 440 5.0 1 60
60+ r - - - - - 13 0 15
100.0 22431 149252 100.0 4441 87976 100.0 41 1193

Note: Daily number axles = 26,913; daily gross vehicle weight (ad}.) = 238,420 kips (payload plus vehicles); vehicle weight (empty)=
38,420 kips; daily payload (constant) = 205,208 kips; and annual payload = 72,000,000 kips,
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of axles in different combinations that carry this
weight were modified to reflect the 1967 payload.
The basic premise of this analysis is that the dis-
tribution of axle loads over the 1967-1981 period
will adjust to new axle load limits. To ensure that
axle load adjustments are not primarily a result of
increased or reduced shipment levels over this pe-
riod, the base year (1967) payload is applied to
both 1967 and 1981 movements. In Ontario axle load
limits were increased from 18 kips to 20 kips in
1968. The 1981 horizon year provides sufficient time
for long-term changes to occur in response to the
less restrictive load guidelines. A significant
component of the change in the axle load distribu-
tion during the 1l3-year period, 1968-~198l1, may be
technological in nature, reflecting changes in truck
fleet composition. These changes require an extended
period of time to occur. A horizon year that fol-
lowed too soon after the axle load limit is adjusted
would fail to capture these long-term effects. Be-
cause both the time of year and the general location
of the two truck load samples for 1967 and 1981 are
similar, changes in axle load distribution during the
two time periods must occur in response to changes
in the axle load limit. This is especially true given
the adjustment for a constant payload during the
1967-1981 period.

The 1981 truck sample is subject to a single axle
load limit of 20 kips. Although the payload has been
assumed constant, the distribution of axle loads is
expected to vary in response to less restrictive
maximum allowable loadings. The empty weight compo-
nent in Table 3 reflects the observed empty-to-gross
vehicle weight ratio from the weigh-in-motion sample
and an assumed constant daily payload of 205,208
kips.

The axle load distribution for 1981 from Table 3
suggests four trends for the period 1967-1981:

1. There is an increase in the proportion of
single axles during this period. Single axles com-
prise 50.0 and 62.6 percent of the total axle passes
in 1967 and 1981, respectively.

2. There is an increase in the proportion of
heavy loadings that are allocated to tandem and
tri-axle combinations, where the load transfer to
the pavement is less pronounced. In general, despite
a more generous load allowance, vehicle capacity in
1981 is being used more efficiently in relation to
pavement deterioration.

3. Despite a constant assumed payload, the daily

TABLE 4 Damage Units for 1981 Truck Axle Loads
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gross vehicle weight in 1967 is more than in 1981.
In the latter year the empty vehicle component is a
lesser proportion of the gross vehicle weight, which
suggests a more efficient use of available truck
fleet capacity. Clearly this is due to technological
improvements rather than to the increase of the axle
load limit.

4. The higher axle load limit in 1981 has not
eliminated the incidence of overload axles in the
sample. In general, overload single axles are reduced
from the 30 percent level in 1967 to approximately
15 percent of the sample in 1981, although overloaded
tandem axles in 1981 are similar in proportion to
1967 values at approximately 28 percent of the sam-
ple. The overload tri-axle proportion in 1981 has
increased significantly from 1967, to approximately
60 percent of the sample from 45 percent in the
earlier year.

It would be inappropriate to suggest from these
results that reduced damage to pavement can follow
an increase in allowable axle loads. Clearly techno-
logical developments during an extended l4-year
period play a significant role in this observation.
Nevertheless, axle load limits are not the central
issue here. The truck fleet changeover between 1967
and 1981, which has allowed more efficient use of
available vehicle capacity, has also produced reduced
pavement deterioration for the same payload. In the
long run, it can be argued that a truck fleet change-
over to more efficient loading profiles should be a
fundamental premise in any long-term guidelines that
restrict axle loads.

Table 4 gives a summary of the damage unit results
for 1981 based on the load factors designated in
Figure 2. Interestingly, the reduction in single
axle violators and the more efficient allocation of
loads to tandem and tri-axle combinations have caused
a reduction in damage units, despite an increase in
axle load l1limit. In 1981 approximately 3.4 x 10°¢
DUs per year were estimated. This suggests an in-
creased rehabilitation cycle of 13 years. Despite an
increase in the maximum allowable single axle load
limits in the latter year, reduced pavement rehabil-
itation costs continue to be realized during the
1967-1981 period. This cost reduction is due es-
sentially to truck fleet changeover and more ef-
ficient use of available vehicle capacity. Whether
this development can be expected to take place in-
definitely, or even in the short-run situation, is a
concern that will be addressed later in this paper.

Single Axles Tandem Axles Tri-Axles
Equivalent Equivalent Equivalent
Load No. bu Load No. DU Load No. DU
Weight Factor Axles (18 kips) Factor Axles (32 kips) Factor Axles (44 kips)
0-5 0.05 10627 531 0.05 = - 0.05 = =
5-10 0.10 6647 665 0.05 1243 62 0.05 11 1
10-15 0.15 4060 609 0.10 809 81 0.05 7 0
15-20 1.00 640 640 0.15 583 87 0.05 3 0
20-25 3.05 332 1013 0.20 430 86 0,15 1 0
25-30 10.00 125 1250 0.40 430 133 0.20 1 0
30-35 25.00 - - 1.00 333 449 0.30 1 1
35-40 40.00 o = 2.80 449 742 0.50 1 1
40-45 50.00 < - 5.32 265 947 0.80 1 1
45-50 50.00 - = 10.00 178 1200 1.50 N 8
50-55 50.00 - - 30.00 120 690 2.50 9 23
55-60 50.00 - - 32.00 23 256 4,50 1 5
60+ 50.00 = - 50.00 8 = 15.00 0 _0
22431 4708 4441 4733 41 40

Note: Daily equivalent DU = 9,481 and annual damage = 3,413,160,
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INCIDENCE OF COST AND BENEFITS

For the purpose of benefit-cost analysis, the truck
fleet in 1967 and 1981 is assumed to consist of
three types of vehicles:

Type I 3-S2 and UD-5
Type II 3-83 and UD-6
Type II 3-s2-3, UD-7, 3-83-3, UD-8, and UD-9

Data on the distribution of gross vehicle weights
for other truck types in 1967 were not available. In
1981 these categories represented 46.4 percent of
all truck types monitored at the weigh scale or
approximately 60 percent of the total equivalent
18-kip loadings.

Figure 4, taken from NCHRP Report 198 (1), shows
the unit vehicle operating costs in cents per ton-
mile against varying gross vehicle weights in kips.
This relationship is consistent with different axle
combinations and vehicle types. Figure 4 was applied
to the axle load distribution for the 1967 and 1981
truck sample, for the three vehicle types noted, to
give the unit vehicle operating costs summarized in
Tables 5 and 6. The average unit vehicle operating
costs for the 1967 and 1981 truck sample were re-
markably similar in wvalue, $2.73 per ton-mile for
1967 and $2.70 per ton-mile for 198l1. Multiplying

TABLE 5 Vehicle Operating Cost by Gross Vehicle Weight
and Truck Type (1974 U.S. dollars)

Gross
Vehicle Type I Type II Type III
Weight Unit Cost Vehicles Vehicles Vehicles
(kips) (c/T-M) (%) (%) (%)
0-10 12.0 0.0 0.0 0.0
10-20 8.0 0.1 0.0 0.0
20-30 5.8 4.1 0.7 0.0
30-40 4.3 5.3 1.4 0.0
40-50 3.9 5.9 0.5 0.1
50-60 3.0 9.8 0.4 0.0
60-70 2.8 21.0 1.2 0.1
70-80 2.0 35.8 5.7 0.0
80-90 1.9 0.8 4.0 0.0
90-100 1.8 0.3 0.1 0.1
100+ 1.8 0.1 0.0 2,5
83.2 14.0 2.

Note: Unit cost per variable: Type I = 2.32 ¢/T-M, Type II = 0.36, Type III =
0.08§; total cost = 2.73 ¢/T-M; and total cost = $3063.33 per day.

through by the annual gross vehicle weight in each
year yields the total truck vehicle operating cost
associated with transporting a constant payload of
72 x 10°% kips per year under the two single axle
load limits of 18 kips and 20 kips. Annual truck
vehicle operating costs in 1967 and 1981 were esti-~-
mated at $1.103 x 10° and $1.034 x 10° (1974 U.S.
dollars), respectively.

In an earlier study on axle load limits in less
developed countries, Saccomanno and Abdel Halim (7)
concluded that truck vehicle operating costs are the
dominant cost component associated with axle load
limit legislation when noncommercial vehicle operat-
ing costs are ignored. For the situation in Ontario,
to ignore the automobile component of the traffic
and its associated operating costs would be unac-
ceptable because reduced pavement serviceability has
its major cost impact on noncommercial traffic. This
is shown in Figure 5 for different operating speeds.

The accelerated deterioration of the pavement in
1967 caused by increased equivalent 18-kip axle load
applications is reflected in higher automobile oper-
ating costs at various PSI levels. The rehabilita-
tion cycle is assumed to represent a reduction in
PSI level from 3.5 to 2.0, This takes place over a
10-year period ending in 1967 and a 13-year period
ending in 1981. Assuming a linear trend, the PSI
versus pavement life relationship and the associated
unit vehicle operating costs are shown in Figure 6.
Because these costs are on a per vehicle basis, the
annual totals depend on observed automobile traffic
volume. For 1967 and 1981 annual automobile vehicle
operating costs were estimated for two levels of
automobile AADT:

AADT 14,000 AADT 95,000
$706,000 $4,788,000
$202,000 $1,368,000

1967
1981

All costs are in 1974 U.S. dollars.

Again, because DUs in 1981 were lower than in
1967, the vehicle operating costs for noncommercial
traffic are also lower. The important aspect to note
here is the relative magnitude of these values in
relation to truck vehicle operating costs. On roads
where automobile traffic is light, truck costs domi-
nate. However, on high automobile volume roads, vehi-
cle operating costs are considerably more pronounced
for automobiles than for trucks, especially in 1967
when pavement deterioration was more accelerated.
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TABLE 6 Vehicle Operating Cost by Gross Vehicle Weight and Truck Type
(1974 U.S. dollars)

Gross Unit Cost

Vehicle Type 1 Type 11 Type Iil

Weight $/Mi Vehicles Vehicles Vehicles

(kips) $/T-Mi +2.2406 (% 3S2) (% 383 UD6) (% UD8 UD9)

0-10 12.0 0.60 0 0 0

10-20 8.0 1.20 0.1 0.0 0.0
20-30 5.8 1.45 5.4 0.7 0.6
30-40 4.3 1.51 11.0 2.8 3.2
40-50 3.9 1.76 13.4 1.9 2.9
50-60 3.0 1.65 21.4 2.7 0.9
60-70 2.8 1.82 11.4 2.8 0.6
70-80 2.0 1.50 12.4 3.5 1.0
80-90 1.9 1.62 10.8 5.4 2.4
90-100 1.8 1.71 10.7 12.0 3.9

100+ 1.8 2.70 3.7 67.4 84.5

100.0 100.0 100.0

Note: Unit cost per variable: Type I = 2,10 ¢/T-M, Type II = 0,45, Type II1 = 0.15; total cost = 2.70

¢/T-M; and total cost= $2,873.04 per day.
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FIGURE 5 Vebhicle operating cost index for rural, free-flowing conditions,

after Haas and Hudson (7).

" AT PSI = 35
UNIT COST = 1l.1 ¢ /mi

AT PSI = 20
UNIT COST = 13.7¢/ ml

ASSUME LINEARITY

CURRENT 198!

REHABILITATION

/4

Annual pavement rehabilitation costs were esti-
mated for 1967 and 1981 on the basis of a unit cost
of $250,000 per lane-mile. For the 1l0-year rehabili-
tation cycle in 1967, the annual pavement deteriora-
tion cost was estimated at $14,000 per lane-mile.
Clearly, pavement rehabilitation costs are a small
component of truck and automobile operating costs
and can be ignored in a benefit-cost analysis. From
the point of view of economic viability, pavement
deterioration costs are simply not an issue in set-
ting effective axle load limits.

The results of these cost estimates are summarized

BASE LINE in Table 7. As expected, depending on the assumed
CURRENT 1967 automobile volume, annual costs in 1981 are from
10 1981 ASSUMEl $578,000 to $3,494,000 lower than in 1967. The shift
ol e DOUBLING DU'S in axle load limit from 18 to 20 kips per axle is
clearly a cost-effective strategy. Because pavement
deterioration is reduced in the latter year, every-

0. i | | (S ] one benefits from the higher limit.

4 8 12 18 20

YEARS

FIGURE 6 Automobile vehicle operating costs of various
serviceability levels.

As noted previously, it is unlikely that the truck
fleet changeover that took place between 1967 and
1981 would also occur in the period immediately fol-
lowing a change in axle load limit. In the absence
of technological advances, which give rise to a more
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TABLE 7 Annual Costs and Benefits of Changing Axle Limit

(thousands of 1974 U.S. dollars)

Automobiles

At $250,000 AADT

per Lane-Mile 14,000
1967 14 706
1981 9 202
Difference 5 504
1967 14 706
19812 39 806
Difference ~25 ~100

AADT Annual Net
95,000 Trucks Benefit
4,788 1,103

1,368 1,034

3,420 69 578 —» 3,494
4,788 1,103

5,472 1,034

-684 69 56 - 640

Note: Automobile vehicle operating costs tend to dominate cash flow when AADT is high.

I Assume doubling of damage units from 1967,

efficient use of vehicle capacity and reduced pave-
ment damage, loss in pavement serviceability would
obviously become more accelerated with a higher axle
load limit. Table 7 gives a summary of the various
annual cost components that would have occurred in
1981 if equivalent damage units had been doubled
over their 1967 values. This is reflected in a reha-
bilitation cycle of 5 years (Figure 6). For this
situation it would not be economically viable to
increase axle load limits. Savings in truck operat-
ing costs are exceeded by losses from higher pavement
rehabilitation costs and especially higher automobile
operating costs. Depending on the number of automo-
biles in the traffic stream, this annual loss varies
from $56,000 to $64,000 per lane-mile. Clearly the
shift to higher axle loads under these circumstances
would not be justified. Again the dominance of vehi-
cle operating costs in this analysis is evident.
This is especially true for automobile operating
costs at high traffic volumes. Despite accelerated
pavement deterioration under a 5-year rehabilitation
cycle, annual rehabilitation costs remain a small
component of the total costs and benefits to vehicle
operators.

CONCLUSIONS

Several issues should influence the direction of
future policies on axle load limits in Ontario:

1. Long-term changes in truck fleet composition
to more efficient axle load distributions may produce
conditions under which higher allowable axle loads
are economically justified. This situation may not
be realized in the short run. Thus it is important
that axle load limits be continually monitored to
reflect changing traffic conditions over time.

2. The relationship between axle load, tire
pressure, contact stresses, and pavement deteriora-
tion has to be considered in more detail. This rela-
tionship would determine the actual causes of the
observed damage to roads.

3. The availability of funds for extensive main-
tenance and rehabilitation programs has mitigated
against the adoption of higher axle load limits,
despite some obvious economic benefits of the strat-
egy. This is clearly a cash flow problem that is
likely to become more of a central concern as gov=
ernments are subjected to more severe financial
restrictions.

From the perspective of economic viability, the
proportion of noncommercial traffic in joint use of
the road system acts to curtail recommended increases
in axle load limits. Where noncommercial traffic is
appreciable, net increases in vehicle operating costs
from reduced pavement serviceability offset benefits
to the trucking industry from higher allowable axle
loads. Again this appears to be true only in the
short, run, where changes in truck fleet composition
are not likely to be a factor.
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Vehicle-Miles for a Freight Carrier with

Two Capacity Constraints

RANDOLPH W. HALL and CARLOS F. DAGANZO

ABSTRACT

The amount of freight that can be fit on a vehicle depends on the vehicle's

weight capacity and volume capacity.

In this paper mathematical equations are

developed for evaluating the impact of weight capacity and volume capacity on
total vehicle-miles. It is shown that the number of vehicle loads needed to
carry a large amount of material is minimized when all vehicles are filled to
the same capacity constraint. This is accomplished by mixing light items with
heavy items in vehicle loads. Following this policy can reduce the number of
vehicle loads and vehicle-miles. Under ideal circumstances, the reduction can
be as large as 50 percent. Simple equations are provided for estimating the
potential reduction in vehicle loads and vehicle-miles to be realized.

The cost of transporting a large quantity of items
from one location to another depends on the number
of vehicle loads required to carry the material and
the distance traveled per vehicle load. Decreasing
either the number of loads or the distance traveled
per load reduces total vehicle-miles (the total
distance traveled by all vehicles) and the cost of
transporting the material.

The number of vehicle loads depends on the quan-
tity of items that can be fit on a vehicle., Typi-
cally, this quantity is Jdetermined by dividing the
"capacity" of the vehicle by the "size" of each
item. However, vehicle capacity and item size can be
measured in more than one way. Most vehicles have
both a weight capacity and a volume capacity. The
vehicle 1is full when either capacity is reached.
Depending on the type of items carried, some vehi-
cles might be filled to the weight capacity, and
others might be filled to the volume capacity
(Figure 1).

In this paper equations are developed that readily
show how the number of vehicle loads depends on the
weight capacity and the volume capacity. These equa-
tions are used to prove that the number of vehicle
loads is minimized when all vehicles are filled to
the same capacity constraint (that is, all loads are
filled to the weight capacity, or all loads are
filled to the volume capacity). To minimize the

number of loads, items that have a low density
(pounds per cubic foot) must be mixed with items
that have a high density in vehicle loads (Figqure

2) . There are several ways to mix low-density with
high-density items in a vehicle load. If a supplier
produces both low-density and high-density items,
the different items can be loaded in the same vehicle
on the loading dock. Alternatively, if different
suppliers located in the same area produce low-den-
sity and high-density items, the different items can
be mixed by routing vehicles by both types of sup-
pliers. Low-density items can also be mixed with
high-density items at a transportation terminal.

It is also demonstrated that standard vehicle
routing methods do not minimize total vehicle-miles
when some locations produce (or receive) items that
have a low density and other locations produce (or
receive) items that have a high density. Equations
are provided to show when it is important to design

Plastic
“cubed out”

O @) O

Bolts
“weighted out’’

—
e

FIGURE 1 Light and heavy items shipped in
separate vehicles.

modified vehicle routes that result in all vehicles
being filled to the same capacity constraint.

Vehicle routing has been studied extensively
during the last 25 years (1-3). For example, the
vehicle routing problem (4) concerns routing a fleet
of vehicles from a single terminal to a number of
destinations so that travel distance is minimized
and vehicle capacity constraints are not violated.

Although the vehicle routing problem is neper
complete (5-7) and difficult to optimize, many
heuristics identify close to optimal solutions. For
example, simple heuristics for solving the closely
related traveling salesman problem, such as the
Clarke-Wright method (8) locate solutions within
about 7 percent of the optimal cost (9).
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FIGURE 2 Light and heavy items mixed in
vehicles.

Despite the many applications of this problem,
and the research invested in developing efficient
routing algorithms, many industries continue to route
vehicles manually. There are many reasons for this
including lack of data and inability of available
algorithms to account for all the important factors
that influence the cost of operating vehicles.

The existence of two vehicle capacities (weight
and volume) .is one factor that routing heuristics do
not normally consider (although computationally
impractical, a second capacity can be used in some
of the optimization algorithms). Most vehicle routing
heuristics group stops into routes according to
geographic proximity (Figure 3). Although this ap-

. Supplier producing
high density items

o Supplier producing
3 low density items
Destination

FIGURE 3 Possible vehicle routes when accounting for one
capacity constraint.

proach may minimize the vehicle-miles traveled per
load, it does not minimize the total number of loads
and total vehicle-miles. Vehicles may have to travel
"out of their way" to ensure that each load carries
a mixture of low-density and high-density items
(Figure 4).

Although this paper is written in the context of
vehicles picking up items from many different
origins, the results also apply to delivering items
to many destinations. The equations developed in the
first section can also be used to analyze transport-
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Supplier producing
high density items

Supplier producing
low density items

Destination

FIGURE 4 Possible vehicle routes when accounting for two
capacity constraints,

ing different types of items from a supplier or

transportation terminal.

NUMBER OF VEHICLE LOADS

Consider a region in which vehicles pick up different
items from many different locations. Items differ in
weight, volume, and production rate, where

Wi = weight of item i (pounds),

Vi = volume of item i (cubic feet),

total production rate of item i in the

region (items per week), and

d; = material density of item i (Wi/Vji,
pounds per cubic foot).

&l
(]

The quantity of material that can be loaded onto a
vehicle depends on the vehicle's weight capacity and
volume capacity, where

CW
oy

The weight and volume capacity are dictated by
vehicle design, risk of damage to cargo or to other
vehicles, and ability of the guideway (road or
tracks) to sustain the load. A weight capacity of
80,000 1lb and volume capacity of 4,200 ft® are
common for large trucks operating on U.S. highways.

Suppose initially that each vehicle carries only
one type of item. Then T, the minimum number of
vehicle loads per week required to transport a large
amount of material, is

vehicle's weight capacity (pounds) and
vehicle's volume capacity (cubic feet).

T =] F; max [(V;/Cy), (Wi/Cp)] (1)

Equation 1 is simplified by introducing the symbol d*
to represent the material density that simultaneously
fills the vehicle to both the weight capacity and
the volume capacity. That is,

d* = C,/Cy (2)

Also substituting W;j/d; for Vj, Equation 1 can
be rewritten as

T =] (FjWi/C,) max [(d*/dj), 1] 3)
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If the density of an item is less than d*, the load
reaches the volume capacity before the weight capac-
ity. Otherwise, the load reaches the weight capacity
first. The ratio d*/d; is an adjustment factor to
account for the actual weight of material that can
be fit onto the vehicle, taking into account both
the weight and volume capacities.

Equation 3 can be expressed as a function of a
few parameters that represent average item weights
and densities. First, let F be the total number of
items produced per week (the summation of Fj). Let
a "light" item be an item with a density less than
d* and a "heavy" item be an item with a density
greater than d*. Also let L be the set of light
items, H be the set of heavy items, and

p = proportion of items that are light
= | Fi/F
iel
Wy = average weight of the light items

I Fjwi/] Fy
iel iel

d; = average density of the light items
= 1 (Fywy) /L (Fyvy)
ieL iel

W, = average weight of the heavy items
I Fywi/] Fy
ieH ieH

Equation 3 can now be written as

T = (F/C,) [(W1pd*/d1) + W, (1-p)] (4)

Letting W be the average weight of all items [W =
Wi1p + W, (1-p)]1, Equation 4 becomes

T = (FW/C,) {1 + [Wyp(d*-d;)/Wdy]} (5)

Equation 5 can be reduced further by introducing two
new composite variables. Let

P = proportion of weight produced per week that is
composed of light items = Wyp/W and

r = ratio of the average material density of the
light items to 4* = dj/d4%.

The minimum number of vehicle loads required per
week can now be expressed as a function of just five
parameters:

T = (FW/C,) [1 + P(l-r)/r] (6)

P and r must both be less than one and greater than
zero. They must also satisfy the following in-
equality:

d = {W/[Vip + Vi (1-p)1} < W/Vip = (Wy/V]) (W/Wip)

for @ < d;/P. When 4 > 4%, d* < d < d1/P. In terms of
r and P,
P<r if 4 > a* (7)
If 4 < é8*, P and r are only constrained to be be-
tween zero and one.

Returning to Equation 6, the first term gives the
number of vehicle loads when accounting for the
weight capacity alone. The second term is an adjust-
ment factor that specifies the additional number of
loads when accounting for both weight capacity and
volume capacity. Notice that the adjustment factor
must always be greater than one, and that it in-
creases as the proportion of weight composed of light
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items (P) increases, and increases as the average
density of light items (rd*) decreases.

LOADS CONTAINING DIFFERENT ITEMS

Suppose now that vehicles carry different types of
items with different weights and densities. Then the
number of vehicle loads (T) is minimized when all
loads are filled to the same capacity constraint.
That is, all loads are filled to the weight capacity,
or all loads are filled to the volume capacity.

This statement can be proved by contradiction.
Suppose that one load contains light items and is
filled to the volume capacity and another load con-
tains heavy items and is filled to the weight capac-
ity. Then any arbitrary proportion of material can
be exchanged between the two loads without violating
a capacity constraint.

Let wjy, wyp, vy, and vy be the respective weights
and volumes of the light and heavy loads, where Wy <
CW' vy = Cyr Wy = qw, and v, < Cy. Let the circumflex
(") denote the weight or volume of a load after a
proportion (g) of material is exchanged between
loads. Then

wy = wi(l - q) + wyg vy = vi(l - q) + vyq

wy = wa(l - @) + wiq vy = va(l - Q) + viq (8)
which can alsc be written as

wp=wy - (wy-wp)(l-gq) <G

V1 =vi - (vi - vag < Cy

&2 =wy - (wy - w1)q < Cy

Vp=vi- (vl - v (l-q) <Gy (9)

Notice that exchanging any proportion (q) of mate-
rial between the two loads reduces the weight and
volume of both loads below the respective capacities.
Therefore, a necessary condition for minimizing T is
that all loads be filled to the same capacity con-
straint.

To minimize T it is not necessary that all loads
carry exactly the same mix of different items or
carry exactly the same weight and volume of mate-
rial. For example, if all loads are filled to the
volume capacity, it does not matter how much weight
of material is loaded onto each vehicle. Thus the
statement that all loads are filled to the same ca-
pacity constraint is both a necessary and a suf-
ficient condition for minimizing T.

SAVINGS FROM COMBINING DIFFERENT ITEMS IN VEHICLE
LOADS

Whenever 1light items (d; < d%*) are shipped in
separate vehicles than heavy items (41 > d*), as
is the case when vehicles contain only one type of
item, the number of loads is given by Equation 6.
Combining light with heavy items in vehicle 1loads
always results in decreased loads. Let T* denote the
number of loads when all vehicles are filled to the
same capacity constraint (that is, when T is mini-
mized). Then

m*

F{max [(V/Cy), (W/Cy)1}
(FW/C,) {max [(a*/d), 11} {10)

where V is average volume of all items and 4 is
average density of all items (W/V).
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The first term of Equation 10 gives the number of
loads when accounting for weight capacity alone, and
the second term is an adjustment factor that spec-
ifies the additional number of loads when account-
ing for both capacities. If d*/d is greater than
one, all vehicles are filled to the volume capacity
and the adjustment factor equals d*/d. Otherwise,
all vehicles are filled to the weight capacity and
the adjustment factor equals one. Therefore the ad-
justment factor is greater than or equal to one.

T/T* is the ratio of the number of loads when
light items are not mixed with heavy items to the
number of loads when light and heavy items are mixed,
and equals the ratio of Equation 10 to Equation 6:

1+ P(l-r)/c for 4 > d* (lla)
T/T* =

(a/d*)[1 + P(l-r)/r] otherwise (11b)
Equation 11 can be used to estimate quickly the
maximum reduction in vehicle loads from filling all
vehicles to the same capacity constraint.

Recall that P must be less than r when d/d* is

greater than one. Equation lla is maximized when P
equals r. Therefore substituting P for r in Equation
11a,
T/T* < 2 = P for 4 > a* (12)
As a function of P, T/T* approaches two as P ap-
proaches zero, and approaches one as P approaches
one. Figure 5 plots Equation 12 as a function of P
and plots Equation lla as a function of P and r. No-
tice that T/T* increases both when P increases and
when r decreases. Therefore, when d > d*, it is
most important to combine light and heavy items in
vehicle loads when a large proportion of the weight
produced per week is composed of light items, and
the average density of light items is much less than
a+,

o) | 1 | .y B J
0 0.2 0.4 0.6 0.8 1.0
Proportion of Weight Produced per Week

Composed of Light Items (P)

FIGURE 5 Ratio of loads per week without mixed
loads to loads per week with mixed loads.

Similar results occur when 4 < d*., T/T* also
ranges between one and two, depending on P, r, and
d. Tables 1 and 2 give sample data for Equation lla.
Five suppliers located in the same city produce 11
different parts. Parts are transported in 3,800-ft?,
70,000-1b capacity trucks. Hence, d* egquals 70,000/
3,800 = 18.42 1lb/ft’. The parts produced by Sup-
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TABLE 1 Example Part Data

Weight Volume  Production Rate
(1b) #t3) (parts/week)
Supplier<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>