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Performance Characteristics of Coal-Hauling

Trucks in Mountainous Terrain

RONALD W. ECK, ABISHAI POLUS, AND KAI-CHU TSOU

Objectives of the study were to analyze and evaluate speed characteristics of
coal trucks on two-lane mountain highways and to identify and quantify
traffic performance limitations related to heavy trucks. To accomplish these
objectives, spot speed data were collected an three coal-haul roads in West
Virginia and a simulation analysis was performed by using the geometric charac-
teristics of the same three sites as input. Upgrade and downgrade speed pro-
files were plotted for passenger cars and three classes of trucks. Truck speeds
were significantly lower than passenger-car speeds on upgrades. On down-
grades, the speed difference was not so pronounced and depended on whether
trucks used braking or lower gears to reduce speed. Although simulated truck
speeds showed good agreement with field data, simulated p ger-car sp
were uniformly higher than field speeds. This was attributed to the narrow
roadway and rough pavement condition of the study sites. Geometric delay
was significantly greater than traffic delay. Both types of delay were quanti-
fied for a variety of geometric anu flow conditions. Acceleration noise,
another traffic-flow parameter, was used as a measure of accident potential
and stability of flows. Acceleration noise increased as volume increased on
both upgrades and downgrades. Upgrade acceleration noise was greater than
downgrade noise. Several practical applications of the results and directions
for future research were presented.

The flow of traffic on mountain two-lane rural high-
ways is adversely affected by the nonuniform perfor-
mance capabilities of vehicles, These per formance
differences, particularly between loaded trucks and
passenger vehicles, are most pronounced on steep up-
grades and downgrades., The influence on flow is
twofold. First, the reduction of highway capacity
is significant on grades since, in effect, trucks
take up the space of a larger number of passenger
cars on grades than they do on level sections. Sec-
ond, because of poorer truck performance on grades,
there is increased likelihood for traffic instabil-
ities, accident potential, and delays. This becomes
even more noticeable with an increase in the propor-
tion of low-performance cars, which in turn in-
creases the variability both between and within
vehicle groups.

Most highways in West Virginia and throughout Ap-
palachia are narrow two-lane roads carrying signifi-
cant amounts of large coal-hauling trucks, which
cause the effects mentioned above. As coal assumes
a greater role as an energy source, local citizens,
planners, and engineers are devoting increased at-
tention to evaluating the impacts of the growing
number of coal trucks on the highway system. The
study described in this paper examined the impact of
coal trucks on traffic flow characteristics of
two-lane rural highways.

Two primary objectives, or stages, were estab-
lished for the study. The first objective was to
analyze and evaluate speed characteristics of coal
trucks on upgrades and downgrades and to compare the
findings with those from previous research, The
second objective was to identify and quantify other
traffic performance limitations caused by or related
to heavy trucks and to suggest possible measures to
reduce these adverse effects,

In order to accomplish the first objective, speed
data were collected on sections of three coal-haul
roads in West Virginia. For the second stage of the
research, a simulation analysis was performed, the
input for which was collected during the first stage.

PREVIOUS STUDIES

A few previous studies have been conducted on per-

formance limitations of coal or other heavy trucks
on grades, although these limitations are widely ac-
cepted. Upgrade performance is primarily influenced
by engine capabilities, specifically the ratio of
weight to horsepower. This is suggested by the Pol-
icy on Geometric Design of Rural Highways (1) of the
Amer ican Association of State Highway Officials
(AASHO), which presents some speed-distance curves
for upgrades based on an earlier flow study con-
ducted by Huff and Scrivner (2). The Arizona High-
way Department conducted another early study (3) on
congestion caused by trucks on mountainous uphill
grades. It was concluded that the total delay was
dependent on the topographical features of the indi-
vidual hill, the alignment, sight distance, roadway
width, and percentage of grade. Walton and Lee (4)
presented findings of a study in Texas where
speed-distance curves were developed for a range of
grade profiles; these were applicable to the evalua-
tion of the need for and design of climbing lanes
for trucks.

Downgrade performance is affected by a complexity
of components, which may include the length and
steepness of the grade as well as the previous and
the following grades, sight distance, and driver
skill and attitude. The AASHO guide (1) suggests
that, compared with level operation, heavy vehicles
on downgrades show an increase in speed for grades
up to about 5 percent and a decrease in speed for
grades of about 7 percent or steeper., A California
study (5) dealt with downhill speeds of heavy vehi-
cles; no distinction was made between loaded and
empty trucks. Analysis of field observations showed
a distinct difference in the behavior of trucks on
long downgrades as compared with that on shorter
downgrades. For long qgrades, trucks were observed
to slow down to a crawl and maintain that speed un-
til not far from the bottom of the grade. For
short, steep grades, truck speeds were slower near
the summit but increased uniformly down the grade.
A more recent study (6) analyzed speed character-
istics of heavy vehicles on downgrades. It was
found that loaded trucks reduce their speed consid-
erably at the beginning of a downgrade. The amount
of reduction was shown to be related to the length
and slope of the downgrade; the second variable con-
tributed exponentially to the increase in speed gra-

dient.
Some studies have developed simulation models to

study traffic flows. One such study on two-lane
mountain highways conducted by the Midwest Research
Institute (7) suggested a measure for rating grades
by analyzing truck performance on grades with a sim-
ulation technique. St. John and Kobett (8) im-
proved and adjusted the simulation model to dupli-
cate the characteristics of mixed (cars and trucks)
flows on grades. Botha and May (9) used this same
model to determine an optimum length and location of
a élimbing lane on a specific upgrade and to deter-
mine general gquidelines for the most cost-effective
location of climbing lanes when several upgrades are
considered. It was determined that the travel-time
benefit obtained from a climbing lane is most sensi-
tive to gradient.

St. John's detailed model was adopted for use in
the second stage of this study to examine the im-
pacts of coal trucks on flow on mountain two-lane
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Table 1. Characteristics of three study sites in Preston

Overall Peak-

e Average Trucks (%)
County, West Virginia. Site Site Slopea Length Hour _—
No. Location (%) (m) Volume T, T, T
1 WV-7, Cascade 5,10 866 380 55 33 30
2 WV-7, Kane’s Creek 6.41 970 280 4.8 6.1 25
3 WV-26, Kingwood 4.98 1150 250 32 69 1.6

AComputed as weighted (by length) average of individual subsection slopes on each grade.

Table 2. Truck characteristics used in study.

Manufacturers’
Suggested
Avg Weight-
Avg to-Horsepower Avg
Vehicle GVW Ratio Length
Type Description (kg) (kg/hp) (m)
Ty Single-unit truck, 21 000 95 10.7
three axles or less
T, Single-unit truck, 28 000 165 10.7
four axles
T, Trucks with five axles 36 000 170 16.7

or more, including semi-
trailer combinations

highway sections. The simulation model is described
in detail elsewhere (8).

DATA COLLECTION

By using a radar device, spot speed observations
were taken at flve points on each of three sections
of mountain roads in Preston County, West Virginia.
Characteristics of the three study sections are pre-
sented in Table 1; the truck types shown will be de-
scribed below, These three sites were selected to
be two-lane rural grades on a tangent section, where
the approach roadway was approximately level. This
was to permit study of traffic characteristics on
upgrades and downgrades where speed was not limited
by horizontal curvature. Other criteria in the se-
lection of sites were the presence of a significant
number of coal trucks, proximity to West Virginia
University, and close physical resemblance to one
another in terms of design speed, pavement width,
and shoulder width.

Since heavily loaded trucks have significantly
lower performance characteristics compared with emp-
ty trucks, they have the most severe impacts on
traffic flow both in the upgrade and downgrade di-
rections, For the purpose of this study, it was de-
cided to examine mainly the loaded trucks, although
compar 1sons were made with performance of other ve-
hicles, particularly passenger cars. The loaded
trucks were primarily hauling coal, although some
were carrying limestone and some were tank trucks
transporting petroleum products. All trucks were
classified according to number of axles, while the
average gross vehicle weight (GVW), ratio of weight
to horsepower, and average length were obtained from
the literature, since time and resource constraints
precluded fleld determination of these quantities,
A summary of truck characteristics is presented in
Table 2.

FIELD SPEED CHARACTERISTICS

The speed data collected were sorted by the three
truck types described above in addition to passenger
cars. Based on visual observations, it was con-
cluded that most of the fourand five-axle trucks
(types T, and T3) were coal-hauling vehicles
originating at coal mines near the study sites and

Figure 1. Field data collected at site 1, WV-7 near Cascade.
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destined for a power plant or rail-loading facility.
Fiqure 1 presents the mean spot speed profiles of
the four types of vehicles for site 1 for upgrade
and downgrade directions. At the foot of the grade
(station A) the mean speed of the passenger car (P)
was about 16.1 km/h higher than those of all three
classes of loaded trucks., There was no significant
difference between truck speeds at station A. Table
3 presents an analysis of speed differences for dif-
ferent vehicle types for the five stations at site
1. A continuous decrease in speeds was noted for
station C, from which a slight increase in speed was
noted, At station E, located at the top of the up-
grade, the relative speed difference remained the
same, although the single-unit four-axle trucks
(T3) had the lowest mean speed. T, speeds were
significantly lower than those of passenger vehicles
and five-axle trucks (T3), as shown in Table 3.
The four-axle trucks were found to have the lowest
speed at the top of the grade on all three sites.
The vast majority of these trucks were coal-bauling
trucks, and it is suspected that overloading was a
prime reason for their relatively poor performance.
Figure 1 also presents the mean speed profiles
for downgrade vehicles at site 1. For trucks, there
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Table 3. Comparison of mean speeds for different vehicle types on site 1 upgrade.

79

Station
A B G D E
Vehicle
Type t-Statistic Significance? t-Statistic Significance® t-Statistic Significance® t-Statistic  Significance? t-Statistic Significance?
PyvsT —4.867 + —4.085 + -5.927 + ~7.031 + --5.198 +
PyvT, -12315 + -13.010 + -11.821 + -9.882 + -11.037 +
Py vsTy -6.695 + —-4.268 + ~8.729 + -5.703 + -5.816 +
T, vsT, 0.900 - 0.445 - 1.866 + 0223 - 1.895 +
T, vs Ty 0.951 - 0.347 - 0.120 - 0.742 - 1.655 -

8The plus sign means significant at the 5 percent level; the minus sign means not significant at the 5 percent level.

Figure 2. CDF of upgrade and downgrade mean spot speeds at
selected points on site 2, WV-7, Kane's Creek.
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was relatively little acceleration proceeding down-
grade. By the time the steepest part of the grade
(station C) was reached, loaded-truck speeds were
only about 3.2 km/h greater than speeds at the top
of the grade. Passenger-car speeds, on the other
hand, increased until the grade steepened signifi-
cantly. Prior to entrance of the -10 percent sec-
tion, braking reduced vehicle speed slightly. At
the bottom, loaded-truck speeds were essentially
equal but about 11.3 km/h slower than those of pas-
senger cars, The widest variation between passen-
ger-car and loaded-truck speeds occurred at this
point., An analysis of speed differences similar to
the one performed for the upgrade direction found
that the differences between passenger cars and all
types of loaded trucks were significant at the 5
percent level. Differences between T, and the
other two loaded-truck types were not significant
for this downgrade or for sites 2 and 3,

Cumulative density functions (CDFs) of mean spot
speed for all three sites were examined. Figure 2
presents typical examples of the CDFs for site 2,
upgrade and downgrade directions, at stations A and
E. It can be seen that the cumulative distributions
followed the typical S-shaped curve. Slopes of the
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curves were very steep at the entrances to the

grades, which indicated uniform speeds within each
vehicle category. However, on the grades them-
selves, the curves were flatter, which indicated

more variable speeds as the grades affected vehicle
per formance.

The downgrade CDFs portrayed relatively low vari-
ability in speeds between truck types. At most ob-
servation stations, loaded-truck curves tracked one
another very closely., Passenger-car curves demon-
strated slightly higher speeds at all observation
stations. This is what one would expect intui-
tively; i.e., passenger cars are fastest, followed
by loaded trucks where drivers use both gears and
brakes on relatively long and steep downgrades.

SIMULATION SPEED RESULTS

For further evaluation of coal-truck performance and
impacts, a previously developed simulation model,
which has been documented (8) and tested in Kansas,
was used. However, it was necessary to check the
validity of the model when applied to the narrow
mountain roads of West Virginia.

A preliminary validity test had been conducted in
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a previous study in West Virginia (10). The study
determined that the model's space mean speeds close-
ly resemble actual space mean speeds, Fur ther
checks were made by using a sensitivity analysis, a
procedure in which the input data are altered to see
what effect they have on the results. Changing
model input data did in fact produce simulated traf-
fic situations that agreed with what would be ex-
pected intuitively. Since the model proved satis-
factory for further analysis, the previously col-
lected geometric and flow data were used as an input
to the simulation model. Output from the model con-
tained several prominent results. These results are
discussed in the next two sections of this paper.

Figure 3 presents a typical example of mean field
spot speeds versus mean simulation spot speeds as
obtained for site 3. Two striking features may be
observed. Simulation truck speeds and field truck
speeds tended to be relatively similar without any
major observable differences. This statement was
valid for the other sites as well. Field and simu-
lation performances of passenger cars, however, were
statistically different; the simulation results were
significantly higher. There are at least two pos—
sible reasons for the phenomenon, The study-site
roadways were narrow (about 2,7-m lanes with almost
no shoulders) and had rough surfaces (due to fre-
guent patching}. Both these factors could cause
passenger-car speeds to be reduced below those pre-
dicted by the simulation model.
speeds, since they were lower, were not so sensitive
to these adverse geometric conditions.

It is also possible that, due to downsizing, pas-
senger—car characteristics have changed since the
simulation model was written in the late 1970s. The
researchers observed a substantial number of
four-cylinder subcompact cars on the study sec-
tions. These vehicles would be expected to perform
more poorly than standard passenger cars on up-
grades. However, this does not explain the fact
that field speeds were lower than simulated speeds
on the downgrade.

The second noticeable feature was the reduction
in truck speeds versus the increase in passenger-car
speeds. This phenomenon was attributed to a long
horizontal curve located near the beginning of the
grade. When the upgrade was encountered, truck
speeds dropped off rapidly; loaded coal trucks
(T7) were most affected, since their speeds drop-
ped about 24 km/h. Passenger cars, however, dis-
played some acceleration ability, which in fact in-
creased the instability in terms of rear-end colli-
sion hazard between passenger vehicles and trucks.
Similar situations, in which a horizontal curve pre-
cedes a steep upgrade, may call for certain geomet-
ric measures such as provision of climbing lanes
that will attract trucks and reduce flow hazard and
friction between heavy vehicles and passenger cars.

Findings of simulated speeds versus field speeds
on downgrades for site 3 are also presented in Fig-
ure 3, Again, except for passenger vehicles, the
similarities between the simulation model and the
field data were noticeable. The reasoning here is
gimilar to that discussed above where the narrow
lanes and shoulders reduced passenger-car speeds
considerably.

However, truck

TRAVEL-TIME DELAY

When a passenger vehicle approaches a slower,
heavier vehicle on an upgrade, it may or may not en-—
counter some travel delay, depending on the geomet-
ric conditions and volume and speed of opposing
tratfic. When there is no opposing traffic in the
adjacent lane and when the geometrics of the site,
such as sight distance, are satisfactory, usually no
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Figure 3. Field versus simulated mean speed profiles for different vehicle types
at site 3, WV-26, Kingwood.
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Figure 4. Speed profiles of simulated passenger cars delayed on site-1 110
upgrade.
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Table 4. Geometric and travel-delay rates for site 1.

Avg Traffic Delay

Geometric Delay (s/km)

Direction (s/km)

of —_— Hourly All Passenger

Travel T, T, T3 Volume  Trucks Cars

Upgrade 47.0 55.9 59.3 150 10.6 3
200 12.0 8.2
250 1.7 9.9
300 1.0 12.0

Downgrade 1.1 0.3 0.1 150 2.8 2.2
200 3.9 1.6
250 2.1 2.2
300 27 2.8

reduction in speed and no delay are detected. If,
however, an opposing vehicle appears, the impeded
vehicle has to reduce its speed and continue to
trail the slower-moving trucks. The total time de-
lay rate in this study was defined as travel time
per kilometer distance, whereas speed was reduced
due to both roadway geometry and presence of other
traffic. Delay due to traffic was obtained by sub-
tracting geometric delay from total time delay.

The development and magnitude of this impedence
are presented in Figure 4, which is based on the
simulation model and demonstrates the sudden drop in
speeds of originally free-flowing passenger cars as
they encounter trucks on the upgrade and indicates
their travel at slow speed behind the trucks. (In
Figure 4, each curve represents a speed profile of
one passenger car.) Further quantification of the
delay data is presented in Table 4, where the geo-
metric and traffic components of the travel-time de-
lays are presented both for the upgrade and the
downgrade of site 1. The following conclusions can
be drawn: (a) the upgrade delay, due to both geom-
etry and traffic, is considerably higher than the
downgrade delay, regardless of traffic volume; (b)
passenger-car traffic delay increases proportionally
with volume; (c) passenger-car geometric delay is
essentially zero for this site both for the upgrade
and the downgrade; and (d) truck geometric delay is
significant for the upgrade (47-59 s/km); downgrade

8l

o Free Flow Speeds

& Reducing Speed for
Slow-Moving Truck

@ Delayed Speeds

100 200 300 400 500 600 700 800 900
DISTANCE (in meters, from bottom of grade)

geometric delay does not seem to be significant at
this site. Sites 2 and 3, however, present greater
downgrade geometry delay--about 18 and 22 s/km, re-
spectively. This 1is attributable to steep sub-
sections on each grade that caused trucks to gear
down to a crawl to preserve brakes on the grade.

ACCELERATION NOISE ON GRADES

The acceleration-noise concept has been used as a
measure of accident potential and stability of flows
and is defined (11) by the standard deviation of the
driver 's acceleration about the mean acceleration
over a given section of highway. The total acceler-
ation noise of a vehicle in traffic is a super-
position of its natural noise (the acceleration
noise at level section and very low traffic volume)
and its response to various geometric and flow con-
ditions. Table 5 presents the simulation £indings
of the acceleration noise for the three sites in
both the upgrade and the downgrade directions, As
would be expected, the acceleration noise generally
increased with volume. As the traffic volume in-
creased from 150 to 300 vph, the acceleration noise
increased by 22-56 percent for the upgrades; accel-
eration noise increased by 9-53 percent for the
downgrades, The influence of the volume increase
seemed to be less pronounced at site 1, where sec-
tion length was relatively short and the grade was
not too steep. For site 2, where the grade was the
longest and steepest, the volume increase generated
the most instability. Another noticeable conclusion
to be drawn is that the magnitude of the upgrade ac-
celeration noise was greater than the downgrade
noise, which means that the upgrade disturbances to
the stability of the flow were greater. One can
note, however, that some noise above the normal
level section noise was attributable to downgrades
as well, which has been found (1l1) to be on the or-
der of 0.04 n/s?2, This was especially noticeable
at sites 2 and 3, where trucks maintained crawl
speed over part of the downgrade.

CONCLUSIONS AND RECOMMENDATIONS

This study analyzed speed and flow characteristics



82

Transportation Research Record 869

Table 5. Acceleration noise for mixed vehicles for
different flow conditions on three study sites

Flow Rate (vph)

(simulated results). 200 250 300
Noise
Traffic (m/sz) at  Noise Percent Noise  Percent Noise Percent
Site Direction 150 vph  (m/s?) Increase? (m/s?) Increase® (m/s?) Increase®
| Upgrade 0.349 0.440 +25.8 0.386 +10.6 0.444 +27.2
Downgrade  0.133 0.132 -0.0 0.138 —4.1 0.145 +8.9
2 Upgrade 0.306 0.370 +20.8 0.610 +99.3 0.477 +55.8
Downgrade 0.134 0.435 +224.9 0.237 +76.6 0.204 +52.1
3 Upgrade 0.287 0.328 +14.2 0.345 +20.4 0.352 +22.6
Downgrade  0.211 0.235 +11.2 0311 +47.1 0.324 +53.5
aRelative to acceleration noise for 150 vph.
of heavy vehicles and passenger cars on three lower-per formance trucks on traffic flow. 1In addi-

two-lane mountain highway sites in West Virginia.
The study was based on analysis of gathered field
data as well as further evaluation of results ob-
tained by a simulation model calibrated with input
geometric and flow data obtained at the study
sites., Several conclusions drawn from this study
will be discussed below.

Heavy-truck speeds, such as those of coal trucks,
were significantly lower than passenger-car speeds
on upgrades. On downgrades, the difference between
heavy and light trucks was not so pronounced as on
upgrades. On downgrades with relatively steep sub-
sections, loaded trucks may reach crawl speed. Pas-
senger cars following such trucks can experience
significant delay.

Travel-time delay is composed of geometric delay
caused by sharp curvature, steep grades, and inade-
quate pavement width and traffic delay caused by
slow-moving vehicles where there are no opportuni-
ties to pass. The geometric delay on the West Vir-
ginia mountain roads studied was significantly
greater than the traffic delay. Traffic delay, how-
ever, was more significant for passenger cars than
for trucks. BAcceleration noise increased with vol-
ume increases on both upgrades and downgrades. The
upgrade noise was greater than the downgrade noise.

Although several of the conclusions cited above
are not new, the research results presented here are
significant because they quantify the impact of
trucks of the type used to haul coal on traffic flow
on two-lane mountain roads. Results should be of
particular interest to highway planners evaluating
the transportation effects of proposed mine open-
ings., However, the data have wider applicability
beyond coal transportation. For example, the infor-
mation could be used by highway engineers concerned
with evaluating alternative highway improvements
such as rerouting trucks, improved horizontal and
vertical geometry, or the addition of truck climbing
lanes.

Relative to truck climbing lanes, the research
results have shown that consideration for introduc-
tion of climbing lanes on upgrades should include
some additional factors beyond traffic volume and
steepness and length of grade. Such factors should
include the horizontal alignment, particularly the
presence of sharp horizontal curves at or next to
the bottom of the grade, and the sight distance.

Climbing-lane criteria have been based on ratios
of truck weight to horsepower of 400 to 1 and a
speed difference of 24 km/h. According to Weaver,
Wootan, and Woods (12), recent trends have consider-
ed weight/horsepower ratios of 275:1 since truck en-
gine sizes have been increased with little increase
in weight. However, such criteria probably will not
be applicable in the future as engine performance is
reduced to meet fuel constraints. Studies like the
one described in this paper may be used to provide
baseline data for analyzing the impact of these

tion to the compatibility problems between different
classes of vehicles, the data might be useful to ex-
amine problems created by performance limitations of
a class of vehicles, e.g., automobiles, as the pro-
portion of lower-performance subcompact cars in-
creases,

Results have also shown that the maintenance con-
ditions of rural highways, especially those that
contain a relatively large volume of heavy trucks,
can have a definite influence on traffic flow.
Maintenance is important, not only to preserve the
pavement from a structural standpoint but also to
maintain a smooth and uniform flow, especially for
passenger cars.

Another general area in which the research re-
sults may be applied and in which additional work is
needed concerns the implications of geometric design
on motor vehicle fuel consumption. There 1is a
growing concern nationwide in identifying geometric
design features and ways in which they can be al-
tered without adversely affecting safety or level of
service. For example, this study has indicated that
geometric features such as .insufficlent passing op-
portunities on two-lane rural highways, sharp hori-
zontal curves, or narrow roadways can cause speed
changes. These design features affect motor vehicle
fuel consumption, usually adversely, in the case of
unnecessary speed changes. By combining specific
vehicle fuel consumption data with geometric and
traffic flow information, engineers and planners
could estimate the energy impacts of different geo-
metric design alternatives. In this way, decision-
makers could give energy conservation as much or
greater consideration as safety and travel time in
the design and operation of the highway system.

A final recommendation for further research Iis
that additional field and simulation analyses be
made under a greater variety of geometric condi-
tions, particularly on longer and steeper grades,
More work is needed on the simulation model so that
it portrays the mountain highways of Appalachia bet-
ter. Development of prediction models for such mea-
sures as accident rates, instability potentials, or
delays based on geometric or volume characteristics
of existing or proposed highways would be appropri-
ate., In this regard, a previously mentioned study
(6) developed a model of mean approach speed gradi-
ent incorporating length and slope of downgrade.
The contribution of the average slope of the down-
grade was exponential in nature and its contribution
to average approach speed gradient was more signifi-
cant than that of length of the downgrade. Speed
gradients for the three downgrades examined in this
study were plotted on a graphical presentation of
the equation (not shown here). The points fit the
previously developed model very well. Such good
agreement suggests that further study of longer and
steeper grades would be worthwhile.
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