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Executive Summary

Rollovers are among the most serious crashes of cargo tank motor vehicles carrying hazardous
materials. They are more likely to be fatal to the driver of the vehicle than other crashes, and
they can cause spills and necessitate highway closures. The Federal Motor Carrier Safety
Administration (FMCSA) has identified the need to study cargo tanks, from design through
operation, to improve their roll stability.

The objective of this program was to evaluate four complementary approaches to reducing the
incidence of cargo tank truck rollovers: improving the training of drivers, deploying electronic
stability aids, implementing new vehicle designs, and learning lessons from highway designs.
The benefits, in terms of reduced numbers of rollover crashes, that could accrue from each
approach, have been estimated, along with the costs of achieving those benefits. All four
approaches are expected to be cost beneficial.

Ultimate responsibility for the safety of the vehicle rests with the driver. The driver must be
aware of the situations that can lead to rollover and have the skills and vigilance to prevent those
situations from developing. Drowsiness and inattention together contribute to 1 in 5 cargo tank
rollovers, so adherence to viable and legal schedules of work and rest is essential. Modern,
motion-base simulators can help new drivers acquire skills more quickly and without consuming
fuel, so simulators can pay for themselves through reduced training costs alone, for those carriers
large enough to afford them. Electronic stability aids automatically slow a vehicle when it starts
to round a corner too fast. Excessive cornering speed accounts for about 1 in 5 cargo tank
rollovers, and these devices can be quite effective in what they do while adding only marginally
to the cost of a tractor or trailer. Vehicles with more stable designs are available on the market
today. Lowering the trailer’s center of gravity by only three inches can reduce rollover incidence
by more than 10 percent. However, these trailers have been slow to gain market share because
they have a cost premium and their benefit is not widely appreciated. Improvements in highway
geometry, surface, or signage, of course, have to be considered at individual sites.

Crash Statistics

Statisticians examined four crash databases to identify the conditions and circumstances that are
present when cargo tank motor vehicles roll over. The databases were

Motor Carrier Management Information System (MCMIS),
Large Truck Crash Causation Study (LTCCS),

Trucks Involved in Fatal Accidents (TIFA), and

General Estimates System (GES).

The data from MCMIS was a subset of hazardous materials that was enhanced with additional
information during a previous study for the FMCSA. The final LTCCS data set was not
available at the time of this task, so a draft data set was used. TIFA, of course, is limited to fatal
accidents, and rollovers were well represented in the data. GES was the only one of the four
databases not specifically limited to large trucks. Agreement between the databases was quite



good for the most part. Exact agreement between the databases was not expected because they
are distinct databases with their own reporting procedures.

The focus of the search was crashes of a cargo tank truck transporting a hazardous material
where there was a rollover. In some cases, rollover crashes were analyzed alongside all crashes
so that the characteristics of the two could be compared. Both single-unit trucks and
combination-unit trucks were studied in the statistical analysis, though the remainder of the
project focused on trailers or combination vehicles. The study included crashes where an
untripped rollover was the primary event as well as crashes where a rollover was a secondary
event following another event. The queries of TIFA and LTCCS sorted the cargo tank body
type, but they were not limited to hazardous materials.

Table ES-1 indicates the configurations of cargo tank vehicles in rollover crashes in the three
large databases. Approximately 60 percent of the rollovers were tractor-semitrailer
combinations. Combinations were a slightly higher fraction of the fatal crashes (i.e. in the TIFA
database). Table ES-1 is a combination of Tables 2-12, 2-13, and 2-14 of the main text.

Table ES - 1 Most of the Cargo Tank Vehicles that Roll Over are Tractor-semitrailer Combinations

MCMIS GES TIFA
Total Percent of Percent of Total Percent of
Vehicle Configuration | Rollovers | Rollovers Rollovers | Rollovers | Rollovers
Tractor, 174 59.8% 55.6%
One Trailer
Tract 371 77%
ractor, 7 2.4% 3.9%
Two Trailers
Straight Truck, 90 30.9% 39.7%
No Trailer
Straight Truck 111 23%
raight. ruck, 15 5.2% 0.2%
One Trailer
Other or Unknown 5 1.7% 0.7% 0 0%
Total 291 100.0% 100.0% 482 100%

(The MCMIS and GES numbers are for one-year periods. The TIFA totals are for six years.)

The data confirmed many expectations, but a few of the factors were not as strong as might

have been expected. The portion of rollovers that occur on freeways (approximately 15 to

20 percent), though substantial, is not the largest share. Only about 7 percent of cargo tank
rollovers occur on entrance or exit ramps. A driver error of one kind or another (e.g., decision or
performance error) figures in about 3/4 of cargo tank rollovers. Inattention and distraction
account for about 15 percent. Evasive maneuvers were a factor in 5 to 10 percent of rollovers.
Pavement is dry in 85 to 90 percent of rollovers.

Tables ES-2 and ES-3 summarize the most important information about where rollovers occur
and the circumstances surrounding them. Table ES-1 indicates the locations of cargo tank
rollovers. The numbers come from the MCMIS database, summarizing the data in Tables 2-38
and A-34.

Cargo Tank Roll Stability Study xiii Final Report: April 30, 2007



Table ES - 2 Most Rollovers Occur on Undivided Highways

Total Percent of All
Location of Accident Rollovers Rollovers

Close to Interchange 11 4.6%
Not at Interchange 45 19.0%
On or Off Ramp 17 7.2%
Total Divided Highway 74 31.2%
Close to Intersection 82 34.6%
Not at Intersection 81 34.2%
Not on Roadway 0 0%
Railroad Grade Crossing 0 0%
Total Undivided Highway 163 68.8%
Total 237 100.0%

Table ES-3 is a summary of Table 2-8 in the main text. It is taken from GES. Roadway
departures accompany more than half of all cargo tank rollovers. Separate studies on roadway
departures have implicated drowsiness, inattention, and speed as causes for roadway departures
of heavy vehicles.

The annual number of cargo tank rollovers nationwide, averaged from the GES data over the
years studied, is 1,265. The report itself and the appendixes contain complete tables and more
fully nuanced interpretation.

Table ES - 3 Rollovers Occur on their Own or Along
with Another Kind of Crash

Total Percent of
Kind of Crash Rollovers Rollovers
Untripped rollover 65 5.1%
SV_RD . 113 8.9%
with untripped rollover
SV_RD . 599 47.4%
with tripped rollover
Lane Change Merge 5 0.4%
Rear End 12 0.9%
Other 471 37.2%
Total 1265 100%

SVRD means “Single Vehicle Roadway Departure.”
This kind of crash is also called “run off road.”
An “untripped” rollover results from rounding a corner too fast.
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Driver Training

Modern motion-base simulators can deliver better training for some tasks than actual driving
because of their ability to simulate dangerous situations without actually posing a danger. The
disadvantage of simulators is that they are quite expensive, and there is no demonstrated business
model for incorporating them in training for drivers of smaller carriers.

The tasks required to safely operate a tanker are essentially the same as those to operate another
heavy vehicle, but they must be mastered to a greater proficiency. Several medium and large
carriers, who are early adopters, are currently using fixed-base and motion-base simulators to
train new drivers the skills, including rollover prevention skills, for driving tractors hauling dry
freight. Their experience has been that training that includes simulator time is both faster and
more thorough than conventional training. An initial step to improving the training for cargo
tank drivers would be to provide simulator training for tank drivers. EXisting simulators can vary
the properties of the trailer, so the next step would be to tailor the dynamics of the simulators to
model various cargo tanks. This should include at least the center of gravity height and roll
inertia of tanks, but input from experienced tank trainers would be needed to ensure that enough
effects were captured to produce proper fidelity.

Because the crash statistics disproved some common assumptions about the causes of rollovers,
it is important to tell drivers what the true causes are. Certainly drivers of top-heavy cargo tank
vehicles need to appreciate the consequences of taking a freeway ramp too fast, but they need to
realize that running off the road due to inattention is a leading cause of serious crashes as well.
Dispatchers and drivers alike need to understand the benefits of good communication, proper
route selection, and practical scheduling.

Electronic Stability Aids

Technologies to help the driver maintain stable control of the vehicle have been on the North
American market for about five years. They have gained such wide acceptance that they are now
standard on some models. Conceptually, these technologies slow the vehicle when the vehicle is
in danger of rolling over due to excess speed. Roll stability aids are incorporated into the
existing braking equipment on heavy vehicles, so their costs are low. They add several hundred
to a thousand dollars to the price of a tractor or trailer and require only minimal additional
training of drivers or mechanics.

These systems can be quite effective, but marketing literature is correct when it points out that
the devices cannot prevent all rollovers. Both computer simulations and test track maneuvers
have shown that some situations develop so suddenly that even the automatic braking cannot
prevent a rollover. More importantly, crash statistics are clear that excessive speed is a factor in
only about half of all rollovers. When a rollover results from a vehicle drifting off the road,
these aids are not useful. Electronic stability aids are certainly an important part of an overall
rollover prevention program, but they are only a part.

Stability aids can track the time and location of events when they are activated. This information
can be useful for the continuing education of drivers, alerting them to instances where they
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approached a rollover condition but did not roll over. Some carriers are already incorporating
the information in a formal feedback program.

Roll stability aids that are mounted on tractors can be combined with additional features that
provide yaw (steering) stability as well. The most important benefit of these fuller stability
systems is that they can prevent a tractor from oversteering, which is a jackknife. The yaw
stability aids can be effective in any conditions, but their greatest benefit is when the road
surface is slippery, due to water or snow. On the other hand, the kinds of rollover where the
electronic stability aids are effective, i.e., driving too fast in a curve, are most likely to occur
when pavement is dry and friction is good. Because the topic of this study was rollovers, it
concentrated on the function and benefits of only the roll stability aids and not the yaw stability
function.

Cargo Tank Design

The three other approaches evaluated in this program can be quite effective in eliminating
rollovers in a variety of situations, but the only way to address rollovers from all scenarios is
through improvements in the stability of the vehicle itself. Some cargo tank trailer
manufacturers already offer products with a slightly lowered center of gravity for a small
premium in cost. The economic analysis in this study has shown that such improvements are
cost beneficial.

Substantial reductions in the height of a tank have been studied by some manufacturers. One
carrier of cryogenic liquids has decided to adopt a new trailer design that is more stable than its
previous trailers. In another case, a manufacturer began a project to substantially lower the tanks
in its DOT 406 trailers. Not only was the height of existing load racks an impediment to the
lowered fittings, but the amount that drivers would have to bend over to make the connections
was another practical obstacle that would not be easily overcome. This example illustrates
perhaps the largest reason that improved vehicle designs have not to date appeared to improve
roll stability: the tremendous segmentation of the cargo tank vehicle market. DOT 406 trailers
represent a large, somewhat uniform market, but the diversity of other cargoes and the requisite
vehicle configurations means that each vehicle model is its own design problem with an
associated capital cost.

The legal restriction posing the greatest impediment to improved vehicle stability is the
requirement that trailers be at most 96 inches wide off arterials. New van trailers are almost
exclusively 102 inches wide, and some cargo tank trailers are wider as well. To be sure, carriers
who deliver to service stations in tight urban areas cannot use wider trailers, but many can, and
permitting others to do so would increase vehicle stability at very little cost in capital expense or
weight.

Table ES-4 summarizes the analysis of the proposed improvements to cargo tank vehicle design.
It lists a “nominal” case, which is a typical modern DOT 406 trailer. Three proposed
improvements, a modest and an aggressive lowering of the center of gravity and a widening of
the axles, are listed below the nominal case. The first two columns list the features that identify
the design modifications. The next column is the expected reduction in the number of rollovers,
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which was estimated through computer simulation and comparison to historical crash statistics as
outlined in Section 5.4 of the main text. The final column is the estimated cost premium for each
improvement, which was provided by manufacturers.

Table ES - 4 Characteristics of the Nominal and Three Improved Semitrailer Designs

Reduction in Cost Premium
Height of the Loaded Annual Rollovers, (from
Trailer's Center of Track Width, Compared to the Manufacturer
Case Gravity, in. in. Nominal Case Interviews)
Nominal 78.9 96 -- --
Lower CG 75.9 (nominal - 3) 96 12% $1500 to $4000
, 102 o
Wider Track 78.9 (nominal + 6) 17% $150 to $800
Aggressive 70.9 (nominal - 8) 96 30% About $12,000
Improvement

Highway Design

The analysis of rollover improvements through infrastructure was limited to a few locations
where a relatively high incidence of rollover was observed and geometric information could be
obtained. A high incidence of rollovers in Wyoming was observed at locations that are subject
to high winds or where mountainous terrain made steep grades and sharp curves unavoidable.
The Wyoming Department of Transportation is addressing the rollovers by providing
information to truckers through various means, including new Intelligent Transportation System
(ITS) technologies. The treatments are expected to be cost beneficial. The benefit-cost analysis
cannot be compared to the others from this project because the mitigation efforts are specific to
individual locations and the benefits are spread across all heavy vehicles, not just cargo tanks.

Benefit-cost Analysis

The benefit-cost analysis was performed from the societal viewpoint. Separate analyses were
conducted for potential reductions in cargo tank rollovers arising from improved driver training,
electronic stability aids, and vehicle design. Highway design, with each location being a
separate situation, was not analyzed. The analyses were conducted in a parallel fashion and, to
the extent possible, under a common set of assumptions. Net discounted costs and benefits were
computed over a 20-year time frame. Under the assumptions in the analysis, all of the proposed
approaches to reducing rollovers, except one, were cost beneficial. The substantial reduction in
the height of a semitrailer, though expected to prevent a number of rollovers, fell short of being
economical, due to its high cost. The modest reduction in the height of semitrailers was
economical.

Table ES-5 lists the estimated net benefits and the benefit-cost ratio for the electronic stability
aids and the three improvements in vehicle design. The net benefits are the total estimated costs
over the 20-year time frame, minus the total estimated costs. Even though widening the track
has a higher benefit-cost ratio than the electronic stability aids, it has lower net benefits. This is
because the analysis applied electronic stability aids to all cargo tank semitrailers carrying a
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hazardous material but the vehicle design improvements were applied only to some DOT 406
semitrailers. An advantage of the electronic stability aids is that they can be applied with only
modest engineering effort to any vehicle, whereas the vehicle design improvements require a
separate engineering analysis for every different trailer. Driver training and highway design are
not listed in this table because they were treated differently. Table ES-5 is a summary of

Table 7-21 of the main text.

Table ES - 5 Comparison of Benefits and Costs

Semitrailer Net Benefits Benefit Cost
Approach Population (millions) Ratio
Electronic Stability Aids Cargo tank HM $51 2.2
Tanker Design
Lower CG DOT 406 $21 1.7
Wider Track DOT 406 $35 18.9
Aggressive Improvement DOT 406 -$56 0.71

Performing Organizations

The prime contractor for this work was Battelle. Subcontractors were The University of
Michigan Transportation Research Institute (UMTRI) and General Dynamics Information
Technology.

Battelle had primary responsibility for the project, including integrating the work of the
subcontractors. Battelle was responsible for the benefit-cost analysis, the assessment of
electronic stability aids, and the majority of the work on crash statistics. Battelle contributed to
the driver safety work and the benefits assessment of the vehicle designs. UMTRI had primary
responsibility for the vehicle design and highway design portions of the project, and made
substantial contributions to the crash statistics work. General Dynamics Information Technology
had primary responsibility for the driver training review.
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1.0 Introduction

In investigating ways to improve the rollover stability of cargo tanks, the Federal Motor Carrier
Safety Administration (FMCSA) identified the need to study cargo tanks from their design
through their operation.

Rollovers occur in more than two-thirds of the serious single-vehicle crashes of cargo tank motor
vehicles. Cargo tank trucks account for only 15 percent of all fatal crashes involving heavy
trucks, yet cargo tank rollovers account for 31 percent of the heavy vehicle rollover fatal crashes.
Improving the rollover performance of cargo tank motor vehicles offers significant benefits to
society in terms of lives saved, environmental damage avoided, and improved traffic flow.

The purpose of this research was to identify and evaluate four broad approaches to decreasing
the number of cargo tank rollovers. They are

e Driver training. Some carriers have experienced significant improvement in the safety of
new drivers through improved training, including simulators. The potential benefits in
rollover prevention are discussed.

e Electronic stability aids. Devices that automatically apply the truck’s brakes when a
rollover is imminent can prevent rollovers that occur due to certain kinds of driver errors.

e Improvements in design of the vehicle itself. By improving the basic stability of the
vehicle, rollovers arising from potentially any cause can be avoided.

e Improvements in highway design. The experience of a state department of transportation
in handling locations known to have high rollover incidence is discussed.

This report presents the results of a research program that has identified specific improvements
to be made within each of the four broad areas and evaluated their potential economic benefits to
society. The four approaches are discussed separately, and their economic benefits are evaluated
side by side.

FMCSA anticipates that solutions may come from regulations, outreach, operational changes,
and deployment of technology. The study has identified some of the obstacles to implementing
solutions, but actually developing plans or business cases is beyond the scope of this project.

To the extent possible, the scope for the discussion in this report was cargo tank motor vehicles
carrying a hazardous material. In the cases of driver training and electronic stability aids, the
economic benefits calculation included only cargo tank combination vehicles carrying a
hazardous material, to be parallel with the other analyses, but this was done with the realization
that the principles apply to other trucks as well. The vehicle design discussion generally applies
to all cargo tanks, but the economic analysis concentrated on petroleum semitrailers (DOT 406),
which is the largest uniform segment of the market. Any improvements to the infrastructure
benefit all vehicles. Table 1-1 summarizes the scope for each analysis.
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Table 1 -1 The Discussion in this Report Focused on Cargo Tank Vehicles Carrying a Hazardous Material.
This Table Shows the Scope of the Quantitative Analysis.

Section Vehicles Included in the Analysis

2 Crash Statistics Primarily cargo tanks. See Table 2-1.

Cargo tank semitrailers carrying a hazardous material (specifically, the

3 Driver Training excess of crashes experienced by drivers under age 35)

Cargo tank semitrailers carrying a hazardous material (further limited to
rollovers due to cornering at an excessive speed)

5 Vehicle Design DOT 406 semitrailers
6 Highway Design All heavy vehicles

4 Electronic Stability Aids

A heavy truck rolls over when the sideways forces are too great. The vertical forces on the
tires tend to resist the rolling over. The lateral (sideways) force on the center can come from a
high-speed curve or from gravity if one side of the truck has dropped off the pavement. The
lateral forces on the tires can come from cornering at to high a speed. If a truck rolls over for
this reason, the crash is called an “untripped” rollover. Or, the lateral forces on the tire can come
from striking a curb or another fixed object. Rollovers that result from striking a fixed object or
uneven ground are said to be “tripped.” The arrows in Figure 1-1 illustrate the force pulling on
the center of gravity and the tire forces. The propensity of a vehicle to roll over depends on the
height of its center of gravity, its track width (the left-to-right distance between the tires), and
the lateral force on the tractor, which ordinarily comes from cornering. In its simplest form, the
rollover threshold is the ratio of the half track width to the height of the center of gravity.

The actual threshold is lower than this theoretical maximum because of a number of other
factors, many of which are related to the suspension. Notably, when the trailer begins to lean,
the tires on the lower side compress, allowing the trailer to lean even more. This process is
revisited in Section 5.1 of this report. The roll stability of heavy vehicles is discussed quite
thoroughly in Chapters 2, 3, and 4 of Winkler et al. [2000].
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Figure 1 - 1 Roll Plane Forces Acting on a Tank Trailer
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2.0 Crash Statistics

2.1 Introduction

By identifying the conditions and circumstances most commonly present when a heavy vehicle
rolls over, crash statistics provide guidance on what kinds of treatments are likely to be
beneficial. The statistics in this section form part of the basis of the benefit-cost analysis in
Section 7.

This section contains tables with the most prominent findings and accompanying discussion.
The appendices have many more tables, with more numerical details.

2.1.1 Databases

Four crash databases were searched for this analysis:

Motor Carrier Management Information System (MCMIS),
Large Truck Crash Causation Study (LTCCS),

Trucks Involved in Fatal Accidents (TIFA) and the
General Estimates System (GES).

The MCMIS data analyzed consist of data that were sampled, enhanced, and analyzed for the
second phase of FMCSA’s Hazardous Materials Serious Crash Analysis (HMSCA) project
[Battelle, 2005]. The MCMIS data referenced in this report represent a further analysis of the
data from that study.

The national traffic safety databases all contain descriptive data primarily collected from police
accident reports. FMCSA’s MCMIS includes a limited amount of descriptive data on all trucks
and buses involved in serious accidents and are submitted to FMCSA by the States. The LTCCS
was a two-year study involving field investigations promptly after crashes occurred. It
supplements the ongoing safety databases but includes more emphasis on pre-crash factors.
NHTSA'’s Fatality Analysis Reporting System (FARS), which was not used directly in this
study, includes descriptive data on vehicles, drivers, roadways, and environmental conditions.
The TIFA database from UMTRI supplements FARS data with additional data from interviews
with involved parties. The National Highway Traffic Safety Administration (NHTSA) GES is a
nationally representative sample of all police-reported fatal, injury, and property-damage-only
crashes.

Summary information about how the four databases were queried for this project is provided in
Table 2-1. The number of records of data describing individual crashes available in each of the
databases is provided in the second column. These are important numbers to consider when
contemplating the uncertainty associated with percentages calculated based on these data. Two
sets of data from LTCCS were analyzed in this study. The first set consisted of all rollovers of
all cargo body type trucks; the second, of tank cargo body type only. The analysis of all cargo
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body type rollover factors was performed because the number of tank cargo body type rollovers
was so small (89).

Table 2 - 1 Summary Information on Four Crash Databases

Number of | Time Database
Database Records Period | Crash Type Subsetting for this Analysis
The serious incident study [Battelle, 2005] was
Serious limited to crashes with hazardous materials.
MCMIS 1,261 2002 Data reported below are further limited to cargo
Crashes
tank crashes. Rollovers are reported separately
in most tables.
1,241
LTCCS: Trucks in (Rollovers are reported separately in most
All 1,070 ) tables.)
Crashes 2001- Fatality or
2002 Injury
LTCCS:
Cargo 89 Cargo Tanl_< body type (rollovers are reported
Tank separately in most tables.)
TIEA 1837 1999- Fatal Cargo tanks (vans are reported in some tables;
' 2003 Crashes rollovers are reported separately in most tables.)
Police- Cargo tanks that rolled over. (Tables show
2000- percentages for all cargo tank rollovers, whether
GES 197 Reported .
2004 hazmat or not. Hazmats are discussed
Crashes o ;
specifically following Table 2-8.)

A motor vehicle rollover can be “tripped” or “untripped.” In a tripped rollover, a fixed object
helped start the roll by imparting a roll moment to the vehicle. The vehicle may have struck a
curb or rolled down an embankment. An untripped rollover occurs when a vehicle rolls over on
reasonably smooth pavement without striking an object. The reason for untripped rollovers is
often, but not always, taking a curve too fast. The focus of this project is all cargo tank rollovers,
both tripped or untripped. The goal is to reduce the number of rollovers that occur for any
reason. Some countermeasures, notably those that automatically apply the brakes as a truck
enters a curve too fast, are expected to have a greater influence on the untripped variety.
Approximately 10 to 15 percent of cargo tank rollovers are untripped (Tables 2-8, A-8, and A-9).

2.1.1.1 MCMIS Database: The Hazardous Materials Serious Crash Analysis Database

This database uses 2002 data from the MCMIS that was sampled, enhanced and analyzed for the
second phase of FMCSA'’s Hazardous Materials Serious Crash Analysis, project [Battelle, 2005].
(All MCMIS data analyzed for this report were first sorted for that project. All references to
MCMIS data in this report pertain to data that were queried and weighted for that project,
according to the process described below.) MCMIS includes only serious crashes, defined as
those that result in: a fatality, an injury requiring transport to a facility for immediate medical
attention, or at least one vehicle towed from the scene as a result of vehicle-disabling crash
damages.
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e Of the approximately 105,000 serious crashes reported in MCMIS for 2002, identified
approximately 2,100 MCMIS crash records involving hazardous materials and initially
sampled 1,000 crashes for analysis and supplemental data collection to add to a
HAZMAT Accident Database.

e Added an additional 260 crashes to the sample to compensate for the non-HM crashes
discovered among the 1,000 originally selected. This brought the number of HM
vehicles to be analyzed back up to nearly 1,000 cases. For the 1,260 selected crashes, the
fields unique to the HAZMAT Accidents Database were populated for all the vehicles
that were carrying hazmat. Data were entered for 966 hazmat crashes that involved 970
hazmat vehicles. Since some of these vehicles carried multiple types of hazardous
material, over 1,000 hazardous material records were associated with these 970 vehicles.

e Identified approximately 100 crashes that were also reported to the Hazardous Materials
Information System (HMIS) database maintained by the Pipeline and Hazardous
Materials Safety Administration (PHMSA) and electronically transferred the data into the
HAZMAT Accidents Database.

e Validated and supplemented the data for the 966 crashes by using information on Police
Accident Reports and by corresponding with the involved carriers using telephone calls,
faxes, and e-mails.

Bias was introduced to the sample by intentional oversampling, and it was removed by weighting
factors. The most frequent hazardous material crashes involved Classes 2, 3, 8, and 9. While the
goal was to develop more detail for 1,000 crashes, there was also a desire to obtain as much
information as possible for crashes involving shipments of the less-commonly shipped materials
in Classes 1, 4, 5, 6, and 7. Therefore, all the crashes in 2002 associated with these rarer classes
were included in the sample. The decision was also made to include all crashes for which
complementary records could be identified in the HMIS database. The distribution of crashes by
hazard class will over-represent the rare classes and under-represent the more-commonly shipped
classes. To remove this bias, weighting factors were used for each class of hazardous material
based on the initial assignment of classes from the MCMIS crash file. The weighting factors that
were developed are shown in Table 2-2.

To estimate the number of serious crashes involving cargo tanks for this report, the HAZMAT
Accident Database was queried to identify all crashes involving cargo tanks. These crashes were
then weighted using the factors shown in Table 2-2. This resulted in an estimate of 1,261 annual
serious cargo tank crashes. Of these crashes, 291 or about 23 percent resulted in rollovers.
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Table 2 - 2 Weighting Factors Used to Remove the Sampling Bias
from the MCMIS Analysis

HM Class Vehicle Weighting Factors
1.021
1.773
21 1.813
2.2 2.000
23 1.000
3 1.771
4 1.000
5 1.000
6 1.000
7 1.000
8 2.175
9 1.738
Unknown 1.776
HMIS 1.039

For this analysis, the Battelle team examined a number of factors related to rollover in order to
identify insights into the causes of crashes where a rollover occurs. The tank truck categories
carrying hazmat examined in the analysis include straight trucks and semitrailers.

2.1.1.2 Large Truck Crash Causation Study (LTCCS) Database

The FMCSA and NHTSA established a team to study a set of large truck crashes immediately
after they occurred. The LTCCS identifies factors that contributed to truck crashes. Large
amounts of data were collected by a special team from post-crash field inspections of crash
vehicles and interviews with drivers. Data were also developed from interviews with key
participants and investigations by police. The LTCCS collected data on crashes that occurred
within 24 pre-defined areas in 17 States.

A representative sample of large-truck crashes was investigated during 2001 to 2003. Each crash
involved at least one fatality or injury. The sample included 967 crashes, which included 1,127
large trucks and 959 non-truck motor vehicles. For this Rollover Project, the team used an early
draft database because the final database was not available for general research use in May 2006.
The draft includes 1,241 large trucks (All Trucks) and of these, 89 are cargo tank vehicles (Cargo
Tank Only).
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2.1.1.3 TIFA

The TIFA crash data file is produced by the Center for National Truck and Bus Statistics at
UMTRI. The TIFA file is a survey of all medium and heavy trucks (gross vehicle weight rating,
or GVWR > 10,000 Ibs) involved in a fatal crash in the United States. Candidate truck cases are
extracted from the NHTSA FARS file, which is a census of all traffic accidents involving a
fatality in the United States. To collect data for the TIFA survey, police accident reports are
acquired for each crash, and UMTRI researchers contact drivers, owners, operators, and other
knowledgeable parties about each truck. The TIFA survey collects a detailed description of each
truck involved, as well as data on the truck operator and a variable on the truck’s role in the
crash. Survey data include the physical configuration of the truck, such as the GVWR, weights
and lengths of each unit, cargo body style, type of cargo (including hazardous materials), and
cargo spillage. Motor carrier data include carrier type (private or for-hire) and area of operation
(interstate or intrastate). The analysis file constructed from this data includes all variables from
the FARS file, which captures the crash environment and all other vehicles and persons involved
in the crash.

The TIFA survey project has operated continuously since 1980. The most recent year completed
is 2003. TIFA is a sample file (approximately a 60 percent sample) for the years 1987-1992 and
1994-1998. For all other years, the file provides a census of trucks involved in a fatal crash.
This analysis uses five years of TIFA data from 1999-2003. For this period there are records for
25,704 trucks of all configurations in the file. These data were filtered to include all trucks that
had a tank cargo body and one of following configurations: (1) straight truck with no trailer
(referred to as “straight truck” in this analysis), or (2) tractor-semitrailer. There were 1,837
(Cargo Tanks) trucks that met these criteria.

For comparison, a different filter was also applied to find trucks with a cargo van body and with
the same two configurations described above. This yielded 10,396 straight or tractor-semitrailers
with a van cargo body (Van).

The data from the TIFA database are presented alongside the tables from the other databases in
the main text and in Appendix A. Appendix B contains additional data from TIFA, and
Appendix C presents a model based on the TIFA data.

2114 GES

The National Automotive Sampling System (NASS) General Estimates System (GES) obtains its
data from a nationally representative probability sample of police-reported crashes. Police
accident reports include crashes resulting in fatalities, injuries, or major property damage, but
may exclude some crashes in which no significant personal injury and only minor property
damage occurred. Neighbor [2001] contains a detailed description of the GES data, including
sampling design, relevant variable information, and database acquisition.

The two other national databases, MCMIS and TIFA, are intended to be a census, that is, they
include every appropriate crash that occurred. GES, on the other hand, is a sample, with a small
but representative number of crashes included. Because GES is a sample and not a census, a
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more sophisticated statistical analysis is required to estimate the numbers of crashes.
Specifically GES is a clustered, multi-stage probability sample, so both sample weights and
sample design must be considered to construct population estimates and understand the
uncertainty associated with these estimates. SUDAAN [RTI, 2001] was used to construct the
estimates and associated confidence limits. SUDAAN is commercially available software for the
statistical analysis of sample survey data from stratified, multi-stage cluster samples. It uses a
Taylor series linearization approximation to account for the inherent clustering or relationships
present in data collected through a complex survey. For functions of linear statistics including
means, proportions, etc. that can be estimated from the sample, variances of sample estimate are
derived by creating a linearized variable that is defined by the Taylor series expansion of the
function (typically only first-order terms are used), and then this variable is substituted into the
appropriate variance formula for the specified design. Variance estimates for nonlinear statistics
are estimated using first-order Taylor series approximations of the deviations of estimates from
their expected values.

GES data from the years 1999 to 2004 were initially considered for this analysis. Prior to 1999
GES used different coding schemes for many of the variables that describe the circumstances of
the crash. GES often updates the data for the most recent year; therefore, the 2004 data may not
be complete and final [USDOT, 2004]. The data selected for this analysis include all large (>
10,000 Ibs GVW) tank trucks involved in crashes in which the truck rolls over. Table 2-3 shows
the criteria used to select the data from GES. Each column indicates a GES variable used to
select the rollover crashes for analysis; the entries in the table reflect the levels selected into the
data set.

Table 2 - 3 Selection Criteria to Identify Cargo Tanker Rollover Crashes in GES

Cargo Body
Type

Body Type Rollover

10 — Untripped Rollover
20 — Tripped rollover — by curb
Step Van 21 — Tripped rollover — by guardralil
Single Unit Straight Truck 22 — Tripped rollover — by ditch
Truck-Tractor 23 — Tripped rollover — by soft soil

Unknown Medium/Heavy Truck 28 — Tripped rollover — other
29 — Tripped rollover — unknown
99 — Rollover, unknown whether untripped or tripped

Cargo Tank

Table 2-4 illustrates the percentage and number of rollover crashes by body type and year, along
with associated confidence intervals for the percentages and standard errors for the number.
These summary statistics indicate a steady decline in the number of rollover crashes per year
from 2000 to 2004. Discerning the reason for the decline is beyond the scope of this study, but it
is attributable in part to the replacement of older vehicles with newer, more stable vehicles.
Electronic stability aids are gaining market share, but there are not yet enough of them in service
to affect national crash statistics. The table also shows that the 1999 data are different from the
data for 2000-2004 in terms of the distribution of rollover crashes across body types. In 1999, an
inordinately large percentage of the rollover crashes were among truck tractor vehicles.
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Table 2 - 4 Percent and Number of Rollover Crashes by Body Type and Year

Body Number 9_5% Estimated Standard

Year Type of Percent Confidence Number of Error
Records Interval Rollovers (Number)
1999 6 7.59 (2.77,19.15) 129.34 70.56
2000 10 45.60 (16.90, 77.55) 880.62 517.03
2001 Sisf‘t?g;]ft“t 14 33.66 (22.31, 47.27) 428.84 148.33
2002 Truck 12 32.54 (20.07, 48.09) 429.87 185.97
2003 12 47.14 (17.96, 78.41) 543.58 269.57
2004 12 37.38 (14.91, 67.04) 241.2 134.23
1999 34 85.60 (71.72, 93.30) 1458.18 366.75
2000 36 54.40 (22.45, 83.10) 1050.63 336.93
2001 Truck 28 66.34 (52.73, 77.69) 845.12 391.73
2002 Tractor 26 67.46 (51.91, 79.93) 891.26 294.01
2003 25 52.86 (21.59, 82.04) 609.55 258.53
2004 20 56.45 (29.73, 79.88) 364.26 115.15
1999 5 6.81 (2.22, 19.00) 115.93 56.16
2000 Unknown 0 0 0 0
2001 | Medium 0 0 0 0
2002 Heavy 0 0 0 0
2003 | MUK 0 0 0 0
2004 2 6.18 (1.16, 27.01) 39.85 31.41
1999 45 100 1703.45 385.52
2000 46 100 1931.25 575.47
2001 Total 42 100 1273.96 517.07
2002 38 100 1321.13 440.07
2003 37 100 1153.13 342.46
2004 34 100 645.31 184.14

Note that only years 2000-2004 were used in later analysis in this report.

In the interest of determining whether the rollover crash data can be pooled across years, a
further look into the GES data by year was performed using the accident type variable. Based on
these analyses, the years 2000-2004 can be pooled for analysis. Subsequent investigation into
the circumstances surrounding rollovers will be made on the basis of the pooled 2000-2004 data.

2.1.2 Presentation

Results from the four databases are presented somewhat differently. For MCMIS, number of
records in the database by condition factor is presented as well as the percentage of the rollover
crashes where that condition occurred. The percentage of rollovers with a particular condition is
not the number of rollovers with that condition divided by the total number of rollovers, because
as the sample weights discussed in Table 2-2 must be considered in the analysis. The total
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number of records in a category does, however, provide some insight into the variability
associated with the results presented in this report. For the LTCCS and TIFA, numbers of
records in the databases corresponding to each level of each factor are also presented. For this
study, sample weights were not used for either of these studies, and thus, percentages are
proportional to number of records alone; TIFA is a census of fatal truck crashes, so sample
weights are not necessary for this database.

The tables for the GES analyses do not include the numbers of records assigned to each level of a
factor. Instead, 95 percent confidence intervals are constructed for each percentage estimate.
These confidence intervals account for uncertainty from both the sample design used to select the
police accident reports included in the database and the number of rollover crashes observed
from 2000 to 2004.

2.1.3 Approach

The purpose of this statistical analysis is to answer the question, “What conditions cause the
most cargo tank rollovers?” That is a different question than “What conditions are most likely to
lead to a rollover?” The focus of this report is to addresses what circumstances need to be
ameliorated to reduce the greatest number of future rollovers. Some of those events, such as
driving on straight road on a sunny day, may actually be quite safe, leading to a rollover only on
exceedingly rare occasions. But if these events occur frequently, they will contribute to a
significant number of rollovers, and methods should be explored to make them yet safer. Other
conditions may be more dangerous in that they are relatively more likely to lead to a rollover
when they occur. However, if these conditions occur much less frequently, they contribute to
only a small number of rollovers. Although the number of rollovers reduced might be relatively
small, if these conditions may be easily addressed by cost-effective measures, the return on an
investment in preventive measures might be worthwhile. Mathematically, the question being
answered in this report is, “Given that there was a rollover, what is the probability that a certain
set of circumstances was present?”

There are four areas for potential interventions to reduce the incidence of rollover—redesign of
cargo tank vehicles, redesign of highways, vehicle control technology, and driver training.
Accordingly, the databases used for this analysis were searched for associations between vehicle,
environmental, and driver factors and rollover. Vehicle control technologies are gaining a
presence in the market, but they have not been in use long enough that their presence is
detectable in national crash databases. Their benefits will be assessed by noting the crash factors
they are expected to address. The following is an outline of the data presented in the report,
noting the databases that provided the information. Statistics on the percentage of rollover
crashes associated with each level of a factor are presented, organized by topic. Where available,
data from each of the four databases used for the analysis are included. Subsections 2-2 through
2-5 of Section 2 in the main report are organized according to this structure, as is Appendix A.

Crosscutting Factors:

e Primary Reason or Critical Event (MCMIS, LTCCS, GES)
e Pre-crash Event or Maneuver (TIFA, LTCCS, GES)
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Vehicle Factors:

Body type (MCMIS, TIFA, GES)
Hazardous material involvement (TIFA)
Load (MCMIS, TIFA, LTCCS)
Mechanical problems (LTCCS, GES)
Cargo Tank Specification (MCMIS)

Roadway and Environment Factors:

Road type (MCMIS, LTCCS, TIFA, GES)
Population area (MCMIS, TIFA)

Roadway surface condition (LTCCS, TIFA, GES)
Roadway curvature (TIFA, GES)

Location relative to interchange (MCMIS, GES)

Driver Factors

2.2

Driver age (MCMIS, TIFA, GES)
Speed (LTCCS, GES)
Driver errors or distractions (TIFA, GES)

Crosscutting Factors

Crosscutting factors are those that include more than one category of vehicle, environment, and
driver. The analysis of the associations between cross-cutting factors and rollover focused on the
primary reason or critical event for the rollover and the pre-crash maneuver of the truck. An
additional variable, accident type, was considered, and tables on this variable are provided in
Appendix A.

2.2.1 Primary Reason or Critical Event

The primary reason for the rollover is that event that is thought to have the greatest influence on
the crash occurring. Three of the four databases (MCMIS, LTCCS, and GES) provide the
primary reason. Tables 2-5, 2-6, and 2-7 provide the primary reason category relative frequency
for MCMIS, LTCCS, and GES, respectively. The primary reasons of interest were ones that

correspond to one of the four areas for potential interventions.
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Table 2 - 5 Rollover Crash Primary Reason Category Relative Frequency (MCMIS)

Single Vehicle Multiple Vehicles
Primary Reasons Total Percent of Total Percent of
Rollovers | All Rollovers | Rollovers | All Rollovers

Driver Decision Error 92 41.6% 7 16.3%
Driver Non-Performance 17 7.7% 0 0.0%
Driver Performance Error 23 10.2% 0 0.0%
Driver Recognition Error 58 26.3% 4 9.3%
Total Driver Errors 189 85.8% 11 25.6%
Vehicle Related 9 3.9% 0.0%
Highway Related 8 3.7% 0 0.0%
Weather Related 0 0.0% 1 2.3%
Other Vehicle Induced 12 5.3% 31 72.1%
Unknown 3 1.3% 0 0.0%
Total 220 100% 43 100%

Table 2 - 6 Rollover Crash Primary Reason Category Relative Frequency (LTCCS)

All Trucks Cargo Tanks Only
Primary Reason Category Percent of Percent of
Rollover | All Rollovers | Rollover | All Rollovers

No Driver, Vehicle or Environmental Factor 38 15.1% 5 17.9%
Driver Physical Factor 29 11.5% 3 10.7%
Driver Decision Factor 92 36.5% 14 50.0%
Driver Performance Factor 29 11.5% 2 7.1%
Driver Recognition Factor 30 11.9% 1 3.6%
Total Driver Factors 180 71.4% 20 71.4%
Environment — Highway 2 0.8% 0 0.0%
Environment — Weather 0 0.0% 0 0.0%
Unknown Reason 2 0.8% 1 3.6%
Vehicle Related Factor 30 11.9% 2 7.1%
Overall 252 100.0% 28 100.0%

Cargo Tank Roll Stability Study 14 Final Report: April 30, 2007



Table 2 - 7 Rollover Crash Primary Reason Category Relative Frequency (GES)

Percent of All Rollovers
Category Estimate 95% Confidence

Interval
Blow Out or Flat Tire 1.05% (0.3, 3.8)
Disabling Vehicle Failure 0.07% (0.0, 0.6)
Non-disabling Vehicle Failure 0.05% (0.0, 0.4)
Other Vehicle Stopped 4.54% (1.9, 10.6)
Total Vehicle 5.71% (2.5, 12.4)
Poor Road Conditions 0.94% (0.4, 2.5)
Total Road 0.94% (0.4, 2.5)
Traveling too Fast for Conditions 28.4% (16.1, 45.1)
Other Cause of Control Loss 4.44% (2.3, 8.4)
Unknown Cause of Control Loss 0.53% (0.1, 2.0)
Over Lane Line Left 3.79% (1.4,9.9)
Over Lane Line Right 0.67% (0.1, 3.2)
Off Edge Road Left 12.04% (6.1, 22.3)
Off Edge Road Right 23.75% (16.6, 32.8)
Total Driver 73.62% (58.9, 84.4)
Turing Left @ Intersection 0.61% (0.1, 2.6)
Turning Right at Intersection 0.07% (0.0, 0.6)
Crossing Intersection 3.73% (1.6, 8.4)
Encroaching Vehicle Left 13.36% (6.4, 25.8)
Animal in Roadway 1.02% (0.2,5.1)
Other Critical Event/No Collision 0.93% (0.3, 2.8)
Total Other 19.73% (20.9, 33.1)

In all three databases, driver errors influence a large portion of rollovers. In all, 85.8 percent of
the single vehicle rollovers and 25.6 percent of the multiple vehicle rollovers in MCMIS,

71.4 percent of the rollovers in LTCCS, and 74.1 percent of the rollovers in GES had driver error
as the primary reason. Vehicle related primary reasons account for 3.9 percent of the single
vehicle rollovers and none of the multiple vehicle rollovers in MCMIS, 11.9 percent of the truck
rollovers and 7.1 percent of the cargo tank rollovers in LTCCS, and 5.71 percent of the rollovers
in GES. Roadway and environment related primary reasons account for 3.9 percent of the single
vehicle rollovers and 2.3 percent of the multiple vehicle rollovers in MCMIS, 0.8 percent of the
truck rollovers and none of the cargo tank rollovers in LTCCS, and 0.9 percent of the rollovers in
GES.

Table 2-8 illustrates the number of cargo tank rollover crashes by crash type and preceding
conflict. Records were selected according to the criteria presented in Table 2-3 to produce the
numbers in the column “All Rollovers.” The “Untripped Rollover” column in Table 2-8
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enumerates the crashes where the GES Rollover variable had a value of 10, as shown in Table 2-
3. The “Accident Type” variable in GES is separate from the “Rollover” variable. The “Crash
Type” in Table 2-8 was determined from the “Accident Type” variable in GES. Crashes in GES
where the rollover variable was set to “untripped rollover” but without a Crash Type designation
are identified in Table 2-8 as an “Untripped Rollover” crash type. The “Driving Conflict” was
determined from a combination of the Critical Event and Movement Prior to Critical Event
variables in GES. Thus, the procedure to determine the frequencies included the following five
steps:

1. Subset to relevant data (the criteria listed in Table 2-3)

2. Parse data by crash type (i.e., the first column in Table 2-8)

3. Identify the predominant critical events that led to the truck’s involvement in the crash
for the crash type of interest

4. ldentify the movements prior to those critical events

5. Use the combination of the critical events and the movements prior to define the driving
conflicts.

The annual average number of all cargo tank rollovers is 1,265, as indicated in Table 2-8.
According to the GES database, only 640 of those were specifically recorded as carrying a
hazardous material, with the presence of a hazardous material unknown in 75 rollovers. If the
75 unknown cases are allocated in proportion to the known cases, the total annual number of
hazmat cargo tank rollovers is 680. (Note that this represents all vehicle configurations.

See Table 2-14 below.) For benefits estimates, though, we will apply an equal proportion
(53.8 percent) to all crash counts where we want to deal with hazardous cargo in a cargo tank.
(Table 2-20, from TIFA, shows a 50/50 split of HM and not for tank rolls, so the databases are
consistent.)

“Driving Conflicts” are the unsafe events that occur prior to a crash and lead to the crash. They
are recorded in the GES database. Crash avoidance strategies aim to prevent these conflicts from
occurring or to keep the conflicts from resulting in a crash. Some crash avoidance approaches
are intended to address certain conflicts, so is important to know what fraction of the rollovers
result from the various conflicts. In particular, note that conflicts 1.1 and 1.4 for single-vehicle
roadway departures are parallel to 4.1 and 4.4 for untripped rollovers. There are similarities
between the untripped rollovers and rollovers accompanying roadway departures (and, as well,
roadway departures without a rollover, which are not shown in the table).

Roadway departures accompany more than half of all cargo tank rollovers. Separate studies
have addressed roadway departures more thoroughly. Drowsiness, inattention, and speed are
commonly implicated [Pape, et al., 1999]. Section 3.4.1 briefly reviews in-vehicle
countermeasures for roadway departure crashes. Infrastructure-based countermeasures (i.e.
roadside rumble strips) have been used as well.
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Table 2 - 8 Average Annual Number of Cargo Tank Rollovers, by Crash Type and Preceding Conflict (GES)

Crash Type: All Untripped
Rollover and. . . Driving Conflict Rollovers Rollovers
1.1 Truck is traveling at constant speed and travels over the edge of the road 138 16
] ] 1.2 Truck is turning or negotiating a curve and travels over the edge of the road 195 17
Single Vehicle X : :
Roadway 1.3 Truck is traveling at constant, excessive speed and loses control 23
Departure 1.4 Truck is turning or negotiating a curve at excessive speed and loses control. 185 72
(SVRD) 1.5 Truck loses control due to vehicle related failure 41
1.9 Other 129 8
Subtotal 712 113
q 2.4 Truck encounters a stopped vehicle in lane. 11
Rear-Ends 2.9 Other 1
Subtotal 12
3.2 Both vehicles are traveling in the same direction and the other vehicle encroaches 4

into the truck’s lane while truck is traveling at constant speed.

kﬂane Change and ['3 4 Tryck is traveling at a constant speed and another vehicle encroaches into its lane 1
erge from a yield.

3.9 Other 1
Subtotal
4.1 Truck is traveling at constant speed and travels over the edge of the road 5 5

ggltlrc')?/g?g 4.4 Truck is turning or negotiating a curve at excessive speed and loses control. 55 55
4.9 Other 5 5
Subtotal 65 65
5.9 Other 471

Other
Subtotal 471

Total 1,265 178
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2.2.2 Pre-crash Maneuver

The pre-crash maneuver for the rollover is the final normal action prior to the crash sequence.
Tables 2-9, 2-10, and 2-11 provide the relative frequencies of pre-crash maneuvers from LTCCS,
TIFA, and GES, respectively. A large number of rollovers occurred either after straight travel or
after the truck negotiated a curve. The tables show the following fractions of vehicles were
traveling straight prior to the rollover:

e 41.7 percent of all trucks (35.7 percent of the cargo tanks) in LTCCS,

e 59.5 percent of the straight tank trucks (53.6 percent of the tractor-semitrailer tanks) in
TIFA,

e 41.5 percent of all trucks in GES,

and the following fractions were negotiating a curve prior to the rollover:

e 40.1 percent of all trucks (57.1 percent of the cargo tanks) in LTCCS,

e 27.9 percent of the straight tank trucks (36.1 percent of the tractor-semitrailer tanks) in
TIFA,

e 31.8 percent of the rollovers in GES.

GES indicates that an additional 22.2 percent (11.7 + 10.5) of rollovers are preceded by turning
left or right; this percentage is estimated to be much smaller (4.4 percent) based on LTCCS.

The layout of the highway is related to the maneuver in that it determines whether the vehicle
should be going straight or curving. Section 2.4.4 will have tables showing that roughly equal
numbers of rollovers occur on straight and on curved sections of road.
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Table 2 - 9 Rollover Crash Pre-crash Maneuver Category Relative Frequency (LTCCS)

All Trucks Cargo Tanks Only
PreEvent Movement Percent of Percent of
Rollover | All Rollovers | Rollover | All Rollovers
Going Straight 105 41.7% 10 35.7%
Negotiating a curve 101 40.1% 16 57.1%
revious ortcal svent 13 5.2% 2 7%
Turning right 7 2.8%
Decelerating in traffic lane 6 2.4%
Changing lanes 5 2.0%
Passing or overtaking another vehicle 4 1.6%
Turning left 4 1.6%
Accelerating in traffic lane 2 0.8%
Merging 2 0.8%
No driver present 1 0.4%
Other (specify) 1 0.4%
Starting in traffic lane 1 0.4%
Backing up (other than for parking
position) 0%
Disabled or parked in travel lane 0%
Making a U-turn 0%
Stopped in traffic lane 0%
Unknown 0%
Overall 252 100.0% 28 100.0%

Table 2 - 10 Rollover Crash Pre-crash Maneuver Category
Relative Frequency (TIFA)

Tractor-semitrailer
Straight Truck Tanks Tanks

Pre-crash Percent of All Percent of

Maneuver Roll Rollovers Roll All Rollovers
Going Straight 66 59.5% 199 53.6%
Negotiate Curve 31 27.9% 134 36.1%
Other 14 12.6% 38 10.2%
Total 111 100.0% 371 100.0%
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Table 2 - 11 Rollover Crash Pre-crash Maneuver Category
Relative Frequency (GES)

Percent of All Rollovers

Category Estimate 95% Confidence
Interval
Going Straight 41.46% (28.0, 56.3)
Decelerating in traffic lane 1.86% (0.5, 7.3)
e St erekino 1w [ a6
Turning right 11.69% (4.7, 26.3)
Turning left 10.46% (4.5, 22.6)
Negotiating a curve 31.77% (18.6, 48.6)
Changing lane 0.9% (0.2,5.2)
Merging 0.07% (0.0, 0.6)
Other 0.31% (0.0, 2.2)

2.3  Vehicle Factors

The analysis of the associations between vehicle factors and rollover focused on body type,
cargo tank type, whether the truck was carrying hazardous material, the load the truck was
carrying, and any mechanical problems that existed during the time of the rollover.

2.3.1 Vehicle Configuration and Body Type

Tables 2-12, 2-13, and 2-14 provide the body type of the truck which rolls over for MCMIS,
TIFA, and GES, respectively. There were more semitrailer rollovers than straight truck
rollovers. In all, 59.8 percent of the rollovers in MCMIS and 79.9 percent of the van rollovers
and 77.0 percent of the tank rollovers in TIFA occurred among semitrailers. Conversely,

36.1 percent of the rollovers in MCMIS and 20.1 percent of the van rollovers and 23.0 percent
of the tank rollovers in TIFA occurred among straight trucks. In GES, most of the straight truck
rollovers occurred among trucks with no trailing units and most of the semitrailer rollovers
occurred among trucks with one trailing unit. This is not surprising as these are the normal
configurations for these body types.

The tables in Appendix D, from the Vehicle Inventory and Use Survey (VIUS), are the best
available estimate of the number of miles driven by various kinds of tanks, which is their
exposure to possible rollovers. The definitions of vehicles differ from those in the crash
databases, so direct comparison is not possible.
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Table 2 - 12 Rollover Crash Configuration Category
Relative Frequency (MCMIS)

Vehicle Configuration Ro-ll-l?)t\?(lars Aﬁeégﬁgtvg:s
Tractor/Semitrailer 174 59.8%
Tractor, Two Trailers 7 2.4%
Straight Truck, No Trailer 90 30.9%
Straight Truck, One Trailer 15 5.2%
Other / Unknown 5 1.7%
Overall 291 100.0%

Table 2 - 13 Rollover Crash Body Type and Configuration Category
Relative Frequency (TIFA)

Configuration Total Percent of
Rollovers | All Rollovers
Van
Straight Truck 215 20.1%
Tractor-Semi 856 79.9%
Total 1,071 100.0%
Tank
Straight Truck 111 23.0%
Tractor-Semi 371 77.0%
Total 482 100.0%

Table 2 - 14 Rollover Crash Configuration Relative Frequency (GES)

Percent of All Rollovers
. : Number of -
Configuration Trailing Units . 95% Confidence
Estimate Interval
None 39.76% (25.36, 56.18)
Single-Unit o
Straight Truck 1 0.15% (0.02, 1.15)
2 0% -
None 0% --
Truck Tractor 1 55.58% (43.32, 67.2)
2 3.88% (0.81, 16.6)
None 0.16% (0.02, 1.27)
Medium Heavy 1 0.47% (0.06, 3.61)
Truck
2 0% -

Cargo Tank Roll Stability Study 21 Final Report: April 30, 2007



2.3.2 Cargo Tank Type and Specification

Table 2-15 provides the relative frequency of the cargo tank specification for MCMIS. The
DOT-series tanks are the more modern tanks. The lion’s share of rollovers of specification tanks
occur in fuel (306 and 406) vehicles.

Table 2 - 15 Rollover Crash Cargo Tank Specification Category
Relative Frequency (MCMIS)

DOT Percent
Specification Total Total Rollover Percent of
Number Rollovers Crashes Crashes All Rollovers
MC306 61 283 21.5% 53.0%
DOT406 23 130 17.3% 20.0%
MC307 24 47 51.0% 20.9%
DOT407 7 30 23.5% 6.1%
Total 115 490 23.4% 100.0%

Table 2-16 shows the population of tank trucks involved in fatal accidents. The proportion of
straight trucks that are dry bulk is much lower than in VIUS. (This is likely a difference in
classification, as mentioned above, with a large number of feed bodies and similar configurations
called dry bulk tankers. TIFA defines a dry bulk tank as pneumatically discharged, and bodies
that unload using an auger as classified as “other.”) Note that in VIUS, tractor combinations
have a higher proportion of dry bulk than the crash population. In the VIUS, 26 percent of
tractor-semitrailer and double tankers are dry bulk, and dry bulk accounts for 25 percent of the
travel of tractor combination tankers. But in the crash population, only 18.4 percent are dry bulk.
Although the uncertainty in these estimates has not been assessed to determine if the observed
differences are real (and there are coding differences between VIUS and TIFA) this implies that
dry bulk trailers have a lower probability of crash involvement.

Table 2 - 16 Tank Type, All Crashes Whether Roll or Not (TIFA)

Tank TS & Double Straights Total

Type Number % Number % Number %
Dry bulk 281 18.4 9 2.2 290 15.0
Liquid/gas 1,247 81.6 398 97.8 1,645 85.0
Total 1,528 100.0 407 100.0 1,935 100.0

Table 2-17 shows the additional split between gas and liquid tankers that can be determined in
TIFA, but only for tanks with loads. If gas and liquid tanks are expected to have similar crash
probabilities, then the split between gas and liquid tankers here could be applied to the
population estimates from VIUS. (This assumes that loading increases crash probability for a
gas tanker about as much as it does for a liquid tanker, or that loading does not bias the
distribution of tank type.) Note that the sum of liquid and gas percentages in Table 2-17

(86.1 percent) is about the same as the 85 percent from Table 2-16.
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Table 2 - 17 Tank Type of Tanks with Loads, All Crashes, Whether Roll or Not (TIFA)

Tank TS & Double Straights Total

Type Number % Number % Number %
Dry bulk 178 17.8 5 1.6 183 13.9
Gas 63 6.3 47 15.0 110 8.4
Liquid 757 75.9 262 83.4 1,019 7.7
Total 998 100.0 314 100.0 1,312 100.0

Table 2-18 adds some additional detail, showing rollovers by three different types of tank, as
identified in TIFA. All the tanks were carrying some cargo, since tanks for gases cannot be
distinguished from tanks with liquids except by looking at the type of load. That is, tank cargo
bodies are either liquid/gas or dry bulk, while cargoes distinguish gases in bulk, solids in bulk,
and liquids in bulk. About 27 percent of loaded dry bulk tanks rolled over when involved in a
fatal crash, compared with 39.1 percent of loaded gas tankers and 37.6 percent of loaded liquid
tankers. It looks like dry bulk tanks roll over at a lower rate, compared with liquid and gas tanks.
This analysis does not include all factors, however. Dry bulk tank design may result in lower
centers of gravity, possibly less slosh, etc. However, both straight trucks and tractor-semi/
tractor-double are represented here, and there are very few straight dry bulk tanks. One would
expect none, but in fact there are four in the five years of data.

Table 2 - 18 Rollover by Tank Type, Loaded Only (TIFA)

Tank No Roll Roll Total

Type Number % Number % Number %
Gases 67 60.9 43 39.1 110 100.0
Solids 134 73.2 49 26.8 183 100.0
Liquids 636 62.4 383 37.6 1,019 100.0
Total 837 63.8 475 36.2 1,312 100.0

Table 2-19 shows a similar distribution for all load conditions. That is, all tanks, regardless of
whether the tank had a load at the time of the fatal crash, are included. Again, dry bulk tanks
tend to roll over at a lower rate than liquid and gas tanks.

Table 2 - 19 Rollover by Tank Type, Empty or Loaded, (TIFA)

Tank No Roll Roll Total

Type Number % Number % Number %
Dry Bulk 233 80.3 57 19.7 290 100.0
Liquid/Gas 1,189 72.3 456 27.7 1,645 100.0
Total 1,422 73.5 513 26.5 1,935 100.0
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2.3.3 Presence of Hazardous Materials

Table 2-20 provides the relative frequency of Hazardous Material (HM) presence for van and
tanker rollovers for TIFA. Most (97.9 percent) of the van rollovers occurred among vans which
were not carrying HM. About half of the tanker rollovers occurred among tankers which were
carrying HM cargo. These statistics are representative of the relative frequency with which
tankers carry HM as compared to vans.

Table 2 - 20 Rollover Crash Hazmat Category Relative

Frequency (TIFA)

Hazmat Total Percent of
Cargo Rollovers All Rollovers
Van
Hazmat 22 2.1%
No Hazmat 1,049 97.9%
Total 1,071 100.0%
Tank
Hazmat 244 50.6%
No Hazmat 238 49.4%
Total 482 100.0%

2.3.4 Quantity of Loading

Tables 2-21, 2-22, and 2-23 provide the load category of the truck at the time of the rollover for
MCMIS, LTCCS, and TIFA, respectively. Trucks were classified as empty if they had cargo
from 0 to 20 percent capacity. Trucks were classified as partial if they had cargo from 20to 75
percent capacity. Trucks were classified as full if they had cargo greater than 75 percent
capacity. As expected, the majority of the rollovers occurred among trucks that had partial to
full loads. Inall, 94.1 percent of the rollovers in MCMIS, more than 71.3 percent of the
rollovers in TIFA, and 77.1 percent of the cargo tank rollovers in LTCCS occurred among trucks
with at least partial loads. Note that the TIFA load variable was constructed based on gross
weight accounted for by the cargo. Specifically, gross cargo weight was constructed as the ratio
of cargo weight to gross weight and used to assign the rollover to a load level.
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Table 2 - 21 Rollover Crash Load Category
Relative Frequency (MCMIS)

Total Percent of
Loading | Rollovers | All Rollovers
Empty 1 2.0%
Partial 10 19.6%
Full 38 74.5%
Unknown 2 3.9%
Overall 51 100.0%

Table 2 - 22 Rollover Crash Load Category Relative Frequency
(LTCCS — Cargo Tanks Only)
Percent of
Loading Rollover | All Rollovers
Empty 0 0.0%
Partial 7 20.0%
Full 20 57.1%
Partial & Full 27 77.1%
Overall 35 100.0%

Table 2 - 23 Rollover Crash Load Category
Relative Frequency (TIFA)

Cargo
Percent Total Percent of
of GCW Rollovers | All Rollovers
0 to 10% 32 8.1%
11 to 50% 81 20.6%
> 50% 281 71.3%
Total 394 100.0%

2.3.5 Mechanical Defect

Tables 2-24, 2-25, and 2-26 provide the brake condition for LTCCS, the tire condition for
LTCCS, and the mechanical condition for GES of the truck at the time of the rollover,
respectively. While 53.6 percent of the cargo tank rollovers in LTCCS had brake defects and

3.6 percent of the cargo tank rollovers in LTCCS had tire defects in LTCCS, it is unknown how
many of these defects really affected the rollover. Among the rollovers in GES, tire defects were
implicated in only 2.5 percent and brake defects in 1.2 percent. GES lacks data on the detailed
brake inspections found in LTCCS. Consequently, it is difficult to compare the results in the two
databases. One can assume many GES crashes likely included trucks with brake defects that

were never detected.
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Tables 2-24 through 2-26, along with 2-5 through 2-7 and A-3 through A-5, implicate a vehicle-
related failure as the primary cause of less than 10 percent of cargo tank rollovers. It is
interesting to note that the Large Truck Crash Causation Study found that 32 percent of cargo
tank vehicles in the crashes studied and 54 percent of vehicles in rollovers had a brake defect of
some sort (Table A-30). This is consistent with studies by the Commercial Vehicle Safety
Alliance (CVSA), which have found that 20 percent of randomly stopped heavy vehicles had a
brake defect severe enough to put the vehicle out of service [Keppler, 2004]. The present study
focused on the benefits of improvements to be made in ideal situations, and it did not examine
the effect of defects in the vehicle. However, it is worth mentioning that, if brakes are defective,
neither the driver nor an electronic stability aid can properly slow a vehicle to prevent an
imminent rollover.

Table 2 - 24 Rollover Crash Brake Condition Category Relative Frequency
(LTCCS — Cargo Tanks Only)

Percent of
Brake Condition Rollover | All Rollovers

No Brake Defect 13 46.4%
Brake System Deficiency 2 7.1%
Brakes Inoperative 1 3.6%
Brakes Out of Adjustment 8 28.6%
Brakes Out of Adjustment and o
Brake System Deficiency 4 14.3%
Brakes Out of Adjustment and

. 0%
Brakes Inoperative
Brake Defect 15 53.6%
Overall 28 100.0%

Table 2 - 25 Rollover Crash Tire Condition Category Relative Frequency
(LTCCS — Cargo Tanks Only)

Percent of
Tire Condition Rollover | All Rollovers
No Tire Defects 27 96.43%
Tire Deficiency Present 1 3.57%
Tire Failure Present 0%
Tire Failure and Tire
- 0%
Deficiency Present
Any Tire Defect 1 3.57%
Overall 28 100.00%
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Table 2 - 26 Rollover Crash Mechanical Problem Category
Relative Frequency (GES)

Percent of All Rollovers
Category Estimate 95% Confidence

Interval

None 84.33% (77.4, 89.4)
Tire 2.51% (0.9, 7.0
Brakes 1.21% (0.3, 4.4)

Other 3.85% (1.3, 10.5)

Unknown 8.1% (5.4,11.9)

2.4 Roadway and Environment Factors

The analysis of the associations between roadway and environmental factors and rollover
focused on road type, population area, roadway surface condition, roadway curvature, and
location relative to interchange. Miscellaneous roadway and environmental factors such as light
condition, roadway profile, access control, and control device were also available; tables on these

factors are presented in Appendix A.

2.4.1 Road Type

Tables 2-27, 2-28, 2-29, and 2-30 provide the road type where the truck was traveling prior to the
rollover for MCMIS, LTCCS, TIFA, and GES, respectively. A large percentage of rollovers
occurred on non-interstate roads. Only 15.5 percent of the truck rollovers in MCMIS occurred
on an interstate. Less than half (46.4 percent) of the cargo tank rollovers in LTCCS occurred on
interstate highways, and only 17.0 percent of the truck rollovers in TIFA occurred on the

interstate.

GES did not break down the road types in the same manner as the other databases. However,
only 21.9 percent of truck rollovers occurred on divided highway, the most similar GES
category; 66.2 percent of rollovers were estimated to occur on undivided roads.
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Table 2 - 27 Rollover Crash Road Type Category
Relative Frequency (MCMIS)

Total Percent of
Highway Type | Rollovers | All Rollovers
Interstate 45 15.5%
Primary 144 49.5%
Secondary 100 34.4%
Unknown 3 1.0%
Overall 291 100.0%

In the project from which these statistics were drawn [Battelle 2005], the highway types
were defined as

Interstate: roads designated as interstates or built to interstate standards

Primary: State and U.S. highways not built to interstate standards

Secondary: all other highways and roads including county roads, city streets, township
roads

Table 2 - 28 Rollover Crash Road Type Category Relative Frequency

(LTCCS — Cargo Tank Only)

Road Category Percent of
“Signage” Rollover All Rollovers
Interstate 13 46.4%
U.S. Highway 7 25.0%
State Highway 4 14.3%
Other 4 14.3%
Overall 28 100.0%

Table 2 - 29 Rollover Crash Road Type Category
Relative Frequency (TIFA)

Percent of
Route Signing Total Rollovers | All Rollovers
Interstate 82 17.0%
US Highway 120 24.9%
State Highway 173 35.9%
County Road 62 12.9%
Township 5 1.0%
Municipality 8 1.7%
Frontage Rd 3 0.6%
Other 23 4.8%
Unknown 6 1.2%
Total 482 100.0%
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Table 2 - 30 Rollover Crash Road Type Category

Percent of All Rollovers

Category , 95%
Estimate Confidence

Interval

Not Divided 66.24% (52.4,77.7)
Divided 21.87% (15.3, 30.3)
One Way 6.57% (2.6, 15.4)
Unknown 5.32% (1.1, 21.8)

2.4.2 Population Area

Tables 2-31 and 2-32 provide the population area where the rollover occurred for MCMIS and
TIFA, respectively. A large number of rollovers occurred in rural areas. A total of 53.6 percent
of the truck rollovers in MCMIS and 83.0 percent of the truck rollovers in TIFA occurred in rural
areas.

Table 2 - 31 Rollover Crash Population Area Category
Relative Frequency (MCMIS)

Populated Total Percent of
Area Rollovers | All Rollovers
Urban 18 6.9%
City 47 18.0%
Town 56 21.5%
Rural 140 53.6%
Overall 261 100.0%

Table 2 - 32 Rollover Crash Population Area Category

Relative Frequency (TIFA)
Total Percent of
Area Rollovers All Rollovers
Urban 72 14.9%
Rural 400 83.0%
Unknown 10 2.1%
Total 482 100.0%
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2.4.3 Roadway Surface Condition

Tables 2-33, 2-34, and 2-35 provide the surface condition of the road where the truck was
traveling prior to the rollover for LTCCS, TIFA, and GES, respectively. A large majority of
rollovers occurred when there were no adverse weather conditions. Conceivably, driver
vigilance improves when the surface is slippery. Overall, 92.9 percent of the cargo tank
rollovers in LTCCS, 86.7 percent of the tank truck rollovers in TIFA, and 82.7 percent of the
tank truck rollovers in GES occurred on dry roads.

Table 2 - 33 Rollover Crash Roadway Surface Condition Category

Relative Frequency (LTCCS — Cargo Tank Only)

Percent of

Road Condition Rollover All Rollovers
Dry 26 92.9%
Wet 2 7.1%
Ice 0.0%
Overall 28 100.0%

Table 2 - 34 Rollover Crash Roadway Surface Condition Category
Relative Frequency (TIFA)

Surface Total Percent of
Condition Rollovers | All Rollovers

Dry 418 86.7%
Wet 52 10.8%
Snow or Slush 6 1.2%
Ice 3 0.6%
Sand Dirt Oll 1 0.2%
Other 0 0.0%
Unknown 2 0.4%
Total 482 100.0%

Table 2 - 35 Rollover Crash Roadway Surface Condition Category
Relative Frequency (GES)

Percent of All Rollovers
Category : 95% Confidence
Estimate
Interval
No Adverse o
Atmospheric Conditions 82.67% (71.7,90.0)
Rain 8.38% (3.0,21.1)
Snow 7.31% (2.1, 22.2)
Fog 1.65% (0.2,12.3)
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2.4.4 Roadway Curvature

Tables 2-36 and 2-37 provide the (horizontal) curvature of the road where the truck was traveling
prior to the rollover for TIFA and GES, respectively. About half of the rollovers occurred
among trucks traveling curves. In all, 43.8 percent of the tank truck rollovers in TIFA and 40.9
percent of the tank truck rollovers in GES occurred among trucks traveling curves. Since
significantly less than half of the driving mileage is negotiating a curve, the likelihood of a
rollover is higher in a curve than a straight (tangent) section. The likelihood is increased
sufficiently that similar numbers of rollovers are observed during straight driving and curve
negotiation.

Table 2 - 36 Rollover Crash Roadway Curvature Category

Relative Frequency (TIFA)
Total Percent of
Alignment | Rollovers | All Rollovers
Straight 270 56.0%
Curve 211 43.8%
Unknown 1 0.2%
Total 482 100.0%

Table 2 - 37 Rollover Crash Roadway Curvature Category
Relative Frequency (GES)

Percent of All Rollovers
Category . 95% Confidence
Estimate
Interval
Straight 59.07% (43.4,73.1)
Curve 40.93% (26.9, 56.6)

2.4.5 Location Relative to Interchange

Tables 2-38 and 2-39 provide the location relative to interchange for the truck prior to the
rollover for MCMIS and GES, respectively. According to MCMIS, most rollovers (53.2

percent = 19.0 + 34.2) occur not at an interchange or intersection; on undivided highways a large
percentage of rollovers occur close to an intersection. Again, according to MCMIS, 7.2 percent
of rollovers occur on ramps. GES data estimates that a similar percentage (6.3 percent) of
rollovers occur at ramps.
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Table 2 - 38 Rollover Crash Location Relative to Interchange Category
Relative Frequency (MCMIS

Total Percent of
Location of Accident Rollovers | All Rollovers

Close to Interchange 11 4.6%
Not at Interchange 45 19.0%
On or Off Ramp 17 7.2%
Total Divided Highway 74 31.2%
Close to Intersection 82 34.6%
Not at Intersection 81 34.2%
Not on Roadway 0 0%
Railroad Grade Crossing 0 0%
Total Undivided Highway 163 68.8%
Total 237 100.0%

Table 2 - 39 Rollover Crash Location Relative to Interchange Category
Relative Frequency (GES)

Percent of All Rollovers
Category . 95% Confidence
Estimate
Interval
Non-interchange 92.45% (83.9, 96.6)
Interchange 1.27% (0.3, 4.5)
Entrance or Exit Ramp 6.28% (3.0, 12.8)

25 Driver Factors

The analysis of the associations between driver factors and rollover focused on age of the driver,
the speed that a driver was traveling when the rollover occurred, and driver errors and
distractions right before the rollover. Miscellaneous driver factors such as training and years of
experience were also available, and tables on these variables are available in Appendix A.

251 Age

Table 2-40 provides the driver age at the time of the rollover for MCMIS, TIFA, and GES.

The majority of the rollovers occurred among drivers who were 25 to 55. As will be shown in
Table 7-2, drivers under the age of 35 do have rollovers in slightly greater proportion than their
representation in the professional driver population.
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Table 2 - 40 Rollover Crash Age Category Relative Frequency

S A GES
river Age .
MCMIS TIFA 9
(years) Estimate 95% Confidence
Interval
<25 4.8% 4.8% 7.74% (2.4, 22.4)
25-35 23.0% 23.97% (16.6, 33.3)
35-45 33.0% 75.9% 32.29% (14.4, 57.5)
45 — 55 20.6% 24.83% (15.4, 37.6)
55 - 65 15.5% 9.18% (5.6, 14.8)
19.3%
>65 2.7% 1.98% (0.7,5.3)
Total 100.0% 100.0% 100.0%
25.2 Speed

Tables 2-41 and 2-42 indicate if traveling too fast or speeding was a factor contributing to the
rollover for LTCCS and GES, respectively. The majority of the rollovers occurred when the
trucks were not speeding. Though more than half (52.0 percent of the LTCCS rollovers and
59.7 percent of the GES rollovers) occurred among trucks that were not speeding prior to the
rollover, a substantial number were traveling too fast or speeding.

Table 2 - 41 Rollover Crash Speed Category Relative Frequency (LTCCS)

All Trucks Cargo Tanks Only
Speeding Percent of Percent of
Rollover | All Rollover | Rollover | All Rollovers

Did not realize caution required 41 19.0% 4 16.0%
Keeping up with traffic 3 1.4% 0 0%
Other reason 63 29.2% 6 24.0%
Unknown 9 4.2% 2 8.0%
No traveling-too-fast factors 100 46.3% 13 52.0%
Overall 216 100.0% 25 100.0%

Table 2 - 42 Rollover Crash Speed Category Relative Frequency (GES)

Percent of All Rollovers
Category . 95% Confidence
Estimate
Interval
Not Speeding 59.67% (42.6, 74.7)
Speeding 38.34% (23.3, 56.0)
No Driver 1.99% (0.6, 6.3)
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2.5.3 Driver Errors and Distractions

Tables 2-43 and 2-44 provide the fraction of crashes due to driver errors and distractions from
TIFA and GES, respectively. The number of rollovers where the driver was impaired or
distracted is greater than the number where vision was obscured. Thus, reducing driver errors
due to distractions has more potential to reduce the overall number of rollovers than decreasing
the incidence of vision being obscured.

Table 2 - 43 Rollover Crash Driver Errors and Distractions Category
Relative Frequency (TIFA)

Straight Tank Trucks Tractor-Semitrailers
Driver Factor Percent of Percent of
Roll All Rollovers Roll All Rollovers
None 26 23.4% 87 23.5%
Physical or Mental Condition
Inattentive 13 11.7% 39 10.5%
Drowsy, Asleep 3 2.7% 31 8.4%
Other Physical 1 0.9% 8 2.2%
Miscellaneous Driver Errors
Run Off Road 60 54.1% 203 54.7%
Driving too Fast 25 22.5% 102 27.5%
Erratic/Reckless 8 7.2% 29 7.8%
Over Correcting 17 15.3% 26 7.0%
Failure to Yield or Obey 8.1% 14 3.8%
Other Driver Error 6.3% 14 3.8%
Other

Avoiding, Swerving or

Sliding 11 9.9% 15 4.0%
Misc. Non-Driver Causes 2 1.8% 2.4%
Miscellaneous Violations 3.6% 1.9%
o Dimctons 2| 1o 1| o
Vision Obscured 2 1.8% 5 1.4%

Total
Total 111 371
(Note that a driver may have been coded with more than one condition, so the numbers add to more than 100
percent.)
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Table 2 - 44 Rollover Crash Driver Errors and Distractions Category
Relative Frequency (GES) Physical Impairment

Percent of All Rollovers
Category , 95%
Estimate Confidence
Interval
None 83.53% (78.0, 87.9)
Drowsy, Sleepy, Fell 0
Asleep, Fatigued 6.63% (4.0, 10.9)
I, Blackout 2.50% (0.7, 8.2)
IOthe'T Physical 0.31% (0.0,2.2)
mpairment
Unkn_own If Physically 7 02% 2.7,17.1)
Impaired
Distracted
Percent of All Rollovers
Category , 95%
Estimate Confidence
Interval
None 43.94% (24.9, 64.9)
Inattentive 13.9% (5.6, 30.4)
Sleepy 6.68% (4.0, 11.0)
gdju_stmg Music/Other 1.79% (0.3, 9.4)
evices
Other Person/Object 1.66% (0.3,9.7)
Other 0.19% (0.0,0.8)
Unknown 31.91% (16.3, 52.9)
Vision Obscured
Percent of All Rollovers
Category ) 9,5%
Estimate Confidence
Interval
No 74.59% (60.6, 84.9)
Yes 6.35% (1.5, 23.5)
Unknown 19.06% (9.8, 33.7)
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2.6  Conclusions Concerning Crash Statistics

The tables in this section and in Appendix A confirmed some suspicions as to the factors present
when rollovers occur, but the numbers dispelled some myths, too. One ordinarily thinks of
rollovers occurring because a truck took a curve too fast. For untripped rollovers of tank
vehicles, taking a curve too fast does indeed account for a large majority (Table 2-8). However,
when all cargo tank rollovers, tripped and untripped, are considered, there are many other
factors. Certainly, speed is a factor in many rollovers, but there are roughly an equal number of
rollovers where speeding was not a factor (Tables 2-41, 2-42, A-75, A-76, A-79, and A-80).

A significant number of rollovers occur at or near the interchange on divided highways, but they
are by no means the bulk of the rollover problem. In fact, two-thirds of cargo tank rollovers
occur on undivided highway, and fewer than 10 percent occur on freeway entrance or exit ramps
(Tables 2-38, 2-39, and A-45).

The primary reason for a majority of rollovers is driver error (74 percent in Tables 2-6 and 2-7).
The various databases categorize driver errors in different ways, but decision errors are the most
common errors, followed by roughly equal numbers of performance and recognition errors.

Most rollovers occur in single-vehicle crashes (Tables A-12 and A-14). The cause for the
rollover is different if the rollover was the first event in the crash or if it followed an earlier
event. If the rollover is listed as the first event, which occurs about 10 percent of the time, it is
necessary to look at the pre-crash condition to determine the precursors to the rollover event.
Again, in the majority of these cases, the pre-crash event is a decision error on the part of the
truck driver in a single vehicle accident (Tables 2-5, A-1 and A-2). Since in more than

90 percent of the accidents, rollover is not the first event, then there was some other dangerous
event that occurred before rollover. In the case of an accident involving another vehicle, the first
event is normally collision with a motor vehicle in transit. For single vehicle accidents, the most
common first event is the truck running off the road (Table A-13.)

The data confirmed the expectation that cargo tanks are more likely than van trucks to roll in a
crash. The rollover rate for all vehicles is about 20 percent compared to about 32 percent for
cargo tanks (Table A-16, see also Table A-20). Liquids in bulk have the highest rollover rate of
about 47 percent while gases in bulk, (only one case) combined with solids in bulk, have a
rollover rate of 40 percent (Table A-18).

If they are in a crash, straight trucks and combination trucks both roll at about the same rate
(Table A-15). A truck-tractor pulling one trailer accounts for about 60 percent of all rollovers,
while straight trucks account for only about 30 percent of rollovers (Tables A-15 and A-17).

The benefit-cost analysis in Section 7 will draw on the numbers that have been presented in this
section to quantify the number of crashes that can be avoided by the various rollover mitigation
approaches. The absolute number of crashes (from Table 2-8), the portion following the action
of driving too fast in a turn (also from Table 2-8), the fraction that are combination trucks
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(Tables 2-12 and 2-14), and the relative portions of drivers of various ages (Table 2-40) all figure
directly in the benefit-cost analysis.
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3.0 Driver Training

The statistics in Section 2 showed that a driver error of one form or another figured in about
three quarters of cargo tank rollovers. Therefore this section answers the question: “What can
be done to reduce accidents through the influencing of human performance?”

Tank truck operators must perform all the tasks that other combination vehicle drivers perform.
The additional tasks for tanker operators are more matters of degree than discrete new tasks.

3.1 Introduction

This section will examine several possible interventions to improve the performance of tank
truck vehicle operators: training, truck operator monitoring technologies, and carrier operations.
The training discussion will be two-fold: the current state of tank truck vehicle operator training
by both schools and carriers will be reviewed, based on a survey of managers at tank truck
carriers as part of this project. A second survey of truck driving schools and carriers, which was
performed for an earlier FMCSA project, provides additional data for this study. Some
instructional technologies that could lead to better trained (and presumably safer) drivers will
also be examined.

The truck operator monitoring technologies discussion will be a brief overview of various
options available to the industry. Finally, carrier operations will be reviewed, to see what effect
company policies, procedures, scheduling protocols, and dispatcher performance have on driver
performance.

3.2 Task Analysis

The Commercial Vehicle Safety Act of 1986 called for the Secretary of Transportation to
establish minimum Federal standards for the states to use in testing and ensuring the fitness of
persons who operate commercial motor vehicles. The standards were to include both knowledge
tests and driving tests, and required that the driving tests take place in a vehicle that was
representative of the type of vehicle the driver operates or will operate. If appropriate, different
minimum testing standards were to apply to different classes of commercial motor vehicles. The
rule subsequently issued by the FHWA (49 CFR Part 383), containing the minimum standards,
stipulates specific knowledge, skills, and abilities which drivers of different types of commercial
motor vehicles must possess [Brock et al., 2007]. The research and development efforts to
produce those minimum standards produced the best documentation yet of the tasks and
knowledge needed to operate commercial vehicles.

CDL knowledge tests were developed that reflected both the general knowledge required of all
commercial drivers and the specialized knowledge required of operators of particular classes of
vehicles or vehicles hauling particular kinds of cargo. The knowledge tests to be taken by a CDL
applicant directly reflected the type of vehicle and he or she operated or proposed to operate.
They included:

Cargo Tank Roll Stability Study 38 Final Report: April 30, 2007



A General Knowledge test of safe driving principles
An Air Brakes test

A Combination Vehicles test

A Tanker test

A Doubles/Triples test

A Passenger Transport test

A Hazardous Materials test.

In addition to the knowledge tests, there was also a requirement for the development of three
driver skills tests that would determine whether the applicant:

Had an adequate understanding of how to ascertain the condition of key operational and
safety systems of the vehicle

Had the fundamental psychomotor and perceptual skills necessary to control and
maneuver heavy vehicles

Was capable of safely driving the vehicle in a variety of road environments and traffic
conditions.

These tests were designed to be adaptable to different vehicle sizes and configurations. Each

met professional standards for reliability and validity, and each measured an important, yet
relatively independent, area of driver skill. It is important to note that to receive a CDL
endorsement to drive tankers, an applicant must pass the CDL knowledge test on tankers but may
use any Class A vehicle for his or her skills tests. In other words, applicants do not have to
demonstrate their ability to drive a tanker in order to receive a CDL with the tanker endorsement.

Vehicle operators are to inspect their vehicle before every trip as well as periodically while on
the road. Additional inspection tasks for tank truck operators are:

Inspect tank vehicle’s markings, including product ID number, and lessee or owner’s
name.

Refer to vehicle’s manual to ensure that the particular characteristics of the vehicle are all
inspected.

Check tank’s body or shell for dents or leaks.

Check the intake, discharge, and cut-off valves to ensure that they are in correct positions
for each vehicle operation.

Check pipes, connections, and hoses for leaks, particularly around joints.

Check manhole covers and vents.

Ensure that covers have gaskets that close completely.

Ensure that all vents are clear.

Ensure that all special-purpose equipment is present and working correctly.

Find out what emergency equipment is required on the vehicle and ensure that it is in
place and in good working order.
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In terms of driving, tank truck operators have tasks that are similar to those of any good driver,
but the standards for performing those tasks are much higher:

Adjust the vehicle speed to allow a “Speed Cushion” for maneuvering (at least 10 MPH
below the posted speed limit is recommended) when approaching a curve.

Slow down and downshift early. Don’t shift in the curve.

Look at both the speed limit sign and the speedometer to ensure that the vehicle is below
the posted speed.

Slowly accelerate out of the curve.

Maintain a “Space Cushion” (distance between your vehicle and other traffic) so there is
a safe maneuvering distance despite misjudgment, weather, road conditions, and poor
driving by other motorists.

Select travel routes that are best suited to the type of vehicle and loads being driven in
order to avoid adverse road conditions, such as sharp curves and steep grades that make
rollovers more likely to occur.

If a rollover appears imminent, attempt to straighten out the vehicle and bring it to a
gradual stop, even if it means driving off the pavement.

Drive smoothly.

Maintain steady pressure on the brakes to minimize surge.

Avoid oversteering, over-accelerating, and over-braking.

As noted, the tasks required to operate a tanker are the same as for the operation of any Class A
vehicle. The major difference for tankers is the proficiency with which the operator must
perform those tasks.

3.3

Training Gap Analysis

Staplin, et al. [2004], had the following to say about training to prevent rollover:

Techniques used to train beginning drivers in rollover prevention include classroom
training, supplemented by video. One school teaches the “No Lean” policy: if you never
go fast enough to cause your cab or yourself to lean, you have less chance to roll over.
Another school respondent indicated that in the classroom, they talk about center of
gravity, shifting and surging cargo, and speed on curves, and they practice this daily on
the road. One school utilizes a high-fidelity simulator to train rollover prevention for
standard tractor trailers. A truck carrier with no simulator indicated that a simulator
would be a great tool, but hands-on with various loads on a test track works best to let the
driver get a feel for the shifting of weight and truck response. This type of hands-on
training is risky with an inexperienced driver, so it is imperative that the instructor be
competent. This company reinforces the fact that warning sign advisory speed limits are
designed for cars and that truck drivers must keep speeds well below postings in curves
and on ramps (p. 25).

FMCSA has developed minimum training requirements (49 CFR 380) for operators of double
and triple trucks, also known as longer combination vehicles (LCVs). LCV training will consist
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of driving and non-driving activities, such as route planning and checking cargo and weight.
Because LCV doubles and triples have different operating characteristics, FMCSA established
different training courses for each vehicle group. The rule also establishes two types of LCV
driver instructors, classroom instructors and skills instructors. Table 3-1 shows the specific
content requirements for these special classes of vehicles. Although tanker vehicles do not fall
into the specific classes of vehicles for which this curriculum was developed, tanker training
practices can be compared to the LCV curriculum serving as a benchmark. With the exception
of specific LCV topics (e.g., 1.1 in the table), these general topics apply to tank truck driver
students as well.

Table 3- 1 Course Topics for LCV Drivers

1.1 LCVsin Trucking

1.2 Regulatory Factors

1.3 Driver Qualifications

1.4 Vehicle Configuration Factors

Section 1: Orientation

2.1 Coupling and Uncoupling

2.2 Basic Control and Handling
Section 2: Basic Operation 2.3 Basic Maneuvers

2.4 Turning, Steering and Tracking
2.5 Proficiency Development

3.1 Interacting with Traffic

3.2 Speed and Space Management
3.3 Night Operations

3.4 Extreme Driving Conditions

3.5 Security Issues

3.6 Proficiency Development

Section 3: Safe Operating Practices

4.1 Hazard Perception
Section 4: Advanced Operations 4.2 Hazardous Situations
4.3 Maintenance and Troubleshooting

5.1 Routes and Trip Planning
5.2 Cargo and Weight Considerations

Section 5: Non-Driving Activities

Rollover prevention is treated under Section 4.2 of the FMCSA minimum standards for LCV
drivers as follows:

Unit 4.2-Hazardous situations. This unit must address dealing with specific procedures
appropriate for LCV emergencies. These must include evasive steering, emergency
braking, off-road recovery, brake failures, tire blowouts, rearward amplification,
hydroplaning, skidding, jackknifing and the rollover phenomenon. The discussion must
include a review of unsafe acts and the role they play in producing hazardous situations.
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In the federal code applicable to hazardous material transportation, driver training is addressed
twice:

e 49 CFR 172, Subpart H—Training, and
e 49 CFR177.816 Driver training.

Although both sections address who is to be trained and what the training’s content will be, it is
left up to individual carriers to develop specific training programs. The rule in 49 CFR 172,
Subpart H addresses all employees who have any connection to the transportation of hazardous
materials. As a result, it is has no prescriptive regulations unique to driver training generally or
anti-rollover training specifically. It does, however, prescribe that persons handling hazardous
materials, including drivers have function-specific training in safety. The text of 49 CFR177.816
addresses the safety of the vehicle more directly. All drivers of hazardous materials must be
trained in “vehicle characteristics including those that affect vehicle stability, such as effects of
braking and curves, effects of speed on vehicle control, dangers associated with maneuvering
through curves, . .. and high center of gravity.” In addition, it recognizes the special needs of
cargo tank vehicles and requires that their operators be trained in handling the high center of
gravity and the surge of a partial fluid load, including baffled and compartmented tanks.
Rollover is not named explicitly in 177.816, but the high center of gravity is mentioned twice,
strongly suggesting that anti-rollover training be included.

Staplin, et al. [2004] contains an in-depth description and discussion of current commercial
driver training practices in Europe and the United States. That report reviews the work of

Horn and Tardiff [1999], which found that private schools most commonly offer a 150-hour
curriculum that includes classroom, range, and on-road training. They also found that nonprofit
schools tended to offer a more extensive curriculum, with some countries providing 700 hours of
training. In France, the curriculum can require up to two years to complete, depending on the
entering student’s experience and knowledge.

Kuncyte’ et al. [2003], compared the training programs for HM drivers in Europe and North
America. The authors selected Sweden and The Netherlands to represent Europe, and Canada
and the United States to represent North America. The differences among the four countries
reflect both various regulatory pressures and diverse cultures. They found: “In Canada and the
US, it is the role of the employer to ensure appropriate truck-driver training for the transportation
of dangerous goods. In Sweden and The Netherlands, a competent national authority must
accredit training institutions or trainers and monitor the examination of truck drivers. However,
all training system approaches pursue the same goal: to ensure appropriate training and prevent
the accidental release of dangerous goods during transportation. . . . The involvement of national
authorities is important for truck-driver training quality and control. Hence, without some
standards, training does not always meet actual driver tasks and employer expectations
[Kuncyte’, et al, 2003, p. 1999].
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Table 3 - 2 Carrier Frequency of Use: Battelle team developed a survey (see Appendix E)

Training Methods (N=23) to determine how training is currently being
Lectures 16 |  conducted for new tank truck drivers. The survey
Films/videos 19| specifically asked about training to prevent

Computer Based Training (CBT) 4 | rollover. The surveys were distributed to all
Web-based training 2| members of the National Tank Truck Carriers. The
Textbooks 6| team rece_ived 23 cor_npleted surveys from managers
Restricted In-vehicle 9 or executives of carriers managing tqu trugk fleets.
Only one of these carriers trains aspiring drivers
Simulation 2| before they have obtained their CDL. Table 3-2
Demonstrations 8| shows the frequency of use of the various available
On road driving 19| training methods.
Other 5

All respondents report that they provide specific
training in rollover prevention. They all reported using video material in their rollover
prevention training. A few companies have developed their own videotape training packages,
but most purchase commercial off-the-shelf products that provide both graphic and visual
demonstrations of good and bad driving effects on the risk of rollover as well as the
consequences of rollover accidents. In addition to traditional training materials, the NTTC
provides motivational posters and safety documents on the consequences of tanker rollovers.
The three sources of materials most often identified were:

J. J. Keller, the NTTC, and Smith Systems. Other vendors named included the Institute of
Driver Behavior, Coastal Training Technologies, Great West Casualty Company, and various
other insurance companies. Several also reported receiving some training materials from
customers and various state and province associations.

The challenge facing the tank truck industry is that they are trying to modify human performance
by imparting information. It is possible to train superior driving habits with a combination of
instruction and guided practice. Many of the videos combine motivational materials with visual
and graphic presentations of the dynamics of rollovers.

The survey asked each respondent to rate the quality of the instruction from each of the methods.
Table 3-3 shows those ratings. Some raters provided their opinions of various materials even
when they do not use those materials themselves.
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Table 3 - 3 Ratings of Driver Training Materials

Not Marginally Very Most
Method Effective Effective Effective Effective Effective

Lecture 1 7 7 1
Films/video 3 6 4 3
CBT 2 2

Web Based 2 1

Textbooks 1 2 3 2

Restricted In-vehicle 1 1 4

Simulation 1 1 1

Demos 1 9

On the Road 1 8 4

Many of the carriers who responded to the survey have identified rollover prevention as more of
a motivational issue than a skill acquisition issue. That is, fatigue, distraction, and poor general
driving behaviors may have a greater effect on a driver’s performance than lack of a particular
skill. With one exception the carriers in the survey do not engage in the initial training of the
student. Most carriers leave the basic driving behavior training to schools. However, the carriers
evaluate the general driving skills of each incoming student driver.

The student driver is supposed to acquire skills under the supervision of an experienced driver in
the truck cab. One in-truck method that attempts to provide more realistic training to prevent
rollover is to affix an outrigger on a tank truck, which prevents the vehicle from completing a
rollover when the student driver has exceeded the vehicle’s limits. Several schools (but no
carriers in the survey) provide areas which, when wetted, provide an area to experience skids.
These skid pad and outrigger solutions are expensive and do not completely remove the risk of
actual damage to the vehicle or injuries to the driver and instructor. Driver training instructors,
therefore, must closely monitor the normal driving performance of the student driver to ensure
that he or she is following sound driving practices.

The conclusion from the literature and the survey is that those carriers who responded to the
survey and those carriers who are members of professional organizations are aggressively trying
to train new tanker drivers to be safe. Included in this training are instruction and practice on
avoiding rollovers. Unfortunately, there is no way to practice avoiding rollovers that doesn’t
include the risk of causing a rollover. This is a risk prudent carriers and drivers avoid.
Therefore, the gap that exists between what is optimum for training the new tanker driver and the
current training programs is caused by public safety concerns, common sense, and a lack of a
safe and reliable technology for providing practice opportunities for modifying driver
performance to reduce the risk of rollover crashes.

The gap between what needs to be taught and what is actually taught to reduce the risks of

rollovers is relatively small with the tank truck carriers who responded to this survey. This is not
surprising: no one gains from rollover accidents. However, there are two critical pieces missing
in current practices in rollover prevention training: (1) the technology to allow student drivers to
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see the consequences of poor driving without putting either the driver or the general public at
risk and (2) a lack of objective measures that carriers can use to determine that a new driver is
ready to drive a tank truck.

Rollover prevention training tends to lack instructional opportunities where incorrect driving
performance can actually cause a rollover. Even when the training sessions include various tank
configurations and loads (full, half full, empty), students and instructors are still limited in what
can be accomplished on the road. Students are taught about safe loading practices, load
distribution, and the effects that loads have on vehicle dynamics. Hours of service regulations,
fatigue countermeasures, and distraction control can all be taught. But the actual driving skills
required to avoid rollovers can only be estimated by both the student and the instructor.

3.4 Technologies for Monitoring Drivers

Technologies monitoring driver behavior and detect unsafe patterns fall into two broad
categories. The first kind monitors for indications that the driver is fatigued at the moment and
should take a break or a nap. The second kind examines patterns of risky behavior over weeks or
months. They allow a fleet manager to identify drivers who might benefit from counseling or
specialized training to avoid the risky behaviors. The two categories will be discussed
separately.

Devices to Detect Fatigue, Inattention, or Drowsiness

The surveys conducted for this research consistently identified driver fatigue and inattention as
major contributors to rollover accidents. Tables 2-43 and 2-44 cite inattention as a factor in 12 to
14 percent of cargo tank rollovers. By the time a driver realizes that the vehicle is going out of
the lane and off the road, it is often too late to recover and, in fact, any attempt to do so may
actually cause a rollover. Therefore, drowsiness or lane-departure warning systems (LDWSs) to
alert a driver before the vehicle is at great risk of leaving the road or the intended path should
help to reduce rollovers.

Extensive research has been conducted regarding in-vehicle fatigue countermeasure technologies
for truckers, and in some cases products have been commercialized. Systems have been
developed which monitor and measure eye closures. An Attention Technologies product based
on this approach is now being evaluated by NHTSA. The product, dubbed “Copilot,” is a small
device that mounts on the dashboard with a rotating base for easy adjustment. It is powered
through vehicle auxiliary power and faces the driver so it can detect eyelid closure patterns,
which is a key indicator of drowsiness. Additionally, head movement monitoring has shown
very good results, and the HeadTRAK system from Applied Safety Concepts is now being
offered to commercial drivers and the general public. Companies in Japan have had success in
monitoring driver inputs (steering, brakes, and throttle) to assess fatigue. Most of the research
for this product has been completed and the focus is now on commercialization, such as driver-
vehicle interface, packaging, and generating cost/benefit data that are compelling to fleet buyers.
[Brock et al., 2004].

The most common warning systems are LDWSs. The FMCSA web site has a review of
currently available LDWSs [USDOT, FMCSA, 2007]. They are typically forward-looking,
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vision-based systems that “use algorithms to interpret video images to estimate vehicle state
(lateral position, lateral velocity, heading, etc.) and roadway alignment (lane width, road
curvature, etc.). These LDWSs use a forward-facing camera that is mounted to the windshield in
the cab of the vehicle. The systems also include an electronic control unit and a warning
indicator. Some LDWSs may issue directional warnings to alert the driver to which side of the
lane the vehicle is drifting. A directional warning may be audible, such as rumble strip sounds in
left or right in-cab speakers, or tactile. LDWSs may graphically indicate on a user interface
display how well the vehicle is centered in the lane on a time-averaged basis.” Some LDWSs
function as early indicators of fatigue or drowsiness and can alert a driver to get rest. If drivers
heed these warnings, the devices can help reduce the number of rollovers that result from fatigue
and drowsiness. The warnings of imminent lane departure will help to reduce the number of
rollovers that result from single-vehicle road departures followed by impact with roadside
furniture or tumbling down an embankment.

3.4.1 Devices to Detect Patterns Risky Behavior Over Time

When a driver trainer rides with a new driver, the senior driver will observe the trainee’s
practices for potentially unsafe actions such as following too closely or not beginning to slow
soon enough for a curve. Feedback is immediate. During a driver’s long career alone in the cab,
bad habits can develop, whether consciously or subconsciously. Programs have been proposed
to monitor a driver’s practices and, by various means, encourage better adherence to safe driving
practices.

Major vendors of fleet tracking systems (Cadec http://www.cadec.com/solutions/hardware.html
and Qualcomm http://www.qualcomm.com/qwbs/solutions/prodserv/fltadvisor.shtml) provide
the capability of recording trips and scanning the data for instances of risky behavior, such as
exceeding the corporate speed limit or braking suddenly. Some versions of the electronic aids
for roll stability reviewed in Sections 4.2 and 4.3 allow fleet managers to count the number of
times the system activates and to associate the activation with individual drivers. Information
from electronic stability aids is beginning to be available through the fleet tracking systems.

Figure 3-1 is adapted from Figure 5-4 in [Battelle 2003a]. The data came from a study of cargo
tank driver behavior in revenue service. The “proximity to rollover” on the horizontal axis was
calculated from the lateral acceleration and the speed of the trucks as they negotiated curves.
The quantity approximates how close a truck came to rolling over. A value of 50 percent means
that the lateral acceleration (the cornering force) was about half what it would have taken to roll
the truck over. The line with solid circles indicates that more severe events occurred less
frequently. There were only three events at the 80 percent level in the year-long study. If the
line is extrapolated to the lower right, it points roughly to the diamond, which represents the
historic rollover rate of the carrier in the study. An electronic stability aid would activate only
when the risk of rollover is higher than in most of the maneuvers represented in Figure 3-1, so
the data is not directly applicable to interpreting events from an electronic stability aid. The
figure does suggest, though, that the rate of near misses is indicative of the probability of a crash.
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Figure 3 - 1 Data Recorded During a Previous Field Operational Test Indicates that

How the data is then related back to the driver is a matter of corporate policy and agreements
with the drivers. Good human relations are necessary to ensure the drivers welcome constructive
feedback. Some carriers may post a month’s results so all drivers can see their records along
with those of others at the terminal. Others have found it beneficial for a driver trainer to meet
individually with drivers and discuss specific events. (This is possible because the tracking
systems record the exact time and location of the events.) An honest, objective discussion, soon
after the event, is a useful training opportunity.

A recent study on the drivers of light vehicles [Toledo and Lotan, 2006] found that objective
measures of risky behavior could be correlated with an individual’s crash history. Allowing
drivers access to their own records produced an improvement in their behavior, but the effect
was temporary, at least in part because the vehicles were family cars and there was no manager
to ensure continued self-monitoring. An ongoing FMCSA study is evaluating the effectiveness
of feedback to commercial vehicle drivers.

3.5 Review of Modern Training Technologies

Although instructional technologies can apply to anything from slide projectors to satellite linked
distance learning programs, this discussion will focus on two general technology applications
that have the highest probability of directly influencing the training of commercial vehicle
operators: Computer-based instruction (CBI) and simulation.

3.5.1 Computer-based Instruction

The power of computers to instruct is significant. A computer can provide graphics, video, and
sound. Computers can adapt the pace, mode, and content of an instructional program to meet the
learning needs of each student. A well designed CBI program will test each student as he or she
progresses through the program and, based on those test results, provide the next appropriate unit
of instruction.

Cargo Tank Roll Stability Study 47 Final Report: April 30, 2007



The most fundamental question about CBI is: Does it work? Recent research, which has applied
meta-analytic techniques to answer that question, suggests that it does [Fletcher, 1995; Kulik,
1994; Kulik and Kulik, 1991]. Meta-analysis is a technique first proposed by Glass [1976]. It
basically applies statistical analysis to an accumulation of studies around the category of interest.
In a 1995 paper, Fletcher proposes a method by which these statistical findings can be converted
to a percentile measurement to compare student performance.

Recent studies in the military services, academia, and large corporations, using the approach
presented by Fletcher [1995], have indicated that the appropriate application of CBI across a
wide range of a large population of students can lead to a 33 percent increase in the amount of
material learned or a 33 percent decrease in the time needed to reach previously established
learning criteria [Dodds and Fletcher, 2004].

Table 3-4 identifies the minimum qualities one should find in a CBI program for commercial
vehicle operators. It is based on prior work in CBI [e.g., Eberts and Brock, 1987; Brock, 1997,
Brock, 2006], driver training [Brock, 1998; Hodell, Hersch, Lonero, Brock, Clinton, and Black,
2001; Brock, 2006] and commercial vehicle operations [Llaneras, Swezey, Brock, and Rogers,
1993; DTDA, 1996; Brock, Krueger, Golembiewski, Daecher, Bishop, and Bergoffen, 2005].
A complete discussion of the characteristics in Table 6-4 can be found in Brock, et. al. [2007].

Table 3 - 4 Minimum Qualities for Computer Based Instruction
Commercial Vehicle Operators

Interactive learning

Students enter and exit as needed

Easy to use

Visually rich

Can be customized to include company policies, vehicles and drivers

High retention by students

Information collected on a common data base

Students set their own pace

Criteria testing

Modal consistency

CBI is popular among users, although its contribution to traffic safety has not been
systematically studied. One company has provided over 500,000 hours of training using both
CD-ROM based and Web based training since 2001 [Voorhees, 2006]. Some commercially
available driver training CBI, whether for commercial drivers or the general public, target
specific aspects of vehicle operation (e.g., risk recognition and compensation, defensive driving).
Others provide either complete instructional packages (e.g., CDL in a box), or computer-based
products that integrate into a complete training course.

According to Staplin, et al. [2004], United Parcel Service (UPS) states that its CD and web-based
training programs are much more efficient and yield better results than paper manuals.
Smithway Motor Xpress uses a computer-based training program to teach load securement
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procedures. The drivers learned the material more quickly with the new program, and the cost to
train a driver, originally $1,000, dropped to $150 per driver.

Ryder Truck [2000] describes a computer program that delivers 32 1-hour lessons on trucking
fundamentals based on a model curriculum produced by the Professional Truck Driver Institute
(PTDI) for the basic training of commercial vehicle drivers. Lessons are delivered via a high-
speed Internet connection to where the students are, rather than having the students travel to a
single location. Thompson [1996] describes a CD-ROM training program implemented by Frito
Lay to train drivers about DOT regulations, focusing on alcohol and drug requirements. CD-
ROMS and PCs have been placed in 40 company locations throughout the United States.
However, a few carriers are measuring the effectiveness of advanced technology training that
includes both CBI and simulator-based training, which is discussed below.

3.5.2 Simulation Technology

Simulation is an instructional method that requires students to interact with specific instructional
events based on real-world scenarios. Students must see or experience the consequences of their
interaction. All interactions should result in similar real-world outcomes or effects. The primary
learning outcome of a simulation should be the demonstration of a real-world process, procedure,
or specific behavioral change.

As Brock, Jacobs, and McCauley [2001] point out in a study for the Transit Cooperative
Research Program, there is a long and rich body of scientific and technical literature on
simulators and their use for training that goes back to at least the early 1950s. The literature can
be broadly characterized as falling into four main domains: 1) descriptions of simulators, or
simulator components, their characteristics, and how they are being used, 2) advice on what
characteristics are required in a simulator, 3) results of research on the effects of simulator
characteristics on performance, and 4) results of research on the effects of simulator
characteristics on training.

Data regarding the effectiveness of simulator training for truck drivers is better documented than
that for CBI. In their review of practices in the European Union and North America, Horn and
Tardif [1999] state that truck driver training has generally remained low-tech, with the majority
of training done using traditional methods of teaching. Although training simulators are
appearing in some schools, they will remain the exception for years to come because the trucking
industry and the private training schools do not have the resources to invest in these tools.
However, where there are simulators there is good record keeping that establishes the value of
such costly devices.

Pierowicz et al. [2002] evaluated the adequacy of six simulators for use in a three-part study to
determine whether simulator-based training can enhance training effectiveness and improve the
performance of tractor-trailer drivers, compared with conventional training methods. The bulk
of the Pierowicz et al. [2002] report describes the functionality of the six simulators and their
adequacy for use in validation studies. The simulators were evaluated on 183 factors to
determine their adequacy in supporting the research design of the three study phases.
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Regarding the use of driving simulators for training drivers, Brock et al. [2001] conducted a
literature review, surveys, and site visits for the Transit Cooperative Research Program. They
concluded that transit bus operator training can be improved with selective use of transit bus
simulators. They also noted that a critical feature in the success of simulator training programs is
the competence and enthusiasm of the instructional staff.

The Brock et al. [2001] report discussed three current applications of simulator technology:

(1) an open-loop video simulator; (2) a low-end simulator, and (3) a so-called midrange
simulator. All three simulators are used to train new drivers; they are also often used to retrain
more experienced drivers. However, each device trains a subset of the skills required by drivers
of transit buses, but none trains them all. Table 3-5 describes these three levels of simulation,
which represent the key characteristics of currently available commercial driving simulators.
None of the current crop of simulators specifically address either tank truck driving or the
specific problems of rollover prevention in tank trucks.

Brock et al. [2001] note that the use of simulation decreased trainee drop-out rates by 35 percent
for an agency using the midrange simulator, decreased student failure rates by 50 percent in an
agency that uses the open-loop and the low-end simulators, and decreased the collision rate by
10 percent in an agency using a combination of open-loop and low-end simulators. In addition,
the use of simulation reduced training time in one agency from 19 days to 17 days by replacing
classroom bus training with simulator training. In another agency using just the open-loop
system, training time was reduced by 5 days when simulation was employed.

Listed below are the three current driving simulator vendors for the commercial truck and bus
industry. Each offers different versions of the three levels of simulation described in Table 3-5.
In addition, all three are capable of building driving simulators which provide some motion
simulation. None of the companies currently offers an off-the-shelf simulator specifically for
tank truck rollover prevention training. However, all three have the capability of designing and
developing such a device. One, L3, has developed a simulator with rollover training capability
for trucks, generally.

The three vendors are
e Doron Precision Systems, Inc. (http://www.doronprecision.com/driving.html),
e MPRI, a division of L3, (http://www.mpri.com/driver/about.html), and
e FAAC, Incorporated (http://www.faac.com).

Cargo Tank Roll Stability Study 50 Final Report: April 30, 2007


http://www.doronprecision.com/driving.html
http://www.mpri.com/driver/about.html
http://www.faac.com/

Table 3- 5 Levels of Transit Bus Operator Simulators (From Brock, Jacobs, and Buchter, 2001)

Level 1 — Open-Loop Video

The most popular method of driver training delivery in use in transit agencies. It uses Open-Loop
Video to display traffic and other instructional information. It consists of several student stations, each
with a steering wheel, gas and brake pedals, and a rudimentary dashboard. This device is
characterized as an “open loop” system because it is non-interactive. Although each station is
equipped with a steering wheel, gas pedal, and brake pedal, the student’'s engagement of any of these
controls will not produce any appreciable effect on the video display.

The system, as designed, trains and tests very specific bus operator activities (e.g., reaction time and
visual recognition). Stopping distances, road conditions, the relationship of speed to both, and the role
of reaction time can be shown and then practiced. Because the instructor station for the system
measures performance in each learning station, the instructors can monitor and identify students who
are not correctly responding as the scenarios play out.

Level 2 — Low-End Simulator

The second method of driver training delivery is a model-board system. In this low-end simulation, a
miniature camera is installed in a small model of a bus that physically moves about on a small terrain
board in an adjoining room. This system replicates the visual, auditory, and vibratory effects of driving
a bus in an urban, crowded environment in order to train student operators to maneuver a transit bus in
relatively tight and unforgiving situations. The system demonstrates basic maneuvering of transit
buses in typical urban areas. Such skills as approaching a bus stop, parking, tight turns, and backing
can be taught to a single student without risk of damage to either an actual bus or to platforms, other
vehicles, or pedestrians.

Level 3 — Midrange Simulator

The third driver training delivery method is a mid-range simulator that uses realistic audio and video;
including rear projection, to deliver a fuller replication of the driving experience. A larger field-of-view
(FOV), on the order of 180 degrees forward, a vertical FOV of at least 45 degrees, and 60 degrees to
the rear, distinguishes this simulator from the low-end simulator described above. Additionally, a more
sophisticated vehicle model is provided, along with more complex environmental effects (weather, day-
night, and road friction), and motion cues to replicate the look and feel of the outside world as seen by
a driver looking out of the windows of a bus cabin.

One of the very strong features of this device is the fact that the mirrors in the simulated cab are actual
mirrors; they can be physically manipulated to reflect the imagery that is projected behind the simulator
cab. The visual imagery for this system was developed for the specific driving environment of the
transit buses for which the operators are being trained. Therefore, the device provides high fidelity
simulation of actual driving situations that trainees are likely to encounter upon completion of the
training program.

Purchasers can expect to spend in the neighborhood of $300,000, plus construction costs, for a
full motion-base simulator. A fixed-base simulator similar to the Level 3 in Table 3-5 retails for
$80,000 to $100,000.

Driving simulators are also being extensively used in research settings, often with interesting and
relevant experimental results. For instance, Strayer and Drews [2005] found that drivers who
spent 2 hours in a simulator learning to shift to maximize fuel efficiency were “assessed over a
six-month interval using measures of fuel consumption obtained by drivers in their own vehicles
driving their normal route. Training increased fuel efficiency by an average of 2.8 percent over
the six-month interval” (p.190). These findings held steady even for those drivers who drove
vehicles not specifically simulated in the training sessions, suggesting that simulators can be
used to teach general driving skills.
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It seems clear from reviewing the simulation literature and the current industry use of simulators
that the real payoff from simulation technology is in the larger context of a training program.
The New York and New Jersey transit training facilities use quite different simulators. Each
training program capitalized on the specific capabilities of the individual device. The key
similarities of the two training programs were: enthusiasm of the instructors, management
support of simulator costs, and careful mentoring of each student as he or she cycles through the
training program. However, both agencies also report data supporting the use of simulation
technology to reduce accidents and enhance the training experience [Brock et al., 2001].

3.6 Benefits to Advanced Training Approaches

In the survey of tank truck carriers, only one carrier reported training more than 1,000 drivers
annually. On the other hand, 25 percent of respondents reported training fewer than 100 drivers
annually. These numbers are important because investing in instructional technology has its
highest payoffs with high throughput.

The research data from the Department of Defense, universities, and various commercial
enterprises are clear: well designed computer based training programs can reduce the cost of
traditional training by one-third. The savings come from two factors: (1) Students complete the
training at their own pace; many complete the training much more quickly than with
conventional lock-step training programs. (2) Fewer instructors are needed. Of course, good
instructors are always needed. In a technology-based program, driving instructors can
concentrate on student motivation and counseling, measuring performance, and setting
professional standards.

Transit agencies have been using driving simulators for close to six years. The agency surveyed
in Brock et al. [2001] that used the midrange simulator reported that 90 days after training,

32 percent of their conventionally trained drivers had experienced a crash, compared with

18 percent of their simulator trained drivers. In this agency, simulator training in tasks related to
overtaking and being overtaken by vehicles on the left and right sides of the bus resulted in fewer
crashes by the students performing these maneuvers in the real world (17 crashes by the
simulator-trained students compared with 154 crashes for the non-simulator-trained students).

The transit agencies surveyed by Brock et al. [2001] reported that simulators are also able to
replace some of the hours spent in the actual vehicle. This can have a significant effect on
training costs, as simulator costs can run as low as $3 per hour per student versus $40 per hour
per student for in-vehicle training. Results of a survey of bus operator trainers conducted by
Brock et al. [2001] indicate a high level of satisfaction with their training simulators. Fifty-eight
percent of the respondents indicated that simulator training is more effective than traditional
training for teaching certain types of knowledge, skills, or attitudes. In particular, simulator
training validates defensive driving techniques taught in the classroom, provides an opportunity
to experience hazardous situations without putting the students or the bus at risk, reinforces
proper driving habits and defensive driving principles, and allows instructors to check reaction
time, eye-hand coordination, and driving skills. Instructors indicated that trainees with little or
no experience were better prepared for their initial driving assignment. Seventy-five percent of
the drivers surveyed reported that their bus simulation training enhanced their learning
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experience, although 6 of the 51 respondents reported motion sickness, dizziness, and
disorientation after bus simulation training.

Throughout Europe, driving simulators are becoming an important enhancement for cost-
effective, safe driver training [Hartman, et al, 2000]. They are cost-effective because they allow
year round training and cost less than behind-the-wheel training. Hartman, et al. [2000] observe
that “because simulators cannot capture real-life terrain and vehicle dynamics, the optimal blend
of simulator/computer/behind-the-wheel training needs has not yet been determined” (p.5).

The Association for the Development of Professional Training in Transport-Institute of Training
and Warehousing Techniques (AFT-IFTIM) in Menchy Saint-Eloi, France, has recently
introduced driving simulators as a key component of their comprehensive commercial driver
training program. First-year deployment of the AFT-IFTIM’s driver simulator yielded
impressive results. Reports indicate both time saving and training effectiveness. Most notable
was enhanced maneuvering training. AFT-IFTIM considers 1 hour on the simulator and 4 hours
behind the wheel to be more effective than 8 hours behind the wheel [Hartman, et al, 2000].

Schneider National in Green Bay, Wisconsin, has recently implemented an innovative and
technology-based training program for entry-level commercial drivers. The training course
included traditional classroom instruction, CBI, simulation, behind-the-wheel training, and
reading assignments as homework. Since the new program was put into effect, Schneider is
reporting that the graduation rate has increased from 75 percent to 81 percent, decreased average
time to going on the job by 38 percent, and significantly decreased the 0- to 90-day accident rate
from 31 percent to 10 percent. They also estimate that in their program, which trains 10,000
students annually, each one-day reduction in training time saves $7,000,000 annually.

One manufacturer has developed a simulator for general truck driving that includes a rollover
module. The module even simulates an electronic roll stability aid, so students can experience
the same scenario with and without the aid. While the simulator is not specific to cargo tank
trailers, the characteristics of the trailer, including the height of its center of gravity, can be
changed. Simulators are more effective when the eventual user is involved in their design.
Therefore, the tank truck carrier community should work with the manufacturers of the large-
scale, motion-base simulators to design the ideal training device for tank truck drivers.

A simulator, albeit expensive to procure, can repay its owner if there is sufficient throughput of
students to drop the cost per student below that of conventional training using actual vehicles.
Even without the savings from having safer drivers and fewer rollovers, simulators in large
student populations have proven to be cost-effective through reductions in training time.

The greatest obstacle to implementation is that individual tank truck carriers, like commercial
motor freight carriers generally, are training only small numbers of drivers. The vendors of
simulators are working to find a viable business model to expand their customer base beyond a
few large carriers. Two possible models are:

The Simulation Center Model. Simulation Centers could be established throughout the country.
Both schools and carriers could schedule drivers for simulator-based training. If a carrier hauls
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only one kind of tank trailer or the student will be driving only one kind of tank trainer, the
simulator would train only in those configurations. However, the student could still experience
full, half, and empty loads, as well as rain, ice, wind, different levels of traffic, night and day,
and mechanical failure in a two- or three-hour session. Specific scenarios could be designed that
would let the student experience the visual and physical conditions of a tank truck in a potential
rollover situation. The second advantage of such a simulator is that it can precisely measure
student performance, providing exact feedback to the student and progress reports to the school
or carrier. The downside to such a center would be the need for the carriers and schools to get
their students to the center, which could involve overnight travel.

The Portable Simulator Model. Another option would be to install the simulators in trailers
which can then be taken to the schools and carriers on a set schedule. Several current and former
simulator vendors have had such installations with little or no difficulties. Again, the simulator
would have all the same characteristics as described above. Students would be assigned to the
simulator when it was at their training facility. Portable simulators can have high fidelity, but
they cannot be the full motion-base kind.

A motion-base simulator would be a cost-effective device for training drivers of tank truck
vehicles. Such a device could provide guided practice on driving various configurations of
tractors, trailers, loads, weather and road conditions, and mechanical failures of tractor and
trailer. Such a simulator could provide a successful business and safety model for the tank truck
industry.

3.7 Effect of Operations on Rollover Experience

The Driver Training and Development Alliance, an organization of trucking professionals
dedicated to improving the safety performance of the trucking industry, has published the Driver
Training and Development Resource Handbook [DTDA, 1999]. Although the handbook was
originally conceived to address driver training, it expanded to include discussions and guidelines
on, among other things, carrier operation’s effects of driver safety.

In the survey of safety managers at tank truck carriers and in discussions with NTTC members,
many of the points of that ten year old resource guide came up again. It is therefore incumbent
upon the carriers to avoid putting drivers into situations where those factors grow too large.

The Handbook recommended a set of company activities that could reinforce the idea that drivers
are professionals. For tank truck carriers, having a professional driver corps can work to instill
the safety attitude that will minimize poor driving and increase the risk of rollover. Some of the
recommendations from the Handbook are found in current tank truck carrier operations and are
discussed below:

e Orientation program. Many of the survey respondents described in some detail the
programs they have for newly employed drivers. Safety is emphasized and many of the
materials described in the training discussion, above, are used in these early sessions.
The message from the very beginning is safety first.
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e An active and committed safety program. Given the multiple sources of rollover
prevention materials identified in our survey, it is clear that the NTTC members who
responded to the survey have active safety programs in effect. Rollover prevention
training is one component of those programs, but other components include posters,
newsletters, safety briefings, and other reminders of the importance of driving to avoid
rollovers.

e Driver recognition programs. Professional drivers are proud of what they do. The tank
truck driver should be singled out as representing the top tier of the profession. Among
the tank truck carriers who responded to our survey, entrusting experienced drivers to
vouch that new drivers are ready to take to the road on their own is a sign of respect of
and recognition for high professional standards.

But the key factor in day-to-day company operations that can increase or decrease the risk of
tank truck rollover lies in the hands of the carriers’ dispatchers. Dispatchers, often called by the
better descriptor, “Fleet Manager”, are at the center of a carrier’s operations. This is the
individual who must assigned specific loads to drivers, track the drivers as they perform their
assignment, maintain both regular and opportunistic communications with the drivers on the
road, and also coordinate with shippers and receivers.

Besides the surveys we interviewed safety managers and current and former dispatchers. This
section also benefits from one of the report authors recently working with dispatchers to develop
training programs for their profession.

The last ten years of carrier operations have seen a number of technological aids for
dispatcher/driver communications and tracking. Many drivers now receive their assignments,
questions, and information over computers in the truck cab. These automatic tracking systems
allow the dispatcher to ensure that drivers are in compliance with hours of service regulations
and following prescribed routes and schedules.

The tank truck carrier provides special challenges to the dispatcher. Ideally, tank truck drivers
should be consistently assigned to the same kind of tractor-trailer configuration for each trip. It
is the dispatcher who matches the vehicle to the driver. The dispatcher also needs to know what
routes are best for each kind of load. HAZMAT restrictions in various state and country
jurisdictions mean that a truck carrying orange juice may have a different route from a truck
carrying gasoline, even though both trucks leave from the same place and both have the same
destination.

The dispatcher must be able to track the driver’s status in meeting hours of service regulations.
More importantly, he or she must be able to anticipate when the driver must stop driving and
make route and delivery decisions based on that information. Driver fatigue is a major
contribution to rollover accidents for tank trucks, according to the survey results for this study.
If dispatch operations can prevent fatigue in the driver workforce, this could well be the biggest
single contribution the dispatchers can make to rollover prevention. The second thing
dispatchers can do is to ensure that each driver’s schedule of deliveries does not force drivers to
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use excessive speed, since it is the combination of curves and too much speed that produce many
rollover crashes.

There are numerous software products to assist the companies in managing their fleet of
vehicles. Carriers can identify multiple driver related variables, beyond hours of service and
proficiency operating particular vehicle configurations. Personal and emergency information
freely provided by the driver can help the driver manage his or her personal life while on the
road. A dispatching system that encourages courtesy and open communications between the
driver and his or her dispatcher will lead to a driver who feels respected. This is a driver who
will be more likely to drive safely, avoiding not only rollovers, but other kinds of accidents as
well.

One such system, designed by a carrier to improve traffic operations, functions as follows: A
dispatch board is displayed on large 32-inch wide-screen liquid crystal displays for easy viewing
and gives dispatchers a clear graphical view of drivers, loads, start time, expected work hours,
running hours-of-service (HOS), load details, pick up points, and status of each load with color
coding.

Load information is dragged and dropped around the board with the click of a mouse. Load
changes, including pin numbers or any traffic or safety conditions, can be forwarded to driver
cell phones. HOS records are updated and reflected immediately on the dispatch board through
color coding. Should a dispatcher be making changes to a driver's work when the driver is
logging in and printing out his work, the dispatcher receives a warning message.

Dispatchers are the point of contact between the tank truck operator and the tank truck carrier.
An individual dispatcher cannot stop a driver from performing dangerous practices. But he or
she can ensure that the driver is not pushed into those dangerous practices (HOS violations,
speeding) through the demands of the route and load assignments.

It is important to remember that the managing and scheduling the tank truck operators is only
one part of the dispatcher’s job. Other responsibilities include coordinating all daily dispatch
functions, coordinating and scheduling equipment, ensuring equipment is in compliance with
DOT regulations, and administrative and billing support. Within the context of these functions,
the dispatcher can best help prevent rollovers by following these best practices:

e Always be calm and polite when communicating with drivers.

e If communicating by telephone or radiotelephone, ask that the driver repeats back to the
dispatcher all information and instructions.

e Ensure, no matter the mode of communications, that load, route, and schedule
information is clear, concise, and unambiguous.

e Become aware of any personal issues that may be affecting driver performance (financial
difficulties, children or spouse problems, health problems).

e Ensure that HOS limitations are anticipated and accounted for in scheduling and route
planning.

e Ensure that every driver is assigned to equipment with which they are familiar and which
the carrier has cleared the driver to operate.
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e Let the drivers know that although dispatch cannot accommodate every personal need or
request, those needs and requests are considered in the scheduling and assignment
process.

e Listen to the drivers to keep updated on weather, road conditions, unique and unexpected
events on the routes, and any equipment problems.

3.8 Conclusions

This section has discussed three potential interventions to improve the driving performance of
tank truck operators — monitoring, skills, and working environment. Driver error is at least a
contributing factor to 75 percent of cargo tank rollovers. Errors might be a failure to notice a
situation in time, a misjudgment, or driving off the road edge. Clearly, a key to reducing
rollovers is helping and supporting the driver.

The tasks required to safely operate a tanker are essentially the same as those to operate another
Class A heavy vehicles, but they must be mastered to a greater proficiency. The primary method
carriers use to bring drivers to this greater proficiency is to present them information about
rollover causations and then have them drive tank trucks under the supervision of an experienced
driver/instructor until they are judged ready to drive solo.

Modern motion-base simulators can deliver better training than actual driving because of their
ability to simulate dangerous situations without actually posing a danger. The disadvantage of
simulators is that they are quite expensive, and there is no demonstrated business model for
incorporating them in training for drivers of smaller carriers. Several medium and large carriers,
who are early adopters, are currently using fixed-base and motion-base simulators to train new
drivers the skills, including in a few instances rollover prevention skills, for dry freight. Their
experience has been that training that includes simulator time is both faster and more thorough
than conventional training. An initial step to improving the training for cargo tank drivers would
be to provide this training for tank drivers. Existing simulators can vary the properties of the
trailer, so the next step would be to tailor the dynamics of the simulators to model various cargo
tanks. This includes at least the CG height and roll inertia of tanks, but input from experienced
tank trainers would be needed to ensure enough effects were captured to produce proper fidelity.
Drivers of heavy vehicles should be trained to stay well away from the high-speed conditions
that lead to untripped rollover, so simulating these conditions may not be essential. Perhaps a
more important use for simulators is to teach proper techniques for recovering from a pavement
drop-off.

Given the right subject matter and adequate adherence to instructional principles, providers of
anti-rollover training could both improve performance and shave time off the instructional
process. There are no “magic bullets” to improve human performance through training. In our
survey, carrier safety and training managers cited driving over the road as the most effective
training they currently can provide.

Our review for driver performance monitoring systems suggests that such systems can provide
early enough alerts to drivers for them to avoid rollovers. Other systems, which record
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performance data over time for management review, may serve as databases for driver
counseling and additional training to improve general driving abilities.

In terms of carrier operations, we found some evidence that drivers who are satisfied with the
way a carrier treats them also maintain a better awareness of safe driving practices. The above
discussion listed several organization programs that tend to reduce driver attrition and improve
driver safety habits. However, it is the dispatcher who has the most day-by-day influence over
the driver’s world. A dispatcher who understands the speed limitations of tank trucks will
schedule deliveries that do not require drivers to ignore those limits. If speeding on curves
causes rollovers, the dispatcher can reduce the motivation for using higher speeds. Human
fatigue is also a major contributor to rollover accidents. Dispatchers must track and collaborate
with drivers to ensure, first of all, that Hours of Service regulations are adhered to and, secondly,
that drivers can get adequate breaks on the road and between shifts.

Improving the performance of tank truck operators will reduce rollover accidents. If training can
improve skill proficiency, if warning systems can provide better information, and if the carrier
can provide a supportive working environment, the returns on investment to the carrier and the
driver will be significant.

In the benefit-cost section to follow, the benefits estimate will be that improved training
programs will eliminate 10 percent of the excess rollovers experienced by younger drivers (i.e.,
those under 35 years of age). Schneider National reported that their new drivers experienced a
68 percent (drop from 31 to 10) reduction in all crashes in the first 90 days. Such a large
reduction will not persist over the career of a driver, but the assumption will be that there is an
enduring benefit. The benefits estimate for driver training cannot be based on engineering
calculations, as were the estimates for vehicle design improvements and electronic stability aids.
The benefit-cost analysis section will discuss the sensitivity of the benefits calculation to this
estimate.
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4.0 Electronic Stability Aids

Electronic stability aids automatically slow a vehicle when it is rounding a corner too fast and is
in danger of rolling over. They are incorporated into the braking system. These devices are the
least expensive to implement among the four approaches. Multiple suppliers are offering them,
and all tractor and trailer manufacturers are offering them as options or standard equipment.
They are beginning to appear on single-unit trucks as well [Mack Trucks, Inc., 2006]. The
development costs of the systems have already been borne by the suppliers, who are now
recovering the costs through volume sales. The systems, where they are an option, add on the
order of hundreds of dollars to the retail list price of tractor. When vehicles are sold to fleets,
they are at negotiated prices, so the actual cost per tractor is probably less.

The discussion and analysis in this section address the question, “How can modern electronic
technologies help prevent rollovers?” This section describes the electronic stability aids that are
on the market. It briefly reviews other kinds of stability aids that provide information to the
driver but do not intervene with the vehicle’s control. The crash reduction benefits of the
systems are estimated.

4.1 Introduction

Systems to automatically apply foundation brakes are intended prevent the kind of rollover that
is most common for tank vehicles—those that result from traveling through a corner too fast.
The volume of tables in Section 2 indicates that there is no single reason that trucks roll over.
One of the largest single reasons, particularly for cargo tanks, is taking a curve too fast. Because
the systems that slow the vehicle in a curve do not change the inherent roll stability of the
vehicle, they are not effective for rollovers caused by other situations, such as driving over a
pavement dropoff on a straight segment.

4.2 Review of Automatic Stability Systems

Electronic stability aids continuously measure the side-to-side force imposed on the vehicle by
cornering. They contain a device called an accelerometer that senses the lateral (sideways)
acceleration of the vehicle. When the device determines that a rollover is possible, it gives
signals to slow down the vehicle. The aids typically consist of additional electronics and features
that are built into the control units for the ABS on a truck.

Some electronic stability aids are mounted on tractors. They slow the tractor by applying the
foundation brakes and by sending signals through the vehicle’s internal communication bus (the
J1939 standard) to cut fuel to the engine or engage the retarder (e.g. an engine brake) if one is
present. The tractor-based roll stability systems will apply brakes on the trailer as well as those
on the tractor. With a conventional pneumatic system in the North American market, the control
system on the tractor cannot know whether the trailer is equipped with ABS. Therefore, the
devices limit the trailer brake pressure and pulse the pressure to avoid locking the trailer brakes.
A tractor itself is usually fairly stable in roll; it is a top-heavy trailer that pulls over the vehicle in
arollover. Therefore, a tractor-based roll stability system needs information about the trailer and
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its load to avoid being too sensitive or not sensitive enough. The electronic control unit for the
stability aid communicates with the engine through the bus. It estimates the trailer’s weight, and
from there its stability, through measurement of the engine torque and vehicle acceleration.

Trailer-based electronic stability aids sense the impending rollover through measurements in the
trailer, and they apply the trailer brakes when warranted. Because the trailer, in nearly all
situations, begins to roll before the tractor does, trailer-based systems have a direct indication of
the impending rollover when the roll angle becomes too great. The systems on the market today
will first briefly apply the brake to ensure there is traction. Then they apply the trailer-axle
brakes to slow the vehicle. In a situation of near-rollover, one side of the trailer axles is more
lightly loaded than the other, so the device will apply greater torque to the more heavily loaded
outside tires. The ABS continues to function to ensure that the wheels do not lock.

The first electronic stability aids to reach the market for heavy vehicles would simply slow the
vehicle when a high lateral force was detected. An optional feature in modern tractor-based
electronic stability aids, in addition to providing the above functions, is to help to maintain the
yaw (turning) stability of the tractor by applying individual brakes when an uncontrolled tractor
spin begins. Their purpose is to correct situations of understeer or oversteer, which leads to
jackknife in a combination vehicle. Their function is similar to Electronic Stability Control,
which NHTSA has recently proposed to require on all light vehicles [U.S. Department of
Transportation, National Highway Traffic Safety Administration, April 6, 2007]. Any system
that helps a driver maintain control of the vehicle will certainly eliminate some rollovers,
especially those that follow other collision events. Yaw stability systems have demonstrated
their effectiveness for light vehicles, and they undoubtedly have their place in the heavy vehicle
market as well, but analysis of their performance and estimation of their benefits are beyond the
scope of this study.

The tractor-based systems can be installed only at the factory as part of the build. They cannot
be retrofitted because they need to be integrated with the sensors and internal communication
system of the vehicle. They also need to be adjusted for the particular dynamics of each tractor,
and that is best done at the factory. The trailer-based systems can be retrofitted to existing
trailers.

These electronic control systems for these stability aids have interfaces so that mechanics can
communicate with the device using a computer or a proprietary tool. In addition to maintenance
and diagnostic information, the devices keep records of when the control systems were activated.
The amount of information stored on each activation varies between vendors. This information
can be useful for educating drivers when they are approaching the limits of stability, as was
discussed in Section 3.4.

Braking regulations in Europe require a form of brake proportioning between the tractor and
trailer that is different from requirements in the U.S. The European regulation is met most
economically by controlling the brakes through an electronic signal rather than conventional
pneumatic pressure. These are still air brakes because brake application itself is accomplished
by air pressure; only the control is electronic. These electronically controlled braking systems
naturally lend themselves to sophisticated enhancements, including roll stability aids. This is the

Cargo Tank Roll Stability Study 61 Final Report: April 30, 2007



primary reason that electronic stability aids first appeared in Europe. There has been research on
electronically controlled braking systems in the North America, but the market remains largely
pneumatically controlled, and most of the electronic stability aids work with conventional
pneumatic systems.

There are three major suppliers of brake components to the North American heavy vehicle
market, all three of which offer electronic stability aids. All three are vigorously marketing
their products, and, as with other modern electronic devices, advancements in capability are
rapid. All three perform the basic functions as described above, but their implementation and
features differ. Bendix’s stability aid is part of its “Advanced ABS6” product
(http://www.bendix.com/bendix/abs6/). The Roll Stability Program (RSP) provides the functions
described above for slowing the vehicle to prevent rollover. The Electronic Stability Program
(ESP®) provides additional features for yaw stability. Meritor WABCO calls its tractor-based
product the Roll Stability Control (RSC) (http://www.meritorwabco.com/rsc.asp). Their trailer-
based product is Roll Stability Support (RSS) (http://www.meritorwabco.com/rss.asp). Haldex
sells brakes only for trailer axles, and their Trailer Rollover Stability System (TRS) is contained
entirely on the trailer (http://www.hbsna.com/en/Products/TRS - Trailer_Roll_Stability/).

4.3 Review of Systems that Inform the Driver

Another class of electronic stability aids merely inform the driver of the need for caution and do
not take partial control of the vehicle. Some indicate the current cornering load, some warn of
curves ahead, and one advises caution after a corner was taken too fast. Only a few of the
systems got past the research stage, and they are in limited deployment. Aside from the
following few paragraphs, the term “electronic stability aid” in this report refers to the systems
that automatically slow the vehicle in an emergency, as described in Section 4.2.

Stability Dynamics Ltd., of Campbellford, Ontario, markets a product called LG Alert™ lateral
acceleration indicator. This simple device measures the lateral acceleration of the vehicle, and a
multi-colored display indicates the level to the driver. The sensitivity is set manually, so this
device is best suited for vehicles that have essentially the same roll stability on every trip. Itis
marketed to airport fire vehicles, which usually travel with an identical full load. A table in the
user manual indicates how to set the sensitivity according to various lateral acceleration levels,
which are presumably somewhat below a roll threshold of the vehicle that may have been
measured or calculated.

Meritor WABCO, in addition to its RSC system, markets a Roll Stability Advisor (RSA).

This device advises a driver, after a curve, that the curve was taken faster than may have been
desirable. It calculates and displays a recommended speed reduction for the next trip through a
similar curve. The electronics for the RSA are mounted to the frame of the tractor, and the
system communicates with the driver message center through the vehicle bus.

An early research attempt at developing a device to increase the driver’s awareness of rollover
risk was also called the roll stability advisor [Ervin et al., 1998 and Winkler et al., 1999]. The
device actually measured the vehicle’s roll stability by sensing its roll angle as it went through
curves. It continuously displayed to the driver the current lateral acceleration, as a fraction of the
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measured roll threshold. As would be expected, the system could measure the roll stability most
accurately when it had input from sensors mounted on both the tractor and the trailer. Estimates
were somewhat less accurate when information only from sensors at the trailer axles was
available. Performance was adequate but further diminished when all instrumentation was on the
tractor. This research effort may have inspired some of the devices that came later and it
contributed to the knowledge of rollover dynamics, but the equipment was far too complicated to
be commercialized in that form at the time.

Electronic stability aids that anticipate the road ahead, rather than reacting to it, have been
proposed. A partnership led by Mack Truck began to develop a system called TSA (Trucker
Safety Advisory) for a demonstration project [Battelle, January 2006]. The TSA is intended to
increase the driver’s awareness of surroundings and attentiveness to the driving task in locations
where the probability of a crash may be greater. The TSA displays text in on the dashboard and
sounds a tone when the vehicle enters a Trucker Advisory Zone (TAZ). A zone is a segment of
road up to about 5 miles long that is known to be hazardous (e.g., a segment having an
historically high crash rate) or potentially hazardous (e.g., construction zones, potentially icy
roads or foggy conditions, sharp curves, steep grades). The TSA requires a database of TAZs.
The message stays on the monitor until the truck exits the TAZ. The TSA displays a fixed
message for each geographic location; the message does not vary with the vehicle’s speed. This
system potentially can address all types of crashes associated with TAZs encountered by a truck.
While the conventional stability systems that respond to current conditions can be effective at
any location, these anticipatory systems depend in part on maintaining up-to-date information on
TAZs, which may change over time (e.g., construction zones, road alignment changes, speed
limit changes). Anticipatory systems will be more viable in future years, when communication
between vehicles and the infrastructure becomes more common.

A separate project conducted by Oak Ridge National Laboratory [Stevens, et al., 2001] had a
slightly different idea focused more on rollovers. The concept was to collect roadway design
elements of many curves and ramps to be stored in a database on trucks. As a truck approached
a road segment, the device would compare the truck’s current speed with what it calculated to be
a safe speed for the segment. The Trucker Safety Advisory would be able to advise a driver of a
potentially difficult road segment farther in advance than the Oak Ridge system, but the Oak
Ridge system, by taking the vehicle’s present speed and stability into account, would provide
more specific warnings.

The reverse of the Oak Ridge system is an infrastructure-based system posted ahead of a
dangerous curve that warns trucks if they are approaching too quickly. They detect the presence
of a truck by its height and measure its speed with radar. If a tall vehicle is approaching at a
speed that is too fast for most trucks, a flashing sign warns the driver to slow down. Such
systems have experienced only limited deployment [Strickland and McGee, 1998, and Bola,
1999].

4.4 Estimate of Benefits

The effectiveness of active tractor-based electronic stability aids in preventing rollovers was
estimated using a computer simulation and comparison to historical crash statistics. Through an
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agreement with one of the vendors, a mathematical description of their system was incorporated
in a vehicle dynamics computer model. The behavior of identical tank trucks, with and without
the roll stability aid, was simulated as the trucks drove through a series of maneuvers that had
been recorded in revenue service in a field operational test on the data collection. The behavior
of the model was verified by comparison with test track maneuvers in both projects. Background
on data collection and details of the procedure are in earlier reports [Battelle, 2003a] and on the
original benefits estimate [Battelle, 2003b].

4.4.1 Approach

During a U.S. DOT-sponsored Field Operational Test as part of the Generation 0 Intelligent
Vehicle Initiative, the independent evaluation identified 126 rollover “conflicts” [Battelle
2003a]. These were events that had dynamic characteristics that precede a rollover crash.
Specifically, the lateral acceleration measured during the event was a significant fraction of the
estimated static rollover threshold of the vehicle at the time of the event. If each of these 126
events were to occur again many thousands of times, each occurrence would differ slightly. For
example, the speed may be slightly higher, the load may be a little fuller, or the driving path may
be slightly different. These differences can be considered to be perturbations of the actual event.
A small fraction of the combinations of these perturbations will result in a rollover crash. It is
this fraction that must be calculated to assess the ability of an electronic stability aid to eliminate
crashes.

In short outline form, the procedure is:

1. Simulate the conflict exactly as it was recorded in the Field Operational Test (FOT).
2. Simulate the conflict again with the speed 1 ft/s faster, but other conditions unchanged.
3. Keep repeating Step 2 until the vehicle rolls over or can no longer maintain its path.

The result of these three steps is a measure of the severity of the conflict. These steps are carried
out separately for each conflict. A statistical procedure then estimates the probability of a
rollover crash if all the conflict scenarios were repeated, say, ten thousand times, each time with
a small perturbation. This process is illustrated in greater detail below under the heading,
“Simulation Example” in Section 4.4.2.

The vehicles were modeled in Vehicle Dynamics Analysis, Non-Linear (VDANL)! Version 6.0.
This tool has been in development since the 1980s. It has been applied in contracts for various
agencies within the DOT, including light vehicle rollover work for NHTSA, and in contracts for
private companies. By selecting parameters to describe the vehicle, VDANL can be applied to
vehicles from race cars to tractor-semitrailer combinations. This rigid-body model incorporates
equations of motion that explicitly describe vehicle dynamics in the longitudinal, lateral, and
vertical directions in addition to independent wheel spin modes. The sprung and unsprung mass
motions are modeled separately in the pitch, roll, heave, and lateral modes. The longitudinal
motions are for the total vehicle, while the sprung and unsprung masses rotate together in yaw.

1 VDANL, Systems Technology Inc., Hawthorne, California. Phone 310-679-2281. Web page at
http://www.systemstech.com/vdanl1.htm
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The model also contains a model of a two-axle trailer connected to the tractor through a
compliant fifth wheel. The model integrates the nonlinear equations of motion, incorporating
driver actions and external inputs. The VDANL model, including the equations of motion and
the methods for measuring parameters, is documented in Allen et al. [1992].

The procedure was followed first using a simulation model of an ordinary truck—one without
the electronic stability aid. The whole procedure was repeated with a simulation model of a
truck equipped with the stability aid. The reduction in probability of a rollover attributable to the
aid was calculated, and, from this, the expected number of rollovers prevented was calculated
based on historical crash data.

The 126 conflict cases identified in the field operational test were used as the basis for a special
simulation analysis to determine the efficacy of the electronic stability aid. For each conflict,
vehicle speed was perturbed to induce a vehicle rollover. Starting with the speed profile
recorded for the conflict, the speed was incremented by 1 ft/s (about 0.7 mph) for the entire
maneuver, and the simulation was run. If no rollover was observed, the speed profile was
incremented by an additional 1 ft/s and the simulation repeated. Increasing the speed in 1 ft/s
increments, each conflict was perturbed until a vehicle rollover was observed.

The simulations quantified the speed perturbations that could be tolerated by the vehicle in each
of the conflict cases before it rolled over. The simulated truck equipped with the roll stability aid
could enter a curve at speed perturbations higher than an identical truck without the aid and not
roll over.

4.4.2 Simulation Example

Figures 4-1 through 4-4 illustrate how this
process was carried out for one of the 126 conflict

events. The first figure is a “bird’s eye view” of 0
the intended maneuver. The tru_ck was coming bl rseiion
from the upper left and turned right through two

curves before driving off to the south. The black
dot in the Figure 4-1 indicates the point of

. . . =  -500 -

interest—where the highest lateral acceleration

was measured during the actual maneuver in

revenue service. In Figure 4-2, the lower, lighter location of maximum

line is the speed history of the truck as it drove lateral acceleration

through the path. It began around 17 mph, sped -1000 }

up gradually, slowed briefly again as it made the 0 500 1000
curve, and then accelerated out of the curve. In &

the first simulation of this maneuver, the

simulated truck followed the path shown in Figure 4 - 1 Path of an Actual Truck in Revenue
Figure 4-1 at the speeds shown in the lower line Service

of Figure 4-2—the same path and speed measured on the real truck in the FOT. The black dot on
this trace at 18.2 mph indicates the speed at the moment where the peak lateral acceleration was
observed. This is the reference speed for calculating the probability of a crash in Section 4.4.3.
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The simulation was then repeated through the same path with each subsequent speed increased
slightly, until the simulated truck rolled over. The upper, heavier trace in Figure 4-2 shows the
speed of the truck when it was 4 mph faster than the original speed. This was as fast as the truck
could go through this path without rolling over. At the next speed increment, the simulated truck
rolled over. That is the first piece of important information from the simulation: if everything
were identical to the actual event, except that the driver entered the maneuver 4.8 mph faster than
the actual speed, the truck (without the stability aid) would have rolled over.

The model of the roll stability aid was implemented for the next simulation of this maneuver.
When the vehicle was about to roll over, the electronic device called for the brakes to be applied,
S0 an appropriate brake application was simulated. The truck slowed down and did not roll.
Figure 4-3 shows how the device affects the speed of the simulated truck. The solid line is the
speed of the truck without the device, just below the rollover threshold. The dotted line indicates
the speed of the truck equipped with the stability aid. Up to the point of intervention, the two
trucks had the same speed. At the point indicated by the arrow, the brakes were applied, the
simulated vehicle slowed down, and a rollover was avoided.

Figure 4-4 shows the lateral acceleration calculated at the trailer center of gravity during these
simulations. As the acceleration reaches about 0.3 g, the device activates and reduces the rolling
tendency of the trailer. The static rollover threshold of the actual vehicle was measured to be
about 0.37 g [Figure 4-6, Battelle 2003a]. At the next higher speed increment, the vehicle
without the electronic stability aid would have reached a peak trailer lateral acceleration of
nearly 0.40 g and rolled over. When the vehicle with the aid was simulated at the next speed
increment, the peak lateral acceleration was limited to 0.29 g.
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Figure 4-5 compares the roll angles of the trailers on the unequipped and equipped vehicles. The
plot with the wide swings in roll angle is on the truck without aid. The roll angle reaches about
15 degrees, well beyond the point of safe maneuvering. The roll angle of the trailer on the
vehicle equipped with the aid is limited to a much safer 5 degrees.
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Figure 4 - 5 The Electronic Stability Aid Limits the Roll Angle of the Trailer

Finally, the simulated truck was launched into this same path at successively higher starting
speeds until eventually the electronic stability aid could not prevent a rollover. This gave the

Cargo Tank Roll Stability Study 67 Final Report: April 30, 2007



second piece of necessary information for the conflict—how much faster than the actual speed
would the driver have had to enter the maneuver to roll the truck, had the truck been equipped
with the aid. In the maneuver of Figure 4-1, the driver would have had to begin the maneuver at
24.5 mph, 7.5 mph faster than the driver actually did in the FOT, to overcome the benefit of the
stability aid and roll the vehicle.

This simulation procedure was repeated for the 126 conflicts. The simulation exercise produced
two data points for each of the 126 maneuvers. The first point is how much faster the driver
would have to have driven to roll the truck without the electronic aid (4.8 mph in the illustrated
case), and the second is how much faster the driver would have had to have been driving to roll
the truck with the aid (7.5 mph in the illustrated case).

This example illustrates how the severity of a single conflict was characterized for two
conditions—trucks with and without the aid. The next section shows how these results were
used to compute how the electronic stability aid reduces the probability of a crash and, from
there, how many rollovers it can be expected to prevent.

4.4.3 Probability Calculation

The results of the simulations can be used to calculate the probability of a crash for the conflicts,
which is a step toward estimating the overall benefits of the system.

Using simulations such as the one just illustrated, the probability that each conflict would result
in a crash was estimated, using the following equation:

Av,
PC|S,)=1-D(——)
aoxX vj,ﬂ'

where S, ; indicates conflict number j,
P(C|S, ) is the probability of a crash resulting from conflict j
Av . is the increase in speed of conflict j that results in a rollover,

V; v Is the speed during the FOT of conflict j at the peak lateral acceleration, and
@() is the Gaussian cumulative distribution.

The scaling factor, o, was estimated to be 0.0010 in the independent evaluation [Battelle, 2003a,
pages 5-36 through 5-40]. As an example, Equation 1 can be applied to the conflict that served
as an example in the previous section. The probability of a crash, given that the conflict
occurred, for a vehicle without the roll stability aid, is,

)=1-®( 4.8 )=1.53x10M
0.0010x1.1x18.2

Av,
P (C|8, )=1-o(—*
OXV, y
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The numerator in this equation, 4.8 mph, is the speed increment required for this maneuver to
lead to a rollover. The value of 0.0010 is the variance scaling factor, and 1.1 is a units
conversion factor. The final value in the denominator, 18.2 mph, is the speed of the vehicle,
measured during the FOT, at which the lateral acceleration of the tractor’s steer axle reached a
peak value. The probability of this conflict resulting in a crash even without the aid is extremely
small. Indeed, crashes are rare events, so the probabilities are expected to be remote, and this
conflict is among the least likely to result in a rollover.

The second set of simulations, those where the truck was equipped with the aid, yielded a second
set of speed increments, . The formula in Equation (4-1) was computed again to determine the
probability that a truck equipped with the electronic stability aid would crash, given that it
entered one of the 126 conflicts. Again as an example, Equation 4-1 can be applied to this same
conflict to calculate the probability of a crash given this conflict for a truck with the aid

7.5
P, I—-2er y_1_@ =0
HCI5A=1-00 v, ,,,) (G o010x1.1x182"

Thus there were two numbers for each conflict—the probability of a truck without the aid rolling
over and the probability of a truck with the aid rolling over.

The difference between these probabilities is the reduction in probability of a crash that is
attributable to the electronic stability aid. With the appropriate scaling factors, the probabilities
can be summed to determine the total probability of a crash, and multiplied by the number of
miles driven by a given fleet, to estimate the number of rollovers the aid will prevent.

4.4.4 Benefits Formula

The prevention ratio is estimated as the ratio of the overall probability of a crash with the aid to
the overall probability of a crash without the aid, both given that a driving conflict has occurred.
The overall probability of a crash is estimated as the average probability of a crash given the 126
specific conflicts as described in the following equation,

P.(C|S,)

P(C|S) 126
P,(C|S) 1

=047

i
i

(4-2)

The example illustrated in Section 4.4.2 is now one of the 126 elements in the sum. The value of
Equation (1a) is one of the elements in the denominator, where the probability of a crash without
the aid is summed. The value of Equation (5-1b) is one of the elements in the numerator.

Expressing this equation in words, the probability of a rollover is 47 percent as high for a vehicle
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equipped with the aid as it is for a vehicle without the aid. The benefit of the electronic stability
aid, therefore, is that it is estimated to prevent about 53 percent of the rollovers resulting from
excessive speed in a curve.

Note that this estimate is based on a model of an electronic stability aid as it existed in 2003.
These devices have certainly been improved in the intervening years, so the estimate is a
conservative lower bound.

45 Conclusion

Electronic stability aids can prevent rollovers in two ways. First is their direct intervention in
slowing the vehicle as it enters a curve too quickly. But they can also have a training benefit if
drivers are made aware of instances where they took a curve with a smaller safety margin than
they should have. The training benefit was discussed in Section 3.4.2.

These aids can be inexpensively incorporated with the braking components that are already on
modern heavy vehicles. Though they address only a particular kind of rollovers, those cases are
a significant fraction of the overall rollover problem and electronic stability aids are quite
effective in preventing them. Thanks to the vendors’ marketing efforts, which include
convincing motion pictures and opportunities to ride in equipped trucks, the devices are already
gaining acceptance.

The devices require no training for the driver to use. However, there have been anecdotal reports
of drivers complaining of a “loss of power in curves” and not recognizing the safety intervention.
A prudent carrier certainly would advise drivers of the presence of the aids so the drivers would
understand that a potentially dangerous event occurred and would know how to respond if the
aid activated.

The simulation analysis predicted that 53 percent of the rollovers due to excessive speed in a
curve can be prevented by the particular kind of electronic stability aid that was modeled. That
number, along with the $619 retail cost of the option, will serve as input to the benefit-cost
analysis for these devices in Section 7. Because the prevention estimate was made with a model
of a 2003 system and vendors are continuously improving their products, the estimate of the
economic benefits of the system will be conservative.
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5.0 Vehicle Design

Cargo tank vehicles, particularly semitrailers, tend to be more “top heavy” than other
commercial vehicles. That is, they have a relatively high center of gravity, due to constraints on
their design. For proper structural strength, the cross section of the tank must be rounded, either
a circle or an oval. This shape lifts much of the payload well above the frame rails of the truck.
At the same time, the width of the vehicle is limited both by regulation and by practicalities of
delivery routes. Nevertheless, improvements are available to be made in the design of cargo tank
vehicles to improve their inherent stability. The focus for this part of the study is to address the
question: what are the feasible tank and trailer design changes that can increase the rollover
threshold of a tanker?

51 Introduction

The approach was to hypothesize an initial set of design change options prior to contacting tank
and trailer manufacturers, and use personal interviews to determine the likely feasibility and
costs, both in terms of manufacture and operations. Basic mechanical principles show that
rollover threshold is predominantly influenced by the ratio T/h; [e.g., Winkler et al., 2000]

where T is the mean track width and h; is the height of the center of gravity of the trailer mass
above ground — increasing T and reducing h; reduces the likelihood of rollover in any particular

circumstances. Reducing tire and suspension compliances and improving roll damping may also
reduce the risk of rollover and are worthy of at least some consideration.

Regarding the desirable changes in T and , there are only limited opportunities to change
existing design practices, so the major part of this study is to establish in some detail where
opportunities for change are indeed feasible:

e What structural design changes could be made to the trailer or the tank, and what would
be the general cost implications?

e What changes could be made to tires and suspension to improve roll stability, and again
what are the approximate cost implications?

e What operational constraints, if any, might limit the suggested design changes?

From the interview responses, feasible limits were determined and a number of representative
cases extracted. In particular, representative cases of “modest” and “aggressive” design changes
were considered for further analysis using simulation.

Roll stability benefits will also depend on the preponderance of cargo tank rollovers found in the
field, so a smaller parallel activity was undertaken to gather representative crash data and suggest
priorities based on the major tanker types involved; once again this helps focus the study on
critical sub-classes of tanker. Based on the above, a small set of feasible design changes can
then be prepared and a representative subset put forward for further cost-benefit analysis.

As stated above, it was considered essential to hypothesize a library of plausible design change
options, to help achieve a consistent approach when dealing with very different tank trailer
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organizations, particularly for structural design. The viable options considered are shown in the
left column of Table 5-1, and involve:

e Lowering the center of gravity height of the tank (modest or aggressive — see below)

e Increasing the track width, either with or without increasing the tank width and hence
allowing a simultaneous reduction in tank CG height

e Changing suspension type.

Table 5 - 1 Design Change Framework
Design Options and Assumptions Comments, Suggestions and Questions

Lowering the center of gravity is perhaps the most effective
way to improve roll stability of a vehicle. How much could
1. Lower the Center of Gravity of | the center of gravity of the tank be lowered by the following

Tank Trailers approaches? What would be the additional costs? How
applicable are these changes? Who could use them? Who
could not?

1.1 Replace straight-bore tanks with conventional double
Modest design changes to lower the conical tanks.
center of gravity of the tank trailers. | 1.2 Use low profile 5th-wheel couplers and minimize the

height of frame over suspension.

Aggressive design changes to lower 1.3 Extreme double conical tank shapes.

the center of gravity of the tank 1.4 Drop section tanks and/or low-profile tires on the trailer.
trailers.

1.5 Are there other approaches?

Widening the track width of a vehicle also improves roll
stability. Wider vehicles might also allow lower tanks. For
the following approaches, what are the additional costs?

2. Increase Track Width and

Tank Width Are there weight penalties or advantages? Can tanks be
lowered as a result? How much?
2.1 Replace dual tires with wide-base single tires.
Assuming 102-inch width became 2.2 Replace 96-inch axles with 102-inch axles.
legal on all roads: 2.3 Increase tank width from 96 to 102 inches

Modern air suspensions typically provide better roll stability
then the more traditional highway leaf-spring suspensions.
To what extent have air-spring suspensions already
replaced leaf-spring suspensions in your trailers? Are there
either cost or weight penalties or advantages for using air-
suspensions?

3. Changes in Suspensions

Of course other approaches may be considered, but these three general areas seem the most
likely and plausible. Options 2 and 3 in the table are self-explanatory, but in the case of reducing
CG height, a number of options were considered possible, and these are developed in the
following figures. Figure 5-1(a) shows the dimensions of a standard DOT 406 trailer for
gasoline transport, with a 9500 gallon oval-section tank; assuming a specific gravity of 0.7 for
(gasoline) content, the gross loaded trailer weight is 63,300 Ib and the CG height is 77.3 inches.
Two simple variations are then considered, either keeping the basic oval tank unchanged (case
(b)) or additionally employing a tapered cross section that increases the tank diameter in the
central portion of the tank (case (c)).
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Figure 5- 1(c) Tank Lowered, Tapered Tank Design (CG height 68 inches)

In case (b) the reduction in CG height is achieved by developing a low-profile 5" wheel (with an
estimated 2 inch height reduction at the front of the tank) and low profile tires (215/75R17.5J
tires) at the rear, which would enable around 8 inches of height reduction. Adding to this a
reasonably compact design to integrate the trailer frame rail with the tank support frame might
reduce the rear mounting of the tank by a further 4 inches, giving an expected 12 inches
reduction overall at the rear — see Figure 5-1(b). In case (c), a modest geometric change is also
proposed, with the central tank diameter some 12 percent larger than at the ends.

Figure 5-2 shows similar design possibilities in a DOT 412 trailer used to transport hazardous
waste, acids, or other chemicals. Here the tank has a circular section and the fixed 5200 gallon
fluid is assumed to have a specific gravity of 1.2. The results are essentially the same, except
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that a further case is considered — in case (d) the cylindrical tank is assumed to hang down
between the supporting axles, while maintaining a maximum clearance of 22 inches above the
ground (12 inch legal minimum ground clearance per 49 CFR 178.345-8(a)5 plus an estimated
10 inches for pipes and valves). In this case there is clearly no purpose in using a low profile

5" wheel or tires, and the potential reduction in CG height is quite impressive (from 77 inches to
61 inches).
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5.2 Interviews and Results Summary

Interviews were conducted with some of the largest cargo tank trailer manufacturers in the
United States, some medium and very small manufacturers, and representatives of other
stakeholders. The aim was to gather information from diverse, experienced viewpoints. To
maximize the consistency of responses, an initial framework for possible design changes was
undertaken ahead of the interview. The information in Table 5-1 was sent to each of the
organizations. Table 5-2, in a similar format, has a digest of the responses.
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Table 5 - 2 Interview Response for Design Options

Design Options and Assumptions

Comments and Suggestions

1. Lower the Center of Gravity of Tank

Trailers

1.1 Replace straight-bore tanks with
conventional double conical tanks.

For Gasoline tankers a double taper tank is becoming
accepted, with center heights reduced in the range 5-10
inches. Double conical relatively rare but feasible.

1.2 Use low profile 5th-wheel couplers
and minimize the height of frame
over suspension.

At least two manufacturers produce a trailer that uses this
general approach, together with an increased tank width,
but without the low profile tire option. It is feasible though
not especially popular with customers. Manufacturing
issues for smaller companies in integrating tank support
and trailer frame rails. Some concern over 5" wheel
kingpin flexibility and fore-aft load transfer.

1.3 Extreme double conical tank shapes.

Feasible but there is some operational resistance to
reducing the tank bottom more than 10 inches. In any
case 30 inches may be a practical limit on ground
clearance. In some cases the double-conical has been
applied for packaging advantage, rather than stability
improvement.

1.4 Drop section tanks and/or low-profile
tires on the trailer.

Possible, and has the advantage of allowing circular
section drop tanks. Structural integrity of complex tank
geometries a concern for smaller manufacturers. Low
profile tires on the tractor also likely to be required (though
feasible). Lowering only the rear of the tank, as in Figure
5-1(b), will prevent gravity draining a compartmented tank,
so the design will not be accepted by carriers of finished
petroleum products.

2. Increase Track Width and Tank Width

2.1 Replace dual tires with wide-base

Many advantages if triple rear axle used, but currently only

single tires. low sales volumes.
2.2 Replace 96-inch axles with 102-inch | Feasible and best case of “low hanging fruit” if legislation
axles. permitted on all road classes.

2.3 Increase tank width from 96 to 102
inches

Feasible, but limited appeal currently to operators.
Extreme tank ovality may be a problem for manufacturing
and structural stiffness.

3. Changes in Suspensions

Air and composite leaf springs already common - little
scope for improvement over current use (on new trailers).
Air suspension popular for ride quality and height control
on discharge.

5.3 Tank and Trailer Design Change Analysis

Based on the above considerations, a detailed computational analysis was carried out to estimate
the effect on center-of-gravity heights for a number of feasible and representative design
changes. Initially it was assumed that improvements would be made simply from tank shape
changes. The oval tank case was considered, though as seen above the results for circular
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section tanks are very similar. Five feasible cases of “double taper” oval tanks were analyzed
based on the “center drop” parameter, defined as the difference between the maximum and
minimum vertical diameters of the tank. The tank width was kept constant (to fully utilize the
available lateral space, either at the standard 96 inches or the wider 102 inches). With the tank
length, volume, and width all fixed (see data in Table 5-3) the center drop parameter fully
defines the tank geometry. A final constraint is for the mounting heights at the front and rear of
the tank — the standard 53-inch tank mounting height is assumed to be applied at reference points
60 inches longitudinally from the end of the tank.

Table 5 - 3 Basic Assumptions for a DOT406
Semitrailer Design Case

Parameter Value Units

Fluid (gasoline) volume 9,500 gallons
Tank wall thickness 1 inch
Reference point on tank base:

height about ground 53 inches
Reference points on tank base:

longitudinal distance from tank ends 60 inches
Length of tank 460 inches

Table 5 - 4 Tare Weights and Mass Center Heights

wt, Ib CG ht, in.
axles 3,600 20
landing gear 500 35
5th plate 500 50
bogy 800 45
heading 200 variable
tank 7,500 variable
Total Empty 13,090
Sprung Empty 9,490

The data for the straight-tank cases were derived from a combination of information from the
manufacturers’ archive data, and from UMTRI files on geometric measurements of 406 tanks, as
well as experiential knowledge of the weights and heights of trailer components — UMTRI has
previously partially or totally disassembled trailers for mass measurements. Estimates for all the
tapered cases derive from modification of the straight-tank case. The 5-, 8-, and 10-inch center
drop cases have been seen in production and can be considered to define a range of typical and
modest center of gravity (CG) reduction options. The “aggressive” case of the 26.4-inch center
drop corresponds to a 30-inch ground clearance at the tank center, previously noted as a practical
lower limit.

The CG height of the cargo was calculated using a spreadsheet “integration” in which the tapered
tank is defined by its length, width, center drop, and volume — plus base height as described
above. (To be more precise the volume is calculated from the other parameters, and an iterative
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selection of tank height is used to derive the prescribed volume.) In the spreadsheet, the double
taper tank is “cut” into 200 oval sections, the mass and CG height of each section is calculated,
and the results are summed.

Table 5-5 presents the results of these five cases for 96-inch-wide semi tankers and for 102-inch-
wide semi tankers, where in the latter case, the tank is assumed to have been widened as well as
the running gear.

Table 5 - 5 Heights — Oval Tank Geometry Change Only (height above ground in inches)

Center of Gravity of

Tank Top of Tank Tank Sprung Total
96 x 65 straight 117.0 85.0 82.6 79.0
96 5-inch drop 115.2 83.1 81.0 77.5
96 8-inch drop 114.0 82.0 80.1 76.6
96 10 inch drop 113.3 81.2 79.4 76.0
96 26.4-inch drop 107.4 74.9 74.1 71.0
102x60.5 | straight 1135 83.2 81.1 77.6
102 5-inch drop 111.6 81.4 79.6 76.1
102 8-inch drop 110.5 80.2 78.6 75.2
102 10 inch drop 109.8 79.5 78.0 74.6
102 26.4-inch drop 103.4 72.8 72.4 69.4

Many combinations of feasible design changes are clearly possible, and a complete set will not
be presented here. However, it is worth considering the effect of the modest and more
aggressive changes to tires and frame considered above, where a compact fifth wheel installation
may be combined with structural integration of the tank carrier with the trailer frame rails.
Additional height reductions are also possible using low-profile tires, and these are all
summarized in Table 5-6, where the basic tank design has been chosen as the modest 10-inch
center drop. In the case where a wide track is combined with frame optimization and low-profile
tires, a marked reduction in CG height is achieved, from the original 79 inches down to

62.9 inches, and without any radical change in tank geometry.
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Table 5 - 6 Heights — 10 inch Center Drop Case from Table 3-6 with Additional

Frame Height Reductions (height above ground in inches

96-inch tank with 10-inch drop (59:69 inside minor diameters)
Heights above ground, inches
Lower tank, inches center of gravity
Front Rear top of tank tank sprung total
3 4 110.3 77.7 75.9 72.7
3 12.4 110.3 73.5 71.7 68.4
11.4 12.4 101.9 69.3 67.5 64.5
102-inch tank with 10-inch drop (59:69 inside minor diameters)
Heights above ground, inches
Lower frame by
inches center of gravity
Front Rear top of tank tank sprung total
3 4 106.8 76.0 74.2 71.0
3 12.4 106.8 71.8 69.9 66.8
114 12.4 98.4 67.6 65.8 62.9

5.4

Estimate of Benefits

Several possible design modifications to improve the roll stability of cargo tank trailers have
been discussed. A commercially available computer model was used to estimate the roll
threshold of the three selected cases for use in the benefit-cost analysis of Section 7. This roll
threshold was then used to estimate the number of crashes that could be prevented compared to
the nominal case.

5.4.1 Approach

The nominal design case and three proposed improved designs were modeled in a commercial
simulation package. The four vehicles were simulated as they drove through a curve of constant
radius at increasing speed. The point at which the simulated vehicles rolled over was used to
estimate the roll threshold of the four designs in a simple maneuver. Then these four thresholds
were used, along with historical rollover crash data, to quantify the expected rollover rates of the
vehicles. Comparisons of the rollover rates were carried forward to the benefit-cost analysis in
Section 7.

An alternative approach to estimating the rollover reductions from the proposed designs would
have been to simulate a representative set of maneuvers with all four vehicle models and to

compare their crash rates. This approach was actually taken to evaluate the effectiveness of the
electronic stability aids, as described in Section 5.4. This alternative approach was appropriate

Cargo Tank Roll Stability Study 80 Final Report: April 30, 2007



for the electronic stability aids because their effectiveness is limited to untripped rollovers (i.e.,
those arising from maneuvering too quickly), and a representative set of maneuvers to evaluate
them was already available. Improvements in the basic stability of the vehicle are expected to
reduce rollovers arising from all causes, tripped and untripped. No set of roll-inducing
maneuvers that includes a representative mix of trips from guardrails, embankments, and other
vehicles is available. On the other hand, the relationship between basic vehicle stability and
rollover involvement, as evidenced in crash statistics, has been calculated, as is explained in
Section 5.5.3. As this relationship accounts for rollovers arising from all causes, it is appropriate
to use.

5.4.2 Vehicle Model and Simulation Methodology

The nominal and modified vehicles were modeled in a commercially available simulation tool,
VDANL, which was described in Section 4.4.1. The basic VDANL model contains a number of
parameters for describing a complete tractor-semitrailer combination. These parameters are
easily modified from the base case to simulate the designs that are being studied. The design
modifications being studied in this analysis are the height of the trailer and its track width. Table
5-7 shows the four cases that were simulated and the associated values that changed from case to
case. All parameters not listed in the table remained the same between cases. These parameters
were selected from the cases in Table 5-5. The “nominal” case is the first row in the table, a
straight tank on a 96-inch wide chassis. The “Lower CG” case is the “10-inch drop” line in the
Table 5-5, and the “aggressive” case is the 26.4-inch drop. The “wider track” case in Table 5-7
is identical to the “nominal” case but with the track widened on both trailer axles by six inches.
It does not correspond to any of the cases in Table 5-5 and does not take advantage of the
opportunity to lower any of the mass, so the improvement in roll threshold is conservative.

Table 5 - 7 Properties of the Four Design Cases as they were Simulated

Lower Wider Aggressive

Nominal CG Track | Improvement
Trailer Sprung CG height 82.6 79.4 82.6 74.1
Trailer Sprung CG mass 59,800 | 59,800 | 59,800 59,800
Trailer UnSprung CG height 18 18 18 18
Trailer UnSprung CG mass 3,600 3,600 3,600 3,600
Track Width (all 5 axles) 96 96 102 96
Calculated trailer total CG height 78.9 75.9 78.9 70.9

Note: Masses are in pounds, lengths are in inches.

A constant-radius, increasing speed maneuver was simulated to estimate the roll threshold of the
four vehicles. The simulation began with the truck motionless on a large flat surface. The driver
model was commanded to follow a constant radius circle as the vehicle slowly increased in
speed. The driver model would continue to attempt to hold this curvature as the truck reached
higher speeds. At a sufficiently high speed, the lateral acceleration would become great enough
that the vehicle could no longer sustain the maneuver and the truck would roll over.
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Figures 5-3 and 5-4 show representative data from a simulation. Figure 5-3 simply shows that
the speed increased linearly as the simulated truck drove in a circle. Figure 5-4 is the time
history x-y coordinates of the trailer’s center of gravity, illustrating the constant radius maneuver
from a bird’s eye view.

The data were then analyzed to determine at what dynamic state the vehicle encountered a
rollover. This process was repeated for all four cases. In addition, each case was modeled while
negotiating constant-radius circles of several sizes in order to generate several data points to use
in correlation with available rollover data. The two data points of primary interest were the
forward velocity and instantaneous curvature in the trailer’s path at the moment of rollover.
These two quantities could be used to calculate rollover threshold according to the following
relationship:

T
rg (5-1)
Where:
T: = Rollover Threshold, g
V = Velocity at Rollover, ft/s
r = radius at rollover, ft
g = gravitational acceleration (32.2 ft/s?).
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Figure 5 - 3 A Constant-radius, Increasing Speed Maneuver was Simulated to Estimate the Rollover
Threshold of the Nominal Trailer Design and Three Proposed Improvements
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Figure 5 - 4 Time History of Trailer’'s Path in the Simulated Maneuver

Table 5-8 lists the roll thresholds of the nominal and three improved designs. All designs were
simulated in circles of 50- and 75-ft radius. The 75-ft values are more realistic, in part because
the driver model is better able to hold the desired curvature. Only the 75-ft nominal radius
values were used for further calculation.

Table 5 - 8 Roll Thresholds of the Nominal and Three Improved Designs, as Calculated from the Simulation

Instantaneous
Loaded radius of the Roll
trailer CG Trailer track Velocity at trailer’s path threshold,

Case height, in. width, in. rollover, ft/s at rollover, ft V2/r, g

Nominal 78.9 96 30.5 69.1 0.418

Lower CG 75.9 96 31.1 68.1 0.441

Wider Track 78.9 102 31.4 67.9 0.451

hggressive 70.9 96 34.7 77.9 0.480
mprovement
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5.4.3 Estimate of Reduction in Rollovers

The solid curve in Figure 5-5 is based on historical crash data. It is taken from Winkler et al.
[2000], where it is Figure 5 on page 5. (The scale is different here because the book uses metric
units.) The formula is calculated from a series of rollover crash databases, as explained in
Appendix C of that book. It quantifies the rate at which vehicles are involved in rollover crashes
and how the rate decreases as the roll stability of the vehicle increases.

The lines in the figure show how the roll rates for the respective trailer designs are estimated
from their roll thresholds. The thicker solid line on the figure begins on the x axis at the roll
threshold of the nominal case, which is 0.418 g in Table 5-8. The line rises to the solid curve
and then moves to the left, where it meets the vertical axis at the value of 0.388. This means
that, based on historical crash data, a truck with a roll threshold of 0.418 g would be expected to
experience 0.388 rollovers in one million miles (or 388 rollovers in one billion miles). These
two numbers appear in the first two columns of Table 5-9.

The finely dotted line in Figure 5-5 is labeled LCG because it represents the trailer with a
slightly lowered CG. It begins at 0.441 g on the x axis and ends at 0.441 on the y axis.
Lowering the CG from 82.6 in. to 79.4 in (Table 5-8) raises the roll threshold from 0.418 g to
0.441 g (Table 5-8). According to Figure 5-5, raising the roll threshold by this amount lowers
the expected crash involvement from 0.388 to 0.342 rollovers per million miles of travel. The
ratio of predicted rollover rates is 0.342/0.388 or 0.88. That means, for every 100 rollovers of a
nominal trailer (CG height is 82.6 in.), the Lower CG trailer (CG height is 79.4 in.) would
experience only 88 rollovers. That is a 12 percent improvement because 100 — 88 is 12. These
are the numbers in the next two columns of Table 5-9.

0.9
Historical Data

_ 0.8 nominal starting case
[T
> NG
g 07 LCG
E wider track
9 0.6 aggressive improvement
E
c 0.5 -
2
T 0.4
2 _______________________________

0.3 4
#
[:}]
>
202
e

0.1

0.0

0.2 0.3 0.4 0.5 0.6 0.7 0.8
Roll Threshold, g

Figure 5 - 5 Expected Rollover Rates for the Four Tank Designs, as Predicted
from Estimates of Historical Crash Rates
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In Figure 5-5, the fine, solid line represents the roll threshold and expected crash rate for the
trailer with a 102-in. track width. The dot-dash line represents the trailer with the aggressive
improvement in CG height.

Thus we have used a computer simulation in Section 5.4.2 to estimate the rollover threshold of
each vehicle, and we used historical crash data in this section to predict the rollover frequency.
All subsequent analysis will be based on ratios, or comparisons to the nominal case, so the minor
assumptions required in the analysis are taken out. The numbers in Table 5-9 were carried
forward to Table 7-4 for the benefit-cost analysis in Section 7.

The improvements will be considered only individually, not in combination. If a certain portion
of the market has already adopted the improvement, then the cost and benefit will be applied to
only the remaining portion. Similarly, if a certain portion of the market cannot adopt an
improvement, its costs and benefits are excluded, too. This is the case for carriers who deliver
gasoline to stores with limited maneuvering room and who cannot tolerate any extra width to
their trailers.

Table 5 - 9 Estimated Rollover Rates of the Nominal and Three Improved Semitrailer Designs

Estimated Rollover Rate
Roll Rolls per Reduction, Cost Premium
Threshold, g | Million Miles Compared to (from
(from (from Ratio to the the Nominal Manufacturer
Case Table 5-8) Figure 5-5) | Nominal Case Case Interviews)

Nominal 0.418 0.388 1.00 - -
Lower CG 0.441 0.342 0.88 12% $1500 to $4000
Wider Track 0.451 0.323 0.83 17% $150 to $800
Aggressive 0.480 0.272 0.70 30% About $12,000
Improvement

55 Conclusion

Feasible approaches to improving the roll stability of cargo tank trailers are already on the
market. The advantages of a wider track width (i.e. 102 instead of 96 inches) are appreciated by
many, but the benefits of a lowered tank are not as widely recognized. A significantly lowered
tank is feasible from an engineering perspective, but is limited by loading rack standards and,
more fundamentally, by the drivers’ ability to repeatedly bend down to operate them.

Analysis largely focused on structural design changes ranging from modest (e.g., reducing the
mean height of the tank by slightly increasing its central diameter) to aggressive (either by
radical tank re-design or through a combination of changes to tank, support structure and low
profile tires). It is interesting to note that several of the options proposed had already been
developed and tested in some form or other. Results for circular and oval tank shapes were very
similar, and results presented are for the oval (gasoline) tanker design. Track width increases are
feasible, and both manufacturers and operators are receptive to this approach if standards were to
permit legal use on all classes of highway. Change in suspension is not a major source of
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potential benefit, since air springs are almost universally purchased now. No “other approaches”
were suggested in the investigation, leaving just two relatively obvious and major methods of
reducing rollover risk by mechanical design: making structural (and tire) alterations to lower the
mass center, or increasing the track width, or both. Overall, significant reductions in CG height
are feasible compared to current standard designs.

Of the several designs considered, three were selected for a quantitative benefits analysis and
inclusion in the economic analysis of Section 7. The model with the modest improvement in the
lower center of gravity is similar to a model actually sold by at least two manufacturers. Its cost
premium over conventional trailers ranges from $1,500 to $4,000, depending on other factors. In
Section 7, this modification will be assigned a cost of $2,000. The aggressive improvement in
center of gravity height was estimated by its manufacturer to cost an additional $12,000. Trailers
with wider tandem axles are also on the market as existing products. Manufacturers quoted cost
premiums ranging from $150 to $800 for 102-inch-wide tandems. The assumed cost in Section 7
is $500, which was the quote from one manufacturer. The expected benefits of these three trailer
modifications are in Table 5-9.
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6.0 Highway Design

Some rollovers occur in part due to features of the highway itself. Traffic patterns or mixes may
have changed since the highway was designed, or drivers unfamiliar with the route may not
appreciate the nature of the care required to negotiate a certain segment of the road. This portion
of the project undertook the nationwide identification of site-specific elements that may
contribute to rollover crashes. The question being answered in this section is “What lessons can
be learned from the ways that difficult geometrics have been handled in the past?”

6.1 Introduction

Two national databases were used to identify sites of high rollover incidence: the Motor Carrier
Management Information System (MCMIS) Crash file and the national Highway Performance
Management System (HPMS) database for the years 2003 and 2004. The states with “top-
ranking” rollover crash experience, when normalized by the number of road miles per county,
were Florida, Illinois, Pennsylvania, and Wyoming. The rollovers in these states geo-located
using linear referencing data, and crash clusters were identified. Those states with site-specific
crash clustering were Florida and Wyoming. While Illinois and Pennsylvania ranked high due to
crash numbers, the crashes did not cluster at specific sites. The Wyoming Department of
Transportation (WYDOT) provided the road plans for the cluster sites and supplemental
information about past and ongoing improvement measures.

6.2 Site Selection

The search for highway sites with a large number of rollovers began with the MCMIS Crash file.
It was selected because it is the only national crash file that both allows crash locations to be
identified and includes nonfatal rollovers. UMTRI’s TIFA file can be used to identify specific
locations, but the TIFA file is limited to fatal crashes, so the number of rollovers is not sufficient
to efficiently identify rollover clusters. There are about 650 fatal truck rollover crashes annually
and the rollover is the first event in fewer than 200 of them. Even combining multiple years of
data would not result in a sufficient sample to effectively identify clusters. In the two years of
the MCMIS Crash file data, there were almost 5,100 first-event rollovers.

The MCMIS Crash file is compiled by the FMCSA from reports by the states of truck and bus
crash involvements that meet a specific crash severity. Table 6-1 provides the reporting criteria.
The file essentially covers all serious truck and bus crash involvements, though, as will be
discussed below, it is known that reporting to the MCMIS Crash file is incomplete. States are
required to report a relatively limited set of data about each involvement, though the data are
adequate for the purposes here. These data include a simple vehicle configuration variable,
which distinguishes trucks from buses and identifies the primary truck configurations; the state
and county of the crash; the crash location in the form of a text string in which the states identify
the location by any method; and a set of variables that capture the sequence of events. Rollovers
that occur as the first event in the crash can be identified, as the MCMIS file includes data fields
for the sequence of events.
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Table 6 - 1 Vehicle and Crash Severity Threshold for MCMIS Crash File
Truck with GVWR over 10,000 or GCWR over 10,000,
or
Vehicle | Bus with seating for at least nine, including the driver,
or
Vehicle displaying a hazardous materials placard.
Fatality,
or
Injury transported to a medical facility for immediate medical
attention,
or
Vehicle towed due to disabling damage.

Accident

The MCMIS Crash file is known to suffer from significant underreporting of cases. UMTRI has
evaluated reporting rates for a number of states, and shown that reporting varies widely. Overall,
it appears that less than 70 percent of reportable cases are reported, with rates varying by state
from 9 percent to about 83 percent [see Green et al. 2005a and 2005b for a representative
sample]. The UMTRI evaluations have shown that reporting typically varies by crash severity.
The more serious crash involvements are more likely to be reported. Trucks are more likely to
be reported than buses, and large trucks are more likely to be reported than small trucks.

However, these defects do not significantly constrain the purpose for this project. The goal here
is to identify locations with a high number of rollovers. The reporting bias that has been
demonstrated in MCMIS does not prevent this, since the underreporting that has been found is
not biased against high-crash locations. In fact, rollovers are actually more likely to be reported
than non-rollovers, since a rollover crash is much more likely to be serious. Moreover, there is
no reason to think that crashes that occur in clusters are less likely to be reported than other
crashes. Non-reporting might limit sample size, but should not bias the identification of rollover
clusters.

The goal of this exercise is to identify clusters of truck rollover crashes. A cluster of rollovers
may indicate that some characteristic or condition of the infrastructure increases rollover risk.
Roadway curvature, lane width, shoulder construction, super-elevation, profile, and improper
signage may all contribute to rollovers at a specific location. Note that a cluster does not
necessarily indicate a roadway problem. The site may experience higher exposure to high-risk
truck configurations or just a higher volume of traffic. Location of an industrial facility or
terminal that increases truck traffic at certain sites may also result in more rollovers. The data
available in the MCMIS Crash file is not sufficient to sort out the different risks associated with
rollover. Nevertheless, identifying clusters of rollovers is the first step to identifying
infrastructure characteristics that contribute to rollover.

Two years of the MCMIS Crash file were combined to improve the ability to identify high-
rollover locations. Crash files for 2003 and 2004 were used. These were the most recent years
available at the time the work was performed. The file was filtered to subset only rollovers that
occurred as the first event in the crash sequence. First-event rollovers, rather than those that
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follow a collision event, are the most likely to be related to roadway characteristics. All cargo
body types and truck configurations were included. Tractor-semi-trailers and tank cargo bodies
are more likely to roll more than most other truck combinations, and since the goal is to identify
high-risk locations, there is no reason to exclude the rollovers of lower-risk vehicles.

We attempted to increase the chances of identifying rollover clusters by normalizing the number
of rollovers by road miles. The logic is that counties that have an unusually high number of
rollovers per mile of roadway are more likely to have locations with large numbers of rollovers.
Rollovers were counted in the MCMIS Crash file for each county in the country. Estimates of
the number of road miles were obtained from the FHWA HPMS data. The number of rollovers
per mile of roadway was calculated for each county, by dividing the number of rollovers that
occurred over a two-year period by the total number of road miles in the county. The fifty
counties with the highest number of rollovers per mile of roadway were identified for further
investigation. The twelve top counties are shown in Table 6-2.

Table 6 - 2 The Counties with the Highest Heavy Vehicle Rollover Rates

Top Ranking Rollover Crashes Ranked by County
All Rollover Crashes Were Normalized by the number of road miles in that county
. County State Rollovers CiEEes Total Rollovers
Ranking State Geo- - .
Name County | Crashes Miles Normalized
located
1 lllinois Cook IL31 80 75 1872.92 0.04271
2 Florida Duval FL31 37 31 528.36 0.07003
3 Florida Polk FL105 30 5 588.74 0.05096
4 Florida Palm Beach FL99 28 8 701.89 0.03989
5 Florida Hillsborough FL57 28 8 720.05 0.03889
6 Florida Broward FL11 28 6 722.4 0.03876
7 Wyoming Platte WY31 25 24 219.77 0.11376
8 Pennsylvania | Luzerne PA79 24 11 554.81 0.04326
9 Pennsylvania | Berks PAl1l 23 11 500.29 0.04597
10 Wyoming Carbon WY7 23 22 515.26 0.04464
11 Wyoming Laramie wy21 22 20 389.52 0.05648
12 Wyoming Albany WY1 21 21 308.97 0.06797
. Total
Total Rollover Crashes_Countles - Crashes/ 369 242 7622.98
TOP 12 Counties .
Mile
Percent Geo-located 65.58%

While the MCMIS file contains crash location by road name, the record does not include
latitude/longitudinal coordinates needed to geo-locate the crashes. The MCMIS field for
denoting crash location varies widely, with some states including very specific information while
others include broad information or leave the field blank. Knowing precisely where the crashes
occurred is essential to identifying clusters and examining the road geometrics.
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Using the top fifty ranking counties, the state departments of transportation or traffic crash
records offices were contacted to get supplemental information to geo-locate the crashes
identified through the MCMIS records. lllinois, Florida, Pennsylvania, and Wyoming provided
their official state crash records for the identified crashes. These records contained information
allowing for the geo-location of the crashes. In addition to these crash records, states provided
information on how to reference the crashes using the geographically referenced state base-map
of their public road system. The method and type of information needed to locate the crashes
varies among the states and required the coordination of various data sources to geo-locate the
crashes.

With the crashes geo-located, clusters were identified. For the purpose of this project a “cluster”
was defined to be a location where two or more crashes occurred in 2003-04, along the same
section of roadway and within approximately a half mile of each other. This crash clustering
criterion was necessary to establish whether the geometrics of the roadway experienced by the
driver prior to the crash had any potential influence on the crash event. While there were
numerous clusters observed, for example at an interchange, there were many cases the crashes
were on different ramps of the same interchange and could not have been caused by the same
design element. With the cluster criteria applied, only Florida and Wyoming experienced
clustering to suggest that further investigation was warranted. Wyoming crashes that cited
“high-severe wind effects” as crash causation were filtered out. This reduced the number of
Wyoming crashes to 36. This subset was then examined, and three clusters were identified for
detailed study.

Department of Transportation representatives in Wyoming were contacted and details of the
research project and nature of the request were discussed. Following these conversations, a
detailed request for information for each site was prepared and forwarded to DOT personnel.
The request sought road plan details for the identified sections and information on any
countermeasures undertaken to alleviate large truck crashes along with the details and cost
associated with these efforts. Wyoming staff were most cooperative and were able to relate
experience in a variety of highway situations. (The team also contacted other states with
potential clusters identified in the analysis or with locations having known rollover history.

The other states either did not have sufficient recordkeeping to verify the existence of clusters or
were not able to provide timely information.)

6.3 Site Cases

The three sites investigated in Wyoming are:

e [-25 College Drive North Section — Laramie County
e [-80 near Buck Sullivan Spring Road, Telephone Canyon Section — Laramie County
e [-80 Union Avenue, Rawlins-Walcott Junction — Carbon County.

Their locations are indicated in Figure 6-1, and background information on the sites is provided
in Table 6-3. The individual discussions of each site include a description of the roadway
elements, crash cluster map, aerial photo, and crash details. The discussion of each site
concludes with a description of the countermeasures and a projection of their effectiveness.
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Figure 6 - 1 Map Showing the Three Sites in Wyoming that were Selected for Detailed Study
(Map from the National Atlas, U.S. Geological Survey)

Table 6 - 3 Summary of the Three Sites in Wyoming that were Selected for Study

Percent
Name of the Functional Volume Large Date of

Location Section Class (AADT) Trucks Road Plans
1-25 . Interstate

. I D North 11, +35% 2
Laramie County College Drive Nort Urban 000 35% 003
1-80 near Buck
Sullivan Spring Road, | Lc/éphone Canyon | Interstate 14,500 +40% 1996

) Section Rural
Laramie County
I-80 Union Avenue, Rawlms-WaIcott Interstate 12,721 +45% 1999
Carbon County Junction Rural

6.3.1 College Drive North Section

Site Description:

During the years of 2003-04, three rollover crashes occurred on 1-25 in the College Drive North
area along a road section of approximately 2953 ft, which includes a bridge structure passing
over US-30. This portion of roadway is a horizontally straight section with 2 vertical curves, a
crest vertical curve 1469 ft long and a sag curve 1597 ft in length. The nor